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Foreword 

Thanks everyone for attending this, the forty-third year of the International Telemetering Conference. 

The volunteer committee that organizes the conference each year is always looking for new ways to grow the participation and 
increase attendance at the conference.  One of the ideas that we tried this year was advertising in newspapers that serve the areas 
surrounding three of the test range installations.  I’ll ‘fess-up and admit that I was a proponent of this idea and that a couple of the 
folks that I work with helped out a lot with the execution.  The three publications chosen for the initial effort were, Space Country for 
the Vandenberg AFB area, Desert Warrior for the Yuma area, and The Bullseye for the Nellis AFB and Nevada Test Site areas.  As 
I’m writing this we don’t yet know how well the idea has worked, but I’m sure that we’ll learn the impact it created at the conference. 

One of the topics used in these ads was “Peer to Peer”.  Come to ITC and use a once a year opportunity to interact with your peers 
from the other ranges.  One of the folks that works at the White Sands Missile Range mentioned this topic in a discussion towards 
the end of last year’s conference.  When I asked him later to elaborate, he spoke of not “Re-Inventing the Wheel” and “Leveraging 
Proven Technologies”.  Along with optimizing resources, these are the reasons why he looks forward to attending the conference 
each year.  It’s a great sentiment that I’m sure is shared by the majority of the attendees each year.  Speaking for the all volunteer 
committee members that help to organize the conference each year, we hope that all of you will leave this year’s conference with 
more knowledge, more understanding, and more appreciation for the sciences that support your endeavors. 

Behind the scenes there are two groups working towards creating this year’s conference; the ITC Organizing Committee and the 
International Foundation for Telemetering.  Both have different but complementary missions.  The role of the organizing committee is 
to produce a quality conference.  The role of the Foundation is to promote the education of the telemetering sciences. 

The organizing committee is made up of representatives from the telemetry industry and many of the range facilities.  We meet 
several times throughout the year to plan the arrangements for the conference.  We are always looking for new people to join our 
ranks, so please let us know if you would like to add your talents to our team.  Committee members are always available for 
questions during the conference, just stop one of us and ask.  You can also send an email to GC2008@telemetry.org and we’ll be 
sure to get back to you. 

The second group that I mentioned, The International Foundation for Telemetering is really the group that makes the conference 
possible.  Each year the Foundation provides the financial resources for launching the conference.  This includes everything from the 
exhibit space, to the coffee, and even the costs for duplicating the DVD that you are reading this message from.  But the really 
important work of the Foundation is promoting telemetry science education.  Each year the Foundation distributes the proceeds from 
the conference to the engineering programs of several universities. 

On behalf of our committee, we really appreciate your support of these efforts. We’re very happy that you came and we hope to see 
all of you again next year! 

Steve Proudlock 



 
Disclaimer: 
 
We have strived to accurately reproduce papers on DVD in a format that can be easily read and widely 
accessible. We know this process is less than perfect, and errors may have been introduced or material 
inadvertently omitted. There were instances in which the electronically submitted manuscript differed from the 
hardcopy reference – some papers were resubmitted multiple times. Wherever possible we tried to use the 
most recently submitted electronic copy as the correct version. For hardcopy conversion of old proceedings, 
additional opportunity for error is introduced. The trials and tribulations of this aspect of our work have been 
noted annually in this set of notes accompanying each CD over past years. In any case, the International 
Foundation for Telemetering assumes no responsibility for the correctness or accuracy of material appearing 
in these proceedings. In all cases where the data is to be put to use, the author or authors of the material 
should be consulted to verify the correctness and accuracy of the material. 
 
Copyright: 
 
All material on this DVD is Copyright© International Foundation for Telemetering, all rights reserved unless 
the paper was submitted as “U. S. Government - All Rights Reserved,” or other restrictions were accepted as 
noted on individual papers and/or on the copyright forms. 
 
Corrections: 
 
This DVD contains the 1965 through 2007 proceedings. Corrections to this material will be considered for 
inclusion in future DVDs. In order to be considered, corrected material must be accompanied by a correction 
request signed by all authors of the paper. The correction request must note exactly what material has been 
or needs to be corrected. To be considered, corrections must be submitted by June 1 of the current year to 
that year’s Technical Program Chair. The 2002 conference proceedings on this release implemented a 
correction of this type: paper 02-04-1 was withdrawn by the author. 



On behalf of the International Foundation for
Telemetering (IFT), it is my pleasure to welcome
you to the 2007 International Telemetering
Conference.  This year's ITC committee, led by
the General Chairman, Jim Harris, and the
Technical Program Co-Chairs, Bob Downing and
Mike Scardello, has again assembled an
outstanding technical and social program.  The
year after year dedication, innovation, and
professionalism of the all-volunteer team is the
prime reason the ITC continues to meet the
needs of the telemetry community and the
telemetry industry.

This year’s program continues to provide diverse
opportunities to you, the attendees.  There are

timely short courses which include the fundamentals for the new
telemetry engineer and new technology courses for the experienced
individual who is interested in the emerging applications.  The technical
program is well-integrated with many interesting new concepts being
presented.  And the technical exhibits continue to grow.  Each exhibitor
has a wealth of new technology available to apply to your particular or
unique needs.  Make the most of the opportunities at your fingertips.

The IFT commitment to the science and applications of telemetry
continues to move forward.  The goal of our academic programs has been
to promote the art and science within academia by establishing
telemetry-focused programs at five major universities: New Mexico State
University, the University of Arizona, Brigham Young University, the
University of Missouri-Rolla, and the University of California at Santa
Barbara.  We are pleased with both the results at the individual
universities and with the synergistic relationship that have developed
between them — all in the name of telemetry technology innovation.

The IFT exists solely to serve the telemetry
industry and you, the telemetry professional.
To this end, we continue to solicit your
comments on how we can better serve
your needs.  Contact one of us at the ITC
or through the ‘telemetry.org’ web site.

While attending the ITC take the time to
renew friendships, meet new colleagues, and
renew your enthusiasm for telemetry and its
applications.  The ITC working committee has
provided the opportunity to do so…take advantage of it!

— Norm Lantz

DoD Notice
The Department of Defense finds this event meets the minimum
regulatory standards for attendance by DoD employees.  This finding does
not constitute a blanket approval or endorsement for attendance.
Individual DoD component commands or organizations are responsible
for approving attendance of their DoD employees based on mission
requirements and DoD regulations.

Norm Lantz
Board President

International Foundation
for Telemetering
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WELCOME

COME JOIN US FOR “TELEMETRY EXPLORATION”

DoD Notice
The Department of Defense
finds this event meets the
minimum regulatory standards
for attendance by DoD
employees.  This finding does
not constitute a blanket
approval or endorsement for
attendance.  Individual DoD
component commands or
organizations are responsible
for approving attendance of
their DoD employees based on
mission requirements and DoD
regulations.

Jim Harris
2007 General Chairman

NASA, DFRC
Edwards, CA

Bob Downing
2007 Co-Technical Chairman

Arcata Associates, Inc.
Edwards, CA
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Gold Sponsors

Wideband Systems, Inc.

Wyle 

L-3 Communications

ACRA CONTROL

Silver Sponsors

Symvionics, Inc.

M/A-COM, Inc.

Herley Industries

Arcata Associates, Inc.

Tha
nk

You
to All ITC Volunteers!

ITC continues to be run by an all-volunteer organizing committee without whom the
conference would never come to pass.  The Board of the International Foundation for
Telemetering wishes to thank all ITC volunteers, and the companies who sponsor them,
for their generous contributions to making this forum the premier event it has been for
the past 43 years.

On behalf of the entire ITC organizing committee, we cordially invite you to attend the
43rd International Telemetering Conference being held in Las Vegas, NV.

The world of telemetry will be facing some interesting challenges in the next decade,
including: shrinking spectrum, network enhanced telemetry, packet-based IP
architectures, IP-based telemetry, frequency bandwidth real estate, intelligent sensor
networks, advances in modulation and coding, and convergence of other industries/
technologies with telemetry.  In ITC/USA 2007 we will be exploring these challenges, in
keeping with our theme of “Answering Tomorrow’s Telemetry Challenges”.
One of the many challenges facing the telemetry industry is meeting the needs of the
nation’s space exploration initiative.  Our keynote speaker in the opening session, Mr.
Skip Hatfield, is the program manager of the Orion (Crew Exploration Vehicle) Program
and will be providing interesting insight into this high profile space program.

To kick off the conference, we are having an outer space-themed Icebreaker on Monday
night.  This should be a fun way to start the conference and we encourage all to arrive
early to take part.  Also, be sure to attend the Reception on Tuesday night in the exhibit
halls for a showcase of state-of-the-art telemetry exhibits and presentations.

This year we’ll have the usual features:  Short Courses; a Technical Program; and exhibit
halls covering two ballrooms.  There are a dozen Short Course favorites being offered
this year.  There is a full Technical Program with 27 different sessions including 3 special
sessions.  To round out the conference, we are excited to have Dr. Firouz Naderi,
Associate Director of Jet Propulsion Laboratory (JPL), as our luncheon speaker to give
us the “Behind the Scene Story of Landing on Mars”.

We would like to thank our event sponsors, whom we gratefully acknowledge below and
thank them for their generosity.  As this is the premier telemetry conference; we encourage
all telemetry professionals to attend and to consider being a participant for next year.

See you in Vegas! — Jim, Bob, Mike & Tammy

ITC/USA 2007 CONFERENCE SPONSORS

Tha
nk

You
to All ITC Volunteers!

Mike Scardello
2007 Co-Technical Chairman

Spiral Technology
Lancaster, CA

Tammy Knott
2007 Executive Coordinator

CSC
Lexington Park, MD

WELCOME

TO

ITC/USA

2007 
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Special sessions consist of late-breaking technical presentations and will not have material in the Proceedings.
Times and locations subject to change.  Consult on-site program for latest information.
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Short Courses Halls

TIME

9:00 AM
to

5:00 PM

Adv.
Modulation
Techniques

Basics of
Signals &
Modulation

Intermediate 
Concepts

Principles of
TM Ground
Station
Antennas 

Basic
Telemetry
Networks

IRIG 106-05
Chapter 10,
Recording
Standard 

Basic
Systems

Engineering

Multiple-Input
Multiple-Output

(MIMO) 

Performance
-Based
Sensors

Image
Compression
with JPEG

2000

Introduction
to GPS

Fundamentals
of Microwaves

& RF
SETUP

6:30 PM
to

8:30 PM

ITC/USA 2007 Icebreaker:  Out of this World!
>Location: Top of the Riv

CLOSED

TU
ES

DA
Y, 

OC
T. 

23

8:00 AM 

Opening Ceremony  >Location:  Grande Ballroom C & D

Academia Telemetry Projects &
Skip Hatfield - “Orion, NASA’s Next Generation of Flight”

CLOSED

11:00 AM Exhibits Are Open from 11:00 AM to 7:00 PM

OPEN
11:00
AM
to

7:00 
PM

1:30 PM
to 

4:30 PM
Technical 
Sessions:

1.
Telemetry in
Extreme

Environments

2.
CTEIP Projects
(iNET/TENA)

3.
Networks,
Systems &
Applications 

4.
Link

Protocols &
Performance

5.
Instrumentation

6.
Data

Processing
&

Management

7.
Imaging,
Video &
Modeling

5:00 PM Reception  >Location:  Exhibit Halls  (5:00 PM – 7:00 PM)

W
ED

NE
SD

AY
, O

CT
. 2

4

8:00 AM Exhibits Are Open from 8:00 AM to 11:45 AM OPEN
8:00
AM
to

11:45 
AM

8:30 AM
to

11:30 AM

Technical
Sessions:

8.
Multiple-Input
Multiple-Output

(MIMO)

9.
RCC-TMoIP

10.
Data

Acquisition &
Sensors

11.
Modulation
& Coding
(Session 1)

12.
Meta Data -

XML Applications
(Session 1)

13.
Telemetry
Systems &

Architectures

14.
Chapter 10/
Onboard
Recording

12:00 PM

Conference Luncheon  >Location:  Top of the Riv
“BEHIND THE SCENE: STORY OF THE LANDING ON MARS”

Dr. Firouz Naderi, Associate Director of NASA’s 
Jet Propulsion Laboratory (JPL) for Project Formulation and Strategy

CLOSED

2:00 PM Exhibits Are Open from 2:00 to 6:00 PM / Exhibitor Feedback Meeting 4:30 PM to 5:30 PM >Capri 107
OPEN
2:00 
PM
to

6:00 
PM

2:30 PM
to 

5:30 PM
Technical Sessions:

15.
iNET

16.
Sensor

Networks/Data
Acquisition

17.
Modulation
& Coding
(Session 2)

18.
Meta Data -

XML Applications
(Session 2)

19.
Telemetry
Subsystems

20.
Global

Range/Range
Applications

Exhibits Are Open until 6:00 PM 
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UR

SD
AY

, O
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. 2
5

8:00 AM Exhibits Are Open from 8:00 AM to 12:00 PM

OPEN
8:00 
AM
to

12:00
PM

8:30 AM 
to 

11:30 AM

Technical
Sessions:

21.
Receivers &
Antennas 

22.
RCC-TG

23.
Network &
Transport
Protocols

24.
TM Data
Links

25.
Range Safety,
Security, &
(E)FTS

26.
Time-Space
Positioning/

GPS

27.
RF Design/
Transmitters

Exhibits Are Open Until 12:00 PM
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Special

Session
Special

Session

Special

Session
Special

Session

Special

Session
Special

Session

Free!
All Welcome!

Free!
All Welcome!

CONFERENCE AT A GLANCE

ITC_ConfPlanner2007_Final_Aug16:itc_prospectus2004_july16_v5_updated.qxd 8/18/2007 4:58 PM Page 4



SHORT COURSES
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Short Course Who Should
Attend? Description Instructor

Advanced Modulation
Techniques

Technical 
personnel with
some telemetry 

background

Explores modulation techniques currently employed or proposed for telemetry.  Material covers
the legacy PCM/FM waveform, SOQPSK, and Multi-h CPM.  Demodulation techniques for these
waveforms are also addressed, with particular emphasis on synchronization techniques and
performance.

Mr. Terry Hill, 
Quasonix, LLC

Basics of Signals &
Modulation

Beginning 
technical 
personnel 

The course will cover basic concepts necessary to understanding the data communications
process within the telemetry system.  This will include signal descriptions, the Pulse Code
Modulation (PCM) process, concepts of analog and digital modulation and demodulation, and
signal bandwidth representations.  Emphasis will be on graphical representations with minimal
mathematical requirements.

Dr. Stephen
Horan, 

New Mexico State
University

Intermediate 
Concepts

Experienced
telemetry 

users

It includes a discussion of technology topics covering the entire system from Nyquist through
computers, RAID, and Chapter 10 airborne and ground recorders. It includes a discussion on
technology covering the entire system — from signal conditioners to recorders, workstations, and
software.  Specific topics include systemic implementations of Nyquist and its hidden impacts,
recorder architectures, RAID implementations (DAS, NAS, SAN) and performance issues of Windows
and Unix system architectures, Range Communications, and the use of the new Chapter 10 data
formats, with a review of how the new iNET architecture will impact the ranges through 2025.

Mr. Tim Gatton, 
Wyle 

Principles of TM Ground
Station Antennas

Beginning teleme-
try professionals

Provides insight into various RF feeds and optics, positioners, the controller, and other elements of
a telemetry tracking ground station.

Mr. George R.
Blake

Basic Telemetry
Networks

Technical 
personnel

Participants will gain an understanding of network models, applicable network technology, design
issues associated with telemetry networks, and end-to-end telemetry applications.  Two models
for computer communications networks (the Open Systems Interconnection [OSI] reference
model and the Internet reference model) will be reviewed briefly and their applicability as models
for telemetry networks will be discussed, followed by an overview of current networking
technologies that show promise for use in telemetry networks.

Mr. Thomas Grace
and Mr. John

Roach,
NAWCAD/iNET 

IRIG 106-05 Chapter 10,
Onboard Solid State
Recording Standard

Technical 
personnel

Offers an in-depth tutorial presentation of the new IRIG 106-05 Chapter 10 standard for airborne
flight test recorders, with recording and playback systems available for students to use and
operate. The instructors wrote the standard and played key roles in its development.

Mr. Al Berard, Eglin
AFB & Mr. Mark
Buckley, EMC

Basic Systems 
Engineering

Beginning 
telemetry 

professionals

This course studies end-to-end telemetry systems with their signal and noise characteristics. It
concentrates on analysis of data streams for efficient transfers over the communication link. Sampling,
filtering, commutation, and RF link characteristics are studied. Line Coding (NRZ-L, BIΦ-L, etc.) with
their spectral (Fourier) characteristics, bandwidth and filtering requirements are analyzed.  Benefits of
using source coding for data transmission is explained. Modulation techniques such as AM, PCM/FM
(CFSK), BPSK and QPSK are analyzed; their Eb/N0 and BER performance characteristics compared.

Mr. Hal Altan,
Honeywell,

Clearwater Space
Division

Multiple-Input 
Multiple-Output (MIMO)

Technical 
personnel

Provides an introduction to basic MIMO concepts, techniques and performance analysis.  Traditional
diversity techniques are reviewed and compared to MIMO systems.  Common MIMO channel
models are reviewed and the performance of systems which use these models are described.

Dr. Kurt Kosbar,
UMR and

Dr. Adam Panagos,
Dynetics, Inc. 

Performance-Based
Sensors

Telemetry 
test 

engineers

Is intended for engineers, program managers and technicians who want a better understanding of
transducer characteristics and specifications. It is presented from the viewpoint of a user rather
than from that of a manufacturer.  Participants will learn how to interpret transducer
specifications, define necessary performance characteristics for specific applications, and how to
select the best transducer for their applications.

Mr. Jon Wilson, 
The Dynamic

Consultant, LLC

Image Compression
with JPEG 2000

Technical 
personnel

Provides a half-day overview of image compression fundamentals, followed by a half-day overview
of JPEG 2000.  Compression fundamentals to be covered include: entropy, Huffman coding,
context coding, adaptive coding, discrete cosine transform (DCT), and wavelet transform.  The
overview of JPEG 2000 will focus on features and functionality, as well as the underlying
algorithms.  Numerous examples and demos will be included.

Dr. Michael W.
Marcellin, 

University of
Arizona

Introduction
to GPS

Beginning 
technical 
personnel

This course will provide a fundamental understanding of GPS architecture, navigation message,
tightly coupled strapdown processing, differential GPS, inertial-guided GPS systems, and data
analysis to validate navigation accuracy.  Discussions include GPS technology road map with the
integration of M-code, carrier smoothing code, and integer ambiguity.

Mr. Karl Horton, 
DRS Training &

Control Systems

Fundamentals of
Microwaves and RF

Technical 
personnel

This course takes the student through basic principles such as the microwave spectrum, wave
propagation, transmission lines, standing waves, Smith charts, antennas, components, and subsystems.
Also, discusses the design of a microwave system and trade parameters impacting performance. 

Mr. Mark
McWhorter,
Lumistar, Inc.

*Short course certificates provided upon request.  

SHORT COURSES
>MONDAY, OCTOBER 22, 2007 | 9:00AM–5:00PM
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* For complete short course descriptions, please go to www.telemetry.org.
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ITC/USA’07 GUEST SPEAKERS
GUEST SPEAKERS

OPENING CEREMONY:  ACADEMIA TELEMETRY PROJECTS
>Tuesday, October 23, 2007  8:00am – 11:30am | Grande Ballroom C & D

CONFERENCE LUNCHEON
>Wednesday, October 24, 2007
12:00pm – 2:00pm | Top of the Riv
Relax during lunch as you hear anecdotes
and stories about NASA’s latest landing on
the red planet. 

BEHIND THE SCENE: 
STORY OF THE LANDING
ON MARS

Luncheon Speaker:
Dr. Firouz Naderi

Associate Director of NASA’s Jet
Propulsion Laboratory (JPL) for
Project Formulation and Strategy.

Dr. Naderi has been with JPL
for 25 years, a career which spans pro-
gram and project management for satel-
lite communications systems, earth
remote sensing observatories, astrophys-
ical observatories and planetary systems.
He led the Mars Exploration Program at
JPL for five years — a period that saw
successful launch of three missions to
Mars including the much heralded twin
Mars rovers Spirit and Opportunity.  This
continuing program has the goal of deter-
mining if Mars is, or if it ever was, a habi-
tat for life.  Dr. Naderi is the recipient of
a number of individual awards, including
NASA’s highest award the Distinguished
Service Medal.  Other awards include the
Technology Hall of Fame medal, the
Liberal Prize in 2004 and the Ellis Island
Medal of Honor in 2005.

>Tuesday, October 23
Session 1. Telemetry in Extreme
Environments
Eric Prescott, BAE Systems

Session 2. CTEIP Projects 
(iNET / TENA)
Ray Faulstich, CSC Range and Engineering
Services

Session 3. Networks, Systems
& Applications
Paul Zetocha, Kirtland AFB 

Session 4. Link Protocols &
Performance
Filberto Macias, White Sands Missile Range

Session 5. Instrumentation
Brian Keating, NAWC-AD Pax River

Session 6. Data Processing &
Management
Richard Hansen, AFFTC - Edwards AFB

Session 7. Imaging, Video &
Modeling
Jesus Benitez, White Sands Missile Range

>Thursday, October 25
Session 21. Receivers &
Antennas
Mike Frevert, Lockheed Martin
Aeronautics

Session 22. RCC-TG
Ron Pozmantier, AFFTC-Edwards, AFB

Session 23. Network &
Transport Protocols
Thomas Grace, NAWC-AD Pax River

Session 24. TM DataLinks
Darryl Burkes, NASA - Dryden Flight
Research Center

Session 25. Range Safety,
Security, & (E)FTS
Rodger Charroux, The Aerospace Corp.

Session 26. Time-Space
Positioning / GPS
Kevin Crawford, NASA/Marshall Space
Flight Center

Session 27. RF Design /
Transmitters
Tim Gatton, Wyle 

Session 8. Multiple-Input
Multiple-Output
Terry Hill, Quasonix

Session 9. RCC-TMoIP
Brian Eslinger, Tybrin Corporation

Session 10.  Data
Acquisition & Sensors
John Welker, AFFTC - Edwards AFB

Session 11. Modulation &
Coding 
Robert W. Selbrede, JT3, Edwards
AFB

Session 12. Meta Data -
XML Applications 
Lee Eccles, Boeing Corporation

Session 13.  Telemetry
Systems & Architectures
Archie Moore, Spiral Technology

Session 14. Chapter 10 /
Onboard Recording
Jaime Reyes, 
White Sands Missile Range

Session 15. iNET 
Daniel S Skelley, iNET Chief Architect
– NAVAIR

Session 16. Sensor Networks
/ Data Acquisition
Charles H. Jones, PhD, AFFTC -
Edwards AFB 

Session 17. Modulation &
Coding
Robert W. Selbrede, JT3 - Edwards
AFB

Session 18. Meta Data - 
XML Applications
Lance Self, Kirtland AFB

Session 19. Telemetry
Subsystems
James W. Yates, L-3 Communications
Telemetry-West

Session 20.  Global Range /
Range Applications
Alfonso Moncibaiz Jr., 
White Sands Missile Range

>Wednesday, October 24

ITC/USA 2007 TECHNICAL SESSIONS AND SESSION CHAIRS

Join us at the Opening Ceremony for a discussion of Project Orion.  Project Manager
Skip Hatfield will describe current status and plans for the spacecraft that will
replace the Space Shuttle for missions to earth orbit, the moon, Mars, and beyond.
Caris A. (Skip) Hatfield 
Skip Hatfield is responsible for the development, production, and sustaining
engineering of the Crew Exploration Vehicle, NASA’s next-generation human
space transportation vehicle.

Skip has over 25 years of experience in the aerospace industry, including 15
years as a program/project manager for military and space systems and holds a Bachelor of
Mechanical Engineering degree from The John Hopkins University.  He has worked on mili-
tary radar systems for the F-16, B-1, and DIVADS air defense system; the Navy Vertical
Launch System; and the Freedom and International Space Station Programs.  The projects he
has managed include military electronic safe & arm systems, major elements and systems of
the International Space Station such as the inboard truss segments, cargo carriers and flight
support equipment, the Station-Shuttle Power Transfer System, the EXPRESS/External
Logistics Carrier, and the ISS robotics system. 

In his previous assignment as the ISS Program Integration Manager, Skip worked with the
space agencies of Russia, Europe, Japan, Canada, Italy, and Brazil to achieve the technical and
policy agreements resulting in a final technical configuration, Space Shuttle flight manifest
needed to complete the facility prior to retirement, and a launch transportation plan to sup-
port this complex multi-national program.

One of the primary focuses of the ITC is to raise funds to support scholarships, fellowships, and
academic programs in telemetry-related subjects at five universities.  As a part of the opening
ceremony this year, we have invited a representative from each university to give a brief presentation
describing the projects which are supported by these funds.  The university presenters are:

Brigham Young University  . . . . . . . . . . . . . . . . . . . . . .Michael Rice
New Mexico State University  . . . . . . . . . . . . . . . . . . . .Steve Horan
The University of Arizona  . . . . . . . . . . . . . . . . . . . . . .Michael Marcellin
The University of California - Santa Barbara  . . . . . . . . .Ronald Iltis
The University of Missouri - Rolla  . . . . . . . . . . . . . . . .Kurt Kosbar

KEYNOTE ADDRESS: 
ORION — NASA’S NEXT GENERATION OF FLIGHT

ITC_ConfPlanner2007_Final_Aug16:itc_prospectus2004_july16_v5_updated.qxd 8/18/2007 5:06 PM Page 5



International Foundation for Telemetering (IFT) 

The International Foundation for Telemetering (IFT) is a nonprofit organization dedicated 
to serving the professional and technical interests of the "Telemetering Community." The 
IFT was confirmed as a nonprofit corporation in accordance with the applicable laws of 
the State of California on May 11, 1964. Our "Articles of Incorporation" are on file with 
the State of California. 
The basic purpose of the IFT is the promotion and stimulation of technical growth in 
telemetering and its allied arts and sciences. This is accomplished through sponsorship 
of technical forums, educational activities, and technical publications. The Foundation 
endeavors to promote unity in the "Telemetering Community" it serves, as well as ethical 
conduct and more effective effort among practicing professionals in the field. 
All activities of the IFT are governed by a Board of Directors selected from industry, 
science, and government. Board members are elected on the basis of their interest and 
recognition in the technical or management aspects of the use or supply of telemetering 
equipment and services. All are volunteers who serve with the support of their parent 
companies or agencies and receive no financial reward of any nature from the IFT. 
The IFT Board meets twice annually--once in conjunction with the annual ITC and, 
again, approximately six months from the ITC. The Board functions as a senior 
executive body that hears committee and special assignment reports and reviews, 
adjusts, and derives new policy as conditions dictate. A major Board function is that of 
fiscal management, including the allocation of funds within the scope of the Foundation's 
legal purposes. 
Participation in the IFT and the ITC does not require membership in the traditional 
sense; dues or membership fees are not required. 
The IFT sponsors the annual International Telemetering Conference (ITC). Each annual 
ITC is initially provided working funds by the IFT. The ITC management, however, plans 
and budgets to make each annual conference a self-sustaining financial success. This 
includes returning the initial IFT subsidy as well as modest earnings, the source of funds 
for IFT activities such as its education support program. The IFT also sponsors the 
Telemetering Standards Coordination Committee and the International Consortium for 
Telemetry Spectrum. 
In addition, a notable educational support program is carried out by the IFT. The IFT has 
sponsored numerous scholarships and fellowships in telemetry-related subjects at a 
number of colleges and universities since 1971. Student participation in the ITC is 
promoted by the solicitation of technical papers from students with a monetary award 
given for best paper at each conference. The IFT has established and continues to 
support programs at New Mexico State University, Brigham Young University, University 
of Arizona, University of Missouri – Rolla, and University of California Santa Barbara. 
The Foundation maintains master mail and email lists of personnel active in the field of 
telemetry for its own purposes. These lists include personnel from throughout the United 
States as well as from many other countries since international participation in IFT 
activities is invited and encouraged. New names and addresses or corrections can be 
added to these lists by visiting the IFT/ITC web site, www.telemetry.org. The web site 
also provides information about the ITC and other telemetry and IFT related activities. 



International Telemetering Conference (ITC) 

The International Telemetering Conference (ITC) is the primary forum through which the 
purposes of the International Foundation for Telemetering (IFT) are accomplished. It is 
the only nationwide annual conference dedicated to the subject of telemetry. The 
conference generally follows an established format which includes presentation of 
tutorial courses and technical papers, and exhibition of equipment, techniques, services 
and advanced concepts provided, for the most part, by the manufacturer or the 
supplying company. To complete a user-supplier relationship, each ITC often includes 
displays from major test and training ranges and other government and industrial 
elements whose mission needs serve to guide manufacturers to tomorrow's products. 
Each ITC is normally two and one half days in duration preceded by a day of tutorials 
and standards meetings. A Keynote Technical Session, to which all conferees are 
invited, is generally the initial event. A Moderator and Panel Members prominent in their 
respective fields form the Keynote Technical Session which addresses a particular 
theme and is also available for questions from the audience. The purpose of this event 
is to highlight and further communicate future concepts and equipment needs to 
developers and suppliers. From that point, papers are presented in four half-day periods 
of concurrent Technical Sessions that are organized to allow the attendee to choose the 
topic of primary interest. The Technical Sessions are conducted by voluntary Technical 
Session Chairmen and include a wide variety of papers both domestic and international. 
Additionally, the program offers a Keynote Luncheon featuring a distinguished speaker 
who will discuss a topic of direct interest to the telemetry community. 
Each annual ITC is organized and conducted by a General Chair and a Technical 
Program Chair selected and appointed by the IFT Board of Directors. Both chairmen are 
prominent in the organizations they represent (government, industry, or academia) and 
are generally well-known and command technical and managerial respect. Both have 
most likely served the previous year's conference as Vice Chairs. In this way, continuity 
between conferences is achieved and the responsible individuals can proceed with 
increased confidence. The chairs are supported by a standing Conference Committee of 
over twenty volunteers who are essential to the conference organizational effort. Both 
chairs and all who serve in the organization and management of each annual ITC do so 
without any form of salary or financial reward. The organizational affiliate of each 
individual who serves not only agrees to the commitment of their time to the ITC but also 
assumes the obligation of that individual's ITC-related expenses. This, of course, is in 
recognition of the technical service rendered by the conferences.  
Those companies and agencies that exhibit at the ITC pay a floor space rental fee which 
provides the major financial support for each conference. Although the annual chairs 
and the standing committee are credited for successful ITCs, the exhibitors also deserve 
high praise for their faithful and generous support. 
A major feature of each annual ITC is the proceedings in CD-ROM format. The CD 
contains proceedings and technical papers from multiple prior conferences as well as 
the current conference and is included with a paid regular conference registration. The 
CD is also is available for purchase after the conference through the IFT/ITC web site, 
www.telemetry.org. 



Telemetry Learning Center at 
University of Missouri – Rolla 

 
The Telemetry Learning Center (TLC) at the University of Missouri Rolla 
(UMR) seeks to develop new courses directly related to telemetry 
applications, and to introduce telemetry problems and projects into the 
existing curriculum. Since the IFT funding began in 1998, over 150 students 
have worked on projects initiated at the TLC, while many more have been 
involved with projects which were partially designed or implemented at the 
center.  A few hundred students have seen the effects of the TLC and the 
IFT through the development of new courses, and modifications to existing 
lecture and laboratory classes, and by participating in a distance education 
program.  The TLC has influenced traditional lecture courses, such as 
advanced communications, electromagnetic compatibility, digital signal 
processing, capstone design, real-time digital signal processing, and 
introductory system design classes.   
 

Research projects supported by 
the TLC include: Multiple-Input 
Multiple Output Channels for air-
to-ground telemetry systems, 
cognitive radio systems, nanosat 
support, structural health 
monitoring of civil engineering 
structures, sensor networks, 
health monitoring and 
performance analysis of 
composite materials, telemetry 

for autonomous vehicles, solar powered automobiles, and SAE formula race 
cars. 
 
The technical breadth of the telemetry community, combined with the 
flexibility of the IFT support, has made the TLC a particularly useful and 
adaptable center. The TLC is often used to support projects initiated outside 
the center.  This support has provided welcome relief to many teams who 
have discovered that they overlooked, or failed to allocate enough resources 
for, the telemetry and data logging aspects of their designs. 
 



Faculty specializing in communications, image processing, electromagnetic 
compatibility and power distribution all participate in the TLC activities. To 
support distance education, these faculty have developed web resources for 
telemetry applications, EMC, and real-time digital signal processing. A 
distance education curriculum has been developed at UMR in cooperation 
with the University of Southern California (USC) and the Boeing Company 
to offer a Master of Science degree in Systems Engineering to non-
traditional graduate students. Using the world wide web, and other means of 
electronic delivery, students from across the U.S., and throughout the world, 
can participate in selected courses taught on the UMR and USC campuses. 
 
The IFT funds have been used to 
leverage additional support from a 
variety of public and private 
sources, providing students with 
improved test equipment including 
high frequency signal sources, 
scopes, spectrum analyzers, printed 
circuit board fabrication equipment, 
SMT assembly and rework stations, 
and assorted test equipment. 
 
Travel funding has also been supplied by the IFT, to allow students to attend 
the ITC/USA conferences.  In addition to providing technical stimulation for 
the students, it has given some Midwestern students their first taste of Las 
Vegas and Southern California (and some have never been the same since). 
 
The faculty, staff and students at UMR would like to thank the IFT, and 
ITC/USA participants, for their support, guidance, and encouragement over 
the past 9 years.   
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Current Extramural FundingCurrent Extramural Funding

225K225K1/071/07--11/0811/08ToyonToyon Corp./AFOSR Corp./AFOSR ““Seamless nonSeamless non--lineline--ofof--sight sight 
communications for urban communications for urban warferwarfer..””

20K20K5/07 5/07 –– PresentPresentNokiaNokia--Siemens Networks (Gift) Siemens Networks (Gift) 

224K224K11/0511/05--9/079/07ToyonToyon Corp./AFOSR Corp./AFOSR ““Enabling cooperative MIMO Enabling cooperative MIMO 
sensor networks with cognitive radio.sensor networks with cognitive radio.””

12K12KMotorola (Gift)Motorola (Gift)

397K397K10/0410/04--10/0710/07NSF NSF ““Adaptive Radiolocation for Mobile Sensor Adaptive Radiolocation for Mobile Sensor 
NetworksNetworks””

240K240K10/0410/04--10/0710/07NSF NSF ““NoncooperativeNoncooperative BeamformingBeamforming for Ad hoc for Ad hoc 
NetworksNetworks””

AmountAmountDatesDatesGrant/ContractGrant/Contract



$ 36Msubmitted (2007-2019)DHS “Natural disaster relief technology”

$200K10/01/07 – 9/30/08Army TATRC

$ 50K    4/1/07 - presentDoE “VISAR”

$ 895K10/01/04 – 9/30/08DHS-TFEI “Sensor and  sensing technology”

$ 58K8/01/07 – 12/31/08UC Micro – Sonatech “Sonar sensing”

AmountDatesGrant/Contract

Current Extramural FundingCurrent Extramural Funding



Cooperative Sensor MIMOCooperative Sensor MIMO

Multi-antenna
collector

Assume local sensor subnet has already formed consensus (e.g. target 
localization.)

Transmit common pool of data b to stand-off collector.

Goal is to keep individual sensor radio power constant, but add sensors 
to increase range.



Ideal Cooperative MIMO Ideal Cooperative MIMO 
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7775

R (n) = S(n) H + N (n)

OSTBC S used here is either a 2x2 Alamouti code or Gc
4 8x4 code 

(Tarokh et. al. IEEE Trans IT 99.)
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UKF Channel Estimator/Linear UKF Channel Estimator/Linear 
DecodingDecoding

Multi-antenna
collector UKF

Linear OSTBC
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Alamouti UKF
Alamouti Known CSI
Alamouti Ideal
Gc

4 UKF

Gc
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4 Ideal

DecisionDecision--Directed UKF BERDirected UKF BER

Jakes’ model – flat 
fading v = 100 m/s.

fc = 1 GHz.

Offset uncertainty 

= +/- 10 kHz

Mc = 8 elements.

1/T = 500 ksps.



AquaNodeAquaNode Modem PrototypeModem Prototype

Sonatech Transducer

24 KHz center freq.

TI 6713 DSK

Power 
Amplifier

Pelican case



AquaNodeAquaNode Modem Westlake TestModem Westlake Test



Westlake TestWestlake Test

Range – 70 m dock to canoe.  Measured SER = 0, 3dB Doppler spread = .0053 
Hz.



Sparse Bayesian Sparse Bayesian KalmanKalman Filter Filter 
AlgorithmAlgorithm

Kalman Filter

Kalman Filter

Kalman Filter
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Example Comparison of Channel EstimatesExample Comparison of Channel Estimates

3-ray channel, 300 m range, 20 m depth, tx and rx at 5 m depth.  2 random paths 
added.

Doppler spread = .1 Hz,  Rice k-factor = 1.

0 0.002 0.004 0.006 0.008 0.01 0.012
0

0.5

1

M
IP

Time (sec.)

True MIP
SB-KF Estimated MIP

0 0.002 0.004 0.006 0.008 0.01 0.012
0

0.5

1

M
IP

Time (sec.)

True MIP
Unconstrained Kalman Filter Estimated MIP

0 0.002 0.004 0.006 0.008 0.01 0.012
0

0.5

1

1.5

M
IP

Time (sec.)

True MIP
Matching Pursuits Estimated MIP



SER SimulationSER Simulation
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UC UC MooreaMoorea

AquaNode testing will continue at UC Gump Station Moorea in Summer 07



Long Range Acoustic Telemetry for Long Range Acoustic Telemetry for 
Ocean ObservatoriesOcean Observatories

Proposed Coastal Pioneer Array, to 
be deployed at the shelf-slope front 
south of Martha’s Vineyard, Cape 
Cod, MA.  The “centerline” of the 
array will be at ~70 m water depth.

Acoustic telemetry > 9600bps at 
5km range required between 
subsurface moorings and buoy.

(Image downloaded from OOI CND 8 Mar 2007)



Output from instruments 
(data logger) will plug in 
here (RS232 interface).

Xilinx Virtex FPGA

UCSB Software-Defined Acoustic Modem Architecture for Ocean 
Observatories



Research Plan 07Research Plan 07--0808
New proposal effortsNew proposal efforts

NSF OTIC (with UCSB Ocean Physics Lab). High speed NSF OTIC (with UCSB Ocean Physics Lab). High speed 
longlong--range OFDM modem for Ocean Observatories.range OFDM modem for Ocean Observatories.
NSF ECS NSF ECS –– Development of the Development of the AquaNodeAquaNode modem with modem with 
FPGA channel estimation IP core.FPGA channel estimation IP core.

Ongoing projectsOngoing projects
Joint work with Naval Postgraduate School on underwater Joint work with Naval Postgraduate School on underwater 
networking.networking.
High spectral efficiency MIMO telemetry using spatial High spectral efficiency MIMO telemetry using spatial 
multiplexing (with multiplexing (with ToyonToyon Corp.)Corp.)
MIMOMIMO--OFDM and SpaceOFDM and Space--Time Time EigencodingEigencoding for ZAPR for ZAPR 
networks (NSF).networks (NSF).



Proposed Endowed ProfessorshipProposed Endowed Professorship

Proposed title: James Means Chair ProfessorshipProposed title: James Means Chair Professorship
Proposed start date:          2008Proposed start date:          2008
Proposed funding level:    $ 500KProposed funding level:    $ 500K
Proposed funding format: Multiple InstallmentsProposed funding format: Multiple Installments
Program area:                    Telemetry Program area:                    Telemetry 
Administrative unit:           Alumni AssociationAdministrative unit:           Alumni Association



Installment FormatInstallment Format

2008                 $ 100K2008                 $ 100K
2009                 $ 100K2009                 $ 100K
2010                 $ 100K2010                 $ 100K
2011                 $ 75K2011                 $ 75K
2012                 $ 75K2012                 $ 75K
2013                 $ 50K2013                 $ 50K



2007 Proposal2007 Proposal

Telemedicine WorkshopTelemedicine Workshop
CoCo--sponsors: Army TATRCsponsors: Army TATRC

UC Discovery ProgramUC Discovery Program
Undergraduate student projects Undergraduate student projects 

(parts & supplies only)(parts & supplies only)
Total request: $ 15KTotal request: $ 15K



SUMMARY  STATUS  REPORT 
on Telemetering Program Activities in Electrical & Computer Engineering 

at University of Arizona 
for  Period from May 2006 to May 2007 

 
Submitted by: John A. Reagan, ECE IFT Coordinator 

 
The Department of Electrical and Computer Engineering (ECE) at the University of 

Arizona (U of A) has this year transitioned to a to a new era in telemetering/telemetering related 
activities, beginning its T-S3 Program (Telemetering - Signals, Sensors & Sensing) under the 
leadership of newly selected (in March 2007) IFT Distinguished Professor, Dr. Michael 
Marcellin.  Activities of note this transitional year are briefly summarized in the following 
bulleted items: 
 

• Dr. Michael Marcellin selected as IFT Distinguished Professor - 
After due consideration, it was decided that ECE Professor Michael Marcellin, also U of  
A Regents Professor, would be the best choice to fill the IFT Distinguished Professor 
position.  Professor Marcellin’s stature and familiarity with IFT/ECE programs made him 
the unanimous choice for leading and advancing telemetering related activities in ECE at 
the U of A.  Recent cluster focus hires of new ECE faculty whose expertise include  
areas supportive of telemetering interests have sufficiently addressed faculty shortages in 
telemetering so that a new faculty hire specifically in telemetering was no longer 
required. 

 
• Dr. Ivan Djordjevic hired as ECE Assistant Professor - 

ECE was successful in hiring a new faculty member, Dr. Ivan Djordjevic (PhD from  
University of Nis, 1999), with expertise in optical communications, networks and 
sensors, who will contribute to strengthen ECE’s faculty base in the general area of 
communications.  He joins existing faculty Profs. Cui (newly hired last year), Marcellin, 
Neifeld, Ryan and Vasic who together form a strong communications core which can 
work effectively to help grow telemetering related activities.  Added faculty support is 
provided by Profs. Ray Kostuk (expertise in Optical Systems and Sensors) and Charles 
Higgins (expertise in Analog Circuits with Wireless/Robotics applications). 

 
• Course Offerings Supportive of Telemetering Related Activities - 

With the strengthening of the ECE faculty base, it has been possible to again offer a  
number of courses supportive of telemetering related activities, as follows: 
 
Fall 2006 

Optical Communications, ECE 430/530 by Dr. Djordjevic 
Digital Communications II, ECE 537 by Dr. Vasic 

 
  Spring 2007 
                        Digital Communications I, ECE 535 by Dr. Ryan 
                        Wireless Communications, ECE 638 by Dr. Cui 

Remote Sensing Instrumentation/Techniques, ECE 583 by Dr. Reagan 
(Volunteered by Dr. Reagan and ECE committed to a TA to assist) 

 



• Student Senior Capstone (ECE 498A&B) Projects - 
Efforts continue to promote and assist with ECE Senior Capstone Projects that are 
telemetering related.  This year, without any added IFT funding, ECE sponsored two 
design team efforts (companies/organizations normally sponsor team efforts at a cost 
of $3000 to $5000).  One was “Deployment and Evaluation of a Wireless Sensor” to 
create a parking lot monitoring system, mentored by ECE Profs. Xin & Cui.  The other 
was “IEEE Micromouse” to design robotic micromice to compete in the annual IEEE  
Micromouse Competition, mentored by ECE Prof. Charles Higgins.  The ECE IFT Lab, 
in ECE Rm 304, continues to be used for senior capstone and independent study student 
activity projects that are telemetering related. 

 
• Participation in ITC 2006 -  

Other than Dr. Marcellin again presenting a short course, there was no other participation 
by U of A at ITC 2006.  This was due in part to there being no IFT Fellow funded in  
2006/2007, nor any student funded activities (like a capstone design project) that might  
have led to a student paper submission.  IFT ECE Coordinator Reagan apologizes to the 
IFT Board for not being able to attend the Board meeting held at ITC which, in contrast 
to recent years, was apparently open for IFT member university representatives to attend  
     (were invited to), but due to an ongoing/extended family crisis (premature birth of a 
granddaughter and ensuing help needed by our daughter), he was too preoccupied to 
attend or communicate that he wouldn’t be there (even overlooked the possibility of 
asking Dr.Marcellin to act in his place at ITC).  This unfortunately left the Board unsure 
whether U of A was still wanting to host the IFT Spring 2007 Board Meeting, leading to 
the decisionto come to UCSB instead.  Again, Reagan apologizes for any inconvenience 
he may have caused, and he wants to make it clear that ECE at U of A indeed wishes to 
host the IFT Spring 2008 Board Meeting. 

 
• Participation in ITC for 2007 - 

In addition to any short course activities by Dr. Marcellin, one of his students, Hariharan 
Lalgudi, will also be presenting a paper “Scalable Low Complexity Coder for High 
Resolution Airborne Video” at ITC 2007.  Dr. Marcellin will also attend/represent U of A 
at any IFT Board meeting/activity planned for ITC 2007. 

 



NMSU Report to the IFT Board of 
Directors – 2007
Dr. Stephen Horan
Klipsch School of Electrical and Computer 
Engineering
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Topics

• Topics
– Staff
– Educational Programs
– Research Programs
– ITC Plans
– Professorship Progress
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Staff

• Faculty
– Dr. Stephen Horan continues as the acting 

Telemetering Chair
– Drs. Phillip Deleon, Deva Borah, and Charles 

Creusere continue on the faculty
– Dr. Raphael Lyman left in August 2006.

• As of today, NMSU has declined to let us fill this 
position
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Staff

• Faculty
– Dr. Joerg Kliewer will be joining us in the fall

• Currently a Visiting Assistant Professor at Notre Dame
• Research areas: filter banks, network information 

theory and coding, joint source and channel coding



5

Staff

• TSCC
– Dr. Sheila Horan chairs Coding and Data 

Compression subcommittee
– She is now the Vice Chair of the TSCC
– Dr. Russ Jedlicka is now a member of the TSCC 

for RF and antennas
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Educational Programs

• NMSUSat2
• NM Spaceport Launch
• Systems Engineering
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Educational Programs

• NMSUSat2
– Funded as part of the Air 

Force University 
Nanosatellite program

– ~ 50 students from E&CE 
and ME participated

– Had 6 pre-college students 
working on the program
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Educational Programs

• NMSUSat2
– Did not get selected for 

flight in latest competition
– However, we are working 

with the National Scientific 
Balloon Facility to fly the 
satellite as part of a balloon 
flight next May
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Educational Programs
Up Aerospace rocket: September 2006 launch

Payload 
Canister

SL-1 
rocket

Test 
package

Recovered 
payload
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Educational Programs

• Systems Engineering
– NMSU has approved a Systems Engineering Certificate 

Program aimed at distance education for industry
– Classes “in the can” include “Systems Engineering”, 

“Spacecraft Design” and several Industrial Engineering 
classes.

– New class in “Integration & Test” is scheduled for the fall
– Classes have been delivered to NASA/WSGT so far.  

GM, Sandia National Lab, and White Sands Missile 
Range have expressed interest.
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Research Programs

• Research Programs
– Deva Borah: NSF sponsored project on hybrid laser 

communications
– Phillip DeLeon: currently working with government 

sponsors on speech processing
– Charles Creusere: LANL sponsorship on wireless 

networking, National Geospatial-Intelligence Agency 
sponsorship on polarization in imaging

– NMSU also participating in Army High Performance 
Computing program with Stanford
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ITC Plans

• Short Course
– Stephen Horan will offer a short course on basic 

modulation for ITC 2007
• Scholarship Winners

– Electrical Engineering and Computer Science scholarship 
winners will be picked over the summer after spring 
semester grades are “official”

– Scholarship winners will be invited to attend ITC
• NMSU booth at ITC
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Professorship Progress

• In 2004 and 2005, the IFT presented NMSU 
with $65K to seed the establishment of the 
IFT Telemetering and Telecommunications 
Professorships at NMSU

• This completed a $130K request from NMSU
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Professorship Progress

• Match status:
– NMSU-based match: $50,432.85
– Pledges: $10,000 (alumni pledges to date)
– Interest: $7,087.32
– Request for state match: $65,000 (pending)
– Total: $67,520.17 w/o state match
– Total: $132,520.17 with state match



BYU Telemetry Laboratory 
424 Clyde Building 
Brigham Young University 
Provo, Utah 84602  

 

BYU Telemetry Laboratory is sponsored by generous donations from the International 
Foundation for Telemetering and matching, private donations to Brigham Young University.  
The Lab’s mission is to support telemetry by providing a solid education in the fundamental 
theories of signal processing, communication theory, and electromagnetics. This mission is 
accomplished by three major activities: participation in the International Telemetering 
Conference, graduate and undergraduate research in the related arts and sciences, and senior 
projects. 

BYU at ITC. Last year, at ITC 2006, BYU students and faculty 
presented four papers. Tom Nelson (left) won second place in the 
graduate category of the student paper contest for the paper “Reduced 
Complexity Trellis Detection of SOQPSK-TG.”  

 

Telemetry Research at BYU. The major emphasis of the BYU 
Telemetry Laboratory is the completion of a $1 million CTEIP contract 
to develop a prototype space-time demodulator for use with space-time 

coded Tier 1 modulations. The project is based on theoretical work supervised by Profs. Michael 
Jensen and Michael Rice and published in the Proceedings of the 2004 International 
Telemetering Conference. In addition, the final results of an SHF multipath propagation study 
over sea-based test ranges are presented at this years’ ITC. We are also looking into turbo-
equalization of Tier-1 waveforms as a multipath mitigation technique and working on a trade-off 
study involving turbo codes, power amplifier back-off, and channel spacing in an aeronautical 
telemetry setting.  

Telemetry Senior Projects at BYU. 

Several of the senior project options available to BYU 
seniors have a telemetry theme. One of those is the 
Software Radio senior project. This year, student 
teams were required to design and build a QPSK 
demodulator. The designs featured a simple RF front-
end, an interface to a dual-channel A/D converter, and 
real-time software development to perform matched 
filtering, detection, symbol timing synchronization, 
and carrier phase synchronization. The bit decisions 
were input to a bit error rate tester for real-time bit 
error rate monitoring. Industry judges interviewed 
each team and judged the quality of each design. The 
winning teams were awarded cash prizes, donated by 
the sponsoring industries.  



  

 

Another project, the unmanned air vehicle (or UAV) project was sponsored in part by the 
International Foundation for Telemetering (other sponsors included L-3 Communications and 
Raytheon Missile Systems). Each student team was provided with the basic building blocks for 
constructing a UAV: a simple airframe, an autopilot, a communication link, a camera, ground 
station software, and a laptop computer. The competition required the UAV to autonomously 

five 1×1 meter colored markers. Take-off , landing, path planning, and computer vision were 
also accomplished autonomously.  

 

IFT-Sponsored Senior Project Spin-Off 

A group of undergraduates who participated in 
the IFT-sponsored UAV senior project formed 
part of a BYU student team that competed in the 
2nd annual U.S.-European Competition and 
Workshop on Micro Air Vehicles (MAV) held at 
Eglin AFB, Florida. The BYU team was one of 
eight university teams from North America and 
Europe. The MAV designed by the BYU team 
had to meet strict requirements for “man-port-
able” aircraft: smaller than 17 inches and not 
more than one pound in weight. The competition 
was defined by a fully autonomous “reconnais-
sance mission” which required takeoff and 
landing, flight to three way points (the farthest 
875 yards from the base), target identification, 

and dropping a paint ball on the target. The spectators were spell-bound as the blue and yellow 
BYU MAV completed its mission in less than the 20 minutes allotted. Guided by an on-board 
GPS receiver, the MAV beamed video back to a portable DVD player at the base. “We don't 
have a fancy looking plane,” said Brett Millar, a member of the BYU team, “We focus more on 
autopilot systems.” Prof. Randy Beard, the students’ faculty mentor, believes the BYU team 
displayed the world's smallest autopilot. 



  

The competition was co-hosted by the 
Association for Unmanned Vehicle 
Systems International and Eglin's Air 
Force Research Laboratory Munitions 
Directorate.  The Air Force is interested 
in MAVs for their applications in 
intelligence, surveillance and recon-
naissance. There are plenty of civilian 
uses as well. The directorate is interested 
in MAVs as military intelligence, 
surveillance and reconnaissance ma-
chines. Such "man-portable" aircraft 
could be used by soldiers to look over a 
hill or around a corner. For example, if a train derails and spills chemicals, an MAV could be 
sent to determine what's leaking from where. 

 



 
Telemetering Standards Coordination Committee (TSCC) 

The Telemetering Standards Coordination Committee (TSCC) is chartered to serve as a 
focal point within the telemetering community for the review of standards documents 
affecting telemetry proposed for adoption by any of the various standards bodies 
throughout the world. It is chartered to receive, coordinate, and disseminate information 
and to review and coordinate standards, methods, and procedures to users, 
manufacturers, and supporting agencies. 
The tasks of the TSCC include the determination of which standards are in existence 
and published, the review of the technical adequacy of planned and existing standards, 
the consideration of the need for new standards and revisions, and the coordination of 
the derivation of new standards. In all of these tasks, the TSCC's role is to assist the 
agencies whose function it is to create, issue, and maintain the standards, and to assure 
that a representative viewpoint of the telemetering community is involved in the 
standards process. 
The membership of the TSCC is limited to 16 full members, each of which has an 
alternate. Membership of technical subcommittees of the TSCC is open to any person in 
the industry who is knowledgeable and willing to contribute to the committee's work. The 
16 full members are drawn from government activities, user organizations, and 
equipment vendors in approximately equal numbers. To further ensure a representative 
viewpoint, all official recommendations of the TSCC must be approved by 10 of the 16 
members. 
Since its beginning, a prime activity of the TSCC has been the review of standards 
promulgated by the DoD Range Commanders' Council (RCC)--formerly those of the 
Inter-Range Instrumentation Group (IRIG) and later, those of the Telemetry Group (TG). 
These standards, used within the Department of Defense, have been the major forces 
influencing the development of telemetry hardware and technology during the past 30 
years. In this association, the TSCC has made a significant contribution to RCC 
documents in the fields of Radio Frequency (RF) telemetry, Time Division (TD) 
telemetry, Frequency Modulation (FM) telemetry, tape recording and standard test 
procedures. 
As the use of telemetering has become more widespread, the TSCC has assisted 
international standards organizations, predominately the Consultative Committee for 
Space Data Systems (CCSDS). In this relationship, the TSCC has reviewed standards 
for telemetry channel coding, packet telemetry, and telecommand. 
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Telemetering Standards Coordination Committee - 46th Annual Report 
 
To: Directors of the International Foundation for Telemetering 
 
Subject: 2007 Annual report 
 
The Telemetering Standards Coordination Committee (TSCC) is chartered to serve as a 
focal point within the telemetering community for the review of standards documents 
affecting telemetry proposed for adoption by any of the various standards bodies 
throughout the world.  With a diverse membership, representing government, aerospace 
industry, academia and manufacturers, the TSCC offers a forum for discussion of issues 
for the telemetry community. 
 
This year saw many changes to the committee and its membership, including the 
departure/retirement of several long-term members and their subsequent replacement.  
We were able to recruit new members from the academic, government and manufacturer 
communities, thereby maintaining the diversity requirements of our TSCC Bylaws. 
 
The TSCC held two meetings during this reporting period. The first was held in 
conjunction with the 2006 International Telemetering Conference in San Diego, 
California and the second in the spring in Las Cruces, NM in conjuction with the 115th 
RCC-TG/TTG conferrence.  Additionally the TSCC was represented at the European 
Telemetry Conference in Toulouse, France this year. 
 
The TSCC members & committees reviewed (and commented where necessary) on the 
following standards: CCSCS – IP over CCSDS/best practices 702.1 red book (magenta), 
CCSDS XTCE, new NASA/JPL LDPC codes, IEEE1451, IRIG-106-Chapters 9 - DDML 
(data display mark up language ) 6 & 10, IRIG-118 instrumentation handbook, and 
finally ther USAF SGLS/USB spacecraft TT&C stds. 
 
The TSCC presented the first “Best Paper for Telemetry Standards” award at ITC in San 
Diego this past year and is making preparations to facilitate a special technical session on 
telemetry standards (especially the effects of network based telemetrry architectures) at 
the 2008 ITC in San Diego, California.   
 
Finally, the TSCC has completely redone it’s web site and presence to accomodate full 
lists of standards monitored, sub-committee memberships, 
 
Respectfully submitted, 
James William Yates 
Chairman, TSCC 



 
 
INTERNATIONAL CONSORTIUM FOR TELEMETRY SPECTRUM 

 
The frequency spectrum allocated for telemetry purposes is increasingly at risk of 
reallocation to other purposes. For the aeronautical and astronautical 
communities, the main present threats are from the mobile satellite services 
(MSS), the personal communication services (PCS) and the digital audio 
broadcast satellite services (DBS). Other safety critical telemetry applications, 
such as missile termination, launch vehicle command/destruct, bio-medical and 
industry use are also under threat from terrestrial broadcasting applications. 
 
For the users, the application of radio telemetry is safety-critical or mission critical 
to the development and sustainment of the economic and security imperatives of 
many nations. But the importance of telemetry is little known or understood 
outside the user, engineering and test community. Strong political backing is not 
existent and a cohesive advocate group at regional and world radio-
communications conferences is lacking. 
 
Currently, the impacts of potential spectrum losses to the telemetering 
community are not adequately considered, consolidated or represented. This 
needs to change. Therefore an international group has been established to help 
consolidate impact statements and to advocate the protection of spectrum that is 
critical to continuing telemetry application. 
 
The initial steps taken to establish the International Consortium on Telemetry 
Spectrum (ICTS) were presented at a special workshop of the European Test 
and Telemetry Conference (ETTC) in Paris on 10 June 1999 and this was 
followed by a special workshop of the European Telemetry Conference held 30th 
May 2000 at Garmisch- Partenkirchen in Germany. The Charter and Bylaws 
were formally accepted and approved by the International Foundation for 
Telemetering Oct 25, 2001. The IFT at that time became the ICTS sponsoring 
organization. 
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Submitted by the ICTS Officers: 
 

Dr. Gerhard Mayer (Germany), Chairman 
Dr. Michael Harris (Australia), Vice Chairman 

Mr. Darryl Holtmeyer (USA), Secretary/Treasurer 
 

Regional Coordinators: 
 

Mr. Jean Claude Ghnassia (France), Region 1 Coordinator 
Mr. Mikel Ryan (USA), Region 2 Coordinator 

Dr. Viv Crouch (Australia), Region 3 Coordinator 
 
 



 
ICTS Overview 
 
 
Background.   Whilst telemetry data rates continue to rise, as systems under test become 
more complex, radio frequency spectrum resources allocated for telemetering continue to be 
under pressure from growing commercial applications. As a consequence electromagnetic 
spectrum encroachment has become an international issue. It is important that we, the 
telemetry user and provider community, better protect and defend our spectrum assets to 
ensure their future availability for telemetering. In response to this need, the International 
Consortium for Telemetry Spectrum (ICTS) was chartered under the sponsorship of the 
International Foundation for Telemetering (IFT). The IFT exercises oversight responsibility 
and authority of the Consortium and provides administrative, policy, and programmatic 
approval. 
 
The ICTS was formed in response to the need for an international coalition of telemetry 
practitioners who share a common goal of ensuring the availability of electromagnetic 
spectrum for telemetering.  Under its charter the ICTS is not permitted to publish, present, or 
in any other way represent a particular position on spectrum issues. However, the 
information shared through the ICTS will enable telemetry practitioners to effectively respond 
to spectrum issues within their respective organisations.  Examples of information exchanged 
through the ICTS include a database that contains a list of frequency allocations assigned to 
individual nations and regions for telemetering, information on telemetry sciences and 
technology development, technical reports and studies, and information appertaining to 
various national and industry led debate upon related issues. The ICTS will also publicise to 
members any planned or proposed changes to international spectrum management strategy 
and frequency allocations affecting telemetering.   
 
The ICTS is structured as an international organisation comprising of telemetry practitioners 
from government, industry, and academia. Regional Coordinators represent the three 
regions defined by the International Telecommunications Union (ITU) — Region 1: 
Europe/Africa, Region 2: Americas, Region 3: Asia/Australia/Oceana.  The Consortium shall 
be open to individuals or organisations that support the goals of the ICTS and have a 
business or professional stake in the use of the telemetry spectrum. The ICTS produces and 
exchanges information that would be useful in developing a united front to support a common 
cause.   
 
 
Charter and By-Laws. The IFT approved charter and by-laws are available at 
http://www.telemetry.org/frameset_ift.htm. An overview of the history of the consortium and 
an expression of the importance and benefit for information exchange, meeting 
announcements, minutes, as well as other information will be posted on this website. 
 
 
Meetings. The ICTS hosts its meetings bi-annually in association with the International 
Telemetry Conference in the United States (in October), and the European Telemetry 
Conference or European Test and Telemetry Conference in spring in Europe.   
 
In the period covered by this report, the ICTS held its 18th meeting in October 2006 (ITC – 
San Diego), with new elections of the officers and the 19th meeting in June 2007 (ETTC – 
Toulouse).   
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Communicating the issues 
 
Apart from the bi-annual meetings now established as special sessions at the principal 
telemetry conferences the ICTS: 
 

• Compiles, publishes and circulates an e-Newsletter courtesy of the Region 1 co-
ordinator and the French Société de l'Electricité, de l'Electronique (SEE). In particular 
the ICTS is indebted to Valerie Alidor, who has been the main point of contact for 
ICTS administration in Europe. Mr. Jean Isnard of the SEE is now the focal point for 
the continuing edition of the e-Newsletter.    

  
• Has commissioned a short video to explain the background, issues and the need for 

the international T&E Industry and government agencies to be proactive in 
addressing these problems. The video “Using Spectrum to Safeguard Flight” is 
available in DVD format upon request or can be downloaded from the ICTS web site 
www.TelemetrySpectrum.org. 

  
• Maintains the ICTS pages of the IFT www.telemetry.org web site. 

 
• Has expanded its programme of International Outreach to inform the wider T&E 

community and regulatory agencies; also increasing effort in countries of Region 1  
and Region 3, which are presently under represented in the ICTS.  

 
• Region 3 Coordinator publishes and circulates ICTS news as a component of the 

regular newsletters that are produced by the Southern Cross Chapter of the 
International Test and Evaluation Association [ITEA]. Courtesy of the Systems 
Engineering and Evaluation Centre at the University of South Australia – these 
newsletters are web-published at:  
http://www.unisa.edu.au/seec/news/newsletters.asp 

 
• Has published a number of articles in the technical press.  

 
Meeting Reports 
 
 
As expected both the 18th and 19th meetings (special sessions at ITC / ETTC) were once 
again dominated by World Radio Conference (WRC) 2007 Agenda item 1.5 (refer appendix 
A) and the subject of Telemetry Band Augmentation.  
 
ICTS Session presentations included: 
 

• An introduction to the ICTS and its raison d’etre by Steve Lyons (QinetiQ). 
  
• An activities report by regional coordinators gave a list of actions undertaken, mainly 

concerning WRC 2007 preparation. Michael Harris (UniSA) presented the region 3 
report at the 19th meeting on behalf of Viv Crouch (region 3 co-ordinator). 

 
• Economic importance of adequate aeronautical spectrum (Carolyn Kahn, Mitre Corp.) 
 
• Outcome of the ITU-R Working Party 8B (Ken Keane, Duane Morris) 
 
• Results of the WRC- Conference Preparatory Meetings (Didier Petit) 
 
• AI 7.2 and spectrum requirements for UAS (Alain Delrieu) 
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• The ICTS – WRC booth, logistics and operations (Darrel Ernst) 

 
• Promoting the international range cooperation (Dr. Douglas Gerrie & Tim Chalfant) 
 
• The ICTS and the WRC 2011 (Gerhard Mayer & Darrell Ernst) 

 
Increasingly the ICTS sessions have been attended by international guests from the field 
of National/ International spectrum management. Invited guests have included Ken 
Keane, Didier Petit, Alain Delrieu; who collectively presented an excellent insight into the 
WRC and associated international issues.  
  

 
 
   
International Awareness Generation (a.k.a. Outreach) 
 
Whilst the ITC/ETTC sessions remain the focus for ICTS business it was apparent that a 
more pro-active approach was necessary in order to engage with the wider T&E community 
and radio regulatory bodies.  
 
The outreach initiative has been the continuing success story of ICTS; largely due to the 
dedication of Tim Chalfant, ICTS liaison and Darrell Ernst, Mitre Corp. in identifying “target 
audiences” and developing a strategy for taking the message to that audience.  
 
Over the last twelve months, on an opportunity basis, ICTS members have provided 
presentations at professional forums being held around the world to help draw attention to 
the global dimension of the telemetry spectrum issues and the need for urgent attention to be 
paid to WRC-07 preparations. These fora have included: the ITU Study group 8B meetings in 
Geneva, the Systems Engineering, Test & Evaluation (SETE) conference (Australia), the 
International Aerospace Testing events in both Europe and North America, the NACORT 
2006 in India and the PACOM 2007 in Hawaii. In addition to these organised events have 
carried out bespoke visits to a number of countries including India, South Africa, and the 
Ukraine, to communicate the role of the ICTS and the WRC.  
 
 
Preparing for the ICTS exhibition during the WRC 2007  
 
The ICTS will operate an exhibition booth during the WRC 2007 to inform the delegates and 
decision makers about the importance of telemetry to ALL Nations represented in the general 
assembly of the ITU. 
 
 
Summary 
 
The work of the ICTS continues apace.  We have excellent membership numbers from 
Regions 1 and 2 and emphasis is being placed on events in Region 3. The IFT, the 
International Test and Evaluation Association, and the Society of Flight Test Engineers and 
the Société de l'Electricité, de l'Electronique have been supportive of the ICTS aims and 
assisted in distributing information, facilitating communications, and widening debate.  
 
With the 2007 WRC looming, an intensive concerted effort has been made to inform various 
“key countries” and their national regulatory bodies and ITU representatives of the telemetry 
encroachment issue.  
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With regular updates to the IFT and ICTS web sites, the ICTS members will be better 
informed about developments and fully engaged in preparation for WRC 2007. 
  
The consortium is ever ready to facilitate information exchange as each nation studies this 
critical topic.  The ICTS will continue to distribute studies and technical reports to members in 
support of this agenda item.   
 
The coming WRC 2007 will be decisive in assuring the adequacy of future telemetry 
spectrum resources. 
 
In the phase following the WRC 2007 (with a supposed positive decision), the ICTS will be 
challenged in assisting to develop a strategy for global harmonized allocations in the bands 
approved and in initiating a process for an international coordination. 
 
So far only the frequency range from 3 to 7 GHz was considered for telemetry spectrum 
augmentation. In a second preparatory step for the coming WRCs (2011 and 2015) the 
potential at the upper range from 17 to 30 GHz and beyond has to be carefully studied. A 
further augmentation for wideband telemetry needs will only be able to be realised in this 
upper range.      
  
 
Planned future ICTS meetings will be at: 
 

• ETC 2008, Munich, Germany – April 2008 
• SETE 2008, Australia – September 2008 
• ITC 2008, San Diego – October 2008 

 
 
 
 
 
 
 
 
 
 
Gerhard Mayer 
Chairman ICTS 
September 2007 
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Appendix A 
 

World Radio-communications Council Resolution 230 
 

RESOLUTION  [COM7/5]  (WRC-03) 
 

Consideration of mobile allocations for use by wideband aeronautical 
telemetry and associated telecommand 

The World Radiocommunication Conference (Geneva, 2003) 
 
Considering 

a) that there is a need to provide global spectrum to the mobile service for wideband 
aeronautical telemetry systems; 

b) that there is an identified need for additional spectrum required to meet future 
wideband aeronautical telemetry demands; 

c) that there is also a need to accommodate telecommand operations associated 
with aeronautical telemetry; 

d) that there is a need to protect existing services, 
 

Noting 
a) that a number of bands between 3 GHz and 30 GHz are already allocated to the 

mobile service, without excluding the aeronautical mobile service, on a secondary 
basis; 

b) that any spectrum allocated to the mobile service above 3 GHz (to include 
aeronautical telemetry) is not a substitution for existing allocations used for 
aeronautical telemetry purposes below 3 GHz, the requirement for which will 
continue, 

 
Recognising 

a) that there are emerging telemetry systems with large data transfer requirements 
to support testing of commercial aircraft and other airframes; 

b) that the future technologies and performance expectations for airborne platforms 
contemplate a need for real-time monitoring of large data systems with multiple 
video streams (including high-definition video), high-definition sensors, and 
integrated high-speed avionics;  

c) that the 2000 Radiocommunication Assembly approved Question ITU-R 231/8, 
titled: "Operation of wideband aeronautical telemetry in bands above 3 GHz", with 
the target date of 2005; 

d) that those studies will provide a basis for considering regulatory changes, 
including additional allocations and recommendations, designed to accommodate 
justified spectrum requirements of aeronautical mobile telemetry consistent with 
the protection of incumbent services, 

 
Resolves that [WRC-07/a future competent conference] be invited to: 
 

1 consider the spectrum required to satisfy justified wideband aeronautical mobile 
telemetry requirements and associated telecommand above 3 GHz; 

2 review, with a view to upgrading to primary, secondary allocations to the mobile 
service in the frequency range 3-16 GHz for the implementation of wideband 
aeronautical telemetry and associated telecommand; 

3 consider possible additional allocations to the mobile service, including 
aeronautical mobile, on a primary basis in the frequency range 3-16 GHz for the 
implementation of wideband aeronautical telemetry and associated telecommand, 
taking into account considering d) above; 
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4 designate existing mobile allocations between 16 and 30 GHz for wideband 
aeronautical telemetry and associated telecommand, invites ITU-R to conduct, as 
a matter of urgency, studies to facilitate sharing between aeronautical mobile 
telemetry and the associated telecommand, on the one hand, and existing 
services, on the other hand, taking into account the resolves above. 

 
ADD COM7/353/7 (B13/361/7) 
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ITC 2006 Technical Program 

Tuesday, October 23rd, 1:30pm – 4:30pm 
 
Session 1 – Telemetry in Extreme Environments 
Chair:  Eric Prescott, BAE Systems 
 
07-01-01 “Calculating Aerodynamic Coefficients for a NASA Apollo Body Using 

Telemetry Data from Free Flight Range Testing” 
 T. Gordon Brown, Timothy Vong, U.S. Army Research Laboratory, Ben 

Topper, Data Matrix Solutions 
 
 The U.S. Army Research Laboratory (ARL), in partnership with the National 

Aeronautics and Space Administration (NASA) Langley Research Center 
(LaRC), has performed a free-flight experiment with telemetry (TM) 
instrumented sub-scaled reentry vehicle in order to determine its aerodynamic 
coefficients.     

 
07-01-02 “Soft Recovery Recording System for Interior and Exterior Ballistics 

Characterization” 
 Mauricio Guevara , Boris Flyash, Army Research Development and 

Engineering Center 
 
 The challenge for the Precision Munition Instrumentation Division (PMID) 

was to develop a Telemetry System to record the interior and exterior 
ballistics of a M831 TP-T projectile, which will be used as a carrier for soft 
recovery testing of IMUs and GNUs.  

 
07-01-03 “High-G Telemetry System for Tank Munitions” 
 Boris Flyash, Boleslav Steve Platovskiy, Army Research Development and 

Engineering Center 
 
 The High-G Telemetry System for Tank Munitions was designed for and used 

on the Tank Projectile Course Correction Project. 
 
07-01-04 “Measurement of In-Flight Motion Characteristics of a High-G Launched 

Flare Stabilized Projectile with On-Board Telemetry” 
 T. Gordon Brown, Ed Bukowski, Mark Ilg, U.S. Army Research Laboratory, 

Fred Brandon, Dynamic Science 
 
 This report describes the design of a telemetry system used to measure in-

flight motion suitable for extracting aerodynamic coefficients over a large 
range of Mach numbers. 



ITC 2006 Technical Program 

 
Session 2 – CTEIP Projects (iNET / TENA) 
Chair: Ray Faulstich, CSC Range and Engineering Services 
 
07-02-01 “The Test and Training Enabling Architecture, TENA, an Important 

Component in Joint Mission Environment Test Capability (JMETC) 
Successes” 

 Gene Hudgins, TENA Software Development Activity (SDA) 
 
 The Joint Mission Environment Test Capability (JMETC) is a distributed live, 

virtual, and constructive (LVC) testing capability developed to support the 
acquisition community and to demonstrate Net-Ready Key Performance 
Parameters (KPP) requirements in a customer-specific Joint Mission 
Environment (JME).  

 
07-02-02 “Vehicle Network Technology Demonstration” 
 Thomas Grace, Dave Hodack, Naval Air Systems Command - Patuxent River 
 
 This paper describes one objective of the iNET project, which is 

standardization and interoperability. 
 
07-02-03 “Operator Interfaces for Controlling the Serial Streaming Telemetry 

Channel via a Command and Control Link” 
 Daniel T. Laird, AFFTC, Edwards AFB 
 
 This paper discusses the uses of a command and control link for reconfiguring 

and querying the SST Tx and Rx during flight and or preflight using a remote 
GUI built on commercial software applications, operating over specific 
standard network protocols. 

 
07-02-04 “Optimal Configuration for Nodes in Mixed Cellular and Ad hoc 

Network for iNET” 
 Olusola Babalola, Dr. Richard Dean (Advisor), Morgan State University 
 
 We present architecture for the proposed MANET Cellular Mixture Network 

(MCMN) and some performance analysis to characterize the network. 
 
07-02-05 “Quality of Service parameters within a Mixed Network for an iNET 

Environment” 
 Antwan Chaney, Dr. Richard Dean (Advisor), Morgan State University 
 
 This paper will show a comparison of the three QoS levels (best effort, 

assured, and premium services) that the network provides and investigate QoS 
performance of the Mixed Network in the iNET environment.   



ITC 2006 Technical Program 

 
Session 3 – Networks, Systems & Applications 
Chair: Paul Zetocha, Kirtland AFB 
 
07-03-01 “Long Term Vehicle Health Monitoring” 
 Doug Cridland, Chris Dehmelt, L-3 Communications – Telemetry East 
 
 This paper will discuss the system considerations and the benefits of a smart 

sensor based system and how pieces can be transitioned from flight 
qualification to long-term vehicle health monitoring in production vehicles. 

 
07-03-02 “Evaluation of Ubiquitous Use of Wireless Sensor Network Technology in 

Data Acquisition and Telemetry Applications” 
 Joshua D. Kenney, Chris J. Cunningham, and Ben A. Abbott, Ph.D., 

Southwest Research Institute 
 
 Although Ethernet’s wireless counterpart, IEEE 802.11 (Wi-Fi), has recently 

enjoyed similar success delivering data to the masses, its industrial use in 
widely-distributed data acquisition until now has been limited.  

 
07-03-03 “Management of a Network-Based Flight Test System” 
 Michael S. Moore, Evan T. Grim, Ganesh U. Kamat, Myron L. Moodie, 

Southwest Research Institute 
 
 This paper describes the issues that must be addressed for managing network-

based flight test systems and describes a network management approach that 
was developed and employed to manage a large-scale network-based flight 
test system. 

 
07-03-04 “The Effect of Network Centric Operations in Telemetry for Air Force 

Flight Test and Evaluation” 
 Eunice E. Santos, Virginia Polytechnic Institute & State University, Charles 

H. Jones, Charles Harris, AFFTC, Edwards AFB 
 
 This paper discusses how aspects of telemetry can be effectively incorporated 

and modeled as a component within network-centric operations and warfare 
paradigms. 

 
07-03-05 “Net-Centrifying the Gould TA6000 Oscillograph” 
 Juan Guadiana, Jesus Benitez, Dwight Tiqui, White Sands Missile Range 
 
 This paper’s topic is the conversion of the hardware and a discussion on 

software issues. 



ITC 2006 Technical Program 

 
Session 4 – Link Protocols & Performance 
Chair:  Filberto Macias, White Sands Missile Range 
 
07-04-01 “Low Density Parity Check Codes for Telemetry Applications” 
 Bob Hayes, L-3 Communications Cincinnati Electronics 
 
 This paper presents a brief overview of LDPC coding and decoding.  
 
07-04-02 “Diversity Branch Selection in Real World Application” 
 Richard Formeister, Teletronics Technology Corporation 
 
 Multi-path propagation continues to be the dominant channel impairment in 

many aeronautical mobile telemetry applications.  Avoidance and diversity 
techniques continue to be the only practical means to combat this problem. 

 
07-04-03 “TCP Performance Enhancement over Iridium” 
 Leigh Torgerson, Joseph Hutcherson, James W. McKelvey, CalTech Jet 

Propulsion Laboratory 
 
 In support of iNET maturation, NASA-JPL has collaborated with NASA-

Dryden to develop, test and demonstrate an over-the-horizon vehicle-to-
ground networking capability, using Iridium as the vehicle-to-ground 
communications link for relaying critical vehicle telemetry.  

 
07-04-04 “Performance Comparison of SOQPSK Detectors: Coherent vs. Non-

coherent” 
 Tom Bruns, L-3 Communications Nova Engineering 
 
 This paper examines the performance of a non-coherent SOQPSK detector 

which significantly improves the signal acquisition times without impacting 
BER performance in the AWGN environment. 



ITC 2006 Technical Program 

 
Session 5 – Instrumentation 
Chair:  Brian Keating, NAWC-AD Pax River 
 
07-05-01 “The Evaluation and Integration of an Instrumentation and Telemetry 

System with SOQPSK Modulation and Control Integrated with Avionics 
Displays” 

 John Wegener, Robert N. Zettwoch, Michael C. Roche, The Boeing Company 
 
 This paper describes the integration activities associated with the 

instrumentation and telemetry system developed for the EA-18G Flight Test 
program, including bench integration, avionics integration, and aircraft 
ground and flight checkout.   

 
07-05-02 “Architectural Considerations for a Variable Bit Rate Data Acquisition 

Telemetry Encoder” 
 Jeff Lee, L-3 Communications – Telemetry-West 
 
 This paper focuses on the requirements, design considerations and tradeoffs 

associated with differing architectural topologies for implementing a variable 
bit rate encoder and the resulting implications on the encoder systems data 
acquisition units. 

 
07-05-03 “Overview of an Integrated Instrumentation Data System Used by the F-

35 Lightning II Flight Test Program” 
 Doug Vu, Lockheed Martin Aeronautics Co, Albert Berdugo, Teletronics 

Technology Corporation 
 
 This paper will describe the hardware and software components used by the 

JSF flight test program to provide an integrated instrumentation data system.  
 
07-05-04 “The Architecture of Aircraft Instrumentation Networks” 
 John Roach, Teletronics Technology Corporation 
 
 This paper describes the high-level design of a modular architecture for an 

aircraft instrumentation network. 



ITC 2006 Technical Program 

 
Session 6 – Data Processing & Management 
Chair:  Richard Hansen, AFFTC - Edwards AFB 
 
07-06-01 “Using Excel Macros for Charting” 
 Bryan Kelly, Honeywell Aerospace 
 
 This paper introduces a set of macros that automate the importing of antenna 

data into Excel and charting that data. 
 
07-06-02 “Achieving Portability for Legacy Software Using Java” 
 D. Kelly Cooper, TYBRIN Corporation 
 
 This paper outlines a phased strategy for migrating platform specific 

applications to be platform independent while reusing the robust, existing 
algorithms.  

 
07-06-03 “Range Safety Case Study: Western Range Centralized Telemetry 

Processing System (WP CTPS), a large Distributed Ground System” 
 Jonathan Mather, L-3 Communications Telemetry-West, Nancy Shaw, 

Lockheed Martin Corporation 
 
 This paper presents a case study for the Western Range Centralized Telemetry 

Processing Subsystem.  
 
07-06-04 “Design of a Mission Data Storage and Retrieval System for NASA 

Dryden Flight Research Center” 
 Jessica Lux, NASA Dryden Flight Research Center, Bob Downing, Jack 

Sheldon, Arcata Associates 
 
 This report discusses the post-mission segment of the WINGS architecture, a 

system for the near- and long-term storage and distribution of mission data 
for flight projects at DFRC, providing the user with intelligent access to data. 

 
07-06-05 “Instrumentation and Data Processing Efficiencies Employed on the P-8A 

Poseidon System Development and Demonstration Program” 
 Dawn M. Galloway, Christian H. Winkelmann, The Boeing Company 
 
 The strategy for the design of the instrumentation and data processing 

architecture was to create a common system that could be used for data 
acquisition and processing for all seven test articles and used for both flight 
and ground testing. 
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Session 7 – Imaging, Video & Modeling 
Chair:  Robert Sakahara, NASA – Dryden Flight Research Center 
 
07-07-01 “IDAPS CAD-Based Store Separation Analysis of Deployable Surfaces” 
 Mike Paulick, TYBRIN Corporation 
 
 This paper describes a prototype capability that is being developed for 

assessing fin and wing deployment angles using a CAD-based image matching 
technique to calculate a trajectory of a store separation event. 

 
07-07-02 “Scalable Low Complexity Coder for High Resolution Airborne Video” 
 Hariharan G. Lalgudi , Michael W. Marcellin  (Advisor), Ali Bilgin,  

University of Arizona,  Mariappan S. Nadar, Siemens Corporate Research 
 
 This paper presents a scalable low complexity coder (SLCC) that possesses 

many desirable features of JPEG2000, yet having high throughput. 
 
07-07-03 “Modeling of the Plasma Formation Due to Laser Irradience During 

Directed-Energy Testing” 
 Saravanakanthan Rajendran, Michael Keida, Iain D. Boyd, University of 

Michigan, Charles H. Jones, Brian Mork, AFFTC Edwards AFB 
 
 In this paper, a numerical model has been developed to describe the laser 

induced ablation of metal surfaces. 
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Wednesday, October 24th, 8:30am – 11:30am 
 
Session 8 – Multiple Inputs Multiple Outputs (MIMO) 
Chair:  Terry Hill, Quasonix 
 
07-08-01 “Performance of Unitary Space Time Codes Generated by Givens 

Rotation Matrices in Multiple-Input, Multiple-Output Communication 
Channels” 

 Seth Stanley, Kurt Kosbar (Advisor), University of Missouri 
 
 This paper investigates the performance of GRM codes over a wider range of 

SNR, to determine their usefulness in MIMO applications of interest to the 
telemetry community. 

 
07-08-02 “Modeling Channel Estimation Error in Continuously Varying MIMO 

Channels” 
 Christopher Potter, Kurt Kosbar (Advisor), University of Missouri 
 
 In this work a new analytical expression for the channel estimation error of a 

multiple input multiple output (MIMO) system is obtained when the wireless 
medium is continuously changing in the temporal domain. 

 
07-08-03 “An Optimum Detector for Space-Time Trellis Coded Differential MSK” 
 Xiaoyu Dang, Michael Rice (Advisor), Brigham Young University 
 
 In this paper a novel optimum transmitting and detecting structure for STTC-

MSK is proposed.  
 
07-08-04 “A High-Accuracy and Low-Complexity Carrier-Offset-Frequency 

Estimator” 
 Joseph Palmer, Michael Rice (Advisor), Brigham Young University 
 
 The paper argues that a periodic training sequence structure, combined with 

the new estimator, allows for a high-accuracy and low complexity CFO 
compensator. 
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Session 9 – RCC-TMoIP (Special Session) 
Chair:  Brian Eslinger, TYBRIN Corporation 
 
Special sessions consist of the latest information on the given topics and as such were not able to be included on the DVD. 
 
 The RCC TTG initiated task TT-49 to generate a standard for the transport of 

serial streaming telemetry over the Internet Protocol (IP).  An ad hoc 
committee was activated comprised of Range and vendor participation to 
develop this standard.   

 
SS-09-01 “Range Commander's Council (RCC) Telecommunications and Timing 

Group (TTG) Update on TM Over IP Standard Development” 
 Brian Eslinger, Bob Kovach, TYBRIN Corporation 
 
 This paper will address the progress of the standard, the use of commercial 

standards, and the benefits to the ranges.  
 
SS-09-02 “Evolving Range and DISA Networks Using Pseudo Wire” 
 Joseph Merritt, Avtec Systems, Inc. 
 
 Pseudo Wire protocol encapsulation provides the means for extending 

telemetry, data, voice, and video services in native formats over Ethernet, IP, 
and MPLS networks in a reliable way that delivers greater operational 
efficiency and a smooth migration to a single converged network. 

 
SS-09-03 “Network Design Considerations in Telemetry Systems” 
 Andy Grebe, Wayne Klein, Apogee Labs, Inc. 
 
 This paper is intended to outline needed considerations when planning or 

implementing a network design in Telemetry Systems. 
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Session 10 – Data Acquisition & Sensors 
Chair:  John Welker, AFFTC - Edwards AFB 
 
07-10-01 “Development, Evaluation and Implementation of a Surface-Mount, 

High-G Accelerator” 
 Philip J. Peregino, Edward F. Bukowski, US Army Research Laboratory 
 
 A contract was developed for Endevco to repackage the die and to develop a 

tri-axial version with the repackaged die. The newly developed 
accelerometers were tested and evaluated by the U.S. Army Research 
Laboratory. 

 
07-10-02 “A Next Generation Aircraft Power Monitoring System” 
 Hy Grossman, Teletronics Technology Corporation 
 
 This paper describes the methods employed on a single signal-conditioning 

card in order to provide detailed information about the power quality of a 
three-phase aircraft power source. 

 
07-10-03 “Fibre Channel Bus Monitoring with Airborne Data Multiplexer / 

Recorder System” 
 Albert Berdugo, Eric Pesciotta, Teletronics Technology Corporation 
 
 This paper discusses the concept, merits, and implementation of fibre channel 

bus monitoring in modern data acquisition systems.   
 
07-10-04 “Thermocouple Measurements without Customized Electronics” 
 Paul Wanis, L-3 Communications & RF Products 
 
 This paper describes some of these techniques and their performance tradeoff 

for a more flexible solution that uses standard analog data acquisition 
channels already 
available as part of the encoder circuitry. 

 
07-10-05 “Technology Convergence: Observations on Transitional Approaches For 

Data Acquisition In a TCP/IP Environment” 
 Malcolm Weir, Ampex Data Systems, Inc. 
 
 This paper discusses how IRIG 106 Chapter 10 recording techniques could be 

employed in a network-centric environment, while maintaining as many of the 
strengths of the traditional approach.  
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Session 11 – Modulation & Coding (Session 1) 
Chair:  Robert W. Selbrede, JT3, Edwards AFB 
 
07-11-01 “Adaptive Modulation for Cognitive Radio” 
 Gaurav Sharma, Kurt Kosbar (Advisor), University of Missouri 
 
 This paper highlights how some mathematical models of adaptive modulation 

discussed extensively in many research papers and textbooks can be used in 
Cognitive Radios as well. 

 
07-11-02 “Differential Encoding Revealed: An Explanation of the Tier-1 

Differential Encoding in IRIG 106” 
 Michael Rice, Brigham Young University 
 
 This paper shows that the differential encoding rule results from encoding bit-

by-bit transitions in the phase trajectory of an offset QPSK modulated carrier. 
 
07-11-03 “On Reduced Complexity Techniques for Bandwidth Efficient 

Continuous Phase Modulations in Serially Concatenated Coded systems” 
 Dileep Kumaraswamy, Dr Erik Perrins (Advisor) University of Kansas 
 
 In this paper, we present reduced complexity approaches to sub-optimally 

decode SCC PCM/FM by mainly two approaches—1) Frequency pulse 
truncation. 2) Decision feedback. 

 
07-11-04 “Comparison of Non-coherent Detectors for SOQPSK and GMSK in 

phase noise channels” 
 Afzal Syed, Dr Erik Perrins (Advisor), University of Kansas 
 
 In this paper, we develop reduced complexity non-coherent detectors for 

SOQPSK and GMSK; and discuss a phase noise model. 
 
07-11-05 “Symbol Timing Recovery for SOQPSK modulation” 
 Prashanth Chandran, Dr Erik Perrins (Advisor), University of Kansas 
 
 Shaped offset quadrature phase shift keying (SOQPSK) is a highly bandwidth 

efficient modulation technique used widely in military and aeronautical 
telemetry standards. 

 
07-11-06 “Multiple Bit Differential Detection of SOQPSK with Diversity 

Reception” 
 Madhusudhan Ramakrishnan, Dr Erik Perrins (Advisor), University of Kansas 
 
 In this paper, we consider multiple bit differential detection (MBDD) of 

differentially encoded shaped offset quadrature phase-shift keying (SOQPSK) 
over slow fading channels, especially Rayleigh fading channels. 
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Session 12 – Meta Data - XML Applications (Session 1) 
Chair:  Lee Eccles, Boeing Corporation 
 
07-12-01 “IHAL-Based Instrumentation Configuration Management Tools” 
 John Hamilton, Ronald Fernandes, Paul Koola, Knowledge Based Systems, 

Charles H. Jones, AFFTC Edwards AFB 
 
 The Instrumentation Hardware Abstraction Language (IHAL) has been 

developed to be a neutral language that is focused on the description and 
control of instrumentation systems and networks.   

 
07-12-02 “Applications of a Hardware Specification for Instrumentation 

Metadata” 
 John Hamilton, Ronald Fernandes, Mike Graul, Knowledge Based Systems, 

Charles H. Jones, AFFTC Edwards AFB 
 
 This paper discusses the benefits of maintaining a neutral-format hardware 

specification along with the telemetry metadata specification. 
 
07-12-03 “Integrating Engineering Unit Conversions And Sensor Calibration Into 

Instrumentation Setup Software” 
 Benjamin Kupferschmidt, Teletronics Technology Corporation 
 
 This paper describes the flow of data through an integrated airborne 

instrumentation setup application that allows sensors and measurements to be 
defined, acquired, calibrated and converted from raw counts to engineering 
units. 

 
07-12-04 “Towards Fully Automated Instrumentation Test Support” 
 Charles H. Jones, AFFTC Edwards AFB 
 
 This paper outlines the current status, current projects, and some missing 

pieces in the journey towards a fully automated scenario. 
 
07-12-05 “Metadata Modeling for Airborne Data Acquisition Systems” 
 Benjamin Kupferschmidt, Eric Pesciotta Teletronics Technology Corporation 
 
 This paper discusses the concept, merits, and possible solutions for a standard 

measurement metadata model. 
 
07-12-06 “XML Meta-Data Experiments” 
 Gilles K/Bidy, L-3 Communications, Telemetry-West 
 
 This paper presents findings from various experiments to import and export 

existing telemetry configuration information to XML based on the new Meta-
data model. In addition, this paper will discuss the possible conversions to 
and from the existing IRIG TMATS standard. 
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Session 13 – Telemetry Systems & Architectures 
Chair: Archie Moore, Spiral Technology 
 
07-13-01 “Stopping Launch Pad Dalays, Launch Failures, Satellite Infant 

Mortalities and On Orbit Satellite Failures Using Telemetry Prognostic 
Technology” 

 Len Losik, Failure Analysis 
 
 Telemetry Prognostics or proactive diagnostics is the prediction of an 

upcoming failure and the calculation of remaining usable life for the failing 
system based on information available in system telemetry.  

 
07-13-02 “The Micro-Instrumentation Package: A Solution to Lightweight 

Ballooning” 
 Jill Juneau, NASA – Columbia Scientific Balloon Facility 
 
 The Columbia Scientific Balloon Facility (CSBF) in Palestine, Texas launches 

high-altitude scientific payloads on balloon vehicles. These balloons can be as 
large as 60 million cubic feet, reach a float altitude of 160,000 feet, carry a 
payload of up to 8,000 pounds, and stay at float for over a month.  

 
07-13-03 “Design and Construction of an Optical Telemetry System” 
 Chris Acon, Nisha George, Scott Kimbrell, Dan Pivonka, Clarence Rowland, 

W. Buck Schulze, Dr. Erik Spjut (Faculty Advisor), Harvey Mudd College 
 
 The Edwards Air Force Base Undergraduate Clinic Team at Harvey Mudd 

College designed, built and tested a laser-based telemetry system for use on 
test aircraft at the EAFB Flight Test Center. 
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Session 14 – Chapter 10 / On-board Recording 
Chair: Jaime Reyes, White Sands Missile Range 
 
07-14-01 “IRIG-106 Chapter 10 Recorder with Built-In Data Filtering 

Mechanism” 
 Albert Berdugo, Teletronics Technology Corporation, Louis Natale, Lockheed 

Martin Aeronautics Co. 
 
 This paper describes the data filtering used on the F-22 Program for the MIL-

STD-1553 buses and the FOTR bus as part of the IRIG-106 Chapter 10 
Multiplexer/Recorder System.  

 
07-14-02 “Overview of F-22 Upgraded Instrumentation System” 
 Louis Natale, Lockheed Martin Aeronautics Co, Albert Berdugo, Teletronics 

Technology Corporation 
 
 This paper describes the evolutionary process to design two independent 

distributed data acquisition and recording systems handling data with 
different classification levels.   

 
07-14-03 “The Use of an IRIG-106 Chapter 10 Recorder as a Telemetry System” 
 Albert Berdugo, Teletronics Technology Corporation 
 
 This paper discusses several applications in which the IRIG-106 Chapter 10 

recorder can be used as a telemetry system.  
 
07-14-04 “A Roadmap to Standardizing the IRIG 106 Chapter 10 Compliant Data 

Filtering and Overwriting Software Process” 
 Alfredo Berard, Dennis Manning, Jeong Min Kim, Air Armament Center - 

Eglin AFB 
 
 This paper describes a roadmap to standardizing the process to produce this 

software process, Data Overwriting and Filtering Application (DOFA). 
 
07-14-05 “IRIG 106 Chapter 10 Recorder Validation” 
 Paul Ferrill, Avionics Test and Analysis Corp., Mike Golackson, 412th Test 

Wing / ENI, Edwards AFB 
 
 This paper will describe the methodology and tools used to perform a 

thorough testing process to ensure compliance with the IRIG 106-07 
standard. 

 
07-14-06 “Design trade-offs for Real-time Chapter 10 Reproduction” 
 Bob Tompkins, Gilles K/Bidy, L-3 Communications, Telemetry-West 
 
 This paper presents an analysis of various methods to address the 

reproduction of recorded Chapter 10 data in real-time. 
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Wednesday, October 24th, 2:30pm – 5:30pm 
 
Session 15 – iNET (Special Session) 
Chair: Daniel S Skelley, iNET Chief Architect – NAVAIR 
 
Special sessions consist of the latest information on the given topics and as such were not able to be included on the DVD. 
 
 Sponsored by the Central Test and Evaluation Program (CTEIP), the 

integrated Network Enhanced (iNET) Project is developing an architecture 
for network enhancing traditional telemetry. This architecture will be 
implemented via a set of standards; allowing multiple vendors hardware to 
interoperate within a single iNET System. The standards development 
process, just begun by the iNET Team, will be the focus of this session. Topics 
to be covered include; the process, community involvement, and 
types/quantities of standards being developed.  
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Session 16 – Sensor Networks / Data Acquisition 
Chair: Charles H. Jones, PhD, AFFTC - Edwards AFB 
 
07-16-01 “The Sum-Rate Capacity of a Cognitive Multiple Access Sensor 

Network” 
 Adam Panagos, Dynetic Inc., Kurt Kosbar, University of Missouri - Rolla 
 
 This paper investigates the sum-rate capacity of a cognitive multiple access 

(MAC) sensor network. 
 
07-16-02 “A Common Solution to Custom Network Applications” 
 Jennifer Yin, Chris Dehmelt, L-3 Communications – Telemetry East 
 
 This paper presents the approach that was recently employed for the 

development of a network interface module that can be quickly reconfigured 
to address the changing requirements of network applications.  

 
07-16-03 “Wireless Sensor System for Airborne Applications” 
 Steve Pellarin, Teletronics Technology Corporation, Steven Musteric Eglin 

Air Force Base 
 
 This paper describes the current status of the Advanced Subminiature 

Telemetry System (ASMT) Initial Test Capability Project.   
 
07-16-04 “Network-Based Distributed Data Acquisition and Recording for Small 

Systems” 
 John Hildin Teletronics, Technology Corporation 
 
 The paper will also show how a smaller system can deliver on this promise 

without sacrificing performance and functionality.  
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Session 17 – Modulation & Coding (Session 2) 
Chair:  Robert W. Selbrede, JT3 - Edwards AFB 
 
07-17-01 “Iterative Decoding and Sparse Channel Estimation for and Underwater 

Acoustic Telemetry Modem” 
 Ronald A. Iltis, University of California at Santa Barbara 
 
 Recently, iterative decoding and estimation using Low Density Parity Check 

(LDPC) codes has been pursued for terrestrial RF communications. Here, we 
seek to combine LDPC coding with Kalman-filter channel estimation for the 
AquaNode DSSS modem. 

 
07-17-02 “Simplified 2-State Detectors for SOQPSK-TG and SOQPSK-MIL” 
 Balachandra Kumaraswamy, Dr Erik Perrins (Advisor), University of Kansas 
 
 This paper shows that the state complexity can be cut in half relative to 

previous approaches—from 4 states down to 2—with asymptotically optimum 
performance. 

 
07-17-03 “A Hardware Platform for Cognitive Radio” 
 Jason Pratt (Student) and Kurt Kosbar (Advisor), University of Missouri 
 
 This paper will give a brief introduction of cognitive radio networks, and 

describe a hardware platform designed at the IFT/UMR Telemetry Learning 
Center. 

 
07-17-04 “Turbo-Coded APSK for Telemetry” 
 Christopher Shaw, Michael Rice, Brigham Young University 
 
 This paper considers the use of Amplitude-Phase Shift Keying (APSK) for a 

telemetry system. 
 
07-17-05 “Serially Concatenated High Rate Convolutional Codes with Continuous 

Phase Modulation” 
 Kanagaraj PorurDamodaran, Dr Erik Perrins (Advisor), University of Kansas 
 
 We propose serially concatenated convolutional codes with continuous phase 

modulation for aeronautical telemetry. Such a Concatenated code has an 
outer encoder whose code words are permuted by an Interleaver, and a 
modulation, which is viewed as a code and takes the interleaved words as its 
input and produces the modulated signal. 

 
07-17-06 “The Implementation of an Irregular Viterbi Trellis Decoder” 
 Christopher Lavin, Michael Rice (Advisor), Brigham Young University 
 
 This paper explores the architectural challenges of such a trellis and presents 

a solution using a modified systolic array allowing the trellis to be realized in 
hardware. 
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Session 18 – Meta Data - XML Applications (Session 2) 
Chair:  Lance Self, Kirtland AFB 
 
07-18-01 “AJAX: A New Twist On Existing Technologies” 
 Mike Gilorma, Apogee Labs 
 
 This paper describes how AJAX enabled applications are different from 

classic web applications and shows the advantages and disadvantages from 
both client and server sides of an AJAX enabled application. 

 
07-18-02 “Design of a Configuration and Management Tool For Instrumentation 

Networks” 
 John Roach, Teletronics Technology Corporation 
 
 This paper describes the high-level design of a modular and multi-platform 

ICMS and its use within the measurement-centric aircraft instrumentation 
network architecture. 

 
07-18-03 “Unleashing the power of XML” 
 Diarmuid Corry, ACRA CONTROL 
 
 The paper describes simple cost effective tools for generating XML through 

an intuitive GUI, validating XML information against a schema and 
transforming XML into useful reports. 

 
07-18-04 “Measurement-Centric Data Model for Instrumentation Configuration” 
 William Malatesta, Naval Air Systems Command - Pax River, Clay Fink, 

John Hopkins University Applied Physics Laboratory 
 
 This paper describes an ongoing effort to develop a measurement-centric data 

model of airborne data acquisition systems.   
 
07-18-05 “Meta-data Versioning” 
 Greg Adamski, L-3 Communications, Telemetry-West 
 
 This paper focuses on a flexible approach to allow access to current and past 

versions of multiple test article configurations. 
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Session 19 – Telemetry Subsystems 
Chair:  James W. Yates, L3 Communications - Telemetry West 
 
07-19-01 “A More Efficient Tracking System for the Santiago Satellite Tracking 

Station” 
 Eduardo Díaz Ramírez, Universidad De Chile 
 
 Given the pointing accuracy requirements for tracking S-Band satellites, a 

new tracking system has been developed for some antennas at the Santiago 
Tracking Station. 

 
07-19-02 “Development of an Unmanned Airborne Telemetry Tracking and Relay 

System” 
 Tam Pho, Henry D. Wysong, Aerocross Systems, Inc. 
 
 Aerocross Systems, Inc. is developing a low-cost unmanned airborne 

telemetry relay system for the Air Armament Center’s 46th Test Wing to 
demonstrate a capability to augment existing Test Range 

 
07-19-03 “Plasma Density Reduction using Electromagnetic E×B Field During 

Reentry Flight” 
 Minkwan Kim, Michael Keidar, Iain D. Boyd, University of Michigan, David 

Morris, ElectroDynamic Applications Inc. 
 
 In this paper, we propose an electromagnetic field configuration as a method 

to allow communication through the plasma layer. 
 
07-19-04 “A Flexible Switching Architecture for Diverse Signal Types” 
 Brian Gery, Apogee Labs Inc. 
 
 A novel architecture for diverse signal switching hardware is presented that 

addresses the changing requirements of modern telemetry systems. 
 
07-19-05 “Evaluation of Commercial-Off-The-Self Lithium Batteries for Use in 

Ballistic Telemetry Systems” 
 Edward F. Bukowski, US Army Research Laboratory 
 
 The overall objective of this paper is to provide ballistic telemetry systems 

engineers and designers with multiple low cost, readily available alternatives 
to traditional custom made power sources. 

 
07-19-06 “Data Display Interchangeability for Heterogeneous Platforms” 
 Robert W. Ross, Gilles K/Bidy, L-3 Communications, Telemetry-West 
 
 This paper addresses the need for data display and analysis software that can 

run on all platforms in a heterogeneous environment  
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Session 20 – Global Range / Range Applications 
Chair:  Alfonso Moncibaiz, White Sands Missile Range 
 
07-20-01 “Fixed Range Development” 
 Robert Reid, Naval Undersea Warfare Center 
 
 In FY07 the Naval Undersea Warfare Center in Newport Rhode Island began 

the development of 2 major undersea training range replacements programs. 
 
07-20-02 “Telemetry Systems Sustainment” 
 Michael L. Trimble, John E. Wells, Timothy J. Wurth, NuWaves Engineering 
 
 The purpose of this paper is to present two successful system sustainment 

efforts with different approaches to serve as models for preserving the current 
level of training range capabilities until the next generation of telemetry 
systems are deployed. 

 
07-20-03 “Ground Support for the Space-Based Range Flight Demonstration 2” 
 Darryl Burkes, NASA - Dryden Flight Research Center 
 
 The primary objective of the NASA Space-Based Range Demonstration and 

Certification program was to develop and demonstrate space-based range 
capabilities. 
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Thursday, October 25th, 8:30am – 11:30am  
 
Session 21 - Receivers & Antennas 
Chair:  Mike Frevert, Lockheed Martin Aeronautics 
 
07-21-01 “Mobile Ground Tracking Station Design Modifications and Placement 

Preparation for Crowded Airspace” 
 Hal Altan, Honeywell International 
 
 This paper discusses, implemented design changes to an S-band antenna 

system to reduce the in-band interfering power, calculation of the effects from 
nearby interferers, analysis of the environment during placement of the 
mobile ground system. 

 
07-21-02 “Low Cost Rapid-Response Embedded Antenna Design for US Army 

60mm Mortars “ 
 G. Katulka, R. Hall, P.Peregino, P. Muller, U.S. Army Research Laboratory, 

N. Hundley, Dynamic Sciences Inc., R. McGee Data Matrix Solutions 
 
 This paper describes the antenna design and performance characteristics 

required for a telemetry-based onboard diagnostic system for the development 
of precision guided 60mm mortars.  

 
07-21-03 “Performance Characterization of Multi-Band Antennas for Aeronautical 

Telemetry” 
 Kip Temple, AFFTC, Bob Selbrede, JT3, Bob Jefferis, TYBRIN Corporation 
 
 This paper will baseline the performance of common, single band telemetry 

blade antennas in two telemetry bands and compare that performance to two 
differing multi-band antenna designs. 

 
07-21-04 “Fast Acquisition Algorithm for Hybrid DS/FH Receiver” 
 Zhang Bo, Yang Dongkai, Zhang Qishan, Beihang University, Ren Yixun, 

Shanghai Space Flight TT&C and Telecommunication Institute 
 
 This paper introduced a fast scanning and waiting acquisition method for a 

DS/FH receiver used in the telemetry field.   
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Session 22 – 2007 Updates to the RCC Telemetry Standards - IRIG 106-07 

(Special Session) 
Chair: Ron Pozmantier, AFFTC- Edwards, AFB 
 
Special sessions consist of the latest information on the given topics and as such were not able to be included on the DVD. 
 
 Updates to the Chapter 10 Recording standards, Chapter 9 Telemetry 

Attributes Standard (TMATS) including the move to XML language and Data 
Display Definition Standards, RF standards updates and Vehicular 
Instrumentation and Transducer updates will be discussed. 
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Session 23 – Network & Transport Protocols 
Chair: Thomas Grace, NAWC-AD Pax River 
 
07-23-01 “NETGEN: A Model-Driven Tool for Rapid Prototyping and Simulation 

of Network-Centric Flight Test Systems” 
 Jeremy C. Price, Michael S. Moore, Ph.D., Southwest Research Institute 
 
 When network-centric flight test system components are developed 

concurrently, it is necessary to produce relevant simulated network traffic for 
exercising the network devices and other processing subsystems prior to 
system integration.  

 
07-23-02 “Development of a Network-Centric Data Acquisition, Recording, and 

Telemetry System” 
 Myron L. Moodie, Todd Newton, Ben Abbott, Southwest Research Institute 
 
 This paper describes the major issues that must be addressed when designing 

and implementing real-time networking applications. 
 
07-23-03 “Reordering Packet Based Data in Real-Time Data Acquisition Systems” 
 Stephen Kilpatrick, Galen Rasche, Chris Cunningham, Myron Moodie, Ben 

Abbott, Southwest Research Institute 
 
 We have developed methods and algorithms for the filtering, selecting, and 

retiming problems associated with packet-based systems and present our 
approach in this paper. 

 
07-23-04 “Telemetry and Command Frame Routing in a Multi-mission 

Environment” 
 Manfred Bester, Bester Tracking Systems, Brett Stroozas, Stroozas FlightOps 
 
 This paper describes a routing software application that was developed to 

facilitate switching of telemetry and command data paths between multiple 
ground stations and spacecraft command and control systems, and to forward 
telemetry streams to multiple client applications in parallel. 

 
07-23-05 “Evaluating IEEE 1588 in a Homogeneous Switched Network Test Article 

Segment” 
 Sinbad Wilmot, Diarmuid Corry, ACRA CONTROL 
 
 This paper offers insights into the impact of traffic and network configuration 

on the performance of heterogeneous data acquisition in a homogenous-
switched network based a 1588 enabled controller module. 
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07-23-06 “A Wireless Network-Based rfNET Solution for Flight Test” 
 Fan Xuming, Bai Xiaoxian, Zhao Baoqiang, Chinese Flight Test 

Establishment 
 
 This paper presents the rfNET architecture and structure is introduced briefly 

and the results of ground transmission test and flight demonstration 
transmission. 
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Session 24 – TM Data Links 
Chair: Darryl Burkes, NASA - Dryden Flight Research Center 
 
07-24-01 “Enhancing the PCM/FM Link Without the Math” 
 Colm Fewer, Sinbad Wilmot, Acra Control Inc. 
 
 This paper focuses on a quantitative approach to improving the rate and 

quality of data using existing PCM/FM links. 
 
07-24-02 “A Wideband Channel Model for SHF-Band Telemetry Over Water” 
 Michael Rice, Qiang Lei, Brigham Young University 
 
 Data recorded during multi-path channel sounding experiments, conducted 

off the coast of Pt. Mugu Naval Air Station at 8.0 GHz was used to model the 
multi-path interference at SHF band over water. 

 
07-24-03 “High-rate Wireless Airborne Network Demonstration (HiWAND) Flight 

Test Results” 
 Russ Franz, NASA Dryden Flight Research Center 
 
 This paper discusses system configuration and the flight test results of the 

High-Rate Wireless Airborne Network Demonstration. 
 
07-24-04 “A Frequency Scan/Following Two Way Carrier Acquisition Method for 

USB System” 
 Liu Jiaxing, Yang Hongjun, Southwest China Institute of Electronic 

Technology 
 
 This paper introduces a frequency scan/following scan two-way carrier 

acquisition method for USB and its following scan slope decision algorithm. 
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Session 25 – Range Safety, Security, & (E)FTS 
Chair: Rodger Charroux, The Aerospace Corporation 
 
07-25-01 “An Update on Network-Based Security Technologies Applicable to 

Telemetry Post-Processing and Analysis Activities” 
 Jeff Kalibjian, Hewlett-Packard Corporation 
 
 This paper will review currently available network based security 

technologies, update readers on enhancements, and discuss their appropriate 
uses in the various phases of telemetry post-processing and analysis activities. 

 
07-25-02 “Enhanced Flight Termination System Flight Demonstration and 

Results” 
 David Tow, NASA - Dryden Flight Research Center, Dennis Arce, Bourne 

Technologies 
 
 This paper discusses the methodology, requirements, tests, and 

implementation plan for the live demonstration of the Enhanced Flight 
Termination System (EFTS) using a missile program at two locations in 
Florida: Eglin Air Force Base (AFB) and Tyndall AFB. 
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Session 26 – Time-Space Positioning / GPS 
Chair: Kevin Crawford, NASA/Marshall Space Flight Center 
 
07-26-01 “GPS Radiosonde: Mighty Midget of the Modern Range” 
 Linda May, Honeywell Technology Solutions, Inc. 
 
 This tiny instrument provided upper-air observations that were used in six 

categories of analysis necessary for such launches: toxics, blast, winds aloft, 
debris, weather and forecasting, and post-flight. 

 
07-26-02 “Multiple Time Based Synchronization Process Applied to the Flight 

Tests Campaign of a GPS Attitude Determination Algorithm” 
 Nelson Paiva Oliveira Leite, PhD., CTA-GEEV, Fernando Walter, PhD., ITA-

IEET, São José dos Campos, SP, BRAZIL 
 
 For the final evaluation of a GPS attitude determination algorithm, it was 

determined its true performance in terms of its accuracy, reliability and 
dynamic response.  

 
07-26-03 “Using Cooperative Research and Development Agreements (CRADA) to 

Reduce the Transition to Production Risk of a Missile Telemetry Section” 
 Scott R. Kujiraoka, NAVAIR - Pt. Mugu, Russell G. Fielder, NAVAIR - 

China Lake 
 
 This paper will discuss how this is currently being accomplished in the 

development of a conformal wraparound instrumentation antenna for a five-
inch diameter Missile Telemetry (TM) Section.  

 
07-26-04 “Study on GPS Receiver Algorithms for Suppression of Narrowband 

Interference” 
 Hu Yongkang, Zhang Qishan, Kou Yanhong, Yang Dongkai, Beihang 

University 
 
 This paper discusses the application of a pre-correlation adaptive temporal 

filter for stationary and non-stationary narrowband interference suppression.  
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Session 27 – RF Design / Transmitters 
Chair: Tim Gatton, Wyle 
 
07-27-01 “Design and Performance of a Multi-Mode Multi-Rate Telemetry 

Transmitter” 
 Walid K. M. Ahmed, Harald Wougk, Tyco Electronics Wireless Systems 

(M/A-COM) 
 
 This paper introduces a transmitter design (and associated techniques) that 

employ an all-digital baseband line-up that utilizes only one single-rate clock 
 
07-27-02 “Benefits and Techniques for Increased Power Efficiency in Modern 
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ABSTRACT 
 
The U.S. Army Research Laboratory (ARL) was requested by the National Aeronautics and 
Space Administration (NASA) Langley Research Center (LaRC) to perform a free-flight 
experiment with a telemetry (TM) instrumented sub-scaled Apollo shaped reentry vehicle in 
order to determine its aerodynamic coefficients. ARL has developed a unique flight diagnostic 
capability for reconstructing flight trajectory and determining aerodynamic coefficients of 
projectiles by using sensor data telemetered from free flight experiments. A custom launch 
package was designed for this experiment that included the Apollo shaped projectile, which 
housed a modular telemetry unit, and a rapid prototyped sabot. The experiment was able to 
produce estimates for aerodynamic coefficients that were considered accurate and this technique 
is appealing to NASA for the development of their spacecraft in the future. 
 
 

INTRODUCTION 
 
Project Constellation was launched in response to President Bush’s speech at NASA 
Headquarters on January 14, 2004 in which he set forth an aggressive plan for future space 
exploration. NASA plans to develop a new fleet of vehicles with extended capabilities in order to 
travel back to the moon, to Mars, and beyond1. One of the main challenges of this bold vision is 
the development of a new crew exploration vehicle to house the astronauts during their missions. 
The CEV being developed is similar to the shape and function of the 1966 Apollo (see Figure 1); 
however it is three times its size and can transport up to four astronauts to the moon at a time. 
Achieving these ambitious goals will require NASA to focus on new technologies and 
methodologies.  



ARL has investigated instrumented developmental munitions with custom TM systems to obtain 
aerodynamic coefficients for the past forty years. Recently, ARL has partnered with Arrow Tech 
Associates to develop a custom software program to utilize the telemetry data, along with other 
information available, to calculate the aerodynamic coefficients of a projectile from measured 
flight data2. This software code, Extending Telemetry Reduction to Aerodynamic Coefficients 
and Trajectory Reconstruction (EXTRACTR), imports the sensor data, meteorological (MET) 
data, radar data, and projectile physicals to process, through an iterative algorithm, a solution for 
the aerodynamic coefficients that would have caused the measured flight response. The code 
attempts to fit the measured translational and rotational sensor data to the six-degree-of-freedom 
(6DOF) equations of motion using both the Maximum Likelihood Method and Least Squares 
arriving at an acceptable solution for a given aerodynamic coefficient (usually within three or 
four iterations).  It was the goal of this program to extend the capability of EXTRACTR to 
determine the aerodynamic coefficients for a projectile shaped like a NASA CEV, which will 
experience minimal spin. In particular, the nonlinear coefficients were of great interest to NASA.  
 
There are many other ways of estimating aerodynamic coefficients that NASA has available to 
them. In the past they have used a combination of spark range and wind tunnel testing. Both have 
their shortcomings. Spark Range testing is taken at an indoor spark range where measurements 
are made from shadowgraphs placed along the range. The measured translation and orientation 
of the projectile is recorded and fit using a similar method as described for EXTRACTR3,4,5. The 
limitation of spark range data is that it is only taken at a few discrete points along the flight path 
and the body must fly relatively straight in order to avoid damaging the indoor range.  Wind 
tunnel testing is capable of simulating a wide variety of flow regimes and flight conditions with 
the ability to sustain the loading environment for as long as desired. However, the interference of 
sting mounts in the flow regime and reduction in the degrees of freedom make it a less ideal 
environment for collecting pure flight response data.  

 
Figure 1 – NASA Apollo Crew Exploration Vehicle (1966) 

 
 

BODY 
 

The experiment was conducted using an extended travel 120mm smooth-bore artillery cannon 
with a scaled-down Apollo CEV.  This provided the quickest and most cost-efficient means to 
demonstrate ARL’s TM technique to provide the required aerodynamics data needed by NASA.  
In all, 2 M829A1 slugs, 3 Apollo CEV shaped slugs, and 4 Apollo CEV TM units were shot. The 
M829A1 and Apollo CEV shaped slugs were fired for charge development and for verification 
of instrument alignment and triggers. Of the four rounds fired with telemetry, two had sabots 
with their symmetry axis aligned with the central axis of the gun bore (referred to as 0 degree 
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orientation) and two had sabots with that axis pitched 15 degrees downward with respect to the 
axis of the bore (referred to as a 15 degree orientation) (see Figures 2 and 3).  
 

  
Figure 2– 0 degree Apollo CEV Sabot       Figure 3 – 15 degree Apollo CEV Sabot 

 
The instrumented CEV rounds (see Figure 4) were made up of three parts; the body, the 
telemetry (TM) module, and the radome. The body was made of two materials (as seen in Figure 
5 with the dual colored blunt face), the majority of the body was machined from stainless steel 
and a portion of the heat shield was made aluminum that was threaded into the steel and set with 
Lock-Tite ® in order to locate the center of gravity at the correct distance along the symmetric 
axis of the body (approximately 30% of the diameter from the tip of the heat shield). Stainless 
steel was chosen because it does not effect the magnetic measurements like other steels would. 
The housing for the telemetry module was also machined from stainless steel.  It was necessary 
to have the radome machined from plastic that would allow for the telemetered data from the 
antenna to be transmitted through it.  The TM was threaded into the body until it reached a 
stopping point. The radome was threaded onto a smaller diameter thread around the transmitter 
and antenna on the aft end of the TM housing until it made contact with the body.  
 

 
Figure 4 - Instrumented CEV Round Components 

  
The sabot design was selected with the goals of time, flexibility, and cost efficiency in mind.  
The sabots (4 petals total), made of polycarbonate, were rapid prototyped from a Fused 
Deposition Modeling (FDM) machine. This particular machine was capable of building the sabot 
in less than eight hours. Due to the layering process that the FDM machine uses to build a part, 
the sabots were capable of taking on any shape and it was possible to rotate the accepting vehicle 
at any angle within the sabot. A tapered nylon obturator plate sat behind the sabot.  Its purpose 
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was to hold the base of the sabot together in the tube and to create a seal during launch. The CEV 
launch package components are shown in Figure 5.  

 
Figure 5 – Apollo CEV Launch Package 

 
The custom telemetry module was designed with a sensor package capable of transmitting up to 
sixteen channels of measurement data for over one hour and twenty minutes with its 
rechargeable lithium polymer battery.  Its measurements included rate of rotation, acceleration, 
and magnetic field strength in all three primary axes. The module was capable of withstanding 
launch accelerations up to 15,000 g’s. The module had a major diameter of 50.8mm and a length 
of 63.5mm. Fully assembled, the module weighed approximately 0.4kg. The sixteen channel 
encoder featured a 118.9 ms delay that allowed for the data taken in-bore to be telemetered after 
muzzle exit. The analog data was transmitted after being commutated at an average sample rate 
18 kHz. The sensors were aligned in the package using two custom rapid prototyped fixtures. 
One fixture contained spaces for the five rate sensors to be mounted, as well as a high-g 
accelerometer and a magnetometer around the rectangular batteries. The second aligned an ARL 
designed inertial measurement unit (IMU), which consisted of a dual-axis accelerometer, a tri-
axis magnetometer as well as two accelerometers placed at a radius from the center (a standard 
practice used to give spin rate for projectile whose rotation rates exceed the capabilities of rate 
sensors). A detailed illustration of the telemetry module is shown in Figure 6.  
 

    
Figure 6 – Apollo CEV Telemetry Module Cutaway View 

 
Each CEV TM module was calibrated prior to the flight test. Each sensor was calibrated by 
imparting a known excitation to the sensor and measuring the output. This output was then 
adjusted with a scale factor and bias to adjust the output to match the known input in the desired 
units. Accelerometers were calibrated by rotating the module through a few revolutions at a slow 

 4



speed and reviewing the response of the sensor to the acceleration of gravity (See Figure 7). 
Angular rate sensors were calibrated using a single axis rate table (See Figure 8). The unit is 
rotated at several known rates in a stepping manner and sensor response is recorded so that the 
correct scale factor and bias can be applied to the sensor. Data taken during this step was used to 
calibrate the axial offset (AO) accelerometers on the IMU. Finally, magnetometers were 
calibrated using a Helmholtz Coil (See Figure 9). The coil generates a preset array of magnetic 
fields of different magnitude and orientation which will characterize the response of the 
magnetometers in the telemetry module. Following sensor calibration, physical measurements 
were taken. The mass, center of gravity, and mass moments of inertia were measured using 
instrumentation at the Transonic Experimental Facility.  
 

 
Figure 7 – Accelerometer Calibration Setup 

 

                        
    Figure 8 – Rate Sensor Calibration Setup         Figure 9– Magnetometer Calibration Setup 

 
The experiment was performed at the Transonic Experimental Facility (TEF) located at APG, 
MD on April 26-27, 2006. A double travel 120mm smooth-bore cannon, shown in Figure 10, 
was used to launch the rounds. An extended travel barrel (approximately 8.8 meters in length) 
can increase the muzzle velocity approximately 20 percent without increasing the launch 
accelerations and loading to the launch package when compared to a single length barrel.  It was 
important to maximize the muzzle velocity of the NASA Apollo CEV so that data could be 
obtained through the highest Mach numbers. The quadrant elevation of the gun was set to 45°. 
Piezoelectric pressure probes provided pressure measurements at the breech and at a point 
halfway down the gun. Peak pressure was also measured by copper crusher gages. A Weibel 
tracking radar with a tracking antenna provided measurements of the Apollo’s velocity and 
position as it traveled down range. A stationary radar was aimed at the muzzle to give a more 
focused measurement of muzzle exit velocity. A MET measurement system was placed near the 
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firing site to provide local conditions and weather balloons were launched three times each day 
to monitor conditions higher in the atmosphere.  

 
Figure 10 – Double Travel 120mm Cannon 

 
A high speed (flight follower) video camera, capable of panning along the flight path, tracked the 
projectile from the muzzle through its first 100 ms of flight. This video provided visual 
verification of sabot integrity, structural integrity of the projectile, and an indication of the 
quality of the sabot separation. The importance of this flight follower video was demonstrated in 
this experiment and will be discussed in the results section later. The flight follower setup is 
shown in Figure 11. It is positioned along the line of fire, approximately 78 meters down range 
from the muzzle.  

 
Figure 11 – Flight Follower Camera 

 
A TM van (Shown in Figure 12), operated by Aberdeen Test Center (ATC), was equipped with 
telemetry data acquisition instrumentation. Three receiving antennas were placed around the 
firing site with different orientations in order to increase the quality of the data received and 
ensure no data would be lost (see Figure 13). All CEV TM data times were stamped with IRIG-B 
time and time-zero referenced to an infrared (IR) sensor that was pointed at the gun to detect 
muzzle blast. 
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           Figure 12 – Telemetry Van Interior                                Figure 13– Dish Antenna          
 
This paper will focus on the data received from the third instrumented Apollo CEV shot (CEV4), 
which was launched in a 15 degree sabot.  The CEV4 data was considered the best set because it 
did not experience any impact from pieces of the sabot or obturator after separation during its 
flight, thus reducing the risk of tainted aerodynamics data. The CEV flight body recontact issue 
during flight was verified visually for each CEV from the flight follower video. This recontact 
issue was resolved in a follow-on sabot redesign program. After combining data from all three 
antennas, a master data set was compiled in which no frames of data were lost. The calibration 
measured prior to flight was applied to each channel of sensor data. The body-fixed principal 
axes of the CEV (I,J,K) and the Earth-fixed (X,Y,Z) were defined (see Figure 14). 

 
Figure 14 – Coordinate System for Apollo CEV 

 
Set-back acceleration loads at launch exceeded the range of both the axial and radial sensors 
(9,000G’s and 300 G’s, respectively).  Accelerometers placed at a radial offset from the 
symmetric axis of the body can be used to calculate the spin rate. This technique is not as 
accurate when the spin rate is not much larger than the yawing rates. The effects of the yawing 
rate on the accelerometers can be removed if it is well known.  Angular rate sensor data was 
planned for that purpose; however rate sensors for both the J and K axes were clipped during the 
flight. The clipping was caused by unexpected motions during flight that caused the rate sensors 
to be out of range. Without removing the full effects of the yawing motion, the accelerometer 
data calculated a spin rate about 3.5 Hz for the first second of flight.  
 
Angular rate sensors have proven through other ARL munitions test programs to be prone to a 
loss of data for a short period of time after launch because of the way the sensors operate. It is 
believed that the vibratory mass system inside the sensor packaging enters a resonance regime 
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caused by the vibrations of gun-launch.  Based on previous test flight data up to 15,000G’s, the 
angular rate sensor data for the first 100-200 ms of flight will not be considered accurate. The 
measurement range on some of the rate sensors were also shown to be too low for frequencies 
encountered during the projectiles flight.   Although the angular rate exceeded the range of the 
sensors during a part of the flight, a fit of the data yields good comparison to other sensors data 
and results using EXTRACTOR.    Analysis of the rate sensors with higher ranges, that did not 
clip until later in the flight, support a 4 Hz spin rate of the body during the first second of flight. 
 
The magnetometer data collected was excellent. After corrections for scale factor and bias, the 
data was checked for readings in the gun tube which confirmed the strength of the earth’s 
magnetic field at that point. Processing of the magnetometer data shows large yawing motion but 
it does not suggest that the body was tumbling. Mag J was processed for magnetic roll rate, 
agreeing with the angular rate sensor data that the projectile experienced a spin of nearly 4 Hz 
during the first second of flight.  
 
Information gained by this early processing was used to check against the reconstruction 
performed by EXTRACTR. All parameters are input to EXTRACTR including a description of 
physical characteristics (mass, length, center of gravity, and moments of inertia), initial 
aerodynamic prediction (often using PRODAS), MET data, radar data, initial conditions (gun 
location, quadrant elevation, azimuth), and sensor definition (scale factor, misalignment, cross-
axis sensitivity, and location). 
 
EXTRACTR fits measured motion history to 6 DOF equations of motion while iteratively 
varying aerodynamic coefficients, using a maximum likelihood method, until a match of the 
motion history is achieved.  This fit is accomplished with a window of data at a time due to 
Mach number dependencies.  In this manner, a best fit of coefficients is achieved over a large 
range of Mach numbers. 
 
EXTRACTR analysis is initiated by inputting a model of the projectile that matches its exterior 
geometry and physical properties (mass, length, center of gravity, and mass moments of inertia). 
At this point an initial aerodynamic model can be generated using Projectile Design Analysis 
System (PRODAS). The user is then prompted to input the test’s initial conditions including the 
quadrant elevation, azimuth, initial pitch and yaw angles, initial pitch and yaw rates and MET 
data, the position of the radar with respect to the gun, the local Earth magnetic field, and the 
position of the sensors with respect to the center of gravity as well as any misalignment or cross-
axis sensitivity. Finally, the TM sensor and radar data is inputted with the option for the user to 
eliminate any frames that are deemed to be invalid.  
 
Once all the data has been input, EXTRACTR proceeds to estimate the aerodynamic 
coefficients. The data is integrated using estimated values of the aerodynamic coefficients and 
initial conditions from the initial aerodynamic model. Those same equations are then partially 
differentiated for each coefficient forming a set of parametric equations, which are then 
numerically integrated to obtain values for the partial derivatives with respect to each coefficient. 
A differential corrections equation is then set from a Taylor expansion of the dependent variables 
of the equations of motion. The sensor data is then compared to the computed values in a 
weighted least squares sense and corrections are computed for the coefficients and initial 
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conditions. The coefficients are adjusted by these corrections and the process begins again with 
these new values of the coefficients. The method will iterate until convergence is achieved. It has 
been shown through experience that convergence should occur by the third or fourth iteration.   
 
EXTRACTR software analysis of the experimental data from CEV4 was done to; (1) extract the 
aerodynamic force and moment coefficients, and (2) reconstruct the flight trajectories for the 
flight segment of interest. The flight segment of interest was from launch down to Mach 0.6, but 
prior to rotating through 90 degrees. In other words, the CEV’s seemed to tumble after about 1 to 
1.5 seconds of flight. CEV4 showed some motion damping very early in the flight, before 
exhibiting undamped motion for the remainder of the flight. After the data was analyzed to 
extract relevant aerodynamics including; axial force, normal force, pitching moment, and pitch 
damping moment, the flight trajectory was reconstructed. The fits to the magnetometer, 
accelerometer, and angular rate data are considered very good. Figure 18 shows the total angle of 
attack and Mach Number for CEV4 plotted against time. The trajectory reconstruction yielded 
the following comparisons of experimental data to EXTRACTR calculated values shown 
respectively below in Figures 15-19; the radar velocity, the magnetic pointing angle, acceleration 
in k direction, and angular rate. 
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Figure 15 – Total Angle of Attack for CEV4 
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Figure 16 – Radar Velocity for CEV4 
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Figure 17 – Magnetometer Angle for CEV4 

 

0

10

20

30

40

50

60

-10

-20

-30

-40

-50
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50

Ex
p_

vs
_C

al
c_

A
cc

el
_K

 (G
)

Exp_vs_Calc_Accel_KExp_vs_Calc_Accel_K

Time (sec)Prodas2000 V3 Arrow Tech Associates
CEV4_ARL_NASA_RevAA.pr3   08/16/06

Experimental
Calculated

 
Figure 18 – Accelerometer k for CEV4 
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Figure 19 – Angular Rate r for CEV4 
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CONCLUSIONS 
 
This experiment was the first in a series to evaluate the usefulness of on-board inertial 
measurements to characterize the aerodynamic characteristics of a NASA re-entry vehicle.  In 
addition, model validation, test procedures, sensor suite performance, and data reduction 
procedures as part of the implementation of EXTRACTR as the integrated analysis system for 
dynamic flight data.  Using EXTRACTR, the aerodynamics and stability characteristics were 
extracted from the experimental measurements. Reconstruction of the flight dynamics and 
trajectories showed close agreement with the experimental data measurements. The aerodynamic 
results varied more from round to round than expected. This large variation is attributed to 
external interferences with the rounds, mostly from sabot interference. The large angle motion 
dominated the pitch damping effect and drove the axial force variations at large angles. Overall 
the EXTRACTR analysis closely matched the measured flight dynamics and provided a valuable 
case study to improve the procedure and analytical capabilities of EXTRACTR for the future. 
 
Future plans for this venture include finalizing the aerodynamic coefficient extraction from this 
experiment and utilizing the lessons learned to perform a free flight telemetry experiment with 
NASA’s new CEV. It is also likely that ARL will design and instrument several other subscale 
models of other spacecraft being developed for Project Constellation, most notably the Launch 
Abort System (LAS) 
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ABSTRACT 

 

The US ARMY, ARDEC; in cooperation with AMCOM AMRDEC, Missile Guidance and 

Engineering Directorates; the Office of Naval Research; Naval Surface Fire Support; and the 

Naval Surface Weapon Center, requires multiphase development of a common, low-cost, 

high G survivable, high accuracy, Micro Electro-Mechanical Systems (MEMS) Inertial 

Measurement Unit (IMU) and Common, Deeply Integrated, Guidance and Navigation Unit 

(DI-GNU) for DoD gun launched guided munition and missile applications. The challenge 

for the Precision Munition Instrumentation Division (PMID) was to develop a Telemetry 

System to record the interior and exterior ballistics of a M831 TP-T projectile, which will be 

used as a carrier for soft recovery testing of IMUs and GNUs. This valuable data that would 

help The Government and contractors develop and validate multiple MEMS IMU design 

efforts, culminating with live fire verification performance test of pre-production in the 

Army’s 155-mm Soft Recovery Vehicle (SRVs) and missiles airframes. 
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INTRODUCTION 

 

The US ARMY, ARDEC in cooperation with AMCOM AMRDEC, Missile Guidance and 

Engineering Directorates, the Office of Naval Research, Naval Surface Fire Support and the 

Naval Surface Weapon Center requires multiphase development of a common, low-cost, high 

G survivable, high accuracy Micro Electro-Mechanical Systems (MEMS) Inertial 

Measurement Unit (IMU) and Common, Deeply Integrated, Guidance and Navigation Unit 

(DI-GNU) for DoD gun launched guided munitions and missile applications. The challenge 

for the ARDEC Precision Munitions Instrumentation Division (PMID) was to develop a 

Telemetry System to record the interior and exterior ballistics of a M831 TP-T projectile, 

which will be used as a carrier for soft recovery testing of IMUs and GNUs. This is valuable 

data that would help The Government and contractors develop and validate multiple MEMS 

IMU design efforts, culminating with live fire verification performance test of pre-production 

products in the Army’s 155-mm Soft Recovery Vehicles (SRVs) and missiles airframes. 
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TEST REQUIREMENTS AND OBJECTIVES 

 

The test requirements for the telemetry system were to survive multiple firings, which 

include; to survive the set back during the gun launch up to 25,000 Gs and set forward at the 

impact up to 10,000 Gs and to record acceleration in three orthogonal directions during all 

phases of flight: in-bore, in-air and impact. 

The primary objective of the test was to measure acceleration of the projectile in-bore at the 

muzzle exit, during the flight and impact with the hay bales used as Soft Recovery Bed. Other 

primary objectives were to demonstrate structural integrity of the test articles (IMU, GNU) 

verified by post-gun fire hardware inspection and testing. 

 

 

TEST ASSETS 

 

The M831 TP-T is a modified 120mm tank round that is used as the Soft Recovery Vehicle 

(SRV) test projectile for the OBR (On-Board Recorder) and Units Under Test (UUTs)[1].  

 

• The ARRT-123 Telemetry System (1) 

• IMU Housing Assembly (2) 

 

Figure 1 is a cross sectional view of the M831 (modified) test projectile with ARDEC 

Telemetry in an All Up Round (AUR) configuration highlighting the test items and On-Board 

Recorder housed in the projectile warhead cavity. 

 

 

 

Figure 1. Cross Sectional view of the M831 test projectile. 

 

 

TELEMETRY SYSTEM OVERVIEW 

 

The design of ARRT-123 Telemetry is based on Model 64 IES Digital Data Recorder 

integrated in the specially designed aluminum housing shaped to fit the M831 TP-T projectile 

warhead cavity with other systems components. The sensors suite consists of three Endevco 

7270 accelerometers orthogonally mounted on the block and two G-switches; six Lithium-

Polymer rechargeable battery cells are used as the power supply; one MDM 15 pin connector 

is used as housekeeping and computer interface port.  

 

OBR 

UUT 
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• The Model 64 is a fully programmable, microprocessor controlled, miniaturized, high 

shock, solid-state, 4 analog channels and 1 digital channel recorder, designed to 

acquire transducer data in shock environments of up to ±50,000 Gs. Channel gain, 

bias, trigger levels, and speed options can be programmed into the Model 64 via a 

computer. Three analog channels were programmed to capture about 2 seconds of 

acceleration data including 35mSec of pre-trigger data at the rate of approx. 116 KHz 

per each channel.  The data recording would start on the G-switches closure at approx. 

400 Gs during the set back. The digital channel was set-up to monitor the G-switches 

state. 

 

• Three Endevco 7270 accelerometers: 60 KGs in axial (Z) direction and two 20KGs in 

orthogonal (X and Y) directions were mounted on the block, secured in one of the 

cavities. The scale and the range of Z axis accelerometer was programmed to measure 

30 KGs in the positive direction during the setback and 12 KGs in the negative during 

the set forward and impact. The scale and the range of X and Y axis, was programmed 

to measure 9 KGs in the positive and negative directions. 

 

• Two G-switches (used for redundancy) were used as data recorder trigger to record 

and save data. G-switch closure would occur at the launch event at approx. 400 Gs 

shock. 

 

• The power supply consists of two stacks of three Li-Po rechargeable cells, provides 

290 mAh of power at nominal voltage of 11.1V (12.6Vmax).  

 

• The ARRT-123 housing is made of aluminum to meet the mass requirement. 

 

• The MDM 15 pin connector is used for battery charging and OBR communication. 

  

 

TELEMETRY SYSTEM ASSEMBLY OVERVIEW 

 

The ARRT-123 data recording system was designed and built to enable easy replacement of 

accelerometers, batteries, or any other part in the event of failure during tests. The battery 

cavities were filled with two part epoxy just high enough to cover the battery stacks and 

lining was used to reduce epoxy adhesion to the walls; the remainder of the cavity was used 

to accommodate most of the wiring and was filled with wax later. The accelerometers cavity 

was filled with wax only and sensors interface board with G-switches was floating in wax 

above accelerometers block. The recorder was accommodated along the center axis of the 

housing, and finally, all remaining gaps were filled up with wax. Four systems were built this 

way and air-gunned at 32,000 Gs out of 5” gun at Picatinny Arsenal as part of qualification 

testing before live firings at Yuma Proving Ground (YPG). A ”battery save” mechanism was 

implemented using a removable jumper to avoid unnecessary battery discharge during 

storage and transportation. This jumper would be soldered in prior to the test series before 

charging the batteries and covered with electrical putty and Mylar tape.  

 

 

 

LIVE FIRING TESTING 

 



 4 

Total four live firing test series were conducted at YPG KOFA range during 2005 – 2006 

timeframe. In average, fifteen M831 TP-T rounds instrumented with the ARRT-123 

Telemetry System were fired during each test series. All the systems successfully recorded 

acceleration data from all the shots. Figure 2 shows the layout of the test site. The 

Instrumented projectiles with the test items were fired out of a M256 120-mm Cannon with 

Thermal Shroud and Bore Evacuator straight into three stacks of hay bales 3m apart of each 

other located 1400m down range. On-ground instrumentation and recovery of rounds was 

provided by YPG personnel. 

 

            

Figure 2. Layout of the test site [2]. 

  

The OBRs were configured with one and two hour delays to allow time for the assembly 

process and transportation of the rounds to the gun site. This delay configuration disables the 

trigger mechanism for the pre-set amount of time so it would be safe to handle the OBR 

without false triggering during assembly and loading process. After the warming and spotter 

rounds were fired to establish proper muzzle velocity and gun aiming test rounds were 

rammed one by one at least five minutes before the delay expired and fired at least five 

minutes after the delay expired. This “time buffer” ensures that the OBR would not trigger 

during the ramming process or fired before the delay expires, which would prevent the OBR 

to record the desired data.  After firings the rounds where visually located using high speed 

camera filming and recovered from hay bales when firings were completed; recorded data 

was downloaded, batteries were charged and delay was set for the next firing.  

 

 

DATA COLLECTED 

 

Below there is a series of plots showing some samples of the data collected in the field from 

different firings [3].  
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Figure 3. Axial and radial in-bore acceleration data. 

 

Figure 4. Impact into the hay bales, and ground impact. 
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Figure 5. Average velocity at muzzle exit was about 960m/s. 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

Figure 4 shows ground impact of the round. This is not very common. The idea of soft 

recovering the rounds is that the stacks of hay prevent the round from flying ballistic 

downrange with the least damage to the round. However, sometimes, rounds would go 

through the hay and find their way out. From previous tests we noticed that having the stacks 

of hay closer to the gun (i.e 500m) would make the round experience very high G shock at 

impact causing accelerometers to fail. So it was recommended to position stacks of hay 

further downrange at about 1400m to reduce set-forward shock. All four ARTT-123 

Telemetry Systems built by the PMID at ARDEC survived multiple gun launch and 

successfully collected data of about sixty shots to date. All data collected with the ARRT-123 

systems matched simulation models and data collected by YPG instrumentation personnel. 

All these facts show the robustness of the ARRT-123 and how the PMID with over 50 years 

of experience is committed to produce high quality telemetry products and field support. The 

ARRT-123 Telemetry System was intentionally built with a very flexible design and other 

versions of it could be adapted to meet specific customer needs. 
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ABSTRACT 

 

The High-G Telemetry System for Tank Munitions was designed for and used on the 

Tank Projectile Course Correction Project, which is a program to design, develop, manufacture, 

assemble and deliver a course correction system, for a 120mm projectile by increasing the 

probability of hit against stationary and moving targets.  The Precision Munitions 

Instrumentation Division (PMID) of U.S. Army TACOM-ARDEC has been providing high “G” 

telemetry services for over 50 years.  Some of the capabilities of the group involve design, 

development, fabrication, testing, and data acquisition and analysis.  The Precision Munitions 

Instrumentation Division is supporting this program by designing and manufacturing a telemetry 

system for monitoring on-board divert mechanism operation and sensors during the gun launch 

and in-flight. 

 

The telemetry system that was designed for this effort was a six channel voltage 

controlled oscillator (VCO) FM/FM (frequency modulation) telemetry system.  It was designed 

as a modular system that included a battery module, a multiplexer module, and a transmitter 

module.  The system interfaced with a contractor’s electronics modules through a set of 15-pin 

MDM connectors.  The telemetry package was integrated into a 120mm tank round and fired at 

approximately 50Kg’s.  The telemeters were 100% successful in surviving the gun launch and 

collecting live flight data.  Data transmitted by the telemeter included on-board sensor suite data, 

processor data, power levels, and others.  The maximum frequency response of the system is 50 

KHz, in order to transmit the processor’s digital data.   

 

 

TEST REQUIREMENTS AND OBJECTIVES 

 

The primary requirement/objective of the High-G Telemetry System was to successfully 

integrate the telemeter into a 120mm M830A1 tank round, survive the gun launch shock and 

acceleration of up to 75,000Gs, and transmit and capture the data with precision and integrity.  

The data to be transmitted by the telemeter consisted of magnetometer data, solar sensor data, 

battery data, and a digital stream.      
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TEST ASSETS 

 

• 4 Microdyne RF Receivers 

• 2 Honeywell Analog Tape Recorders 

• 1 Digital Frequency Demultiplexer 

• 1 Graphtec Arraycorder 

• 1 Heim Digital Recorder 

 

 

TELEMETRY SYSTEM OVERVIEW 

 

The design concept used for this telemetry system has been previously used and proven on 

numerous programs.  The telemetry systems used in those projects was gun-hardened at 15,000 

g’s.  The telemetry system used in the Tank Projectile Course Correction Project is an ARDEC 

Model-ARRT-131 FM/FM analog system.  One of the major benefits in our use of the traditional 

analog system over a digital system is the higher frequency response (up to 50 KHz) we can 

achieve for all 6 signals being captured.  Another benefit of using an analog system is that the 

signal transmitted is a continuous signal, where all signal characteristics are preserved during the 

projectile operation and the raw signal can be analyzed either in real time or during post-

evaluation procedures.   

 

The ARRT-131 is a modular system.  It consists of a battery module, a multiplexer module, and 

a transmitter module.  The battery module contains fourteen 145mAh Kokam Lithium Polymer 

rechargeable batteries that provide approximately 290mAh of power at a nominal voltage of 

25.9V and a maximum voltage of 29.4V.  The batteries have been gun-hardened up to 75,000 

G’s.  The multiplexer module is outfitted with 6 voltage controlled oscillators (VCO’s), which 

have been used on numerous projects in the past and are also gun-hardened.  The transmitter 

used for this project is an S-band transmitter, with a frequency of 2254.5MHz, a power rating of 

250mW, and an IF bandwidth of 6MHz.  This transmitter has been gun-hardened at 50,000 G’s.  

All other electronic components used for this project have also been gun-qualified.           

 

Each module of the telemeter was encapsulated using a two-part epoxy resin at ARDEC, where 

high-G encapsulation technique was pioneered.  Encapsulation, although greatly improved, has 

been a standard practice in the field of telemetry since the 1960’s.  The modules were stacked 

and interconnected using 15-pin MDM connectors.  The modularity of the ARRT-131 was a 

great asset to this project.  It provided for easier assembly, manufacturing, testing and quality 

control and assurance.  In this configuration a damaged module could easily be identified, 

reworked and replaced, saving time and money in the process. 

 

Prior to live fire testing, the ARRT-131 was fired in the airgun at Picatinny Arsenal, NJ where it 

successfully transmitted live data.  The airgun test is part of an extensive functional testing that 

the telemeters experienced prior to the live fire testing. 

 

The telemetry system was built in 2 different configurations (A, G) to accommodate the 

customer.  The channel allocations for the two configurations are listed in Table 1.  The system 

housings were slightly different and are also displayed. 
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The High-G Telemetry System was integrated into the projectile with an RF cable feeding 

through the projectile body and connecting to the S-Band Telemetry Patch Antenna located at the 

top of the projectile. 

     

HIGH-G TELEMETRY SYSTEM 

 

 
Battery Module   Multiplexer Module              Transmitter 

 

                                                      
High-G Telemetry System Housing 

 

 

High-G Telemetry System 

Configuration G after 

encapsulation 
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Table 1: Displays the 6 channels that are transmitted by the Telemetry System.  

  

TM Channel VCO Frequency Freq. Deviation Signal Description 

Config A/ Config G 

1 1024 KHz +/- 64 KHz Digital Stream/ 

Digital Stream 1 

2 768 KHz +/- 64 KHz Enable Signal/ 

Digital Stream 2 

3 512 KHz +/- 32 KHz Solar Sensor/ 

Magnetometer 1 

4 384 KHz +/- 32 KHz  Magnetometer/ 

Magnetometer 2 

5 256 KHz +/- 32 KHz Receiver Level/ 

Receiver Level 

6 192 KHz +/- 8 KHz Telemeter Battery/ 

Telemetry Battery 

 

 

THREE DIMENSIONAL RF LINK ANALYSIS 

 

Prior to firing the rounds a three-dimensional (3-D) link analysis was performed and the 

direction of a receiver antenna was determined for a receiver to get maximum signal strength in a 

telemetry situation where a receiver gathers information from a flying projectile.  The carrier-to-

noise ratio (CNR) of the link was obtained by calculating transmit and receive antenna gains 

caused by the difference angles between the bore sight and line-of-sight (LOS) and inserting 

them into a typical range equation when positions and angles of the projectile and receiver are 

given.  For a fixed receive antenna, the angle was determined to maximize the average CNR over 

the interested range and for a tracking antenna, the angle at each position was selected to give 

maximum CNR or to direct the bore sight to the flying projectile with zero aspect angle.  The 

results of the Link Analysis can be seen in Figure 1.   

 

LIVE FIRING TEST 

 

Twenty High-G Telemetry Systems were fired live at Yuma Proving Grounds (YPG) KOFA 

range.  All twenty systems (100%) successfully transmitted live data.  The data was recorded live 

using Analog Tape Recorders, a Heim Digital Recorder as well as a Graphtec Thermal 

Arraycorder digitizer at 500 kHz.  The data was captured using 4 receivers in order to obtain the 

optimal signal.  Samples of the captured data are shown in Figures 2 and 3.  Spin data captured 

from the magnetometers on-board and the calculated spin using the AGC signals are shown in 

Figure 4.  Figure 5 shows the Receiver data, Fire Pulse and the IRIG Time data.    
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Figure 1: 3-D Link Analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Predicted 3-D link analysis vs. Actual AGC Data 

 

 

Figure 2: Live Data Configuration A 
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Figure 3: Live Data Configuration G 
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Figure 4: Spin data 
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Figure 5: Receiver Signal Strength Data, Fire Pulse, and IRIG Time 

 

 
 

 

 

 

CONCLUSION 

 

ARDEC Precision Munitions Instrumentation Division (formerly: Telemetry Group) is a 

specialized division at Picatinny Arsenal, NJ that has been designing, developing, manufacturing 

and providing field support for telemetry systems for over 50 years.  ARDEC pioneered High-G 

Telemetry systems in the early 1980’s and has been producing reliable product and successfully 

capturing data ever since.  The High-G Telemetry System is yet another example of the 50 years 

of experience and over 200 years of combined experience coming together to produce quality 

product.       
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ABSTRACT 
 
In pursuit to understanding the flight behavior and characterizing the stability of a flare-
stabilized projectile, an experiment was conducted to assess the robustness of an inertial 
sensor suite the size of a dime (17.5mm) by integrating to a telemetry system for 
recording.  The system had to survive launch acceleration exceeding 25,000G’s.  This is 
the beginning of an effort to reduce the size of telemetry systems and diagnostic devices 
for use in medium caliber munitions and smaller.  A description of the telemetry system 
and subsystem will be presented along with the results.   
 
 
KEY WORDS:  inertial sensor; gun launch; MEMS; telemetry; miniature 
 
 

INTRODUCTION 
 
Characterizing the flight performance and stability of a 25mm flare stabilized projectile 
was the main objective in this study.  There are the well established spark shadow-graph 
techniques and wind tunnels that aerodynamic ranges and the like have employed for 
many decades.  These measurement techniques provide very accurate measurement of 
angle of attack and translational motion.  However, both ground based measurements 
provide limited Mach number variation for a given flight.  Other techniques like 
computational fluid dynamics (CFD) and empirically based projectile simulation models 
can be used to predict the stability and flight motion characteristics.  The former, CFD, 
takes careful model definition and initial condition formulation and can take some time to 
accurately predict flight characteristics over an entire trajectory.  The CFD techniques are 
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ever improving in speed and capability (including full flight trajectory modeling).  The 
empirically based models also provide easy-to-use predictive capability for flight 
trajectory and motion.  However, verification is still a necessity for most ballisticians.   
 
In-flight measurement techniques utilizing on-board telemetry and sensor systems have 
demonstrated flight motion measurements spanning a wide range of Mach numbers  
(nearly full trajectory) to ultimately quantify aerodynamic coefficients, normally 
measured in wind tunnels or spark ranges.  Until now, the size of the components 
necessary to make in-flight measurements has limited the application to smaller 
munitions.  However, efforts are ongoing at the Army Research Laboratory (ARL) to 
miniaturize the components necessary for in-flight diagnostics for medium and smaller 
munitions.  An inertial sensor suite, the size of a dime, has been demonstrated to measure 
the in-flight motion.  Current efforts are focused on miniaturizing the transmitter and 
antenna to enable a full suite of tools for measuring flight motion of 25mm projectiles 
and larger. 
 
This report describes the design of a telemetry system used to measure in-flight motion 
suitable for extracting aerodynamic coefficients over a large range of Mach numbers.  A 
description of the projectile, sensor suite, and test set-up, will be presented along with 
predicted trajectories and flight measurements.   
 
 

FLIGHT PROJECTILE 
 
The launch package is shown in Figure 1.  The launch package utilizes a laboratory sabot 
and pusher plate design.  The sabot is a three petal design and the pusher plate is a simple 
aluminum plate surrounded in a nylon obturator.  The flare section and the body are 
threaded together.  The projectile is designed to be statically stable as described in the 
Aerodynamic Predictions section of the report. 
 

 

 
Figure 1. Launch package including sabot and pusher plate. 
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Figure 2.  Cross-section of projectile and electronic components. 
 
A 25mm flare-stabilized projectile consisting of an antenna, transmitter (TM), encoder, 
regulator, power supply, inertial sensor suite and a removable turn-on switch is shown in 
figure 2.  The antenna and transmitter were both designed under the Hardened 
Subminiature Telemetry and Sensor System (HSTSS) program.  The encoder and 
regulator is an ARL design.  The power supply is a commercial-off-the-shelf (COTS) 
145mAh lithium ion polymer product from Kokam.  The sensor suite is an ARL design 
and is described in more detail in later sections of the report.  The turn-on switch is an 
ARL modified dual shunt switch, also a COTS part.  Access to the switch is through the 
threaded connection between the flare and body sections.  The remaining hardware was 
designed and manufactured by ARL.   
 
 

INERTIAL SENSOR SUITE 
 
The inertial sensor suite (ISS) is an ARL design.  The ISS is 17.5 mm in diameter and 
consists of a total of eleven sensors.  There are three axis of acceleration, two axis of 
angular rate, three axis of magnetic field measurement, temperature and two additional 
accelerometers providing a direct measurement of spin.   
 
  3-axis magnetometer  (HMC 1023) 
  2 Angular Rate Sensors (ADXRS 300) 
  4 Accelerometers (5)  (AD22279, AD22283) 
  Temperature   (ADXRS 300) 
 
The ISS has demonstrated survivability to 25,000 G’s in ground based evaluations and 
20,000 G’s in a spin stabilized projectile.  As described in the Results section, this ISS 
has now demonstrated survivability at launch accelerations in excess of 40,000 G’s. 
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Figure 3.  17.5mm inertial sensor suite 

 
 

AERODYNAMIC PREDICTIONS 
 
The projectile was designed using an empirically based aerodynamic predictive code 
called PRODAS (PRojectile Design and Analysis System).  Static stability was predicted 
at 1500 m/s (above Mach = 4).  A summary of the predicted static stability appears in  
Figure 4.  A trajectory simulation with a muzzle velocity of 1500m/s and a QE of 30 deg 
is shown in Figure 5.   
 

 
 

Muzzle Velocity      1500.0 m/sec         Mass                     0.911 kg     
  Air Density          1.22500 kg/m^3    Air Temperature        15.0 C            
  Muzzle Spin Rate        0.0 deg/m          Gun Muzzle Twist     9999.0 cal/rev      
  CP from Nose         165.27 mm            CP from Nose           6.51 Calibers     
  CG from Nose         140.21 mm            CG from Nose           5.52 Calibers     
  Mach Number            4.41                Static Margin          0.99 Calibers      

 
Figure 4.  Predicted static stability of flared projectile. 
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Figure 5.  Trajectory simulation of flare stabilized round at QE=30 deg. 

 
EXPERIMENTAL DESCRIPTION 

 
The flight hardware and electronic components are shown in figure 6.  The components 
are described in a previous section.   
 

 
Figure 6.  Picture of flight hardware and electronic components. 
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Figure 7.  Modified 57mm gun. 

 
The gun is shown in Figure 7.  A fixed helical antenna is also seen in the picture at 
approximately the same quadrant elevation (QE).  At total of four antennas were included 
in experimental set-up, shown in figure 8.  Only two were recorded, one dish and one 
helical.  Two Doppler radars were used to capture both the muzzle exit velocity and 
radial velocity over the trajectory.   

15ft

63ft

29ft

37ft

97ft

N
26.47deg

Decom 2 (Helical Inbore)
(Video 2)

Decom 3 (Helical)
(Video 3) (no record, TM3)

Decom 3 (Helical)
(Video 3) (no record, TM2)Decom 1 (Dish)

(Video 1)  
Figure 8.  Experimental diagnostic set-up. 
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FLIGHT DATA RESULTS 

 
Three test rounds were fired and tabulated data from these rounds is shown in table 1.  
Figure 9 shows a test round just after muzzle exit and figures 10 thru 14 show flight 
sensor data acquired from a round fired at 25,000 G’s.  Data provided from this 
successful flight test includes axial and radial acceleration measurements, angular rate 
history and magnetic roll rate.    
 

Shot # ARL # Date Description Velocity Acceleration
(m/s) (G's)

36953 4/11/2007 slug (warmer) 5 904
36954 EAPTM2 4/11/2007 EAP TM 2 911.1 25000
36955 4/11/2007 slug (warmer) 6 1111.8
36956 EAPTM3 4/11/2007 EAP TM 2 1104 41000  

Table 1. Flight test summary 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.  Photograph of Projectile just after muzzle exit. 
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Figure 10.  Axial acceleration. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11.  Radial acceleration history.
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Figure 12.  Angular rate history. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 13.  Magnetic roll rate history. 

 9



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 14.  Angular history with respect to the magnetic field. 

 
 

CONCLUSIONS 
 
Using existing TM components and a newly designed 17.5mm inertial sensor suite, the 
characterization of a flare-stabilized projectile was accomplished. With the measurements 
recorded using the miniature ISS, aerodynamic coefficients will be extracted and used to 
refine and verify trajectory models that may be used in guided munitions of the future.  
The ISS demonstrated measurement capability after 41,000 G’s launch acceleration.  
Future efforts will be focused on extending the shock level to greater extremes to meet 
developmental future applications. 
 
With the shrinking of the ISS and ongoing efforts to shrink the antenna and transmitter, a 
new era of measurements will become possible, namely, a fuller suite of medium caliber 
and smaller munitions.  Although it is not possible to instrument small caliber munitions 
today, only a few years ago, it was not possible to instrument a 25mm round.    With 
more focus on MEMS based single die constellations of sensors, as well as MEMS based 
transmitter systems, it may be possible in only a few more years. 
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ABSTRACT 
The Joint Mission Environment Test Capability (JMETC) is a distributed live, virtual, and 
constructive (LVC) testing capability developed to support the acquisition community and to 
demonstrate Net-Ready Key Performance Parameters (KPP) requirements in a customer-specific 
Joint Mission Environment (JME).  JMETC provides connectivity to the Services’ distributed 
test capabilities and simulations, as well as industry test resources.   JMETC uses the Test and 
Training Enabling Architecture, TENA, which is well-designed for supporting JMETC events.  
TENA provides the architecture and software capabilities necessary to enable interoperability 
among range instrumentation systems, facilities, and simulations.  TENA, used in major field 
exercises and numerous distributed test events, provides JMETC with a technology already being 
deployed in DoD.   
 

Keywords:  Interoperability, 3CE, IO Range, Auto-code Generation, LROM Test Tool 

INTRODUCTION 
Warfighters test and train mostly on the geographically dispersed Department of Defense (DoD) 
land, sea, and air test and training ranges that are scattered across the United States from border 
to border and ocean to ocean.  Today’s military test and training events range from individual 
systems under test to small-unit maneuvering to large-scale Joint Services exercises, such as the 
United States Joint Forces Command (USJFCOM) Joint National Training Capability (JNTC) 
events where simulated and constructive and live-fire events are blended to enact representative 
scenarios spread across ranges scattered among several states.  Data collected during these events 
provides military unit and weapon systems evaluation and validation, and perhaps more 
importantly, can quickly and definitively illuminate any necessary improvements to ensure 
effective and safe weapon system operation and training.  This data also invariably affects almost 
every aspect of range operation and management, including budget definition and approval. 
Ensuring the Joint Forces are the best trained and equipped requires a corporate Joint Force 
Testing Capability that reflects the realization that “if we fight jointly, we must train and test 
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jointly.”  Being successful in the development of that Joint testing capability requires a 
supporting and guiding corporate activity, and in December 2005, the JMETC program element 
was formed.  JMETC is a distributed live, virtual, and constructive (LVC) testing capability 
developed to support the acquisition community during program development, developmental 
testing, operational testing, interoperability certification, and including demonstration of Net 
Ready Key Performance Parameters (KPP) requirements in a customer-specific Joint Mission 
Environment (JME).  JMETC provides readily available connectivity to the Services’ distributed 
test capabilities and simulations, as well as industry test resources.  JMETC, although a testing 
capability, is aligned  with  the Joint National Training Capability (JNTC) integration solutions 
to foster test, training, and experimental collaboration.  

The JMETC program has used the Test and Training Enabling Architecture, TENA, to prototype 
new testing support infrastructure.  TENA, the live range instrumentation architecture for JNTC 
and field-proven in major field exercises as well as numerous distributed test events, provides 
JMETC a technology already being deployed in DoD.  TENA provides the middleware and 
software components while the JMETC Virtual Private Network (VPN) provides the hardware 
connectivity through utilization of the existing Secure Defense Research and Engineering 
Network (SDREN) and Defense Research and Engineering Network (DREN).  Testing of the 
VPN is currently underway and will continue through FY08.  Together, the TENA and JMETC 
complement enables and enhances  distributed testing and training. 

While JMETC is a relatively new presence for the test and training community, TENA has 
become a range community mainstay, evolving since the late 1990s when it was brought into 
play to solve an old problem that restricted range effectiveness.  Many of the early range data 
collection and analysis systems were part of a vertical “stovepipe” growth of the instrumentation 
and instrumentation suites, and not able to utilize the advantages found in the concepts of range 
interoperability and range resource reuse, concepts that allow for taking easy advantage of the 
growth in modeling and simulation and its revolutionary application to training, concepts that 
were being forwarded in the late 1990s by the Foundation Initiative 2010 (FI 2010) project, 
which was sponsored by the Office of the Secretary of Defense (OSD) Central Test and 
Evaluation Investment Program (CTEIP).   

Utilizing TENA, JMETC has successfully enabled several initial prototype demonstrations: 1) an 
Air Combat example (a Data Link Messages Test Environment) which used the TENA-enabled 
Interoperability Test & Evaluation Capability (InterTEC) project and demonstrated distributed 
interoperability testing using a LVC environment, 2) a Technical Alignment with JNTC events 
(test and training cooperation) which demonstrated collaboration on integration of tactical 
training range instrumentation for the Weapons & Tactics Instructor (WTI) and Red Flag Alaska 
exercises, 3) a Land Combat example (Future Combat System (FCS) test environment) with 
JMETC support of the Army Cross-Command Collaborative Environment (3CE) and  
demonstration of interoperable laboratories and ranges with common modeling and simulation 
and data environments supporting distributed LVC tests, and 4) an Information Operations 
example (IO Range integration) which showed collaboration on Information Operations Use 
Cases and demonstrated network connectivity for large-scale, multiple security level events and 
distributing video data at multiple sites.  Let us examine two of the prototype demonstrations. 

For the Land Combat example, JMETC supported the 2006 US Army 3CE Simulation 
Environment Characterization Assessment (SECA) test event.  The support to 3CE was provided 
for the following JMETC tools and utilities:  Interface Verification Tool (IVT),   TENA 
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Middleware in a 3CE environment, and TENA-HLA gateway development using the Gateway 
Builder tool. 

The SECA provided a means to integrate 3CE activities and conduct a quantitative assessment of 
Standard Operating Procedures, the 3CE Capability Development/System Engineering Process, 
Analytic Data Requirement Process, Model Selection Process, and 3CE Interoperability.  Some 
of the JMETC objectives of the event were to demonstrate that the DREN could support 
distributed LVC testing, demonstrate more efficient technical integration using JMETC Core 
infrastructure aspects, demonstrate TENA capability of supporting distributed LVC test 
activities, and demonstrate TENA interoperability with HLA-based simulations. Figure 1 
illustrates the networked sites and systems used in 3CE FY06 SECA. 

 

Figure 1.  3CE FY06 SECA Site Map  
 

A JMETC technical team, including members of the TENA User Support Team, supported the 
integration of assets from three Army commands bridging Analysis, Research & Development, 
and Testing & Evaluation to integrate modeling and simulation across the acquisition process 
and provided common tools required for distributed testing.  Based on the activities supporting 
the FY06 SECA integration, the following JMETC objectives have been verified: 

•  The DREN has proven stable, and once configured to support multi-cast, it has 
proven to be robust and reliable for distributed LVC testing. 

•  The JMETC Technical team demonstrated the value of JMETC-provided tools and 
utilities when executing pre-test integration activities, troubleshooting integration 
issues, and executing post-test procedures. 

•  Throughout the event planning and execution process, the TENA web site repository 
provided excellent online collaboration for 3CE team members.  
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The JMETC IO Range event used a TENA-enabled Video Distribution System (VDS) to provide 
a distributed visualization capability to the IO Range during the JNTC Austere Challenge 2006 
(AC06) exercise.  Development of the IO Range VDS was accomplished through collaboration 
between the IO Range and the JMETC programs and resulted in a first time achievement of 
bringing real-time visualization of live fire IO events to the combatant commanders (COCOM), 
both CONUS and OCONUS, via the Secret Internet Protocol Router Net (SPIRNet).   

The IO Range concept was based on an early TENA Data Stream Framework prototyped in 
FY2004 and leveraged a non-TENA Video Capture & Distribution System being developed for 
the Redstone Technical Test Center.  The JMETC development team was able to quickly adapt 
their solution (see figure 2) using TENA and required less than four weeks to develop, 
implement, test, and integrate for the exercise.   

 

Figure 2.  TENA-Enabled Video Distribution System 

The IO RANGE requirements for the VDS included: 1) a solution for injecting video streams 
into SIPRNet; 2) an ability to distribute to multiple end user systems at a minimum 1 frame/sec, 
with seconds of latency, resolution to support projection over limited bandwidth connections; 3)  
an ability to record video for playback; and 4) an ability to playback video using a COTS Viewer 
(Microsoft MediaPlayer).   

For IO RANGE/AC06, the real-time video stream was provided from a single source bridged 
into the network.  The TENA Video Distribution Server published availability of data streams 
via a VideoStream object and published availability of recorded streams for playback via a 
VideoStreamServer object.  TENA Video Distribution clients would discover the availability of 
VideoStream objects and request data stream files to be streamed for replay.  TENA-enabled 
clients could display and request available live and replay video sources.  Non-TENA clients 
display video sources requested by TENA-enabled clients or server using URL information 
passed via secure voice/email.   
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The IO Range VDS supported over thirty clients during the AC06 exercise without a single 
failure of the TENA VDS.  The auto-code generated distribution provided by TENA (see auto-
code generation paragraphs beginning on page 6) enabled the JMETC developers to greatly 
reduce the time needed to integrate and test their software.   

The IO Range brought transformational IO capabilities to the IO community during AC06, 
providing the warfighter a standing, robust environment for experimentation, testing training, 
exercises, and operational rehearsal.  In support, JMETC brought a technology solution using the 
TENA common operating environment and an experienced, quick response development and 
integration support team.   

USED BY JMETC, TENA OFFERS INTEROPERABILITY AND RESOURCE REUSE 
By providing interoperability and reuse capabilities, TENA is well designed for supporting 
JMETC.  Interoperability is the characteristic of an independently developed software element 
that enables it to work together with other elements toward a common goal.  Interoperability 
focuses on what is common among software elements.  Reuse is the ability to use a software 
element in a context for which it was not originally designed, so reuse focuses on the multiple 
uses of a single element and requires well-documented interfaces.  To achieve interoperability, a 
common architecture, an ability to meaningfully communicate (including a common language 
and a common communication mechanism), and a common context (including the environment 
and time) must be present.  To bring the efficiency and economic advantages of interoperability 
and reuse to the DoD test and training ranges, FI 2010 developed TENA.  The FI 2010 program 
completed the initial interoperability and reuse efforts in early Fiscal Year 2005, and the 
continuing interoperability and reuse refinement of TENA is now managed by the TENA 
Software Development Activity (TENA SDA). 

Non-TENA Applications

Range
Resource

Application

Range
Resource

Application
Management and
Monitoring Apps

Management and
Monitoring Apps

Analysis and
Review Apps
Analysis and
Review Apps

Non-TENA Communications

TENATENATENA

TENA
Repository

Range Resource
Application

Range Resource
Application

Data
Collectors

Data
Collectors

HWILHWIL

Range
Resource

Application

Range
Resource

Application

TENA Middleware

Repository 
Utilities

Repository 
Utilities

TENA
Object

TENA
ObjectTENA

Object

Logical Range 
Planning Utilities
Logical Range 

Planning Utilities

Object Model 
Utilities

Object Model 
Utilities

Logical
Range
Data

Archive

TENA Utilities

TENA Applications

TENA Common Infrastructure

Non-TENA 
System

Non-TENA 
System

ISR Force Mi x Study

Shading  is: Phase

6.2
6.0
5.4
4.84.2
3.63.0
2.41.8
1.20.6
0.0

TENA Tools

GatewayGateway

Figure 3.  TENA Architecture Overview 

The TENA architecture is a technical blueprint for achieving an interoperable, composable set 
(composibility is defined as the ability to rapidly assemble, initialize, test, and execute a system 
from members of a pool of reusable, interoperable elements) of geographically distributed range 
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resources—some live, some simulated—that can be rapidly combined to meet new testing and 
training missions in a realistic manner.  Please refer to Figure 3. TENA is made up of several 
components, including a domain-specific object model that supports information transfer 
throughout the event lifecycle, common real-time and non-real-time software infrastructures for 
manipulating objects, as well as standards, protocols, rules, supporting software, and other key 
components.   

The TENA Middleware combines distributed shared memory, anonymous publish-subscribe, and 
model-driven distributed object-oriented programming paradigms into a single distributed 
middleware system.  This unique combination of high-level programming abstractions yields a 
powerful middleware system that enables the middleware users to rapidly develop complex yet 
reliable distributed applications.  The TENA Middleware, available for download at the TENA 
SDA web site, http://www.tena-sda.com, is currently at Release 5.2.2 and supports many  
platforms/compilers, including Ardence ETS – NetAcquire, Microsoft Visual C++ 7.1 (bundled); 

Embedded Planet (Embedded Linux OS), GCC 3.2.2 (bundled) 

Linux – Fedora Core 5, GCC 4.1.1; 

Linux – Fedora Core 6, GCC 4.1.1; 

Linux – Fedora Core 6 64-bit, GCC 4.1.1; 

Linux – Red Hat Enterprise Workstation 4, GCC 3.4.4; 

Linux – Red Hat Enterprise Linux 5, GCC 4.1.1; 

Linux – SUSE 10.1, GCC 4.1.0; 

Mac OS X 10.4.7, GCC 4.0.1: 

Solaris 10, Sun SPRO 5.8 Patch 121017-10 

Solaris 10 64-bit, Sun SPRO 5.8 Patch 121017-10 

Windows 2000 SP4, Microsoft Visual C++ .NET 2003 SP1 (aka Visual C++ 7.1);  

Windows Server 2003 R2 Standard SP2, Microsoft Visual C++ .NET 2003 SP1; and 

Windows Server 2003 R2 Standard SP2 64-bit, Microsoft Visual C++ .NET 2003 SP1. 

A significant benefit for TENA users is auto-code generation which was shown to greatly 
reduce the time needed to integrate and test software in the JMETC IO Range demonstration.  
The TENA Middleware is designed to enable the rapid development of distributed applications 
that exchange data using the publish-subscribe paradigm.  While many publish-subscribe 
systems exist, few possess the high-level programming abstractions presented by the TENA 
Middleware.  The TENA Middleware provides these high-level abstractions by using auto-code 
generation to create a complex Common Object Request Broker Architecture (CORBA) 
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application.  As such, the TENA Middleware offers programming abstractions not present in 
CORBA and provides a strongly-type-checked framework interface that is much less error-prone 
than the existing CORBA API.  These higher-level programming abstractions combined with a 
framework designed to reduce programming errors enable users quickly and correctly to express 
the concepts of their applications.  Re-usable standardized object interfaces and implementations 
further simplify the application development process. 

Through the use of auto code generation, other utilities, and a growing number of common tools, 
TENA also provides an enhanced capability to accomplish the routine tasks which are performed 
on the test and training ranges in support of exercises.  The steps in many of the tasks are 
automated, and the information flow is streamlined between tools and the common infrastructure 
components through the enhanced software interoperability provided by TENA.  TENA utilities 
facilitate the creation of TENA-compliant software and the installing, integrating, and testing of 
the software at each designated range.  This complex task falls to the Logical Range Developer, 
which, in this phase, performs the detailed activities described in the requirement definitions and 
event planning, and the event construction, setup, and rehearsal activities of the Logical Range 
Concept of Operations.  While some manual exercise and event setup is required at ranges, 
TENA tools, as they are developed and become accepted across the range community, make 
exercise pre-event management easier.  

One TENA tool that has received widespread usage and praise is the Logical Range Object 
Model (LROM) Test Tool.  The LROM consists of those object definitions, derived from 
whatever source, that are used in a given logical range execution to meet the immediate needs 
and requirements of a specific user for a specific range event.  To ensure that the TENA users 
benefited fully from the use of a LROM, the LROM Test Tool was developed to support the 
integration testing of the TENA applications used during large-scale DoD exercises.  The first 
version of the LROM Tool was developed for the TENA interface testing of applications used 
for the Joint Red Flag 2005 (JRF 05) exercise.  Since JRF 05, the tool has evolved in capabilities 
to support not only integration testing of applications before an exercise but to provide real-time 
monitoring, logging, and statistics gathering during an exercise as well.   

Considered the “defacto” test tool for all TENA applications, it has also expanded to support 
many different user LROMs and has been upgraded as new TENA middleware versions and 
object-model versions came about and new user requirements were added.  In addition, the latest 
version provides the capability to convert Distributed Interactive Simulation (DIS) Entity State, 
Weapon Fire and Detonation Protocol Data Units (PDU) to the appropriate TENA object-model 
Stateful Distributed Object (SDO) classes and messages.  Also, the latest version of the LROM 
Test Tool can operate in three different roles, either stand-alone or in combination.  The roles are 
data subscriber, data publisher, or DIS to TENA gateway.  

Cubic Corporation and JFCOM users have provided very positive feed back about the tool’s 
capabilities, and the tool has been accepted across the wide-spread DoD range community.  The 
tool has been accredited by the JFCOM JNTC for use in major exercises and is also used by the 
JFCOM Joint Advance Training Technology Laboratory (JATTL) to certify all other TENA 
applications.  Beside JMETC and the JMETC VPN, other LROM Test Tool users include the 
Joint Interoperability Test Command (JITC), and the JITC Defense Information System 
Network-Leading Edge Services (DISN-LES). 
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TENA SUPPORT FOR TENA USERS 

TENA SDA has developed a highly utilitarian website that provides a wide range of support for 
the TENA user, including an easy process to download the middleware which is free.  The 
website also offers a help desk, repository, and user forums that will address any problems with 
the middleware download and implementation.  TENA SDA is very aware of the need to inform 
range managers and train TENA users, and the TENA SDA presents regular training classes that 
are designed to meet the attendees’ needs from an overview of TENA to a technical introduction 
to TENA to a hands-on, computer lab class for the TENA Middleware.  JMETC has a page on 
the web site to support its ongoing VPN testing and upcoming JMETC events. 

CONCLUSION 
Today’s military is devoted to the old but enduring concept of “training the way you fight.”  The 
result of that field-proven approach can be read in the Third Infantry Division (Mechanized) 
After Action Report, Operation Iraqi Freedom (3 July 2003): "The roots of the division's 
successful attack to Baghdad are found on the training fields of Fort Steward, Fort Irwin, and 
Kuwait.  The division crossed the line of departure with a mature and trained group of staff 
officers, commanders, and soldiers.”  
(http://www.globalsecurity.org/military/library/report/2003/3id-aar-jul03.pdf)  It is a report that 
was foreshadowed in historian Flavius Josephus’s observation in his 78 A.D. book, The War of 
the Jews, nearly 2000 years ago, that to the most powerful army of that time (Rome), military 
exercises were unbloody battles, battles were bloody exercises, and “it is the reason they 
(soldiers) bear the fatigue of battle so easily.”   

But it is not enough to gather military forces and weapons in a difficult training and test 
environment and subject them to individual, group, and system challenges, the measure of the 
training and testing of the men and women of the military and the weapon systems they use must 
be taken accurately and timely.  The TENA and JMETC complement has facilitated taking that 
measure. 
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ABSTRACT 
iNET is a project tasked to foster advances in networking and telemetry technology to meet 
emerging needs.  This paper describes one objective of the project, which is standardization and 
interoperability.  It begins to explore issues for achieving a level of interoperability among 
differing vendor’s hardware such as data acquisition units, data recorders, video systems, 
transceivers, and network encryption.  Specifically, this paper addresses the expansion of the 
current demonstration system with the addition of multiple vendor data acquisition units.  It will 
also attempt to address the level of standardization necessary for achieving interoperability while 
still enabling vendors to add their value added contributions into their products. 
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Ethernet, IEEE-1588, iNET, Interoperability, IP, Networking, vNET 

PROGRAM BACKGROUND 
The Central Test and Evaluation Investment Program (CTEIP) has launched the integrated 
Network Enhanced Telemetry (iNET) project to foster advances in networking and telemetry 
technology to meet emerging needs of major test programs as well as within the Major Range 
and Test Facility Base’s.  The iNET architecture has been developed to establish a framework 
that will enable standards development and allow the system to evolve as new technologies are 
introduced.  The architecture defines a Telemetry Network System (TmNS) that would utilize 
traditional telemetry links in conjunction with a network-based telemetry link.  The basic 
approach allows for the integration of network-based systems without significantly affecting 
traditional telemetry systems.  The TmNS (Figure 1) architecture is divided into several levels 
and contains three key elemental areas: the Radio Frequency Network (rfNET) element, the test 
Vehicle Network (vNET) element, and the Ground Network Interface (gNET) element.  In order 
to advance existing efforts and the need to gain insight into existing technologies relative to the 
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Telemetry Network System architecture, demonstrations utilizing Commercial Off The Self 
(COTS) equipment are being implemented.  Demonstrations have been conducted to demonstrate 
a baseline of existing technologies to show potential users the validity and benefits of adding a 
two-way data connection to the test vehicle, which included a legacy serial streaming link.  The 
current technology demonstrations are meant to expand on the previous concept demonstration to 
establish operational demonstrations to help develop operational procedures that will enable the 
deployment of the iNET system.  Additionally, the technology demonstration will provide a test 
platform for architecture validation and standards development. 

 

 
Figure 1:  Telemetry Network System 

INTRODUCTION 
The objective of the vehicle network technology demonstration is to provide a test vehicle 
instrumentation network test bed that can support operational demonstrations and provide a 
platform for architecture validation and standards development.  The technology demonstration 
system is an expansion of the concept demonstration system in order to retain the functionality 
established previously.  The concept demonstration system was not bounded by the iNET 
architecture but where feasible the technology demonstration test bed will conform functionality 
wise to the TmNS architecture.  The technology demonstration is expected to build off the 
functionality of the concept demonstration that demonstrated three specific iNET system needs: 
Data Mining, Gapless Telemetry, and Error Free Data Delivery.  Data Mining is the real-time 
ability to recall and transmit data parameters present in the on-board recorder that may not be 
contained in the telemetry stream.  Gapless Telemetry is a real-time technique to recover lost 
telemetry frames at the ground station by transmitting commands to the test vehicle to locate the 
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missing frames in the on-board instrumentation recorder and retransmit them over the networked 
data link.  Error-Free Data Delivery provides for reliable delivery of error sensitive data, such as 
high-resolution video images. 

The concept demonstration [1] was based on modifying one of the modules of a high-speed 
instrumentation multiplexer: the AIM-2004.  This multiplexer/recorder was enhanced to provide 
an external 100Base-T Ethernet interface and its software was augmented to provide real-time 
external control of the recording media and real-time data extraction independent of its normal 
recording process.  Additionally, the AIM-2004 was extended to support an exploratory 
communications protocol to facilitate real-time communication with airborne flight test 
instrumentation from mission support stations, which included a web-based interface. 

IRIG time was utilized as an external time source but as we evolved the demonstration system 
into a real network, an IEEE-1588 Network Time Grandmaster was added to distribute time via 
the network utilizing IEEE-1588 while still maintaining the traditional IRIG B that is a direct-
wired connection to each IRIG time receiver.  The network time grandmaster being utilized 
provides timing that synchronizes the IRIG B signal with the IEEE-1588 time source. 

This part of the technology demonstration will incorporate multiple vendors hardware 
communicating via Ethernet with time synchronization being accomplished between the IEEE-
1588 and traditional IRIG B.  This paper will address standardization, interoperability, time 
synchronization, and message transports in a network data acquisition system. 

 

OSI REFERENCE MODEL 
Before the domination of the internet, many networks were built in isolation for specific 
purposes utilizing different hardware and software implementations.  In the fullness of time, 
people eventually wanted these systems to communicate with each other.  These systems were 
typically incompatible because the networks were using different specifications to communicate 
with each other.  The International Organization for Standardization (ISO) began researching 
various network schemes to address this problem of networks being incompatible and unable to 
communicate with each other.  The ISO recognized there was a need to create a network model 
that would help vendors create interoperable network implementations.  In 1984, ISO approved 
the Open Systems Interconnection (OSI) reference model standard for communications 
architecture.  It is now considered the primary architectural model for inter-computer 
communications.  We believe one of the primary reasons why this model has been widely 
adopted is because the model aided network interconnection without necessarily requiring 
complete redesign of existing networks.  The descriptive network scheme of the model ensures 
greater compatibility and interoperability between various types of network technologies.  The 
model describes how information or data makes its way from application programs through a 
network medium to another application program located on another network.  The reference 
model further divides the problem of moving information between computers over a network 
medium into seven layers.  Breaking networking into small manageable layers reduces 
complexity.  Each layer provides a service to the layer above it in the protocol specification.  
Each layer communicates with the same layer’s software or hardware on other computers.  The 
lower 4 layers (1, 2, 3, & 4) are concerned with the flow of data from end to end through the 
network.  The upper three layers (5, 6, & 7) are orientated more toward services to the 
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applications.  Data is encapsulated with the necessary protocol information as it moves down the 
layers before network transmission as illustrated in Figure 2. 

Figure 2:  Data exchange in the OSI Reference Model [7] 

These model elements may be grouped into architectural levels that represent major functional 
capabilities, such as switching and routing, data transfer, and the performance of applications.  
So architecturally, one can look at communications in three levels: (1) Data Transmission (below 
the physical layer) that provides all of the capabilities (physical and electrical) to establish a 
transmission path between functional system elements (wires, wireless, interconnecting network 
infrastructure, etc…), next (2) Network Switching (layers 1 through 3) establishes connectivity 
through the network elements to support the routing and control of traffic (switches, controllers, 
network software, etc…), then (3) the Data Exchange (layers 4 through 7) that accomplishes the 
transfer of information after the network has been established (end-to-end, user-to-user transfer) 
involving more capable processing elements (hosts, workstations, servers, etc…). 

The model aims at establishing open systems operation and implies a standards-based 
implementation.  It strives to permit different systems to accomplish complete interoperability 
and quality of operation throughout the network.  The OSI reference model has supporting 
standards, which ensure vendors greater compatibility and interoperability between various types 
of network technologies.  The seven layers of the OSI model are structured to facilitate 
independent development within each layer and provide for changes independent of other layers.  
However, in typical implementations many of these layers are lumped together especially at the 
lower and upper layers which has fostered the Internet Protocol (IP) as seen in the Internet 
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Architecture hourglass design.  Protocols standards in conformance with the reference model 
layer have been published by various standards organizations; the IP protocol suite is a good 
example. 

BACKGROUND 
Implementations of instrumentation systems have long challenged instrumentation engineers 
with establishing systems that allow the integration of new technologies while being 
standardized and interoperable.  Traditionally, interoperability was limited to a particular 
developer of instrumentation.  This typically locked a program into a single supplier that resulted 
in limiting innovation and technology to the budget of the customer.  The CAIS (Common 
Airborne Instrumentation System) program attempted to provide a level of commonality and 
interoperability that it achieved through the development of the CAIS Bus standard.  The 
standard enabled multiple vendors’ hardware to interoperate even though the underlying 
architectures were different but not necessarily radically different; however, it failed to establish 
a common tool for configuring hybrid vendor systems [2].  These systems were PCM-based data 
acquisition systems that utilized a Time Division Multiplexing (TDM) scheme.  The TDM 
scheme is highly desirable by instrumentation engineers because these systems are highly 
deterministic in nature.  The systems are relatively small and use a simple design to execute and 
generate a PCM data stream.  The system may include a single unit or a group of units that form 
a distributed data acquisition system.  In most cases, a distributed system is synchronous by way 
of hardwired synchronization signals or with a bus such as CAIS.  The format that controls the 
parameter acquisition sequence is generally located in the PCM/acquisition controller, and 
sometimes (based on the system manufacturer) a copy of that format or subset of that format may 
also reside in the remote acquisition units.  The format is executed in a time-correlated way by 
simple state machines. 

The format consists of fixed instruction commands operating at a highly precise PCM word rate.  
Each command instruction within the format is transmitted in the system to the appropriate 
channel for data sampling.  Data is sampled synchronously to the overall PCM word rate and 
format sequence.  Data arrival at the PCM output is pipelined with a fixed delay for all channels 
in order to provide a PCM output channel sequence identical to the user input format sequence. 

Inherently, while packet networks offer many advantages over a traditional PCM architecture, 
they suffer from at least one significant shortcoming: timing accuracy.  Accurate time 
distribution within a packet network has been difficult to accomplish to date.  IEEE 1588 seems 
to hold the most promise in the near term [3]. 

NETWORK TIMING 

IEEE 1588 [4] addresses the clock synchronization requirements of measurement and control 
systems.  The objective of IEEE 1588 standard is to define a protocol enabling precise 
synchronization of clocks in measurement and control systems implemented with technologies 
such as network communication, local computing, and distributed objects.  The protocol will be 
applicable to systems communicating by local area networks supporting multicast messaging 
including but not limited to Ethernet.  The protocol will enable heterogeneous systems that 
include clocks of various inherent precision, resolution, and stability to synchronize.  The 
protocol will support system-wide synchronization accuracy in the sub-microsecond range with 
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minimal network and local clock computing resources.  The default behavior of the protocol will 
allow simple systems to be installed and operated without requiring the administrative attention 
of users. 

This implementation has been demonstrated to be able to achieve accuracies in the range of 100-
300 nanoseconds across real-world local area networks.  It works on the simple principle of 
clock adjustment.  A master node on the network whose clock has been determined to be the 
most accurate (see the 1588 standard [5] for a discussion of how this is done) sends its time to a 
slave node.  If the transfer of time were simultaneous, then the two clocks on the network would 
be synchronized.  However, this is false as there are many sources of delay in sending an IP 
message from one network node to another.  If we knew the delay caused by the transmission of 
the message, we could add that to the received clock time and easily synchronize the clock in the 
slave to that in the master.  There are two sources to the delay in transfer; that caused by the 
software IP stack and operating system and that caused by the network itself. 

Figure 3:  IEEE 1588 Jitter and Delay 

Messages sent and received by the software are affected by a constant process (number of lines 
of code needing to be executed, distance between nodes on the network) and by a varying 
process (task switching, memory management, caching, interrupt latency, bus arbitration, packet 
queuing, switching, etc…) which result in a constant latency (delay) and a varying latency (delay 
variation or jitter).  IEEE 1588 achieves its high accuracy by inserting hardware time stamping 
units in the network physical transport layer to order to eliminate the impact of these processes 
(delay and jitter) on the time synchronization of clocks between two nodes in the network.  The 
time stamps (Figure 3) are inserted between the Ethernet PHY and MAC devices on the MII bus 
and monitor all packets being sent and received between the node and any other device on the 
network.  Packets being sent by the Precision Time Protocol (PTP) (a component of the IEEE 
1588 standard) are recognized and time stamped as they are sent and received and those times 
are made available to both the master and slave nodes for use in computing the delay and jitter 
found in the system. 
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Once multiple data acquisition nodes have synchronized their local clocks to the global master 
clock, simultaneous sampling of distributed parameters becomes possible.  However, the 
principle on which this process operates is very different from an IRIG synchronized system.  A 
PCM-based data acquisition system triggers simultaneous sampling via reception of a global 
signal transmitted either in-band or out-of-band of the timing reference source.  The accuracy of 
this operation depends upon the timing skew introduced by the transmission of the signal over 
the wiring between the individual units.  In a 1588-based data acquisition system, the sampling is 
triggered by all units reaching a previously agreed upon timing marker.  The accuracy of this 
operation depends upon the overall system time determinism.  The timing skew is dependent 
upon the overall accuracy of the unit’s local clock, whereas the skew is independent of any 
signal path propagation delays within the network during operation. 

VEHICLE NETWORK TECHNOLOGY DEMONSTRATION 
This portion of the Technology Demonstration will demonstrate interoperability between 
multiple vendors’ hardware over a network.  The test Vehicle Network (vNET) is the network 
internal to the test article that interconnects the Data Acquisition, Data Archive, Sensors, and 
Onboard Processing systems.  In the aircraft segment of the technology demonstration, the key 
element of the vNET portion is a specially developed airborne 10/100/1000 Ethernet switch with 
built-in support for IEEE 1588.  Its primary function is to switch IP packets between nodes 
within the network and distribute 1588 or IRIG time from its built-in GPS receiver. 

The acquisition system (see Figure 4) has six nodes connected through the airborne switch.  The 
first node is the TTC AIM-2004 with its associated solid-state drive.  This airborne multiplexer is 
designed to accept inputs from various high-speed data sources, including PCM and Ethernet 
data.  In addition to providing data multiplexing and recording services, this unit can operate as a 
CAIS remote data acquisition node that provides selected data from the I/O cards and unit status 
information for transmission.  The other nodes that are part of the network are the Acra KAM-
500 data acquisition unit, the In-Snec UMA-2000 data acquisition unit, the L-3 Telemetry East 
NetDAS network data acquisition system, the TTC MnVid-2000 video acquisition unit, and the 
TTC MnPCM-2000 PCM gateway unit.  All the data acquisition units’ package data into IP 
packets per the message structure define in the next section.  Three of the units via the Ethernet 
interface accept the IEEE 1588 timing protocol and will synchronize the unit to that timing 
reference while other units will be feed time from the IRIG B time source.  Both of these time 
sources are synchronized to the GPS time source that is inside the airborne switch.  The data 
acquisition units are like traditional data acquisition systems and acquire typical varying data 
types.  In this setup, they are configured to acquire analog measurements. 

The video acquisition unit accepts single analog video and audio inputs that are compressed 
using the MPEG-2 standard and transmitted as IP packets using the IRIG 106 Chapter 10 
standard.  The PCM-to-Network Gateway unit facilitates the connection of legacy PCM-based 
systems to a networked system.  The gateway accepts PCM clock and data and provides a 
major/minor frame correlator; timestamps minor frames using the network IEEE-1588 time, and 
packetizes data into a message structure for transmission on the network.  The source of data for 
the PCM gateway is the TTC MCDAU, the same PCM source being used for input to the AIM-
2004.  Using the same PCM stream for both the AIM-2004 and the PCM gateway allows us to 
compare the relationship and accuracy of using a mixed IRIG and 1588 based data acquisition 
system by comparing and analyzing the timestamps recorded in each synchronous data stream.  
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This demonstration system will show four vendors data acquisition units working together in a 
single network system. 

 

 

Figure 4:  vNET Technology Demonstration 

On the ground, the gNET portion of the network consists of a general-purpose computer that 
contains a user application that communicates over TCP/IP with the HTTP server in the AIM.  
The application provides the link between the Omega Data Processing station [6] that manages 
the incoming telemetry data and the aircraft portion of vNET.  This application monitors the 
incoming PCM stream and looks for predescribed conditions that cause the system to query the 
airborne recorder for data.  Specifically, the system through several applications/processes is 
filling in PCM dropouts and displaying a complete clean picture of the data. 

Message Structure 
For the purposes of this demonstration, a modified version of the Chapter 10 data structure was 
used.  The data packet structures defined by Chapter 10 was chosen because it provided a neutral 
starting point and enabled a common message structure in which to communicate.  However, in 
the near future this message structure will change as more is learned about data acquisition over 
networks. 

Chapter 10 defines three common packet elements for all data types: a Packet Header, a Packet 
Body, and a Packet Trailer.  The format of these elements is defined by the Chapter 10 standard.  
The modifications made to the packet structure for the Technology Demonstration are as follows.  
The maximum packet size is 65,536 bytes instead of 524,288 bytes.  This restricts the PCM 
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minor frame size to 65,504 bytes.  The relative time counter is not used but instead a modified 
version of the IEEE-1588 Precision Time Protocol (PTP) is used as a time stamp.  In order to fit 
the PTP time, which is 64 bits into the 48 bits used in the Chapter 10 relative counter, the two 
most significant bytes are truncated from PTP time.  These items are not used: the intra-packet 
data word used, filler data, data checksum, and no packet trailers are sent across the network. 

 

IP HEADER  

UDP HEADER 

IRIG 106-05 CHAPTER 10 PACKET (UDP PAYLOAD) 
 

Packet Header 
Channel Specific Data Word 
Inter-packet Time Stamp 1 

… 
PAYLOAD 

(Data Type Specific Format) 
DATA [byte 1] Minor Frame n DATA [byte X] 

Inter-packet Time Stamp n+1 
DATA [byte 1] Minor Frame n+1 DATA [byte X]  

Figure 6:  PCM Data Encapsulation 

 

Chapter 10 packets are transported from the network nodes to the AIM as standard UDP 
datagram’s.  The entire Chapter 10 packet (header and body) is fully encapsulated within the 
UDP payload.  Figure 6 depicts this encapsulation. 

CONCLUSION 
Network architecture is a set of high-level design principles that guides the technical design of 
the network that provides a sense of direction to help serve as a basis for individual technical 
decisions.  The Technology Demonstration, in principle, is to help understand the choices and 
establish a more focused set of design principles that will ensure a solid set of standards that the 
community can utilize to establish future telemetry systems.  In the area of network based data 
acquisition systems, it brings forward a new level of understanding within the community.  Many 
times, we are forced to rethink how we do business or why we do the things we do and ask 
ourselves why are they important.  The OSI reference model in conjunction with the iNET 
architecture provides a framework to help guide us in discussing how our communication 
systems work and how we can bridge those systems with new items incorporating newer 
technologies.  The OSI model enables us to deal with the technical complexity of change and 
provides a path for standardization and interoperability.  In this paper, we discussed some of the 
issues related to achieving interoperability as we migrate from traditional PCM systems to 
network based systems.  The power and flexibility of network-centric data acquisition 
architectures make them attractive as a migration path for future avionics acquisition systems.  
However, in order for a network-centric architecture to succeed, communication of timing must 
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be an intrinsic function of behavior as is communication of data.  The development of the IEEE 
1588 standard and its accuracy makes it an attractive solution for communication of timing in an 
IP network.  Any proposed network data acquisition-based system implementation will need to 
follow an evolutionary approach rather than a revolutionary one, as the need to maintain some 
form of compatibility with existing test infrastructure is required.  In addition, a level of 
interoperability needs to achieved when deploying standards therefore using a reference model 
can help provide a standardization path to enable interoperability but yet allow vendors to 
incorporate there value added items.  The ability to interconnect and maintain a multiple vendor 
data acquisition system can be a challenge but through standardization and common tools, it is 
achievable.  The implementation of this part of the Vehicle Network Technology Demonstration 
is expected to be completed the summer of 2007 with results being presented at ITC 2007. 
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ABSTRACT 

 

The Central Test and Evaluation Incentive Program, (CTEIP) is developing Integrated Network 

Enhanced Telemetry (iNET) to extend serial streaming telemetry (SST) with a command and 

control link.  Command link interfaces link remote Advanced Range Telemetry (ARTM) 

transmitters (Tx) and receivers (Rx), developed under the ARTM CTEIP project, via graphical 

user interfaces (GUI).  The communication channel links the iNET Tx on a vehicle network 

(vNET) and the iNET Rx on a ground station network (gNET) via a single GUI.  The command 

link is an essential part of the pending iNET Technology Demonstration.         

 

 

Key terms: iNET, SST, vNET, gNET, ARTM, Hypertext Markup Language (HTML), Datagram, 

GUI, Server, Client, Web Browser, IP, UDP, TCP 

 

 

INTRODUCTION 

 

This paper discusses the uses of a command and control link for reconfiguring and querying the 

SST Tx and Rx during flight and or preflight using a remote GUI built on commercial software 

applications, operating over specific standard network protocols. With this capability comes the 

ability to control parameters of the SST channel essential to more efficient spectrum usage and 

occupation.  Specific networking standards used are the Internet Protocol (IP), the Transmission 

Control Protocol (TCP) and Universal Datagram Protocol (UDP).  Examples of functions 

implemented at the application layer are ARTM transmitter standard commands, for carrier 

retuning, modulation selection and frequency; receiver center frequency retuning, RF center 

frequency, demodulator selection, health and status. 

 

Below, we discuss a generic channel architecture that supports three ways of implementing GUIs 

using commercial application products and industry communication standards to establish 

communication links between networked nodes and remotely command local system 

reconfiguration and/or query status and health:  
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• via a traditional, explicit ‘source’ and ‘sink’, here referred to as two main LV VIs: server 

and client.  The server embeds the Operator GUI and the local Rx-controller; the client 

embeds the remote Tx-controller.  

• using a web browser that embeds a variant of the client and incorporates functions of the 

server as used in the 1
st
 configuration.  The operator interface is embedded in a web 

browser page and permissions for remote control interfacing.  The local Rx-controller is 

encoded in HTML on the local node. 

• mapping the Tx serial port on the remote node to the local node via an application 

specific protocol.  In this approach a client is run on the local node, with the Rx-

controller and Tx-controller run from the same GUI.  

 

 

COMMUNICATION CHANNEL 

 

A generic communication channel is a composite of source and sink nodes and the transmission 

media.  For our purposes the source is the server and operator GUI, the sink is a transmitter and 

receiver set on either the local or remote nodes, and the transmission connectivity is a hybrid of 

wired and wireless media. The channel serves as an interface between an airborne and ground 

station network multimode Tx and Rx nodes and a ground station operator.   

 

 

NETWORK ARCHITECTURE 

 

IP Network 
 

Each node encapsulates control and reply modules.  The source module establishes data ports, 

i.e., the source and sink data buffers and/or processes running over the communication channel, 

which are bound to the node IP address.  A port is really just an address for a data buffer or a 

process assigned to the IP node.   

 

In our network, a communication channel is comprised of two ports, the protocol and the 

transmission medium.  Ports associate with nodes via an IP address.   

 

TCP and UDP Transport 
 

In the ARTM Tx Interface, TCP or UDP may serve as the transport protocol; but the ARTM 

receiver is configured for TCP/IP only.  TCP differs from UDP as it assures channel 

connectivity.   

 

Data exchange occurs via this single channel, after configuration of ports at each source and 

sink.  The  application may permit both explicit and implicit use of UDP and/or TCP/IP.  The 

server-client configuration encapsulates TCP in the module code, but the variants that use the 

web browser and the LV application network functionality, exploit both the XPOS and the NI 

LV networking capabilities; this is explained in more detail below.    
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OPERATOR APPLICATION 

 

Messages are comprised of any data type; in our case, data is a set of character strings, or what 

are here referred to generically as x-strings.  Source and client generate two general message 

types: command and reply.  Communication nodes may be on the same or different subnets.  

Each node transmits a data to the assigned channel port, while receiving on another port, each 

bound to the IP address.   

 

The remote node has a serial VI, which communicates directly with the transmitter via local 

node serial port addresses of a local vNET.  The local node is on a gNET, which connects with 

the receiver via a switch and the receiver Ethernet port.  Figure 1 shows a picture of the whole 

server-client system structure and the data flow of the strings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IP Channel Schematic 

Figure 1 

 

 

Command Messages: 

 

The local node interpreter accepts operator commands in the form of a Tx command string (c-

string), constructed command constructors.  Commands are selected from a drop-down control 

menu on the interpreter GUI.  The constructors are hidden behind and operator GUI that only 

displays configuration controls, e.g., RF ON/OFF, carrier frequency, modulation, etc.  After the 

controls are selected, magnitudes and/or Booleans turned ‘ON or OFF’, a Boolean ‘SET’ 

command activates the construction of the command c-string.  The constructor creates both Rx- 

and Tx-controller c-strings.   
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The constructed c-string is passed to local and remote networked controllers as TCP and/or UDP 

data packets, a datagram.  If there are no commands selected after a preestablished timeout, the 

GUI goes into an ‘IDLE’ state; in this state system simply reads the Rx and Tx reply buffers and 

empties the command buffers.  Thus, the controllers are primarily two-state finite machines: the 

states are command and idle.   

 

Reply Messages: 

 

The server creates datagrams and Rx- and Tx-controllers accepts datagrams and unpacks the Rx 

and Tx c-string and delivers them to respective controllers via either RS-232 serial VI for the Tx-

controller on the vNET, or TCP module for the receiver on the gNET.  A successful Tx 

command is acknowledged via the serial VI as a character reply string, an r-string.   

 

The client packages the Tx-controller r-string into a datagrams and the communication 

submodule returns the Tx r-string to the source node via TCP.  The server unpacks the reply and 

delivers it to the operator-interface via the interpreter as one of a set of command replies, plus 

either of two character strings: ‘Ok +’ or ‘ERR’, which indicates successful command or 

communication error.   

 

Termination Message:  

  

To end the ‘session’, a ‘STOP’ command from the server is delivered to the client (remote Tx 

controller) and the local Rx controller, which interprets this as an exchange terminator.     

 

 

APPLICATION MODULES 

 

At the application level we implement specific control functions, of the ARTM multimode 

transmitter and receiver, via encapsulation of the command sets of the hardware.  The application 

language is National Instruments™ (NI) LabVIEW
TM

 (NI-LV) graphical language and the 

Measurement and Automation Explorer (NI-MAX) supplementary application for common and 

custom virtual instruments (VIs) and modules
1
 in the Windows® XP operating system (XPOS).     

 

Server-Client GUIs 

 

The server-client are the highest level LV modules operating via remote procedure calls (RPC) 

over the IP channel (Figure 1).  To establish the channel, the Rx-controller executes on the local 

node via a server module, while the Tx-controller executes on a remote node via the client 

module.  Each module links to the other via a primary sub-module.  The server encapsulates a 

TCP configurator, which establishes a remote port for data exchange; while the client 

encapsulates the listener function, which listens on the local port awaiting connection and upon 

connection, establishes a remote port back at the server: now data exchange can begin.     

 

 

Web Page GUI 

                                                 
1
 A module, or VI module, is program/system of VIs and/or sub-modules: the basis of the hierarchy is a set of VIs. 
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Because the channel exploits UDP or TCP over IP, we have two other ways of interfacing w/out 

explicit UDP/TCP LV modules, i.e., we exploit the XPOS RPC over TCP protocol by using a 

web page; this allows for bypassing the ‘server module’ and simply activating a local Tx-

controller serial module on the remote machine.  Figure 2 shows a schematic of the web browser 

server method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Channel Schematic with Web Browser 

Figure 2 

 

 

To configure the web page we use NI-LV application’s web server functionality and easily create 

a lists of ‘clients’ with permission to access LV modules from remote computers.  We also 

configure the LV VI in an HTML file that permits any web browser with permissions to call and 

execute the NI-LV VI.  Once configured, a configuration is saved on the remote node as an 

HTML file.  Now any web browser can address the remote module via URL and the HTML, and 

control the module on the remote machine while the interface is present on the local machine.    

 

 

Serial Port Mapping 
 

Another method uses node permissions via the Virtual Instrument Standard Architecture (VISA) 

under the NI-MAX application to map serial ports over an IP network (shown in red) via the 

standard RPC portmapper interface.  This is the simplest method of communication, and very 

efficient.  By assigning permission to IP addresses, we can map remote serial ports of a machine 

on one network to a local machine on a different network, which allows executing the code on 

the local machine: command data is delivered to the remote machines serial ports and the replies 

returned to the local machine GUI (Figure 3). 
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Channel Schematic with VISA Map 

Figure 3 

 

 

SUMMARY AND CONCLUSION 

 

The operator uses a simple menu control to interface to a remote transmitter and receiver, which 

may be on different subnets, i.e., on local or remote nodes.  Commands unique to the transmitter 

and receiver are delivered to and returned from a remote node on the network via TCP 

datagrams.  With this architecture we are able to change and query the sate and health of the 

hardware, e.g.: 

 

• set Tx carrier frequency 

• set Tx modulation type and frequency 

• set Tx data and clock source 

• retune the Rx demodulators and center frequency 

• query health and status of Tx and Rx 

 

With these network interfaces any function available via the command set is implemented using 

these interfaces, which employ nothing more then command set and commercial application and 

network products.   
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ABSTRACT 
 
As part of Morgan’s iNET development, the Mixed Cellular and Mobile Ad hoc Network 
(MCMN) architecture has been 1proposed to provide coverage to over-the horizon test articles. 
Nodes in MCMN are assigned to one of three possible modes- Ad hoc, Cellular or Gateway. We 
present architecture for the proposed MCMN and some performance analysis to characterize the 
network. The problem of organizing nodes in this mixed network with optimal configuration is 
significant. This configuration gives nodes ability to know the best mode to operate and 
communicate with other nodes. Node organization is critical to the performance of the mixed 
network and to improve communication. The configuration of nodes required to optimally 
organize nodes in MCMN is demonstrated. The problem of evaluating configuration parameters 
for nodes in a mixed network is a nonlinear and complex one. This is due to the various 
components like the number of nodes, geographical location, signal strength, mobility, 
connectivity and others that are involved. Clustering techniques and algorithms have been used 
in literature to partition networks into clusters to support routing and network management. A 
clustering technique is employed to dynamically partition the aggregate network into Cluster 
Cells (CCs). A gateway node is selected for each CC which relays traffic from the cellular to the 
Ad hoc and vice versa. A trade-off analysis of the cellular boundary is presented using the 
maximum of the minimum data rate in the network. Numerical analysis and experiments are 
provided to show that the coverage can be extended to test articles in over-the-horizon region. It 
is also shown that, when the network is well organized, performance is improved. 
 
 

KEYWORDS 
 

MANET, cellular, coverage, throughput capacity, Ad Hoc, iNET 
 
 

                                                 
1 The choice of a cellular/ad hoc structure precedes INET’s choice of an IEEE802.11 model. This work still applies 
with the assumption that the WLAN Access Point substitutes for the cellular base station. 
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INTRODUCTION 
 

MCMN was proposed after a comparison study of ad hoc and cellular networks [1]. In mixed or 
hybrid networks concept, the cellular networks and mobile ad-hoc networks interoperate to form 
an aggregate network. Advancements in technology have revealed the feasibility of the proposed 
solution by using the emerging dual-mode interface to equip nodes. This allows nodes to 
communicate in one of the three possible modes. These modes are ad hoc mode (AHM), cellular 
mode (CM) and gateway mode (GM). This concept provides mobile nodes more flexibility and 
system performance enhancement by providing seamless roaming between cellular networks and 
ad hoc networks. This research focuses on an efficient way of computing the configuration for 
each node in a mixed network. This includes their CC identity, gateway node to relay their 
traffic, and information about other nodes in the network. As routing schemes are important to 
effectively route traffic in the network, this work will include techniques for routing within each 
cluster and routing between the cellular and MANETs. The CC to which a node belongs is 
evaluated based on the information sent to the Base Station (BS) by the node. The focus in this 
work is the aeronautical environment where nodes have high mobility, reduced path loss due to 
free space or line of sight communication, and high coverage areas. The first section presents the 
MCMN architecture; the next section presents performance analysis in terms of throughput and 
coverage. The last section presents node organization scheme using a 2-stage clustering 
technique. Numerical analysis is presented to validate the performance of the network and a 
conclusion is given. 
 
 

MCMN ARCHITECTURE 
 

The MCMN is a pure hybrid network when compared with most of the other proposed hybrid 
networks [2, 3]. In MCMN, both cellular and ad hoc communications are possible. This means 
that both cellular and ad hoc nodes can originate and receive data. MCMN also includes the ad 
hoc mode (AHM) nodes, these nodes communicate in multi-hop mode and they dynamically 
route their own traffic using standard routing protocols like AODV, DSR, and DSDV. For Nodes 
operating in CM to continue communication in the network they switch to AHM (multi-hop) 
when their signal strength drops to a certain threshold. This is similar to the hand-over process in 
a conventional cellular system. The difference is that, while a node searches for another BS to 
connect to in cellular networks, nodes in MCMN search for an alternate mode or route using 
their other interface (ad hoc interface). A third category of nodes in MCMN is the gateway node 
(GN). These nodes are capable of communicating in both cellular and ad hoc mode 
simultaneously and they relay cellular traffic to ad hoc and vice versa.  
 
The iNET scenario is illustrated in figure 1 where Test Articles (TA) collect data and send them 
to ground systems for further processing. The words nodes and TAs are used interchangeably for 
the rest of this paper to refer to wireless terminals. The figure shows TAs communicating in 
AHM as well as CM using both the ad hoc and cellular technologies for communication. TAs are 
grouped into K  MANETs CCs. Each CC has its own GN to relay traffic between the cellular 
and MANET nodes in the CC. The BS is located at the center of the cellular network (single cell 
cellular system), and K  CCs are located around it as shown in figure 2. The GNs can be a 



 3

bottleneck in the network so the choice of GNs is critical to the performance of MCMN. Every 
node can become a GN depending on its configuration. It is also assumed that each node is aware 
of its geographical location through GPS or other positioning mechanism.  

 

 
Figure 1 MCMN Architecture 

 

 
Figure 2 MCMN Layout 

 
The architecture and protocol stack for a node in MCMN is presented in figure 3 below. The two 
interfaces use the same upper layers – application, transport, and network. The network layer 
plays the role of interfacing between the lower layers and upper layers. The network layer is also 
responsible for the complex task of routing between the two different interfaces with 
consideration of mobility and connection management. 
 
Every node in the network is equipped with dual interface as shown in figure 3. Any node in the 
network can become a gateway at any time depending on its geographical location, signal 
strength and proximity to both the BS and ad hoc nodes. GNs communicate using the two 
interfaces simultaneously as shown in figure 4. This is a more complex task because it integrates 
the two technologies and also deals with the routing problems. Every CC can have one or more 
GNs, but for this analysis and simplicity, it is assumed that every CC has one GN for relaying 
traffic. 
 

Gateway Nodes 

Cluster Cells Ad hoc Network 

Base Station 

Cellular Nodes 

Gateway node 
Gateway node 

Cluster cellsAd-hoc Node 
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Figure 3 Architecture of MCMN Node 

 
 

 
Figure 4 Architecture of MCMN Gateway Node 

 
Based on the node organization and grouping (next section), the BS develops a configuration 
table for all nodes in the network. The BS builds up a routing table and sends the routing 
information of every node in each CC to the GNs respectively; every node in the network is 
attached to GN for its CC. GNs keep and maintain the routing information, and share it among 
other GNs. In addition, each GN forwards the routing information of all nodes in its CC to every 
member of the cell. Using this information every node in the same CC can communicate with 
one another without necessarily passing through GN. To communicate with the nodes outside the 
CC or CM node, a node will have to transmit through the GN. Even though a node cannot 
communicate with nodes outside its CC, every node can receive ‘where do I belong’ (WDIB) 
message from other nodes. This message is meant for the BS and contains node parameters that 
will be used to compute its configuration; every node can receive and forward the WDIB 
message until it arrives at the destination which is the BS. 

 
 

PERFORMANCE ANALYSIS 
 

Two common network performance metrics are coverage and throughput. These have been 
extensively covered in literature for the cellular and ad hoc networks separately. Coverage is 
defined as the geographical area in which successful communication can be provided. For 
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MCMN, the coverage provided by the thk  CC results in a cumulative effect on the total coverage 
of MCMN. Estimation for the overall coverage is given as: 

∑
=

+=
K

k
NkcellularMCMN kCC

CovCovCov
1
υ   (1) 

Where kυ  is a constant reflecting the border effect which is due to the fact that CCs are non-
overlapping [4].  The cellularCov  is the cellular coverage, 

kCCNCov  is the coverage provided by k  

CCs with 
kCCN nodes in each CC. Throughput is defined as the aggregate amount of data that can 

be successfully transported in a network over time. The GN is assumed to be a super user and 
can have more time slots from the BS to accommodate demand. The BS monitors the demand on 
the GN and increases its time slots dynamically. The overall throughput for MCMN is given as: 
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Where GNS  is the throughput of a GN, 
kCCS is the expected throughput in a CC with 

KCCN nodes,   

CMS  is the throughput of the cellular network. Details of these analyses are provided in [5].  
 
 

NODES ORGANIZATION IN MCMN 
 

The technique for grouping nodes in MCMN into CCs (CCs) for optimum performance is 
developed in this section. This grouping of nodes is the key to the overall performance of a 
MCMN network. A method is presented to intelligently form CCs, select nodes to be gateway 
nodes (GNs) for each of the CCs, and develop a scheme to evaluate the optimal number of CCs 
that will be required for the network partitioning. Nodes are presented as points in a 2-
dimensional Euclidean space ( 2ℜ ) and information about nodes in this space is contained in 
their statistics. Clustering procedures use a criterion function, such as the Euclidean distance and 
sum of squared distances from the cluster centers, and seek the grouping that optimize the 
criterion function [6]. A 2-stage clustering scheme is used in MCMN to organize nodes in the 
network; this is shown in figure 5a and 5b. 
 
The clustering is done by the BS after collecting the required information from nodes in the 
network. In this analysis, only distinct clusters are considered with each node in a CC having a 
GN to connect to the cellular nodes as well as nodes in other CCs. The use of clustering for 
organizing nodes in MCMN offers several advantages. It improves manageability, increases 
throughput, reduces overhead and minimizes network congestion among other advantages. Every 
node is assumed to have the knowledge of its geographical location. Every node transmits its 

YX − geographical location to the BS where centralized coordination and management of the 
network takes place. 
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Figure 5a Stage One 

 

 
Figure 5b Stage Two 

 

 
To organize nodes in MCMN, two heterogeneous parameters are defined for every node – the 
radius and angle. Radius measures the distance of each node from the BS (Centre of network) 
while the angle measures the spatial location of each node. It has been assumed that the radius 
and angle are uniformly distributed. The radius iR  and angle iθ  of node i  are given as: 

00 YYXXR iii −+−=   (3) 
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Where 00 YX −  represent the geographical location of BS which is assumed to be the center of 
the network. Using the heterogeneous parameters defined above, clustering parameter CPar  is 
computed for each node in the network.  

[ ]iii RCPar θ,=  AHMNi ≤≤1   (5)   
Where AHMN  is the total number of ad hoc nodes in the network. The clustering parameter, 
CPar , can include as many parameters as possible and has been limited to  iR  and iθ  for 
simplicity. The first stage involves using the location information and the path loss model of 
equation (6) and (7) to compute the SNR of every node from the BS. This is a function of the 
distance from the BS which is the radius given in equation (3) above. The SNR decreases as a 
function of φ−R  where φ  is the path loss exponent. A threshold is set for the SNR and any node 
with SNR greater than the threshold is considered a CM node and those with SNR less than the 
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threshold are considered as AHM node. This procedure partitions the aggregate network into the 
two main components of MCMN- Cellular network and ad hoc network. 

( ) ( )
φ







=
d
ddPdP rr

0
0   0dd ≥   (6) 

Where 
( )

2

0 2 2
0

( )
4
t t r

r
PGGP d

d L
λ

π
=  and the SNR, η  in wireless communications is given as   

L
Pr=η  or LPr η=   (7) 

Where rP and tP are the receive and transmit powers respectively. The rG  and tG  are receive 
and transmit antenna gains, and L  is the path loss 
 
Given a partitioning of CCs, { }KkkCC 1= , K  being the total number of CCs to partition the network 
into, the centroid, kµ , for each CC is defined as:  

( ) ( )[ ].,, , kkRk θµµµ =   (8)   
The clustering problem is defined as  

( )







= ∑

∈ kCCCPar
kk CParDCC µ,minarg   (9)   

Where CPar  is the clustering parameter, kCC  is the thk  cluster cell, and kµ   is the centroid for 
cluster cell k . 

 
 

NUMERICAL ANALYSIS AND RESULTS 
 
This section presents some numerical analyses and experiments using MATLAB program. A 
MATLAB visualization program is developed to view the node organization. In addition, 
analysis is presented for gateway location and trade-off in the cellular boundary when the ad hoc 
component is dependent on the cellular component. A total of 400 nodes are randomly placed in 
a circular region with the BS located at the center of this network. The first task is to classify the 
aggregate network into either CM nodes or AHM nodes. Figure 6 shows the randomly placed 
nodes in a given area. Figure 7 shows the partitioned network after applying the threshold for 
SNR. It is seen that the whole network is separated into CM nodes and AHM nodes.  
 
A measurevalidity is developed to obtain an estimation for the optimal number of CCs, K , that 
the ad hoc nodes are divided into. This is given as: 







=
excler
wiclermeasureValidity minarg   (10)   

Where wicler is the ‘within cluster error’, it measures the average of all distances between a 
node and the centroid of its CC, and it can be used to determine whether the CC is compact or 
not. The external error, excler , measures the relationship between the CCs that make up a given 
partitioning and is computed as the minimum distance between the centroids in partitioning. The 
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goal is to minimize the measurevalidity , the values of measurevalidity  for each K  is plotted 
and the partitioning with the minimum value of measurevalidity  gives the optimum 
partitioning. The value of K  for this partitioning is the optimum number of CCs to partition the 
AHM nodes. The result is shown in figure 8 and for the network scenario considered in this 
analysis, the value of measurevalidity  is minimum at K =5.  
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Figure 6 Randomly Placed Nodes in MCMN 
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Figure 7 Partitioned Cellular and MANET 

 
 
To effectively choose GNs in MCMN, similar parameters used in partitioning the network must 
be considered in selecting appropriate GNs. The BS, in addition to performing the clustering, 
computes the GNs selection metric, ngmetric , for all active nodes in a CC. This is given as: 
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where ( )ji nodenodeD ,  is the distance between node i  and node j  in the same CC, and 
( )BSnodeD i ,  is the distance between node i  and the BS. In addition to the distances, the signal-

to-noise ratio, SNR, of nodes in the CC with reference to one another is computed. Figure 9 
represents the complete MCMN system with every node knowing the CCs they belong to in the 
network and their GN ID. Using this organized network, the BS has detailed information about 
all the nodes in the network.  
 
The minimum network rate, minR , is computed as the minimum rate of cellular nodes, gateway 
node, and ad hoc node. This is represented as  

( )AHMGMCM RRRR ,,minargmin =   (12) 
Where CMR , GMR ,  AHMR  are the rates for cellular mode, gateway mode, and ad hoc mode. And 
finally, the maximum of the minimum rate is used to define the boundary for cellular and ad hoc 
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network in MCMN. This represents the optimal location for the GNs and also the optimal 
boundary for cellular and ad hoc networks. This analysis has taken into consideration the 
dependency of the ad hoc network on the capacity of cellular network. 
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Figure 9 Gateway Nodes for CCs 

 
 
Figure 10 shows the trade-off between rates and distance from base station for the different 
components of MCMN. The figure also shows the cellular and gateway throughput decreasing as 
the distance from the BS increases until the optimum point is reached and continues to decrease 
at the minimum rate. But because the network is well organized, the cellular node changes into 
ad hoc mode and its throughput begins to rise. 
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Figure 10 Trade-off for Boundary and Gateway Location 
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CONCLUSIONS AND FUTURE WORK 
 

A solution to the problem of coverage of nodes using a mixed cellular and ad hoc network has 
been presented. It has been shown that when combining the features of traditional infrastructure-
based cellular networks with that of ad hoc networks an improved mixed network can be formed. 
We have designed a novel architecture for our proposed MCMN. We presented both theoretical 
and numerical analysis to evaluate the performance improvement that MCMN can provide to a 
network. It has been shown that coverage can be extended beyond the limitation of a cellular 
base station. It has also been shown that throughput can be enhanced while extending the 
network coverage. A solution to the problem of organizing nodes in MCMN has been presented 
through a 2-stage clustering scheme. The modified K-means scheme incorporates the non-
homogeneity of network nodes into the network partitioning. A solution for choosing the 
optimum number of CCs to partition the ad hoc nodes into was developed. A scheme for 
selecting gateway nodes to relay traffic from one cluster to another was developed. And finally, 
the trade-off analysis in selecting the GN location and cellular boundary has been presented. The 
solution easily adapts to iNET system by incorporating iNET chosen technologies to operate in 
multihop and single hop to form the MCMN. This will enhance throughput and extend coverage 
to OTH TAs in iNET. Finally, it is important to acknowledge the support provided by NAVAIR 
without which this work could not have happened. 
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ABSTRACT 

 

The focus of the integrated Network Enhanced Telemetry (iNET) project is to enhance the 

current telemetry technology (IRIG106) and still maintain the reliability of the current 

technology.  The Mixed Networking environment is composed of a wired network based on 

standard 802.11 and a modified wireless based on 802.11.  Determining the viability of the 

networking scheme within the iNET project is critical.  The QoS features such as delay and jitter 

are measures of performance specified by user conditions.  These QoS features are measured 

against current legacy links.  This paper will show a comparison of the three QoS levels (best 

effort, assured, and premium services) that the network provides and investigate QoS 

performance of the Mixed Network in the iNET environment.  This will provide a framework for 

assessing the strength and weakness of the Mixed Network as well as scoping further research.   
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INTRODUCTION 

 

The purpose of the iNET project is to create a networking framework that will allow the 

current IRIG (106) links, which are single one-way dedicated links, to be phased out in favor of a 

more network centric multiplexing approach.  The goal of the iNET project is to take the test 

range environment from the current one-way dedicated links to a more bandwidth efficient 

multiplexed approach, bring the Telemetry environment to a place that the commercial 

environment has thrived.  The technological advances of the military usually push the 

improvement of the commercial environment, but in terms of networking the military has been 

very cautious in making the conversion to network environment for a variety of security 

concerns. Commercial technologies are driving the development of more robust communication 

solutions for integrated networks.  
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This paper focuses on the development of a framework that can be used to ascertain the 

effectiveness of techniques on the overall performance of a system.  The purpose of this 

framework is rooted in information theory and will serve to bound both the contention and QoS 

problems into a single workable formulation that will show there interdependence.  This 

interdependence is a trade-off space that can be used compare the effectiveness of many different 

approaches.   This framework will be used to show the performance bound of the mixed network 

concept and provide insight into possible changes or modifications that could increase the 

network’s performance.  

 

CONTENTION 

 

Contention is a measure of competition for limited network resources.  In the Adhoc 

environment resource management is a very important task that is further complicated by the fact 

that there is no central controlling element to help the nodes communicate.  This lack of a 

controlling element has its strengths and weaknesses.  A great deal of research has gone into 

finding new and creative ways to deal with this issue [1] [2] [3].  The underlying contention issue 

stems from the fact that there is no getting around access limitations as shown by Choi [4] and as 

illustrated in figure 1. 

 

 

Figure 1 802.11 Channel Access 

 

The random backoff window used to avoid collisions in the adhoc environment leads to 

an increase in the wait time other nodes or streams have to wait to transmit data.  If you can find 

the  wait time, you can maximize the usability of the channel.  

 

QUALITY OF SERVICE 

 

Quality of Service (QoS) refers to the network’s ability to provide resources for real-time 

and non real-time applications.  The implementation of QoS over an Adhoc network has been 

researched extensively [5] [6]. The solutions for QoS have prompted additions to the 802.11 

architecture in the form of an extension 802.11e for QoS [7].  This extension is requires some 

kind of priority system to help improve the quality of services like voice and streaming video.  

QoS is a process by which different flows of traffic are tagged with markers that specify different 

service levels.  These different service policies indicate the level of priority with which the 

packets in the stream will be processed.  These service policies allow service providers to give a 

conditional level of QoS in an otherwise unreliable network structure.  Of course this service 

agreement is quite different for the standard QoS policies of wired networks in that there is no 

way to guarantee that there will be a source to destination path in a wireless adhoc network.   
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MIXED NETWORK MODEL 

 

The Mixed Network model is hybrid of the standard 802.11 network with a adhoc 

extension added to provide connectivity to users outside of the access point.  Figure 2 is an 

example of how the network might look. 

 

Figure 2 Mixed Network Model 

 

  The reason for the creation of this hybrid network can be found in the iNET Needs 

Discernment Study [9].  In that study, the proposed network has to satisfy curtain requirements 

for acceptance.  These requirements include the ability to provide some level of QoS, the 

capability to offer services over the horizon at reliably high data rates, and to facilitate 

bidirectional connections that are capable of supporting real-time and non-real-time data.  The 

issue of Contention vs. QoS was prompted by the previous work done by Babalola [10].  In his 

work he developed a two stage clustering algorithm that could be used to reconfigure the 

network as shown in figure 3. The proposed hybrid 802.11 architecture will provide a stable 

access point connected to the wired network as well as an adhoc extension that will allow over 

the horizon connectivity.   

 

Figure 3 Information theory representation of Mixed Network 
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Current work is aimed at providing a framework for characterizing the performance 

bounds of a network with both QoS and Contention.  The goal of this paper is to optimize the 

number of users that can share the same resource while providing a measure of QoS.  By 

optimizing the contention mechanism of a network one is able to achieve better efficiency as 

well as higher confidence level for the QoS policies.  This begins with an information theory 

analysis to show the relationship between Contention and QoS in terms of an information theory 

flow diagram. 

 

 

 

Figure 4 Flow Chart of the Mixed Network 

 

One assumes based on the previous figure, that contention and QoS are interdependent.  

Therefore, the relationship of the two measures is somehow dependant on some complex 

relationship between the two variables.  To make this analysis possible, certain assumptions have 

to made about the relationship of X, Y, Z as illustrated in figure 5.  The random variable X 

represents random binary data [1, 0]. The contention channel is modeled as a binary symmetric 

channel (BSC) with random variable Y as the output. The binary random variable Y is the output 

of the contention channel and the input to the Queue. This can also be represented as a binary 

symmetric channel with the binary random variable Z representing the output.  

 

 

Figure 5 Binary Symmetric Channel (BSC) Tandem Channel Diagram 

 

As shown below the relationship between X and Z can be developed as: 
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If however these networks are independent 
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 ,where the P(x) is the probability of the binary variable Xl, P(y/x) accounts for the 

probability of collision of the binary signal based on the traffic load, and P(z/y)accounts for  the 

probability of a buffer overrun. 

Using the binary symmetric channel allows the development of the channel capacity.  If 

we use the Shannon channel capacity theorem to find the maximum capacity 

as )),(( zxIMaxC = , where I(x, z) represent the Mutual Information between X and Z defined as:   

 

∑ 
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,where I(x,y) is the mutual information of the binary channel with respect to the 

contention for the channel, and I(y,z) is the mutual information of contention with respect to the 

probability of buffer overrun. 

To optimize the capacity of the binary channel you maximize the information values of 

the above equations and take the minimum value of the two.  The capacity of the channel is 

controlled by the minimum value of the maximum values of the two stated by Shannon’s channel 

capacity equation.  These equations would provide a comparative testbed that could be used to 

test the effectiveness of different combinations of both contention techniques and QOS 

requirements for different types of traffic.  The analysis of the different combinations could also 

lead to the formula for the interdependence of contention and QoS, which will be the basis for 

constructing an optimum network.  This network would optimize the amount of users with the 

required Quality of Service levels which would lead to better efficiency and higher data rates. 

 

 

RESULTS 

 

A simple program was written to calculate the capacity of  both contention and queuing. 

The contention is modeled as a slotted ALOHA channel where the throughput of the channel is 

easily represented as a function of the presented load on the network. Similarly the priority 

queuing can be modeled with a finite buffer length with  with Poisson traffic with 10 users per 

queue. The capacity of the binary symmetric channel can expressed simply as: 

 

C = 1 – H(p) 

,where H(p) represents the entropy of the probability of error. 

For good channel conditions for the contention channel, the probability of error is .5 

times the probability of a collision. Similarly for good channel conditions for the queuing case, 

the probability of error is .5 times the probability that a packet is dropped. Figure 5 shows the 

capacity of the contention channel and the queuing channel as a function of presented load for 

the conditions cited. These results demonstrate the strong dependence of throughput on the 

presented load of on the network for priority QoS traffic. The results in real networks will vary 

considerably. This approach however shows promise as a tool for evaluating performance of 

mixed networks.  
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CONCLUSION 

 

A mixed network solution for iNET as proposed will present significant issues for quality of 

service applications. The preliminary work here shows that models for contention and queuing 

will enable performance analysis to support this development. The throughput expression for 

contention and queuing shown here can now be used to evaluate various schemes. It remains to 

develop models for the delay associated with such schemes. Future work will develop models 

such that various design approached for contention and queuing can be evaluated and selected. In 

addition such measures may be used to organize the nodes in a mixed network 
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ABSTRACT 
 
While any vehicle that is typically part of a flight test campaign is heavily instrumented to 
validate its performance, long term vehicle health monitoring is performed by a significantly 
reduced number of sensors due to a number of issues including cost, weight and maintainability.   

The development and deployment of smart sensor buses has reached a time in which they can be 
integrated into a larger data acquisition system environment.  The benefits of these types of buses 
include a significant reduction in the amount of wiring and overall system complexity by placing 
the appropriate signal conditioners close to their respective sensors and providing data back over 
a common bus, that also provides a single power source. 

The use of a smart-sensor data collection bus, such as IntelliBus™1 or IEEE-1451, along with the 
continued miniaturization of signal conditioning devices, leads to the interesting possibility of 
permanently embedding data collection capabilities within a vehicle after the initial flight test 
effort has completed, providing long-term health-monitoring and diagnostic functionality that is 
not available today.  This paper will discuss the system considerations and the benefits of a smart 
sensor based system and how pieces can be transitioned from flight qualification to long-term 
vehicle health monitoring in production vehicles. 
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INTRODUCTION & FLIGHT TEST INSTRUMENTATION OVERVIEW 
 

During a traditional flight test effort, one or more prototype vehicles are heavily instrumented 
with a large number of sensors and supporting data acquisition systems to adequately 
gauge/certify the performance of the vehicle design.  Depending upon the vehicle and the 
characteristics that require validation, the associated complexity and costs of installing the 
necessary components can be quite high.  These test articles are traditionally instrumented using 
point-to-point wiring between analog transducers and signal conditioners installed within  

                                                 
1 IntelliBus is a registered trademark of The Boeing Company. 

 



centralized data acquisition units throughout the vehicle. The following pictures provide some 
examples of the wiring for a two different flight test scenarios. 

 

 
An extreme example of the wiring employed for 
a lab ground test system using rack-mounted 
patch panels. 

 

 
Once installed, the wire bundles appear neat 
and well organized.  However, what aren’t 
shown are the intermediate assembly and test 
steps that highlight the amount of time to 
complete this task. 

 

This additional weight, vehicle scarring and cabling complexity has been tolerated as a necessity 
for flight-test programs on a limited number of articles.   At the conclusion of the flight test 
program, all of the installed  hardware and wiring is either removed from the article prior to 
delivery or it is delivered to an end customer in its entirety as a dedicated test article.    

This paper proposes that via appropriate life-cycle planning the incorporation of an appropriate 
smart sensor bus technology, additional facilities may be incorporated in the flight test data 
acquisition system that may be later transitioned with minimal effort to a long-term health 
monitoring system for extended flight test and production applications on production vehicles.    
The advantages of performing extended measurements using the same transducers and signal 
conditioning as used during flight test validation provided additional benefits in data analysis and 
correlation. 

 
HEALTH SYSTEM MONITORING REQUIREMENTS 

 
 “Health monitoring systems typically consist of a variety of onboard sensors and data 
acquisition systems.  The data may be processed onboard the vehicle or on a ground station (or 
a combination of both) providing the means to measure against defined criteria and generate 
instructions for the maintenance staff and/or flight crew for intervention.”2      These systems can 

                                                 
2 Health and Usage Monitoring Systems (HUMS) R&D; Le, Dy, FAA Airport and Aircraft Safety R&D Division 
http:///aar400.tc.faa.gov/Programs/AgingAircraft/rotorcraft/HUMS.htm  

 

http:///aar400.tc.faa.gov/Programs/AgingAircraft/rotorcraft/HUMS.htm


provide users with invaluable real time data on imminent failures of critical hardware 
components that would require immediate intervention.    

These systems additionally provide maintenance crews and original equipment manufacturers, 
such as engine vendors, with valuable predictive trend data to conduct preventative maintenance 
tasks when required on the vehicle as opposed to under pre-defined schedule assumptions.    

The final benefit, which is specifically highlighted in the DOT report, specifically notes that 
reliance upon estimated worst-case fatigue life calculations based upon certification testing 
rather than observed or measured data results in earlier vehicle retirement.  Specifically, “a 
potential benefit from usage monitoring is part retirement extension if the actual usage severity 
is milder than the basis for certification.” 3

To assist in this goal, the primary responsibility of the HUMS system is to monitor sensors and 
provide measurement data over a vehicle’s life span to allow the maintenance organization to 
monitor the vehicle’s health and determine when action is necessary to either perform equipment 
repair or retire the vehicle. 

 

SMART SENSOR BUS TECHNOLOGY 
 

A variety of “smart-sensor” technologies have been developed and are being slowly introduced 
and integrated into the flight test instrumentation application.  The top-level concept of the 
smart-sensor technology is based upon two specific properties: 

• Placing the required signal conditioning (modules) as close as possible to each sensor 
• Having multiple signal conditioning modules communicate with a master/controller over a 

single (wired or unwired) link. 
 
Without any other considerations, simply meeting both of these items provide immediate cost 
and schedule benefits by reducing the amount of wiring necessary to obtain the sensor data that 
has been requested.   

IntelliBus is one such smart-sensor bus technology.  This technology, developed by The Boeing 
Company to reduce the complexity of distributed data acquisition systems, allows up to 511 
IntelliBus interface modules (IBIMs) to be placed on a single bus.  It uses a high-speed RS-485 
based network bus that allows multiple sensors to be controlled on a single shared 
communications and power link, resulting in reduced complexity, cost and weight in the 
installation of a data acquisition system.    

                                                 
3 Continued Evaluation and Spectrum Development of a Health and Usage Monitoring System, Office of Aviation Research Final 
Report DOT/FAA/AR-04/6 May 2004 

 



 
STANDALONE DATA ACQUISITION SYSTEM OVERVIEW  

 
In the traditional data acquisition system, a formatter/controller executes a commutation list (a 
program consisting of a variety of instructions) that results in acquisition commands being issued 
to specific channel addresses.  The responses to these commands are data words that must be 
returned to the formatter within a specific time period.  The unit (known as a Data Acquisition 
Unit or DAU) is comprised of one or many signal conditioning modules, where each module is 
responsible for all facets of the application specific input processing, including sampling, 
filtering and any custom number system formatting that may be required. 
 
The entire data acquisition system may be a single standalone DAU, or can be comprised of 
additional DAU remotes that are placed in strategic positions throughout the vehicle to assist in 
organizing the physical layout of the equipment and wiring.  Figure 1 provides a graphical view 
of how such a distributed data acquisition could be organized.  Depending upon the vehicle being 
instrumented and the space available, the wiring between the sensors and the data acquisition 
system signal conditioners could require short or long runs. 

 
 

 
Figure 1 Traditional Data Acquisition System 

 



 

INTEGRATED NETDAS & INTELLIBUS NETWORK 
 

L-3 Communications Telemetry East’s NetDAS stackable DAU provides all of the capabilities 
necessary to support the functional requirements of the traditional distributed data acquisition 
system.  To augment the performance of NetDAS and to address other program 
requirements/goals for smaller footprint, reduced weight or reduced complexity, one or more 
IntelliBus links may be added to the data acquisition system architecture.   To include this 
capability, one or more IntelliBus interface modules (TENIC) that “co-ordinates” TEBus-
IntelliBus accesses are incorporated into the existing NetDAS configuration. 
 
With this integrated solution, up to 500 additional sensors can be accommodated per IntelliBus 
link and separately, some of the NetDAS signal conditioning input modules can be replaced by 
their IBIM counterparts, resulting in a size reduction (or elimination) of one or more of the 
traditional DAUs.   From the standpoint of the NetDAS NDC system controller , its commutation 
list will only have minor changes, if any are required at all, as the formatter simply collects data 
from addresses that represent the specific input channels.  Figure 3 provides a diagram of how 
the NetDAS and IntelliBus components would be interfaced. 
 

In this configuration, the NetDAS TENIC has the responsibility of collecting data from the 
IBIMs and making it available at the time of the associated data acquisition command.  To 
accomplish this task, the TENIC synchronizes the start of its schedule to the detection of the 
frame pulses that are generated by the NDC.  This synchronization will allow the TENIC to 
execute the necessary IntelliBus commands to retrieve data from the specified IBIM channel at 
the required time. 
 

 
 

Figure 3 Integrated NetDAS-IntelliBus System 

 
PLANNING FOR & INCORPORATING HUMS 

 



 
The combined functionality of the traditional distributed data acquisition system and smart-
sensor network allows the instrumentation engineer and flight engineer to employ the synergistic 
technologies to address short and long term goals.  The main detail that needs to be determined / 
agreed upon is whether the HUMS components are to be an integral part of the flight 
instrumentation package or a separate standalone system. 
 
• Integrated.  In this configuration the HUMS equipment is controlled and accessed by the 

system master, not unlike the other remotes of the traditional data acquisition system.  In this 
configuration, data from the HUMS is synchronized so that measurements can be correlated 
against others from the DAS. 

 
• Standalone. In this configuration, the HUMS equipment is a standalone system that either 

provides its data separately to the instrumentation and flight engineers, or provides a data 
stream that is merged by the traditional data acquisition system into a single composite 
product.  In this configuration, the HUMS and DAS are typically running asynchronously, 
which reduces the ability to correlate data between the two systems.  There are methods that 
can be employed that allow for finer correlation of data if needed, albeit at the cost of 
somewhat higher overall system complexity and/or higher bandwidth requirements (e.g. 
oversampling). 

 
In either case, the benefit of planning for and installing the HUMS components at the beginning 
of the flight test is that it allows the installation team to validate the performance of the 
equipment against the reference that the DAS provides, rather than beginning the effort 
afterwards. 
 
The standalone HUMS installation method provides other additional benefits over the integrated 
method: 
 
• It minimizes de-installation/reconfiguration (on the vehicle(s) under test) upon the 

completion of the flight test, as the HUMS is already essentially a standalone unit, whereas 
the integrated method may require reprogramming and cabling modifications to change the 
units behavior.     

 
• The HUMS unit in the vehicles used for flight test should be identical in configuration and 

operation to those installed in production vehicles.  
 

EXAMPLE HUMS SYSTEM 
 
In the HUMS system that is predicated upon sensor-bus technology, the NetDAS system is the 
central point for overall system control and data distribution.   Figure 4 shows an example 
system, in which signal conditioning is performed by a number of IntelliBus IBIM modules that 
are connected to a single NetDAS TENIC module (that provides two independent IntelliBus 
links), with the remainder of the NetDAS modules creating various output data products for the 
user: 
 

 



• Real-time PCM.  Would be used in flight test environment to provide data that would be 
merged into the traditional DAS via a PCM merger card.  Would not be needed in typical 
operational usage, but could be beneficial for validation of later upgrade/recertification 
efforts. 

 
• Network Interface.  Would be used the primary setup and control interface, and could 

provide various data products to the host avionics over a standard network connection. 
 
• DDR. Recorder for storage of data acquired during the flight.  Would incorporate removable 

media to allow for quick access to the stored data upon completion of the flight.   
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Figure 4 Integrated NetDAS-IntelliBus System/HUMS Configuration 

 
COST BENEFITS 

 
There are several benefits of leveraging a smart sensor bus based health monitoring system that 
shares commonality with the original flight test instrumentation, which have a significant affect 
upon the life-cycle costs of  a vehicle design.  These benefits can be broken down into four major 
categories: 
 
• Development Cost Benefits.  By leveraging existing COTS flight test instrumentation, the 

development costs normally associated with outfitting an aircraft program specific HUMS 
system with custom signal conditioning, encoding and transport can be greatly minimized.   
Additionally, since the input signal types are similar, if not identical, to those used for flight 
test, incremental NRE for module development can be avoided. 

 
• Installation Cost Benefits. The most pragmatic benefit of implementing a smart sensor bus 

technology like IntelliBus is the dramatic reduction in the amount, complexity and sheer 

 



weight of cabling that is required to outfit a test article and interface from transducers to 
signal conditioners.  These amounts can range from reductions of 100’s to 1000’s of feet of 
wire length and 100’s to 1000’s of pounds of cable weight.  Further, small form factor signal 
conditioning products have been developed that may be attached directly to the vehicle 
structure, reducing the amount of installation time and minimizing the damage/scarring to the 
aircraft to mount gear for flight-testing. 

   
• Support Cost Benefits.  Supporting a flight test or HUMS design can be a time consuming 

and expensive proposition.  Utilizing a smart-sensor based system can greatly improve 
supportability of the data acquisition system as a whole.    Smart sensor approaches generally 
provide greater diagnostic capabilities through the use of plug-and-play architectures that 
supply functionality to isolate faults and locate specific modules and measurements.    The 
simplified wiring approach of the bus during installation also provides far greater ease of 
support    If a bad measurement or unit is found, replacement may be performed by removing 
an individual signal conditioner module from the bus and the vehicle and plugging in a new 
one to the smart sensor bus then gluing it down with epoxy.  

 
• Application Benefits.  Finally, the application benefits of the long-term health monitoring 

system must be reiterated.    No one would argue the enormous benefits of isolating an 
imminent component or structural failure that could possibly result in fatalities.  The 
predictive power of HUMS to provide flight maintenance and subsystem manufacturers with 
preventative maintenance priorities are also a well understood benefit of implementing these 
technologies.   And the converse is true also – the  advantage of identifying parts that have 
not expended their predicted service life actually can also reduce maintenance costs for 
vehicles employing these technologies.    

 
CONCLUSION 

 
This paper has shown that including considerations for HUMS capabilities during all phases of a 
vehicle design life-cycle provides a wide spectrum of cost and technical benefits.  Specifically, 
by planning for, and initiating the incorporation of a smart-sensor based HUMS during the flight-
test phase, the instrumentation engineer can take advantage of the unit to either provide 
additional test data or to reduce the overall installation effort.  
 
Separately, production (air) vehicles have had “black boxes” (Flight Data Recorders) installed 
for a number of years to supply data in the event of an accident that requires thorough 
investigation.  The FDR provides this functionality by monitoring and recording information 
from the aircraft’s avionics system/bus associated with normal operation of the vehicle.  
However, it provides little information relative to the long-term health of the vehicle. The 
inclusion of a smart-sensor based HUMS system would address this specific need, using the 
same configuration as that for the flight-test phase and ensure consistency between the two inter-
related efforts.  
 
Much of the life-expectancy calculations for a vehicle design are predicated upon a combination 
of empirical data, and analysis and computer modeling which must be based upon expected 
worst-case conditions.  By providing (near) real-time to maintenance organization, an additional 

 



small footprint HUMS has been shown to provide immeasurable benefits including extending the 
life of a vehicle or identifying, via trend analysis, a problem in its infancy.  In addition, the use of 
a standard network interface would allow the unit to contribute to the data provided to the crew 
during operation and also could be included in the FDR product if possible/desired. 
 
The installation and operation costs of the HUMS systems would be insignificant, especially 
when compared to either retiring a vehicle too soon or alternatively, leaving a vehicle in service 
for too long.  From an operational standpoint, the operational process would be to simply retrieve 
data after each flight by either extracting the removable storage device or by transferring the data 
over a network pipe to a host server.  In either case, the data is then available for archiving or for 
maintenance trend analysis and failure detection. 
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ABSTRACT 
 

Industrial wireless sensor networks can be designed to meet the strict requirements of specific 
distributed applications.  Emerging standards have enabled the development of low-cost, low-
power sensor nodes that are quickly becoming a commodity, enabling the realization of efficient 
and reliable data acquisition and telemetry in many systems.  Moreover, new and exciting 
possibilities arise from the distributed computing power of the sensor nodes, the ability to 
monitor and aggregate data across large arrays of sensors, and the ability to model dynamic and 
rugged environments that were previously beyond the reach of traditional data acquisition and 
telemetry systems. 
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WIRELESS SENSOR NETWORK RESEARCH IN SPECIFIC APPLICATIONS 
 

Wireless Sensor Networks (WSNs) are composed of micro electro-mechanical systems that 
communicate wirelessly with each other over short distances.  A large number of these systems 
are combined in a field to allow the coordinated transmission of data collected using on-board 
sensors.  These networks are characterized by their low power operation in providing data 
acquisition in response to user queries or pre-defined events.  Transmissions are typically 
broadcast in nature, yielding low-overhead operation due to their low cost and small size.  As a 
result, many considerations for application-specific design are addressed due to the large 
number, high density, mobility, low power operation, limited memory, computational power, and 
wireless communication of the networks of sensor nodes [Akyildiz]. 

Research in the last several years has shown that WSN technology can be applied to a variety of 
applications.  Southwest Research Institute (SwRI®) has capabilities to combine active radio 
frequency (RF) techniques with traditional network probing for network mapping and 
geolocation.  SwRI has also demonstrated the capability to employ standard WSN techniques for 
remote data acquisition using custom hardware in ruggedized applications for environmental 
monitoring and underwater mapping. 

SwRI has researched the use of WSNs in the assessment of natural hazards such as volcanism, 
earthquakes, and mass landslides (Figure 1 and Figure 2).  These scenarios call upon 
geoscientists to rapidly deploy instruments to characterize these earth processes, often with little 
lead-time and in dangerous working conditions.  SwRI has shown that WSN technology has the 
potential to redefine the approach to characterization of earth processes by developing a WSN 
with a radar-like differential range measurement system. The system uses estimated ranges 
between radios operating as cooperative radar targets to generate a map of the surrounding 
terrain.  With features such as inexpensive and expendable sensors deployed in large numbers, 
the ability to deploy sensors in a range of modes including aerial scattering from aircraft, three 
dimensional positioning of sensors, and remote reconfigurability, SwRI has found that WSNs 
show excellent potential for applications of earth process characterization and hazard mitigation. 
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Figure 1.  Landslide Assessment using WSN in Salmon Falls, Idaho 
 

 

Figure 2.  WSN for Continuous Wave Phase Measurement for High-Precision Distance Measurement 
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A research effort was recently undertaken by SwRI to develop and demonstrate an inexpensive, 
neutrally buoyant sensor node technology for measuring velocity, pathway traveled, and conduit 
size observed by sensors that float with water conveyed via a karst conduit (Figure 3).   A WSN 
is formed between mobile sensor nodes emplaced in conduits and stationary sink nodes located 
at sinkholes and wells along the conduit. The sensors are instrumented to record velocity and 
path, with ultra-sound sensors to measure conduit dimensions, and with transponders that emit a 
signal when they exit the spring.  The sensors also employ mapping and data cataloguing 
techniques that allow them to store large amounts of data in small amounts of memory from 
relatively few readings extending the travel time capabilities of the sensors.  This proposed 
method for the mapping, characterization, and analysis of karst aquifers illustrates the ability to 
design WSNs to specific applications that would otherwise be costly and extremely dangerous 
when using traditional methods. 
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Figure 3.  Karst Aquifer Mapping with Underwater Sensor Nodes 
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In a Defense Advanced Research Projects Agency (DARPA)-funded research effort, SwRI 
developed a prototype system to demonstrate the feasibility of utilizing unmanned aerial vehicles 
(UAVs) in a cooperative manner to increase accuracy in the location of targets of interest (Figure 
4).  Drawing on expertise in WSNs, cooperative systems, path planning, and time difference of 
arrival (TDOA) algorithms, SwRI utilized RF modeling of the area of interest in order to deduce 
handheld communication device emitter locations.  The model was initially seeded with a three-
dimensional model of the anticipated network and RF environment.  Subsequently, battery-
powered helicopter units were tasked to verify and refine the understanding concerning the RF 
propagation and the precise emitter locations.  Related methods could be used to traverse WSNs 
based on other standard protocols. 

 

Figure 4.  UAV Location of Targets of Interest 
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UTILIZING WIRELESS SENSOR TECHNOLOGY IN NETWORKED DATA 
ACQUISITION AND TELEMETRY 

 
SwRI has demonstrated the capability to create a network-enhanced data acquisition and 
telemetry system for the testing and evaluation of airborne vehicles (Figure 5).  Through this 
project, a vehicle network was designed and employed to collect data from various data 
acquisition units (DAUs) and telemeter a subset of the data to a ground network.  The system 
also provided recording and dynamic data selection capabilities.  An analogous data acquisition 
and telemetry architecture is being developed in the emerging iNET (integrated Network-
Enhanced Telemetry) efforts. 

 

Figure 5.  Network-Enhanced Data Acquisition and Telemetry System 
 
This system is easily extensible to include data acquisition via WSNs in hazardous and 
inaccessible locations of the vehicle and its surrounding environment.  This is realized with 
additional DAU hardware serving as a gateway to sensor networks in the system.  Data is sent 
through the network using the customary method of the DAU selecting a subset of the data for 
encapsulation and transmission on the airborne network using standard data protocols and 
formats.  Moreover, additional data processing, selection, and aggregation is possible within the 
WSN before reaching the DAU. 

Robust protocols and accessible hardware are available for utilization in WSNs to support such 
data acquisition and telemetry systems.  The most predominant standard for the use of smart 
sensors to interface a network system is the Institute of Electrical and Electronics Engineers 
(IEEE) 1451 standard.  IEEE 1451 defines a family of Smart Transducer Interface (STI) 
standards that permit systems to automatically identify sensors and obtain their calibration and 
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operating parameters.  The proliferation of IEEE 1451 allows the connection of plug-and-play 
sensor devices to a network-enhanced data acquisition and telemetry system.  With some 
additional effort, application-specific WSNs can be designed to interface these systems using 
currently available technology such as Crossbow’s wireless sensor node hardware platforms 
(www.xbow.com). 

With the commoditization of WSN hardware, new applications can be realized in data 
acquisition and telemetry systems.  Protocols are currently implemented in available wireless 
sensor hardware to allow the addition of low-cost, low-power, reliable data acquisition networks 
to current data acquisition and telemetry systems.  Distributed data acquisition on test vehicles 
can be designed with the ability to monitor and aggregate data across large arrays of sensors.  
This allows the ability to monitor harsh environments previously inaccessible by traditional data 
acquisition and telemetry systems.   
 
Whereas previous systems required countless cables for bus transmission, network 
communication, and power, fields of sensors can now be deployed over the entire body of test 
vehicles without the addition of cable weight.  The ad-hoc routing from the sensors to the data 
sink also eliminates the need for additional communication switches in the network.  
Additionally, failure of a single sensor node is not mission-critical, as neighboring nodes in the 
dense fields of sensors can collect data in the area and effectively route around malfunctioning 
nodes.  Finally, data acquisition sensors can be planned for long-term deployment on in-service 
systems.  Power-efficient wireless sensor networks can be designed with inductive coupling to 
draw power wirelessly from the vehicle system or with energy sources that last the lifetime of the 
test vehicle. 
 
 

CONCLUSION 
 
In conclusion, we see that the current state of the art of WSNs provides a hint to future data 
acquisition and telemetry applications that lie ahead.  We have shown that current wireless 
sensor network technology can be tailored to a variety of applications including the telemetry of 
fields of data from inaccessible environments for widespread assessment of natural hazards, the 
use of computing power on waterproof sensor nodes to dynamically model and remotely report 
data about karst aquifers, and even the RF modeling and telemetry of large environments by 
unmanned aerial vehicles to locate targets of interest.  These applications are just a cross-section 
of the capabilities offered by wireless sensor networking.  When considering the use of wireless 
sensor technologies in the emerging wave of network-enhanced data acquisition and telemetry 
systems, we can realize a new suite of applications allowing the remote monitoring of fields of 
interest on test articles.  The strict requirements of these applications can be met using low-cost, 
low-power, computationally powerful sensor nodes for the collection and aggregation of data 
across large arrays of sensors deployed in dynamic and rugged environments previously beyond 
our reach. 
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ABSTRACT 
 

Network-based instrumentation systems are rapidly replacing traditional fixed serial 
interconnected instrumentation in both commercial and military flight test environments.  
Modern network-based flight test systems are composed of large numbers of devices including 
high-speed network switches, data acquisition devices, recorders, telemetry interfaces, and 
wireless network transceivers, all of which must be managed in a coordinated fashion. 
Management of the network system includes configuring, controlling, and monitoring the health 
and status of the various devices.  Configuration by hand is not a realistic option, so algorithms 
for automatic management must be implemented to make these systems economical and 
practical.  This paper describes the issues that must be addressed for managing network-based 
flight test systems and describes a network management approach that was developed and 
employed to manage a large-scale network-based flight test system. 
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INTRODUCTION 
 

Networks, both wired and wireless, are beginning to become commonplace as replacements for, 
or alongside, traditional fixed serial interconnects and telemetry streams in flight test systems.  
Both commercial and military flight tests will soon rely heavily on networks to interconnect and 
carry data between the devices on test articles, as well as between the test articles and ground 
stations.   
 
Network management is an overloaded term; some believe it to include only the configuration, 
control, and monitoring of the network devices themselves (network switches, their 
interconnections, telemetry end points, and wireless network transceivers).  The end-node 
devices (data acquisition units, solid state recorders, analysis applications) are often thought of as 
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being managed separately from the devices that interconnect them.  However, having an 
operational network by itself does not solve the difficult problems that must be addressed in 
order for a flight test system to function correctly any more than having an Ethernet network in a 
bank creates a financial accounting system.  A flight test system is made up of many devices and 
applications which, when configured and integrated together, form a complete system for 
acquisition, recording, and analysis of flight test data.  Moreover, the tight timing constraints 
required of the network by flight test applications make it necessary to utilize appropriate 
technologies (e.g. IEEE 1588 time synchronization, IGMP snooping, and UDP multicast), and to 
optimize the integration of the end nodes and the applications that run on them with the network.  
It is advisable, if not necessary, for the network and the end node devices to be configured, 
controlled, and monitored together as a whole.  A system-level, or holistic approach, toward 
managing a network-based flight test system is recommended. 
 
The issues that must be addressed in order to manage a network-based flight test system can be 
categorized into system configuration, and system control and monitoring.  The following 
sections describe the issues in each of these categories and describe recommended approaches 
that have been developed through experience in developing, integrating, and deploying network-
based flight test systems. 
 
 

SYSTEM CONFIGURATION 
 

Configuration includes network address assignment, network resource assignment for both the 
wired and wireless portions of the network, network topology and device discovery, end-node 
device and application configuration, and security administration. 

Network Address Assignment 
 
There are two competing methods of network address assignment: static and dynamic.  
Assignment of fixed IP addresses has become somewhat rare in most networks.  Utilizing 
dynamic IP address assignment (e.g. DHCP) provides a far more flexible network configuration, 
requires less user intervention when a system is plugged into a network, and allows devices to 
become more mobile.  A major drawback of using dynamic IP network assignment in flight test 
systems is startup time.  A DHCP server must be up and running when the end nodes make 
requests for addresses.  Power losses and resets occur commonly in some flight test 
environments, and if DHCP is used for address assignment, the transmitting and recording of 
data will be delayed until the DHCP server is booted and the end nodes have acquired addresses.  
Assigning fixed IP addresses to all devices a priori allows transmitting and recording of data to 
begin far more quickly across a power outage or system reset.  The tradeoff is that using fixed IP 
addressing reduces flexibility and drives a test organization to put effort into building up a 
process for administering the assignment of IP addresses to physical devices.  However, if the 
test application requires that data be acquired and recorded very quickly (e.g. within low tens of 
seconds) after a power loss or system reset, then the fixed IP address assignment is more prudent.  
It may be possible to create a dynamic address assignment method that exhibits lower startup 
times, but the desire to use standard services and protocols along with the need for quick system 
startup drives some network-based flight test designs toward static IP address assignment. 
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Network Resource Assignment 

Wired Network Resources 
Network-based flight test systems often have large amounts of data (e.g. many measurements, 
streaming video) being sent from many sources to more than one recipient.  In this case, 
transporting the data with TCP/IP unicast is non-practical, as that would cause a separate copy of 
the data to be sent to each recipient.  This would be a waste of network resources and would be 
difficult to manage. 
 
The alternative approach is to use UDP/IP multicast for transmission of data across the network, 
as it is more efficient for delivering data to many locations on a network. Multicasting creates 
each recipient's copy of the data at a point as close to that recipient as possible, thus minimizing 
the extra bandwidth consumed.  Multicast is the most prudent approach for transferring high-rate 
data in flight test networks.  Utilizing IGMP and multicast will prevent the data from being 
transmitted across network links where the data has not been requested, preventing network 
devices, data acquisition devices, and applications from being overwhelmed with high bandwidth 
data transmission (hundreds of Mbits/sec).  The multicast approach requires that multicast 
addresses be assigned to data streams in an intelligent manner with the knowledge of the 
estimated data rates, the network topology, and the source, sinks and routes of the data.  
Managing the number of multicast addresses is important; too many multicast addresses can 
cause network switch performance and data sink IP stack performance to degrade.  Too few 
multicast addresses can cause the data on each multicast address to have a higher rate than the 
data sink applications can handle.  The multicast algorithm has to balance the number of 
addresses and the expected data rates against the network topology, data routes, and data sink 
properties.  We have developed methods to allocate multicast addresses to a large number of data 
sources in a way that balances the conflicting requirements. 

Wireless Network Resources 
In addition to the same parameters monitored and controlled for a wired network, the system-
level network management approach has to handle a variety of additional parameters when 
wireless networks of various forms are introduced into the test system.  Since wireless networks 
can take various forms, including short-range sensor networks on the test article up to long-range 
network-based telemetry links between the ground station and test articles, the network 
management system should be flexible and extensible to handle these various needs.  For sensor 
networks, the functions required of the network management system likely will only involve 
initial static configuration of addressing and topology parameters.  On the other hand, emerging 
long-range wireless network telemetry links require significantly more extensive and dynamic 
capabilities of the network management system to achieve their full potential.  Whereas current 
fixed, one-way, PCM telemetry links only require initial setup and configuration with a 
predefined operating frequency, waveform, power, etc., fully networked, two-way, shared access 
telemetry systems, such as that being envisioned by the iNET program, have much more 
configuration flexibility, complexity, and dynamics. 
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For such wireless networks, the quantities that must be managed can include the frequency 
bands, the wireless waveforms, Time Division Multiple Access (TDMA) time slots, CDMA 
spreading codes, Forward Error Correction (FEC) parameters, and spatial parameters such as 
direction, beam width, and power.  Unlike current fixed telemetry links, all of these parameters 
can and should be evolved dynamically during test operation to maximize utilization of the 
network. 

Network Topology and Device Discovery 
Flight test systems include test articles, telemetry streams, and ground stations.  The test article 
and ground stations are typically wired networks.  The test article networks include data 
acquisition units, solid state recorders, telemetry transmitters, network switches, and wireless 
network transceivers, among other devices.  The ground station networks include telemetry 
receivers, network switches, wireless network transceivers, and analysis computers.  The 
telemetry endpoints and wireless network transceivers glue the wired test article and ground 
station networks together wirelessly. 
 
For tests of reasonable scale, the test article and the ground station networks tend to include tens 
of wired network nodes each.  The number of devices that must be managed scales with the 
number of test articles involved in the test, and in some scenarios, test articles may cross range 
boundaries during the test.  With a large number of devices being managed, and multiple ground 
stations and test articles involved, the task of coordinating the device and network configuration 
becomes complex.  Methods of automatically determining what devices are present and how they 
are connected in test article and ground station networks are required to make this task feasible.  
Algorithms for discovering and keeping track of what devices are currently attached to the 
wireless network are also required, as test articles may join and leave a test network as they cross 
range boundaries. 
 
Methods for discovering the devices and network topology in wired networks exist and have 
been proven in flight test environments.  The methods leverage technologies such as TCP/IP 
sockets and broadcast ping, as well as Simple Network Management Protocol (SNMP).  Methods 
for discovering the wireless network topology are less mature.  Ad-hoc networking techniques 
exist that are based on commercially-available wireless technologies such as Bluetooth 
(802.15.1) and WiFi (802.11a/b/g).  However, the flight test applications have special 
requirements for wireless link performance (large distances, low azimuth angles, high Doppler 
effects, and low bit error rate requirements), and for security.  These drive the community toward 
utilization of non-standard wireless protocols for which custom network formation and discovery 
algorithms must be developed.  Research is required in this area to determine a robust method of 
discovering the topology of the wireless flight test networks with custom links and protocols. 

End-node Device and Application Configuration 
The end-node devices and applications should be configured in coordination with the network 
devices.  For instance, suppose a test configuration specifies that a set of measurements be 
recorded and monitored.  The measurements are generated from data acquired from multiple data 
sources that are connected to different locations on the test article wired network.  The 
configuration information describes many aspects of the measurements: which data is to be 
acquired, which devices will acquire the data, at what rate the data will be acquired, any 
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transformations that may be applied to the data (e.g. gains and offsets), how measurement values 
are to be calculated from the data, the identifiers for the measurements, how the data is to be 
either placed in a data stream or packetized, and to which devices the data is to be routed.  The 
configuration information may also describe the physical interconnections of the acquisition 
devices to the network and network topology. 
 
The task at hand is to ensure that the devices that acquire, record, telemeter, and analyze the 
measurements all have the same information and have coordinated configuration such that the 
data is captured, converted to measurements, and routed through the network to the appropriate 
devices and applications, and that the devices and applications are received in the correct format 
and with the required timing.  The journey of measurements from sources to sinks includes many 
transitions and transformations, and the devices along the path need to be configured with the 
same notion of the measurements to make it happen. 
 
System management should consider the configuration of source, network, and sink devices and 
applications from a centralized mechanism and from a common test database.  This requires a 
common test configuration language (sometimes referred to as meta-data) be developed and 
standardized, and that this language include the notion of acquired data elements, the 
transformations that are performed to create measurements, the network formats (telemetry 
streams and packet structures), the details of the physical devices, the network topology, and also 
aspects of the various applications that will be used to analyze the data.  Previous work in flight 
test has shown that such languages can be crucial to success in system integration, particularly in 
configuration.  This experience can now be leveraged to create standards and common 
applications for configuration of network-based flight test systems. 

Security Administration 
 
Flight test applications often require the use of various security measures to guard system data 
and control channels.  Data can be protected by various encryption methods (along with any 
applicable key management), while strong multi-factor user authentication and role-based 
authorization can shore up control channels.  Effective management of security components such 
as encryption devices and security keys, as well as providing for network-level authorization and 
authentication, has proven extremely tedious and cumbersome.  Indeed, many programs (e.g the 
Joint Tactical Radio Systems program) have struggled with crafting a security strategy that is 
effective without being unwieldy. 
 
In light of this, systems wishing to deploy security measures can significantly benefit from a 
centralized and automated configuration strategy similar to that discussed throughout this paper.  
But the specific problem set of handling security administration has many unique considerations 
that make it difficult to sufficiently automate without reducing the efficacy of the security 
measures.  Achieving success in this arena requires careful planning and cunning execution in 
linking together existing technologies with deployment and administrative strategies.  Key to this 
is the use of standard interfaces, common APIs, and technologies that have been proven effective 
and have been thoroughly vetted by experts in the security community at large.  Further research 
in this area is needed. 
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SYSTEM CONTROL AND MONITORING 

 
Control includes enabling and disabling of data acquisition, recording, and network devices, as 
well as starting and stopping the recording of data.  It also includes wireless network control 
(control of frequency, modulation, and transmit power, pointing antennas, etc).  In order for this 
to be successful, the control of the wired and wireless devices must be centrally coordinated, 
along with the health and status monitoring functions such that the system can be reconfigured 
and continue to operate (perhaps in a degraded fashion) in the event of point failures. 
 
Health and Status Monitoring 
 
It is crucial for an effective management system to be able to monitor the health and status of a 
network.  This requires a management strategy to not only have access to detailed information on 
all system components, but also to collect, organize, and display this information in a clear and 
effective manner.  In all but the most trivial of systems, the amount of status information that is 
required to allow for necessary status monitoring and system troubleshooting would be 
overwhelming if dumped en masse to an operator.  In most cases, this requires creating display 
screens that rely upon hierarchical relationships of data to provide an intuitive and concise 
information system.  Furthermore, it is often desirable for the management system to facilitate a 
method for recording this digested system health and status information alongside the data so 
that it is available when post-processing the results. 
 
Our experience shows that developing an integrated approach toward monitoring the health and 
status of the network and the devices attached to it is beneficial to the successful integration and 
deployment of large-scale network-based flight test systems.  This should include both the wired 
and wireless networks.  Hierarchy in the monitoring view is mandatory, as these complex 
networks can overwhelm even experienced users with the level of health and status information 
that can be made available.  The system should show what is important so the information at the 
various hierarchical layers can be digested for quick understanding. 
 
Fault Handling 
 
Going hand-in-hand with health and status monitoring is the handling of various fault conditions 
that can arise during system operation.  Not only should a management system be able to collect 
system information, it should also be capable of interpreting the data in order to ascertain when 
an anomaly has occurred or the system needs attention.  When these events are observed, the 
management system should, at a minimum, display the error condition in its monitoring displays.  
Such detected anomalies could be included in a critical system monitor display that shows the 
most crucial run-time status information for a system.  Depending on the system type and 
possible error conditions, the management system can also have the capability to automatically 
take an appropriate action (i.e. issue control commands that will correct the fault, or reconfigure 
portions of the network to allow continued operations in spite of the failure). 
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SYSTEM MANAGEMENT APPROACH 
 

SwRI has demonstrated the capability to create a network-based data acquisition and telemetry 
system for the testing and evaluation of aircraft.  SwRI has worked as the system integrator on a 
multi-vendor project that designed and developed a vehicle network to collect data from various 
data acquisition units (DAUs), distribute the collected data to solid state recording devices and 
analysis systems, and telemeter data to a ground network.  The system records all acquired data 
and provides for the dynamic data selection of data of interest for analysis.  An analogous data 
acquisition and telemetry architecture is being developed in the emerging integrated Network-
Enhanced Telemetry (iNET) program, which will also provide network links to the ground 
station and develop architectural standards for network-based flight test.  Our experience in 
integrating and managing network-based flight test systems provides a unique perspective for 
how best to manage these systems.  What we have learned is that in order to make the 
coordinated management of large-scale flight test systems feasible, a holistic approach is 
required. 
 
Figure 1 shows a representative layout of a medium scale test article network that is part of a 
flight test system. A centralized application, the “system manager,” performs system 
management and discovers, configures, controls, and monitors the devices on the test article.  
The application utilizes TCP/IP broadcast ping and SNMP interfaces in these tasks.  The “system 
status display” is an application that provides user interfaces for viewing test data and status 
information as well as for configuring and controlling the network system.  The test data 
collected from the DAU devices is transported across the network and captured by the recorder.  
A subset of the data is encrypted and telemetered to a ground station.  
 
Figure 2 shows an abstract view of the types of services that run on the system manager.  The 
“Network Discovery Service” identifies devices attached to the test network and determines their 
type, configuration, and function in the test being performed.  The “Multicast Configuration 
Service” executes the constraint balancing algorithm and allocates multicast addresses to the data 
streams.  The IEEE 1588 "Time Sync Service” synchronizes the System Manager with network 
time.  The “Network Configuration Service” configures the network devices, as well as the 
DAU, solid state recorder, and telemetry devices.  The “Status Monitoring Service” collects 
health and status data from the various devices, manages faults in the system, and reports the 
overall status of the system. 
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Figure 1: Management View of a Test Article Network 

 
 

 
 

Figure 2: Services Required for System Manager 
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In order to implement the integrated and holistic system management approach described, there 
are many factors that must be addressed.  To make it economically feasible and viable over the 
long-term, standard interfaces to devices and a common metadata language are required.  To be 
successful, it is important for the flight test organization and the various vendors to work 
together to develop standards appropriate for the application, and our experience has shown this 
can be done.  In the broader military flight test world, developing standards for interfaces and 
metadata languages may be challenging, but we believe it is absolutely critical to the successful 
deployment of networking into military flight test. 
 
 

CONCLUSIONS 
 

Network-based technology is the future for flight test systems.  Both wired and wireless 
networks will become commonplace in commercial and military flight test.  Management of 
network-based flight test systems requires more than simply configuring the network devices 
such as switches and wireless modems.  The complexity of these systems requires an integrated 
approach toward system management that includes the network devices and the end-node 
devices that acquire, record, and analyze data.  If the large-scale deployment of networking 
technologies is to be cost effective and feasible across the variety of flight test applications, an 
integrated approach toward management is needed.  This approach must include standards for 
device interfaces and test configuration information, as well as common applications that can be 
used for configuration, control, and monitoring of the system as a whole.  We have described 
some of the technical issues that we have addressed in prior efforts, as well as some that are yet 
to be addressed, and have recommended a path forward that will include an effort to develop 
standards and common applications for network-based flight test system management.  We are 
currently active in the network-based flight test environment, and plan to continue supporting 
this industry by aiding the development of architectural standards, developing system 
management applications, and by integrating flight test systems. 
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ABSTRACT 
 
We discuss how aspects of telemetry can be effectively incorporated and modeled as a 
component within network-centric operations and warfare paradigms. Telemetry is particularly 
vital in Air Force Flight Test and Evaluation. As such, this paper has a specific emphasis and 
provides discussion within this domain. We also present how an existing framework for network-
centric operations and warfare can be particularly beneficial to telemetry modeling, and discuss 
the potential insights and utility within this context. 
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INTRODUCTION 
 

The collection and transmission of data is key in Air Force Test and Evaluation (AF T&E). The 
method of transmission of this data is in the process of transitioning to a network structure as 
envisioned by the integrated Network Enhanced Telemetry (iNET) project. This is consistent 
with the military’s movement towards network-centric operations (NCO) [1] and it is appropriate 
to start considering how the telemetry network will interact with, and affect, the NCO 
environment. The flow and timing of data transmission and gathering within a networked and 
distributed system often create unexpected difficulties. During flight tests these difficulties are 
especially of concern for safety of flight and catastrophe analysis, which are primary reasons for 
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real-time telemetry.  Corrupted or latent data may also affect other real-time decisions during test 
or training.  
 
In order to focus in on the potential complexity, consider a large scale multi-Service test and 
training exercise. As written in [2], such an exercise “might include 100 aircraft of different 
types, aircraft carriers, tanks, troop carriers, tens of thousands of troops, etc.  All of these have 
telemetry and recording requirements.  An extreme case would include transmission of simulated 
vehicles, which could far exceed real vehicle telemetry requirements.” Meeting these 
requirements requires implementation of multiple subnetworks in multiple frequencies so that 
performance not only has to be tested within each subnetwork, but also within the systems that 
are fusing the data and transferring the data between subnetworks.  Furthermore, the effects of 
the T&E environment affect the overall data collected and the time needed to transmit data.  
 
An important question is thus how are the affects of the testing network on the operational 
network (and vice versa) identified? These affects must be extracted from the final analysis of 
the test or training exercise as well as from the analyses of the performance of the networks 
themselves. 
 
To help mitigate these issues, a realistic NCO performance model must be incorporated in order 
to produce an overall telemetry T&E framework. Such a framework within the telemetry process 
can provide information regarding behaviour and performance of T&E environments both 
generically and specifically within Air Force test environments, especially as it relates to overall 
communication performance, and data gathering.  Furthermore, an NCO performance model 
could also aid in performance prediction and bottlenecks that can degrade performance in 
telemetering. This capability will allow testers to be able to analyze, predict, and pinpoint 
potential stumbling blocks for a variety of test and evaluation scenarios, as well as serve as a 
first-indicator of platform and scenario viability. In [3], an introduction to these issues as well as 
the presentation of a rigorous and realistic framework for NCO/NCW that allows for assessment 
and performance was provided. Moreover, in [4], we discussed first steps towards a 
subframework for instrumentation within the overall NCO/NCW framework. This is particularly 
useful for effective T&E telemetry performance analysis. 
 
The focus of this paper will be on the issues involved in how to effectively utilize the 
framework(s) discussed in [3,4] for T&E telemetry modeling.  We will provide a discussion of 
initial issues and potential approaches as it relates to telemetry.  
 
 

NCO FRAMEWORK AND RELEVANCY TO TELEMETRY 
 
NCO is a key component in modern-day military needs and applications and thus requires 
significant research investigation. Due to the inherent complexity of net-centric operations, 
modeling and analysis of NCO can be particularly difficult. Therefore, a framework that can 
provide descriptive and mathematical formulations of NCO infrastructure and its performance 
will be useful.  Such a framework can aid in pinpointing bottlenecks, providing suggestions for 
modifications, and providing the means for effective analysis and prediction.  
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In [3], such a framework was presented. In a subsequent section, we will describe how this 
framework can be used in order to aid in analysis and prediction of performance in T&E 
telemetering. We will now provide a brief description of this framework. A more in-depth 
discussion along with formal specifications can be found in [3]. 
 
This framework has four main subcomponents that serve to provide a foundation to represent, 
analyze, predict, and suggest modifications of performance. One strength of the framework is its 
rigorous plug-and-play nature, which allows for the capability to represent and model key 
characteristics of the underlying network.  The framework also has the capability to provide 
measures and suggestions for potentially improved performance. The four subcomponents are 
(briefly): 
 

(1) Network representation component (NRC) is a model of the network that provides (i.e., 
represents) a static snapshot of the network. NRC is a graph model that provides the 
rigorous underpinnings needed for effective analysis, prediction, and modification.  

(2) Performance measures component (PMC) is the subcomponent that allows for the 
capability to map from one fixed NRC snapshot (graph) to another. PMC can be viewed 
as a collection of functions that provide the static values at different (future) times. The 
PMC can also provide a series of snapshots over time. 

(3) Performance tool suite component (PTSC) is another key subcomponent of the 
NCO/NCW framework. The combination of the first two components allow for 
predictive snapshots. In other words, it provides the representations of the important 
criteria and measurements of the NCO/NCW infrastructure. PTSC will provide the 
performance analysis across the specified snapshots. PTSC is also a collection of 
functions that take as input a set of graphs and outputs various types of analyses.  

(4) Submodel interaction component (SIC) provides modifications and suggestions based on 
analyses and representations provided from combinations of the other three components. 

 
Effective telemetry performance modeling must rely on a number of key criteria dealing with 
communication. Although “telemetry” is often thought of as just the radio frequency signal, 
“distance measuring” involves different resources transmitting different information along 
different physical technologies (both wired and wireless) using a variety of protocols. Such 
heterogeneity needs to be realistically modeled within the infrastructure. One of the strengths of 
the NCO framework in [4] is the capability to represent such heterogeneity. Also, due to the 
plug-and-play nature of the framework, different telemetry characteristics that are relevant for 
different types of modeling, analysis, and prediction can be utilized or incorporated as needed. 
Therefore, depending on the significance of the analysis for items such as real-time re-routing, 
information flow, etc., these characteristics can be incorporated into the framework. As such 
there is the capability to theoretically model and test different characteristics in isolation as well 
as ripple effects in different contexts. Further information regarding the framework in general 
and in regards to some aspects of communication modeling can be found in [3]. 
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NCO AND AIR FORCE T&E TELEMETRY MODELING 
 
As we discussed in the previous section, it is clear that an NCO framework that represents the 
communication methodologies and key criteria is critical in order to effectively model telemetry, 
its needs, and its effects. In regards to T&E telemetry, instrumentation should be modeled 
explicitly and incorporate key criteria relevant to telemetry. Although T&E instrumentation 
developers and engineers are striving towards commonality and interoperability, these goals 
generally mean allowing equipment from multiple vendors to work together in the same system.  
Thus, although there is a growing commonality of communication interfaces between 
instruments, individual implementations may still have significant timing and functionality 
differences.  Further, T&E at different facilities is implemented using different instrumentation, 
procedures, and communication structures.  Some of these differences may be due to local 
tradition (and will hopefully fade away), but many of the differences are due to differences in 
geography, organizational structure, and the fact that different facilities are focused on different 
types of test or different types of vehicles. 
 
Thus, in order to effectively model T&E telemetry, an instrumentation model (i.e., framework) is 
vital. However, this is not a one-way street; T&E instrumentation without effective telemetry 
modeling would not produce adequate results or have high utility. Therefore an instrumentation 
NCO framework that incorporates telemetry and also serves as a subframework to an overall 
NCO framework would provide the means to analyze and predict performance in a T&E 
environment. Furthermore, our framework would provide for ease of isolating, or embedding, the 
instrumentation NCO framework within key parts of the NCO environment, allowing for even 
further analysis and prediction.  
 
In [3,4], we provided issues and possible approaches in utilizing the broad-based NCO 
framework discussed above for use in T&E instrumentation. A number of issues regarding 
instrumentation and some discussion on telemetry was also provided. One particularly important 
point is the fact that instrumentation in and of itself affects the overall performance and the data 
and statistics gathered in T&E. As such, it is important to determine how to incorporate, yet 
simultaneously be able to decouple the T&E instrumentation from, the infrastructure in order to 
be able to represent, isolate, and explain the effects of the instrumentation on the overall 
environment. The overall NCO framework is able to incorporate a T&E instrumentation 
(sub)framework as a submodel or subgraph within the overall framework, as well as metrics 
spanning between the subgraph and other subgraphs in the framework, metrics that are meant to 
be computed based on a specific group of subgraphs, and other metrics, In fact this 
instrumentation submodel could have an instrumentation version of each of the framework 
components.  
 
Clearly, T&E telemetry needs can be modeled within the instrumentation NCO subframework 
for resources that are explicitly part of the instrumentation. There needs to be a merger and 
mapping of telemetry between the instrumentation subframework and the NCO framework 
overall. However, telemetry is not the only characteristic that would require such mappings. 
Further information and discussion on instrumentation, its subframework, and mappings can be 
found in [3,4].  
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CONCLUSION 

 
Due to the distributed, heterogeneous nature of telemetry, many important issues need to be 
considered and modeled. In this paper, we discussed the importance of utilizing an NCO 
framework of the network infrastructure as a means to model, analyze, and predict telemetry 
within Air Force Test & Evaluation. 
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ABSTRACT 

Migrating analog architectures and equipments to network architectures is underway all across 

the globe.  There is no doubt, a modern instrument must fit the network environment or simply 

will not be procured.  Yet, funding constraints temper wholesale changes to net-centric technolo-

gies.  The last analog stronghold in our data center is the oscillograph.  Over 50 Gould TA 6000 

Oscillographs reside at White Sands Missile Range.  These are digital implementations of analog 

recorders, hence require analog signaling. Digital telemetry data (most common format) must be 

converted to analog to drive an oscillograph that converts analog back to digital to plot the data. 

The oscillograph’s interface board may be “hacked” by removing the Analog to Digital Con-

verter (ADC) gaining direct access to the digital signal path.  This idea was worth attempting as 

the prospect of replacing that many recorders with the newer network driven oscillographs is 

costly hence remote. 

This paper’s topic is the conversion of the hardware and a discussion on software issues.  

Though not pretty, it does preserve the large recorder investment for the time being.  Issues with 

analog signaling, such as noise, drift and ground loops are gone.  A commercial ethernet to digi-

tal adapter drives the new digital interface and transforms the recorder into an net-centric instru-

ment.   

KEYWORDS 

IP, Network, Strip Chart Recorder, Oscillograph, Net-Centric 

BACKGROUND 

At the Range Control Center (RCC) telemetry functions are performed in the iTDC and in four 

display cells, isolating the telemetry processing equipment from the display equipment.  Data 

display rendering is done in what is referred to as a “Display Cell”.  Containing only display de-

vices, analysts are not distracted with other equipments and personnel.  Best Source Selectors, 

Frame Synchronizers, Decommutators, Processors, Disk and PCM Recorders reside in the iTDC 

forwarding only the data to be displayed.  Figure 1 depicts the   typical configuration of oscil-

lographs in each Display Cell. 
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Display Cell 

Each Display Cell houses at least 16 Oscillographs, 14 Graphics displays and 6 Graphics work-

stations. Each Oscillograph renders up to 16 analog and 16 discrete traces and so a cell requires 

up to 256 12 bit Digital to Analog Converters (DAC) and 512 signal cables.  There are four cells 

so you get an idea of the amount of equipment and maze of cables needed to make this work.  A 

network driven recorder requires only one network cable (no DACs) and reduces the complexity 

considerably.   

  

Figure 1  Analog System Layout 

Oscillograph Recorder 

A cursory review of the Gould 6000 Thermal Array Oscillograph Recorder (shown in Figure 2) 

documentation shows that it is truly a digital recorder and only the signal interfaces are analog.  

The Interface Module installed in the recorder itself is mostly digital.  An analog channel may be 

configured digitally from the keypad, adjusting the offset and gain.  The signal is filtered, applied 

to an ADC, and plotted digitally.  Discrete signals are input directly as TTL signals via separate 

connector. 

To test our theory, we lifted an ADC chip off the interface mother board and connected directly 

to the solder pads.  There was a Ready/Convert hand shaking signal we ignored and we simply 

applied highs or lows to the solder pads and watched the trace move around accordingly.   

The oscillograph documentation is sparse and without additional information a more elegant so-

lution wasn’t in the cards.  At least, we had a digital port, not quite a network solution.  It turns 

out, a bidirectional interface adapter card is available that will take an Ethernet input and deliver 

128 bits.  If we limited the project to 8 channels (8X12bits) no additional multiplexing would be 
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needed and each channel could be driven directly.  There are enough bits left over to allow con-

trol of the recorder.  The adapter card, ICS 8013 (ICS Electronics) is available for around $500.  

The card is relatively small uses 5VDC and offers 150 pin and RJ45 connector interfaces. 

  

 

Figure 2  Gould TA6000 Oscillograph 

Project Design 

At this point, the experiment became a project.  Most of the project needs could be consolidated 

on a new printed circuit board (PCB) that would carry the ICS 8013 and interface it to the re-

corder.  A prototype Carrier Board would be made to evaluate the modification and gauge cost.  

The recorder’s existing interface board consists of a mother/Daughter board combination.  The 

daughter board is mostly a digitally controlled analog amplifier interface and the actual digitiza-

tion is performed on the mother board. 

Carrier Board     

The existing daughter board is replaced by the carrier board.  It satisfies the mother board inter-

locks, powers and houses the ICS 8013 plus any additional logic.  The carrier card consolidates 

interconnections between the ICS 8013 to the ADC solder pads, discrete event connector and the 

Recorder’s auxiliary connector as depicted in Figure 3. 
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Figure 3.  Carrier Board Functional Diagram 

Interface Mother Board 

The interface Module mother board modifications require ADC removal and a header installed in 

their place.  The operation is nondestructive and reversible.  Each header mates with an associ-

ated PCB/cable, in-turn mating with the Carrier Board.  The carrier board then interfaces these 

signals to the ICS 8013.  

Carrier Board Auxiliary Connector Interface 

The recorder’s auxiliary connector (on CPU Board Panel) provides some remote operational con-

trol facility and is currently interfaced to a remote control panel.  This panel allows a single op-

erator to command one or all the Cell’s oscillograph recorders to drive paper, select paper speed 

and stop.  IRIG B Coded Time is provided to the recorder via this connector.  Figure 4 is a sim-

plified diagram of the existing control system. 

Now, the Auxiliary Port will instead interface with the Carrier board and recorder control may be 

invoked via the ICS 8013 from any computer on the network.  There are several external control 

bits that can control the recorder.  There are five external speed control bits, One Chart Drive 

On/Off control bit, One Grid Line Control Bit, and the recorder also provides two alarm bits that 

will be monitored.  It makes sense to add logic to permit a “Pass Thru” mode preserving the 

original remote control panel utility, using the original cable and connector.  There is one excep-

tion; the cable coming from the remote control panel will no longer carry the timing signal.  The 

IRIG B Coded Time will be connected directly to a BNC connector the on the Carrier Board 

Connector panel and routed directly into the Auxiliary Connector on the same panel, as shown in 

Figure 5.  Once the new Control interface is developed the existing remote control panel and as-

sociated cabling may be discarded. 
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Figure 4  Existing Oscillograph System Control 

Partnering Up 

Preliminary assessment of the task was that it is straight forward with little apparent risk.  The 

first crude tests functioned satisfactorily, with no handshaking attempted.  8 bits are reserved for 

handshaking using the ADC’s Ready/Convert signal if needed, to ensure that the bits will be sta-

ble when passed to the recorder.  However, the handshake logic may be added at a later time to 

resolve that issue if needed. 

White Sands did not have facility to produce the carrier boards or modify the existing Interface 

Board (surface mount ADC’s), so the Physical Sciences Laboratory (PSL) at New Mexico State 

University (NMSU)  was invited to collaborate.  PSL offers excellent surface mount work, cir-

cuit board layout and design. 

Software 

Now that the recorder has an Ethernet interface, software is needed to make the instrument func-

tional.  The ICS 8013 may be configured using a number of popular protocols.  Transferring data 

over Ethernet is limited by the 10BAS100 network technology used  by the ICS 8013.  The re-

corder writes 8 samples per mm, so the recorder itself must histogram (Min/Max) as well as fil-

ters the data for each trace.  The filter provides anti-aliasing, and the histograming ensures that 

the waveforms are adequately represented even at low chart speeds.    The software need not per-

form these functions, but doing so reduces the network traffic significantly allowing more Oscil-

lographs to be driven over a single network.  Another advantage is that we can use our software 

that currently drives the Cell C AstroMed oscillographs over the network with only modest 

modifications.  There is no data degradation due to histograming or filtering the signal twice.  

The oscillograph writes 8 samples per mm of paper movement and so at the highest anticipated 
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record speed (100 mm/sec), the software must send 800 minimums and 800 maximums each 

second for each trace.  If the recorder is operated at a lower speed, the recorders onboard histo-

gramming functions normally and appropriately represent the signal, It is not necessary to adjust 

histogram period and lower the data rate, as would be required if onboard functions were dis-

abled. 

 

 

Figure 5  Auxiliary Connector Signal Detail 

 

There is enough recorder control via the Auxiliary port to justify developing Control Software.   

When the Control Software application is not needed (such as for local testing) a switch places 

the auxiliary connector logic in bypass so that the manual switch panel may be used to control 

the recorder.  A conceptual Graphical Interface is shown (Figure 6) depicting how the 54 oscil-

lographs in the iTDC might be controlled.  Cell grouping is preserved yet any oscillograph may 

be placed in close control (hooked) as shown.  The application supplies the vertical gridline bit 

so that gridlines are time synchronized and may be written for any event as well.  The Control 

application listens to mission time (Countdown Clock) on the network and sequences 1 or all 54 

oscillographs as needed. 
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Figure 6  Updated Oscillograph System Control Interface 

Programatics 

Replacing the EMR 8350 System with a modern DAC system is easier, but this project enables 

added integration and automation.  Normally an operator is needed in every cell to initiate oscil-

lograph services.  This places additional verbal traffic on the communications nets, detract from 

the operation in addition to requiring manpower.  Each recorder uses a unique IP address on the 

network it resides on and may be addressed by any other network appliance, meaning that an 

event or parameter may be written directly to an oscillograph from anywhere on the range that 

the network exists.  For example, the receiver AGC from a remote sites J67 (50 miles away) 

maybe recorded and displayed in the iTDC.  This seemingly trivial example provides nearly in-

stant feedback on a projectiles transmitter performance and of the Range’s tracker performance. 

The decision to “modify” vs. “replace” is easy if there is low risk in terms of potential recorder 

damage and the investment in software coding.  The software coding was underway for the Cell 

C AstroMed oscillographs, anyway.   These recorders have their own protocol but are similar.  

AstroMed asks for Min-Max pairs just as we would expect.  So the development on the Control 

application and the recorder driver may be developed in parallel and independently of the re-

corder modifications.  The recorder modification capitalizes satisfactorily on the software effort 

already in place. 
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Paper Media Demise 

The decision to use the Astromed recorders in Cell C was based on the relatively large LCD dis-

play that renders the oscillographic virtualization.  In most cases the actual paper media record is 

not viewed in real time but kept as an archival copy.  Meaning that real time chart printing is not 

needed.  What this implies is that there is little reason to use velocity driven recorders, printers 

will soon displace them since they are much cheaper and deliver precision color plots in a rea-

sonable time.  This is much like displacing high speed light beam oscillographs with the thermal 

array oscillographs by using memory techniques to synthetically create “high speed” charts.  

Once the “real time” requirement is relaxed, other solutions arise. 

The iTDC is at work on what we call the “integrated Data Display” (iDD) based on 30 inch high 

resolution LCD Apple Cinema Displays driven by G5 computers.  Several displays may be 

driven by one computer and the data comes from a software decommutator (SoftDecom) running 

on the display system itself.  Since SoftDecom processing is more than adequately met by the 

computer, the additional computer capacity is used to generate the virtual oscillograph display(s) 

on the large screen(s).   

Multiple displays may reside on the same display for that matter; the oscillographic virtualization 

may coexist with other graphics virtualizations including 3D models on the same screen, or in 

the background by letting the oscillograph virtualization exhibit “transparency”.  The large LCD 

screen allows fairly large histories (entire flights) to be displayed along with scrolling representa-

tions for additional resolution.  Color Printers may duplicate anything that is on the screen and 

the color plotting is precise, unlike the velocity driven recorders used now.  

CONCLUSION 

The result of this exercise will be improved performance, reliability and integration as well as 

displacing quite a bit of cabling as well as over a thousand Digital to Analog Converters.  In their 

place  will be a single switch and sixteen Cat 5 cables (per Display Cell) and a single control 

computer.  This simpler system should satisfy the near term needs of the iTDC Display Cell until 

the next generation iDD is ready.  Authors maybe reached at juan.m.guadiana@us.army.mil, je-

sus.benitez@us.army.mil and dwight.tiqui@us.army.mil for any additional information. 
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Figure 7  Laura Ludovic and Dave Castro (Caelum-Unitec) test oscillographs. 
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ABSTRACT 
 

Next generation satellite communication systems require efficient coding schemes that enable 
high data rates, require low overhead, and have excellent bit error rate performance.  A newly 
rediscovered class of block codes called Low Density Parity Check (LDPC) codes has the 
potential to revolutionize forward error correction (FEC) because of the very high coding rates.  
This paper presents a brief overview of LDPC coding and decoding.  An LDPC algorithm 
developed by Goddard Space Flight Center is discussed, and an overview of an accompanying 
VHDL development by L-3 Communications Cincinnati Electronics is presented. 
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Low Density Parity Check Codes, LDPC, Block Codes, Error Correction Codes, Forward Error 
Correction 
 
 

I.  INTRODUCTION 
 
Forward error correction coding (FEC) is an integral part of nearly every communication system.  
Satellite communication systems have utilized a variety of error correction schemes for years 
using a variety of algorithms, many of which have been endorsed by the Consultative Committee 
for Space Data Systems (CCSDS).  Among the popular FEC algorithms are Reed-Solomon 
coding, convolutional coding, and concatenated coding schemes. 
 
Recent research has focused on innovative new ways of encoding data.  The objective of any 
coding algorithm is to minimize the bit error rate (BER) of the encoded data stream, maximize 
the coding gain, and maintain the maximum possible data rate.  A promising code, first 
developed in 1963 by Gallager and recently rediscovered by coding theorists, is known as the 
Low-Density Parity-Check Code (LDPC) [1].  LDPCs are block codes that have been shown to 
achieve very high data rates and excellent coding gain, and they can be constructed according to 
a variety of efficient encoding algorithms. 
 
This paper provides a brief tutorial on the theory of LDPCs.  Further, the mathematical basis for 
an experimental CCSDS realization of LDPCs based on quasi-cyclic LDPCs is presented.  This 
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quasi-cyclic LDPC encoder is being implemented by L-3 Communications Cincinnati 
Electronics in both a low-cost Field Programmable Gate Array (FPGA) for missiles and aircraft, 
as well as in a radiation hardened FPGA for spacecraft.   
 
This paper is organized as follows.  The basic theory of LDPCs is presented in Section II.  Quasi-
cyclic LDPCs are explained in Section III.  An experimental CCSDS LDPC encoder is described 
in Section IV.  A discussion of an LDPC VHDL development at L-3 Cincinnati Electronics is 
presented in Section V.   
 
 

II. LDPC THEORY 
 

General Block Codes 
 
Every block code can be represented as a mathematical matrix product.  Consider k bits of raw 
information that are to be encoded and transmitted over a communication channel.  A block code 
of size (n, k) operates on the k information bits and generates n > k bits for transmission.  The 
extra (n – k) bits added to the data stream by the block coder are parity bits which add 
redundancy to the code.  Redundancy provides the ability to reduce errors which can occur 
during transmission.  The rate of the code is k/n.  The objective of every block code is to prevent 
as many errors as possible while introducing as little redundancy as possible, making the ratio 
k/n approach one. 
 
Any block code can be described either by a polynomial representation or a matrix 
multiplication.  Although some of the more advanced coding properties of block codes can be 
derived more cleanly with a polynomial notation, the matrix notation is especially useful for the 
purposes of this discussion because for certain block codes it gives rise to a special graphical 
representation called a Tanner graph.  Mathematically, denote the 1 x k vector of raw (i.e., 
uncoded) information bits .  Let the output of the coding algorithm be a 
vector c of size 1 x n, .  Define the input/output relationship between c and m 
by a k x n generator matrix G, described by the following relationship [2]: 

[ 110 ,...,, −= kmmmm ]
][ 110 ,...,, −= ncccc

 
mGc =   (1) 

 
The matrix G is called the generator because it provides a mapping from any input sequence to a 
distinct output sequence.  Therefore, defining the matrix G is sufficient to define the encoding 
procedure in its entirety. Once the generator matrix G is defined, decoding of the encoded 
message at the receiver is accomplished by a parity check matrix H of dimension n x k.  For 
simple block codes such as Hamming Codes, decoding is accomplished via the use of syndrome 
computation, which relies on the fact that the rows of G lie in the null space of the parity check 
matrix H.   The syndrome, s, is a k x 1 vector calculated as  
 

rHs = ,  (2) 
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where r is the noise-corrupted received sequence.  If the syndrome is the all-zeros vector, it is 
assumed that no errors occurred.  If s is not all-zeros, then the syndrome patterns correspond to 
specific error patterns that can be detected by the block code. 
 
Low Density Parity Check Codes 
 
With so many different block coding schemes in existence, new coding algorithms must 
demonstrate superior performance in order to gain acceptance in industry.  One such “new” 
coding scheme is known as a Low Density Parity Check Code (LDPC).  LDPCs have existed for 
many years but they have only achieved widespread popularity in recent years.  These codes 
exhibit very desirable properties for highly congested frequency bands.  Their performance can 
be very close to the theoretical Shannon capacity, requiring potentially little coding overhead to 
achieve very low BERs at very high data rates.  For example, coding rates of 8

7  and 16
15  have 

been demonstrated with high coding gain.  Further, LDPCs can be constructed in such a way as 
to utilize a great deal of parallelism in hardware implementations, reducing hardware complexity 
and hence reducing the cost of hardware designs.  Because of these advantages, LDPCs are 
sometimes used in digital data storage systems, since they introduce minimal redundancy while 
operating at data rates in the region of gigabytes per second [5]. 
 
In addition to having a generator G and parity check matrix H, LDPCs are often represented by a 
Tanner graph.  The Tanner graph can be derived from the generator matrix, G, or the parity 
check matrix, H.  Tanner graphs are comprised of two separate types of nodes: check nodes and 
variable nodes.  Each connection between a check node and a variable node denotes a ‘1’ in the 
parity check matrix.  An example of such a graph is given in Figure 1. 
 
 

C1 C2 C3

Check Nodes

Variable Nodes
υ0 υ1 υ2 υ3 υ4 υ5 υ6  

Figure 1.  Example Tanner Graph. 

 
This Tanner graph corresponds to the parity check matrix in (3): 
 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

1110100
0111010
0011101

H    (3) 

 
The properties of an LDPC code are derived from its Tanner graph.  For example, LDPCs 
typically have more coding power if the minimum length cycle through the graph, called the 
girth, is maximized.  This enables the decoding system to be optimized. 
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A defining feature of LDPCs is that the parity check matrix, H, is a sparse matrix.  By definition, 
this means that there are very few 1s in H.  This implies that the parity check matrix of (3) is not 
an LDPC, since the ratio of 0s to 1s is less than 1.  The locations of the 1s in the parity check 
matrix are determined by desired properties of the resultant code, and are usually selected to 
ensure a given structural property for decoding.  LDPCs can be classified into two general 
categories [3]: 
 

1) Random LDPC codes are generated by computers according to desired structural 
guidelines.  Computer search routines can be written to generate LDPCs such that their 
Tanner Graphs satisfy certain constraints.  The resulting codes are called random because 
the resulting locations of the 1s are usually not sufficiently structured to enable simple 
encoding. 

2) Structured LDPC codes are generated based on coding theory and combinatorics.  These 
codes can have suboptimal coding properties relative to random codes, but structured 
codes have simpler encoding algorithms.  For this reason, structured LDPC codes are 
simpler to implement in hardware for complexity-constrained applications, such as 
telemetry missions. 

 
Since structured LDPCs have a more concise representation than random LDPCs or computer-
generated LDPCs, structured LDPCs are far better suited to implementation for missiles, aircraft, 
or spacecraft.  Structured LDPCs also can have simpler decoders than random codes, since the 
decoder can take advantage of symmetry to create a more modular decoder.  
 
A specific type of LDPC of interest for missile and spaceflight applications is the quasi-cyclic 
(QC) LDPC, which has desirable structural properties suitable for efficient VHDL 
implementation. 
 
LDPC Advantages 
 
Bit Error Rate.  If designed properly, LDPCs can achieve very low BER while requiring low 
coding overhead when compared with other coding schemes.  Of particular interest when 
comparing LDPCs with other coding methods is the “waterfall curve,” which is a graph of how 
rapidly the error rate decreases as a function of SNR.  A measure of the effectiveness of a coding 
scheme such as LDPC is the steepness of this curve – a very steep curve enables the system 
designer to declare a critical SNR threshold beyond which transmission is quasi-error-free.  As 
shown in Figure 2, the waterfall curves of LDPCs can be very steep, indicating excellent BER 
performance once a critical SNR threshold (called the “knee” of the curve) is crossed.  Figure 2 
illustrates several coding schemes of interest to the telemetry and spacecraft community, 
including three different LDPCs (one by Goddard Space Flight Center, two by JPL), a Reed-
Solomon code, a convolutional code, and a concatenated code. 
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GSFC 7/8 LDPC BER
GSFC 7/8 LDPC FER
JPL 4096 1/2 LDPC BER
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Figure 2.  Waterfall Curves For Various Coding Schemes. 

 
Low Overhead. It is noteworthy that the LDPC codes of Figure 2 achieve excellent BER 
performance by using relatively little coding overhead.  For example, the “GSFC 7/8 LDPC” 
code has a waterfall curve with a threshold between 3.5-4.0 dB SNR.  Although the GSFC code 
requires a higher SNR to reach the knee of the curve than many of the other coding schemes, the 
GSFC code is a rate 7/8 code and uses substantially less bandwidth for coding overhead.  This is 
one of the tradeoffs in the code design process. 
 
Low Error Floor.  Error correction codes can have an “error floor,” which is a change in slope of 
the waterfall curve.  Error floors are undesirable, and often codes are designed with the 
requirement that the code either eliminate an error floor or suppress that floor below a very low 
threshold.  For example, in Figure 2, the JPL rate ½ LDPC code with an input block length of 
4096 bits shows an error floor around 10-8 FER.  In this region, the BER curve (and frame error 
rate curve, FER) begins to level off around 1.4 dB SNR.  The sources of this error floor have 
been discussed in the literature, and the reader is referred to [8] for a discussion on current 
techniques of error floor reduction. 
 
LDPCs can have extremely low error floors, which is another one of their chief advantages over 
competing coding schemes.  The JPL LDPCs have error floors below 10-6, which is suitable for 
many far-earth applications.  Near-earth/telemetry missions can have even more strict 
requirements for error floor, and the GSFC LDPC has been shown to have an error floor below 
10-10. 
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Decoding 
 
The properties of any code are highly dependent upon the decoding algorithm used at the 
receiver.  LDPCs are designed to work with a very specific type of decoding algorithm.  The 
reason that a low density H is desirable is a function of the decoding algorithm, as first specified 
by Gallager [1].  LDPC decoding can be accomplished by computing a posteriori probabilities 
on a decoding tree for each bit.  The decoding algorithm operates iteratively, meaning that it 
loops through a decoding process several times until an exit criterion is reached.  It has been 
shown in the literature that use of iterative decoding for LDPCs yields BER curves that decrease 
exponentially as the length of the block of input data increases [5].  The specific type of 
decoding algorithm assumed for all results in this paper is called the sum product algorithm. 
 
The decoding process is known as “belief propagation,” and it ties very closely with the parity 
check matrix H and the associated Tanner graph.  The decoding process can be viewed as having 
two distinct steps – a horizontal step (horizontal from the viewpoint of the parity check matrix 
H) and a vertical step.  Each pair of steps constitutes a cycle.  After each cycle, a best guess for 
the frame of data is generated and a parity check syndrome is computed.   
 

 If the syndrome is the all-zeros vector, this indicates that either 1) no error occurred, or 2) 
an undetected error occurred.  The system assumes that the decoded message is correct, 
and the decoder operates on the next block of data. 
 If the syndrome is not the all-zeros vector, this indicates the guess was not correct, in 

which case the decoder iterates and executes another cycle of the algorithm.  Generally, 
there is a maximum number of iterations that are permitted, and if the syndrome never 
goes to zero, that block of data is known to contain a detected error. 

 
 

III. QUASI-CYCLIC LDPCs 
 

Although FEC decoding algorithms are often considered to be more complex than encoders, in 
the case of LDPC codes the encoder is of special interest.  It has been shown that the complexity 
of the LDPC decoder designed with the sum product algorithm grows linearly with the block 
length of the code [7].  However, the encoder complexity growth is quadratic because it involves 
a very computationally intensive matrix multiplication procedure.  Because of this quadratic 
complexity, methods of reducing computations at the encoder are of great practical interest.  This 
section addresses a method of decreasing encoder complexity by introducing a repeatable 
structure into submatrices of the generator matrix, G. 
 
Within the class of structured LDPCs, a popular subclass of codes is called quasi-cyclic LDPCs.  
As described below, quasi-cyclic codes possess a structure that enables the encoder to operate on 
large blocks of data without having to store a large generator matrix.  They also offer the 
advantage of simple shift-register based arithmetic during the encoding procedure.  A brief 
description is given below. 
 
Define the output of Equation (1) to be a codeword space given by [ ]110 ,...,, −= ncccc .  A code is 
cyclic if and only if for every code c, the left (or right) cyclic shift of c is also a code.  For 
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example, the vector  would be a code in the above example.  In this case it 
is commonly said that c' is a right cyclic shift of c.  Whenever a cyclic code c is generated from a 
generator matrix G, the shifted nature of c implies a cyclic property in the generator matrix.  In 
turn, this implies a cyclic property in the parity check matrix H.  A matrix is said to be cyclic if 
every row is a right or left shift of its adjacent rows.  A quasi-cyclic code has a generator matrix 
G that is not truly cyclic, but it has blocks that are cyclic.  The following discussion on QC-
LDPCs is based on the presentations of [3] and [5] in relation to the Goddard LDPC of rate 7/8. 

[ 2101 ,...,,' −−= nn ccccc ]

 
Consider a quasi-cyclic parity check matrix Hqc with the following structure: 
 

⎥
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  (4) 

 
The matrix Hqc is composed of a series of square submatrices, Ai,j, called circulants, each of 
which is cyclic.  The matrix Hqc can be constructed such that the following two properties are 
always true: 
 

 The weight (# of 1s in each row) of each circulant is small compared to its size 
 No two rows (or columns) of Hqc have more than one 1-component in common (called 

the Row-Column, or RC, constraint) 
 
These two constraints ensure that the parity check matrix has a low density of ones (hence the 
name, low density parity check codes) and that the Tanner graph has minimum girth properties.  
In a rough sense, this property of the Tanner graph is related to the minimum Hamming distance 
of the code – the greater the Hamming distance, the lower the BER of the code.   
 
The advantage to encoding data with a quasi-cyclic LDPC (as opposed to an LDPC without a 
quasi-cyclic structure) is twofold.  First, the encoding complexity can be made linear with the 
code length using shift registers.  Second, the encoder and decoder routing complexity for 
integrated circuits is reduced [6]. 
 

 
IV. CCSDS QC-CODES BASED ON GODDARD ALGORITHM 

 
Recently, Goddard Space Flight Center has proposed a QC-LDPC encoder. This is a general use 
code that has many desirable properties for applications including missiles, aircraft, and 
spaceflight.  The details of this code are provided in [3] as well as in a newly released CCSDS 
Orange Paper [6].  In this section, we provide a brief overview of this code, its properties, and 
implementation details. 
 
The code specified herein is based upon a (8176, 7154) LDPC code.  This code is then shortened 
to (8160, 7136).  The parity check base matrix is composed of submatrices Ai,j.  As in equation 
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(3), these submatrices are cyclic, and the resulting parity check matrix H is quasi-cyclic.  In the 
Goddard code, each Ai,j is a 511 x 511 square circulant, and H is written as 
 

⎥
⎦

⎤
⎢
⎣

⎡
=

16,215,22,21,2

16,115,12,11,1

AAAA
AAAA

H
L

L
  (5) 

 
Each of the circulants Ai,j is sparse, and each row of each circulant has a Hamming weight of 2.  
The total weight for each row of H is 32 since there are 16 circulants per block row of H.  The 
locations of the 1s for each circulant matrix is critical to the design of the code, and these 
locations are given in [6]. 
 
For encoding purposes, it is required to derive the generator matrix G from the parity check 
matrix described above.  It has been shown that the generator matrix can be expressed in the 
following form: 
 

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

=

2,141,14

2,131,13

2,31,3

2,21,2

2,11,1

BBI0000
BB0I000

BB00I00
BB000I0
BB0000I

G

L

K

MMMMOMMM

L

L

L

  (6) 

 
Each of the Bi,j submatrices of (6) is a circulant matrix of size 511x511.  Although the Bi,j 
submatrices are derived from the sparse parity check matrix H, the circulants of the generator 
matrix G do not share this sparse structure.  
 
Some important features of (6) are detailed below: 

 The generator matrix is in systematic form.  The first 7154 bits to be generated by the 
LDPC encoder are therefore the original 7154 message bits.  The final 1022 bits are the 
parity bits.  Therefore the first 7154 bits can be passed through with no computations. 
 The parity bit computation requires all message bits.  Thus the parity bit computations 

cannot be complete until all message bits are present.   
 To completely specify G in memory, all that is necessary is to specify the first row of 

each of the Bi,j submatrices.  Since each submatrix is circulant, each subsequent row of 
each submatrix is a right circulant shift of the row above it.  This reduces memory 
requirements. 

 
Because of these features of the generator matrix G, a very efficient encoding scheme has been 
derived by GSFC.  By loading the first row of each submatrix into a shift register and then 
performing the appropriate multiplications, parity bits can be generated.  Initially there are 14 x 2 
(28) shift registers, each of length 511 (as determined by the size of Bi,j).  This initial step 
produces two parity bits.  After these two parity bits are generated, each shift register is right 
shifted and the same computations are performed, generating two more parity bits.  This process 
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is repeated until 511 iterations have been performed, generating the 1022 parity bits.  A block 
diagram of the process, provided by GSFC [9], is given below in Figure 3. 
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Figure 3.  Encoding Block Diagram for GSFC LDPC Rate 7/8 Code. 

 
The process shown in Figure 3 can be implemented efficiently in an FPGA because of the shift 
register multiplication.   

 
 

V. L-3 CE HARDWARE DEVELOPMENT 
 

L-3 CE is currently developing an FPGA-based implementation of the GSFC encoder based on 
the structure of Figure 3.  This product will be available 3Q/4Q 2007.  The L-3 CE FPGA 
implementation has advantages over an ASIC solution due to the tremendous cost of designing 
and qualifying an ASIC for spaceflight. 
 
The FPGA implementation of L-3 CE is characterized by the following features: 
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 After shortening, input data block size is 7136 bits, output data block size is 8160 bits 
 Rate 7/8 
 Supports data rates up to 200 Mbps per encoder 
 Targets both rad-hard and commercial FPGAs 
 Uses external memory to buffer input data 
 Uses flow control to throttle the data source when the buffer is full 
 Implements CCSDS standard frame header 
 Supports user-defined frame headers 
 Supports encoder by-pass mode 
 Error floor below 10-10 

 
In addition to this development, L-3 Cincinnati Electronics is also developing a JPL version of 
LDPC codes based on protograph theory.  This development is concurrent with the GSFC 
development and will be available 4Q 2007. 
 
 

CONCLUSIONS 
 

This paper has presented some of the basic underlying mathematical concepts of LDPC codes.  
These codes exhibit excellent coding performance and, if properly designed, incur a minimal 
bandwidth penalty.  A quasi-cyclic LDPC designed by Goddard Space Flight Center has been 
discussed, and the performance advantages of this code have been detailed in the context of both 
spaceflight and telemetry missions.  This rate-7/8 code is being implemented in an FPGA by L-3 
Cincinnati Electronics for telemetry and spaceflight missions. 
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ABSTRACT 

 

Multipath propagation continues to be the dominant channel impairment in many aeronautical 

mobile telemetry (AMT) applications.  Avoidance and diversity techniques continue to be the 

only practical means to combat this problem.  In 2004 limited results from the development of a 

new post-detection, no-hit diversity selector were reported.  Late breaking results from flight test 

were reported orally.  A review of the methodology, flight test results and conclusions are 

presented in this paper.  Also presented is an update describing enhancements of the 

implementation which emphasize operational flexibility as well as support for alternate 

demodulator products. 
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INTRODUCTION 

 

Intermediate laboratory and flight test results for a new implementation of post-detection 

diversity branch selection (DBS) were first reported [3] at ITC 2004 by Mr. Robert Jefferis of 

TYBRIN Corporation.  Because of publication deadlines, further data reductions and flight test 

results from late May to the program conclusion could only be presented orally.  Further 

refinements of the implementation were incorporated in late 2005 and early 2006.  Final results 

are reviewed and the refinements are described.  The DBS is pictured in Figure 1. 

 

The prototype equipment was designed and manufactured by RF Networks, Inc. (now the RF 

Networks Division of Teletronics Technology Corporation) and delivered to the ARTM project 

in February of 2004.  Reference [3] presents the important and substantial arguments for post-

detection branch selection, providing an excellent background referencing the classic paper by 

Brennan [1] and describing the trade-offs between pre-detection and post-detection diversity 

strategies.  Also described in [3] is the system configuration, the basic DBS functions, laboratory 

test configuration and the intermediate field test results.  Reference [5] discusses concepts 

relating to post-detection diversity selection using methods similar to those reported here. 
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In review, the diversity branch selector selects one of two post-detection data sequences based on 

a quality metric of the received signal as determined by the attached demodulators.  To preserve 

the data sequence integrity, a correlation process performs continuous alignment without any 

knowledge of the sequence(s) content.  Finally, clock selection is performed based on the 

selected source and the resulting logic tree.  The quality metric, referred to as SDI (system 

degradation indication), is provided as a serial message at a rate of 400 to 488 per second.  

Further detail concerning this metric is developed in [6], while [4] describes the theory behind 

the pseudo-error detector.  The overall objective is to achieve affordable, effective diversity 

performance providing new diversity possibilities and flexibility to AMT systems. 

 

For a complete understanding of the prior results including initial flight test, the reader is 

encouraged to review references [3], [4] and [6]. 

 

Activity since May 2004 included additional flight testing and enhancement which allows 

alternate vendor demodulator implementations to match the metric requirements, as well as a 

wider data rate range and serial control to enhance operational flexibility.  This paper 

summarizes and discusses the final flight test results and the enhancements to date. 

 

 

 
Figure 1 – Diversity Branch Selector 

 

 

METHODOLOGY 

 

Two sets of ground equipment were used in the evaluation.  Flight test was conducted as 

established in reference [3].  Figure 2 describes the equipment used without an optimal ratio 

combiner (ORC), while Figure 3 describes the equipment used when comparing ORC and DBS 

strategies.  In both cases, data was captured and recorded using a PC-based data acquisition 

system.  The captured data consisted of the signal strength outputs (AGC1 and AGC4), BERT 

indication and the demodulator SDI message data.  For these tests, a special decoder was devised 

to decode the SDI message.  The decoder implementation is part hardware and part software.   
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FLIGHT TEST RESULTS 

 

Flight test continued from May, 2004 to July, 2004.  Data from various flights and profiles was 

collected and analyzed.  Limited results from data reduction were reported in [3].  The discussion 

which follows relates to  subsets of the post-analysis data which is provided in the figures 

referenced below.  

 

Figure 4 gives an indication of the multipath problem from the perspective of signal strength 

reported by the two demodulators.  It can be seen that both constructive and destructive 

interference is occurring.  Also, the two channels appear to be generally correlated but time 

shifted.  This character gives good indication that branch selection as a diversity strategy will be 

effective.  Figure 5 is reporting the SDI metric on the same flight.  Again, the demodulators 

indicate the relative quality levels of the received signals.  The segment around 60 seconds 

shows how the DBS should operate – the demodulator metric from the first demodulator 

(channel 0) reports a good signal while that of the second demodulator (channel 1) is unlocking 

rapidly.  The DBS is expected to select channel 1. 

 

Frequency diversity was investigated with results shown in Figure 6.  In this example, it is easy 

to identify the presence of classic 2-ray multipath.  Here is seen a comparison of no diversity 

(ND) versus the DBS.  The DBS dramatically lowers the bit errors made in the segment.  Also 

shown is the measurement metric “Error Free Seconds” (EFS), which helps to identify error 

clustering.  The even distribution of EFS between ND and DBS infers little clustering occurring. 

 

Choosing a “quiet” segment of another flight gives the results of Figure 7.  The equipment used 

for this data was capable of including the output from an optimal ratio combiner (ORC).  Then, 

all three data sequences are plotted.  It can be seen that the ORC performance was rather dismal 

compared to either no diversity (ND) or the DBS.  The likely reason – this flight used spatial 

diversity where approximately 200 feet separated the two antennas.  The phase alignment 

requirement for ORC is violated by the antenna separation, yet the DBS acts like there is no issue 

at all – one of the strengths of the selector method.  The effect of flight path geometry is apparent 

explaining why the early ORC result matches the other two but performs poorly as time 

progresses.  As differential delay increases, the ORC performance degrades. 

 

A second example of frequency diversity operation is presented in Figure 8.  The environment 

was altered to a high altitude corridor, and another comparison is made of the DBS performance 

versus no diversity.  The substantial improvement in total bit errors is easily seen, as well as the 

improvement in EFS. 

 

The results from the earlier May 2004 flight tests are included.  A complete reduction of data 

was not available for the previous paper and the results are now presented.  Spatial diversity was 

investigated, wherein a separation of approximately 200 feet between antennas is present.  Figure 

9 shows an interesting phenomenon.  For the first few seconds of the segment, the DBS rolls up 

more bit errors than the no diversity case.  After this time, the DBS performs with little 

additional bit error while the no diversity case continues to collect bit error.  The probable cause 

of this anomaly is fade rates greater than the DBS internal sample rate can follow, possibly also 
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distorting the clock selection algorithm.  Important to note is that as the situation clears out the 

DBS recovers, once again outperforming the no diversity case. 

 

The second example from the May 2004 flight tests is shown in Figure 10.  In this case, there is a 

large improvement factor using the DBS versus no diversity.  The third example is presented in 

Figure 11, where again the improvement in bits recovered is demonstrated. 

 

 

ENHANCEMENTS 

 

In May of 2006 enhancements were requested and authorized.  Based on the successful flight 

testing, it was decided that a way to measure the SDI metric was needed to allow multiple 

demodulator vendors to provide the message interface, test the interface and subsequently utilize 

the DBS in additional systems.  The measure mode was defined and added to the DBS definition.  

Design was then completed and added to the program prototypes.  The measure mode receives 

and isolates the various components of the SDI message.  In this mode, the DBS displays a 

filtered value for the interior and exterior counts, mean average deviations, plus counts of the 

individual message components over a one second period. 

 

For alternate demodulator vendors, it became clear during the design that the lock signal from 

attached demodulators must respond within 1 to 3 milliseconds.  Note that this relates to 1 to 2 

SDI message times.  The speed of lock is an important contributor to the performance of the 

DBS and was demonstrated under laboratory conditions.  The DBS tolerance of fade rate 

depends first on the DBS internal sample rate and second on the demodulator lock times. 

 

Two other enhancements were authorized and incorporated, namely support for lower data rates 

and the ability for remote control using an RS-232 interface.  These enhancements were deemed 

necessary to improve operational flexibility. 

 

 

CONCLUSIONS 

 

Reducing the data from Figure 8 gives the average bit error probability for the non-diversity 

system of 1.4 x 10
-2

, while the DBS system yields 6.1 x 10
-6

.  Using a typical constant envelope 

detection performance curve, the equivalent diversity gain would be about 7 dB.  

 

The data indicates that the performance of the DBS system is slightly short of true, hit-less 

switching.  The ease of use was evident in both laboratory and flight testing.  It has been 

demonstrated by field tests that the DBS approach can effectively combat multipath and masking 

events. 

 

The measure mode enhancement which allows alternate demodulator vendors to provide SDI 

signals with the proper metric content is significant in providing support across systems with a 

mix of vendors.  The other enhancements increase the flexibility of the approach. 
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Using the DBS opens new possibilities to maximize the data recovered.  Some of the new 

possibilities in deployment include antenna separation, which can be used to fill in the “hill and 

valley” problem, as well as provide true frequency diversity and other spatial diversity situations. 
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Figure 2 – Ground Equipment, Example 1 
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Figure 4 – Frequency Diversity, RSS Example 

 

 
 

Figure 5 – Frequency Diversity, SDI Example 
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Figure 6 – Frequency Diversity, Example 1 

 

 
Figure 7 – Benign Baseline Example 
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Figure 8 – Frequency Diversity, Example 2 

 
Figure 9 – Spatial Diversity, Example 1 
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Figure 10 – Spatial Diversity, Example 2 

 
 

Figure 11 – Spatial Diversity, Example 3 
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ABSTRACT 

 

In support of iNET maturation, NASA-JPL has collaborated with NASA-Dryden to develop, test 

and demonstrate an over-the-horizon vehicle-to-ground networking capability, using Iridium as 

the vehicle-to-ground communications link for relaying critical vehicle telemetry. To ensure 

reliability concerns are met, the Space Communications Protocol Standards (SCPS) transport 

protocol was investigated for its performance characteristics in this environment. In particular, 

the SCPS-TP software performance was compared to that of the standard Transmission Control 

Protocol (TCP) over the Internet Protocol (IP). This paper will report on the results of this work. 
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INTRODUCTION 

 

The value of broadcast telemetry technology will be enhanced when integrated as a component 

of a future network communication architecture. The integrated Network-Enhanced Telemetry 

(iNET) program is a unique effort that will redefine the basic test and evaluation telemetry 

infrastructure used at every Department of Defense (DoD) major range and test facility. 

Sponsored by the Office of the Secretary of Defense, Operational Test and Evaluation 

Directorate (OSD/DOTE&E), the iNET technology vision is to establish and iterate an 

experimental architecture toward mature and stable standards that accommodate the needs of the 

broadest possible user base. 

 

The architecture and technology in use today for traditional telemetering of data from suborbital 

vehicles has been essentially unchanged for the last 50 years. Broadcast communications are 

used in point-to-point (typically air-to-ground) configurations using reserved electromagnetic 

spectrum. The time criticality (perceived or otherwise) of safety-related data as part of the data 

stream has been the dominant justification for this approach. A broadcast architecture with 
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inefficient and cumbersome spectrum management is now recognized to be a limiting factor in 

the growth of new capabilities for test and measurement industry niches. The solution path 

necessarily includes enhancement of broadcast technology with network technology. 

 

In support of iNET maturation, NASA-JPL has collaborated with NASA-Dryden to develop, test 

and demonstrate an over-the-horizon vehicle-to-ground networking capability, using Iridium as 

the vehicle-to-ground communications link for relaying critical vehicle telemetry. To ensure 

reliability concerns are met, the Space Communications Protocol Standards (SCPS) transport 

protocol was investigated for its performance characteristics in this environment. In particular, 

the SCPS-TP software performance was compared to that of the standard Transmission Control 

Protocol (TCP) over the Internet Protocol (IP). The normal TCP protocol considers loss of data 

to be due to congestion, whereas in radio links data loss is normally due to poor link conditions. 

The TCP response to data loss is to lower the transmission rate to ease potential congestion 

problems. Among other features designed to improve radio link performance, the SCPS-TP is a 

TCP performance-enhancing proxy protocol which handles data loss without unnecessarily 

lowering the transmission rate, thus providing for greater throughput under conditions of noisy or 

intermittent links. 

 

 
EXPERIMENT DESIGN 

 

The primary objective of the multi-channel Iridium/SCPS experiment was to measure the 

performance differences between standard TCP and the Space Communications Protocol 

Standard Transport Protocol (SCPS-TP) when used in an arrangement that striped data over 

several IRIDIUM channels for increased total channel capacity. This experiment was focused on 

reliable stream-oriented protocol operation in an unstable, R/F communication environment.  

In the experiment, two test applications establish a TCP connection and exchange data over a 

transparent communication network consisting of one, two or three independent Iridium satellite 

communication links. Network transparency is achieved by using teql, the ‘trivial equalizer’, as a 

single network interface through which IP traffic can be routed from one workstation to another 

over multiple PPP links. The teql approach was used for the TCP specific tests. SCPS-TP 

provides a similar network interface, where IP traffic is routed through SCPS, which in turn used 

teql for multiplexing and de-multiplexing IP traffic to/from multiple PPP sessions. PPP was used 

to establish network identification between workstations over the Iridium modems. 

 

A series of tests were conducted, varying the size, rate and direction of traffic flow between test 

applications, and using both TCP and SCPS-TP for reliable transport. The number of Iridium 

links used was varied as well. 

 

TEST BED CONFIGURATION 

 

The JPL iNET test bed consists of four PC workstations running Linux Fedora residing on the 

same Ethernet subnet. Two workstations are tagged as clients and two as gateways. The client 

workstations were given the names ‘romeo’ and ‘juliet’. All four are commodity PCs. The 

gateways have four serial ports installed (two original, and two additional). The test bed is shown 

in Figure 1. 



 

 3 

To support both IP and SCPS communication, the gateway workstations use PPP to establish 

network connectivity across the Iridium modem connections. The Linux component teql, the 

‘trivial equalizer’, presents a single network interface to either the IP layer or to SCPS and 

performs a simple round-robin multiplexing of network traffic across the (up to three) different 

PPP links. When receiving information from different PPP links, teql simply forwards the IP 

packets on to either the IP layer or SCPS, in the order the packets were received. The teql itself 

does not perform any retransmission of missed packets or enforce packet ordering when de-

multiplexing. 
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Figure 1 iNET Test Bed SCPS-TP Configuration 

 

One gateway workstation, the PPP client, is connected via three of the serial ports to three 

Iridium 9522A L-Band Transceivers, or LBTs. The LBTs appear to the computer as modems 

connected to phone lines. The other gateway, the PPP server, is connected via two of the serial 

ports to two more Iridium LBTs. The third serial port is connected to a 56K external modem. 

The LBTs are connected to external antennae via a cable system to the roof, giving them a fairly 

clear view of the Iridium satellites. Two different lab locations were used during the course of 

testing, building 126 and building 301. The antenna and cabling assemblies for building 126 are 

shown in Figure 2. Standard fixed-mast antennas were used. Note that there are a total of five 

antenna and cabling assemblies. In place of a sixth assembly, the 56K external modem to an 

Iridium commercial number is used. The building 301 antenna assemblies differed in that it used 

AD510-10 active Iridium antennae. The main cable run is 130 feet of RG-213 cable. Note that 

the same testbed configuration (5 Iridium transceivers with one POTS modem was used in both 

locations). 
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Figure 2 Antenna Assemblies, Building 126 
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The LBTs receive power through an external 5V DC power supply. This setup allows three 

simultaneous phone calls to be made from the client gateway to the server gateway, each running 

PPP. 

 

The advertised data rate for an Iridium connection is up to 2.4Kbps. This data rate is without 

compression. An add-on capability, the Iridium Direct Connect, advertises a potential data rate of 

up to 10Kbps, depending on content. This add-on compression capability was not used for this 

experiment as it was not suitable for Linux-based Iridium-to-Iridium connections. 

 

SCPS GATEWAY MODIFICATIONS 

 

We use SCPS in the “gateway” mode, allowing SCPS to be used transparently. Essentially, this 

means that the testing software is unaware of the existence of SCPS. When the gateway is 

brought up, it intercepts data on the configured interfaces and processes it through the SCPS 

protocols. Using the gateway with teql and multiple PPP interfaces posed several problems for 

SCPS. For technical reasons, teql cannot be intercepted directly by SCPS. Instead, SCPS 

intercepts ppp0, and then uses Linux iptables rules to allow ppp1 and ppp2 to be intercepted as 

well. This special initialization is performed in the script we use to launch the SCPS gateway. 

Also, SCPS needs the queue length of the PPP interfaces in order to perform intelligent 

buffering. That requires a minor modification to the PPP Linux kernel module, and the running 

of a special application, “ppp_current_tx_len” to request the queue lengths and to pass them to 

the gateway. ppp_current_tx_len must be running before starting the gateway. 

 

TESTING SOFTWARE 

 

The test software consisted of two applications that would establish a TCP connection with each 

other and send data at a prescribed rate. The data was sent in the form of a message, which 

included a unique timestamp, length field and an array of random bytes up to the overall 

specified length of the message. The overall message size and number of messages sent per 

second were both varied to simulate a variety of loads on the communication network. 

Throughput was calculated by the number of messages received by a test application within the 

time specified for the test, and adjusted for the size of the messages. Latency was calculated by 

taking the difference between the time the message was received and the time at which it was 

sent. 

 

BASELINE SYSTEM PERFORMANCE 

 

System Time Synchronization 

All workstations used the Network Time Protocol (NTP) service for synchronizing system clock 

times. System times are kept to within 100-200ms of each other. 

 

Ping Latency 

The ‘ping’ system utility included with the Linux operating system provided a baseline 

performance metric for the Iridium connections. The ping utility uses the ICMP protocol to send 

an ‘echo request’ to a target workstation and expects to receive an ‘echo response’ in return. 

These tests used the default size of 64 ICMP data bytes and sent a series of requests every second 
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for approximately one minute. The ping tests were used over each of the Iridium channels 

independently, and in both directions. For the two Iridium-to-Iridium channels, ping times were 

3.1sec on average with a standard deviation of 1.8sec. For the Iridium-to-POTS channel, ping 

times were 1.2sec on average with a standard deviation of 0.4 seconds.  

 

TEST CASES 

 

The total set of test cases performed spanned one, two and three channel configurations. The test 

application could be configured to vary the message size and the rate at which messages were 

sent over the system as well as the ability to send data one-way or two-way. Tests were also 

performed to investigate the effects of forced call drops on both SCPS and TCP. Tests were 

designed to cover the entire performance range for one, two and three channel configurations. 

Iridium is advertised as supporting a 2400 bps data rate over a single link. Accordingly, the 

theoretical maximum for a 3-channel link would be 7200 bps. Only the results of the 3-channel 

tests are presented in this paper. The bulk of tests were performed in the building 126 lab in 

which fixed antennas were used with the Iridium transceivers. Follow-up tests in which the data 

size was kept fixed and only the data rates were performed in the building 301 lab, using the 

active antennas and longer cable runs. These follow up tests sent 64 byte messages at rates that 

were multiples of 1024 bps, up to 8192 bps. 

 

SCPS-TP AND TCP COMPARISON 

 

The first set of multichannel throughput results for SCPS and TCP over a 3-channel 

configuration are plotted in Figure 3. The ‘ideal’ curve represents perfect throughput with no 

loss. The term “offered rate” in the figures represents the rate at which the test application was 

sending data to the system, and the actual rate was a measure of how much data arrived at the 

endpoint during the span of the test. Past an offered rate of 3000 bps SCPS provides greater 

throughput in all cases, and more than double the throughput of TCP in some. The general trend 

for the TCP throughput is to reach a maximum rate of approximately 3200 bps whereas the 

SCPS trend is closer to 5000 bps. The average performance advantage of SCPS over TCP is 

53%. These tests were performed in building 126. 

 

A series of follow-on tests were performed using a 3-channel configuration in which the message 

size was held constant at 64bytes and the rate varied. The tests were performed in building 301 

with the active antennas and longer cable runs. The tests were duplicated for SCPS and TCP. 

During this series of tests the maximum actual rate achieved by SCPS was only about 4Kbps and 

3.5Kbps for TCP. In analyzing the data, one of the Iridium-to-Iridium channels was essentially 

non-functional due to a large number of call drops, approximately 1 drop every two minutes. The 

other Iridium-to-Iridium channel also had a high level of call drops, approximately 1 drop every4 

minutes. We switched the worst offending Iridium-to-Iridium channel to using a POTS modem 
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Comparison of Throughput Between SCPS and TCP, 3 Channel
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Figure 3  -  SCPS-TP and TCP Throughput with Three Channels 

 

at the PPP server. The resulting data is shown in Figure 4. From this data, SCPS-TP provides an 

almost 1.9Kbps, or  64%, improvement over TCP for offered rates higher than 5Kbps. 
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Figure 4  -  3-Channel Throughput with 2 POTS Terminals 
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SCPS Performance 

Throughput 
The results for testing SCPS-TP in building 126 across all data size, range and channel 

combinations are shown in Figure 5. An expected trend, as visible in the figure, is that the actual 

throughput falls into bands according to the number of channels in use. Of note is that almost 

ideal throughput is achieved with three channels at offered rates up to about 4500 bps. Latency 

within this operating regime is under 60 seconds for smaller messages sizes. 
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Figure 5  -  SCPS Throughput 

 

Latency 
Transmission latency for SCPS-TP in the building 301 tests indicated a linear increase as the 

offered rate increased, starting at 11.3 sec at 1024 bps to 83.3 sec at 8192 bps. TCP transmission 

latency ranged from 6.9 sec at 1024 bps to 60.0 sec at 8192 bps. The latency from the tests 

performed in building 126 did not show such a discrepancy between the two protocols. 

 

Two-Way Communication 
A limited set of two-way communication tests were performed, in which both the Romeo and 

Juliet nodes sent data simultaneously over a 3-channel configuration. In the first test case, each 

client sent 64 byte messages at an offered rate of 2048 bps. The actual rate of data was 1580 bps 

for the Romeo node and 1987 bps for the Juliet node. In the second test case each client sent 96 

byte messages at an offered rate of 3072 bps. The actual rate of data was 1847 bps for the Romeo 

node and 2513 bps for the Juliet node. In the third test case, the Romeo node sent 96 byte 

messages at an offered rate of 4608 bps and the Juliet node sent 32 byte messages at an offered 

rate of 1024 bps. The actual rate of data was 2361 bps for the Romeo node and 630 bps for the 

Juliet node. The combined actual rates for the first two tests are consistent with the rates for the 

one-way SCPS three-channel tests, whereas the third test throughput performance is more 

comparable with the 2-channel one-way tests results. Communication latency for the two way 

tests averaged 10.5 sec for the 2048 bps (combined) case and 26.0 sec for the 6144 bps 
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(combined) case. Latency for the third test case varied from 59.0 sec for data sent from the 

Romeo node and 8.4 sec for data sent from the Juliet node.  

 

Iridium Connection Statistics 

For those follow-up tests performed in building 301, the number of times the PPP connection 

needed to be restored on each of the channels was recorded for each test run. This metric is taken 

when the gateway server workstation receives an Iridium call and attempts to establish a PPP 

connection with the client. It does not indicate the duration of a connection, nor does it indicate 

the duration of an outage (i.e. the client gateway could not place an Iridium call). While not a 

true indicator of connection uptime, this metric does indicate an overall quality of the connection 

during a test. Including a 10-second wait before retrying to establish a connection after a call 

drop, each connection attempt requires an approximately 45-50 second period of time in which 

the Iridium call is established, the mgetty process spawns PPP and the PPP connection is 

established, before the connection available to teql. The channel 0 Iridium-Iridium connection 

averaged 15 drops per test run, the channel 1 Iridium-Iridium connection averaged 8.7 drops per 

test run and the channel 3 Iridium-POTS connection averaged 0.3 drops. Each test was roughly 

47 minutes in duration, so on average the channel 0 connection reset every 3 minutes. 

 

CONCLUSIONS 

 

Impact of Increasing Number of Iridium Channels - Increasing the number of Iridium 

connections has four primary effects: 

a) Increased available bandwidth (and hence a higher total data rate) 

b) Better performance during call drops (as mitigated by the presence of other connections) 

c) Increased possibility of antenna interference 

d) Potential for loss of performance due to out-of-order packets 

 

Most of the time, call drops are related to individual connections, i.e., they are random and 

uncorrelated. That is, rarely did we lose connectivity across all links simultaneously. So, adding 

channels will increase the average bandwidth and make it more likely that there will always be 

some bandwidth available. 

 

In our test facilities, the antenna spacing met the stated minimum requirements for the antenna 

types. However, our testbed is unusual in that calls are both initiated and received from the same 

location. As noted above, this could result in increased interference between antennae, both at 

the ground location as well as at the satellite. In most cases, due to Iridium satellite coverage, the 

likelihood of all Iridium transceivers in the testbed being serviced by the same cell within the 

same beam of a single satellite is high. 

 

In general, TCP does not expect packets to arrive out of order. When they do arrive out of order, 

some IP stacks will trigger unnecessary requests for lost packets – packets that will actually 

arrive soon. Unfortunately, the nature of running multiple bonded PPP connections means that 

there will definitely be many out-of-order packets; it can’t be helped. We were able to tailor 

SCPS to minimize the problem, by adjusting its parameters. The Linux IP stack is considered 

relatively immune to the problem.  
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SCPS Performance Compared to TCP – In both testing locations SCPS-TP showed superior 

throughput performance than TCP, providing an 18% to 64% average increase in data rate. 

SCPS-TP did, however, have slightly higher latencies than TCP in general. The difference in 

latencies was greater in the building 301 tests compared to the building 126 tests. In general, the 

throughput and latency results from the building 301 tests using a single POTS modem on the 

PPP server correspond more closely to the results of the 2-channel tests performed in building 

126, indicating that the Iridium-to-Iridium channel with the highest call drop rate was essentially 

non-functional. Using two POTS modems in building 301 provided much greater connection 

stability and from that, achieved the performance levels we witnessed in the building 126 

configuration. In addition, we could clearly see the performance improvement of SCPS-TP over 

TCP.  

 

Effects of Data Size and Rate on Performance – Examining Figure 3 we conclude that data 

size has a minimal, if any impact on throughput. The primary effect of data rate on performance 

was the almost linear increase in latency as rate was increased. In terms of throughput, data rate 

approached an asymptotic limit below the theoretical maximum rate supported by the number of 

Iridium channels in use. For the building 126 tests, this limit was approximately 5500 bps and in 

building 301 this limit was approximately 4000 bps (3000 bps for TCP), compared to the 3-

channel limit of 7200 bps. SCPS-TP was also tuned for bulk data transfer, with best performance 

when the MTU of 1500 bytes is full. Since many of the test cases would not completely fill an 

MTU, if SCPS performs a re-transmission of a missed segment, it would need to resend an MSS 

of approximately 1448 bytes, the end result of which would be that more data is retransmitted 

than necessary. 

 

Variability of Iridium Performance - Iridium connections live in a world of constant change; 

they hop from satellite to satellite, and from beam to beam within the purview of a single 

satellite. The calls are affected by the weather, the view of the sky, reflections from buildings 

and the local geography, and the ever-changing position of the satellite relative to the antennae.  

Given all this, it is simply a given that connections will drop periodically, and that some 

connections will be marginal. Marginal connections are actually a worse problem than dropped 

calls; when a connection drops, it is detected and a new connection attempted. A connection with 

a high error-rate that manages to stay up will simply deliver poor performance as it will be 

chosen round-robin by teql. The call-drop statistics reinforce how variable the Iridium 

performance can be, particularly on the channel 0 connection. IN contrast, the (comparatively) 

good call-drop performance of the Iridium-POTS channel 3 connection suggests that by simply 

removing a satellite link from one-half of the connection there is an almost 50-fold improvement 

in connection stability. 

 

RECOMMENDATIONS 

 

Antenna Placement – Antenna placement and geometry on an airborne platform should be 

designed such that all antennae are not occluded at the same time during turns and other 

maneuvers. 

 

Future Testing – Many questions regarding the variability in Iridium performance have been 

raised as a result of the tests performed. Future testing is being planned to help further 
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understand the interaction of Iridium antennae, satellite capability for the number of calls and 

connection quality: 

• Increase the geographic distance between the gateways to a more realistic distance. 

Ideally this distance will be sufficiently far to guarantee that the endpoints of Iridium 

calls are handled by separate satellite beams. 

• Increase use of POTS modems on the server gateway, such that all channels are Iridium-

POTS. Although this would potentially restrict locations for the receiver of telemetry 

from an airborne platform, a (possibly) resulting increase in bandwidth may be a 

worthwhile trade-off. 

• Perform additional longer-term tests to reduce the effects of call drops on overall 

bandwidth. Test durations will be on the order of hours to help determine a more accurate 

performance baseline. 

• Provide additional instrumentation in the test suite to correlate the number of call drops, 

connection up-time and connection performance on tests. 

• Flight testing at NASA Dryden with a multiple-channel airborne system is anticipated 

during the summer of 2007. 

 

Update to Latest Versions – Newer versions of PPP and Linux used on the gateway 

workstations are available. Some of the dropped calls may be attributable to a known problem in 

the version of PPP used during these tests. 

 

Monitor Link Performance - The PPP links are automatically restarted when they die (a 

frequent occurrence, as noted above.) However, they are not restarted when they perform poorly. 

It would be a good idea to investigate a way to monitor the link performance and drop and 

reestablish the links when necessary.  
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ABSTRACT 

 

Shaped Offset Quadrature Shift Keying (SOQPSK) is a spectrally efficient modulation that has 

been promoted in the airborne telemetry community as a more spectrally efficient alternative for 

legacy PCM/FM.  First generation demodulators for SOQPSK use coherent detectors which 

achieve good bit error rates at the expense of long synchronization times.  This paper examines 

the performance of a noncoherent SOQPSK detector which significantly improves the signal 

acquisition times without impacting BER performance in the AWGN environment.  The two 

detection methods are also compared in their ability to combat other channel impairments, such 

as adjacent and on-channel interference. 
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INTRODUCTION 

 

SOQPSK is a non-proprietary modulation technique that has been established as one of the 

Advanced Range Telemetry (ARTM) Tier I waveforms.  Coherent detectors have historically 

been used to demodulate this waveform taking advantage of its OQPSK nature.  A new 

noncoherent sequence detector is now available for SOQPSK which promises to reduce 

synchronization time without sacrificing BER performance.  This paper starts by revisiting the 

SOQSPK waveform definition followed by a brief overview of the coherent and noncoherent 

detectors.  The remainder of the paper presents hardware test results for these two detectors for a 

variety of channel impairments. 

 

 

DESCRIPTION OF SOQPSK 

 

The SOQPSK waveforms described by Hill [1] are constant envelope, continuous phase 

modulations that allow a designer to easily trade-off spectral and power efficiency by varying a 

few simple parameters. The waveforms are completely described by either their instantaneous 

phase or frequency. Figure 1 illustrates a conceptual SOQPSK modulator that maps a binary 
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input stream a(i) into ternary valued (+1, 0, -1) frequency impulses α(t), passes them through a 

shaping filter with response g(t),  and applies the instantaneous frequency f(t) or phase φ(t) to an 

appropriate modulator which produces the desired SOQPSK waveform.  
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Figure 1. SOQPSK Modulator 

 

The frequency pulse shapes for several variants of SOQPSK are given by g(t) = n(t) * w(t), 

where 
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Four parameters ρ, B, T1, and T2 serve to completely define the frequency pulse shapes for 

SOQPSK. The telemetry community has chosen specific values for a variant termed SOQPSK-

TG to obtain a good tradeoff between bandwidth and power efficiency: 

A = 0.5, T1 = 1.5, T2 = 0.5, ρ = 0.7, B = 1.25 

The remainder of this paper discusses detectors for the SOQPSK-TG waveform. 

 

SOQPSK DETECTORS 

 

Two SOQPSK detector types for demodulating SOQPSK are examined.  First, a standard symbol 

by symbol detector is used as described in [2].  This coherent detector passes the baseband I and 

Q channels thru a Butterworth filter with a 3 dB bandwidth equal to the bitrate.  The I and Q 

filter outputs are then compared to a threshold to make data decisions.    

 

The second detector is a noncoherent sequence detector which utilizes a variant of the trellis 

mapping outlined in [3].  This noncoherent detector correlates the received signal against several 

candidate phase trajectories which correspond to valid data streams.  The output bit stream is 

chosen from the phase trajectory whose magnitude is greatest. 

 

The remainder of this paper compares the performance of these detectors as they are 

implemented in L-3 Nova’s MMD44 multimode demodulator platform.  In all experiments run, 

the desired signal is modulated with the IRIG 106-00 differential encoder.  With both detectors, 

the differential decoding is built in to the demodulator. 



 3 

 

PERFORMANCE ANALYSIS 

 

A. Performance in AWGN 

The initial performance metric for the two detectors is the performance in the presence of 

additive white Gaussian noise (AWGN).  Figure 2 plots the BER performance of the two 

detectors.  As seen in Figure 1, both detectors have comparable BER performance at Eb/No 

greater than 7 dB.  The most significant difference between the two detectors is at lower signal 

levels.  The coherent detector looses phase lock at an Eb/No of 5 dB while the noncoherent 

detector is able to maintain signal lock down to 0 dB.  This lower signal lock threshold makes 

the noncoherent detector more suited for applications where Turbo coding is applied. 
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Figure 2. Measured BER results for the two SOQPSK detectors 

 

B. Performance with frequency offset 

The noncoherent detector’s frequency response is measured by repeating the BER test from 

above at Eb/No level of 11.5 dB.  In addition, the desired signal’s frequency offset relative to the 

receiver is offset while all frequency tracking loops are disabled.  This test only applies to the 

noncoherent detector since the coherent detector cannot tolerate any frequency offset when 

frequency and phase tracking are disabled.  The results shown in Figure 3 demonstrate that the 

noncoherent detector maintains its BER performance over a modest range on the order of 

1/1000
th

 of the bit rate of the modulation.  For most telemetry application, this range is sufficient 

for data rates over 10 Mbps.  For lower data rates, a frequency tracking loop is needed to center 

the desired signal relative to the receiver. 
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Figure 3. Bit Error Rate vs Frequency Offset for both detectors with frequency tracking disabled 

at Eb/No = 11.5 dB 

 

C. Signal Acquisition 

Another area where the noncoherent detector has an advantage over the coherent detector is in 

recovering from a signal fade.  Because phase lock is not required, the noncoherent detector is 

able to output correct bit decisions sooner once the signal returns.  Table 1 shows the average 

number of symbols required to achieve bit sync when the system is transitioned from a state with 

only noise present to a state where the signal is 15 dB above the noise level.  For comparison, the 

results of this test using a noncoherent PCM/FM detector are also shown.   

 

Table 1. Average number of symbols required to achieve bit sync after a fade recovery 

Mode 1 Mbps 5 Mbps 10 Mbps 

SOQPSK – Coherent 22816 6363 2016 

SOQPSK – Noncoherent 221 289 409 

PCM/FM – Noncoherent 185 204 219 

 

This test shows that the fade recovery performance of the noncoherent SOQPSK detector 

approaches that of the PCM/FM detector.  The improvement of the noncoherent SOQPSK 

detector relative to the coherent SOQPSK detector ranges from 100X to 5X depending on the 

data rate. 

 

D. Adjacent Channel Interference 

A detector’s performance in the presence of an adjacent channel interferer is also important for 

most telemetry applications.  A series of BER tests were run with a single interfering signal 

present that is 20 dB stronger than the desired signal.  The offset of the center frequency of the 

interfering signal is varied from 1.0 to 0.8 times the bit rate.  Figures 4a and 4b show the test 

results when both the desired and interfering signals are 7 Mbps SOQPSK.  This rate was chosen 

to match the one of the IF filter selections available in the MMD44 demodulator. 
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Figure 4a. ACI rejection performance for 

the Coherent Detector 
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Figure 4b. ACI rejection performance for the 

Noncoherent  

 

The ACI testing revealed that the noncoherent detector degrades more quickly as the interfering 

signal is brought closer to the desired signal.  Both detectors perform well when the frequency 

separation is 1.0 times the bit rate. 

 

E. On Channel Interference 

On channel interference was also examined for both detectors.  In this test, the SOQPSK 

modulated interferer is placed in the center of the received signal bandwidth.  The relative power 

level between the desired and interfering signal is varied to produce the test results shown in 

Figure 5 below.  Similar to the trend observed in the ACI tests, the coherent detector performs 

slightly better in the presence of an on channel interferer. 
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Figure 5. On channel interference performance for noncoherent and coherent SOQPSK 

detection. 
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F. Multipath performance 

Multipath reflections are a common issue that impacts RF telemetry systems.  An representative 

multipath channel is established according to the following equation: 

y(t) = x(t) + d*x(t-T)  

where y(t) = the received signal at time t 

    x(t) = the transmited signal 

d = the reflection coefficient 

T = the time delay of the reflected path 

 

Testing with this channel used a 5 Mbps data stream, a time delay of 20 uS, and a reflection 

coefficient that varied from -0.5 to -0.8.  The use of a purely negative reflection coefficient 

produces a null at the center of the signal with larger magnitude reflections resulting in more 

severe nulls. 
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Figure 6. Performance of both detectors in a representative two-ray multipath channel 

 

The coherent detector outperforms the noncoherent  detector in this multipath test with low bit 

error rates maintained at reflection magnitudes up to 0.65.  The noncoherent detector is able to 

maintain a 1e-5 BER at a reflection magnitude of 0.53 with a slow link degradation at more 

severe multipath profiles.   

 

 

CONCLUSIONS 

 

Two detectors for SOQPSK were analyzed and tested against their ability to combat a variety of 

channel impairments common in an RF telemetry system.  The coherent symbol by symbol 

detector was shown to perform well in interference environments as well as multipath fading.  

This testing indicates that the sequence detection algorithm in the noncoherent detector is more 

sensitive to phase distortions due to these types of channel impairments.  The noncoherent trellis 



 7 

detector outperforms in the simple AWGN channel holding signal lock down to 0 dB Eb/No.  The 

elimination of a phase lock loop allows the noncoherent detector to maintain a low BER 

performance over a range of frequency offsets while also reducing the time required to acquire 

the signal after a flat fade.  These advantages make the noncoherent trellis detector the preferred 

approach for most telemetry systems. 
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ABSTRACT 
 
Modern telemetry systems require flexible bit rate telemetry encoders in order to optimize 
mission formats for varying data rate requirements and/or signal to noise conditions given a fixed 
transmitter power.  Implementing a variable bit rate telemetry encoder requires consideration of 
several possible architectural topologies that place different system requirements on data 
acquisition modules within the encoder in order to maintain adequate signal fidelity of sensor 
information.   
 
This paper focuses on the requirements, design considerations and tradeoffs associated with 
differing architectural topologies for implementing a variable bit rate encoder and the resulting 
implications on the encoder systems data acquisition units. 
 
 

KEYWORDS 
 
Encoder, sampling, filtering, spectral containment, eye diagram, variable bit rates 
 
 

INTRODUCTION 
 
Telemetry requirements for vehicle development have many common aspects.  Encoders must 
interface to various types of analog and digital sensors, combine the data into an IRIG compliant 
format structure and supply the data to a suitable transmitter type for the application.  All 
encoders share these basic functions, but the specific mission drives many other detailed 
requirements of the encoder.   
 
For example, analog sensors have different output levels, load limitations, excitation needs, 
fidelity requirements and sampling rates.  Encoder developers can therefore design analog sensor 
modules specifically for a particular customer’s needs or design modules that have flexible 
software programmable interfaces.  One benefit of developing modules for specific customer 
needs is that this generally leads to a simpler design with less up front development cost.  The 
major drawback of this approach is that every iteration made to support a different set of requirements 
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will result in additional cost.  It won’t take many iterations before the cumulative incremental costs 
exceed the upfront additional cost of the flexible sensor module. 
 
The variable sampling rates of analog sensors and changing data interfaces needs almost always 
leads to different aggregate data rate requirements; therefore, the same rationale used for 
developing flexible analog sensor modules applies to designing an encoder capable of generating 
variable data rates.  
 
 

FACTORS DRIVING VARIABLE DATA RATE NEEDS 
 
What is driving the need for a variable bit rate telemetry encoder, both from a customer and 
manufacturer’s requirements perspective?  As mentioned previously, customer A’s telemetry 
requirements and thus data rates will almost certainly be different from their next program or 
customer B’s needs, but there are several other possible factors as well.   
 
Below is a list summarizing some of the possible factors driving the need for variable data bit 
rate telemetry encoder. 
 
Customer Driven: 

� Different mission phases may have changing data acquisitions requirements 
-     e.g. a multi-stage rocket may have different active sensors for each stage 

� Different missions within the same program have changing data acquisition requirements 
-     e.g. captive carry test verses free flight 

� Spectral allocations may vary during a program 
-     e.g. higher priority program may force reallocations 

� Link margin requirements can change during a specific mission or program 
- e.g. changing adjacent spectral allocation use may require lowering the data rate 

given a fix transmit due to added interference 
- e.g. different data rates require proportionately different transmit powers for the same 

link margin (with the same FEC) 
� General ability to customize data rates in the field 

 
Manufacturer Driven: 

� No new development cost to absorb or charge the customer 
� Quicker response to the customers needs 
� Eases parts logistics, configuration management and manufacturing test to have one base 

design 
 
 

VARIABLE BIT RATE ENCODER REQUIREMENTS 
 
In order to design a variable bit rate encoder there are several constraints and considerations that 
must be addressed prior to starting the detailed design.  For example, a data rate range and step 
size must be determined that adequately addresses market needs.  Too much range will add extra 
cost and complexity, too little will limit the market applications.  How many different data rates 
are needed in a single mission?  If the data output feeds an analog transmitter interface the serial 
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data may need to be spectrally contained at the encoder output if this function is not included in 
the transmitter.  What are the accuracy and jitter limitations of the variable bit rate encoder?  
 
Data Rate Range and Step Size 
 
A survey of past and present bit rate mission requirements over the years at L-3 Communications 
has yielded information demonstrating that a programmable range of approximately 100ksps to 
an upper bound of 10Mbps would have satisfied the vast majority of missions.  The need for yet 
higher data rates have been increasing in recent years from data sources such as seekers.  In order 
to address these higher data rate requirements and shrinking bandwidth allocations more 
spectrally efficient modulation methods were added to the IRIG 106-05 telemetry standard.  
These tier two modulation methods are shaped-offset quadrature phase shift keying (SOQPSK) 
and continuous phase modulation (CPM).  Using these modulation methods it is reasonable to 
extend the high end data rate range to 40Mbps.  Modern transmitters using data rates above 
10Mbps will generally utilize non-shaped serial data interfaces for the SOQPSK and CPM 
modulation modes. 
 
The minimum step size of the serial bit rate programming range is an important consideration 
because it may guide the implementation path towards a more complicated approach.  If it is 
desired to allow the user to program the bit rate with a fine fixed resolution step over the whole 
possible data rate range then design approaches utilizing a numerically controlled oscillator may 
be appropriate.  On the other hand, methods using simple integer divide factors may provide 
acceptable resolution if the master clock is of high enough frequency. 
 
Mission Formats 
 
A complex mission may have several phases where different events and mechanisms are in 
operation which requires changing the telemetry gathers and thus aggregate data rate 
requirements.  One option may be to make one large super frame with all the sensor information 
embedded, but limitations in spectrum and power output can easily make this option not suitable.  
For example, different phases of the mission may require 20Mbps, 12Mbps and 4Mbps, but each 
phase has different sensors and thus different format structures.  Even if the spectrum allocations 
were given for an aggregate super frame of 36Mbps, the power limitations of the transmitter may 
produce inadequate link margins for this format.  If a variable bit rate encoder supported multiple 
formats with different data rates the link margins could be optimized to allocate the maximum 
allowed energy per symbol time for each of the mission phases. 
 
Spectral Containment 
 
The bottom line is that transmitted signals must meet the IRIG 106-05 spectral mask 
requirements for the utilized modulation method.  Typically this only places a baseband 
premodulation filtering requirement on the encoder for FM transmitters with analog serial data 
interfaces.  The filter mask requires a 30dB/octave slope, 12dB of which is inherent to the 
unfiltered NRZ PCM/FM signal.  IRIG 106-05 states that “at least a three-pole filter” is required 
to meet the spectral mask and recommends four or more pole filters with the “-3dB frequency 
equal 0.7 times the bit rate.”  Typically, this analog filter has a linear phase response such as a 
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Bessel or Gaussian filter.  These filters are all-pole filters and contain no stop band zeros. 
 
A key implementation issue discussed in detail later is the importance of remembering that if 
premodulation filtering is done in both the digital and analog domains one must be cognizant of 
the composite response in both the frequency and time domains.  The composite filtering may 
easily be within the IRIG 106-05 spectral mask, but the time domain response may have 
excessive eye pattern overshoot and closure even when the filters are all linear phase. 
 
Data Rate Accuracy and Jitter 
 
Data rate accuracy and jitter are also generally major concerns in any digital communications 
system.  The accuracy of the data rate will directly contribute to the overall tracking range and 
loop bandwidth of the symbol timing recovery function on the receive side.   
 
Another issue related to the bit rate jitter is the possible implications on the data acquisition 
systems sampling fidelity of analog sensor inputs.  If the data acquisition systems sampling clock 
is generated from the serial bit rate clock or a common master clock, the amount of jitter on this 
clock can limit the data acquisition systems analog interface performance.   
 
It is widely known that jitter on a sampling clock will degrade the quality of sampled signal.  The 
amount of degradation can be quantified as the jitter limited signal-to-noise ratio (SNRJL) and is 
given by the following formula (1). 
 
SNRJL (dB) = -20 · Log10 ( 2� · Fin · Tj)    (1) 
 
where Fin = maximum frequency of the input signal 
 Tj = RMS jitter of the sampling clock 
 
Additionally, if the input signal is oversampled and followed by digital filtering the jitter limited 
SNR is given by formula (2). 
 
SNRJLOSR (dB) = -20 · Log10 [ ( 2� · Fin · Tj) / �OSR  ]    (2) 
 
where OSR = oversampling ratio 
 
Equation (2) shows that the SNR improves by approximately 3dB for every octave of 
oversampling assuming a brick-wall digital filter is limiting the bandwidth to the area of interest. 
 
If the jitter component of the sampling clock is periodic the noise will reveal itself in the sampled 
spectrum as discrete spurious components on each side of the input signal.  For example, if a 
10kHz sinewave is sampled by a clock with a periodic 1kHz jitter component the spectrum will 
show side tones at 9kHz and 11kHz.   
 
It is interesting to note the jitter limited SNR for various levels of sampling jitter at different 
input frequencies.  Table 1 below grossly demonstrates some of these relationships for sampling 
sinewaves of various input frequencies given 1nsec of RMS jitter.    
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Input 
Freq 
(Hz) 

RMS 
Sample 
Jitter 
(sec) 

Jitter 
Limited  

SNR 
(dB) 

Equivalent 
Number 
of Bits  

(ENOB)  

Input 
Freq 
(Hz) 

Peak 
Sample 
Jitter 
(sec) 

Peak 
Jitter 

Limited  
SNR 
(dB) 

Minimum 
Equivalent 

Number 
of Bits  

(ENOB) 
1000 1.00E-09 104.0 17.0  1000 5.00E-07 50.1 8.0 
2000 1.00E-09 98.0 16.0  2000 5.00E-07 44.0 7.0 
5000 1.00E-09 90.1 14.7  5000 5.00E-07 36.1 5.7 

10000 1.00E-09 84.0 13.7  10000 5.00E-07 30.1 4.7 
20000 1.00E-09 78.0 12.7  20000 5.00E-07 24.0 3.7 
50000 1.00E-09 70.1 11.3  50000 5.00E-07 16.1 2.4 

100000 1.00E-09 64.0 10.3  100000 5.00E-07 10.1 1.4 
 

    Table 1:  Jitter Limited SNR                                  Table 2:  Peak Jitter Limited SNR 
 
If high fidelity is required, Table 1 clearly shows that the jitter on the sample clock must be taken 
seriously.  While crystal oscillators typically meet the jitter requirements for telemetry data 
acquisition systems, poor board routing and inadequate power conditioning can significantly 
degrade the sample clock beyond acceptable limits.  Jitter accumulation from a phase-lock loop 
can also deteriorate the quality of the sample clock. 
 
Figure 1 demonstrates the SNR to RMS jitter relationship graphically for several different jitter 
magnitudes verses frequency. 
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Figure 1:  SNR vs. Input Frequency and Jitter Magnitude 
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The multiple plots for jitter magnitudes of 1nsec through 128nsec in Figure 1 demonstrate a 
6dB/octave relationship between the SNR at a fixed frequency verses the jitter magnitude.  
Figure 1 also clearly shows a SNR reduction of 6dB/octave verses frequency for any fixed jitter 
magnitude.   
 
In some telemetry encoder data acquisition systems, the sampling clock may not be synchronized 
to the system bit rate clock.  In such cases the system design may require continuously variable 
interpolation filters to bridge the sampling domains with adequate fidelity.  If the asynchronous 
clock domains are not bridged with an interpolation filter a periodic jitter component will be 
impressed on the samples.  For example, a data acquisition module may use a fixed oscillator for 
the analog-to-digital converter (ADC) of a sensor module.  If the ADC is sampled at 1MHz the 
sample period is 1usec.  Now when the test engineer develops a format for sampling the sensors 
he may only require a minimum of 80kHz sampling, but due to the format structure and bit rate 
the closest sampling rate is 90kHz.  Since the ADC sample clock is asynchronous to the system 
bit rate clock each time a sample is requested from the ADC there can be can error of up to half 
the sampling period or 500nsec.  Note that the 1MHz sample clock and the 90kHz sample rate 
are not integer related and even if they were the jitter magnitude would still be bounded to 
500nsec unless the 1MHz sample clock was frequency locked to the desired sample rate.   
 
Depending on the system requirements the 500nsec of periodic jitter may pose major problems 
and render the sensor information unusable.  Table 2 above demonstrates the worst case jitter 
imposed spurious levels for sampling sinewaves of various input frequencies given this 
example’s 500nsec of maximum periodic jitter. 
 
As one can see from Table 2, the consequences of asynchronously grabbing samples from the 
fixed 1Msps ADC at 90ksps into the telemetry format will have serious implications.  The ADC 
may have been a 12-bit part with close to 11-bit performance, but by asynchronously bridging 
the data acquisition sample clock to format bit clock domains, the performance of the data 
acquisition system would be degraded to as low as 4.7-bits even for a input frequency as low as 
10kHz.  If the system only used a 100kHz ADC sample clock the situation would be degraded 
proportionately by another 20dB!   
 
 

METHODS FOR GENERATING VARIABLE BIT RATES AND FILTERING 
 
Bit rate agility can be implemented in several manners utilizing analog and digital design 
methods.  Each of these methods has specific encoder system design implications.  Some of the 
basic approaches and tradeoffs are listed below in Table 3.  When we desire to add the agile bit 
rate and filter functionality without changing analog components we restrict our investigation to 
methods 2-5 that requiring digital signal processing techniques. 
 
The design approaches investigated diverge into methods with and without the use of 
continuously variable interpolation filters.  Methods using a continuously variable interpolation 
(CVI) filter benefit from a fixed sample clock requirement and therefore an easier analog anti-
alias filter requirement.  The tradeoff is at the expense of a highly intensive digital signal 
processing requirement using more FPGA resources and thus power.  Fixed interpolation 
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methods require the generation of an analog bit agile clock and a little more complicated anti-
alias filter, but need far less FPGA resources and thus power. 
 
Method Description Pros Cons 

1 

Change the oscillator 
and analog shaping 
filter 

• 
• 
• 
• 

Simple to implement 
Low cost 
Low power 
Small size 

• 
• 

Possible long lead times on oscillators 
Every design is custom and requires 
unique analog filter for the desired bit rate 

2 

Use a DDS with analog 
output to generate the 
bit clock and a 
programmable analog 
shaping filter 

• 
 
• 

Helps alleviate parts 
procurement issues.   
Uses one base design to 
cover the bit rate range 

• 
 
 
 
 
• 
• 

The programmable analog filter is very 
difficult to design for such a broad 
frequency range and the size constraints of 
the design may make this option not 
desirable 
High power consumption for analog filter  
Analog filter requires calibration 

3 

Use a DDS with analog 
output to generate the 
bit clock and digital 
shaping filter followed 
by a simpler 
programmable analog 
anti-alias filter 

• 
 
• 
 
 

Helps alleviate parts 
procurement issues   
Uses one base design to 
cover the bit rate range 

• 
 
 
 
• 
• 

The programmable analog filter is difficult 
to design for such a broad frequency range 
and the size constraints of the encoder 
may make this option not desirable 
High power consumption for analog filter 
Analog filter requires calibration 

4 

Use an all digital DDS 
with a continuously 
variable interpolation 
polyphase upsampling 
shaping filter followed 
by a simple fixed 
analog anti-alias filter 

• 
 
• 
 
• 
 
• 

Helps alleviate parts 
procurement issues 
Uses one base design to 
cover the bit rate range 
Small size and simpler, lower 
power analog design  
Eliminates calibration of the 
analog filter 

• 
 
• 
• 

Significantly more complex digital design 
than option 5 requiring a larger size FPGA  
Requires more digital power than option 5  
Does not eliminate the need for a DAC 
and anti-alias filter on the DDS used for 
generating a clean data acquisition 
sampling locked to the bit clock 

5 

Use a DDS with analog 
output to generate the 
bit clock and digital 
shaping filter combined 
with digital upsampling 
followed by a fixed 
analog anti-alias filter 

• 
 
• 
 
• 
 
• 

Helps alleviate parts 
procurement issues 
Uses one base design to 
cover the bit rate range 
Small size and simpler, lower 
power analog design  
Eliminates calibration of the 
analog filter 

• 
 
• 

More complex digital design than option 3 
and higher digital power requirements  
Only a slightly more complex analog anti-
alias filter design required than option 4 

 
Table 3:  Tradeoffs for Variable Bit Rate Generation and Filtering Methods 

 
Note that an analog filtered bit agile clock is always needed somewhere in the system to clean up 
the DDS bit clock output before the clock can be used for sampling in data acquisition cards 
unless we force all the data acquisition cards to also use continuously variable interpolations 
methods.  Failure to do so results in possible jitter limited performance as discussed previously. 
 
Given the above tradeoffs, L-3 Communications PCM330E telemetry encoder uses method 5 for 
bit rate agility which is based on the DDS combined with a fixed rate interpolation approach.  
The anti-alias filtering requirements are more stringent than the CVI method, but raising the 
minimum oversampling to 8x makes this compromise a manageable issue while still yielding the 
key desired benefits of the CVI method.   
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PREMODULATION FILTERING IMPLEMENTATION ISSUES 
 
Meeting the IRIG 106-05 spectral mask is only one aspect of the premodulation filtering for an 
analog FM transmitter input signal.  The time domain performance of this filtering is also critical 
because even if the signal meets the spectral mask it can have excessive amounts of ringing and 
non-linear delay that close the eye pattern of the signal.  If the FM receiver doesn’t have an 
equalizer this excessive eye pattern distortion will proportionately degrade the system 
performance and thus link margins.  Even if the receive system has an equalizer the distortion 
will delay or may prevent acquisition.  The IRIG 106-05 telemetry standard recognizes this issue, 
but only indirectly guides the systems design by recommending a four or more pole linear phase 
response.  This guideline is rooted in the past when all the premodulation filtering was performed 
in the analog domain with either Bessel or Gaussian response filters.  The nominal step responses 
of these filters inherently have little to no over/undershoot to degrade the eye pattern.   
 
Modern systems using combined digital and analog filtering techniques must consider the 
composite response of this filtering.  The analog component of this filtering is typically just for 
anti-aliasing, but designing the digital filter directly to the desired response is a mistake because 
even though the digital filter should dominate the composite inband response the analog anti-
aliasing filter will have significant time domain implications for reasonable oversampling ratios 
(8x) of the serial bit rate.   
 
If the desired response is to have no more than 3dB of attenuation at the 0.7x the bit rate the 
digital filtering should have less attenuation to allow for the digital-to-analog converters (DAC) 
sin(x)/x response and the passband attenuation of the analog filter.  Typically the analog filtering 
will always have attenuation at 0.7x the bit rate because in order to have a step response with 
minimal over/undershoot the attenuation must roll off gradually out to around 2x to 3x the 
symbol rate.  This requirement therefore dictates that the oversampling ratio be above 7x to 
allow for the analog filters transition band to adequately attenuate DAC images.  If only a 4x 
oversampling ratio is used while the DAC sin(x)/x response and anti-alias transition band 
requirements are not considered, the eye pattern will look very distorted as shown in Figure 2. 
 
The data rate in Figure 2 is 20Msps using a 4x oversampled Cosine filter response with a 3dB 
bandwidth of 14MHz followed by a 7th order Butterworth filter with 20MHz 3dB bandwidth.  
Notice the excessive eye closure and overshoot generated by not considering the DAC sin(x)/x 
response and anti-alias filters transition band requirements.  Additionally, the response type of 
the anti-aliasing filter requires attention.  For example, all the  20Msps eye patterns below in 
Figure 3 use the same 8x oversampled digital shaping filter that takes the DAC sin(x)/x response 
and anti-alias filter oversampling requirements into account.  Each of the anti-alias filters are 7th 
order responses with 40MHz 3dB bandwidths.  The eye patterns were generated from 
randomized data over 200 Monte Carlo runs using ideal components for the anti-alias filters.  
Real filters would have limited quality factors and tolerances that would only degrade the eye 
patterns from the ideal responses shown.  The quality factors and tolerances were purposely left 
out of the simulations because the main point of the simulations is to show the various levels of 
eye pattern degradation caused by the different anti-alias filter response choices, not the effects 
of component limitations. 
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Figure 2:  4x Oversampling with Butterworth Anti-Alias Filter 
 
The Bessel filter shows a clean eye pattern with minimal (~2.5%) closure and inter-symbol 
interference, but the stopband attenuation of the DAC images is not adequate.  The Chebyshev 
filter has 0.5dB passband ripple that displays good attenuation of the DAC images, but the poor 
group delay causes noticeable inter-symbol interference and eye closure of about 7%.  The 
Butterworth filter response attenuates the images sufficiently and has minimal inter-symbol 
interference, but still shows approximately 6% eye pattern distortion.  Clearly, what is needed is 
a filter response that addresses both the time domain and frequency domain requirements 
simultaneously. 
 

          
             Bessel                                  Chebyshev 

 

         
  Butterworth                     Modified Gaussian 

 

Figure 3:  Eye Pattern Distortion vs. Anti-Alias Filter Response 
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The last example filter is the modified Gaussian filter.  This filter exhibits the advantages of the 
Bessel filter having minimal (~2%) eye closure and inter-symbol interference while also 
attenuating the DAC images greater than 65dB.  The Gaussian filter is similar to the Bessel filter, 
in that the passband group delay is flat and the attenuation is gradual out to 2x to 3x the serial 
data rate, but was modified to add stopband zeros to better attenuate the DAC images.   
 
After designing the nominal composite filter response, the analog components finite quality 
factors and tolerances need to be considered.  The nominal analog anti-alias filter response can 
then be compensated for by adjusting the digital shaping filters response if required.  If a 
nonsymmetrical impulse response is utilized, both the non-ideal amplitude and group delay 
characteristics of the analog filter can be corrected. 
 
 

CONCLUSIONS 
 
The need for variable bit rate telemetry encoders are driven from different, but harmonious 
customer and manufacturer needs such as mission format flexibility and reduced response time 
to changing customer requirements.  These basic needs then place specific requirements on the 
functionality of the encoder that can be implemented in several possible manners each with 
specific advantages and disadvantages relating all the way back to the sensor fidelity and out to 
the encoder’s filtered premodulation output.  Specific examples stressed the importance of 
minimizing sampling clock jitter to maintain signal fidelity and considering the composite 
response of the premodulation filtering to minimize eye pattern distortion of the serial data 
output feeding an FM transmitter. 
 
Implementation tradeoffs continually change as devices with more capability come to market.  
The recent introduction of yet lower power, higher density field programmable gate arrays 
(FPGAs) may warrant further investigation into continuously variable interpolation (CVI) 
techniques for bridging clock domain boundaries between the analog sensors ADC sampling and 
PCM data rate as well as the analog boundary between the encoder’s filtered premodulation 
output and the FM modulation input of the transmitter.  The benefits relating to utilizing one 
fixed high rate system clock may now favor CVI methods for new encoder developments. 
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ABSTRACT 
 

The Joint Strike Fighter program is the largest DOD contract ever awarded. There are three F-35 

Lightning II variations, each intended to meet the specific needs of the Air Force, Navy, Marine 

Corps, and U.S. Allies. The Data System required for this flight test program challenged the 

conventional ways used in instrumenting test aircraft. Typical data systems available today don't 

provide the level of hardware and software integration required for today’s complex applications. 

For example, cockpit control panels, recording systems, TM transmitters, data acquisition 

systems and avionic bus interface units are all independent systems. Additionally, avionic bus 

catalogs, ground-based systems, and flight setup software have historically been independent 

components.  

 

This paper will describe the hardware and software components used by the F-35 flight test 

program to provide an integrated system. A special emphasis will be given to the methods used 

to accommodate rapid changes to the IEEE-1394B avionic bus catalog including the acquisition 

of that data, and the use of an IRIG-106 Chapter 10 distributed multiplexer / recorder system, 

which is being used simultaneously as a data acquisition system.  
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INTRODUCTION 
 

The F-35 program is currently in various stages of development and flight test. Fifteen 

instrumented flight test aircrafts are currently planned, of which nine will be used for airframe 

test and six for avionics test. The airframe and avionics test will be done on the three F-35 

aircraft variations. These variations include the Conventional Takeoff and Landing (CTOL), the 

Short Takeoff / Vertical Landing (STOVL) and the Carrier Variant (CV). Currently there are 

seven aircraft in various phases of instrumentation and one aircraft in actual flight test. The 

complexity of the flight test program dictates that the instrumentation system and the preflight 

and post flight software must be highly integrated to minimize human errors, to reduce time and 

cost and to provide maximum flexibility in updating bus catalogs with minimum impact to the 

test program. 

 

The instrumentation system discussed in this paper will demonstrate the high level of integration 

and communications between all components of the system, will describe a single software tool 

used to configure and verify proper setup of the system, and will discuss the extensive use of 

XML files, which are electronically imported and exported between the Flight Test Data Center 

Data Base (FTDCDB) and the aircraft setup software called TTCWare.  

 

INSTRUMENTATION SYSTEM 
 

The current phase of the F-35 flight test program concentrates primarily on airframe test. It 

includes a large amount of sensor data acquisition, and some avionics bus data acquisition. 

Future phases are scheduled to commence in 2008 and will have avionics test systems, video 

acquisition systems, and radar acquisition and recording systems. This paper will not discuss the 

future test phases, but will concentrate on the current airframe instrumentation system and 

preflight software setup and integration. 

 

The airborne instrumentation system (shown in Figure 1) can be divided into several subsystems 

categorized by data bandwidth or specific functional tasks. All subsystems are connected via a 

centralized unit called the Airborne Instrumentation Controller (AIC).  The AIC provides single 

point programming and data sampling synchronization. The subsystems are: 

 

• Wideband Data Acquisition subsystem 

• Narrowband Data Acquisition subsystem 

• Distributed IRIG-106 Chapter 10 Multiplexer / Recorder subsystem 

• Airborne Instrumentation Controller and Cockpit Units 
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Figure 1. Airborne Instrumentation System 

 

 

 

Wideband Data Acquisition Subsystem 
 

The wideband data acquisition subsystem uses eight MWDAU-2000 units (Miniature Wideband 

DAU), which operate simultaneously as standalone units and as CAIS (Common Airborne 

Instrumentation System) Bus remote units to the AIC. Each wideband unit includes 10 to 30 data 

acquisition modules, each providing 2 to 4 acquisition channels for acoustic and high bandwidth 

sensor data. Each channel has a built-in ADC, which is used for raw data acquisition as well as to 

develop an RMS data representation of channel data. Each unit operates with its own data format 

at up to 20Mbps and 16 bits of data resolution. The PCM output from each wideband unit is 

routed to the on board IRIG-106 Chapter 10 multiplexers for 100% data recording. The Airborne 

Instrumentation Controller extracts selected RMS data from all wideband units via the CAIS bus 

under format control for safety of flight transmission. 

 

The wideband subsystem has 300 channels with raw data sampling of 10 KSPS per channel and 

RMS data sampling of 200 SPS per channel. The combined data rate of all wideband units is 50 

Mbps (300 x 10KSPS x 16 Bits per Sample + Overhead) for recording with the capability of 

achieving a combined data rate of up to 160 Mbps. The combined RMS data rate retrieved by the 

AIC is about 1 Mbps (300 x 200 SPS x 16 Bit per Sample).  

 

TTCWare software configures the channels and the format of each wideband unit. The same 

software is used for configuration of the AIC to extract RMS data samples from the wideband 

units. Since the same software is used for IRIG-106 chapter 10 multiplexer configuration, the 

software also configures the frame correlator of each PCM input channel of the multiplexer with 
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the frame structure of each wideband unit without reentering the frame structure. This simplifies 

the user task and minimizes any human errors.   

 

Narrowband Data Acquisition Subsystem 
 

The narrowband acquisition subsystem has twenty MCDAU-2000 (Miniature CAIS DAU) units 

operating as remote acquisition units to the AIC via the CAIS Bus. Each unit includes an average 

of 25 conditioning modules for the acquisition of: 

 

• High level analog signals  

• Wideband analog 

• RS-232 buses including TSPI information 

• Bi-level signals (discrete and relay signals) 

• Temperature data (RTD and Thermo-couple) 

• Strain Gauge 

• Synchro/Resolver and L/RVDT sensors 

• Accelerometers (including Motion pack) 

• Frequency and period measurements 

• GPS and Time 

• Charge amplifiers 

• Pressure 

• Many others 

 

The channel density of each acquisition module depends on the type of module and the 

programmability features of the channels. Many signal-conditioning modules include built-in 

DSP for programmable anti-aliasing filter using FIR or IIR filters. The filter cutoff frequencies 

are user-configurable based on format data sampling and over sampling factors. This capability 

provides significant flexibility in applications where a large number of sensors requiring 

different data sampling rates and wide variety of cutoff anti-aliasing frequencies need to be 

instrumented. 

The narrowband unit allows for data sampling of up to 417 KSPS with 12-bit resolution or up to 

312 KSPS with 16-bit data resolution. All data acquired from narrowband units is collected by 

the AIC for recording while data subsets are steered to the cockpit display and to the TM.  

 

The narrowband subsystem has about 1400 channels with aggregate data samples of over 1 

MSPS total. The contribution of the narrowband data to the AIC bit rate is about 16 Mbps.  

 

Distributed IRIG-106 Chapter 10 Multiplexer / Recorder System 

 
The primary function of the multiplexer recorder subsystem is to acquire all wideband PCM 

channels and avionics bus data for recording. On the surface this seems a simple task that can be 

achieved by any off-the-shelf IRIG-106 chapter 10 recording system, but the requirements 

imposed on such a system required a significant departure from the conventional recording 

system while maintaining the Chapter 10 standard recording format.  

The key requirements include: 
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• Acquisition of data channels must be as near as possible to the data sources. This is 

particularly important when acquiring IEEE-1394B buses with maximum length of 20 ft. 

• Multiplexer / Recorder system must operate as a data acquisition system for retrieving 

selected avionics parameters and recorder status information. 

• The system must be capable of sustained data record rates of up to 100 MBps. This 

capability is required to record future avionics Fibre Channel data. 

• The entire instrumentation and recording system must use single point programming and 

must utilize common configuration software to take advantage of frequent bus catalog 

updates via XML import / export capabilities. 

 

The multiplexer / recorder subsystem used for the F-35 program meets all of the requirements by 

utilizing three distributed multiplexers and a cockpit mounted dual media recording unit. The 

three multiplexer units include a master multiplexer called Airborne Instrumentation Multiplexer 

(AIM) that interfaces with the slave multiplexers and the recording media via a 1 Gbps Fibre 

Channel bus.  Each multiplexer has: 

 

• An IRIG-B time code input 

• A CAIS bus to communicate with the AIC for setup and data acquisition 

• A modified 64-bit 66 MHz compact PCI bus (cPCI) with four I/O slots 

 

The AIC configures the multiplexers via the CAIS bus for setup and entry of the avionics bus 

acquisition list. The types of data the AIC retrieves under format control from the multiplexers 

includes: 

 

• Avionics bus parameters 

• Media(s) percentage memory remaining 

• Health status on each card and port 

• Running count of frames / packets received per port 

• Running count of megabytes received per port 

 

The system acquires eight PCM streams from the wideband and AIC units, and up to 12 IEEE-

1394B buses. It has several spare slots for the future acquisition of Fibre Channel buses. The 

cockpit mount dual media receptacle utilizes two 300 GB sealed hard drives or two 98 GB solid-

state drives. Both media types are wired using a Fibre Channel arbitrated loop within the 

receptacle, and interface with the master multiplexer via a single Fibre Channel bus. The user 

can define which data source should be recorded on which media. Duplication of data on both 

media is allowed. The current overall PCM aggregate rate is 70 Mbps, and the bus data is 80 

Mbps. These rates vary based on the flight test of the day.   

 

The multiplexer / recorder subsystem places the required IRIG-106 chapter 10 TMATS file on 

the media at the beginning of every recording session. This TMATS file represents only the 

multiplexer / recorder setup. This was of no use to Lockheed Martin since it did not include any 

metadata or configuration of the entire system. Lockheed made extensive use of the system 

configurations and metadata exported by TTCWare using XML files to the FTDCDB.  
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Airborne Instrumentation Controller (AIC) and Cockpit Units 

 
The AIC is used as the central instrumentation control unit. Every unit in the instrumentation 

system is connected to the AIC by way of the CAIS bus for setup, system audit, system 

synchronization and data acquisition. The unit provides up to eight CAIS buses with an average 

of four to five data acquisition units (Wideband, narrowband, Chapter 10 multiplexer, or Cockpit 

unit) per bus. Most wideband data is routed directly from the wideband units to the multiplexer / 

recorder, and bypasses the AIC. The AIC acquires all the narrowband data, wideband RMS data 

and selected avionics / recorder status from the multiplexers.  

 

The AIC provides composite PCM of 20 Mbps to the multiplexer for recording, and outputs up 

to four-user programmable PCM streams. Two of the outputs are not used, one is used for TM at 

5 Mbps for transmission of safety of flight, and one stream is steered to the cockpit control and 

display unit.  

 

The TM data includes wideband RMS data, selected IEEE-1394B bus data from the 

multiplexers, selected recorder status information, selected sensor data from the narrowband 

units and cockpit unit data including cockpit switch(s) activation information. 

 

The cockpit unit includes the processing unit, the display unit and the switch panel control unit. 

The cockpit unit has a built-in frame correlator function to acquire and process PCM data from 

the AIC. Using the TTCWare software configuring tool, the user selects PCM parameters for 

processing to display data graphically using widgets (LCDs, strip charts, LEDs, labels, dials, 

status bars, etc), and configures engineering unit conversions. Some of the cockpit-processed 

data is acquired back by the AIC using the cockpit unit CAIS bus for TM. The processing 

functions used for the F-35 program include: 

 

• Unprocessed Data (Raw data counts) 

• Polynomials (up to 10th order) 

• Interpolations / Lookup tables (up to 32 input-output pairs) 

• IRIG Time Processing 

• Average, Minimum, Maximum 

• Derived calculations using a calculator-style interface 

 

The cockpit unit is also used for controlling several instrumentation subsystems under pilot 

control. This includes instrumentation power, TM On/Off, Upper and Lower antenna control, 

Recorder(s) control, Event marker, and others. 

 

 

SOFTWARE 
 

The airborne instrumentation system with over forty separate units was shown to be a highly 

integrated system capable of interfacing with low bandwidth sensors, high bandwidth sensors 

and high data rate buses. The interface between the units, subsystems and the software are 

designed to minimize duplication of work, human errors, automatic update of the latest catalog 

data, and reduces time from test requirements to test readiness. The discussion here will only 
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concentrate on the preflight software integration system shown in figure 2. Post flight data 

retrieval and analysis is beyond the scope of this paper. The key interface points of the integrated 

system are: 

 

• Airborne units 

• Ground instrumentation configuration software called TTCWare  

• Flight Test Data Center Data Base (FTDCDB) 

 

Airborne Units 
 

The airborne instrumentation system is wired through CAIS buses to the Airborne 

Instrumentation Controller for programming, system audit, synchronization, and data acquisition. 

The system provides a single point programming from the ground support equipment using 

TTCWare instrumentation configuration software. The configuration of each unit type includes: 

 

• Narrowband units: card / channel configurations 

• Wideband units: card / channel configurations, and wideband PCM format 

• Multiplexers: card / and port configurations, System rules, selected bus data list, and 

recorder TMATS per IRIG-106 chapter 10 

• Cockpit unit: Frame correlator setup, EU conversions, MFD pages  

• Airborne Instrumentation Controller: PCM formats, Programmable secondary PCM 

outputs.  
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Figure 2. Preflight software configuration 
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Ground Instrumentation Configuration Software (TTCWare) 
 

TTCWare is the software tool used for configuring the airborne instrumentation system. It allows 

the user to define the airborne system controller configuration, including the number of CAIS 

buses, the number of remote DAUs on each bus and the card type / slot on each DAU. The 

definition of the system can also be done outside TTCWare by using other tools that export the 

configuration to TTCWare by way of XML files. In the case of the F-35 program the airborne 

system definition, channel setup, and bus catalog are all defined as part of Lockheed’s FTDCDB. 

This capability was developed jointly between Teletronics (TTC) and Lockheed through an 

“XML Data Exchange Document” to allow data exchange between TTCWare and FTDCDB. 

This capability allowed Lockheed and TTC to use their own dissimilar databases and exchange 

data through XML. The Document defines the vocabulary, Hardware, Parameters, setting ranges 

and others.  

 

FTDCDB exports the XML file of the system and parameter configurations to TTCWare. 

TTCWare compiles the imported XML file to generate the airborne system configuration files. 

The compiler is highly optimized to the specific hardware being used, and therefore only 

TTCWare is capable of generating the programming files. After programming the airborne 

system, the user performs ground preflight checkout and tweaks the system by modifying 

parameter settings though TTCWare. TTCWare exports the latest settings and format structures 

using XML files to update the FTDCDB with the latest modifications.     

 

 

Flight Test Data Center Data Base (FTDCDB) 
 

The FTDCDB interfaces with the Avionics Bus Database by using the latest bus catalog through 

an ICD report. It also uses other ICD reports of other airborne components of the instrumentation 

system such as instrumentation TSPI unit and others. Users interface with the FTDCDB via 

Lockheed proprietary software tools to generate the Master Measurement List (MML), Test 

Configuration List (TCL), Test Measurement Request (TMR), Test Data Request (TDR), and 

others. The FTDCDB exports test configuration XML file(s) to TTCWare, and imports from 

TTCWare XML files with the PCM maps, PCM streams, and any configuration changes. 

FTDCDB exports various files to the Test Mission Control Room with the TM configuration 

data to include IADS configuration, TMATS, etc.  

 

 

CONCLUSIONS 
 

It was shown that a good system design of an integrated airborne instrumentation, ground 

instrumentation configuration software and flight test data center can provide great benefits by 

reducing the time from test requirements to system readiness, minimize human errors, reduce 

cost and increase system flexibility. 
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ABSTRACT 

The development of network-based data acquisition systems has resulted in a new architecture for 

supporting flight instrumentation that has the potential to revolutionize the way we test our aircraft.  

Unlike conventional flight test instrumentation, networks provide for a two-way communication 

path between all elements of the system, utilize packetized data, support communication protocols, 

have dynamic quality of service levels, can be subject to loss of data, utilize asynchronous 

transmission behavior and provide an even higher level of time synchronization. Different flight 

test architectures can be realized which combine each of the previous attributes in different ways; 

finding the best architecture for a set of given applications while minimizing cost and complexity 

is a very difficult problem. For the last 3 years, the Network Products Division at Teletronics has 

been involved in the design and evaluation of aircraft instrumentation networks for both customers 

and the iNET program.  This paper describes the result of these efforts by discussing the high-level 

design of a modular architecture for an aircraft instrumentation network. 

 

KEY WORDS 

NETWORK, DATA ACQUISITION, ARCHITECTURE, 1588, ETHERNET, 

SWITCHING  

 

INTRODUCTION 

Network-centric distributed data acquisition systems are common in many disciplines: 

transportation, remote sensing, war fighting, industrial manufacturing, research laboratories, and 

many other areas. Multiple vendors, standardization, market size, and existing widespread use of 

communication networks have contributed to their early adoption in these areas. One discipline 

that hasn’t broadly benefited yet from this methodology is airborne instrumentation. In fact, 

airborne data acquisition systems have changed very little over the last 20 years. Their technical 

growth has primarily been driven by advances in the area of digital filtering and the need for 

incorporation of newer avionic busses. Distributed data acquisition units operating as a system still 
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employ time division multiplexing (TDMA) communication schemes. These schemes commonly 

utilize command and response busses like CAIS and serial streaming data like PCM. Although this 

approach is highly efficient, it has several drawbacks. These drawbacks have resulted in a rigid 

system architecture, system bandwidth limitations, the need for highly specialized recorders to 

acquire unique avionic busses that would otherwise overwhelm the system bandwidth, and 

unidirectional flow of data and control. 

 

Even with these limitations, IRIG-106 Chapter 4 and its related standards have served as the 

baseline for testing virtually every major airborne system in use today. However, two underlying 

principles, upon which the success of these standards has been based, are rapidly changing. The 

complexity of the test article is rapidly increasing and serial unidirectional links are proving to be 

too restrictive for cost-effective testing. Additionally, RF spectrum, which at one time was 

plentiful, is quickly disappearing and the need for always-increasing dedicated bandwidth per test 

article is becoming too difficult to maintain. Fortunately, communication technology has given us a 

solution to these problems with its continuing development of higher speed communication links. 

The key to taking advantage of these links in our discipline is the adoption of packetized data 

streams that utilize shared bandwidth and support bi-directional communication. The key to the 

adoption of these technologies is a phased-in approach that maintains compatibility with existing 

assets and doesn’t compromise the reliability and integrity of the data being collected. 

 

BACKGROUND 

The architecture of airborne distributed data acquisition systems has been rapidly moving towards 

a network-centric approach.  While independent progress has been made in the past through 

individual efforts [1,2,3], the overall effort received a major boost in 2004 when the Director of the 

Central Test and Evaluation Investment Program (CTEIP) launched the integrated Network 

Enhanced Telemetry (iNET) effort [4]. The concept for this program grew out of discussions 

within the RCC Telemetry Group.  The initial phase of the program, led by Sarnoff, focused on a 

“Needs Discernment Study” which identified 53 user test scenarios that documented primarily 

unmet needs in the aeronautical environment. These scenarios were then used as input into the next 

phase of the program, led by Boeing Phantom Works, which investigated a proposed architecture 

definition that could support the test scenarios. Over the last 18 months, iNET has adopted a 

systems engineering approach to reengineering telemetry focused on creating a telemetry network 

system (TmNS) architecture to enhance the capability of traditional point-to-point telemetry based 

on the derived need scenarios. The iNET effort has matured to the point where the physical 

characteristics of the proposed architecture are being developed. The program has recently 

completed its architecture development study and is entering a new phase to define which 

standards are needed in a range-wide telemetry network system (TmNS). 

 

It will take some time before a standardized network-centric system architecture will be available 

to the flight test community. Aircraft manufacturers that have immediate needs to implement flight 

test systems to meet schedules can’t afford to wait for standardization, and are pressing ahead with 

programs that require the use of different networking technologies as an element of the flight test 

system backbone. It is primarily this need that led to Teletronics forming the Network Products 

Division (NPD) in 2005 to publicize our existing internal efforts to incorporate networking 

technology into our product lines so these immediate customer needs could be addressed. Initial 
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work at Teletronics began in late 2002 when the company began acquiring engineering expertise in 

data communications as a result of beginning product development in support of the IEEE 1394 

and Fibre Channel technologies used as part of the JSF Program. In late 2003, this development 

group began working with Boeing St. Louis in investigating ways of adapting Teletronics’ existing 

McDAU technology to support the acquisition of Ethernet packets from an aircraft avionic bus. 

During 2004, Teletronics joined a multi-vendor team lead by Boeing Seattle to develop a network-

centric data acquisition system from the ground up to support the flight test program for a new 

passenger aircraft. Our role in this effort was focused on the design and development of network-

aware data acquisition units (DAUs) that would interface to the sensors and avionics buses used 

within the aircraft and output packetized data to the instrumentation network. During 2005 and 

2006, Teletronics became more directly involved in supporting the research and technology needs 

of the iNET program. During the 2005 ITC Conference, Teletronics supported the iNET 

technology concept demonstration by providing software and hardware technology which allowed 

for the implementation of the Data Mining test scenario identified in the needs discernment [5,6]. 

At the 2006 ITC Conference, Teletronics supported the enhancement of the Data Mining 

technology demonstration by providing an Ethernet switch that supported IEEE 1588 and two 

network-capable DAUs that also supported IEEE 1588. Additionally, a PCM to Ethernet gateway 

was incorporated, allowing the integration of legacy DAUs to the network [7]. Also, during 2006, 

Teletronics supported the iNET program directly as a subcontractor to Boeing, providing network 

trade studies and implementation expertise specific to the test article segment of the TmNS. 

 

The Network Products Division at Teletronics has as its charter the design and development of an 

IP-based networked instrumentation architecture for the data acquisition marketplace. We plan to 

accomplish this task by developing new hardware and software that allow our products to be 

programmed, controlled, transmit data and provide status using standard Internet Protocol. During 

our ongoing engineering process, we have been providing feedback regarding our experiences to 

the iNET development team in an effort to aid in the overall success of the iNET TmNS 

architecture. Additionally, we have been using the recommendations published by the iNET 

development team to guide our own engineering and product development process. Our objective 

is to realize an aircraft instrumentation implementation for networked data acquisition that is 

consistent with the proposed TmNS architecture. Our approach is tempered by the need to maintain 

backwards compatibility both with our own product lines as well as with the requirement that the 

quality of data that the flight test engineer obtains from a networked system is not compromised. 
 

The objective of this paper is to describe the results of the engineering process used by the 

Network Products Division to develop its networked instrumentation architecture in a manner 

consistent with the goals of the company and fulfilling the requirements of the iNET proposed 

architecture. Additionally, we will identify when decisions have been made where logical or 

functional elements of the TmNS are being assigned to a physical implementation. More 

importantly, we show how our instrumentation architecture allows for its evolution from a 

primarily legacy-driven implementation to a packet-driven implementation. Software management 

of this architecture is described in a companion paper [8]. 
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TmNS ARCHITECTURE OVERVIEW 

The overall iNET architecture is quite broad and can be logically partitioned into six systems: 

Telemetry Network System, Peripherals, Network Management, Spectrum Assignment 

Management, Peripheral Configuration Applications, and Peripheral Management Applications. 

The relationship between these systems and the domain physical architecture is as follows: 
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The management and configuration systems are primarily realized by software, while the TmNS 

and peripherals reflect an implementation dependent mixture of software and hardware. The focus 

in this paper is on the Test Article Segment (TAS) of the TmNS and the peripherals. The 

management and configuration systems of the iNET architecture and how they have been realized 

within the Teletronics implementation are covered in a companion paper. The TmNS system can 

be further decomposed into the following segments: 
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The TmNS can be partitioned into the two endpoints of a communication link. The Ground Station 

Segment (GSS) corresponds to that portion of the ground network where serial streaming telemetry 

(SST) is received from Test Articles (conventional telemetry) and where packetized IP data is 

exchanged (sent and received) to/from Test Articles. The Test Article Segment (TAS) corresponds 

to that portion of the test article instrumentation network where SST is sent to the GSS and where 

packetized IP data is exchanged (sent and received) to/from the ground network. 

 

The TAS RF Network Element provides the bridge between the IP portion of the test article 

network and the RF portion of the TmNS. The TAS SST Element provides the bridge between the 

PCM and CAIS portion of the test article instrumentation system and the RF portion of the TmNS. 

The TAS SST Element preserves the legacy serial streaming telemetry used in flight test while the 

TAS RF Network Element implements the new bi-directional packetized communication link of 

the TmNS. Both elements logically share the use the TmNS TAS Antenna Element, though, 

physically, they will have independent structures as both functions occur simultaneously. The TAS 

vNET Interface Element functions as the gateway for IP packets between the test article network 

and the TmNS. In a similar manner, the TmNS assumes the SST Element functions as a gateway 

(even though in one direction only) between the TmNS and the PCM/CAIS portion of the test 

article instrumentation system. The actual function and physical relationship between the 

PCM/CAIS (legacy) and IP segments of the instrumentation system aren’t defined by proposed 

TmNS architecture. Clearly, this is an implementation issue controlled by the vendors and the 

customer’s existing assets. However, iNET’s stated goal in accomplishing the predefined test 

scenarios requires cooperation and communication between the legacy and IP segments of the 

instrumentation system. In the diagram above, there are two IP connections shown between the 

SST element and the vNET Interface Element. In the TmNS architecture, one link is assumed to be 

unclassified and used only to control the SST transmitter, while the other link is assumed to be 

classified and is used to present IP packets to the SST controller for possible incorporation into the 

serial telemetry stream. Additional comments about this arrangement are found in the next section. 

 

AN INSTRUMENTATION NETWORK 

The following diagram illustrates the lowest functional level specified by the proposed iNET 

TmNS TAS architecture: 
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Each of the four elements within the TmNS TAS is shown in more detail along with the 

communication links needed for interfacing with three typical peripherals. A functional description 

of each of the components in the diagram and their relationships to each of the four elements 

follows: 

Antenna Element 

� Switcher – Used to select which antenna on the test article is being used for the 

transmission and reception of data to/from the GSS. The physical orientation of the test 

article with respect to line of sight of the ground antennas dictates this need. 

� Diplexer – Used to isolate the different frequencies being used for the network and the SST 

transmissions being fed to the antenna. 

RF Network Element 

� IMU – An Inertial Measurement Unit is used to detect changes in position and orientation 

of the test article. It is used in conjunction with a GPS to produce information useful to 

determine which antenna(s) have line of sight with a ground antenna. 

� TX – The IP packet RF transmission component. 

� RX – The IP packet RF reception component. 
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� GPS – A global positioning system used to generate both positional information of the test 

article and provide the timing reference for clock synchronization within the Link Manager 

and the instrumentation network. 

� Link Manager – This component provides for the link layer management of the TDMA-

based OFDM transceiver defined by the TmNS architecture. It accepts IP packets destined 

for an address on the ground and schedules them for transmission based on its assigned 

timeslots in the TmNS. It also accepts IP packets from the ground destined for an address 

within the test article and places them on the internal network. 

� Data Diode –A one-way communication device to separate red/black systems. Its used to 

allow for the transport of NEMA (National Electrical Manufacturers Association) data 

between the GPS and the Switch. The output of a standard GPS consists of text messages 

in NEMA standard format that contain position and time information. 

vNET Element 

� Jack – An external IP connection used to connect in the hanger to the ground service 

equipment. 

� IP Encryption – This device encrypts or decrypts IP packets as they pass between the Link 

Manager and the Switch. Its purpose is to maintain separation between the classified and 

unclassified portions of the test article. 

� Performance Enhancing Proxy (PEP) – A network agent designed to improve the end-

to-end performance of communication protocols such as TCP. They are primarily used to 

overcome the issue of TCP window sizes being set too small on high-latency links. 

� Switch – An ethernet switch is used to provide data link-layer routing of IP packets in the 

test article. In addition, this switch is designed to provide hardware and software support of 

IEEE 1588, a high-accuracy clock synchronization protocol. The switch provides the IP 

traffic switching of packets between the TmNS and the peripherals in the test article. 

SST Element 

� PCM Controller – This device acts as a CAIS Bus master to collect sampled parameters 

from peripherals and generate two PCM output streams, one output stream for input to the 

test article recorder and a second output stream for input to the serial streaming transmitter. 

� Bulk Encryption – The device that performs bit-level encryption of the serial streaming 

telemetry data. 

� SST TX – The serial streaming telemetry transmitter of the test article. Its purpose is to 

maintain compatibility with the existing low-latency data transmission subsystem in 

today’s flight test instrumentation system. 
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The previous diagram and highlighted components document the proposed TmNS Test Article 

Segment architecture as it currently exists. Over the last year, the Network Products Division at 

Teletronics has been actively working to integrate its own work in the development of aircraft 

instrumentation networks into an architecture compatible with the proposed TmNS system 

specification being developed by iNET. Our efforts have yielded an architecture that closely 

matches the TmNS proposed architecture, however, when evaluated at an implementation level, 

there are significant structural differences that reflect our own product line decisions, development 

experiences, and customer requirements. These differences are detailed below. 

1. The RF Network Element makes use of a single GPS to provide synchronization 

signals and positional information to the Link Manager and timing information in 

the form of NEMA messages to the Switch in the vNET Interface Element. The 

timing information is used to convey clock synchronization with the Switch for 

1588-based time propagation within the test article instrumentation network. The 

use of ASCII-based character strings over a very low speed serial connection to 

convey accurate timing information to the switch is not sufficient from our 

viewpoint to achieve the sub-microsecond accuracy needed by the peripherals. In 

our implementation, we have chosen to locate one GPS directly in the Link 

Manager, and a second GPS directly within the 1588 core switch. 

2. The SST Element shows an IP connection between the SST transmitter and the 

unclassified portion of the test article IP network. TTC does not find it practical to 

require modification of all SST transmitters to support IP; almost all transmitters 

current make use of a RS-232/422 serial port for configuration purposes. Our 

implementation has chosen to make use of a serial port on the Link Manager to 

allow for two-way communication between the SST transmitter and TmNS. Since 

the Link Manager will be a newly developed component, we have chosen to assign 

the SST management functions to this device also. 

3. The TmNS TAS defines synchronous and asynchronous DAUs as supporting both 

an IP interface and a command/reply bus as needed. The IP interface would be 

primarily used as a configuration and status interface and the command/reply bus 

would be used to control low-latency measurements. Forcing all customers to 

potentially replace all existing legacy CAIS assets to support the IP configuration 

interface would be too great of a burden. We have chosen to make use of PCM-to-

network gateways to allow for existing CAIS-only assets to be integrated into the 

test article network unmodified. 

4. The TmNS TAS shows the recorder supporting two recording interfaces, IP and 

PCM. The PCM interface is used for parameters obtained from the command/reply 

bus and the IP interface would be used for any peripherals attached directly to the 

instrumentation network. From an architecture point of view, TTC believes 

maintaining two classes of data (from the recorder’s point of view) will make the 

implementation of the test scenarios cumbersome and inefficient. Making use of 

PCM-to-network gateways allows us to build recorders designed for efficient IP 

packet recording. 
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5. The PCM controller is logically placed as a function of the TmNS TAS SST 

Element. Its role is to act as the master on the command/reply bus, to gather 

sampled parameters from the DAUs, and generate PCM output for use by the SST 

Element and by the recorder. In actual instrumentation systems, the PCM or CAIS 

controller commonly has multiple roles in the data acquisition system and can often 

support I/O cards that sample data from avionics buses or other sensors. Its 

inclusion into the TAS SST element is confusing from our viewpoint and we have 

chosen to reassign its role in the architecture as a peripheral device. Additionally, 

the need for an IP connection to the PCM controller may limit the use of legacy 

equipment; our strategy of using PCM-to-network gateways eases the reuse of 

existing PCM or CAIS equipment. 

6. In order to further the reuse of legacy DAUs, TTC has chosen to preserve the 

command/replay bus (CAIS) as the configuration mechanism for these units. The 

PCM-to-Network gateway assumes responsibility for providing the IP interface 

used to configure the CAIS Bus master, while collecting data and status from its 

PCM output for transmission on the test article network. In addition, TTC has 

chosen to provide IRIG timing output on the Switch acting as the 1588 

grandmaster. This allows us to synchronize the timestamps on both the legacy 

DAUs and the network DAUs to the same time source. 

Updating the previous TmNS TAS functional diagram to reflect our implementation 

choices is reflected below: 
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The components in dark grey reflect legacy hardware that can be reused in our modified TmNS 

architecture. Initially, there could be no network capable DAUs in the test article instrumentation 

network itself. All of the acquired data would enter the network through one or more PCM-to-

Network gateways. Evidentially, all legacy DAUs may transition to DAUs that support IP 

interfaces. At that point, the PCM-to-Network gateway is replaced with a Network-to-PCM 

gateway to generate the PCM needed by the legacy serial streaming telemetry. This transition 

could only occur once the instrumentation network is capable of providing upper bounds on packet 

latency for packets that contain parameters needed for SST. 

SUMMARY 

This paper has focused on examining the proposed TmNS architecture as put forth by the iNET 

program. During this examination, we have described modifications of this architecture that reflect 

our experience in developing instrumentation networks for aircrafts. Our goals are to balance the 

need to maintain compatibility with legacy assets, maximize flexibility, while preserving the 

functionality inherent in the proposed TmNS architecture to implement the test scenarios 

developed during the “Needs Assessment”. 
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ABSTRACT 

This paper introduces a set of macros that automate the importing of antenna data into Excel and 

charting that data.  These macros (as discussed here) import data from a ViaSat ACUs (Antenna 

Control Unit) and a TCS ACU (Telemetry & Communications Systems Inc).  After the import is 

complete, the macros can build a set of charts, all formatted and labeled in a predetermined and 

standard manner.  A task that may take half a day or more can be completed in minutes.  The 

concept and layout of the macros lend them to quick adaptation to your data. In scenarios of “test 

and collect” followed by “import and chart”, the data can be imported and charted within the 

minute. 

KEY WORDS 

Date Reduction, Analysis, Charting, Excel 

INTRODUCTION 

The author is responsible for the performance of tracking antennas within a larger telemetry 

tracking system.  At the end of a mission, logs of antenna performance must be analyzed and 

presented to show that the antennas tracked the target well.  The file to be analyzed may contain 

fifty or more columns of data in a comma separated or fixed width file.  The need for an 

automated utility was clear.  This need for automated tools was fueled by the use of ACUs 

(Antenna Control Units) from two vendors, each with quite different logging formats for the 

same fundamental information. 

Due to limited size constraints, these key topics are presented:   

� The charts, the product of the macros 

� How the charts are created 

� How to control the charts 

The reader will be able to obtain a user’s guide, the macros, and example data from the ITC 

session information or from the author’s personal web site.  The user will be able to import the 

example date and create the example charts.  .   
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Armed with this information, a moderately knowledgeable Excel macro programmer will be able 

to customize the macros to import other types of data and build charts as needed.  An 

experienced Excel macro programmer can probably produce a customized version operable in a 

day.  Less experienced users may require proportionally more time.  

PRODUCT 

The following illustrative chart was created from data provided by ViaSat.  The data was 

collected by an elevation over azimuth antenna tracking a satellite.  The X axis is time expressed 

in seconds beginning with the time the log file was started.  That time was designated as time 0 

(zero).  The left Y axis provides the angle of the azimuth and elevation axes (in degrees) and the 

AGC level of the tracking receiver (in dB above noise).  The right Y axis shows the tracking 

error of the azimuth and elevation axes in degrees. Note that monochrome printouts may be 

difficult to read. 

ViaSat Sample Data Provided for ITC

22 - 25 October 2007

Macros developed by Bryan Kelly 

www.bkelly.ws/macros  macros@bkelly.ws

0.000

20.000

40.000

60.000

80.000

100.000

120.000

140.000

160.000

180.000

200.000

0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0 550.0 600.0 650.0 700.0

MET (Seconds)

A
Z

 E
L

 &
 A

G
C

.

-2

-1.6

-1.2

-0.8

-0.4

0

0.4

0.8

1.2

1.6

2

A
Z

 &
 E

L
 A

u
to

tra
c
k

 E
rro

r

AZ EL AGC AZ auto EL auto

 

Figure 1 ViaSat Example Data 

Tracking began at an azimuth close to north and swung around to south at the end of the pass.  

The elevation axis began at about 10 degrees, went up to almost 60, then back down to the 

horizon.  The AGC or received signal strength moved up to about 18 at the start of the track and 

hovered around 20.  For some reason the signal level dropped significantly at about 425 causing 
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the tracking error to increase. Tracking was recovered and continued through the end of the pass.  

We can see that for the majority of the satellite pass the tracking error was within 0.1 degrees.  

Once Excel is running and the raw data has been located, the data can be imported and the charts 

generated in less that than one minute.  . 

This example typifies how a satellite can be tracked and within a very few minutes, the data can 

be presented in charted format for easy analysis. 

MACRO OPERATION 

To produce the chart(s) the macros run through three program phases:  

� Import 

� Modification 

� Charting 

The first two phases are generally performed as a single step, but can be separated for complex 

post import processing. The third phase produces standard Excel charts. 

IMPORT 

The import function begins by displaying a standard Windows open file control box.  When the 

user has selected a file, the ViaSat and TCS macros import the data into Excel with a standard 

text or CSV import function.  This import function has a multitude of options.  A few examples 

include: 

� Rows to skip at the start 

� Data type (delimited, fixed width) 

� Delimiters 

� Type of data for each column (date, text, general) 

The import operations that need to be performed depend on the characteristics of the data 

imported. 

POST IMPORT 

After the data has been imported, some processing may be needed.  These macros were 

developed in the environment of tracking rocket and missile launches.  In this field, a key 

synchronizing moment is T-0 or the point of first motion.  For this type of data, the first item of 

post processing is to add an adjustable time field that can be synchronized with the vehicle first 

motion. 

The data used in this paper is a 10Hz recording of dynamic antenna data such as azimuth, 

elevation, receiver AGC values and calculated tracking error.  The data is column oriented with a 

new record, or row, being added ten times per second.  Each record is stamped with the date and 
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time in a single field formatted as MM/DD/YYY HH:MM:SS.TTT.  The time field contains 

seconds and thousands of seconds.  Excel cannot deal with date and time in one field and it 

cannot manage the time in a format that contains colons and a decimal point.  Excel under 

Windows 2000 will crash when attempting to access that type of data. 

The macros import the date and time data into fields specifically declared as text fields to prevent 

Excel from analyzing them.  The macros examine these time text fields, create a Seconds of the 

Day field and put this time in a new column with that title.  A second new column named Time 

Increment is created containing time difference between each row.  The final time column 

created is Elapsed Time.  Working from the top, each cell of Elapsed Time is a simple Excel 

formula that adds in the value from that row’s Time Increment to produce an incrementing time 

in tenths of seconds.  A typical file will range from 0 to maybe 900 seconds in increments of 0.1 

seconds.  This becomes the X axis and is name MET or Mission Elapsed Time. 

As the Elapsed Time field is a formula, the first row of data can be preset to a negative value.  A 

carefully selected value will result in the Mission Elapsed Time counting from a T minus some 

value and having the Elapsed Time row containing 0.0 synchronized with the lift off or first 

motion time.  The charts for our mission will then be synchronized with the controlling range’s 

countdown clock. 

The author wishes to note that while column names are changed for readability and consistency 

between charts, none of the original data is changed.  If that data is not suitable for charting, a 

new column is created.  This is a self imposed requirement to provide the original data in the 

worksheet without modification.  The author suggests that all users continue and maintain this 

rule. 

Some fields in the ACU logs are not formatted such that they can be charted by Excel.  For 

example, some of the mode data columns contains data for two axes were in a single column.  

Other fields contained character representations of the ACU state.  Excel cannot chart character 

based data.  In all of these cases, post processing creates new numeric columns that can be 

charted and will convey the data intended in the original log. 

Due to space limitations the different types of post processing cannot be discussed here.  The 

point is that macros can be used to format and modify the data for better presentation. 

CHARTING 

The goal of these macros is to create charts that provide the user with the ability to extract 

information from large quantities of data.  For each chart to be created there is a single macro 

that will find the data specified within the worksheet and create the chart.  Once created, the 

colors of the chart will be specified, the labels of the chart will be created, and the chart 

worksheet will be given an appropriate name.  One example chart was provided above.  That 

example is shown as it was created by the macro.  Once the parameters were set (as described 

below) the macro provided the final chart ready to evaluation or distribution.  
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This ability to create the charts as shown with no user modification is the primary purpose of 

these macros: 

The process of using the macros presented two problems in giving the user control over the 

macros.   

� The user must be able to select the appropriate macro to run 

� The user must be able to control the display attributes 

During development, the number of subroutines to create and manage the charts grew rather 

large.  It became more difficult to find and run the appropriate macros.  This was resolved by 

adding a menu item to the tool bar.  Figure 2 below shows part of the Excel tool bar with the 

ViaSat menu installed.  That menu item can be easily replaced by an appropriate menu for other 

applications. 

 

Figure 2 ViaSat Tool Bar 

In the example provided here, the user has a new menu item named ViaSat Macros.  Additional 

menu items can be added for different type of data.  Clicking on this menu item opens a pull 

down with a two options.  Figure 3 shows the ViaSat drop down exposed. 

 

Figure 3 ViaSat Drop Down 

The first task is to import the data.  When Import ViaSat Data File is selected the macro 

performs the import function as previously described.  The second selection of the new menu 

item is Build ViaSat Charts.  When that option is selected a form is displayed as illustrated 

below in Figure 4  



6 of 10 

 

Figure 4 Chart Selector Form 

This menu provides a check button for each chart that can be created.  The user selects the ones 

desired then clicks on Build to construct the selected charts.  The Select All, Clear All, and 

Cancel buttons perform the obvious functions.  The macro programmer can pre-select a set of 

most often used charts and the Select Favorites button will select those charts for building. 

FORMATTING 

The second problem mentioned earlier is control over the formatting and labeling of the charts.  

Each set of data may present its own unique ranges of the various data items.  The solution is to 

create a worksheet that controls how the charts are scaled and colored.  The import function 

creates a worksheet named notes.  The reader is advised to open one of the example data sets and 

examine the notes sheet for this discussion. 
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TITLE 

There are three groupings within the notes worksheet.  The first is title and date and occupies the 

first six rows within the worksheet.  Those rows are illustrated here.  

This sheet must be named notes 

These cells are used by macros to set chart parameters 

Set the T-0 in the Elapsed Time column before proceeding 

Title 

Demonstration Data for ITC 

22 November 2007 

The first four rows are reminders to the user. The next two lines become the title of all charts. 

SCALING 

Immediately following the title and date in the notes worksheet is the “scaling” information.  

The first of these must be the horizontal scaling and is illustrated here: 

Notes_X_Label  

Minimum 0 

Maximum 1097 

Major Units 50 

Crosses -40 

To simplify the discussion, the above five lines of text will be referred to as a scaling 

declaration, or more simply, a declaration.  The first line of each declaration is its name.  This 

name is also the name of the constant that the macros use to find this data.  The end user will not 

be concerned about this constant, but the macro programmer will find it extremely useful.  When 

specifying a data group to use for scaling a given data series, the programmer will simply copy 

the text in this first line into the code as the name of that group. 

Returning to the horizontal declaration, the Minimum and Maximum values here become the 

limits of the X axis.  In the TCS and ViaSat macros, the import function examines the data and 

determines the range of the entire data set.  Those range limits are put in the horizontal 

declaration during the import phase. The first charts will show all the data in the worksheet. 

After the import phase is complete, the user may edit these values as needed. 

The Major Units value controls the interval markings along the bottom of the chart.  The 

Crosses value controls where the Y axis intersects with the X. These are standard Excel values 

and are not elaborated here. 

Following the X axis declaration is an unspecified number of Y axis declarations.  The macro 

programmer may change the number and names of these declarations and may edit the initial 

values as desired.  A typical Y declaration is provided here. 

Notes_AGC_Values_Label  
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Minimum 10 

Maximum 60 

Major Units 10 

Crosses 0 

The ACU macros use one declaration for each type of data found in the log file.  Note that the 

format and significance of each value is the same as for the horizontal (or X) axis declaration but 

transposed to the Y axis.  In the ViaSat macros, at this writing there were eleven declarations.  

Note again that the first row of the group contains the name of that declaration.  This name is 

also the name of the constant used in the macros reference this declaration. 

The Excel macro programmer will edit the macros to control the fields written to the notes 

worksheet.  The programmer has the task of configuring the notes worksheet according to the 

needs of the user.  The user will edit the values in the notes sheet to make the final determination 

of colors and ranges for their charts. 

LINE COLORS 

The third part of the notes sheet controls the colors of each charted data item.  The header of this 

section displays the colors that are available to the user.  Table 1 is an excerpt from this section 

of the notes sheet. 

Table 1 Color Reference 

     

1    11   

2    12   

3    13   

4    14   

5    15   

6    16   

7    17   

8    18   

9    19   

10    20   

For each color that is available to the user, one cell of the notes sheet is set to that color and the 

number of that color is provided to its left as a reference.  This section is for user reference only 

and is not utilized by the macros.  Its purpose is to relieve the user of the task of remembering 

the number that Excel has assigned to each color. 

The next six lines typify the entries of the color control section. 

Name   Color Width  Line Width Values 

Background  2   1 = Hairline 

AZ_Color_Row 3 3  2 = Thin 

EL_Color_Row 5 3  3 = Medium 



9 of 10 

Axis3_Color_Row 4 3  4 = Thick 

AZ_Cmd_Color_Row 4 2 

In this example there are four column headings, Name, Color, Width, and a fourth column for 

informational purposes only.  The background color is always present and in this case is set to 

white (Reference the color chart and note that Excel uses the value 2 for the color white).  All 

charts are built with this specified background color.  Following that is a series of one row 

entries, one for each type of data item that is charted.  As before, the first column contains the 

name of the constant that selects that row.  The second field is the number of the color that will 

be assigned to that data item.  The third field controls the width of the line.  A small sub chart 

under the heading Line Width Values is contained within notes to remind the user of the 

available values for the line widths.  Macro writers are strongly advised to have one entry for 

each type of data item that can be charted. 

As discussed here, every time azimuth is charted, it will be assigned the color 3, red.  Elevation 

will always be blue.  This standardization of colors will make it easy for the chart readers to 

move from one chart to the next and be able to make comparisons between charts. 

CONCLUSION 

This paper has described a utility and a method that can be used to automate the charting of large 

amounts of data.  The three major impediments to automated charting presented here were: 

column specific macros, building the chart, and controlling the chart format.  The basic concepts 

have been discussed, but due to space limitations, the reference material must be consulted for 

details.  A moderately experienced Excel macro programmer can customize these macros for 

individual and company use.  
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ABSTRACT 

 

Increasingly, many software developers are facing the challenge of adapting software 

applications developed on one platform to work on multiple platforms. While software standards 

have helped this effort, they do not go far enough, and many platforms only partially support 

these standards leaving many needed functions in platform specific libraries. This is particularly 

evident in the areas of graphics and user interfaces, threading and synchronization, and in 

network and file access. Fortunately, Java offers a common interface where native libraries 

diverge. This paper outlines a phased strategy for migrating platform specific applications to be 

platform independent while reusing the robust, existing algorithms.  
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INTRODUCTION 

 

For almost three decades, the 96
th

 Communications Group of the Air Armament Center has 

developed thousands of telemetry (TM) and time-space-position information (TSPI) applications 

to support its customers. Most of these applications perform the same basic processing steps: 

read and decode TM and TSPI data, correlate and process data, and display the results in user 

defined interfaces. The oldest applications originated on VMS machines, were written in 

FORTRAN, and used DECWindows displays. Later, most of these applications were ported to 

C/C++ applications on the SGI Unix platform and used X/Motif and GL displays. After OpenGL 

released its standard, the displays were converted again in an effort to be more cross-platform 

compatible. More recently, as PCs have become more powerful, efforts are being made to 

distribute these applications among Linux and Windows platforms, requiring yet another port. 

Linux ports from SGI Unix applications have compatibility issues in threading interfaces, X 

windows calls, and some socket and file calls. Windows ports also require threading, I/O, and 

displays to be rewritten, but to a greater extent than Linux ports. In many cases, the requirement 
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demands that these applications are capable of running on more than one platform, further 

complicating development and maintenance. The options are to maintain separate versions of the 

application for each platform, or to insert C/C++ preprocessor directives that select alternate 

processing paths based on the detected operating system. Rewrites are expensive and time 

consuming — the most costly part being regression testing. Many of the libraries used in this 

software have been tested over decades of service and have demonstrated a high level of 

reliability. Rewriting these routines would require years of rigorous and extensive testing to 

establish the same level of trust.  

 

Because the costs and schedules are so great for complete software ports, a more desirable 

solution is sought. One solution is to rewrite only the platform-specific portions of the 

application and reuse the platform-independent libraries. These libraries contain the 

mathematical data models derived from the TM and TSPI data, which are true abstractions 

independent of any particular OS or language. With this approach, the complex, time tested data 

models are preserved intact while the problematic portions of the application are reduced to those 

truly platform-dependent issues. An investigation of the Java technology shows promise in 

resolving all these issues. Java provides platform-independent threads, sockets and files, and user 

interfaces. Furthermore, using the Java Native Interface (JNI), Java provides access to the native 

libraries. 

 

 

A MIGRATION STRATEGY 
 

The following describes a strategy being used in parts of the 96
th

 Communications Group to 

migrate some platform-dependent applications to platform independence. This strategy leverages 

the cross-platform Java libraries against the well established legacy libraries and routines. In 

order to apply the technology, the legacy routines are divided into separate categories that work 

well with the Java GUI architecture. The high-level GUI library for Java is javax.swing, which is 

rooted in the model-view-controller (MVC) architecture, so the legacy routines are divided along 

these lines. The portions of the application that deal with displays and user interfaces belong in 

the view category, while the logic that contain the mathematical models, data processing, and 

real world abstractions belong in the model category. That leaves the logic dealing with flow 

control, threading, and file and socket IO, etc. for the control category. If the original application 

used a procedural design instead of an object-oriented (OO) design, then some functions might 

mingle logic that fits into multiple MVC categories. The task is to identify which portions of the 

logic belong in which category. After the logic is categorized, the interfaces are designed; the 

models are created, and the application is linked together with the native libraries using control 

structures. Figure 1 illustrates the relationship between the MVC components. 
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Figure 1.  Model View Controller Pattern 

 

The application centers on the information contained in the model. The controller receives input 

data and updates the model. The model notifies the view that it has been updated. User 

interaction with the view sends events to the controller which can update both the model and the 

view according to the user request. The view listens for changes to the model and the controller 

listens for changes to the view. The goal is to separate the original application logic into 

categories that follow the MVC pattern. 

  

To start applying the migration strategy, the developer must create new interfaces and displays in 

Java, based on the layout of the original software screens. At first, no functionality is included in 

the interfaces. The components are statically laid out on the screens; with the behavior added 

later. This is the most straightforward step of the conversion. To accelerate this process, there are 

several free cross-platform tools and technologies available. For example, the Eclipse 

community provides an open source IDE that can manage Java projects as well as C/C++ and 

other languages. Another popular tool is NetBeans, a free Java IDE that is distributed with JDK 

that includes drag-and-drop GUI building. The Swing library was designed to work well with 

GUI building tools like NetBeans. Visualization displays also have extensive support in Java. 

Java comes standard with 2D graphics support, but there are also Java extensions for 3D 

graphics. For example, Java3D is an object-oriented 3D visualization API that uses scene graphs. 

If the original application being converted uses OpenGL displays, the Java OpenGL (JOGL) 

extension wraps OpenGL calls so they can be called directly from within Java. This can save 

time since the OpenGL calls in C can be reused in the Java source. 

 

Once the displays and interfaces are created, the models are defined. Since the majority of the 

data processing is performed in the legacy libraries, only the data used for displays is needed in 

the Java models. The models contain functions for data retrieval and modification, but they do 
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not contain the calculations that manipulate the data. The processing of the data will remain in 

the established native libraries.  

 

Java and the Swing library provide strong support for data-centric application development. 

Many of the components in Swing support plug-ins for user-defined models. For instance, the 

JTable component is supported by a TableModel. If no model is specified, the JTable uses a 

default TableModel. In this step, built-in component models are replaced by custom models. The 

following code illustrates creating a table that uses a custom model where MyTableModel 

implements the TableModel interface or extends the AbstractTableModel class: 

 
      MyTableModel model = new MyTableModel(); 

      JTable       table = new JTable(model); 

 

For the components that do not contain built-in models, the Observer design pattern is 

implemented in the java.util library. The following code creates a custom JLabel that implements 

the Observer interface then creates a custom model that extends the Observable class and adds 

the label as an observer: 

 
      MyLabel label = new MyLabel(); 

      MyModel model = new MyModel(); 

      model.addObserver(label); 

 

Both of these approaches support component notification when the model has changed. If these 

features are implemented, the visual components do not require management. Once the models 

are updated, the associated visual components are updated, so changes to the models are 

reflected automatically on the interface. This is a particularly useful feature for updating 

components that display changing data in real-time. The use of models, in general, benefits the 

application structure, making maintenance more manageable.  

 

After the displays are laid out and the models are created, the application is linked together with 

control structures. In this final step, all the data processing threads and component listeners are 

defined to provide the functionality of the application. Because the existing native libraries 

provide the core processing of the data and models, JNI functions must be created to that link the 

Java objects to the native routines. (The full specification of JNI is cited in the references at the 

end of this text. Only the basic functionality of JNI is covered here.) To begin establishing the 

native interface, a Java member function is declared in the class definition, similar to the 

following example: 

 
      private native void save(byte[] b, int size); 

 

First, notice the usage of the native keyword specified in the declaration of the save() function. 

Use of this keyword indicates that save() is defined in C code, using JNI. Furthermore, save() 

passes a byte array and an integer to the native function as arguments. Next the underling native 

code is created to implement this function, beginning with the C/C++ header file. Figure 2 

illustrates the JNI data flow from source to runtime execution. 
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Figure 2. Java Native Interface Data Flow 

 

To auto-generate the C/C++ header file for this Java class, first compile the class with javac, and 

then execute javah against the class file. The javac command takes a Java source file name with 

a .java extension, but the javah command requires a Java class file name without the .class 

extension. The javah command creates a file with an .h extension that contains C declarations of 

all the native functions declared in the Java class. The implementer manually creates a C/C++ 

source file that includes this header file and creates the definitions for all the functions declared 

in the header file. The native code includes the established libraries that decode and process the 

data stream. If the Java class is called TMReader and the native libraries are defined in a header 

called TMLib, the C++ implementation for the native function above might look something like 

the following: 

 
      #include “TMReader.h” 

      #include “TMLib.h” 

 

      JNIEXPORT void JNICALL Java_TMReader_save(JNIEnv* env, jobject,  jbyteArray jbuffer, jint jsize) { 

 

            const char* cbuffer = (char*)env->GetByteArrayElements(jbuffer, 0); 

 

            TMLib::getInstance()->decode(cbuffer, jsize); 

 

            env->ReleaseByteArrayElements(jbuffer,(jbyte*)buffer, 0); 

      } 
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Here the TMLib is a Singleton class that decodes and stores the data for later retrieval. Again the 

JNI specification defines how to interface to a native library in detail, but the basics are simple. 

All JNI functions include in their definition a JNIEnv parameter, which is a handle to all the 

functions required for interfacing with Java. They also include a jobject parameter, which is a 

handle to the Java object that contains the native function. The jobject parameter is not used here, 

but it can be used to access any data member or call any member function in the Java object, 

using the functions included in the JNIEnv parameter. The remaining parameters are passed 

directly from the Java source; in this case a jbyteArray, corresponding to byte[] in the Java 

source, and a jint corresponding to the primitive Java type int. When using arrays or Java objects 

within the C code, the object must be locked before it can be used. In the example, 

GetByteArrayElements() locks the byte array so it can be used, and ReleaseByteArrayElements() 

updates any changes to the array and releases the lock. 

 

Once the native functions have all been defined, they need to be compiled to a shared library. 

Shared libraries have platform-specific naming conventions. For example, if the shared library is 

a Win32 platform and the library is named MyJNI, the filename convention is MyJNI.dll. If the 

same shared library is on a Unix-like platform, the filename convention is libMyJNI.so. The 

library is statically linked to Java by including the following Java statement in the class 

definition:  
 

      static { 

            System.loadLibrary(“MyJNI”); 

      } 

 

The native function is accessible from within Java, like any other Java function. For better 

platform independence, the data streams must first be read with Java; then the data buffers are 

passed to the native routines for processing. This provides platform-independent IO while 

preserving the proven native libraries. To accomplish this, a class is created that implements the 

Runnable interface, and then the run function is defined in a manner similar to the following 

code: 

 
      public void run(){ 

            try { 

                  packet = new DatagramPacket(new byte[MAXSIZE], MAXSIZE); 

            }catch (SocketException e){} 

 

            if(packet == null) return; 

 

            for(;;){ 

                  try{ 

                        socket.receive(packet); 

                  }catch(IOException e{} 

 

                  synchronized (syncObject){ 

                        save(packet.getData(), packet.getLength()); 

                        syncObject.notifyAll(); 

                  } 

                  Thread.yield(); 

            } 

      } 
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In this example, the socket receives the TM or TSPI data and forwards the entire packet to the 

native interface for processing. Since native libraries that deal with synchronization and mutual 

exclusion are usually platform dependent, the synchronization is done in Java to avoid the 

platform specific C calls. Because the save() function is enclosed in the synchronized block, 

other synchronized threads can access natively stored data without requiring platform-dependent 

locking in the native library. The notifyAll() call tells the other synchronized threads that a packet 

was received and processed, while the yield() call allows other threads the opportunity to run. 

 

Now supposing the native library which decoded the incoming data has a routine that returns a 

status string. Another Java class is created which implements Runnable and has a native function 

to retrieve the data, similar to the following: 

 
      private native String getStatus(); 

 

      public void run(){ 

 

      for(;;){ 

            synchronized (syncObject){ 

                  try { 

                        syncObject.wait(); 

                  } catch (InterruptedExceptione){} 

             

                  model.setStatus(getStatus()); 

            } 

      } 

        

Here the wait() call blocks the threads execution until notify() or notifyAll() is called on the 

syncObject. If the model object is implemented as described in the MODEL section above, the 

associated GUI component is updated automatically by the setStatus() call. The native 

implementation might resemble the following: 

 
      JNIEXPORT jstring JNICALL Java_TMDisplay_getStatus(JNIEnv* env, jobject) { 

 

            return env->NewStringUTF(TMLib::getInstance()->status()); 

      } 

 

Java component listeners can call native functions in the same way these illustrated threads do. 

To complete the migration strategy, the GUI functionality is added by implementing the 

component listeners. 

 

 

CONCLUSION 

 

This completes the cross-platform migration strategy. The Java interfaces and displays are 

created, and models back these components, where required, to display the TM and TSPI data. 

Synchronized threads read and process the data streams using JNI to interface to existing native 

libraries. The organizational native libraries are retained to preserve the algorithms reliability and 

trustworthiness and also to accelerate the platform-independent migration. Java IO classes read 
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the data streams and pass the data to the existing native libraries for processing. Component 

listeners allow users to interact with the data, using JNI calls where necessary. The final 

implementation provides a data-centric architecture based on MVC principles. For the sake of 

time, the only portions of the original application that are ported to Java are those that derive a 

cross-platform benefit. This strategy leverages the platform independence of Java with the 

reliability of the time-tested organizational logic, while reducing the time to market for a cross-

platform application migration. 

 

The Test and Analysis Division of the 96
th

 Communications Group is having success using Java 

to migrate applications from platform dependence to platform independence. Java is a modern 

OO language supported by a mature library suite. The large Java community contributes to this 

standard with many specialty packages that extend the capability or application of the language. 

For example, vendors are providing extension packages for specialized areas like graphics, 

useful development tools and utilities, and even Java compilers that support hard real-time 

development. In addition, JNI allows the advanced features of Java to interact with established 

native libraries that contain the organizational knowledge. The JNI feature is particularly 

powerful because it allows developers to leverage the best Java has to offer with the strength of 

established native libraries that have benefited from years of testing and refinement. 
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ABSTRACT 

 

This paper presents a case study of the Western Range Centralized Telemetry 

Processing Subsystem (WR CTPS). This system was developed by Lockheed 

Martin Integrated Systems and Global Services and L-3 Communications 

Telemetry-West as part of the Range Standardization and Automation (RSA) 

IIA program. Requirements included real-time simultaneous acquisition of 16 

PCM streams at rates of up to 30M bits per second; real-time processing; and 

data display on workstations connected over a gigabit Ethernet network. This 

system is designed for range safety and needs to be fault-tolerant while main-

taining 100 percent data availability in the event of a single failure during an 

operation.  The development of such a system demanded a rigorous Systems 

Engineering approach to ensure the successful upgrade and deployment onto 

the range infrastructure.  This case study provides an overview of the system 

technical requirements and its architecture. The summary presents challenges 

encountered during the development and lessons learned while meeting them. 
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INTRODUCTION 

 

The United States Air Force adopted the Range Standardization and Automation (RSA) effort 

(Phase I, IIA and IIB) to improve and modernize the nation's Space Lift Range System (SLRS). 

The SLRS assets enable the safe and effective launch, command and control, and tracking of 

Department of Defense, civil, commercial, and international space-lift vehicles, Space Shuttle 

landings, space surveillance, and ballistic missiles from the Eastern Range (ER) at Patrick Air 

Force Base, Florida, and the Western Range (WR) at Vandenberg Air Force Base, California.  

 

The prime purpose of the Western Range Central Telemetry Processing System (WR CTPS) is 

to support the real-time acquisition, decommutation, processing, and display of telemetry data 

during launch boost phase of Space Lift and Ballistic Missile Operations at the Western Range. 

This function is performed using dual redundant functional strings of equipment to prevent the 

loss of data in the event of a single failure in either hardware or software. This data is used by  

Range Safety systems to permit good vehicles to continue to fly during launch operations and 

to protect life and property from errant space launch vehicles and ballistic missiles.   The WR 

CTPS is also used to support the collection and processing of telemetry data from Post Boost 

Vehicles (PBVs), satellites on orbit, and aircraft tests in conjunction with the Air Force Flight 

Test Center (AFFTC) and operations in the West Coast Off-shore Operations Area (WCOOA). 

 

The WR CTPS includes sufficient quantity of hardware to support at least two concurrent Flight 

Operations with redundancy for prime and backup support of each of these operations.  As well 

as supplying data to the Range Safety system, the WR CTPS collects and distributes data to the 

user community comprised of launch vehicle and vehicle component manufacturers. WR CTPS 

provides sufficient equipment to support 7 separate Quick Look Display Areas for user support. 

 

 

WR TELEMETRY (TM) SOURCES AND BEST SELECTION 

 

There are four geographically separated telemetry receiving sites in the WCOOA. Three receive 

primary and alternate feeds via separate antennas. Thus, dual redundancy begins well in advance 

of the WR CTPS.  The telemetry receiving sites transmit the launch vehicle telemetry to the WR 

Range Operations Control Center (ROCC) through the Post-Detect Telemetry System (PDTS). It 

transports digital post-detect telemetry data from the telemetry receiving sites as multiplexed streams. 

As shown in Figure 1, the primary and alternate aggregate PDTS data streams from the telemetry 

receiving sites are demultiplexed by Wide Area Network Interface Units (WANIU) into separate 

PCM streams. Isolation and decryption is applied to the demultiplexed PCM streams as required. 

 

The separated PCM streams are then input to primary and secondary Best Input Source Selectors 

(BISS).  From RT Logic’s April 2005 press release, the primary function of the BISS is to assist 

range operators in identifying,  at any given time during a launch,  the “best” telemetry receiving 

site available and switching the telemetry from that site to the WR CTPS for decommutation and 

processing. Automated selection of the “best” telemetry source is based on the range count (time) 

and quality of the range safety link(s) from each telemetry receiving site.  The BISS also accepts 

operator input to override its automated selection. Along with Range Safety data, information on 

the currently selected telemetry receiving site is sent to Flight Operations (FO) by the WR CTPS.



Range Safety Case Study                                                                           Public Domain Materials 3 

Figure 1: WR CTPS TM Source/BISS Configuration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: WR CTPS TM Processing Configuration
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WR CENTRALIZED TELEMETRY PROCESSING 

 

Figure 2 shows the configuration of one WR CTPS system. It receives its telemetry data from the 

BISS (at left of Figure 2) and transmits Range Safety data to Flight Operations (FO) range safety 

workstations (at center of Figure 2). BISS and FO are the prime external interfaces of WR CTPS. 

 

WR CTPS has been architected as dual redundant functional strings of hardware, referred to as 

“Side A” and “Side B”.  Each side consists of one L-3 Communications Telemetry-West Vista 

550 Telemetry Station (TS), one Range Safety Server, two Control Workstations, and one Data 

Consolidation Workstation.  Common to both sides and connected by gigabit Ethernet switches 

are the Data Consolidation Server and nine Display Workstations for Range users.  Common to 

both systems are three more Display Workstations for Flight Operation Project Officers (FSPOs).  

 

The balance of this paper addresses the purpose and configuration of each of these categories of 

components. Before proceeding, however, note that Figures 1 and 2 taken together represent one 

dual-redundant configuration that supports a single Flight Operation. A quantity of hardware has 

been supplied sufficient to support at least two concurrent Flight Operations with redundancy for 

prime and backup support for each. Consider the full system then as Figures 1 and 2 taken twice. 

 

 

WR CTPS TELEMETRY STATIONS (TS) 

 

The role of the TS is to acquire, decommutate, process, and distribute real-time data for storage, 

display, limit processing, event detection, and command verification.  It also replays stored data 

for subsequent review, analysis, simulation, and rehearsal. The telemetry is NRZ-L/-M/-S PCM 

of up to 30Mbps in Class I/II formats per IRIG 106-01, Part 1. Figure 3 shows TS configuration. 

 

Each TS is a L-3 Communications Telemetry-West PRO550A Base System Chassis containing: 

 

o 8 Bit Synchronizers (Model BSZ532) for up to 30Mbps NRZ-L/M/S telemetry streams 

o 8 Decommutators (Model DCZ534) for Class I and II formats per IRIG 106-01, Part 1 

o 4 real-time processors (Model FPP5) for manipulation, EU conversion and distribution 

of data from full-rate vehicle streams using libraries of standard and custom algorithms 

o 1 Multi-format Dynamic Simulator (Model XDS541) for dynamic PCM simulation 

o 3 Time Code Generator/Translators (Model TCM542) for IRIG A, B, and G codes 

o 1 hot-swappable SCSI storage for post-test review, analysis, simulation, and rehearsal 

o 1 System Controller (MVME2304) for asset status, setup, and fault detection/isolation 

 

L-3’s PRO550A Base System Chassis accommodates up to 20 VME modules. The P1 and P2 

connectors of the standard VMEbus backplane provide the means for module control and low-

rate data passage, while P3 - the MUXbus II - merges very high-rate data to 16M samples per 

second. The Bit Synchronizers and Decommutators are PCI Mezzanine Card (PMC) modules   

which are attached to four 550 VME PCI Mezzanine Carrier modules.  This explains how the 

total module count can exceed 20, i.e., not all are VME modules.  The 550 System Controller 

and FPP5 processors are diskless nodes that use FTP to load their real-time VxWorks kernels 

from a workstation during boot and then use NFS to access file systems from the workstation. 
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Figure 3: WR CTPS TS Configuration 

 
 

 

WR CTPS WORKSTATIONS (WS) 

 

WR CTPS workstations are PC’s in two configurations. Each runs Microsoft Windows 2000 SP4 

and L-3 Communications Telemetry-West Vista550 software.  A designator M or Z accompanies 

workstation descriptions below to identify their configurations.  PC configurations are as follows: 

 

o IBM Intellistation M Pro 2D PC; 2.67GHz single P4; 533MHz FSB; 512KB 

cache; 64MB video; dual monitor; 1GB RAM; and 120GB removable HDD 

o IBM Intellistation Z Pro 2D PC; 2.67GHz dual Xeon; 533MHz FSB; 512KB 

cache; 128MB video; one monitor; 1GB RAM; and 120GB removable HDD 

 

Range Safety Server (Z) 

 

The Range Safety Server receives real-time range safety data from the TS, stores it in Telemetry 

Data Element (TDE) format, and transmits this information, along with the current site selected 

by the BISS, to FO range safety workstations. The TS and Range Safety Server are critical real-

time components per side. If either is not available, the side is not available. For this reason, the 

Range Safety Server is also the FTP boot/NFS file server for TS System Controller and FPP5’s. 

 

Control Workstations (M) 
 

These dual points of setup and control for the TS on a given side enable WR CTPS operators to: 

 

o Develop, retrieve, and monitor operation-specific configurations for BISS 

o Build, store, and retrieve versions of operation-specific TS configurations 

o Develop operation-customized algorithms, applications, and data displays 

o Compile and load operation-specific configurations to Telemetry Stations 

o Provide operators with graphical and numeric displays and local storage of 

real-time data and then post-test analysis of data from TS and local storage 
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Displays Workstations (Z) 

 

These workstations are equipped with dual gigabit Ethernet NIC’s which enable access to both 

sides, providing Range users and Flight Safety Project Officers with the following capabilities: 

 

o Enable users to build, store, and retrieve versions of customized displays 

o Provide users with graphical and numeric displays and local storage of    

real-time data, then post-test analysis of data from TS and local storage 

o Incorporate the enhanced capabilities offered by the Astro-Med Everest 

Visual Display (VDiS) strip chart display and analysis software package 

 

Data Consolidation Server (Z) 

 

This workstation is the repository for operation-specific configurations and customized displays. 

These are maintained in a central Database Management System (DBMS). As both sides require 

access to this information, the workstation is equipped with dual gigabit Ethernet NIC’s. Should 

the DC Server not be available, neither will the DBMS. Therefore, it is a critical resource. Once 

an operation is up and running, however, real-time processing does not require access to DBMS. 

 

Data Consolidation Workstation (M) 

 

This workstation is a standalone environment for developing operation-specific configurations 

and customized displays without access to a Vista550. These are stored in a local DBMS. They 

must be exported subsequently and imported into the central DBMS for checkout on either side. 

 

 

L3-TW VISTA550 SOFTWARE 

 

Telemetry applications on all WR CTPS TS and WS are performed by L3-TW Vista550 software. 

Vista550 is a versatile Java-based ground system which facilitates decommutating and processing 

telemetry data by managing Vista-compliant modules and monitoring event information. Modules 

are managed on a project basis, using a SQL-compliant database and a client-server architecture. 

 

Because the Vista WS software is Java-based, it is supported on multiple platform types including 

Microsoft Windows, Sun Solaris, and Red Hat Linux.  Several SQL-compliant databases are used: 

Microsoft Desktop Engine (MSDE), Oracle and PostgreSQL.  Regardless of platform or database, 

key Vista concepts and services discussed below and depicted in Figures 4 and 5 remain the same. 

 

Key Concepts 

Module 

o Any 550 hardware or WS software component which operates upon the telemetry data 

and passes it along to other Vista-compliant modules and/or to requesting applications. 

o Operation-specific configurations are defined and stored with respect to module types. 

This enables a configuration to be assigned from a failed module to an operational one. 
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Project 

o Identifies the modules and the specific configuration of each required for an operation. 

 

Database 

o Repository for module configurations and their operation-specific project assignments. 

 

Event 

o Notification regarding a significant occurrence detected by and conveyed within Vista. 

 

Client-Server 

o A network architecture, supporting distributed processing, in which one or more instances 

of client applications (often GUIs) send requests to single-instance servers that fulfill them. 

 

Key Services 

Module Servers 

o A module server is instantiated for each of the 550 hardware and WS software components 

o Each server is responsible for performing setup and control operations requested by client 

applications upon its module as well as for obtaining and reporting the status of its module  

 

Project Manager Server 

o In conjunction with Module Servers, manages ownership of modules delegated to a project 

o Coordinates access to the project and module configurations in the SQL-compliant database 

 

Database Server 

o SQL-compliant Java Database Connectivity serves the Project Manager Server data requests 

o While Vista requires DBMS services, the DBMS is a third-party product (not part of Vista) 

 

Event Server 

o Events are transmitted to a central hub from which they are distributed to client applications 

 

Processing Engine 

o Processing module to which clients connect to transfer parameter values to/from a data bus 

 

System Manager 

o Vista’s highest-level graphical user interface is configured by “properties” file to control   

and manage standard, optional, and user-created Vista, as well as non-Vista, applications 

o While not itself a service, the System Manager provides the means by which to connect   

Vista apps to a DBMS, Project Manager Server, Module Servers and Processing Engine 

 

Mapping L3-TW Vista Services to WR CTPS WS 

 

The architectures shown in Figures 4 and 5 are generic, representing the services to which Vista 

clients require access without specifying where those services execute.  Figures 6 and 7 identify 

where the Vista services execute with respect to WR CTPS workstations. They illustrate Vista’s 

client-server, distributed processing architecture at work. The determination of this final service 

architecture and differentiation in capabilities of the workstation types was facilitated by Vista’s 

ability to be configured via application “properties” files, a critical aspect of this COTS product.
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Figure 4: L3-TW Vista Service Architecture 

 
 

Figure 5: L3-TW Vista Event Architecture 
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Figure 6: WR CTPS L3-TW Vista Server Processes 

 
 

Figure 7: WR CTPS L3-TW Vista Display Processes 
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The Data Consolidation Server, ABDATASV at the center of Figure 6, runs no Vista services. It 

provides the Microsoft Desktop Engine (MSDE) DBMS service which is accessed by both sides. 

 

The Range Safety Servers, {A|B}SAFETY adjacent to the DC Server in Figure 6, were intended 

originally to run only the LM Range Safety Interface (RSI) application which was developed by 

using Vista’s API. As its critical nature became evident, the Range Safety Servers’ functionality 

were extended to include FTP boot/NFS file server for each TS, {A|B}550, as shown in Figure 6. 

 

The Control Workstations, {A|B}CONTROL{1|2} in Figure 6, operate ordinarily in a primary-

backup mode with regard to setup and control of the TS on a given side.  They are also capable 

of running separate independent projects.  That is, {A|B}CONTROL1 may run a project which 

requires a subset of the modules in TS {A|B}550, while {A|B}CONTROL2 runs a project that 

requires any of the remaining modules in the TS. In the former role, they require access to each 

other’s Project Manager Servers.  The latter role requires independent Project Manager Servers. 

In both cases, common access to the Module and Event Servers is required.  Redundancy of the 

Control Workstations determined that all of these services must run on the Range Safety Server. 

 

The Display Workstations, ABDISPLAY{1|2|3}{A|B|C} and ABFSPO{1|2|3) in Figure 7, and 

the Control Workstations run Vista GUI’s to access the Vista functionalities allotted to them. In 

particular, this means that each runs the System Manager application, Vista’s highest-level GUI, 

locally.  Connections to a DBMS, Project Manager and Module Servers, and Processing Engine 

are established by the System Manager and passed to Vista applications, such as Data Displays, 

started from it.  Either Project Manager Server is accessible to a Control Workstation on its side 

only and to Display Workstations on both sides as indicated by the red nodes in Figures 6 and 7. 

 

 

CHALLENGES AND LESSONS LEARNED 

 

Challenges presented by WR CTPS involved the large number of workstations, specialization of 

the functions assigned to each, and allocation of L3-TW Vista services to support fault-tolerance. 

 

Simply installing L3-TW Vista software on the workstations was time consuming because of the 

number. This process was aided by L-3’s development of configuration overlays, customized by 

workstation, that were applied after a standard L3-TW Vista release was installed. Each overlay 

contains the Vista application “properties” files customized for that workstation, eliminating the 

need to re-apply customizations manually which can be both time-intensive and subject to error.  

 

The properties files perform the dual critical roles of assigning which functions a workstation can 

execute as well as identifying to which specific workstations L3-TW Vista services are allocated. 

The files are processed by the L3-TW Vista applications during initialization. So, behavior of the 

system is customized through the files, not by customization of the applications themselves. This 

enables future standard L3-TW Vista releases to be installed without loss of existing functionality. 

 

Determining the allocation of L3-TW Vista services to the WR CTPS WS was the chief challenge. 

Initially assigned to the Control Workstations, they migrated to the non-Vista Range Safety Server 

as L-3 and LM realized that a side is non-functional without this node and its TS. These nodes are 

now the heart of the system, sending range safety TDE’s to FO and hosting L3-TW Vista services. 
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ABSTRACT 
 
The Western Aeronautical Test Range (WATR) at the NASA Dryden Flight Research Center 
(DFRC) employs the WATR Integrated Next Generation System (WINGS) for the processing 
and display of aeronautical flight data.  This report discusses the post-mission segment of the 
WINGS architecture.  A team designed and implemented a system for the near- and long-term 
storage and distribution of mission data for flight projects at DFRC, providing the user with 
intelligent access to data.  Discussed are the legacy system, an industry survey, system 
operational concept, high-level system features, and initial design efforts. 

 
KEY WORDS: Databases, Flight test, Mission data, Systems engineering, Telemetry 

 
INTRODUCTION 

 
The NASA Dryden Flight Research Center (Edwards, California), known as DFRC or Dryden, is 
the primary Center for atmospheric flight research and operations. It is critical in carrying out the 
Agency's missions of space exploration, space operations, scientific discovery, and aeronautical 
research and development.  The mission of the NASA Dryden Western Aeronautical Test Range 
(WATR) is to support atmospheric flight operations, low-Earth orbiting missions, and dynamic 
aeronautical testing undertaken by Dryden and other customers. This is achieved by providing a 
comprehensive set of resources for Mission Control Center (MCC) monitoring of test activities 
and airborne flight systems and by providing real-time data acquisition and data reduction with 
effective communication to flight and ground crews. 
 
In 2000, WATR engineering launched the WATR Integrated Next Generation System (WINGS) 
to provide flight test data acquisition, processing, display, distribution, and archiving with a 
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modular and extensible architecture (ref. 1).  The technical approach for WINGS is based upon 
an open, distributed architecture consisting of standards-based functional components. 
 

 
THE WINGS CONCEPT AND CHARACTERISTICS 

 
The WINGS design process calls for the definition of a set of high-level system goals, followed 
by global system characteristics to meet those goals, and a long-term phasing plan to implement 
the development.  The WINGS architecture is based on iterative and incremental releases to 
maximize resource allocation, mitigate risk (releases are derived from an established baseline), 
and provide flexibility to accommodate flight-project-specific versions of WINGS. 
 
As described in reference 1, WINGS characteristics include: 
 
1. Uniform components within the system architecture. These include: 

a. Single platform [Intel (Santa Clara, California)] 
b. Single operating system [Microsoft (Redmond, Washington) Windows] 
c. Single development environment (Microsoft Visual Studio) 

2. Use of the web as an access tool throughout all mission segments. 
3. Use of commercial off-the-shelf (COTS) components where appropriate. 
 
The WINGS concept consists of three primary states: premission, mission and postmission.  In 
the premission state, the configuration of the vehicle instrumentation calibrations, vehicle-
specific calculated functions, display pages, and display workstations is defined.  The mission 
state consists of setup of the Telemetry/Radar Acquisition and Processing System (TRAPS) and 
MCC, execution of the flight test mission, and immediate system cleanup and shut down.  In the 
postmission state, processed data files, the complete set of instrumentation parameters and 
calibrations, and history logs are migrated from TRAPS subsystems to a permanent data storage 
and retrieval system. 
 
Early WINGS development efforts focused on the premission and mission states of the WINGS 
architecture.  A WATR engineering team was chartered in mid-2005 to develop the postmission 
state of the system, which is the focus of this report.  The goal of the WINGS postmission team 
was to define a system for the near- and long-term storage and distribution of mission data, 
providing the user intelligent access to data of interest. 
 
 

LEGACY SYSTEM 
 
There is a foundational philosophy at Dryden that all flight telemetry data is stored forever and 
that users have direct, online access to data.  Flight research data is currently stored in the Flight 
Data Access System (FDAS) in the Data Analysis Facility (DAF) (ref. 2).  The FDAS is an 
archive of time history telemetry data, that is, data showing the values of various parameters 
(signals) as functions of time.  The system stores synchronous and pseudosynchronous data only, 
at sample rates typically ranging between 1 and 8000 Hz.  The system was deployed at DFRC in 
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1993 (ref. 3) and has undergone several hardware and system data access software upgrades in 
the ensuing decade and a half. 
 
The FDAS is hosted on a Unix (The Open Group, San Francisco, California) platform with data 
access software written in Fortran.  The database stores flight time history data in a Dryden in-
house binary format called “compressed 4,” or cmp4.  The legacy of Dryden in-house data 
formats and data access language is described in reference 4.  Researchers utilize a command 
line interface to navigate FDAS by project, flight, parameters (signals), time segment, and data 
output rate.  Data can be exported at-rate, skewed, interpolated, over-sampled, or decimated.  
Data export formats include uncompressed binary, compressed binary, ASCII, and a quick-view 
list format.  The two binary data formats are native to Dryden, although research partners have 
also written tools to read and write Dryden binary formats (namely cmp4 format). 
 
Calculated functions are employed in FDAS to replicate the processing algorithms performed in 
the real-time WINGS data processing for the MCC.  Historically, a test information engineer 
(TIE) at DFRC has been responsible for configuring the real-time processing algorithms for a 
flight project and ensuring that the calculated functions in the FDAS system produced the same 
results.  With the initial deployment of the WINGS system, however, the real-time calculations 
were captured in the flight data archive, so that the duplication of algorithms via calculated 
functions was no longer necessary. 
 
The scripting language used to extract data from FDAS allows users to perform batch operations 
on multiple flights for a specific project.  There is no graphical data display capability native to 
FDAS.  If a user desires  quick-look flight data for an entire mission, he or she must write a 
script to extract low sample-rate data to a local machine and then plot that data in an outside tool 
such as MATLAB® (The MathWorks, Natick, Massachusetts) for visualization purposes. 
 
A sample of the FDAS command line interface appears in Figure 1.  The “getfdas” prompts are 
shown in bold text and user text inputs are shown in plain text.  The data requested in Figure 1 is 
for project B-52, tail number 008 (project b528), flight #959 (flt0959).  The user is requesting 
data for two parameters named tf2mr and tf2ml, writing the output to a file named b52data.cmp4, 
and specifying a 15-minute window for which data is desired.  The user has specified that the 
data should be written at a rate of 40.01 Hz. 
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Figure 1. FDAS command line interface. 
 
 

INVESTIGATION OF INDUSTRY SYSTEMS 
 
One of the early tasks the team undertook was an investigation of existing flight test data storage 
solutions for applicability, possibility of reuse, and to glean any lessons learned from other range 
engineering efforts.  In late 2005 and early 2006, the WATR engineering team held formal site 
visits to ask questions and view data storage solutions in the flight test community.  Inquiries 
were made about high-level systems architecture, the types of data managed, the quantity of data 
stored and exported, user access, system security, and technologies and standards employed. 
 
Several features of other post-mission systems were marked for incorporation in the WINGS 
post-mission operational concept.  At the NASA Jet Propulsion Laboratory (JPL) in Pasadena, 
California, there is an on-line electronic parameter database with numerous characteristic fields, 
a query function, and configuration version change history.  One Department of Defense (DOD) 
program developed software with a graphical data export feature that allows users to point-and-
click on a stripchart to export a data segment.  If this feature were incorporated at DFRC, the 
workload for quick-look visualization described for the legacy system would be reduced. 
 
All nine ranges and flight test programs consulted acknowledged that the management of all 
project-related documents (not just time-history data) must be addressed.  Currently, data for a 
single project are distributed among diverse systems and locations, with no master index to all 
information relevant to a specific flight test.  This is a broad-reaching information management 
problem, and efforts are underway in the DOD and with DOD contractors to address it (refs. 5, 
6), but no standard industry solution exists.  Some efforts are so far reaching that they will not be 
practically implemented for years.  The WATR team acknowledges that an iterative and 



5 

incremental solution is necessary, so that capabilities can be added to the WINGS Post-Mission 
system based on priority and benefit to users. 
 
Many flight test ranges and programs do not provide online access to all telemetry data, because 
of data storage limitations.  These programs employ a formal data request process in which a 
technician delivers a small subset of data to users based on a work order.  There is a history at 
DFRC of providing access to all time-history data in a centralized database (FDAS) with direct 
user access, and it is essential that any future post-mission system maintain this feature. 
 
The team also concluded that the WINGS Post-Mission system should focus on the efficient 
distribution of data in the formats users want, and not on analysis tools.  Industry efforts to 
incorporate generic analysis tools have not succeeded, and users are most comfortable in their 
own, unique environment.  Users at DFRC in particular prefer to use the same tools for 
premission avionics software development that they use for post-mission analysis.  The scope of 
the WINGS Post-Mission system involves quick access to the data of interest, and analysis tools 
are beyond that scope.  A quick-look data viewer is the only quasi-analysis feature that WINGS 
Post-Mission should incorporate. 
 
 

DATA STORAGE REQUIREMENTS 
 
Typically, there are up to a dozen flight test projects on-site at Dryden.  These projects are in 
different stages of development, but there are usually several active projects conducting flight 
tests at any given time.  Aircraft missions last several hours, for which telemetry data is typically 
collected at 0.5 to 10 Mb/s.  The FDAS stores only processed telemetry data, which for an 
aeronautical flight test mission is on the order of 50 to 5,000 MB per mission depending on type 
and length of the mission.  The entire FDAS archive contains every flight mission from the last 
fifteen years at DFRC, and the current total archive size is 7 TB. 
 
 

OPERATIONAL CONCEPT 
 
Through user survey meetings with Dryden research engineers, as well as in discussions with 
Dryden management, the team identified the Dryden flight test information management 
problems.  Currently, mission data is generated in support of flight test at a number of sources. 
Only partial amounts of the data generated are archived and available long-term.  This renders 
time-history data ambiguous in the long-term, because contextual information needed for 
interpretation of time-history data is not stored in a centralized, online archive. 
 
In a mission data model, the team identified all data products generated from DFRC, determined 
their current archive location, and defined a priority schedule for including each data product in 
the WINGS Post-Mission system.  The FDAS system already manages telemetry time-history 
data, calculated parameters, radar data, and Differential Global Positioning Satellite (DGPS) 
information. The WINGS Post-Mission baseline will store these products at a minimum.  
Additional high-priority data products to include in the system are the parameter calibration 



6 

information, flight test points, mission attributes (including WATR resources used), and 
additional telemetry data archives currently distributed on recordable media.  Products such as 
recordings of video and voice communications, sensor (parameter) location maps, and raw 
telemetry archives were assigned a lower priority for inclusion in a later release of the system. 
 
The hierarchy of flight data information products at Dryden is illustrated in Figure 2. 
 
 

 
 

Figure 2. NASA Dryden flight data hierarchy. 
 
 
The end result of the inclusion of these additional data products will be a mission archive that 
has long-term value to Dryden, its partners, and future scientists.  The WATR will ask that 
projects complete an information lifecycle management plan, defining data products and storage 
requirements, at the start of new flight test programs at DFRC. 
 
The operational concept for the WINGS Post-Mission system is illustrated in Figure 3, which 
shows the relationships between WINGS systems and data archives owned by other divisions at 
Dryden.  All data flows through a central WINGS processing area before being deposited in the 
Post-Mission system.  The operational concept does not allow for tightly coupled databases, 
rather, all information is processed by WINGS and stored in the Post-Mission system.  The user 
is able to access the Post-Mission system as well as other associated databases via a single web-
based access point. 
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Figure 3. WINGS post-mission system operational concept. 
 
 

SYSTEM FEATURES 
 
Features of the WINGS Post-Mission system are high-level client-valued functions that are easy 
to brief and discuss with users in general terms.  The features of the system can be decomposed 
into multiple testable requirements for implementation.   
 
A features list for the WINGS Post-Mission system was developed based on a series of user 
roundtables held with every research engineering branch at Dryden, as well as with outside 
customers who have flown recent missions at Dryden.  Dryden research customers include 
engineers in the aerodynamics, flight aviation systems, guidance, navigation and controls (GNC), 
operations, propulsion, simulation, static structures, and structural dynamics disciplines.  In the 
roundtable meetings, users were asked to describe their workflow in the legacy system, what data 
export formats are desired, what data other than time-history needs to be stored in the new 
system, and what features are desired for the next-generation system.   
 
WINGS Post-Mission system features include: 
 
1. Support all users regardless of their desktop computing platform (Windows, Macintosh, 

Unix). 
2. Provide both legacy script and new intuitive Graphical User Interface (GUI) access. 
3. Provide graphical quick-look capability to view low sample rate data for an entire flight 

mission. 
4. Provide search capability on mission and parameter attributes. 
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5. Allow data extraction to in-house formats (.cmp4) and industry standard formats such as 
comma-separated value (.csv) and MATLAB® (.mat).  (These are the only requested formats 
to date.) 

6. Store metadata about parameters (all calibration information available on-demand at post-
mission access point). 

7. Store event logging and flight test point card information. 
8. Provide custom translators to import external data formats. 
 
The WINGS Post-Mission system is a phased development (as all WINGS releases have been) 
and certain features have been allocated to planned upgrades.  The architecture of the system 
shall allow for future capabilities such as web-based access to research partners outside Dryden, 
the storage of descriptions and code for calculated parameters, and storage of the location of 
sensors on aircraft.  Some researchers expressed a desire for video and audio playback at their 
desktops in the post-mission environment, and this has been noted as a planned future 
development for the system. 
 
 

IMPLEMENTATION PLAN 
 
The WINGS Post-Mission system will be first released as a prototype for a small subset of 
Dryden research customers, to reduce risk and improve system features before a full-scale 
launch.  This allows for an initial purchase of smaller, less expensive hardware to meet the needs 
of a few customers. 
 
As per the WINGS characteristics, COTS components will be leveraged to reduce in-house 
engineering work, reduce risk, and take advantage of industry advances.  An outside vendor will 
be used to provide a COTS mass storage subsystem.  This system will provide physical data 
management, logical data management, mirroring, backup, and data integrity verification.  
Outsourcing the mass storage subsystem will allow the WATR engineering team to focus their 
efforts on expertise with the Dryden-unique mission model.  The WATR engineering team is 
responsible for the overall business model for the system, which includes the architectural 
design, web development, database development, and access management. 
 
To date, the WATR has purchased a mass storage subsystem from Exanet, Inc. (Ra'anana, 
Israel).  This ExaStore clustered Network Attached Storage (NAS) was selected for its 
scalability, interoperability with other computing systems, and data management, protection, and 
recovery software.  The WATR engineering team is developing detailed requirements for the 
user access portal and designing the storage database. 
 
 

CONCLUSION 
 
The WATR engineering team was chartered to design and implement a system for the near- and 
long-term storage and distribution of mission data for flight projects at Dryden, providing the 
user intelligent access to data of interest.  Initial efforts focused on a survey of other flight test 
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programs and ranges to determine their mission data storage systems, as well as meetings with 
Dryden researchers to discuss the usability of the legacy system and desired features for the next-
generation system.  From these investigations, a features set and system operational concept 
were developed.  The next steps involve the detailed design, development, and deployment of a 
system to store mission telemetry data and contextual information about flight missions flown at 
the NASA Dryden Flight Research Center. 
 
 

REFERENCES 
 
1. Harris, J., and Downing, B., “WINGS Concept:  Present and Future,” Proceedings of the 39th 

International Telemetering Conference, International Foundation for Telemetering, c1965–
2003, Woodland Hills, California, 2003. 

 
2. Moore, A., and Harney, C., “Development of an integrated set of research facilities for the 

support of research flight test,” AIAA-1988-2096, Technical Papers of the 4th AIAA Flight 
Test Conference, San Diego, California, May 18–20, 1988, American Institute of 
Aeronautics and Astronautics, Washington, DC, 1988, pgs. 98–111.   

 
3. Maine, R., “User's Manual for GetFdas and GetData,” unpublished, 1995.  
 
4. Maine, Richard E., “Manual for GetData Version 3.1, A FORTRAN Utility Program for 

Time History Data,” NASA TM-88288, Edwards, California, October 1987. 
 
5. Garling, J., and Cahill, D., “Enterprise Data Management Systems,” Proceedings of the 39th 

International Telemetering Conference, International Foundation for Telemetering, c1965–
2003, Woodland Hills, California, 2003. 

 
6. Crenwelge, R., Conway, B., and Dillion, K., “Enterprise Flight Data Management System 

(EFDMS) and Storage Infrastructure Technology Discussion,” Proceedings of the 38th 
International Telemetering Conference, International Foundation for Telemetering, c2002, 
Woodland Hills, California, 2002. 

 



10 

NOMENCLATURE 
 
CIMS calibration Information Management System 
cmp4 compressed 4 file format 
COTS commercial off-the-shelf 
csv comma-separated value file format 
DAF Data Analysis Facility 
DGPS differential global positioning system 
DOD Department of Defense 
FDAS Flight Data Access System 
GUI Graphical User Interface 
JPL Jet Propulsion Laboratory 
mat MATLAB file format 
MCC Mission Control Center 
NAS Network Attached Storage 
NASA National Aeronautics and Space Administration 
TIE Test Information Engineer 
TPMS Test Point Management System 
TRAPS Telemetry/Radar Acquisition and Processing System 
WATR Western Aeronautical Test Range 
WINGS WATR Integrated Next generation System 
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1. ABSTRACT 
 

The P-8A Poseidon is a long-range anti-submarine warfare, anti-surface warfare, 
intelligence, surveillance, and reconnaissance aircraft.  The Test & Evaluation data 
requirements for the System Development and Demonstration (SDD) phase far exceed 
any Boeing military program to date.  The data requirements include MIL-STD-1553, 
Gigabit Ethernet, 10/100 Ethernet, NTSC, Video/Audio, ARINC 429, RS232, CAN and 
PCM data in addition to being CAIS and RTPS compatible. 
 
The strategy for the design of the instrumentation and data processing architecture was 
to create a common system that could be used for data acquisition and processing for 
all seven test articles and used for both flight and ground testing.  The common 
approach enables efficiencies and benefits to be shared in all testing and reduces the 
overall cost to the program. 
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2.  ACRONYMS 
 
AC Aircraft 
ARINC Aeronautical Radio Inc. 
BCA Boeing Commercial Aircraft 
CAIS Common Airborne Instrumentation System 
CAN Controller Area Network 
CDS Caching Data Server 
CIM Chassis Interface Modules 
COTS Commercial Off-the-shelf 
DAS Data Acquisition System 
DP&TRA Data Processing and Test Requirements and Analysis 
DPS Data Processing System 
EMD Engineering Manufacturing and Development 
FDP Final Data Processor 
HSI Hardware/Software Integration 
I&DP Instrumentation and Data Processing 
IBIM IntelliBus™ Interface Modules 
ICCP Integrated Cockpit Control Panel 
INIC IntelliBus™ Network Interface Controller 
IOE Instrumentation Operations Engineer 
IPT Integrated Product Team 
IRIG Inter-Range Instrumentation Group 
ISE Instrumentation Suitability Evaluation 
ITT Integrated Test Team 
MAPS Multipurpose Acquisition & Processing Station 
NDS Network Data System 
NTSC National Television Standards Committee 
PCM Pulse Code Modulation 
PVT Product Verification Test 
RAID Redundant Array of Independent Disk 
RTDS Real-Time Display Stations 
RTPS Real-Time Processing Station 
SDD System Development and Demonstration 
SIL System Integration Laboratory 
SSR Solid State Recorder 
STE Special Test Equipment 
TCP/IP Transport Control Protocol/Internet Protocol 
TM Telemetry 
TRA Test Requirements and Analysis Engineer 
UDP User Datagram Protocol 
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3.  INTRODUCTION 
 
The P-8A Poseidon is a long-range anti-submarine warfare, anti-surface warfare, 
intelligence, surveillance, and reconnaissance aircraft being developed by Boeing for 
the United States Navy as a replacement for the aging P-3 Orion.  It is a military 
derivative of the Boeing Commercial Aircraft (BCA) 737-800 Next Generation Aircraft.  
The (SDD) program began in June of 2004 with program award and will conclude with 
initial operational capability in 2013 after an extensive flight and ground test program.  
The test program will consist of three flight test articles, a static test article, a fatigue test 
article and two System Integration Laboratories (SILs).  The sophisticated mission and 
stores management systems of the P-8A provide many data acquisition and processing 
challenges.   
 
The data requirements for the Poseidon program far exceed any Boeing military 
program to date. The P-8A data requirements include the ability to record, telemeter, 
monitor on board and process MIL-STD-1553, Gigabit Ethernet, 10/100 Ethernet, NTSC 
Video/Audio, ARINC 429, RS232, CAN and PCM data.   The number of analog 
parameters on the three flight test articles alone far exceeds the number of analog 
parameters measured on the seven F/A-18E/F test aircraft during its Engineering 
Manufacturing and Development (EMD) program.  Currently there are close to 11,000 
parameters defined for all seven P-8A test articles.  Along with all of these parameters 
comes the additional challenge of data storage.  It is estimated that the test flights for 
test articles T1, T2 and T3 will range in length from 2-8 hours depending on the mission.  
The average test time being used for planning is 4 hours and it is estimated that one 
terabyte of raw data will be recorded during an average test flight, with an additional two 
terabytes for computed data and two terabytes for mission systems data, resulting in 
more than two pedabytes of data for the entire program.  Challenges related to 
providing fast download capability to a server for test team access, processing, 
transmitting and storing the data are only a few of those facing the Data Processing 
Team on the P-8A program. 
 

4.  COMMON ARCHITECTURE 
 
In order to meet the data challenges of the P-8A program, a trade study was performed 
to seek out lessons learned from previous Boeing programs with the hopes of 
combining the best of Boeing into the next generation data acquisition and data 
processing system.  The primary goal was to develop a common system that could be 
used for all three test arenas; ground, flight and laboratory.  This approach provides the 
ability to reduce cost and improve information fidelity by ensuring common processes, 
procedures and tools are used.  Another challenge faced by the Instrumentation and 
Data Processing (I&DP) team is that the P-8A aircraft is being instrumented during 
production, and therefore, the I&DP equipment must be easy to install in order to 
support a commercial production schedule.   
 
Figure 1 shows the common architecture design for the P-8A data acquisition and data 
processing system.  The architecture of the I&DP system was designed as a “system of 
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systems” containing five basic systems:  Data Acquisition, Recording, Control, 
Processing and Displays.  Hardware, software and systems interfaces were designed to 
be common across test articles.  Some non airworthy equipment was selected for use in 
laboratory environments and Commercial Off-the-Shelf (COTS) equipment was used as 
much as possible.   The various systems will be discussed in the following sections. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
4.1 Data Acquisition System (DAS) 
 
The principal components of the Data Acquisition System are the NetAcquire™ Network 
Data System (NDS), IntelliBus™, and a Telemetry (TM) System.     
 
The NDS acts as a gateway between analog, digital and serial data, and the networked 
systems.  It is a system of multiple chassis that collectively gathers test data from 
multiple sources and integrates them into a single data stream within the NDS.  This 
single stream of data is simultaneously available for multiple outputs for recording, data 
processing and telemetry transmission.  The throughput rate of the NDS is scalable to 
400 Mbps, 800 Mbps, and 1200 Mbps.  Time tagging is accomplished via an externally 
provided IRIG-B signal. 
 
The inputs to the NDS include:  up to 48 IntelliBus™ buses (including ARINC 429 and 
analog measurements), MIL-STD-1553, Gigabit Ethernet, 10/100 Ethernet, RS-232, and 
PCM data streams.  There are five outputs of the NDS: one to the solid state recorder 

Figure 1:  P-8A Data Acquisition and Data Processing Common Architecture Diagram 
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(SSR), two telemetry streams, one to the final data processor (FDP), and a 100BASE-T 
fast Ethernet interface to control the SSR.   
 
The connection to the solid state recorder is IRIG 106 Chapter 10 compliant.  One 
hundred percent of the real-time raw data stream is sent to the SSR via a Gigabit 
Ethernet connection using the TCP/IP protocol.  An additional output port is available on 
the NDS to connect a second SSR should the NDS throughput rate grow to exceed the 
input limit for a single SSR. 
 
The NDS takes selected parameters from all of the input sources and creates two 
telemetry streams.  These two streams consist of selected parameters from:  the IRIG 
106 Chapter 4 stream (5 to 10 Mbps) which consists of IntelliBus™ or PCM data, and 
the IRIG 106 Chapter 8 stream which consists of parameters from the 1553 buses.  The 
NDS accommodates and stores up to four IRIG Chapter 4/8 TM formats which can be 
selected and changed during a test allowing multiple types of maneuvers and tests to 
be performed during one flight. 
 
The output to the final data processor is via a Gigabit Ethernet connection using the 
UDP broadcast protocol.  One hundred percent of the real-time raw data stream is sent 
to the FDP.  An additional Gigabit Ethernet port is available should the volume of the 
raw data exceed the capacity of a single Gigabit Ethernet conductor. 
 
The NDS can be controlled by the Instrumentation Operations Engineer (IOE) work 
station or the Instrumentation Cockpit Control Panel (ICCP).   The IOE work station 
controls all NDS functions and configures the NDS for recording characteristics.  The 
Instrumentation Cockpit Control Panel has a limited set of NDS functionality but it does 
allow the I&DP system to be controlled from the cockpit when test crews are not 
onboard during flight testing.    
 
4.2  Recording System 
 
The I&DP system on the P-8A program uses two recording systems.  On flight test 
aircraft a solid state recorder is used to collect raw data from the Data Acquisition 
System and a RAID recorder with removable memory is used to collect computed data 
from the Data Processing System.  Ground and laboratory test articles, not requiring 
ruggedized hardware, use some COTs and non airworthy equipment including the RAID 
recorder.    
 
4.3  Control System 
 
The control system is made up of the ICCP, the Test Requirements and Analysis 
Engineer (TRA) and the IOE stations.  This system contains all of the components 
through which the operational commands for the I&DP system are entered.  The ICCP 
enables the flight crew to control the operation of the I&DP system.  With the press of a 
single button the entire acquisition and processing system can be powered up and 
ready to acquire and display data.  The ICCP was designed for operational control with 
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minimal crew on board and enables the system to be powered up and acquiring data 
very rapidly. 
 
Most of the I&DP hardware is installed in 19 inch racks commonly known as MAPS 
Racks, (Multipurpose Acquisition & Processing Stations).  There are four basic 
configurations of MAPS Racks:  Instrumentation Operations Engineer (IOE) Station, 
Test Requirements & Analysis (TRA) Station, Utility Rack, and Real Time Display 
Stations (RTDS). 
 
The core I&DP system is installed in the IOE and the TRA MAPS Stations.  Sensors, 
data acquisition signal conditioning and the telemetry system are not.  The MAPS 
Racks that are used for flight were designed to meet the environmental requirements of 
the P-8A program.  The laboratory MAPS Racks are COTS.  The installation of the 
MAPS Rack is considered to be a single item, orange box, thus an entire subsystem of 
I&DP hardware has one part number and one installation.  This is a significant reduction 
in the effort for installation engineering and installation planning.  Multiple configurations 
of the MAPS Racks were designed to meet the operational needs of the individual test 
article but the electrical interfaces and disconnect panels have been standardized 
across all I&DP systems. 
 
The TRA and IOE MAPS stations each provide full system control at either workstation.  
These workstations control the loading of all configuration and setup files for the I&DP 
system which include configuration files for the instrumentation system, NDS, FDP, 
CDS and display stations.  The dozens of system load files are created from the central 
data processing database and can be loaded in one operation.  Once loaded and during 
a test, these stations are used to control which parameters are recorded on the SSR, 
passed to the FDP for computations, displayed on the monitoring stations and 
transmitted in the TM stream.    
 
4.4  Data Processing System (DPS) 
 
The Data Processing System (DPS) is responsible for converting the raw data from the 
NDS into scaled engineering parameters for both real-time and post test analysis and is 
comprised solely of the Final Data Processor (FDP).  The FDP does more than just 
scale data.  It accounts for instrumentation sample delays, initializes parameters to zero 
or a reference value, properly time aligns parameters from multiple data streams, 
merges additional data sources, and performs complex computation tasks.  Behind the 
scenes of the FDP is a historical database that contains the parameter information 
necessary to perform the derived computations to render data for analysis.  This 
database is completely historical and information pertaining to the methodology, 
equations and coefficients used in computations is available for every computed 
parameter, and all changes are tracked by test number effectivity.  This historical 
database preserves computation and calibration history and ensures computation 
consistency across test articles in addition to traceability.  Since the data processing 
occurs during the test, usually on board an aircraft detached from the central database, 
database synchronicity and configuration management of all load files required to 
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operate the system is essential.  The database tool efficiently tracks all of this 
information and enables the data processing system to be used both in real-time 
monitoring and post test analysis for both flight and ground testing.   
 
During real-time, the FDP feeds computed data to the real-time display system for 
monitoring by Integrated Test Team (ITT) members, and the RAID recorder for storage.  
It receives all of the data from the NDS through Gigabit Ethernet lines and has the 
capability to scale all data types handled by the NDS.  It can selectively send scaled 
and computed data to either the RAID recorder, the Caching Data Server (CDS) or both 
simultaneously.  Originally it was thought that two different devices would be needed to 
scale and compute data, however, the FDP design can handle all of the data fed to it by 
the NDS, and so the second device is not needed.  The computed data set is loaded 
into a data server after the test allowing immediate access to all test team members for 
analysis. 
 
During post test, the FDP is used for any re-computing of test data in addition to 
specialized processing such as spectral analysis.  The concept of operation for the flight 
test program is to transmit the raw data from the remote sites back to a central 
computing facility and recompute the data prior to storage.  This is due to the large 
quantity of data and the efficiency and speed of the FDP computations.  It is faster to 
transmit the raw data and recompute the data for the entire test rather than to transmit 
both the raw and computed data sets.  The central storage repository for all of the test 
data ensures all analysts have access to the most recent, accurate version of the data.  
The data is stored in a standard data format used by a majority of the existing analysis 
tools and translator tools have been developed for those that are not compatible.  This 
has alleviated the need to store the large quantities of data in more than one file format. 
 
4.5  Display System 
 
The display system consists of the caching data server and the various real-time display 
stations (RTDS) used by the test conductor, TRA, IOE and aircrew.  The onboard I&DP 
test crew will occupy the seats in front of the IOE and TRA stations and system 
technologists will be seated at the RTDS stations.  IADS®, purchased from Symvionics, 
is being used for real time display and analysis of flight test, ground test and laboratory 
data.   This common software allows for consistency and enables engineers to use tools 
in flight that they have become comfortable with in the lab.  The IADS® software, 
combined with the caching data server, allow users to pause, rewind and playback data 
during tests while still gathering data in the background.  This has allowed for the 
removal of paper strip charts and enabled the capability for data to be reviewed in 
debriefs immediately following tests.   
 
The display system capabilities include the ability to create a set of standard displays 
that can be used by all test participants, including the flight crew, and the ability for 
those monitoring the test to modify and create their own displays.  Changes or additions 
made during tests can be stored for future tests.  Displays created for one test article 
can also be shared with other articles ensuring a consistent look that allows for a 
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simplified transition of the test team from one test to another and adds an element of 
safety as well. 
 
The ability to monitor a test on board the aircraft will have great benefits for the P-8A 
program.  The capacity of the 737 allows the test team to be on board for monitoring 
along with the data processing system.  Having the data processing system on board 
enables the real time displays to include the complex analysis computations and for first 
pass data to be available at the completion of the test.  This has enabled the P-8A flight 
test program to plan an aggressive flight schedule.  Previous flight test operations relied 
on limited real time data via telemetry or post test processing to clear test points.  Flying 
the test crew at the IOE, TRA and RTDS station with real time raw and processed data 
available for review will allow test points to be cleared in a more expeditious manner 
than in the past. 
      

5.  INTELLIBUS™ 
 
The Boeing developed IntelliBus™ data acquisition system, a subsystem of the DAS, is 
responsible for the collection of analog signals and ARINC 429 bus data.  IntelliBus™ 
consists of a bus controller called an IntelliBus™ Network Interface Controller (INIC), a 
2 wire data bus and multi channel signal conditioners called IntelliBus™ Interface 
Modules (IBIMs).  The system is easily expandable by adding prefabricated cables and 
IBIMs and it is also ready to accept smart sensors as they become available.  An 
IntelliBus™ bus has a maximum length of 300 feet and can accommodate up to 64 
IBIMs or nodes.  The IntelliBus™ bandwidth is 15 Mbps with a 5 Mbps payload.   
 
Traditional data acquisition systems install one or more chassis full of signal 
conditioners in remote locations of the aircraft.  Signal and excitation wiring is run from 
the remote chassis to the sensors.  Using IntelliBus™, IBIMs are located in close 
proximity to the sensors or signal pickup points thus reducing the amount of wiring 
associated with traditional data acquisition systems.  IntelliBus™ is a less complex 
system because it does not use overhead modules associated with remote chassis, 
there is a limited common set of connectors and no disconnect panels are needed. The 
P-8A program has avoided an estimated $3M in fabrication and material charges for 
connectors, cables, and installation chassis by using IntelliBus™.   Weight savings due 
to reduced wire count and connectors are still being calculated. 
 
INICs are installed in the NDS chassis.  Each INIC controls (4) IntelliBus™ buses and 
has an Ethernet output which connects to a switch in the NDS.  Up to 12 INICs can be 
installed in the NDS which allows the implementation of up to (48) IntelliBus™ buses for 
the I&DP system.  
 
An IBIM consists of the signal conditioner package, bus wiring with connectors and a 
signal wiring pigtail. The IBIM package is smaller than traditional signal conditioners and 
its design allows it to be bonded to aircraft surfaces instead of using fasteners.   
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Some areas on the test articles have a high concentration of sensors requiring more 
IBIM installations than desired so a chassis solution was designed.  This chassis was 
designed to accept plug-in IBIMs, IntelliBus™ bus connections, and (1) D38999 
connector for signal interface.  The plug-in IBIMs are called Chassis Interface Modules 
(CIM Modules) and the chassis is called a CIM Chassis.  Up to eight (8) three (3) 
channel CIM Modules can be plugged into a CIM Chassis providing (24) data channels 
with this single installation.  The CIM Chassis is a single node on the IntelliBus™ and is 
reconfigurable in the field.   
 

6.  HOW DO WE KNOW IT WORKS? 
 
All parts ordered for the I&DP team are received by a single contractor. Upon receipt, 
they are logged into the receiving system, kitted and delivered directly to the P-8A 
Instrumentation & Integration Lab in less than 24 hours.   
 
The I&DP system is tested and verified in accordance with St. Louis Boeing Flight Test 
Instrumentation Procedures.  Individual component or subsystem performance is 
validated through calibrations or an Instrumentation Suitability Evaluation (ISE).  Upon 
completion, each I&DP system is incrementally built and tested in the 
Hardware/Software Integration (HSI) phase.  Test inputs are provided with a Bus 
Simulator STE (NetAcquire™) and a hot bench mock up of the aircraft data acquisition 
system.  All I&DP cable designs will be validated on the Hot Bench during HSI before 
manufacturing the final set that goes in the MAPS Rack.  The final test in HSI is 
conducted with the complete I&DP system outside of the MAPS Racks.  This will 
provide a baseline to support troubleshooting, if required, in the Product Verification 
Testing (PVT) phase.  When HSI integration testing is complete, PVT begins. PVT is 
conducted with fully populated MAPS Racks, interconnecting cables, a hot bench to 
simulate aircraft signals and the Bus Simulator STE.  The PVT testing provides an end 
to end test of the entire I&DP system before it is shipped for installation.  This is an 
important step as it provides another baseline of the system and will help reduce the 
amount of start up time after installation into the aircraft or test lab.  The MAPS Racks 
are shipped and installed fully populated with I&DP hardware and software.   
 

7.  CONCLUSIONS 
 
Below is a list of the Data Acquisition and Data Processing System efficiencies. 
 

• Common software for flight, ground and laboratory testing 
• Common interfaces between systems 
• Common interface between I&DP MAPS Racks 
• Same data acquisition system used for ground and flight test 
• Common data stream for recording and data processing 
• All raw data recorded on solid state recorder and available for real-time 

monitoring 
• First pass final data available immediately upon test completion 
• Onboard test monitoring expedites clearing of test points 
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• Cockpit control of I&DP system for high risk flights 
• All data available for selection real-time for IRIG 106 chapter 4 or 8 telemetry 

transmission 
• St. Louis MAPS Station for training, upgrade verification and field test support 
• MAPS Rack cabling designs verified in HSI testing before production of cables 

begins    
• Incremental Hardware Software Integration performed prior to PVT to reduce risk 
• End to End Product Verification Testing before installation of I&DP system 
• Reduced installations for data acquisition system 
• Reduced fabrication and material cost for data acquisition due to IntelliBus™ 
• Reduced installation engineering and planning effort for core I&DP system 
• Systems designed for growth and expansion 
• Data acquisition system accommodates smart sensors 
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ABSTRACT 
 
The Image Data Automated Processing System (IDAPS), developed by the 96th Communications 
Group Test and Analysis Division at Eglin AFB, uses a CAD-based image matching technique to 
calculate a trajectory of a store separation event. The latest evolution of this system has been in 
production for several years and has proven to be both an accurate and a valuable tool for 
evaluating flight releases of bombs, fuel tanks, missiles, and other stores. This paper describes a 
prototype capability that is being developed for assessing fin and wing deployment angles. 
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INTRODUCTION 
 

Store separation is a vital area of study for the Air Force’s aircraft compatibility certification 
process. Store Separation analysis is conducted to ensure the safe in-flight release of various 
stores (e.g., munitions and fuel tanks), thus ensuring the safety of the aircraft and the pilot as 
well as providing the optimal trajectory that will put the weapon in a position most likely to 
achieve a successful mission. Many aircraft and store combinations exist — each must be 
certified for safe flight. Therefore, a significant amount of modeling and testing is conducted as 
part of this process.  
 
The Image Data Automated Processing System (IDAPS) is used by the 96th Communications 
Group, Test and Analysis Division for photogrammetric post-flight test store separation data 
collection and analysis. Data is gathered from one or more cameras mounted strategically on an 
aircraft to capture a store separation event. For most fighter plane missions, the store is visible at 
carriage from an external camera so only a single camera is used for analysis. The advantage that 
the IDAPS process has over other store separation systems for these single-camera missions is 
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that the cameras and store do not need to be surveyed and the store does not need to be outfitted 
with target decals. This results in a lower cost and quicker turnaround of test results. 
 
IDAPS has evolved many times over the last two decades to accommodate changes in 
technology and mission characteristics. The last significant upgrades included re-hosting to a 
PC-based environment and utilizing CAD modeling of stores. The next phase of development 
will include support for reading the position of moving features of a store, such as fins or wings. 
We have already demonstrated this capability with success as part of a prototype effort. This 
paper will describe how this new experimental function was implemented. 
 
 

IDAPS DESCRIPTION 
 
IDAPS is a data reduction and analysis workstation developed to obtain trajectory information 
from a store separation mission. It is composed of a high-end graphic workstation and a custom 
software application. Inputs to the system include a digital image sequence, lens calibration 
information, and a mathematical model of a store. From this, a time-tagged 6 degrees of freedom 
(DOF) store separation trajectory is produced by superimposing a wireframe model over each 
frame of a digital image sequence. 
 
The system is hosted on an HP xw9300 workstation running Red Hat Linux. The display 
hardware consists of an NVIDIA Quadro FX3400 PCI Express graphics card and dual 24 inch 
monitors. The application software was developed in C and FORTRAN and has a standard X-
Windows GUI. CAD rendering is accomplished via Open Inventor, which is a platform-
independent object-oriented toolkit built on OpenGL. 
 
IDAPS uses a database-like structure to manage image sequences from one or more cameras. 
Figure 1 illustrates four frames of an image sequence. The image file format used by the system 
is standard multi-TIFF, which many digital cameras can produce directly. Otherwise, images are 
pre-processed by a TrackEye workstation. TrackEye can read several digital camera formats-
including those already being used in flight tests such as ASVS and Phantom. It is able to import 
and export a wide variety of digital image formats including TIFF, AVI, JPEG, and MPEG2. It is 
also equipped with a scanner that can digitize 16mm and 35mm film. 
 
 

 
Figure 1. Image sequence 

 
 
To calculate the optical characteristics of an image sequence such as its field-of-view and center 
of optics, a calibration process must be conducted for each camera/lens combination. A 
calibration image is obtained by photographing a wire-frame cube of known size, aligned parallel 
to the camera focal plane (see Figure 2). The calibration image is digitized and the four edge 
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locations of both the near and far planes are read by the user. The system then uses a 
photogrammetric algorithm to determine coefficients used for depth and scaling. 
 

 
Figure 2. Lens calibration to calculate field-of-view 

 
 
Many of the stores read by IDAPS are available in CAD format and can be obtained from the 
manufacturer. Usually they are modeled in a popular commercial format and need to be 
simplified, transformed, and converted into the Open Inventor format. This is accomplished 
using a COTS software tool such as Unigraphics, Rhinoceros, 3DExploration, or ivfix. The 
conversion is a one-time process and the modified models can be reused with multiple missions. 
 
To avoid obscuring the detail of the item to be matched in the image, the CAD model is rendered 
as a silhouette with hidden lines removed. This drawing format provides an outline of the 
model’s prominent features that are only visible from the point of view of the camera. Solid and 
wire-mesh polygon rendering is available to the user as an option for testing and demonstration. 
These CAD representation formats are illustrated in Figure 3. 
 
 

 
Figure 3. Solid CAD model (left), wire-mesh (center), silhouette (right) 

 
 



 4

The process of determining the position and orientation of a store is accomplished by 
superimposing a wire-frame model of an object over a digitized image. The model is 
manipulated through 6 degrees-of-freedom using GUI controls until the model matches the store 
in the scene. The system performs the necessary translations, rotations, and scaling (all based on 
the lens calibration) to transform the model’s 2D pixel-location into a 6DOF position. This is 
done for each frame of the image sequence. 
 
The process is user-intensive and requires a skilled operator with an aptitude for visual-spatial 
manipulation to quickly and accurately position and orient a 3-dimensional model rendered on a 
2-dimensional computer screen to match a background image. Sufficient domain knowledge of 
store-separation is also required to give the user insight as to how the store will react during the 
release. Thus a user becomes proficient only after many hours of hands-on training and many 
years of operation. Figure 4 shows a wire-frame model in the process of being matched to a 
digitized image. 
 

 
Figure 4. Digitized image of store with wire-frame model overlay 

 
 

DEPLOYABLE SURFACES 
 
Most modern stores are precision guided munitions, many with true “fire and forget” capability. 
Therefore they are usually developed with a sophisticated set of fins and sometimes even wings 
to navigate the item to the target. These features are normally in a stowed position when the item 
is at carriage to reduce the item’s size and possibly the aerodynamic effects on the aircraft. Once 
the item is released from the aircraft, a fixed-length lanyard is used to initiate deployment of the 
fins and wings. Figure 5 below shows examples of the JASSM in its tucked position (as it would 
be stowed on an aircraft) and its open position (after it is released). 
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Figure 5. JASSM with fins/wings stowed (left) versus in-flight (right) 

 
 
It is vital that these movable features deploy correctly. The fins and wings must not open too 
soon and risk hitting the aircraft or other stores. On the other hand, they must also open soon 
enough to put the item in a position to accurately carry out its mission. 
 
The IDAPS process has traditionally been used to read the trajectory of an item with a static 
wire-frame model of the store. The model that was used was normally of the item with its 
deployable features stowed. The operator had to ignore the fins and wings as they were opening 
during the image sequence and concentrate on the body position of the store. Our challenge was 
to prototype a method to read the fins and wings using an animated CAD model with IDAPS that 
would allow the operator to adjust the model’s features to fit the item at various stages of the 
deployment sequence. 
 
 

CAD PREPARATION 
 

In order to animate a CAD model for use with IDAPS, there were some pre-processing steps that 
needed to be accomplished with CAD editing software. We used the Unigraphics NX software 
suite developed by UGS. It is a comprehensive software package used by professionals that 
contains a feature-rich set of tools and wizards for designing, developing, and editing CAD 
models. 
 
Normally, our CAD models are not a single monolithic entity, but an assembly composed of 
parts, features, and objects. The part or feature that needs to be animated has to be analyzed to 
determine the axis of rotation. This was done by creating a datum axis. A datum axis is a 
reference axis that the software allows the user to add to the model to ease with positioning parts. 
The datum axis was placed so that it would be oriented through the axle of the moving part (i.e. 
so the part would effectively rotate around the axis). The position and orientation of the datum 
axis in reference to the model’s coordinate system were noted. 
 



 6

 
Figure 6. Datum axis positioned through hinge (fins removed) 

 
 
Once the datum axis was established, the moving part was rotated around the axis within the 
CAD editing software to verify that the part was moving in the correct plane and the axis was 
positioned correctly. A datum plane was created that was perpendicular to the datum axis. The 
datum plane was used to position the moving part at various angles for testing purposes. 
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Figure 7. Datum plane with fin opened 45 degrees 

 
 
Because IDAPS uses the Open Inventor format for rendering its CAD models, the models had to 
be exported to VRML format from the Unigraphics editor. The models were then converted to 
Open Inventor format with a standalone open-source application called ivfix. A model was 
exported with all the moving parts stowed so the operator could use it to match the item at 
carriage (until the parts begin to deploy). A model was also exported with all the moving parts 
removed so the operator could use it to read the item after the parts started deploying (i.e., the 
operator would read the body position and ignore the moving parts). And finally, the moving 
parts were exported separately in order to be animated by the display software. 
 
 

ANIMATION USING OPEN INVENTOR 
 
The IDAPS graphics display was developed using OpenInventor, a platform-independent object-
oriented toolkit built on OpenGL. The toolkit provides the means for development of an 
interactive 3D application. OpenInventor uses a tree-based scene graph concept with nodes for 
views, drawing-objects, cameras, lights, and transformations. 
 
A 3-D scene drawn by Open Inventor is rendered from a scene database. The scene database is 
composed of one or more objects represented by a scene graph. The scene graph is composed of 
nodes that characterize a geometry, property, or grouping. The scene graph is traversed starting 
from the root node and then from left to right and top to bottom. Nodes inherit properties from 
nodes to the left and above. 
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Figure 8. Open Inventor scene graph 
 
 
A simplified version of the scene graph developed for the IDAPS display is depicted in Figure 8. 
The Main Group node represents the entire weapon, including the body and the moving part. The 
Axle Group node represents the axis that the moving part will be rotated. The Moving-Part 
Group represents the fin or wing component. Based on the rules of how a scene graph is 
traversed when rendering an object, this tree allows the rotation of the Moving Part to be isolated 
from the rest of the model. It also allows the rotations and translations of the Main Group to be 
applied to the Moving-Part. 
 
 

PROTOTYPE USE WITH IDAPS 
 
The IDAPS software consists of three main components: an X-Windows GUI, a C/Fortran 
functional background processor, and an Open Inventor display engine. The GUI processes user 
interactions, the background processor performs the coordinate system calculations, and the 
display engine renders the model.  
 
For this prototype effort, the display engine was replaced with a case-specific display engine. 
The location of the axis for rotating the moving part was hard-coded, as was the location of the 
moving part with respect to the body of the model. These had to be modified for each store that 
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was tested. The IDAPS GUI was not updated for the prototype. Rotations of the moving parts 
were controlled by keyboard function-keys tied directly to the prototype display. The prototype 
display omitted the silhouette capability of the standard display engine in an effort to minimize 
test-code and keep things simple. 
 
To read the position of a fin or wing, the operator followed a two step process. First, the operator 
read the trajectory of the body of the store using the standard IDAPS display engine with the 
silhouette capability. To minimize the confusion of the moving parts, the operator used the CAD 
model with the moving parts omitted.  
 
 

 
Figure 9. Matching store using silhouette CAD model with fins removed 

 
 
Second, the operator re-read the store, but this time using the prototype display with a CAD 
model of the moving part. The part was rendered in the location based on the readings of the 
body of the store from the first step. The operator manipulated the angle of the moving part to 
match the image underlay. For each frame, the operator noted the angle of the part and frame 
time. This process was repeated for each moving part. In the case of stores with rotational 
symmetry such as the item depicted in Figure 10 below, the model was simply rotated 90 degrees 
to position the model on the next fin. 
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Figure 10. Reading top fin angle with prototype method 

 
 

 
CONCLUSION 

 
The prototype method for reading the angles of deploying fins and wings has been used with 
success for several missions and has even been used to validate CFD modeling for store 
separation prediction. Because of the experimental nature of this development, the process is 
currently somewhat cumbersome to the user. Further enhancements could include the ability to 
read the store’s trajectory and fin/wing positions in a single pass. It is the hope of the 96th 
Communications Group, Test and Analysis Division, to include this capability as part of the 
production IDAPS software in the near future, giving the United States Air Force a unique 
capability in the field of store separation analysis. 
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ABSTRACT

Real-time transmission of airborne images to a ground station is highly desirable in many
telemetering applications. Such transmission is often through an error prone, time varying
wireless channel, possibly under jamming conditions. Hence, a fast, efficient, scalable, and
error resilient image compression scheme is vital to realize the full potential of airborne
reconnaisance. JPEG2000, the current international standard for image compression, offers
most of these features. However, the computational complexity of JPEG2000 limits its use in
some applications. Thus, we present a scalable low complexity coder (SLCC) that possesses
many desirable features of JPEG2000, yet having high throughput.

Keywords: JPEG2000, airborne reconnaisance, low complexity, scalable compression.

1. INTRODUCTION

With technological advances in image acquisition systems, use of high speed, high resolution
video cameras are common in many telemetering applications. Such cameras [1, 2] have
been developed for airborne applications [3] including reconnaissance, earth survey [4], and
RDT&E [5]. These specialized video cameras can record images at 200-400 frames per second
(fps) and use dual band imagery (visible and IR). Features required in an image compression
algorithm for airborne reconnaissance are discussed in [6]. For real-time transmission, the
image encoder needs to keep up with the image acquisition hardware. Additionally, the
transmission of compressed images is often through an error prone wireless channel. Thus a
fast, efficient, and error resilient image compression scheme is vital to realize the full potential
of airborne reconnaisance [7].
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JPEG2000 [8] is the current international image compression standard and offers rich scala-
bility features that are beneficial for a wide variety of applications. It is used for archiving and
disseminating images within the United States Imagery and Geospatial System (USIGS) and
Distributed Common Ground System (DCGS) architectures [9]. However, the computational
complexity of JPEG2000 can make it impractical for some real-time airborne reconnaissance
and power constrained remote sensing applications [10]. Other compression standards such
as MPEG-4 and H.264 may not be practical in these applications either. While the decoding
complexities of these standards are lower, their encoding complexities are much higher than
JPEG2000 [11]. In this work, we introduce a Scalable Low Complexity Coder (SLCC) which
possesses many of the desirable features of JPEG2000, yet has high encoding and decod-
ing throughput. We believe that this coder is suitable for use in airborne reconnaissance
applications.

The paper is organized as follows. Section 2 gives an overview of scalable image compression
methods and their use in airborne reconnaissance. Section 3 gives the algorithmic details of
SLCC and describes the salient features that make it well-suited for airborne video trans-
mission. In Section 4, we present compression and throughput performance of SLCC and
compare it with JPEG2000. Section 5 concludes the paper.

2. SCALABLE IMAGE COMPRESSION FOR AIRBORNE

RECONNAISSANCE

Scalability is a very desirable property in image compression systems. Scalable image codecs
allow extraction of multiple image products from a single compressed codestream. Fig. 1
gives the architectural layout of an image compression scheme that possesses four dimensions
of scalability. The input image samples first pass through an optional color transform to
exploit the redundancy between the RGB components (if any). The resulting luminance
(Y) and chrominance (Cb and Cr) components are then compressed independently. This
independent compression allows extraction of Y, Cb, and Cr components separately from
the codestream, thereby providing component scalability.

2D Dyadic
wavelet

transform

Bit plane
coding of

codeblocks

Color
transform
(optional)

Codestream
formation

Division of
subbands

into
codeblocks

Image

samples

Block coder

Figure 1. Schematic of a scalable image compression system.

Resolution scalability is achieved via the 2D dyadic discrete wavelet transform (DWT) which
is applied to each component. This transform enables multi-resolution representation of the
image [8] as illustrated in Fig. 2. In the figure, R0 denotes the lowest resolution level and
R3 denotes the highest resolution level (Subbands belonging to different resolution levels are
shaded differently). The image can be reconstructed at a desired resolution by combining
the subbands at that and lower resolution levels. For example, the LL3 subband can be
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used as a low resolution version (R0) of the original image. When the HL3, LH3, and HH3

subbands are used together with the LL3 subband, the image can be reconstructed at the
next higher resolution (R1). Note that this resolution scalability of the image compression
system is enabled by independent compression (and thus decompression) of subbands, as
discussed next.

R0
(LL3)

R3

R1

R2

LH1

HL1 HH1

HH2

LH2

HL2

LH3

HH3HL3

Codeblock

Figure 2. Image samples subjected to three levels of wavelet transform. Each subband is divided
into codeblocks.

Each wavelet subband is subdivided into codeblocks which are compressed independently by
a block coder. In addition to allowing independent compression of subbands (thus resolution
scalability), this scheme allows finer granularity of access to wavelet coefficients within each
subband. This finer granularity of access to wavelet coefficients enables spatial scalability, as
illustrated in Fig. 3. In the figure, the codeblocks containing the wavelet coefficients which
contribute to a spatial region of interest (ROI) are highlighted. Since each codeblock is
compressed independently, decompressing the portions of the codestream corresponding to
these codeblocks is sufficient to reconstruct the desired ROI.

JPEG2000 has adopted the scalable compression scheme presented in Fig. 1 and thus pos-
sesses all three scalability features described above. In addition, JPEG2000 also enables
quality scalability. The quality scalability is enabled by using a context adaptive arithmetic
coder which compresses the bitplanes of each codeblock in order, starting from the most
significant bitplane (MSB) to the least significant bitplane (LSB). Thus, decompression of
the initial portion of each codeblock’s bitstream facilitates the reconstruction of the most
significant bitplanes of the codeblock. Continued decompression allows reconstruction of the
least significant bitplanes of the codeblock. Since each bitplane is actually compressed using
three passes (referred to as coding passes), JPEG2000 can provide very fine granular quality
scalability.

In airborne video transmission, the scalability features described above can be used to achieve
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ample bandwidth savings and functionality. With resolution scalability, only parts of the
compressed data, corresponding to the resolution required at the ground station needs to
be transmitted in real-time. Similarly, quality scalability can be very beneficial as well.
While a small portion of the compressed codestream can be transmitted to the ground
station for real-time analysis, the entire compressed codestream yielding a much higher
quality (perhaps even lossless) can be stored onboard for further processing at a later time.
Spatial scalability may allow real-time transmission of the data that corresponds to a desired
ROI to the ground station, while the data for the rest of the scene is saved on board for
later processing. Alternatively, spatial scalability can be used in conjunction with quality
scalability to separately adjust the quality of the ROI and the background. This can ensure
high quality reconstruction of the ROI when sufficient bit budget is not available to provide
high quality throughout the entire image. This is illustrated in Fig. 3 where the ROI is
reconstructed at higher quality level than the background. This feature, when used with an
object tracking mechanism, can be very useful in surveillance applications as shown in [12].

While these scalability features of JPEG2000 are very desirable, the computational com-
plexity of JPEG2000 can be too high for some real-time airborne reconnaissance and power
constrained remote sensing applications. Thus, an image coder that retains most of these
scalability features and yet has low complexity can be very useful in practice. We introduce
such a coder in the following section.

Figure 3. Codeblocks from different subbands (left) that correspond to a region of interest in the
original image (right).

3. SCALABLE LOW COMPLEXITY CODER

In this section, we introduce a low complexity image coder that retains most of the desirable
scalability features of JPEG2000. The first step in the proposed coder is the application of a
color transform to decorrelate the R, G, and B color components of the input image, if any.
The resulting luminance and chrominance components are then individually transformed
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using a 2D discrete wavelet transform. Each wavelet subband is then divided into code-
blocks and these codeblocks are encoded independently. Note that these steps are similar to
JPEG2000 and they ensure that our coder has component, resolution, and spatial scalabil-
ity. However, in contrast to JPEG2000, we sacrifice some granularity in quality scalability
to significantly reduce the computational complexity. In our approach, a limited amount
of quality scalability is introduced into the codestream by allowing two quality layers. Our
entropy coder encodes each codeblock in the following fashion: The all-zero MSBs of each
codeblock (referred to as missing MSBs) are recorded in the header and the remaining bit-
planes are divided into two stacks. To form the first quality layer, bitplanes in the first stack
are coded in a single pass. The coding method depends on the stack length of the codeblock.
Entropy coding is restricted to three (or less) MSBs in the first stack. When there is one
bit-plane, the position indices of ‘ones’ in that bit-plane are coded. Run-value and Quad-
Comma coding [13] are used for stack lengths of 2 and 3, respectively. For codeblocks with
more than 3 bit planes, Quad-Comma coding is used for the three MSBs and raw bits are
coded for the remaining ones. No entropy coding is used in the second layer; Uncompressed
(raw) bits are simply included into the bitstream.

Fig. 4 illustrates the configuration of the two quality layers with an example. In the figure,
the missing MSBs, the bitplanes in the first stack, and the bitplanes in the second stack are
illustrated using different shades. For the LL2 subband shown in the figure, all bit planes
above the 4th bit plane contribute to the first layer. Note that the other subbands have
fewer bit planes included in the first layer. This is because the SLCC takes into account
the relative amplification of the quantization noise in different subbands due to the wavelet
synthesis filters [14, 15]. To account for this relative amplification, weighting factors, referred
to as energy weights, are calculated for each subband. These energy weights are rounded
to the nearest power of two and used to adjust the stack lengths. In the example of Fig. 4,
codeblocks belonging to the HL2 and LH2 subbands will have one less bit plane in the first
layer while the HH2, HL1 and LH1, and HH1 subbands have two less.

First (Initial) Quality Layer Second (Final) Quality LayerMissing MSBs

HH1LH1HL1LL2 HL2 LH2 HH2

Bit-plane No.
Codeblocks

1

8

7

6
5

4

3

2

9

10

11

Figure 4. Selection of the quality layers in SLCC.

Since airborne video is transmitted through error prone wireless channels, error resilience
of the image compression scheme is important. SLCC has several desirable properties in
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terms of error resilience. First, the independent block coding in SLCC prevents errors from
propagating beyond codeblock boundaries. Thus, errors are isolated in terms of spatial
location. Selection of smaller codeblock sizes can further isolate the errors spatially at
the cost of reduced compression performance. Errors in a codeblock are also isolated in
spatial frequency since each codeblock only contains data from a single wavelet subband.
Further localization of errors within each codeblock may also be possible. Recall that SLCC
encodes only the first three bit-planes (following the missing MSBs) in each codeblock. The
remaining bits are sent raw. Thus, a bit error in these raw bits will only corrupt a single
wavelet coefficient and will have limited impact on overall image quality.

4. RESULTS

In this section, the performance of SLCC is compared to that of JPEG2000 using an efficient
JPEG2000 implementation, Kakadu V5.0 [16]. Results are reported for a 720x576 grayscale
aerial video sequence with 100 frames. All the timing experiments were carried out on a PC
with a 2.8GHz P4 processor and 512MB RAM. Fig. 5 compares the end-to-end encoding
times of JPEG2000 and SLCC at different bit-rates (bits/pixel). The end-to-end encoding
time comprises reading the input image from memory, 2D DWT, block encoding and writing
the compressed data to memory. As seen in the figure, SLCC is 3 to 5 times faster than
JPEG2000.

Fig. 6 shows the compression performance of the two coders averaged over 100 frames for
the above aerial video sequence. Peak Signal to Noise Ratio (PSNR) is used as the quality
metric. In the figure, SLCC incurs a 0.6 to 1 dB loss at low to moderate bit rates compared
to JPEG2000. Alternatively, for a given image quality, SLCC produces a 15-20% larger
compressed codestream when compared to JPEG2000. However, due to its significantly
reduced complexity, SLCC can deliver a much higher frame rate for a desired quality level.
This can be seen in Fig. 7 where the achievable frame rate (reciprocal of end-to-end encoding
time) is plotted against PSNR. For example, at a quality level of 30 dB PSNR, SLCC can
deliver images at 98 fps while JPEG2000 can only deliver at 30 fps. At a PSNR of 45 dB,
SLCC can run at 70 fps where JPEG2000 can only run at 15 fps. Note that SLCC and
JPEG2000 have roughly symmetric encoder/decoder complexity. That is, complexities of
the encoder and the decoder are roughly equal. Thus, the above results are representative
for decoder performance as well.

5. CONCLUSION

In this work, a fast and scalable image coder is designed for airborne video transmission.
The proposed coder matches all of the component, resolution, and spatial scalability prop-
erties of JPEG2000. A small amount of compression performance and granularity in quality
scalability are traded to obtain a significant reduction in computational complexity. The
throughput performance of SLCC is compared to JPEG2000 and it is shown that SLCC can
achieve much higher frame rates for a given image quality.
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Figure 5. Comparison of end-to-end encoding times for SLCC and JPEG2000.
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ABSTRACT 
 

Continuous radio-wave telemetry is required during planned tests of directed-energy weapons 
systems in order to characterize in situ the effects of laser irradiation on different target 
materials. Unfortunately, the incident radiation can cause disruption of the radio signal during 
the directed-energy testing. Several phenomena associated with directed-energy impact can lead 
to communication path losses, such as ablation, charged particle emission, charring, and 
chemical changes in the target materials. Directed-energy impact on the target material leads to 
target heating and consequent ablation. In this paper, a numerical model has been developed to 
describe the laser induced ablation of metal surfaces.  The model describes the absorption of the 
laser energy by the metal and the resulting temperature rise in the surface. This temperature rise 
then induces ablation of the target material. Results for an aluminum target irradiated with a KrF 
laser were obtained. Temperature profiles in the target material and surface temperature changes 
are presented along with the ablation rate as a function of time as the aluminum target is 
irradiated. This report presents results for cases when laser energy absorption by the plasma 
plume created above the surface is not significant.  
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Laser Ablation, Target Heating, Ablation Modeling 
 
 

INTRODUCTION 
 
Directed-energy impact on the target material leads to target heating and consequent ablation. 
The ablated material continues to expand, compresses the air and forms a shock wave in the air1. 
Within the plasma and near the shock front, the combination of high air temperatures and the 
ablated material causes complex chemical reactions leading to ionization, recombination, and 
excitation. In addition, chemical reactions between the ablated material and air molecules are 
possible at these elevated air temperatures. 
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There have been a number of numerical models proposed to analyze the laser-solid interaction 
and ablation process11,12,14,15. We developed a model based on a kinetic description of the 
Knudsen layer and a hydrodynamic description of the collision-dominated plasma region. 
Preliminary analysis of the ablation rate of various targets subject to directed-energy impact was 
performed. The ablation rate depends on the surface temperature as well as plasma density in the 
target vicinity2. In this present paper, we report on an initial attempt to apply this ablation model 
to a general case of an aluminum target being irradiated by a KrF laser in vacuum conditions. 
The model predicts the ablation rate and the depth of the resulting crater, as well as the 
temperature profile in the target material. 
 
 

MODEL 
 
A variety of models are available for the description of the laser-target interaction in laser 
ablation. In this study, we shall model laser ablation of metals in a vacuum using ns-pulsed lasers 
with irradiances in the 108-109 W/cm2 range. The laser irradiances are chosen to produce the 
required fluence. Several processes will be analyzed in this model, including surface temperature 
rise, heat conduction, plasma density, ablation rate and crater depth. 
 
 

SURFACE TEMPERATURE 
 
A macroscopic scale description of the laser-solid interaction is used in this study, whereby the 
thermal heat conduction equation is used to analyze heating of the metal. This approach is valid 
for laser interaction with metals, in which case laser light is absorbed by interaction with 
electrons, and is then transferred to lattice phonons by collisions. For metals, the energy 
relaxation time is of the order of 10-13 s, and therefore for ns-pulsed laser beams we can assume 
optical energy is turned instantaneously into heat, allowing the application of the heat conduction 
equation3. 
 
The temperature rise in the target material due to the laser beam will be computed from the 
following equation4, 

                 ( ){ } ),(),(),(),( tzqtzTtzTK
t

tzTc laser+∇∇=
∂

∂ρ    (1) 

where  c = specific heat of the material 
ρ = material density 
K = temperature dependent thermal conductivity 
qlaser = heat source due to laser radiation.  

 
The direction into the target is taken as the positive-z axis. The first term on the right-hand side 
represents the heat conduction in the metal. The heat source term in Eq. (1), which is due to the 
absorption of laser beam radiation, is given by 

     ),()(),( tzIztzqlaser μ=     (2) 
where  μ = absorption coefficient 

I(z,t) = laser beam irradiance as a function of time and position in the target 
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The laser beam will be absorbed by the metal as it travels through the target material, causing its 
intensity to drop. This change in the laser beam intensity is given by the Beer-Lambert law4, 

              ⎥
⎦

⎤
⎢
⎣

⎡
−= ∫

z

O dztztAItzI
0

),(exp)(),( μ     (3) 

where  A = surface absorptivity 
IO = irradiance of the incident beam 

 
Laser irradiances in the range of 108-109 W/cm2 will be considered in this study. The effect of 
evaporation of the metal surface is incorporated into the model in order to obtain an accurate 
description of the thermal field in the target material. Convection and radiation effects will be 
included in the future to better describe the heating effect of the laser. 
 
 

PLASMA DENSITY 
 

The plasma density at the surface can be determined if the equilibrium vapor pressure can be 
specified. The following relation5 gives the equilibrium vapor pressure at the surface as 

(4) 

where  T0 =  temperature at the surface 
 

The equation of state p=n0kT0 can then be used to calculate the density at the surface. 
 
 

ABLATION RATE 
 
The ablation rate will be calculated using the kinetic model described in Keidar et al6. A 
schematic representation of the plasma and kinetic layers near the surface of the target is shown 
in Figure 1. In the kinetic region, using Anisimov’s assumption7 that the velocity distribution 
function for the returned particles is , where β is a proportionality coefficient, the relation 
of the heavy particle parameters at the outer boundary of the kinetic layer is given by the 
following set of equations. 

 
                (5) 

 
 

 
 

where    
  

0
10

1588060.11log Tp −=
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 = error function. 
For relatively small plasma densities, we can assume that the plasma accelerates to the sound 
speed at the edge of the kinetic layer, and in this case the solution of the kinetic layer equations 
(5) gives the plasma density at the edge of this layer as being equal to 0.34n0 and the temperature 
as 0.67T0. The ablation rate is then given by the relation13 

  
           (6) 

where  m = mass of the particles 
n1 = plasma density  
V1 = velocity at the edge of the kinetic layer 

 
Since we have assumed expansion to sound speed, the velocity at the edge of the kinetic layer is 
then given by 

 
 

 
Figure 1  Schematic representation of kinetic layer near the surface 

 
 

LASER PULSE 
 

The laser pulse assumed in this study had a Gaussian profile with FWHM of 8 ns, and centered 
at 15 ns. Furthermore, a KrF laser was modeled, with wavelength, λ, of 248 nm. In this study, 
the laser fluence is chosen as the parameter, and the laser beam intensity is calculated to produce 
the required fluence. Fluences in the range of 3.0-8.0 J/cm2 were considered in this paper. An 
example of the laser beam profile is shown in Figure 2 for the case of 8.0 J/cm2. 
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Figure 2  Laser beam intensity profile used in the model. This profile corresponds to a  

fluence of 8.0 J/cm2 

 
Table 1  Parameter values in the model with aluminum as the target material. 

Specific Heat, c  940.0 J kg-1 K-1 (solid), 1289.0 J kg-1 K-1 
(liquid) 

Mass Density, ρ  2700.0 kg m-3 (solid), 2375.0 kg m-3 (liquid) 
Melting Point, Tm 933.5 K 
Heat of Evaporation, Hev 10.8x106 J kg-1 
Atomic mass, m  27 g mol-1 
Absorption Coefficient, μ 5.7x107 m-1 
Absorptivity, A 0.21 

 
 

RESULTS OF THE MODEL 
 

The laser model was applied to an aluminum target, with material properties as given in Table 1. 
Aluminum was chosen as the target because it is a material of interest and to allow for 
comparison of the results with other models. 
 
 

TARGET HEATING 
 

The aluminum target is initially at room temperature of 300 K. As a result of the incident laser 
beam, the target will be heated. The temperature distribution in the target material is plotted at 
several representative times in Figure 3. As expected, the temperature is maximum at the surface 
for all times.  
 
Initially the temperature near the surface rises quickly as the laser beam intensity reaches its 
highest value at 15 ns. The maximum temperature is achieved at the surface several nanoseconds 
after the peak laser intensity. After this the surface temperature as well as the temperature in the 
target begins to drop as the amount of energy being absorbed is reduced. The temperature 
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gradients in the target also decrease and a smoother profile is observable at large times. It can 
also be observed that the heat conduction has penetrated to about 10 μm into the material in 100 
ns. 
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Figure 3  Calculated temperature profile in the aluminum target for a  

fluence of 3.0 J/cm2 (a) and 6.0 J/cm2 (b) as a function of time 
 
 

SURFACE TEMPERATURE 
 

The surface temperature profile as a function of time is plotted in Figure 4 for several laser 
fluences. Higher laser fluence results in a higher temperature rise at the surface, as expected. 
This is because more energy is absorbed by the target material. Figure 4 (a) shows the surface 
temperature variation with time for fluences of 3.0 and 3.3 J/cm2. It is found that a maximum 
temperature of 2880 K is obtained for a fluence of 3.3 J/cm2 and 2560 K for the 3.0 J/cm2 
fluence case. After reaching a maximum about 6 ns after the peak laser intensity, the surface 
temperature drops off slowly as heat is transferred into the aluminum target. Similarly, Figure 4 
(b) shows that maximum surface temperatures of 3660 K, 5500 K and 6530 K we obtained for 
fluences of 4.0, 6.0, and 8.0 J/cm2 respectively. 
 
These results agree with results in Peterlongo et al.8, where a triangular laser beam profile was 
used instead. A maximum surface temperature of 2588 K is obtained about 5 ns after the peak 
laser intensity for a fluence of 3.0 J/cm2. For 3.3 J/cm2, the maximum surface temperature 
obtained was 2859 K. Amoruso9 used a square laser beam profile to study the ablation process of 
aluminum and obtained surface temperature profiles that qualitatively looked different than the 
profiles obtained here. This was due to the different laser beam profiles assumed. Nevertheless, 
maximum surface temperatures of about 2650 K and 4400 K were obtained for fluences of 3.0 
and 6.0 J/cm2. Mele et al.10 meanwhile used a KrF laser with Gaussian profile (FWHM of 18 ns) 
and obtained maximum surface temperatures of about 3150 K and 5200 K for fluences of 3.0 and 
6.0 J/cm2 respectively. 
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Figure 4  Calculated surface temperature profile in the aluminum target for a  

fluence of 3.0 and 3.3 J/cm2 (a) and 4.0, 6.0 and 8.0 J/cm2 (b) 
 

 
ABLATION RATE 

 
The heating of the aluminum target will cause the target material to start evaporating, and the 
ablation rate will generally increase as the surface temperature increases. The ablation rate of the 
aluminum during the laser irradiance is shown in Figure A. The results indicate that the ablation 
rate increases sharply as the target surface temperature rises, and begins dropping as the laser 
beam intensity drops and the surface temperature decreases. In fact, the vaporization of material 
is one of the factors causing the surface temperature to drop.  
 
The results for ablation rate, shown in Figure 5 (a) indicates that a maximum ablation rate of 
16.06 kg/m2s is obtained for a fluence of 3.0 J/cm2, while an ablation rate of 74.57 kg/m2s is 
obtained for a fluence of 3.3 J/cm2. Meanwhile, Figure 5 (b) shows ablation rates of 
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approximately 22800 and 59400 kg/m2s are obtained for fluences of 6.0 and 8.0 J/cm2 
respectively. Therefore there are several orders of magnitude difference in the ablation rates for 
fluences in the range of 3.0 to 8.0 J/cm2. Nevertheless, the results for fluences above 6.0 J/cm2 
are not expected to be accurate as both Amoruso9 and Mele et al.10 indicate that laser absorption 
by the plasma plume becomes significant above this threshold. 
 
 Peterlongo et al.8 obtained a maximum ablation rate of 18.9 kg/m2s for a fluence of 3.0 
J/cm2 and 59.4 kg/m2s for a fluence of 3.3 J/cm2. This difference in maximum ablation rate is 
possibly caused by the different methods used to evaluate the rate of ablation. The kinetic 
approach used in this study is a more detailed and accurate model and therefore should give a 
better approximation. 
 

0

10

20

30

40

50

60

70

80

0 5 10 15 20 25 30 35 40

A
bl
at
io
n 
Ra
te
 (
kg
/m

2 .
s)

t (ns)

Fluence = 3.0 J/cm2

Fluence = 3.3 
J/cm2

0

10000

20000

30000

40000

50000

60000

0 5 10 15 20 25 30 35 40

A
bl
at
io
n 
Ra
te
 (
kg
/m

2 .
s)

t (ns)

Fluence = 4.0 J/cm2

Fluence = 6.0 
J/cm2

Fluence = 8.0 J/cm2

 
Figure 5  Ablation rate as a function of time for fluences of 3.0 and 3.3 J/cm2 (a)  

and 4.0, 6.0, 8.0 J/cm2 (b) 
 
 

EVAPORATED DEPTH 
 

The laser induced ablation of the aluminum target results in material loss from the surface. In an 
experimental setting, this would result in a crater around the laser beam incidence location. In 
this 1-D study, this material removal causes in the thickness of the target material to be reduced. 
The depth of evaporation is shown in Figure 6. This shows most of the change in depth occurring 
between 12 ns and 33 ns after the beginning of the laser pulse irradiation. After that, as the 
ablation rate drops, the evaporation depth levels off. 
 
Fluence of 3.0 and 3.3 J/cm2 produce an evaporation depth of about 0.021 and 0.105 nm 
respectively, as shown in Figure 6 (a). Figure 6 (b) shows that fluences of 4.0, 6.0 and 8.0 J/cm2 
produce evaporation depths of 1.580, 45.00, and 132.2 nm respectively. Again there are several 
orders of magnitude difference between the evaporation depth for the fluences in consideration. 
 
Mele et al.10 obtained evaporation depths of about 6.5 and 48 nm for fluences of 4.0 and 6.0 
J/cm2 respectively. This is generally in agreement with results of this present model. Bogaerts et 
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al.12 analyzed laser ablation for a copper target and found that for laser intensities in the range of 
108-109 W/cm2, the evaporation depth was in the range of 0-100 nm. 
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Figure 6  Evaporation depth as a function of time for fluences of 3.0 and 3.3 J/cm2 (a)  

and 4.0, 6.0, 8.0 J/cm2 (b) 
 
 

CONCLUSION 
 

This report has described a model for nanosecond pulsed laser ablation of an aluminum target in 
vacuum conditions for cases when the laser beam absorption by the plasma above the target is 
not significant. This model describes the laser-solid interaction that results in target heating and 
vaporization leading to ablation. The results include the temperature distribution in the aluminum 
target, the surface temperature profile, the ablation rate and the amount of evaporation. 
 
Laser fluences in the range of 3.0-8.0 J/cm2 were considered. Studies indicate that for fluences 
above this range, laser absorption by the plasma created by the ablation becomes significant and 
has to be taken into account. Results show that temperatures of 2560 K and 5500 K are obtained 
for fluences of 3.0 and 6.0 J/cm2. Furthermore, 0.021 nm of aluminum was evaporated for a 
fluence of 3.0 J/cm2 while 45 nm was evaporated for a fluence of 6.0 J/cm2. The results show 
acceptable agreement with results of other analytical ablation models, although the use of 
different laser beam profiles makes any accurate comparison difficult. 
 
It should be reiterated that only after considering the plasma plume expansion above the target 
can accurate results be obtained for the higher fluences which are of interest. Nevertheless, this 
goal of this report was to demonstrate that the laser-solid interaction model presented here is 
acceptable for lower fluences. The results obtained using this ablation model, particularly the 
temperature, velocity and density at the edge of the kinetic layer will be used as boundary 
conditions to model the plasma plume expansion above the target in order to obtain accurate 
results for laser ablation at higher fluences.  
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ABSTRACT 
 

Multiple-Input, Multiple-Output (MIMO) communication systems promise to provide 
significantly higher data rates at no increase in transmitted power or bandwidth.  Unfortunately it 
is challenging to locate space-time codes which achieve these gains.  It was recently shown that 
codes based on Givens Rotation Matrices (GRM) out perform many of the more conventional 
space-time codes at extreme values of signal to noise ratio (SNR).  This paper investigates the 
performance of GRM codes over a wider range of SNR, to determine their usefulness in MIMO 
applications of interest to the telemetry community. 
 

 
INTRODUCTION 

 
The use of unitary space-time codes in Multi-Input Multi-Output (MIMO) communication 
systems offer improved data rates over Single-Input Single-Output systems.  One promising 
method for generating these codes is by using Givens Rotation Matrices (GRM) [5].  It has been 
shown that codes generated using GRM are beneficial because their weak group property 
promises reduced code complexity, while producing codes with performance near, or better, than 
many other codes.  However, the performance of these codes were measured using diversity 
product and diversity sum metrics.  These measures are useful at extremely high, and extremely 
low, signal-to-noise ratios (SNR) – but they do not guarantee high performance over the full 
range of SNR a system may operate over.  This paper discusses methods, and simulation results, 
which measure the performance of the GRM generated codes over the range of SNR more 
typically seen in many applications.  
 
The need to examine a wider range of SNR, means that we must consider far more codes, than 
simply those with superior diversity sum and diversity product measures.  If we examine the 
average performance of all possible codes generated using the GRM, we can guarantee that our 
performance will be sub-optimal at all SNR.   Assuming there is at least one code which is worse 
than average (and it is trivial to find such a code), then we know that at least one code must have 
performance superior to the average.  In this way, the average forms a lower bound on the 



performance of the best possible GRM code.  This technique will work over a wide range of 
SNR. 
 
There are other metrics which can be used to determine code performance.  One other choice (in 
addition to diversity sum and diversity product) is the union bound design metric [6].  This 
bound can be used to optimize codes for any SNR.  However, a code optimized for a specific 
SNR, does not guarantee improved performance at all SNR.  Therefore, it is useful to simulate 
the performance of new codes.       
 
Why then, are GRM codes useful over other types of space time codes?  Often with unitary 
space-time block codes, the performance difference between two types of codes can be quite 
significant.  Previous work has shown that the cyclic codes reported by Hochwald et al in [1] 
have a significantly lower diversity sum and diversity product, and thus significantly inferior 
performance, then more recently proposed codes.  As, was show in [5], GRM codes provide 
performance near, or better, than many of the best known codes at that time.  Also, some codes 
are defined only for a specific number of transmit antennas.  The codes proposed in [3] are only 
defined for an even number of transmit antennas.  Those proposed in [4] expand this to allow an 
odd antennas, but is still only for three to six transmit antennas.  Some codes, such as those in [2] 
are design for only a specific number of transmit antenna.  GRM codes are useful since they can 
be defined for an arbitrary number of transmit antennas.  
 
The next section describes the simulation parameters used to evaluate the new coding bound, 
followed by the performance that was actually measured.  The code that was used to conduct 
these simulations is available from the authors upon request.  In addition to the performance 
graphs and tables presented in the text, an appendix illustrates histograms of the performance for 
a variety of cases. 
 
 

SIMULATION PARAMETERS 
 

We wish to design our simulation in a way that we can make comparisons to what we know as 
best codes.  To our knowledge, the best known codes were reported in [4].  For this reason, we 
will consider the same slow, land mobile fading channel using Jakes’ Model that was used in [4].  
We will use the same normalized fade rates of fdTs = 3.56x10-3 and fdTs = 7.1x10-3.  We will 
consider constellations of size L = 32 using for M =3 to M = 6 transmitted antennas and N = 1 
receive antenna with a block length of T = 2M.  To decode the GRM codes, we will use the 
maximum likelihood detection method given in [1].   
 
We have determined above that our simulation must consider all possible codes.  Because we 
cannot consider all possible codes, we will randomly generate codes then average the 
performance across all these codes.  For each code, 10000 symbols will be simulated and the 
symbol error rate will be calculated and averaged.  As the number of codes simulated increases, 
our average error rate across randomly generated codes will approach the average error rate 
across all possible codes.  Either way, we achieve a sub-optimal performance curve with which 
we can guarantee at least one code that will improve our performance for any SNR that we 
choose. 



 
 

SIMULATED PERFORMANCE OF GIVENS ROTATION MATRICES CODES 
 
Figures 1 and 2 show the performance curves for the GRM codes at the fade rates of fdTs = 
3.56x10-3 and fdTs = 7.1x10-3, respectively.  Using Figures 1 and 2 and [5], tables 1 and 2 were 
compiled with performances of the GRM code and the best known codes.  The performance 
difference, in dB, was also given in these tables.  In most cases, it can be seen the performance of 
our Givens code was near, but slightly less than the best known codes.  We see for M = 3 
transmit antennas at a normalized fade rate of fdTs = 3.56x10-3 that our performance is 
approximately 2 - 3 dB less for most of the error probability cases we consider.  For M = 4 
transmit antennas, we see that our performance is approximately 2.5 dB less.  For the normalized 
fade rate fdTs = 7.1x10-3, we see that our performance is only about 1 dB less for both M = 3 and 
M = 4 transmit antennas.  We also see at this fade rate that the Givens code has an improved 
high-SNR asymptote for the error probability.  For both the M = 3 and M = 4 transmit antenna 
cases, we see that at error probably of 10-4 and 10-5, our code has improved performance, 
especially at an error probability of 10-5.  We have also included the cases for M = 5 and M = 6 
transmit antennas, however, there were no plots in [5] with which to compare them. 

 

M 
Error 

Probability Code in [2] Givens 
Code 

Performance 
Difference 

10-1 10.5 dB 11.5 dB -1 dB 
10-2 16 dB 18 dB -3 dB 
10-3 20.5 dB 23 dB -2.5 dB 
10-4 25 dB 28 dB -2 dB 

3 

10-5 31.5 dB 32.5 dB -1 dB 
10-1 8 dB 8.5 dB -0.5 dB 
10-2 12 dB 14.5 dB -2.5 dB 
10-3 15 dB 17.5 dB -2.5 dB 
10-4 18.5 dB 21 dB -2.5 dB 

4 

10-5 22 dB 24.5 dB -2.5 dB 
10-1 N/A 7 dB N/A 
10-2 N/A 11.5 dB N/A 
10-3 N/A 14.5 dB N/A 
10-4 N/A 17.5 dB N/A 

5 

10-5 N/A 20.5 dB N/A 
10-1 N/A 6 dB N/A 
10-2 N/A 9.5 dB N/A 
10-3 N/A 12.5 dB N/A 
10-4 N/A 15 dB N/A 

6 

10-5 N/A 17 dB N/A 
 

Table 1:  Performance of Codes at Normalized Fade Rate of fdTs = 3.56x10-3. 



 
 

M 
Error 

Probability Code in [2] Givens 
Code 

Performance 
Difference 

10-1 11 dB 12 dB -1 dB 
10-2 17 dB 18 dB -1 dB 
10-3 23 dB 24 dB -1 dB 
10-4 N/A 31 dB N/A 

3 

10-5 N/A N/A N/A 
10-1 8 dB 8 dB 0 dB 
10-2 12.5 dB 13 dB -0.5 dB 
10-3 16.5 dB 17.5 dB -1 dB 
10-4 23 dB 21.5 dB 1.5 dB 

4 

10-5 N/A 25 dB N/A 
10-1 N/A 7 dB N/A 
10-2 N/A 11.5 dB N/A 
10-3 N/A 14.5 dB N/A 
10-4 N/A 17.5 dB N/A 

5 

10-5 N/A 20.5 dB N/A 
10-1 N/A 6 dB N/A 
10-2 N/A 9.5 dB N/A 
10-3 N/A 12.5 dB N/A 
10-4 N/A 15 dB N/A 

6 

10-5 N/A 17 dB N/A 
 

Table 2:  Performance of Codes at Normalized Fade Rate of fdTs = 7.1x10-3. 
 

 
 

Figure 1: Symbol error rate for L = 32, fdTs = 3.56x10-3 Givens Rotation Matrices Code 



 
Figure 2: Symbol error rate for L = 32, fdTs = 7.1x10-3 Givens Rotation Matrices Code 

 
 

Contained in the appendix is a collection of histograms for the GRM codes at a normalized fade 
rate fdTs = 3.56x10-3.  From these, we can see that the distributions of the performance of our 
GRM codes.  At 5 dB, we see that the distributions for all transmit antenna cases are 
approximately normally distributed.  At 10 dB the distributions begin to look Rican, and then for 
values of SNR greater than 20 dB the distributions look Rayleigh.  These histograms confirm our 
assumption that the performance curves are sub-optimal.  We can see in the case of high SNR, 
most codes perform as good codes, since very few had any errors in the 10000 symbols which 
were transmitted.  While in this case, there are few codes that will increase are performance, 
there is still are a few bad codes  As the SNR decreases, there are many codes which have 
improved performance over our sub-optimal performance curves.  Considering this, we see that 
choosing codes optimized for low SNR may be more beneficial in a system in which a wider 
range of SNR is present. 
 
 

CONCLUSION 
 

Our simulated data has shown that for a sub-optimal case, the performance is slightly less than 
that of the best known codes.  However, we can guarantee that for any SNR there is at least one 
code that will improve the performance.   For the asymptotically high and low SNR cases, this is 
in agreement with what was reported in [1], since the diversity product and diversity sum report 
either match or are an improvement over the best known codes.  The performance curves 
generated show than for asymptotically high case at a normalized fade rate of fdTs = 7.1x10-3, 
there is improvement in the performance of the high SNR asymptote over the best known codes.  
We also can see from our collection of histograms, that most GRM codes, at least for a 



normalized fate rate of fdTs = 3.56x10-3, generate few errors at high SNR.  For a system in which 
we see a wider range of SNR, we can conclude that codes optimized for low SNR are more 
beneficial than codes optimized for high SNR. 
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APPENDIX – HISTOGRAMS OF THE PERFORMANCE OF GIVENS ROTATION MATRICES CODES 
 

 
 

Figure A.1 – Histogram of Givens Rotation Matrices Code for SNR = 5 dB. 
 

 
 

Figure A.2 – Histogram of Givens Rotation Matrices Code for SNR = 10 dB. 



 
 

Figure A.3 – Histogram of Givens Rotation Matrices Code for SNR = 15 dB. 
 

 
 

Figure A.4 – Histogram of Givens Rotation Matrices Code for SNR = 20 dB. 
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ABSTRACT

The accuracy of channel estimation plays a crucial role in the demodulation of data symbols sent
across an unknown wireless medium. In this work a new analytical expression for the channel
estimation error of a multiple input multiple output (MIMO) system is obtained when the wireless
medium is continuously changing in the temporal domain. Numerical examples are provided to
illustrate our findings.
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INTRODUCTION

Multiple-input multiple-output (MIMO) wireless communication systems have the capability of
providing a substantial increase in data rate [1, 2]. For optimal performance, one must assume
that the receiver has perfect channel state information (CSI). When this is not the case, incorrect
decoding at the receiver may result.

This situation motivates the use of pilot symbols to estimate the CSI. One can measure how close
this estimate is to the actual channel coefficients by measuring the mean squared error (MSE)
between the true channel and its estimate. In [3] the MSE was found for the Rayleigh block
fading scenario, where the channel is assumed to remain constant for a block of transmitted sym-
bols. This was extended to an arbitrary channel distribution in [4]. These works did not take into
account different channel models or consider a channel that is time varying during the payload.
Time variation was considered in [5], but an arbitrary channel distribution for the diffuse com-
ponent was not, nor was an expression for the MSE. Moreover, the ML estimate that was used
is classical in that it assumes the channel coefficients are deterministic but unknown parameters,
making this method undesirable when the channel coefficients are considered stochastic [6].

In this work, a new expression for the MSE is derived for an arbitrary channel distribution that
is continuously varying in time. From this result, optimal values for the amount of time to spend
training are found. The optimal training time is shown to vary according to the temporal autocor-
relation between channel coefficients. The rate of change of the MSE with various received SNR
and number of transmit and receive antennas is investigated. Knowing how these parameters
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affect the MSE can be beneficial to the transmitter in a smart antenna environment or when the
receiver is utilizing a low rate feedback loop to the transmitter. Particular cases of this expression
are shown to yield results obtained in the literature. The case of Rayleigh fading is presented to
show how the channel estimation error increases dramatically as time between training increases.
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Figure 1: Block diagram for a MIMO system.

The rest of this work is presented as follows. The next section describes the mathematical models
that are used to derive the main result. This is followed by previous results that relate to our work.
A new expression for the channel estimation error for a continuously changing MIMO channel
is derived. Optimal values for the amount of time to spend training are found and the number of
antennas and received SNR are varied to show how the rate of change of the MSE is affected.
Special cases of our result are shown to yield expressions that have occurred in the literature.

MATHEMATICAL MODELS

- Received symbols

Let the received symbols of a baseband MIMO channel with Nt transmitters and Nr receivers be
described by

yk =

√
ρ

Nt

Hk xk + nk (1)

where ρ is the received SNR, yk is the Nr x 1 received symbol vector, xk is the Nt x 1 transmitted
symbol vector, and nk is the Nr x 1 noise vector with elements [n]j

iid
∼ CN (0, 1). The Nr x

Nt time varying MIMO channel matrix Hk has indices determined by [Hk]mn = hmn(kTs),
where hmn(kTs) is the impulse response between the mth receiver and nth transmitter and Ts

is the symbol period. A block diagram of the overall MIMO system is illustrated in Figure 1.
Throughout this work assume that the antennas are spaced enough at the transmitter and receiver
so that Hk is spatially uncorrelated and is normalized such that

E||Hk||2F
NrNr

= 1 (2)

where || · ||F is the Frobenius norm [7].
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- Training Phase

Suppose that each transmitter sends Tτ consecutive pilot symbols at the beginning of a T symbol
block. As seen in Figure 2, the received symbols are obtained from (1) as y1, · · · ,yTτ

. The
receiver uses a buffer to obtain Y τ = [y1 · · ·yTτ ], a Nr x Tτ matrix and also constructs the
training matrix Xτ = [x1 · · ·xTτ ], of size Nt x Tτ . To making training feasible, assume that
the channel does not change throughout the training length and is denoted by Hτ . The received
symbols during the training period can be written as

S
I
G
N
A
L

P
R
O
C
E
S
S
I
N
G

B

U

F

F

E

R

Figure 2: Block diagram of training scheme.

Y τ =

√
ρτ

Nt

HτXτ + N τ (3)

where ρτ is the received SNR during training and N τ is the noise matrix with indices [N τ ]mn
iid
∼ CN (0, 1). The training matrix is restricted such that

||Xτ ||F ≤ TτNt. (4)

- Payload Phase

During the payload phase the remaining D , T − Tτ symbols and Hk are not known to the
receiver. In this context the received model becomes

Y t =

√
ρd

Nt

H tX t + N t (5)

where ρd is the received SNR during the payload, Y t is of size Nr x D, X t is of size Nt x D,
and N t is of size Nr x D with the same distribution as the training phase. The total received
SNR can be written as
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ρ =
ρτTτ + ρdD

T
(6)

and the transmit matrix is constrained so that

E||X t|| ≤ NtD. (7)

- Channel Variation

During the data phase assume the channel varies k symbols in advance from Hτ by [5]

Hτ+k =
√

αkHτ +
√

1− αkW τ+k. (8)

where αk is a deterministic but unknown parameter and W j is a Nr x Nt matrix with [W j]mn
iid
∼ CN (0, 1). Assuming that W j , N τ , and Hτ are all uncorrelated along with recognizing (8)
as NrNt independent kth order autoregressive processes, we can solve for αk as

αk =

[
rhh(kTs)

rhh(0)

]2

(9)

where rhh(kTs) is the autocorrelation function of the channel at time kTs.

PREVIOUS RESULTS

In [3] the authors assumed Rayleigh block fading, where H t = Hτ for the T symbol block and
[Hτ ]mn

iid
∼ CN (0, 1). The MSE between the Hτ and the LMMSE estimate Ĥτ was shown to

be

σ2
bf =

1

1 + ρ
Nt

Tτ

(10)

where

σ2
bf , E{‖Hτ − Ĥτ‖2

F}. (11)

In [4] the MSE for the linear minimum mean squared error (LMMSE) estimate was derived for
an arbitrary channel distribution under block fading and was reported as

σ2
bf =

1
ρTτ

Nt
+ Nr

Nt
trace(R−1

Hτ Hτ
)
. (12)

These results do not take into account a general channel distribution that is time varying during
the payload. The contribution of this work fulfills that task.

CHANNEL ESTIMATION ERROR OF CONTINUOUSLY FADING MIMO CHANNEL

We now obtain an expression for the MSE of an arbitrary channel that is continuously varying
during the payload. The MSE of the estimate is

σ2
cf (k) , E{‖Hτ+k − Ĥτ‖2

F} (13)

where Ĥτ is the LMMSE expressed by

Ĥτ =

√
ρτ

Nt

Y τRY τ Y τ X
H
τ RHτ Hτ . (14)

4



Expanding (13), we have

σ2
cf (k) = trace(αkRHτ Hτ ) (15)

+ trace((1− αk)NrINt) + trace(
ρτ

Nt

(1− 2
√

αk)RHτ Hτ XτR
−1
Y τ Y τ

XH
τ RHτ Hτ )

= (αk + 1− 2
√

αk)trace(RHτ Hτ ) + (1− αk)NrNt

− (1− 2
√

αk)trace([R−1
Hτ Hτ

+
ρτ

NtNt

XτX
H
τ ]−1). (16)

We now find find a training matrix such that XτX
H
τ is non-singular which minimizes (16). Since

only the third term depends on Xτ , the minimization can be stated as

arg min
XH

τ

trace([R−1
Hτ Hτ

+
ρτ

NtNt

XτX
H
τ ]−1) (17)

such that
trace(XτX

H
τ ) = NtTτ . (18)

Setting the derivative of (27) with respect to XH
τ equal to zero it can be shown that

XτX
H
τ =

(
Nr

ρτ

trace(R−1
Hτ Hτ

) + Tτ

)
INt −

NtNr

ρτ

R−1
Hτ Hτ

. (19)

Plugging (19) into (16), simplifying, and taking (2) into account the normalized MSE can be
expressed by

σ̃cf
2(k) ,

σ2
cf (k)

NrNt

= 2(1−√αk)−
(1− 2

√
αk)

ρτ Tτ

Nt
+ Nr

Nt
trace(R−1

Hτ Hτ
)

. (20)

Note that the noise term used to model the channel variation in (8) results in 0 ≤ σ̃cf
2(k) ≤ 2.

- Optimal Training Length

The optimal Tτ when Nt, Nr, and ρτ , are fixed is attained. The partial derivative of (20) with
respect to Tτ can be expressed as

∂σ̃cf
2(k)

∂Tτ

= − ∂

∂Tτ

[
(1− 2

√
(αk))

ρτ Tτ

Nt
+ Nr

Nt
traceR−1

Hτ Hτ

]

=
(1− 2

√
αk)

(Tτ Nt

ρτ
+ NrNt

ρ2
τ

traceR−1
Hτ Hτ

)2
. (21)

Observe that since the denominator in (21) is positive, the sign of the derivative is completely
dependent on αk. Consider the following cases.

1. αk = 1/4: Clearly ∂gσcf
2(k)

∂Tτ
= 0 which means σ̃cf

2(k) is constant for every Tτ , which
suggests choosing Tτ = 0. The channel in this case has as much noise as autocorrelation,
making an accurate estimate unpractical.

2. αk < 1/4: Since the derivative is positive σ̃cf
2(k) is monotonically increasing, inferring

the choice of Tτ = 0. This is justified by noting that when αk is decreased, the time varying
channel becomes more erratic from sample to sample making the training estimate useless.
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3. αk > 1/4: Through similar reasoning as Case 2, σ̃cf
2(k) is monotonically decreasing

which justifies making Tτ as large as possible. When the channel coefficients are highly
autocorrelated in the temporal sense, the channel is less susceptible to variation, making it
beneficial to spend sufficient time learning the channel

We now investigate how the channel estimation error is affected for various Nr, Nt and ρτ . Look-
ing at (21), it is clear that increasing Nr or Nt would result in decreasing the rate of change of
the MSE, whereas increasing ρτ will have the opposite effect.

To illustrate these results with a simple example (20) and (21) have been tabulated for various
values of ρτ , αk, and Nt under the assumption of iid Rayleigh fading. Looking at Figures 3 and
4 one can see the graphs validate the optimal training values for the different values of αk and
also exemplify how the rate of change of the MSE varies with ρτ , Nt, and Nr.

We now summarize these results into the following proposition.

Proposition 1 Given a MIMO continuously varying channel with parameters (αk, ρτ , Nr, Nt, Tτ )
the optimal time to spend training is

1. Tτ = 0 when αk ≤ 1/4.

2. Tτ = D when αk > 1/4.

Furthermore increasing Nt and Nr reduces the rate of change of the MSE, whereas increasing
ρτ accelerates the rate of change.
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Figure 3: Variation in the partial derivative with respect to Tτ for various αk, Nt, and ρτ .

SPECIAL CASES

In this section special cases of our new result for the channel estimation error for a continuously
varying MIMO channel are presented which yield previous forms in the literature. These are
followed by the uncorrelated block fading and the Rayleigh continuously varying cases.
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- Rayleigh Block Fading

Let αk = 1 for all k and RHτ Hτ = NrINt . Then (20) reduces to

σ̃cf
2(k) =

1

1 + ρ
Nt

Tτ

, k = Tτ + 1, . . . , T (22)

which is precisely (10).

- Arbitrary Block Fading
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Figure 4: Variation in MSE with respect to Tτ for various αk, Nt, and ρτ .

Suppose αk = 1 for all k. Then (20) becomes

σ̃cf
2(k) =

1
ρTτ

Nt
+ Nr

Nt
trace(R−1

Hτ Hτ
)

, k = Tτ + 1, . . . , T (23)

which is exactly (11).

- Uncorrelated Block Fading

Let αk = 0 for all k. Then (20) can be written as

σ̃cf
2(k) = 1 +

trace(RHτ Hτ )

NrNt

− 1
ρτ Tτ

Nt
+ Nr

Nt
trace(R−1

HH)
. (24)

We now seek the Hτ that minimizes (24). It can be shown [6] that

trace(R−1
Hτ Hτ

) ≥
∑

i

1

[RHτ Hτ ]ii
(25)

with equality if and only if RHτ Hτ is diagonal. We now seek to find the optimal diagonal matrix
that minimizes

arg min
RHτ Hτ

trace(R−1
HH) (26)
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such that
E||Hτ ||F = NrNt . (27)

Differentiating with respect to RHτ Hτ , setting the result equal to zero and applying the constraint
we obtain

RHτ Hτ = NrINt (28)

which shows that the MSE is minimized under time-uncorrelated block fading when the channel
coefficients are uncorrelated.

- Rayleigh Continuously Varying

Now let RHτ Hτ = NrINt . The channel estimation error can be written as

σ̃cf
2(k) =

2(1−√αk)

1 + Nt

ρτ Tτ

+
1

ρτ Tτ

Nt
+ 1

(29)

The MSE is expressed as the sum of two terms, the first is the error due to the time varying na-
ture of the channel and the second is the Rayleigh block fading MSE previously mentioned. The
Rayleigh block fading component can be thought of the error due to channel estimation during
the training period. Unlike the block fading term, an increase in ρτ or Tτ adversely affects the
time varying term, necessitating a tradeoff between the two components.

In order to demonstrate the difference, the MSE for the Rayleigh block fading case and the
Rayleigh continuous varying case is tabulated. Assume that the temporal variation in the channel
obeys Jake’s model resulting in

αk = Jo(2πfdTs)
2 (30)

where fd is the doppler frequency and Jo(·) is the zeroth order bessel function of the first kind.
Let Ts = 1µ sec, fd = 200 Hz, and Nr = Nr = 3. Looking at Figure 5 one can see that the con-
tinuously fading MSE does not deviate substantially from the block fading case. This is because
the normalized frequency fdTs is small, resulting in a high value for αk during the payload. This
keeps the time-varying component from fluctuating.

Suppose now that Ts = 1msec. The results in Figure 6 indicate that the continuously fading MSE
varies drastically from the block fading case. The normalized frequency is now three orders of
magnitude larger than the previous case, causing αk to fluctuate during the payload. This in turn
causes the time varying component to fluctuate more rapidly, leading to an increase in the MSE.

CONCLUSION

Previous expressions for the channel estimation error did not take into account an arbitrary chan-
nel that varies temporally during the payload. In this work an expression for the channel esti-
mation error under this condition was derived. Optimal values for the training time were found
and it was shown how varying the received SNR and the number of antennas affected the rate of
change of the channel estimation error. Special cases of our new result were shown to result in
previous results in the literature. For Rayleigh fading it was shown that varying the normalized
frequency impacted the accuracy of the channel estimate and hence the channel estimation error.
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ABSTRACT

Space-time (ST) coding using Continuous Phase Modulation (CPM) has spectral advantages rel-
ative to linear modulations. In spite of the spectral benefits, Space-Time Trellis Codes (STTC)
using the CPM implementation of Minimum Shift Keying (MSK) scheme has inherent inphase and
quadrature interference, when the received complex baseband signal is the input into the match-
filter to remove the shaped sinusoid pulses. In this paper a novel optimum transmitting and de-
tecting structure for STTC-MSK is proposed. Treating the Alamouti scheme as an outer code,
each STTC MSK waveform frame is immediately followed by the orthogonal conjugate waveform
frame at the transmit side. At the receiver first orthogonal wave forming is applied, then a new
time-variant yet simple trellis structure of the STTC-MSK signals is developed. This STTC-MSK
detector is absolutely guaranteed to be I/Q interference-free and still keeps a smaller computation
load compared with STTC-QPSK. Simulations are made over quasi-static AWGN fading channel.
It is shown that our detector for ST-MSK has solved the I/Q interference problem and has around
2.8 dB gain compared with the Alamouti Scheme and 3.8 dB gain for bit error rate at 5× 10−3 in
a 2 by 1 Multiple Input Single Output system.

KEY WORDS

BER (Bit Error Rate), MIMO (Multiple Input Multiple Output), MSK (Minimum Shift Keying)

INTRODUCTION

Research on wireless communications through multiple input multiple output antennas over none-
selective fading channels has received considerable attention [1-3]. Codes design techniques like
space-time block codes [5] and space-time trellis codes [6] with linear modulation have been ex-
tensively investigated to provide diversity gains and coding gains.



Recently, space-time trellis coded CPM (STTC-CPM) have received a great deal of interest
because of the advantage of bandwidth and power efficiency relative to linear modulation. How-
ever, owing to the nonlinearity and inherent memory in CPM signal, a direct application of results
obtained from the linear modulation to the construction of STTC-CPM is very difficult[7]. In [8],
Zhang gave the rank criteria based on [6] for certain STTC-CPM code schemes like STTC-GMSK.
A super trellis consisting of the states of space-time codes and the states of partial response CPM
was proposed, but the trellis complexity increases exponentially with the length of the CPM mem-
ory and STTC states. A newly proposed solution is to apply the delay diversity and update the
trellis output every bit time instead of every symbol time for MSK as in [1]. The benefit was that
only a two-state trellis was necessary for space-time MSK modulation, but it also introduced in-
phase and quadrature interference at the detector and caused twice the trellis size expansion at the
receiver. The same two state trellis was applied to STTC-GMSK in [9]. With the Phase Amplitude
Modulation (PAM) decomposition of GMSK, the simplicity of the modulation trellis structure was
inherited, however, the complexity problem and I/Q interference was still unavoidable.

Because MSK belongs to the intersection of CPM and Offset QPSK (OQPSK), it can be viewed
as either a case of continuous phase frequency shift keying (CPFSK) with 1REC pulse-shaping
function, or a special case of differential Offset QPSK with the half-sinusoidal pulse-shaping. This
paper explores a new space-time trellis structure by regarding MSK as a special case OQPSK in
the binary space-time trellis coding.

To overcome the difficulties of I/Q interference and correlated noise at the matched filter out-
puts, Alamouti outer code is added to STTC MSK frame waveform at the transmitter. While at the
receiver, the received signal is first stacked according to Alamouti scheme, then a simple time vari-
ant space-time trellis is developed to detect the STTC-MSK signal. This trellis detector not only
keeps the advantages of simple trellis structure, spectral efficiency, but also removes the inherent
I/Q interference and has about 3.8 dB SNR enhancement at bit error rate of 5× 10−3 and only half
the number of the Viterbi branch metrics per bit output and half the number of Viterbi nodes in [1].
Also the computation of the branch metric are all real-based.

Section II models the transmitted signal, Section III describes the derivation of the optimum
trellis detection. Section IV gives the simulation of the error performance and section V makes the
conclusions.



SYSTEM MODEL

Let us consider a MIMO wireless communication system with MT transmit antennas and MR

receive antennas. As shown in Figure 1, let k = 0, 1, 2, · · · , be the frame index, the NF binary bit
long frame b(k) = [b(kNF + 1), b(kNF + 2), · · · , b(kNF + NF )] is the input to the space-time
encoder to get the coded binary bit streams ci(k) = [ci(kNF + 1), ci(kNF + 2), · · · , ci(kNF +

NF )], i = 1, · · · ,MT , the space-time codeword matrix C(k) can be denoted by

C(k) = [c1(k), · · · , cMT
(k)]T =




c1(kNF + 1) · · · c1(kNF + NF )

c2(kNF + 1) · · · c2(kNF + NF )

· · · · · · · · ·
cMT

(kNF + 1) · · · cMT
(kNF + NF )


 . (1)

Then for n = 1, 2, · · · , NF , ci(kNF + n) ∈ {0, 1} is mapped to vi(kNF + n) ∈ {−1, 1} using
vi(kNF + n) = 1− 2ci(kNF + n), n = 1, · · · NF . Thus, for the differential decoder input matrix
codeword V(k), we define

V(k) = [v1(k), · · · ,vMT
(k)]T =




v1(kNF + 1) · · · v1(kNF + NF )

v2(kNF + 1) · · · v2(kNF + NF )

· · · · · · · · ·
vMT

(kNF + 1) · · · vMT
(kNF + NF )


 , (2)

then modulating symbol matrix D(k) can be denoted as

D(k) = [d1(k), · · · ,dMT
(k)]T =




d1(kNF + 1) · · · d1(kNF + NF )

d2(kNF + 1) · · · d2(kNF + NF )

· · · · · · · · ·
dMT

(kNF + 1) · · · dMT
(kNF + NF )


 . (3)

The relationship of vi(kNF +n) and di(kNF +n) can be established by the differential operation

di(kNF + n) = vi(kNF + n)vi(kNF + n− 1), 2 ≤ n ≤ NF (4)

The differential decoder between the mapper and MSK is because there is an embedded dif-
ferential encoder in MSK shown in Figure 3 when it is viewed as OQPSK. Details are in next
section.

Each binary data stream di(k) is then used as input toward its MSK modulator. The modulated
MSK signal X(t,di(k)), kNF Tb ≤ t < (k + 1)NF Tb can be written as



X(t,di(k)) =

√
Es

MT

exp

(
jφ(t,di(k))

)
, i = 1, · · · MT ; (5)

and

φ(t,di(k)) = 2πµ

NF∑

l=1

di(kNF + l)q(t− kNF − lTb) (6)

where Es is the symbol energy, i is the transmit antenna index, µ = 1/2 is the MSK modulation
index, q(t) is the correspondent phase shaping function 1REC, Tb is the binary data time interval.

For MT by MR MIMO system, the block of the orthogonal waveform may have many various
expressions. Let us illustrate with a 2 by 1 or 2 by 2 MIMO system which is actually the Alamouti
scheme. The orthogonal wave-forming block inserts a conjugate waveform for every new NF ∗
Tb long waveform, but different than the Alamouti block coding scheme, the Alamouti transmit
scheme here is applied to the modulated waveforms.

During 2kNF Tb ≤ t < (2k + 1)NF Tb time interval, X(t,d1(k)) and X(t,d2(k)) are trans-
mitted over antenna 1 and antenna 2, respectively. During the following (2k + 1)NF Tb ≤ t <

(2k+2)NF Tb time interval,−X∗(t−NF Tb,d2(k)) and X∗(t−NF Tb,d1(k)) are transmitted over
antenna 1 and antenna 2, respectively.

By doing this, we assume that the channel is quasi-static over 2NF Tb long time interval. For
MT > 2, this orthogonal transmit scheme is still possible, but it requires the channel to be quasi-
static longer.

OPTIMUM DETECTOR

Since MSK in SISO environment can be thought of as a special case of Offset QPSK with a
half-sinusoidal shape and differentially encoded symbols. The optimum MSK detector has a half-
sinusoidal matched filter applied to inphase and quadrature modulated signal. The output of the
matched filter is then sampled once per bit, or twice per symbol to estimate the symbol transmitted.

However in a MISO or MIMO environment, the complex Gaussian channels and the offset fea-
ture of the I/Q waveforms of MSK would unavoidably introduce the interference between inphase
and quadrature and also color the white noise, which will severely degrade the performance of the
maximum likelihood detector [1].

Orthogonal Wave-Forming

In the proposed transmit scheme, we have the transmitted waveform in Alamouti format, so
at the receive side, we can use the orthogonal waveform to get rid of the complex rotation of the
channel. for 2kNF Tb ≤ t < (2k + 1)NF Tb , the received signal y2k(t) is



y2k(t) = H

[
X(t,d1(k))

X(t,d2(k))

]
+ N2k(t); (7)

where the variance of each element in N2k(t) is No and H = [h1, h2] for a 2 by 1 MIMO system or
H = [h11, h12; h21, h22] for a 2 by 2 system. For (2k + 1)NF Tb ≤ t < (2k + 2)NF Tb, the received
signal y2k+1(t) is

y2k+1(t) = H

[
−X∗(t−NF Tb,d2(k))

X∗(t−NF Tb,d1(k))

]
+ N2k+1(t). (8)

The receiver forms a rearranged waveform vector Y(t) as

Y(t) =

[
y2k(t)

y∗2k+1(t)

]
= He

[
X(t,d1(k))

X(t,d2(k))

]
+

[
N2k(t)

N∗
2k+1(t)

]
, (9)

where N2k(t) and N2k+1(t) are the corresponding complex Gaussian noise respectively. He is the
equivalent orthogonal MIMO channel matrix. For example, in a 2 by 1 system, it can be written as

He =

[
h1 h2

h∗2 −h∗1

]
. (10)

The orthogonal property of HH
e He = ‖H‖2

F I allows us to multiply the two sides of equation
by HH

e to obtain

Z(t) = HH
e

[
y2k(t)

y∗2k+1(t)

]
+ HH

e

[
N2k(t)

N∗
2k+1(t)

]
, (11)

note that the noise is [
Ñ2k(t)

Ñ∗
2k+1(t)

]
= HH

e

[
N2k(t)

N∗
2k+1(t)

]
, (12)

which is still white with zero mean and variance ‖He‖2
F NoI. We have

Z(t) = ‖H‖2
F

[
X(t,d1(k))

X(t,d2(k))

]
+

[
Ñ2k(t)

Ñ∗
2k+1(t)

]
, (13)

It is well known that in single input single output (SISO) environment the complex offset
QPSK is demodulated by two orthogonal branches of real (in-phase) and imaginary (quadrature)
with Tb time offset. In MIMO environment, if we treat space-time trellis coded differential MSK
as a space-time trellis coded OQPSK, and Alamouti outer code is applied at the transmitter to
counteract the rotation of the channels, then at the receiver, we can form a rearranged vector Y(t)

as in (9) which leads to a decision statistics Z(t) with a SNR gain of ‖H‖2
F , we can still split the

Z(t) into the branches of real and imaginary and can demodulate the real and imaginary alternately
at the receiver.



Offset QPSK Representation of MSK

As shown in Figure 3, the differential decoder before MSK is to compensate the inherent dif-
ferential encoder embedded in MSK when it is regarded as a differentially coded OQPSK. So the
combination of differential decoder and MSK modulator is equivalent to an uncoded Offset QPSK
pulse-shaped by sinusoid.

It is well known that MSK has an expression as an offset in-phase and quadrature implementa-
tion , i.e, for kNF + nTb ≤ t < kNF + (n + 1)Tb:

X(t, di(kNF +n)) =
∑

n

αi(kNF +n)p(t−kNF Tb−(2n−1)Tb)−j
∑

n

βi(kNF +n)p(t−kNF Tb−2nTb),

(14)
where

p(t) =





sin

(
πt
2Tb

)
, 0 ≤ t ≤ 2Tb

0, otherwise.
(15)

and

αi(kNF + n) = (−1)nai(kNF + 2n− 1); (16)

βi(kNF + n) = (−1)nbi(kNF + 2n) (17)

ai(kNF + 2n − 1) ∈ {−1, 1} and bi(kNF + 2n) ∈ {−1, 1} are the odd/even split of a sequence
ui(kNF + n) ∈ {−1, 1}. The sequence ui(kNF + n) is related to the sequence di(kNF + n) by

ui(kNF + n) = di(kNF + n)ui(kNF + n− 1), (18)

ui(kNF + n) is implied in the block of MSK in Figures 3 as an equivalent differentially encoded
Offset QPSK. Using the equation 4, we have

ui(kNF + n) = vi(kNF + n), (19)

similar to (2), we have the definition of U(k) with the elements of ui(kNF + n), which is omitted
for simplicity.

As we can see the transform from differential decoder V(k) to D(k) and then differential
encoder from D(k) to U(k) are is a pair of the transform and its inverse transform. This to say that
the input equals output, we can directly use Offset QPSK of V(k) to denote modulated signal.

The differential decoder at the transmitter could bring a factor of 2 improvement in BER,
and allows us to remove the differential decoder at the receiver. This changes the double-error
characteristic of MSK modulation to single-error.



With the Offset QPSK representation of MSK, we have XMSK(t,D(k)) written in matrix form

XMSK(t,D(k)) = XOQPSK(t,V(k)) = V(k)AP(t) (20)

where P(t) is NF by NF square matrix defined by

P(t) = diag{p(t−NF Tb), . . . , p(t−NF Tb − (NF − 1)Tb)}. (21)

The NF by NF square matrix A is defined by

A = diag{1, j,−1,−j, 1, j, · · · ,−1,−j}, (22)

and V(k) is defined in equation (2) where NF is assumed to be a multiple of 4.
The detection space-time trellis for MT = 2 is shown in Figure 4. The input to the trellis is

the binary information bits b(kNF + n), but the output for any given n is either the real or the
imaginary parts of the complex waveform X(t,V(k)) alternately.

For example, if for the (kNF +4n+1)th bit, the previous state is 0 and the input is 1, the output
is the real part of the vector X(t,C(k)), i.e. [0, 1] and the space time trellis goes from state 0 to
state 1 . Note that the input is updated every Tb time interval, but the output is a 2 by 1 waveform
vector with 2 ∗ Tb long waveforms for the real or imaginary part of X(t,C(k)) . We write the
branch output column vectors as row waveform vectors in Figure 5 for notational convenience.

Since the mapper is a linear transform, we can write the MIMO output waveform in matrix
form as

XMSK(t,D(k)) = XOQPSK(t,C(k)) = exp(jπC(k))AP(t). (23)

MLSD Detector

Given the representation of MSK as Offset QPSK, the decision statistics in equation (13) be
can denoted by

Z(t) = ‖H‖2
FV(k)AP(t) + Ñ(t), , (24)

where Ñ(t) is defined as [Ñ2k(t), Ñ∗
2k+1(t)]

T .



The ith (i ∈ {0, 1}) row of Z(t,V(k)) can be written as

Zi(t) = ‖H‖2
F XOQPSK(t,vi(k)) + Ñi(t)

= ‖H‖2
F




p(t− kNF Tb)vi(kNF + 1)

jp(t− kNF Tb − Tb)vi(kNF + 2)

−p(t− kNF Tb − 2Tb)vi(kNF + 3)

−jp(t− kNF Tb − 3Tb)vi(kNF + 4)

p(t− kNF Tb − 4Tb)vi(kNF + 5)

jp(t− kNF Tb − 5Tb)vi(kNF + 6)

· · ·
−jp(t− kNF Tb − (NF − 1)Tb)vi(kNF + NF )




T

+ Ñi(t) (25)

where [·]T is to take the matrix transpose and Ñi(t) is the ith row of Ñ(t).
The negative signs in the elements can be traced back to (16) and (17). Note that each element

of the row vector in the equation (25) at time kNF + n, is the product of vi(kNF + n), a delayed
pulse-shaping function of p(t− kNF Tb − nTb), and a coefficient belonging to {1, j,−1,−j}.

If we split Z(t,V(k)) into real and imaginary parts, after sampling the match filter we have

Z(t,<{V(k)}) = ‖H‖2
F




v1(kNF + 1) v2(kNF + 1)

−v1(kNF + 3) −v2(kNF + 3)

v1(kNF + 5) v2(kNF + 5)

· · · · · ·
−v1(kNF + NF − 1) −v2(kNF + NF − 1)




T

+ <{Ñ(t)} (26)

for the inphase branch, and

Z(t,={V(k)}) = ‖H‖2
F




v1(kNF + 2) v2(kNF + 2)

−v1(kNF + 4) −v2(kNF + 4)

v1(kNF + 6) v2(kNF + 6)

· · · · · ·
−v1(kNF + NF ) −v2(kNF + NF )




T

+ ={Ñ(t)} (27)

for the quadrature branch.
The optimum receiver is the maximum likelihood sequence detector (MLSD). Let Z be the

input signal as defined in equation (11). The optimum estimation of b̂ should satisfy



b̂(k) = arg min
b

{ ∫ (K+1)NF TB

KNF Tb

‖Z(t)− ‖H‖2
F X(t,b(k))‖2dt

}
. (28)

To solve equation (28), Viterbi algorithm is used, where the path metric M(·) changing with
time will be

M(kNF + 2n) = <{Z(t)−‖H‖2
F X(t,b(k))}M(kNF + 2n + 1) = ={Z(t)−‖H‖2

F X(t,b(k))}
(29)

As mentioned before, Alamouti scheme is applied to counteract the rotation of the channels,
which leads to a SNR gain of ‖H‖2

F , at the receiver, Z(t) can be divided into the branches of real
and imaginary and can be detected in the real and imaginary alternately at the receiver.

SIMULATIONS

In this section, we present some simulation results to verify the proposed scheme above. The
frame lengths are 260 binary bits or 130 QPSK symbols. Each spatial channel is modeled as
independent complex AWGN quasi-static channel. Viterbi algorithm is used at the detector.

Figure 6 is the simulation results of 2 by 1 antennas. The performance of Alamouti is from
[2]. It shows that our proposed scheme a little steeper slope compared with Alamouti scheme and
binary sttc transmit scheme [1] . For bit error rate at 5 × 10−3, the new trellis detector has 3.8
dB SNR advantage compared with the results in [1] and a 2.8 dB gain with the Alamouti scheme.
These prove our purposed detector has no I/Q interference but keeps the diversity order of 2.

The improvement of the performance are from two aspects. First Alamouti scheme is applied
here as an outer code of STTC MSK waveform. This makes the complex MIMO channel gain real
value and provides the possibility that we can demodulate the space-time coded MSK signal with
real part and imaginary part separately. The expectation of real channel gain is E‖H‖2

F = MT MR.
Second, by taking the real and imaginary parts separately, the sinusoid wave pulse-shaping filter is
fully matched, which neither introduces the I/Q Interference nor color the white complex Gaussian
noise.

Now let us compare our trellis with the other two trellises in [6] and [1] respectively. If d is the
diversity order, Tarokh’s trellis is standard QPSK-oriented, with 4d branch metrics to update path
metrics, while Cavers’ trellis is bit-oriented, with 2d+2 branch metrics to update two-bit long path
metrics. The ratio of 4d/2d+2 = 2d−2 goes exponentially as the diversity order increases. While
our trellis is still bit-oriented but with 2d+1 branch metrics to update two-bit long path metrics.
This calculation load advantage is fully improved to 2d−1 in our algorithm. Also we note that the
computation of each metric are all real, which is a fourth of the complex metric.

Finally, to complete a fair comparison, we need to point out that Alamouti transmit scheme is
applied to send the conjugate STTC MSK frame signal copy in our proposed scheme. As we can
see from the bit error rate simulation that it is well worth the efforts.



CONCLUSION

In summary, this paper provides a new optimum detector trellis structure for STTC-MSK. It
is based on the outer code of the Alamouti scheme at the transmitter and the establishment of a
new time-variant yet simple trellis structure of the constellations of the STTC-MSK signals at the
receiver. This STTC-MSK detector is absolutely guaranteed I/Q interference-free and only has
much less the calculation load compared with the known STTC-MSK.
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ABSTRACT

A single-tone frequency estimator for a non-uniformly sampled sinusoid is proposed. A non-
uniformly sampled sinusoid may be generated from the received training sequences of a telemetry
link. The frequency of the sinusoid matches the carrier-frequency-offset (CFO) of the received sig-
nal, and estimation of this quantity allows a receiver to compensate for the CFO. The performance
bounds of this type of estimator have been investigated in the literature, though little work has
been published on practical algorithms. The estimator proposed in this paper is a generalization of
phase-increment estimators previously described in the literature. It exhibits a low computational
complexity yet converges to theoretical bounds at high SNR. The paper argues that a periodic
training sequence structure, combined with the new estimator, allows for a high-accuracy and low-
complexity CFO compensator.

KEY WORDS

Synchronization, Carrier-Frequency-Offset, Frequency Estimation, Aeronautical Telemetry

INTRODUCTION

The problem of carrier-frequency-offset (CFO) compensation is commonly encountered in mobile
wireless systems. The offset is a result of mismatches in transmitter and receiver RF mixers and
Doppler frequency shifts. An excessive CFO can reduce the performance of the receiver. The
process of CFO compensation is known as carrier-frequency synchronization.

If a known training sequence is embedded in the received signal, data-aided techniques may be
used for carrier-frequency synchronization. When the modulation is some version of PSK (QPSK,
OQPSK, SOQPSK, 8-PSK, etc.) the CFO compensation problem can be posed as the problem of
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Figure 1: Signal structure of periodic pilots. The P pilots, {Xi}, are of length L symbols. They
are spaced by P − 1 frames of data, each of length M symbols.

estimating the frequency of a complex-valued sinusoid in noise.

Single-tone frequency estimation of a complex sinusoid in noise is a classical and well under-
stood estimation problem. Besides receiver synchronization, some specific applications include
RADAR, and SONAR. The estimate is obtained from

z(k) = Aej(ωk+θ) + w(k) k = 0, 1, ..., N − 1 (1)

where ω,−π < ω ≤ π, is the signal frequency, A is the amplitude, θ is the phase, and w(k)

is a complex AWGN process with variance N0/2. The seminal paper by Rife and Boorstyn on
single-tone frequency estimation [1] defines the maximum likelihood (ML) estimator of ω to be

ω̂ = argmax
ω0

∣∣∣∣∣
N−1∑

k=0

z(k)e−jω0k

∣∣∣∣∣

2

(2)

which may be recognized as simply finding the ω0, π < ω0 ≤ π, that maximizes the periodogram
of z(k). However, no closed form solution to (2) exists. Approximate-ML methods, based on
the FFT, exist but are computationally complex. In light of this, a variety of other methods have
emerged which rely on approximations that are valid at high SNR. A sampling of these methods
can be found in [2-4]. These include the approximate ML estimators just described and estimators
based on a sample autocorrelation. The estimator proposed in this paper is similar to another called
phase-increment estimators.

Most single-tone frequency estimators encountered in the literature assume the noisy sinusoid is
sampled uniformly. An interesting alternative is to estimate the frequency of a sinusoid that has
been non-uniformly sampled. This scenario may be encountered when periodic training sequences
are used for estimation. Assume that the communication is streaming, as is typical in a telemetry
link, and the received signal is structured as indicated in Figure 1. The training sequences, which
we shall call pilots, are length L symbols and are separated by M random data symbols. If the
received signal is observed over a window which includes P pilots, then a frequency estimate may
be obtained by processing the P pilots jointly and coherently. One extreme of this method is pilot
symbol aided modulation (PSAM), where L = 1. This paper treats the case where L > 1 and
M is a constant. We call this periodic-pilot-sequence-aided (PPSA) CFO estimation. PPSA CFO
estimators generally exhibits enhanced performance.



SIGNAL MODEL FOR A UNIFORMLY SAMPLED PILOT

We will assume that a PSK modulated signal is received. The sequence is composed of L complex-
valued pilot symbols, and these are known a priori. The signal is transmitted over a Nyquist
channel with Gaussian white noise having a power spectral density (PSD) of N0/2. Timing is
ideal, and we will assume the sample period is Ts = 1 second. However, the signal carrier, which
includes the signal’s amplitude, phase, and a CFO, is unknown. If the CFO is small, i.e. less than
ten percent the symbol rate, then the discrete-time matched filter output is well approximated as

x(k) = Aake
j(ωk+θ) + n(k) k = 0, ..., L− 1 (3)

where {ai} is a set of PSK complex pilot symbols with unit amplitude; A is the received amplitude;
θ is the carrier phase; and n(k) is an AWGN random process with a variance of σ2

n = 1
2
A2/SNR,

with SNR = A2

N0
.

The pilot sequence is known, and we may use the identity aka
∗
k = 1 to remove the dependence of

x(k) on the symbols. Multiplying (3) by a∗k yields

z(k) = Aejωn + n(k)a∗k k = 0, ..., L− 1 (4)

where n(k)a∗k has the same statistics as n(k). Performing the substitution w(k) = n(k)a∗k gives
Equation (1).

An estimate ω̂ of ω is a random variable (rv). Estimation theory provides the Cramer-Rao bound
(CRB) as a lower-bound on the variance of an estimator. For the signal defined by (4), it is well
known that the CRB of ω̂ is [5]

σ2
ω̂ ≥

6N0

A2L(L2 − 1)
. (5)

SIGNAL MODEL FOR PERIODIC SPACED PILOTS

We now consider a signal model for the case of coherently received, but periodic pilots. We will
pose such a signal as a non-uniformly sampled pilot of length LP . The estimation problem then
becomes one of estimating the frequency of a non-uniformly sampled sinusoid in noise.

We consider the case of P pilot sequences, denoted by {xi}, of length L symbols. The pilots are
each spaced by M data symbols, denoted by {di}, and M is constant. Figure 1 diagrams the signal.
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Figure 3: Plots of Equation (6) with the SNR A2/N0 fixed at 15 dB. (a) plots the CRB function
for P held at four pilots, (b) for M held at 1,600 symbols, and (c) holds L at 64 symbols and M at
1,600 symbols.

If the data symbols are discarded, the result is a signal with non-uniform sampling periods, where
the second through the final symbol of each pilot are sampled every T -th second, and the first
sample is sampled at the (M + 1)T -th second. Figure 2 illustrates. The first and last symbols of
each pilot are called the inter-pilot symbols, and the symbols between the inter-pilot symbols are
called intra-pilot symbols.

In order to generate a non-uniformly sampled sinusoid, we will use the same technique used earlier
and take the product xp(k)a∗p,k for each of the P pilots, where ap,k is the k-th symbol of the p-th
pilot. This gives us the signal zNU(l) which is identical to (4) except that it is of length PL and it
non-uniformly samples the noisy sinusoid. zNU(l) would appear similar to the sampled sinusoid
in Figure 2.

It can be shown that for the signal zNU(j) the CRB for a CFO estimate ω̂ of ω is

σ2
P,ω̂ ≥

6N0

A2PL [(P 2 − 1) M2 + 2(P 2 − 1)LM + P 2L2 − 1]
(6)

Figure 3 plots the CRB function from (6) for a number of different cases, with the symbol SNR



fixed at A2/N0 = 18 dB. Figure (a) plots the CRB function for P held at four pilots, (b) for M
held at 1,600 symbols, and (c) holds L at 64 symbols and M at 1,600 symbols. Note the interesting
trend in (c) where the CRB drops a large amount for just two periodic pilots, and then drops more
gradually after the addition of each new pilot.

Another interesting observation is seen in Figure 3(a). The plot slice corresponding to M = 0 is
equivalent to an estimator using a single uniformly sampled pilot of length LP . As we interleave
data symbols between the symbols of the pilot then M grows, and we see that the CRB drops.
This suggests that by merely separating the pilot sequences in time, we are able to achieve a lower
theoretical bound on the estimation variance. Hence, in the case where improved CFO estimation
performance is required, the improvement can be obtained in a spectrally efficient manner by using
periodically spaced pilots.

A LOW-COMPLEXITY ALGORITHM

We have shown how CFO estimation bounds may be improved by using non-uniformly sampled
pilot sequences. The implications of this are the ability to improve estimator performance in a
spectrally efficient manner. We now derive a computationally efficient estimator that converges
to the bound of (6) for high SNR. The derivation is similar to phase-increment estimators such as
Kay’s method [5], though with a number of important differences, as will be seen.

The non-uniformly sampled noisy sinusoid obtained by taking the product of the pilots and the
complex conjugate of the pilot symbols, {ap,k}, can be represented as

zNU(l) = Aej[ω(l+bl/LcM)+θ] + w(l) l = 1, ..., PL− 1 (7)

where b·c is the floor function. The quantity ω(l+bl/LcM) allows the complex phase to increment
a larger amount for the inter-pilot intervals. Using a procedure inspired by [6], (7) can also be
expressed as

zNU(l) = [1 + v(l)]Aej[ω(l+bl/LcM)+θ] (8)

where
v(l) =

1

A
w(l)e−j[ω(l+bl/LcM)+θ] (9)

is complex AWGN with a PSD of N0/A
2 = 1/SNR. Defining v(l) = vI(l) + jvQ(l) allows us to

express

1 + v(l) =
√

[1 + vI(l)]2 + vQ(l)2 · exp

{
j tan−1 vQ(l)

1 + vI(l)

}
(10)



For SNR À 1 we get the approximation

1 + v(l) ≈ e[j tan−1(vQ(n))] ≈ e[jvQ(l)] (11)

which yields
zNU(l) ≈ Aej[ω(l+bl/LcM)+θ+vQ(l)] (12)

Hence, for high SNR, the complex AWGN can be expressed as phase noise.

A TWO-SAMPLE ESTIMATOR

A coarse estimate of ω may be generated by comparing a sample in zNU(l) with the adjacent
sample at index l ± 1. Observe that

6 [zNU(l)z∗NU(l − 1)] = 6 zNU(l)− 6 zNU(l−1) = ω+ωM
(⌊

l
L

⌋− ⌊
l−1
L

⌋)
+vQ(l)−vQ(l−1) (13)

where 6 · is the complex argument operator.

zNU(l) is sampled at two different periods, Ts and TΣ. Therefore, for the cases when the sample
period is TΣ we must normalize the estimate so that it is unbiased. Hence, a (PL − 1)-length
estimation vector of random variables may be generated

Ω̂ =

{
ω + 1

M+1
[vQ(l)− vQ(l − 1)] l

L
mod L ≡ 0

ω + vQ(l)− vQ(l − 1) otherwise
(14)

The expectation of the estimator is E(Ω̂) = ω, meaning that the estimate is unbiased. The estimator
variance is

σ2
Ω̂

=

{
2/[(M + 1)SNR] l

L
mod L ≡ 0

2/SNR otherwise
(15)

We make the important observation that for cases when the sample period is TΣ the variance of the
two-sample estimator is reduced by a factor of (M + 1).

AN LP -SAMPLE ESTIMATOR

In (14) we define the (LP − 1)-element vector Ω̂ of estimates of ω, formed from the LP samples
of zNU(l). An un-weighted average of Ω̂ would give us an unbiased estimate of ω with the variance
reduced by a factor of (LP−1) of the average variance among the two-sample estimates. However,
by using a weighted average we may obtain an improved estimator with a variance that approaches
the CRB of (6), for high SNR. In other words, for the estimator

ω̂ =
LP−1∑

l=1

blω̂l (16)
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Figure 4: Example weights produced from Equation (17). The pilot sequences are of length L = 8

symbols, and the cases M = 2L and M = 0 symbols are considered. Figure (a) is for P = 2 pilots
and (b) is for P = 4 pilots.

where ω̂l ∈ Ω̂, and {bi} are the weights, we will derive the optimum weights which minimize the
variance.

Since (16) is a linear equation, it is well known that the weights which minimize the variance of ω̂

are given by

b =
C−11

1TC−11
(17)

where C is the (LP − 1) × (LP − 1) covariance matrix of Ω̂, and 1 is a length (LP − 1) vector
of ones.

The covariance matrix C is a tridiagonal matrix. For the case of P = 2 it is

C2 =
N0

2A2
×




2 −1 0 ··· 0

−1 2 −1

0 −1
. . . . . . . . .
. . . 2 −B

−B 2B2 −B
...

... −B 2
. . .

. . . . . . . . . −1 0

−1 2 −1

0 ··· 0 −1 2




(18)

where B = 1
M+1

. The diagonals of the matrix are very regular, except at the center. The irregularity
is from the ω̂l corresponding to the inter-pilot two-sample estimate. Covariance matrices for other
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Figure 5: An illustration of the frequency ambiguity problem. The plot shows the pilot samples of
a sinusoid, with L = 8, P = 2 and M = 64.

values of P are similar in structure, except that the number of diagonal irregularities is equal to
(P − 1).

We know of no closed form solution for (17). However, it is a simple task to evaluate on a com-
puter. Figure 4 shows a number of example weight vectors. The pilot sequences are of length
L = 8 symbols, and the cases M = 2L and M = 0 symbols are considered. Figure (a) is for
P = 2 pilots and (b) is for P = 4 pilots. In observing Figure 4 we note that for the case of
M = 2L that some elements of Ω̂ are given much larger weights. These weights correspond to
the inter-pilot two-sample estimates, which were shown to have lower variance than the other es-
timates. Hence, this derivation results in the intuitively pleasing result that those elements receive
more weight, since those estimates deviate less from the mean. A reader who is familiar with the
weights in Kay’s method may notice that the weights for the case of M = 0 are the same. Hence,
we conclude that our method is a generalization of Kay’s method.

RESOLVING FREQUENCY AMBIGUITIES

At high CFOs and large values of M , it is not possible to resolve the two-sample frequency esti-
mate of inter-pilot symbol pairs. This is illustrated in Figure 5. The phases of all sinusoids in the
plot are equal for the last sample of the first pilot, and the first sample of the last pilot. Hence, the
inability to identify the frequency based on the inter-pilot phase increment.

Observe in Figure 5 that though many sinusoids match the inter-pilot phase increment, only one
sinusoid is a good fit for the intra-pilot symbols. Therefore, using the intra-pilot symbols, a coarse
frequency estimate may be generated. The coarse estimate may then be used to resolve the fre-
quency ambiguity, i.e. compute the correct inter-pilot phase increment.
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Figure 6: Simulation results for the new estimator. Four cases are considered, in addition to the
single pilot estimators from [3] and [5]. L = 32 for all cases, and P = 4 for all cases except the
Kay and M&M methods, which are fixed at P = 1. (a) plots the mean-square-estimation error vs.
SNR, and (b) plots the outlier rate.

SIMULATIONS AND ANALYSIS

We now present and analyze the results from computer simulations of the new estimator. The sim-
ulation setup consists of a random vector of QPSK symbols transmitted through an AWGN, but
otherwise ideal, channel. The symbols are raised-cosine pulses with a 50% roll-off. Before trans-
mission a known sequence of pilot symbols is inserted at regular periods. The system is considered
completely synchronized, with the exception of a CFO.

Figure 6(a) plots the mean-square estimation error (MSEE) of the new estimator versus the SNR,
where the CFO is fixed at 0.1 the symbol rate. Additionally, Figure 6(a) plots the MSEE for the
Kay [5] and the Mengali & Morelli [3] estimators, which process only a single pilot.

The estimators converges to their respective CRBs in all cases. However, at low SNR the estimate
diverges quickly. This is the well-known SNR threshold. Observe that the “knee” of the threshold
(the SNR level at which it converges to the CRB) varies for the different pilot structures. There is a
general trend towards a higher SNR threshold as the pilots are further separated. This phenomenon
is linked to the frequency ambiguity resolution. As the pilots are further separated, it becomes
more difficult to estimate the phase increment between the inter-pilot samples. When this estimate
is incorrect an estimation outlier is produced. Figure 6(b) plots the outlier rate for the PPSA CFO
estimators.



CONCLUSION

We have shown how the estimation problem can be posed as the estimation of the frequency of
a non-uniformly sampled noisy sinusoid, and how such an approach has distinct advantages, in
terms of both estimation performance as well as spectral efficiency.

Using this model, we have also derived a new phase-increment estimator. The estimator exhibits
low computational complexity of O(LP ). This is in contrast to approximate ML methods which
have a complexity of O(N log N), where N = PL+(P−1)M . The estimator provides a means to
generate highly accurate training-sequence aided CFO estimates, yet with low spectral overhead.
This has important application to the telemetry community as they adapt to an increasingly claus-
trophobic RF environment.
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ABSTRACT 

 

The RCC TTG initiated task TT-49 to generate a standard for the transport of serial streaming 

telemetry (TM) over the Internet Protocol (IP).  An ad hoc committee was activated comprised of 

Range and vendor participation to develop this standard.  This paper will address the progress of 

the standard, the use of commercial standards, and the benefits to the ranges.  The early meetings 

focused on developing the packet structure; the preliminary results will be presented along with 

the latest status on the RCC approval cycle. 
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INTRODUCTION 

 

The Range Commander’s Council (RCC) Telecommunications and Timing Group (TTG) 

initiated an effort to standardize the transport of Inter-Range Instrumentation Group (IRIG) 106 

Chapter 4 streaming telemetry over an Ethernet/Internet Protocol (IP) infrastructure.  This paper 

describes the motivations for developing the standard, the boundaries of the standard, the 

challenges of the standard, and the standard currently being submitted for final approval. 

Motivation for Telemetry Over IP (TMoIP) 

IP technology is emerging as the packet technology of choice for a range of networking uses, 

from traditional data applications to real-time applications such as voice and video transport.  

With the maturation of IP solutions, it is envisioned that the developments supporting the 

transport of voice and video streams over IP networks can be employed to enable the transport of 
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TM streams over IP networks.  The proliferation of IP networking results in increased 

performance and lower cost of equipment as economies of technical and manufacturing scale 

occur.  Using these products in the Ground Network allows the user to exploit these economies 

to provide more powerful implementations at lower cost. 

 

Another benefit of TMoIP comes in the form of operational support.  Since IP is very 

widespread, the skill set of the operators becomes less specialized to support one more capability 

over the ubiquitous IP network.  A technician trained in IP technology can be trained on TM as a 

new service and support the mission in a relatively short amount of time.  This approach 

addresses perhaps the single biggest issue facing range managers today:  the turnover of qualified 

people supporting the mission. 

Challenges for TMoIP 

A number of technical challenges must be addressed in the TMoIP implementation before the 

advantages of IP network integration can be obtained. 

 

Downlink data may originate from a variety of sources: the launch vehicle, the payload, aircraft, 

ship, or weapon platform.  Downlink data requirements are fairly common across DoD services 

and mission requirements (planes, missiles, rockets, ships, tanks, etc.) in that it is usually a serial 

stream, with the timing source typically implemented using an on-board oscillator. 

 

Downlink data is handled in several ways.  Many operations require the recording of data at the 

receiving site to preserve information at the earliest ground based opportunity to ensure all data 

is available; others record at the data processing equipment location.  Many missions support on-

board recording for post-flight and only use the ground based recording in case the on-board 

copy is corrupted or worse.  During the real-time test there is typically no time or available 

bandwidth for re-transmission on errors.   

 

Difficulties arise when transmitting this type of data across a network with different timing 

characteristics than that of the source TM stream.  This has been the challenge with TM since the 

beginning of real-time mission support.  The isochronous nature of the TM stream using the on-

board oscillator can be exacerbated by a number of causes that can impact timing, including 

Doppler and multi-path effects.  Given the critical nature of the timing information contained in 

the source TM stream, it is important that the TMoIP solution address the requirement to 

accurately and reliably transport and regenerate the source TM timing across the network. 

 

The requirement for delay is very subjective.  Most users will say “as fast as possible” without 

being able to quantify.  Typically, the most stringent requirement on delay is either voice or 

range safety.  Standard Range Safety requirements state that from an event on the vehicle to the 

time the flight termination system (FTS) command is received at the vehicle shall not exceed 1 

second, not counting 3 seconds allotted for human processing.  That often translates into a 

requirements allocation of 100 milliseconds (msec) or less for the transmission of data from the 

receiving station to the data processing building.  In the case of voice, audio embedded in the 

TM stream is often used to communicate with the test personnel as a hot-microphone.  If the TM 

is delayed, an uncomfortable pause is noticed in the conversation and echo must be removed 

when the UHF/VHF radio is used on the ground.  As echo cancellers can be used for the delay, 

the uncomfortable pause is the driving factor and requires a delay not to exceed 100 msec.   



 3   

Path delay control mechanisms provide alignment of TM streams in the following scenarios: 

 

• A single TM stream enters the network at different points and is received at a single site.  

Due to the differential path delays, the multiple receive streams must be re-aligned. 

• A number of TM streams enter the network at different points and are received at a single 

site.  Again, due to the different path delays, these streams must be aligned so that the 

data corresponds in time. 

• A number of TM streams of diverse rates enter the network and are received at a single 

site.  Due to the differential delays introduced by packetizing each stream, the streams 

must be aligned to enable the data points to correspond in time.  

 

Potentially the biggest issue with providing a successful TMoIP solution is that IP is a best effort 

service without guaranteed service delivery.  The goal of the TMoIP is to enable the use of 

Quality of Service (QoS) mechanisms that are available in Commercial-Off-The-Shelf (COTS) 

network equipment.  Providing guidance for the provision of effective QoS is an important part 

of the TMoIP solution. 

TELEMETRY SYSTEM OVERVIEW 

 

Telemetry is the method of getting data from vehicles during operational launches, test missions, 

and a variety of other applications.  The elements of a generic TM system are shown in Figure 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 -- Reference Telemetry System 

The five segments of a TM system are: 

 

1.  Airborne Instrumentation System 

2.  RF Link 

3.  TM Ground Station 

4.  Ground Network 

5.  Communications Distribution Hub and End Users 
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The overall goal is to get information that characterizes the operation of the vehicle to the 

engineers and end users who need it.  If any one of these segments does not function correctly, 

the data will not be available when required. 

Ground Network 

The focus of this standard is to address the transmission of data over the Ground Network.  The 

Ground Network provides distribution of the TM streams from the TM Ground Station to 

destinations that require the TM stream for analysis, storage, and monitoring. 

 

The TM Ground Station is connected to the Communications Distribution Hub.  The function of 

the Communications Distribution Hub is to forward the TM streams to the required end stations.  

The end stations can provide recording capability (Data Recorder), analysis and post-processing 

(Data Processor) or they can be off range locations (Off Range Data Transmission).   

 

 

 

 

 

 

 

 

Figure 2 -- Ground Network Functional Blocks 

A model for the Ground Network function is shown in Figure 2.  There are three basic functional 

blocks associated with the Ground Network that participate in TM stream transport:  the TM 

Terminal, the Network Processor, and the Ground Network Link. 

 

TM Terminal (TM TERM) 

The TM Terminal functional block provides connectivity to the native TM stream.  At the 

network ingress, the TM Terminal block provides the TM Input Stream to the Network Processor 

block for transport via the Ground Network.  At the network egress, the Network Processor 

receives the Network Rx Stream, generates the TM Output stream and sends it to the TM 

Terminal. 

 

Network Processor (NW PROC) 

The Network Processor provides different functionality depending upon its location relative to 

the Ground Network.  At the ingress to the Ground Network, the Network Processor receives the 

TM Input Stream and provides the required formatting and adaptation to enable transport over 

the Ground Network Link.  The end result of the Network Processor is the Network Tx Stream.   

 

At the Ground Network Link egress, the Network Processor receives the Network Rx stream and 

performs the inverse formatting process to recover the TM stream.  An additional important 

function of the Network Processor at the Ground Network Link egress is to recover the TM clock 

information such that the TM Output Stream has timing characteristics identical to the TM Input 

Stream. 
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Ground Network Link (GND NW LINK) 

The Ground Network Link provides the actual transport that carries the Network Stream between 

locations.  The goal of the Network Processor and Ground Network Link is to provide seamless 

transport for the TM stream.  Ideally, the TM Output Stream should be identical to the TM Input 

stream except for the delay introduced by the transport process.  The Ground Network has 

evolved over time from proprietary dark fiber and Time Division Multiplexing solutions, to 

Asynchronous Transfer Mode (ATM)-based solutions with limited interoperability, and finally 

to the emerging IP-based solution.   

Asynchronous Transfer Mode  is a protocol where data traffic is formatted into fixed length (48 

data bytes + 5 bytes of header) packets for transmission through the network.  ATM lends itself 

well to the transport of TM streams due to the following properties: 

 

1.  Through the Circuit Emulation mechanism, ATM supports transport of streaming serial or 

time division multiplexing (TDM) streams 

2.  The small fixed packet size produces minimal cell jitter 

3.  ATM supports built-in QoS mechanisms to ensure timely packet delivery 

 

Internet Protocol (IP) traffic is formatted into variable-length packets, referred to as datagrams, 

but in contrast to the ATM protocol, the packet size can vary from 64 to 1536 bytes. 

 

The goal of this standard is to provide a set of standard mechanisms to enable the transport of 

native TM streams over an IP-based network.  Collectively, these mechanisms define the TMoIP 

implementation.   The scope of this effort is the Ground Network segment of a total TM system, 

with the objective to identify the required functionality in the Network Processor and Ground 

Network segments to provide efficient and reliable delivery of TM streams over IP networks. 

Overview of the TMoIP Document 

The goal of this effort is to provide specifications and guidance for the Ground Network 

function, that includes the TM terminal, Network Processor, and Ground Network subsystems of 

a TM range network.  The intention is to make use of existing standards wherever possible.  The 

TMoIP solution addresses the following elements of the Ground Network (see Figure 2). 

 

TM Terminal 

The scope of this effort is to define the range of TM stream types to be supported, including the 

characteristics associated with Layer 1 (Physical Layer) of the Open Standard Interconnect (OSI) 

model.   

 

Network Processor 

The Network Processor furnishes the bulk of the TMoIP solution, and consists of the interface to 

the TM Terminal, the TM stream processing, and the interface to the Ground Network.  The 

scope of this effort is to define the requirements for the Network Processor associated with OSI 

Layers 7 through 1. 
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Ground Network 

The Ground Network provides IP network connectivity and transport of the TM-bearing IP 

traffic.  It includes the network end equipment, typically an IP switch or router, and the 

interconnecting network.   

TMoIP PAYLOAD CONSTRUCTION 

 

The standard describes the TMoIP payload details.  A payload structure is defined in that it 

provides sufficient flexibility to allow the user to optimize for payload efficiency and different 

network topologies, yet provides inter-working capability between different vendors.  The 

TMoIP solution addresses the requirement to accurately and reliably regenerate the source TM 

timing at the network receiver by including objective specifications for the performance of the 

clock regeneration function.  The TMoIP solution recommends mechanisms to control path 

delay, as well as the capability to provide the alignment of TM streams. 

 

The standard defines management elements to enable status reporting, configuration, and 

integration with the end equipment that, with the TM Terminal, comprises the Ground Network. 

High Level Requirements  

For a full understanding of the TMoIP requirements, the major user operational requirements are 

summarized below.  These high level requirements drive each of the detailed specification 

requirements. The TMoIP solution must solve the following operational problems: 

• Accurately and reliably transport and regenerate the source TM data and timing across 

the network. 

• Support an Encode/Decode latency of 100 msecs from the receiving station to the data 

processing location (including transmission time). 

• Enable the use of QoS mechanisms that are available in COTS network equipment.. 

• Support additional management via out of band protocols such as Simple Network 

Management Protocol (SNMP). 
 

OSI Layered Approach 

The OSI protocols are a family of information exchange standards.  The OSI model describes 

seven layers of interconnection: the physical layer, the data link layer, the network layer, the 

transport layer, the session layer, the presentation layer, and the application layer.   

For purposes of defining the TMoIP payload, the TMoIP interface standard identifies the 

interface requirements as they relate to the OSI protocol layers for the TM Terminal and NW 

Processor functional blocks that were defined in Figure 2. 
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Figure 3 -- OSI Layers for TM Terminal and NW Processor 

 

 

 

 

 

 

 

Figure 3 describes the OSI layer structure for the TM Terminal and NW Processor functions for 

the TMoIP data plane.  A red line traces the path of a source TM stream (TM Input Stream) from 

Layer 1 of the TM Terminal to the Network Processor where ultimately the Network Tx Stream 

is produced for transport via the IP network.  Conversely, the green line is the path of the IP 

traffic (NW Rx Stream) through the Network Processor to the TM Terminal, where it finally 

appears as the TM Output Stream.    

 

The TM Terminal implements a single layer in the OSI model, Layer 1, with Layers 2 through 7 

null layers.  The Network Processor implements Layer 6 and Layers 4 through 1 of the OSI 

model, with Layers 5 and 7 null layers. 

 

TMoIP Control Word 

The TMoIP Control Word, shown in Figure 4, is pre-pended to the raw packet payload and 

supports the following functions: 

• Detection of packet loss or packets out of ordering 

TM Terminal NW Processor 

Layer 1 -- Physical 

Layer 2 -- Null 

Layer 3 -- Null 

Layer 4 -- Null 

Layer 5 -- Null 

Layer 6 -- Null 

Layer 7 -- Null 

Layer 1 -- Physical 

Layer 2 -- Data Link 

Layer 3 -- Network 

Layer 4 -- Transport 

Layer 5 -- Null 

Layer 6 -- Presentation 
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TM Input Stream NW Tx Stream 

NW Rx Stream TM Output Stream 
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• Ability to identify failures in local TM interface 

• Fault signaling capability across the network 

 

 

 

 

Figure 4 -- TMoIP Control Word 

The TMoIP Control Word fields are defined in Table 1 below: 

 

Table 1 -- TMoIP Control Word 

Field Bits Description 

RES 4 Reserved, code to "0000" 

L 1 
Local Defect Alarm, indicates local circuit fault in the 

TM stream 

R 1 
Remote Defect Alarm, indicates remote circuit fault in 

the TM stream 

M 2 Local Defect Alarm Modifier 

RES 2 Reserved 

LEN 6 If non-zero, LEN indicates TMoIP Payload Length, 

defined as the TMoIP Control Word + Raw Packet 

Payload 

If zero, LEN indicates TMoIP Payload Length greater 

than 63 bytes.  In this case the TMoIP payload length is 

determined via length fields in lower protocol layers. 

SEQ NUMBER 16 Sequence Number 

 

TMoIP Packet Design Summary  

The TMoIP packet layout is shown in Figure 5 below.  Each protocol layer adds overhead 

information to the TMoIP payload, resulting in the final TMoIP packet configuration.  This 

packet structure is based on Internet Engineering Task Force (IETF) draft document  draft-ietf-

pwe3-tdmoip. 

 

L  R M RES LEN SEQ NUMBER RES 
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Layer 2

Layer 3

Layer 4

Layer 6

TMoIP Payload

Raw Payload + 4 Bytes

IP Header

20 Bytes

UDP Header

8 Bytes

Source MAC Address

6 Bytes

802.1q 

2 Bytes

Destination MAC Address

6 Bytes

802.1q VLAN ID

2 Bytes

Ethernet Length/Type

2 Bytes

Ethernet FCS

4 Bytes

 
 

Figure 5 -- TMoIP Packet Layout 
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The field descriptions for the TMoIP packet are summarized in Table 1 below. 

 

Table 1 -- TMoIP Packet Summary 

Field Description Len P/C/F 
1
 

Ethernet Dest Addr Identifies station(s) to receive frame 6 P 

Ethernet Src Addr Identifies station that originated frame 6 C 

802.1q 

Length/Type  

VLAN tag length/type 2 F = 0x8100 

Bit Description 2  

0 - 2 User Priority Field   P 

3 Canonical Format Indicator (CFI)   F = 0 

VLAN Tag Ctl Info 

4 - 15 VLAN Identifier (VID)   P 

Length/Type  2 F = 0x0800 

Byte Description   

1 Version + IP header length 1 F = 0x45 

2 TOS 1 P 

3 – 4 Total length of IP packet 2 C 

5 – 6 16 bit ID 2 C/F 

7 – 8 Flags + Fragment Offset 2 F 

9 TTL 1 F/P 

10 Protocol (UDP) 1 F  = 0x11 

11- 12 IP Header checksum 2 C 

13 – 16 Source IP address 4 P 

IP Header 

 

20 Bytes Total 

17 – 20 Destination IP address 4 P 

Byte Description   

1 - 2 Source Port 2 F/P 

3 - 4 Destination Port 2 F/P 

5 – 6 UDP Length 2 C 

UDP Header 

 

8 Bytes Total 

7 - 8 UDP Checksum 2 C 

TMoIP Control Word 4 C Payload 

 TM Raw Packet Data Note 2 C 

Ethernet FCS Ethernet Frame Check Sequence 4 C 

Notes: 1.  P = Programmable by user  

2.  C = Calculated or placed in packet without user intervention 

3.  F = Fixed 

 

The following packet constraints have been identified: 

 

1.  Ethernet PDU maximum size 1518 bytes 

2.  Total packet overhead for Layer 2, Layer 3 and Layer 4 is 46 bytes without 802.1q tagging 

support, and 50 bytes with 802.1 tagging support. 
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ABSTRACT 
 
The Eastern and Western Ranges along with DISA share a similar vision around Net-Centricity 
such that "Anyone, anywhere can get to any data source and exploit the information they are 
authorized to access." Their legacy infrastructure is built around TDM and ATM transport 
networks, which are link based and connection oriented. To achieve the vision the infrastructure 
must evolve towards a packet switched network (PSN) that is meshed based. Consequently, a 
means to interwork non-IP enabled services is required. Pseudo Wire protocol encapsulation 
provides the means for extending telemetry, data, voice, and video services in native formats 
over Ethernet, IP, and MPLS networks in a reliable way that delivers greater operational 
efficiency and a smooth migration to a single converged network.  
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INTRODUCTION 
 
One of the core missions for the Defense Information Systems Agency (DISA) is to provide 
communications for the defense community. A majority of command and control traffic, voice 
conferencing, intelligence dissemination, and combat support traffic are supported over their 
networks. The aggregate of these networks is referred to as the Defense Information System 
Network (DISN), which is a wide-area communications component of the Global Information 
Grid (GIG). The concept of Net-Centricity provides the guiding principles for the evolution of 
the GIG. Net-Centricity is about transforming the way information is handled in the defense 
community. It becomes the enabler for allowing access and sharing of information such that a 
collaborative environment can be created.  
 
The Eastern and Western Ranges along with DISA share a similar vision around Net-Centricity 
such that "Anyone, anywhere can get to any data source and exploit the information they are 
authorized to access." In this way, information can be leveraged to allow users at all levels to 
make better decisions faster and act sooner.  
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The legacy infrastructure for DISA and the ranges has developed around time division 
multiplexing (TDM) and asynchronous transfer mode (ATM) transport networks, which are link 
based and connection oriented. Yet to achieve the vision of Net-Centricity this infrastructure 
must evolve towards a PSN that is meshed based. With substantial amounts of serial command, 
control, and communications along with analog telemetry, voice, and video traffic that cannot 
readily be handled over a PSN, a new means to interwork non-Internet protocol (IP) enabled 
services is required. Pseudo Wire protocol encapsulation provides the means for extending 
telemetry, data, voice, and video services in native formats over Ethernet, IP, and Multi-Protocol 
Label Switched (MPLS) networks in a reliable way that delivers greater operational efficiency 
and a smooth evolution to a single converged network. 
 
 

NETWORK EVOLUTION OVERVIEW 
 
The network evolution of the GIG has been progressing with bandwidth expansion to improve 
scalability, bandwidth, and physical diversity. A depiction of the GIG architecture along with the 
DISA’s Net-Centricity vision statement is described in figure 1. 
 

 

 
Figure 1: GIG and Net-Centricity Vision 

 
In the GIG architecture, the aggregation of networks (e.g. satellite communications (SATCOM), 
MSS, Teleport Systems, RF Nets, Wireless Communications, Commercial Fiber, etc.) is referred 
to as the DISN. The SATCOM and Teleport components employ point-to-point, circuit-based 
communications technology, which is link based and makes inefficient use of bandwidth 
resources.  
 
The teleport system has evolved to provide access to the GIG by linking the space and ground 
segments through a worldwide, pre-positioned military and commercial satellite communications 
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infrastructure. The teleport strategy to converge all the voice, video, and data requirements into a 
single IP based transport system is depicted in figure 2 using satellite IP networking modems. 
During this evolution the teleports will be supporting the net-centric IP networks and circuit 
based legacy networks. An IP Gateway is envisioned to interwork the legacy applications so that 
they can be networked to the users. By using Pseudo Wire protocol encapsulation at the IP 
Gateway, legacy applications containing telemetry, data, voice, and video services in native 
formats can be transported across an IP network. 
 

 
Figure 2: Teleport Vision 

 
The Eastern and Western Ranges shown in figure 3 provide tracking, telemetry, 
communications, command/control and other support capabilities necessary to safely conduct 
civil, commercial and national security spacelift operations. In this capacity they use a 
combination of satellite and terrestrial networks to support launch operations for Delta, Atlas, 
Titan, Space Shuttle, Pegasus, and Athena space launch vehicles. 
 

 
 

Figure 3: Eastern and Western Range 
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The range network infrastructure has the same limitations being link based and inefficient use of 
bandwidth. U.S. Air Force Spacelift Range System (SLRS) program is investigating 
modernization that could leverage the evolution of the DISN to support an IP infrastructure. In 
this way they would be able to network telemetry, command, control, analog, and voice 
communications using the Pseudo Wire approach. 
 
 

PSEUDO WIRE APPROACH 
 
Since the 1980’s, layer 2 Ethernet interfaces have been the preferred interface for IP based local 
area network deployments. Over the past five years there have been significant improvements in 
the scalability, protection, Quality-of-Service (QoS), and service management of layer 2 Ethernet 
interfaces. This has led to the adoption of layer 2 Ethernet interfaces for Metro Ethernet 
Networks and in the wide area network by service providers. 
  
The deployment of PSNs in the wide area networks has been an enabler for net-centric services, 
which have been primarily targeted to the on-net DOD community. Providing net-centricity 
services to off-net users has proven to be more challenging. Work was initiated in 2002 by the 
Metro Ethernet Forum to define the requirements for Circuit Emulation Services (CES) over 
Metro Ethernet Networks. Similar work was begun by the IETF around PSNs. These efforts have 
led to a layer 2.5 protocol using a Pseudo Wire approach to combine Ethernet and IP services 
with legacy services as depicted in figure 4.  
 

 
Figure 4: Pseudo Wire over PSN 

 
The Pseudo Wire approach to providing CES over the PSN involves the emulation of each 
service type (voice, video, and data) in tunnels over a PSN. The term tunnel represents a "pseudo 
wire" which is a logical construct to explain in a symbolic sense the transmission of information 
across a wire.  From the enterprise perspective, the pseudo wire is perceived as an unshared link 
or circuit (or the appropriate unit) of the chosen service. Each service type has different 
requirements (e.g. signaling, latency, timing, OAM) associated with emulation of the service.  
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In this approach the gateway provides interfaces for telemetry, data, voice, and video services in 
their native non-IP format. By using common service-specific techniques the traffic can be 
encapsulated into protocol data units (PDUs) and maintain the circuit emulation service 
characteristics. A PDU defines a frame of data transmitted over the data link layer (layer 2) in a 
communications network. Consequently the Pseudo Wire approach allows the PSN to simply 
transport PDUs for multiple services in lieu of performing the conversion/interworking functions 
per service pair.   
 
The Internet Engineering Task Force (IETF) working group has developed architecture 
(RFC3985) and standards (RFC3916) for implementing pseudo wires. This effort has been 
focused on commercial applications around dedicated digital services (e.g. T1, E1, and T3 
transmission). This communications architecture showing the relationship of pseudo wires to the 
other layers is depicted in figure 5. 
 

 
 

Figure 5: Communications Model 
 
For the DISA and Range community we have used this framework and extended the standards to 
support other non-IP native interfaces and services. These interfaces include single-ended and 
differential serial communications and analog transmission using pulse code modulation (PCM) 
techniques. By using the Pseudo Wire approach these interfaces can support services such as the 
transport of analog data (e.g. FSK/PSK tones, IRIG signals), telemetry (e.g. single-ended and 
differential communications), real-time full motion video (e.g. NTSC and SDI), and analog voice 
(e.g. two wire and four wire) over the PSN instead of being restricted to legacy time division 
multiplexed (TDM) networks. In this way the Pseudo Wire approach extends the concept of Net-
Centricity to off-net users and include non-IP native services. 
 
 

Pseudo Wire Implementation 
 
The Pseudo Wire approach is consistent with existing networking standards that support 
tunneling information across PSNs (e.g. routed IP, switched Ethernet, MPLS, L2TP).  The 
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pseudo wire implementation consists of service packetization (creating the PDUs), encapsulating 
the PDUs using the pseudo wire standard (using common service-specific techniques), and using 
standard network protocols for encapsulating pseudo wire packets to be tunneled across the PSN. 
The pseudo wire implementation is illustrated in figure 6.  
 

 
 

Figure 6: Pseudo Wire Implementation 
 
Packetization refers to the process of converting single-ended and differential serial 
communications, analog services, and digital transmission traffic into fixed length PDUs using 
common service-specific techniques required to support characteristics of the service (e.g. 
signaling, delay, access protocol). The PDUs are encapsulated with a 32-bit control word header, 
which is illustrated in figure 7. 
 
                              0                            1                            2                            3 
                              0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 
                            +-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+ 
                             |0 0 0 0|L|R|RSV|FRG|    LEN     |            Sequence number          | 
                            +-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+ 

 
Figure 7: Pseudo Wire Control Word 

 
The control word header supports detection of packet loss or misordering, differentiation 
between PSN and emulated circuit network faults, PSN bandwidth conservation during fault 
conditions, and signaling of faults detected at the pseudo wire egress to the pseudo wire ingress.  
 
Bits 0-3 must be set in accordance with RFC4385, which must be zero unless they are being used 
to indicate the start of an Associated Channel Header (ACH).  Bit 4 (L) indicates if there is an 
attachment circuit fault (e.g. loss of clock, loss of signal, AIS) so that payload data may be 
omitted at the pseudo wire ingress to conserve PSN bandwidth along with inserting filler data at 
the pseudowire egress. Bits 5 (R) indicates if there is a PSN fault (e.g. specific number of packets 
not received). Bits 6-7 (RSV) are reserved bits and set to 00. Bits 8-9 (FRG) must be set in 
accordance with RFC4623 with no fragmentation set to 00. Bits 10-15 are used to define the 
length of the packet including the pseudo wire control word. Bits 16-32 (sequence number) must 
be set in accordance with section 5.1 RFC3550 and provides the common sequencing function as 
well as being used for the detection of lost packets. 
 



 7

By design pseudo wire encapsulations use IP (v4 and v6), UDP, L2TP, or MPLS protocols for 
PSNs. The IETF’s intent is that pseudo wire encapsulations must follow the same specification 
for all underlying PSN implementations. Pseudo wire encapsulations do not exert controls on the 
underlying PSN, but only function at the endpoints of the tunnel. In this way other features of the 
underlying PSN such as Class of Service (e.g. DiffServ code points) and RTP (e.g. clock 
recovery and other real-time signaling functions) are still supported.  
 
For IP networks, UDP and IP headers or L2TP headers precede the payload and control word. 
The packet format is shown where Ethernet is used for layer 2 in figure 8. 
 

 
Figure 8: UDP/IP Implementation 

 
For MPLS networks, an inner label precedes the payload and control word. The packet format is 
shown where Ethernet is used for layer 2 in figure 9.   
 

 
Figure 9: UDP/IP/MPLS or MPLS Implementation 

 
The Pseudo Wire approach supported by PSN protocols together with the extended standards for 
pseudo wire encapsulation (using single ended and differential serial and analog interfaces for 
non-IP service types in their native format) provides the means for extending Net-Centricity to 
off-net users in the Range and DISA networks. 
 
 

CES CONSIDERATIONS 
 
Successful pseudo wire implementation requires the use appropriate techniques to emulate CES. 
The legacy TDM networks are highly deterministic. A source device transmits one or more 
octets to a destination device via a dedicated-bandwidth channel every 125 µs. The circuit delay 
through a TDM network is predictable for the duration of a connection. Timing is delivered 
along with the data, and the permitted variability (e.g. jitter and wander) of TDM clocks are 
controlled to stratum levels.  
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By comparison, PSNs (IPv4 or v6 and MPLS) are more efficient than TDM networks due to 
statistical multiplexing of the bandwidth but this leads to PSNs being inherently non-
deterministic. Packets must compete for bandwidth at the switch/router ports, leading to packet 
delay variation (PDV) and potentially out-of-order or lost packets. To mitigate these effects in 
Range and DISA networks, the Pseudo Wire approach must include mechanisms to manage 
latency, packet delay variation (PDV), out-of-order or lost packets, clock recovery required for 
CES, and network faults. 
 
These effects are well understood. Latency is measured from the point at which the traffic enters 
at the source to the point at which it leaves at the destination. Outside of distance between the 
source and destination the largest contributor to latency is the network (e.g. number of nodes or 
hops) and to a lesser degree packetization delay. In Range and DISA networks latencies less than 
10 milliseconds are achieved. PDV is the variable delay from the asynchronous nature of PSN 
and the varying frame lengths in the network. Out-of-order and lost packets are caused by 
congestion in the network. Out-of-order and lost packets along with PDV will affect adaptive 
clock mechanisms and the associated settling time. Clock recovery and synchronous system 
timing are necessary for regeneration of CES. Typically the variations of recovered clocks are 
maintained between 25 nanoseconds to 18 microseconds even with PSN having PDV in the 
millisecond range to avoid bit slips and synchronization loss. Lastly any equipment or link 
failures in the network can disrupt traffic flow and affect clock recovery mechanisms. 
 
There are techniques that will mitigate these effects. To alleviate packetization and network end-
to-end latencies, PDV within the network, and out-of-order packets each pseudo wire tunnel 
must have selectable packet lengths and buffer depths The architectural trade-offs are packet 
length versus efficient bandwidth utilization and buffer depth versus overall end-to-end latency.  
 
To maintain synchronous timing across a network or regenerate the output clock, gateways must 
contain inputs for external timing references, an adaptive timing algorithm with a phase-locked 
loop circuit, and the capability to insert specified data during buffer under run conditions or 
network faults. An adaptive timing algorithm is an "averaging" process that negates the effect of 
the random PDV and captures the average rate of transmission of the original bit stream. A 
phase-locked loop circuit can be used to lock onto the average bit rate and regenerate a clean 
clock signal that closely tracks the original bit rate. Pseudo wire egress interfaces must be 
capable of inserting programmed data during buffer under run conditions, lost packets, or 
network faults to continue emulating the CES and maintain TDM timing. 
 
To resolve network faults and improve robustness, gateways must contain an OAM mechanism 
for status and statistics information, the means for continuity check for tunnels, one-way and 
round-trip delay measurements, and support for other performance measurement messages for 
remote diagnostics. 
 
 

CONCLUSION 
 
Gateways that support the Pseudo Wire approach have been designed and proven in commercial 
applications for transporting CES over a PSN. However in the last year, a gateway design using 
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single-ended and differential serial along with analog interfaces has been designed and tested or 
deployed at spacelift sites on the Eastern and Western Ranges, DOD ranges, International Space 
Station complex, and NASA ground station facilities. 
 
By extending the IETF pseudo wire standards to new types of interfaces, services such as the 
transport of analog data (e.g. FSK/PSK tones, IRIG signals), telemetry (e.g. single-ended and 
differential communications), and real-time full motion video (e.g. NTSC) have been 
successfully demonstrated over a PSN. With this new capability to extend telemetry, data, voice, 
and video services in native formats over Ethernet, IP, and MPLS networks in a reliable way, the 
vision of Net-Centricity can be extended to off-net users while at the same time delivering 
greater operational efficiency and a smooth migration to a single converged network. 
 
Work in this area continues within several communities. The Telemetry over IP working group 
within the Range Commanders Council (RCC) will be submitting for approval changes to the 
Inter-Range Instrumentation Group (IRIG) standards to add telemetry over IP using the Pseudo 
Wire approach. The IETF Pseudo Wire Emulation End-to-End (PWE3) working group has the 
lead role for developing pseudo wire standards. Finally, the Metro Ethernet Forum was the 
original standards group that promoted CES over Ethernet based networks and has developed 
standards and infrastructure to support test and certification of commercial equipment. 
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Network Design Considerations in Telemetry Systems
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ABSTRACT

In today’s world, computer networking has become common place both in industry as well as 
home, however all networks are not the same!  The Telemetry world, like with many industries, 
has critical design considerations that need to be evaluated when you begin a new system or just 
adding on to a current infrastructure.

This paper is intended to outline needed considerations when planning or implementing a 
network design in Telemetry Systems.  These applications can range from sensor data transport 
through High Definition/High Speed Video applications.  

KEY WORDS

TM: Telemetry
Networks: A system of computers/processors inter-connected.
LAN: Local Area Network
WAN: Wide Area Network
Ethernet: Standard LAN access method.
TCP/IP: Transmission Control Protocol/Internet Protocol

Standard protocol for transmitting data over networks and Internet Protocol.
UDP/IP: User Datagram Protocol/Internet Protocol

OVERVIEW

Whether transmitting PCM serial data running at 20 Mbps, or high definition(HD) video at a few 
hundred megabits, the network topology must be considered before blindly sending this data 
across the network.  When setting up these networks one must consider the following areas:
– Topology

– How will the network equipment backbone be connected (range from “Point to Point” to 
a “WAN”)?

– Distances of connected equipment?
– Protocol
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– Transport speeds
– Is there a “real-time” requirement?

TYPICAL NETWORK DESIGNS/TOPOLOGIES

Most company's network designs are similar, a computer connected to a LAN which is connected 
to a WAN.  This WAN can either be the companies WAN before it reaches the Internet, or it may 
be the Internet. 

The most reliable and easy to configure, would be a point to point setup (Using a copper 
crossover cable)(See Diagram 1). 

Diagram 1

The crossover cable uses a standard twisted-pair Ethernet cable directly from one network device 
to another. This simple approach is very reliable and easy to fix if there is an issue. This type of 
setup is typically used in a lab environment to verify a network connection/output. The issue here 
is the fact that it does not promote long distance transmissions.  A single cable, whether cat 5e or 
cat 6, can only run up to 100 meters.  The two common methods to increasing the distance 
between any two network devices is either a network repeater, or converting the media to fiber. 
Both methods can be used in this and the following network design examples.

The next easiest network design is attaching two TM to IP devices on the same LAN (or 
subnet)(See Diagram 2).  

              Diagram 2

When dealing with low data rates, i.e. 20% of the slowest link that you “pass through” in the 
LAN  or less, this method will work 90% of the time.  Attempting to use more than 20% of the 
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bandwidth on a company network could result in a saturation of the network thus causing data 
drop outs and increased latency in packet delivery.   There are multiple reasons for dropped 
packets:

1) Other network users can be downloading information from the Internet 
2) Some may be transmitting large files to one another
3) Downloading or uploading emails
4) Backing up data to a central server
5) etc...

The dropped packets can be seen especially if the unit's data is crossing multiple subnets. 
The main issue here may be that a network is organized in a star formation (See Diagram 
3).  This requires that all data be sent through a single switch or router.  The single switch 
or router may receive data at a bandwidth higher than it's own, as it is handling all data on 
the network.  Instead either a full or partial mesh network (See Diagram 3 below) should 
be implemented.  This will remove most of the other network traffic from the network 
path between the two nodes.  

Diagram 3

The least deterministic of the network designs includes an unmanaged WAN.  This is most easily 
envisioned as the Internet.  
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From point A to point B, once the IP packets leave the LAN, it is unknown what routes the data 
will take.  The most influential factors in an unmanaged WAN are non-guaranteed bandwidth and 
jitter in the network latency due to other IP traffic.  Most services give a maximum rate of 
uploading and downloading packets to and from the Internet.  This rate is not guaranteed at all 
times, unless specified by the provider.  This is a nightmare to real time transmissions, as the 
receiver may experience underflows.  

Moving up in the complexity, we introduce a “Managed” WAN (See Diagram 4).  The 
“Managed” WAN is usually a WAN at an organization that requires reliable, fast, controlled, and 
safe data between to two communication points, such as a DOD base.  Please note that multiple 
managed WANs can co-exist as part of a larger WAN design.   

Diagram 4

The LANs in this case are usually contained within a building.  The reason the WAN is 
considered “Managed”, is that the company has control over the setup and the bandwidths 
between LANs.  For instance, if there are LANs A, B and C and a test is going to be run between 
network appliance NAA and NAC, being on LAN A and C, respectively, the IT department 
would configure the network so that NAA and NAC would be given the desired transmit and 
receive bandwidth through the respective LANs and also through the WAN.  This method can 
better guarantee bandwidth and can provide an environment better suited for real-time TM over 
IP applications.

SPEED, SPEED, SPEED

When dealing with real-time transmissions, the speed at which data enters the TM to IP devices 
and leaves the IP to TM device is most important.  Although many Telemetry applications can 
easily reside on a 10 or 100 megabit network (Network design/traffic dependent) many new 
infrastructures are going to 1 Gig and above to allow for growth and increased needs in 
applications like video.

Once the topology is selected, the Protocol, MTU and equipment are the next steps to increasing 
speed and lowering latency.
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The two most prevalent protocols currently used are TCP/IP and UDP/IP.  TCP/IP is a protocol 
designed to get data from the source to the destination without errors.  It does this with ACKs, 
NACKs, CRC checks, retransmissions and other means which are too in depth to cover in this 
paper.  The drawback of using TCP/IP, is that it increases system latency, whether the network is 
running perfectly or not.  This is due to all of the methods it uses to ensure the data has no errors 
once it reaches the destination.  UDP/IP is a connectionless (no hand-shaking), fire and forget 
protocol, which does use CRC checks to at least ensure that if the packet has received errors on 
the network, it will not be given to the end program.  The benefit of using UDP/IP is that it 
requires less CPU cycles, less bandwidth on the network and has a lower packet to payload ratio.

For low latency and high bandwidth, UDP/IP is the preferred method.  UDP/IP can be used on 
loopback, crossover cable, LAN and perhaps even the managed WAN networks.  When used on 
the LAN and managed WAN networks, the physical link should be checked for any hardware 
faults between the two ends of the link.  The RCC is currently defining a protocol for TM over 
IP.  This proposal uses UDP/IP as its standard protocol for handling data on the network.  The 
reasoning is that most networks which attempt real-time TM over IP either already use 
guaranteed bandwidth, or are simple networks with a limited number of data streams.  TCP/IP is 
preferred on the LAN and managed or unmanaged WAN networks, if every bit of data is required 
at the receiver.  Please note, for “mission critical” data that needs to be recorded it is always 
recommended to store the data closest to the point of data collection in the network (i.e. Ground 
Station) .

The MTU stands for Maximum Transmission Unit.  In most cases, the larger the MTU, the 
higher the effective bandwidth will be and the lower the latency will be.  In the fast Ethernet, or 
10/100 Mbps, the MTU is usually at 1,500 bytes.  When configuring a network which uses fast 
Ethernet, verify that all paths can use a MTU size of 1500.  Gigabit networks can use a MTU of 
9,000 bytes, otherwise known as jumbo frames.  While at first it may seem that 9,000 byte 
frames may add latency to the system, a 9,000 byte frame across a gigabit network takes the 
same amount of time as a 900 byte frame on a fast Ethernet network.  So use a 9,000 MTU size 
on gigabit networks.  It is only the MAXIMUM transmission size, not the required transmission 
size, so it is still possible to use smaller frames on this network. 

An important element of the network design is the equipment used in the network, such as the 
switches, routers, and cables.  In a network where real-time data will be transmitted, hubs should 
not be used.  Hubs are similar to switches, but are half-duplex, thus reducing the total transmit 
time and receive bandwidth of the network.  Hubs also transmit packets which come in one port 
to the rest of the ports, resulting in collisions and over congestion of the network.  Collisions and 
over congestion can severely degrade the overall network performance.  In UDP/IP this will lead 
to lost packets and in TCP/IP this will lead to retransmissions, which in turn leads to lower 
available bandwidth and higher latencies.

Switches are usually full duplex links which send data only to the destination, thus minimizing or 
eliminating the number of collisions.  When selecting a switch, care must be taken to decide 
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what features are needed for the network which is being designed.     We recommend using a 
managed switch, in LANs/WANs, allowing user control of the network for times when 
guaranteed bandwidth is required.    If a switch is used to connect a remote site via a managed 
WAN, then an unmanaged switch could be used, as the remote network is only used for 
transmission of data to the main TM buildings.  The main benefit for using an unmanaged switch 
is that it can be a magnitude less expensive than a managed switch.

Routers are similar to switches, with the exception that they add a gateway to another LAN or 
WAN.  The same care must be taken when selecting a router as when selecting a switch.  Another 
possible choice when choosing routers and switches is that the media can be changed.  If copper 
is used in the LAN, it can be changed to a type of fiber before being sent across the network. 
This has multiple benefits, fiber has guaranteed bandwidth, giving more reliability to the network 
and it can also be used to partially upgrade to an Ethernet network while leaving some older fiber 
lines when running at lower rates.

When copper is used to transfer the data across the network, even though cat 5e can be used for 
both fast and gigabit networks, cat 6 cable should be used.  Cat 6 cable shields the data better 
than cat 5e, and as a result, it can run data across faster.  A simple test in the lab had shown an 
increase of 25 Mbps across a gigabit network just by changing a few cables from cat 5e to cat 6 
cables.  This is enough bandwidth to handle a few extra visually perfect MPEG2/MPEG4 
encoded video streams!!

CONCLUSION

Not all network setups are equal, but then not all networks are setup to handle the same type of 
users/data.  When dealing with real-time data, the simpler the network, the easier it will be to 
ensure data will arrive at higher bandwidths and lower latency.  The more users on a network, the 
less likely the data will flow across the network smoothly.  The basic rule for protocols is 
UDP/IP for simpler and managed networks and TCP/IP for more complex and unmanaged 
networks.  For both types of networks, use the MTU size to minimize the number of IP packets 
on the net, as this will increase effective bandwidth.  It is recommended not use hubs, unless a 
case can be made that they are required for the conditions of the data or testing, but to use 
managed switches.  Finally, when using copper cables, always select the newest when trying to 
achieve high bandwidths and low latency, whether it is cat 6, 7 or another by the time this paper 
is being read.
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ABSTRACT 
 
The Endevco model 7270A high-g accelerometer has been used successfully in numerous flight 
tests at the U.S. Army Research Laboratory.  The accelerometer is available in ranges as low as 
6,000 g’s up to 200,000 g’s so they can be used in a variety of situations to measure setback, set 
forward and balloting in artillery rounds, mortars and tank projectiles to name a few.  However, 
one of the disadvantages of the model 7270A is its physical size, in the era of die level and 
surface mount components, the 7270A is relatively large.  The sensing element is packaged 
inside a metal case with screw holes for mounting to a rigid surface.  In addition, there are wires 
protruding from the case for electrical connections.  In the area of munitions, small cavities don’t 
always afford the room for a large gauge.  It was desirable to repackage the die in a smaller 
container and make it a surface mount component for a printed circuit board.  A contract was 
developed for Endevco to repackage the die and to develop a tri-axial version with the 
repackaged die.  The newly developed accelerometers were tested and evaluated by the U.S. 
Army Research Laboratory. 
 
 

KEYWORDS 
 
Accelerometer, High-G, Triaxial, Endevco Model 7270A, Repackaged, Smaller Size 
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INTRODUCTION 
 
The Endevco model 7270A high-g accelerometer has been used successfully in numerous flight 
tests at the U.S. Army Research Laboratory.  The accelerometer is available in ranges as low as 
6,000 g’s up to 200,000 g’s so they can be used in a variety of situations to measure setback, set 
forward and balloting in artillery rounds, mortars and tank projectiles to name a few.  However, 
one of the disadvantages of the model 7270A is its physical size, in the era of die level and 
surface mount components, the 7270A is relatively large.  The sensing element is packaged 
inside a metal case with two clearance holes for #2 screws to mount the gauge to a rugged 
surface.  From this metal case wires are protruding to make the electrical connections.  A photo 
of the gage can be seen in figure 1. 
 
 
 
 
 
 
 
 

Figure 1:  Endevco Model 7270A Accelerometer 
 
With the small cavities to work with in the area of munitions a gauge of this size will often 
consume a lot of valuable real estate and in some situations will not fit at all.  The desire of the 
community was to repackage the gauge into a surface mount component that could be mounted 
directly to a printed circuit board.  It was desirable to use the existing die, or one with similar 
electrical characteristics, and replace the metal housing and mounting scheme with a much 
smaller package that would consume considerably less space.  Endevco was contacted and it was 
determined that repackaging the die in a smaller surface mount package was a doable effort.  
Through the Hardened Subminiature Telemetry and Sensor System (HSTSS) program a contract 
was awarded to Endevco for this effort with testing and evaluation to be performed at the U.S. 
Army Research Laboratory. 
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SINGLE AXIS ACCELEROMETER 
 
The die from the existing 7270A accelerometer was repackaged into a small plastic carrier and a 
surface mount, high-g accelerometer was developed by Endevco and given the designation  
model 70.  The 7270A is approximately 0.565” x 0.275” x 0.110” whereas the model 70 
accelerometer is approximately 0.250” x 0.125” x 0.075”.  Since the model 70 is a surface mount 
component there are no wires extending from it.  A photo of the two gauges side by side is 
shown in figure 2.  The model 70 gauge was made in three different g levels, 6,000, 20,000 and 
60,000 g’s. 

 
 

 
 
 
 
 

Figure 2:  7270A Accelerometer vs. Model 70 Accelerometer 
 
Independent of this contract Endevco was redesigning the die used in the 7270A gauges.  
Leveraging that effort, the die used in the model 70 60,000 g accelerometer was a new design 
whereas the initial 6,000 g and 20,000 g accelerometer used the preexisting die.  The new die 
was designed to be transparent to the user in the sense that it had the same or similar electrical 
and mechanical properties as the original.  The main difference was that it is easier and less time 
consuming to assemble.  

 
 

SINGLE AXIS ACCELEROMETER SHOCK TESTS 
 

Shock table tests were performed on the gauges to determine if they performed according to the 
specifications in the contract.  An MTS Shock Table, shown in figure 3, at the U.S. Army 
Research Laboratory was used to perform the tests.  The shock table has a range of loads it is 
capable of imparting from very small shock with a relatively long duration to shock as high as 
30,000 g’s and a short (µs) duration.  As the shock load increases the maximum duration 
obtainable decreases.   
 
To operate the shock table the device tested is rigidly mounted on a table and the table and 
device, as a unit, is raised to a given height and held in place via a set of brakes.  A bungie cord, 
attached to the table, applies a force in the direction of the base.  The higher the table is raised 
the more the bungie cord stretches and the load is increased.  To impart the shock the brakes are 
released and the table slams down on a solid base.  A buffer material, such as felt, is placed on 
the solid base to program the level of shock.  The duration and level of shock is determined by 
the height of the table and the thickness and makeup of the buffer material.  To increase the 
shock duration a thicker and/or softer buffer material is used, however, this reduces the 
maximum shock load for a given height.  To obtain a given shock load with a thicker material 
the table height has to be increased.  There is a trade off between shock duration and shock pulse 
and these are controlled by table height and buffer material.   
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 Figure 3:  MTS Shock Table Figure 4:  Accelerometer Test Board 
 
In order to compare the 7270A gauge and the model 70 gauge it was desirable to test them at the 
same time on the shock table and observe the response of each one.  A circuit board was 
designed and developed, shown in figure 4, that would hold both accelerometers and provide the 
power regulation and signal conditioning for both the gauges.  Note that one side of the 7270A 
gauge was cut off in order to make it fit on the circuit board.  This procedure is used frequently 
to fit the gauge into small locations.  Instead of  mounting it with screws, it was glued to the 
board with five minute epoxy and the entire board was bolted to an aluminum plate that would 
be mounted to the shock table as shown in figure 5.  With this setup the two gauges are as close 
together as possible which would allow for a good comparison on the shock table.  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5:  Accelerometer Test Fixture Mounted to Shock Table 
 
Multiple drop tests were performed and the output of each sensor was measured, recorded and 
converted to acceleration using the scale factors supplied with the gauges by Endevco.  It can be 
seen from the graphs in figures 6 and 7 that the response of the model 70 gauge is very similar to 
the response of the 7270A gauge.  The minor variations in the shock pulse from one gauge to the 
other were expected.  Even though the gauges were mounted as close together as possible there 
are still variations that can occur on the shock table and it is possible that the printed circuit 
board could have some minor deflections contributing to variations in the measured shock pulse.  
Overall, these results are very promising and show that the two different versions of 
accelerometers are indeed functioning as expected. 
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Figure 6:  Comparison of the 7270 and 70 Accelerometer Outputs for Drop Test #1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7: Comparison of the 7270 and 70 Accelerometer Outputs for Drop Test #2 
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TRI-AXIAL ACCELEROMETER 
 

In addition to repackaging the die it was also determined that it would be beneficial to have a 
surface mount, high-g, tri-axial accelerometer.  The concept was to mount three model 70 gauges 
on a cube that would allow for the measurement of acceleration in all three axes.  A cube was 
developed with electrical traces and three accelerometers were mounted on it as shown in figure 
8.  On the bottom of the cube were solder pads so conductive epoxy could be used to mount it to 
a printed circuit board.  In addition to the pads on the bottom of the board, there were also pads 
on top for wires in case that was the desired connection point.  The accelerometer on the top of 
the cube was a 60,000 g accelerometer and the two on the sides were 6,000 g accelerometers.  
However, any of the three ranges (6k, 20k, or 60k) can be mounted on the cube giving it a great 
degree of flexibility depending on the required measurement ranges.  This particular 
configuration was chosen for a typical gun launch where the top gauge would measure setback 
acceleration and the side gauges would measure balloting.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8:  Model 73 Tri-Axial Accelerometer 
 
 
 

TRI-AXIAL ACCELEROMETER SHOCK TESTS 
 

A printed circuit board (PCB), shown in figure 9, was developed to test the tri-axial 
accelerometer.  The PCB provides power for the accelerometer cube as well as signal 
conditioning for all three of the accelerometers on the cube.  The accelerometer cube was 
initially attached to the PCB via conductive epoxy only, but an additional nonconductive epoxy  
was later added, as shown in figure 10, after if was concluded that the conductive epoxy alone 
was not strong enough to hold the cube to the board.  

Z 

X Y 
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Figure 9:  Tri-axial Accelerometer and PCB  Figure 10:  PCB with additional epoxy 
 
Similar to the model 70 accelerometer tests, one 7270A was mounted near the model 73 
accelerometer cube as a reference.  However, it was not mounted on the PCB due to space 
limitations.  The 7270A was instead mounted next to the PCB as shown in figure 11. 
 
 
 

 
 
 
 
 
 
 
 
 

 
 

Figure 11:  Accelerometers mounted to the shock table 
 
Results for these tests are shown in figures 12 thru 14.  In each case, the z-axis is the axis in the 
direction of movement of the shock table whereas the x and y axes are perpendicular to the axis 
of movement.  Ideally, the response from the z-axis gauge on the model 73 should be as close as 
possible to that of the 7270A accelerometer.  The results from each of the following tests show 
that the output response of the model 73 z-axis accelerometer is very similar to the response of 
the 7270A accelerometer.  As seen with the earlier model 70 tests, there are some differences 
between the outputs of the two accelerometers.  However, this was expected since the sensors are 
located at different points of the shock table and it is typical for multiple sensors to often have 
small  differences in output response.  Overall, the results of these tests show that the model 73 
accelerometer is working as expected and providing good measurements.   
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Figure 12:  Comparison of the 7270A and 73 Z-axis Accelerometer Outputs for Drop Test #4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13:  Comparison of the 7270A and 73 Z-axis Accelerometer Outputs for Drop Test #5 
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Figure 14:  Comparison of the 7270A and 73 Z-axis Accelerometer Outputs for Drop Test #6 

 
In addition to the z-axis measurements, the response of the x and y axis gauges were also 
recorded for each test.  An example is shown in figure 15.  Each of these gauges also measured 
small amounts of acceleration during the tests.  This was expected because the shock table is a 
very harsh environment and it does not always produce a unidirectional shock.  Although not 
planned, there is lateral movement which is measured by the x and y accelerometers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15:  Comparison of the Model 73 Tri-axial Accelerometer X and Y axes 
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FLIGHT TEST DATA 
 
Once evaluation of the model 73 accelerometer cube was completed, it was used on a variety of  
flight tests.  In one case, onboard sensor data, which included the model 73 and several pressure 
sensors, was provided via an onboard telemetry system.  The model 73 and pressure sensor data 
was used to measure set-back acceleration.  A comparison of all three data sets, shown in figure 
16,  provided the test engineers with an accurate assessment of set-back acceleration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16:  Flight Test Data Provided by the Model 73 Accelerometer Cube 
   
 

CONCLUSION 
 
Through a contract with Endevco, a new surface mount accelerometer, the model 70, was 
developed which reduced the size of the 7270A high-g accelerometer significantly.  The model 
70 was also packaged onto a small cube to form a surface mount tri-axial accelerometer, the 
model 73.  Both of these new accelerometers were shock tested numerous times up to 35,000 g’s 
and the response of each one was found to be very similar to the standard 7270A gauge.  These 
new accelerometers free up valuable real estate in the small cavities where instrumentation and 
sensors are often placed and provide greater design flexibility over the original 7270A gauge.   
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ABSTRACT 

 

Historically, aircraft power monitoring has required the use of multiple signal conditioning 

functions to measure various parameters including voltage, current, frequency and phase.  This 

information was then post processed to determine the characteristics of the 3-phase power 

quality on the aircraft. Recent developments in embedded DSP processors within signal-

conditioning systems provide the instrumentation engineer with expanded capabilities for real-

time on-board power quality monitoring. Advantages include reduced space and bandwidth 

requirements and minimal wiring intrusion. For each phase, output data may include peak 

positive and negative voltages and currents, peak-to-peak, average and RMS voltages and 

currents, phase power (real and apparent), phase power factor, phase period (frequency), phase 

shift measurement from phase 1 (the reference phase) to phase 2, and from phase 1 to phase 3. In 

addition, a Fast Fourier Transform (FFT) is performed on each phase voltage to provide Total 

Harmonic Distortion measurements. 

 

This paper describes the methods employed in the implementation of these functions on a single 

signal-conditioning card in order to provide detailed information about the power quality of a 

three-phase aircraft power source. 

  

Key Words 

 

Power Monitor, Fast Fourier Transform, Total Harmonic Distortion, Three-Phase Power  

 

INTRODUCTION 
 

Modern aircraft frequently require prodigious amounts of electrical power to run electrical, 

environmental, navigation and control systems as well as a host of other equipment.  The source 

of all this electrical power is often a 120 Volt, three-phase AC generator or in some cases, 

several such units of varying sizes.  With so much reliance on generated electrical power, any 

system responsible for monitoring the overall health of the aircraft must devote significant 

resources to monitoring electrical power quality.  Historically, 3-phase AC aircraft power quality 

monitoring was done by collecting raw data components including: 

• Voltages (3) 

• Current (3) 

• Generator Frequency (1) 
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These raw data components were later post-processed by ground stations to determine the overall 

power quality on the aircraft.  While this method provided basic information about the health of 

the aircraft power and the load requirements on the generator(s), it did not directly provide 

additional key information about the system that is crucial to understanding the test vehicle’s 

generator and loads.  For example: 

• True power of each phase which must take into account the power factor 

• Power factor also provides valuable information about the nature of the load.  Is the load 

inductive (voltage leads current) or capacitive (current leads voltage)? 

• The phase difference between each of the three generator phases. 

• Transient and Peak voltages and currents as well as the RMS voltages and currents of 

each phase. 

• How pure is the 400Hz waveform?  Does it approach the purity of a sine wave or is there 

substantial harmonic content? We need to get a measure of the total harmonic distortion. 

 

While most of this valuable information could be gained through post-processing, it was not 

available in real time and the amount of raw data required made significant demands on the 

available telemetry bandwidth.  

 

 

DESIGN APPROACH 

 

The PMC-106A DSP based Power Monitoring card was developed to offer a new design 

approach to power quality monitoring.  Specifically the PMC-106A is engineered for:  

• Providing the user with maximum measurement flexibly and a wide selection of 

processed data parameters 

• Continuous data processing so no transient events of interest are missed 

• Minimizing the amount and complexity of the input wiring 

• Providing the user with information rather than raw data alone 

• Providing a built-in test signal generator 

• Meeting a wide variety of applications including: 

o Multiple single phase supplies 

o Multiple phase supply 

o Wide range of input voltages, current levels, and signal frequencies 

 

 

PMC-106A CARD HARDWARE ARCHITECTURE 

 

As depicted in Figure 1, the PMC-106A has three (3) sets of paired voltage and current input 

channels, one set for each phase of a 3-phase system.  Voltage input channels feature 1:20.1 

differential input attenuators to allow input voltages up to +205 volts (145VRMS sine wave).  

Current channels require the use of external 400 Hz current transmitters with output voltages up 

to +10.24 volts.  Space is provided on the PC board for precision current-to-voltage conversion 

resistors for current transmitters with proportional current outputs.  Figure 2 depicts a typical 

example of how a 3-phase power generator might be instrumented, showing both the external 

400 Hz current transmitters and the connections to the PMC-106A card. 
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Both current and voltage channels provide software selection of AC or DC input coupling and 

software configurable gains from 1 to 10, in 4100 steps.  Each channel includes a pre-sample low 

pass filter with a fifth order (5-pole) Butterworth characteristic and –3dB frequency set at 8.0 

KHz.   The output of the pre-sample filter is applied to an ADC, which digitizes the analog data 

at 14-bit resolution.  The filter output is also applied to a comparator circuit that serves as a zero-

crossing detector, providing greater period (frequency) and phase resolution than would be 

available from the ADC data alone. 

 

A digital phase locked loop (DPLL) is used to provide the ADC sample rate.  The output of each 

voltage channel zero-crossing detector is used to provide a sampling signal of 128 x the input 

frequency.  In a 400Hz generator system, the ADC sample rate will be 51.2 Ksps.  This 

arrangement is depicted in Figure 3.  Phase locked sampling conveys multiple benefits.  When 

the generator frequency varies from nominal, the ADC sample rate varies with it, allowing the 

number of samples per line cycle to always remain at the integer value of 128.  This allows 

measurements such as average and RMS values to be based on a specific number of full power 

cycles (8 in this case), even as the generator frequency varies.  Measurement ripple caused by 

measurement over a partial power line cycle is prevented.  Furthermore, the accuracy of Total 

Harmonic Distortion (THD) measurements based on the discrete Fourier transform is enhanced 

since the harmonic content levels (based on the ADC sample rate) will always be exact multiples 

of the power frequency. 

 

Output data from the channel zero-crossing detector are analyzed by the DSP with a resolution of 

1µs, providing much higher resolution for period (frequency) and phase measurements than 

could be obtained from the channel ADC, sampling at its nominal rate of 51.2KHz. 

 

The on-board DSP continuously analyzes data in 8-cycle blocks (except for THD which is 

analyzed in 2-cycle blocks).  Simultaneously, the next 8 cycles of data are being collected.  All 

selected parameters are read from a current value table that is updated every 40ms (25 times per 

second) except for raw data, which is updated at an 8KHz rate.  Thus, any potential for missing a 

significant data event is avoided, provided that all parameters of interest are sampled every 40ms 

or faster.  Every peak positive, peak negative and peak-to-peak excursion within the analog 

bandwidth of the channel will be captured.   
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Figure 1:  PMC-106A Voltage/Current Input Block Diagram 
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Figure 2:  Example of a 3-phase power generator to be instrumented
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Figure 3:  PMC-106A ADC Sampling Signal 
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MONITERED DATA AVAILABLE FOR ANALYSIS 

 

The PMC-106A setup software allows any or all of the following parameters to be included in 

the PCM data stream.  All selected parameters are read from a current value table that is updated 

every 40ms (25 times per second) unless otherwise stated. 

 

Raw Channel Data (RAW): 

The low-pass filtered, but otherwise raw, current or voltage channel output data.  Raw 

channel data also includes the parasitic offset correction if that feature is selected in the 

PMC-106A setup software.  The data update rate is 128 x the channel voltage frequency.  

At 400Hz, the data update rate = 51.2 KHz (19.53µs).  RAW may be software 

configured as a 14-bit signed binary value or a 14-bit unsigned binary value.  With the 

channel gain set to 1, the full scale input range for voltage channels is -205.81V to 

+205.81V and the full scale input range for current channels is -10.24V to +10.24V.  

 

Peak Positive Amplitude (PPOS): 

The peak positive voltage or current measured during the recording interval.  PPOS is a 

13-bit unsigned binary value.   

 

Peak Negative Amplitude (PNEG): 

The peak negative voltage or current measured during the recording interval, negated to 

provide a positive number.  PNEG is a 13-bit unsigned binary value.   

 

Peak To Peak Amplitude (PPA): 

 PNEGPPOSPPA +=   

PPA is a 14-bit unsigned binary value.   

 

Average Amplitude (AVG): 
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The average of the absolute values of voltage or current measured during the recording 

interval, calculated as shown below.  AVG is an unsigned binary value scaled to 16-bits.   

 ∑
=

=

N

i

di
N

AVG
1

8
 

Where N = the number of samples collected during the sample period and di is the i
th

 

data sample collected during the sample period.  The constant 8, is a scaling factor used 

to provide a full scale 16-bit output for this parameter when the sampled data is at full 

scale. 

 

RMS Amplitude (RMS): 

The root mean square of the values of voltage or current measured during the recording 

interval, calculated as shown below.  RMS is an unsigned binary value scaled to 16-bits.   

  ∑
=

=

N

i

di
N

rms
1

21
*8  

Where N = the number of samples collected during the sample period and di is the i
th

 

data sample collected during the sample period.  The constant 8, is a scaling factor to 

provide a full scale 16-bit output for this parameter when the sampled data is full scale. 

 

Phase Real Power (PWR): 

The sum of products of the instantaneous voltage and current values measured during 

the recording interval, calculated as shown below.  PWR is an unsigned binary value 

scaled to 16-bits from 0 to |VMax| * |IMax|.   

  ∑
=

=

N

i

IiVi
N

PWR
1

10
*

2*

1
 

Where N = the number of samples collected during the sample period Vi is the i
th

 voltage 

sample and Ii is the i
th

 current sample collected during the sample period.  The constant 

2
10

, is a scaling factor to provide a full scale 16-bit output for this parameter when both 

Vi and Ii are at their full scale values. 

 

 

Phase Apparent Power (APR): 

The product of the phase rms voltage and current values measured during the recording 

interval, calculated as shown below.  APR is an unsigned binary value scaled to 16-bits 

from 0 to |VMax| * |IMax|.   

   162

* RMSRMS IV
APR =  

Where Vrms is the phase rms voltage and Irms is the phase rms current measured over the 

sample period.  The constant 2
16

, is a scaling factor to provide a full scale 16-bit output 

for this parameter when both VRMS and IRMS are at their full scale values. 
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Phase Power Factor (PFAC): 

The ratio of the phase real power and apparent power measured during the recording 

interval, calculated as shown below.  PFAC is an unsigned binary value scaled to 15-bits 

from 0 (purely reactive) to 1 (purely resistive) with an additional inductive/capacitive 

indicator bit.   

 PFAC = LC [bit 15] + 32768*
APR

PWR
 [bits 14 - 0] 

Where LC is 0 for inductive (V leads I) and 1 for capacitive (I leads V), PWR is the 

phase real power and APR is the phase apparent power measured over the sample period.  

  

Period (PER): 

The average period of the channel 1 voltage waveform (reference channel) measured 

over the sample period.  This measurement is based on negative to positive zero 

crossings.  PER is a 12-bit unsigned binary value in which each count represents 1.0 µs.  

The measurement range is thus from 0 to 4095 µs with a 400.00 Hz frequency providing 

a PER reading of 2500 or 94C hex (12bpw).   

 

Phase (PHS): 

The average time difference between positive going zero crossings of the selected phase 

voltage and the phase 1 voltage (reference channel) divided by the period, calculated as 

shown below.  PHS is a signed binary value scaled to 16-bits from -π radians to +π 

radians (-180° to +180°).  One count therefore equals π/32768 or 0.0000959 radians 

(180/32768 or 0.005493°).   

32768*
PER

TIM
PHS

S∆
=  

Where ∆TIMS is the average time difference in µsec between positive going zero 

crossings of the selected phase voltage and the phase 1 voltage (may be either positive 

or negative) and PER is the average period of the channel 1 voltage waveform as 

measured over the sample period. 

  

Average 3-Phase Power (PAV3): 

The sum of the real power for all three phases divided by 3 measured over the recording 

interval, calculated as shown below.  PAV3 is an unsigned binary value scaled to 16-bits 

from 0 to |VMax| * |IMax|.   

 ∑
−

=

3

13

1
3

i

iPWRPAV  

Where PWRi is real power in phase i measured over the sample period. 

  

Total Harmonic Distortion (THD): 
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Calculated for each voltage phase in sequence with a data update rate for each phase of 

6.67 Hz (15ms).   THD is defined as the square root of the sum of the squares of 

harmonic component voltages for harmonics 2 through 20 divided by the total rms 

voltage measured over the recording interval.  THD is calculated as shown below.  THD 

is an unsigned binary value scaled to 16-bits from 0 to 1.   

 65536*

20

2

2

VTrms

VHrms

THD
i

i∑
=

=  

Where VTrms is the total rms phase voltage and VHrmsi is the rms voltage of the i
th

 

harmonic only, measured over the sample period.  Note that the rms voltage of the 

fundamental frequency (i=1) is NOT present in the numerator term. 

 

CONCLUSIONS 

 

The PMC-106A power monitor card is engineered to provide the user with an integrated 

capability for performing real-time monitoring of a 120 volt, 400Hz, 3-phase AC generator and 

its load.  Alternatively, it may be used to monitor up to three (3) single-phase AC generators.  

Input to the card consists of six signals (3 voltages and 3 currents).  The user may then select 

from up to 54 output parameters regarding the health of the power generation system and its 

load. 

 

The card analyzes a previously collected block of data while simultaneously collecting the next 

data block (there is no potential for missing data if parameters of interest are sampled every 

40ms or faster).  Every peak positive, peak negative and peak-to-peak excursion within the 

analog bandwidth of the channel is captured.  Engineering data calculations including FFT for 

providing total harmonic distortion measurements as well as extensive power and load 

calculations are provided on a single circuit card with minimal use of valuable data bandwidth. 
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ABSTRACT 

 

Modern aircraft now employ widely accepted and standardized technology commonly found in 

COTS applications.  One such technology, Fibre Channel, has been deployed to transport both 

low and high-speed measurement data.  Data as varied as “command and control”, “Radar 

Sensors” and “video” are being transmitted over fibre channel on many aircrafts. Some of these 

applications require data monitoring in listening mode only where transmission from the 

instrumentation equipment is not allowed or possible. As a result, standard off the shelf Fibre 

Channel devices cannot be used, and a development of a general purpose Fibre Channel monitor/ 

analyzer device and product is required.   

 

This paper discusses the concept, merits, and implementation of fibre channel bus monitoring in 

modern data acquisition systems.  Techniques for tapping into an optical fibre channel network, 

as well as, a recording format for IRIG106 Chapter 10 are included.  An overview of fibre 

channel topologies and protocols is also provided. 

 

KEY WORDS 

 

Fibre Channel, Data Acquisition, Recorder, IRIG-106 Chapter 10 

 

INTRODUCTION 

 

Fibre Channel bus is widely used in the telecom and storage industries. In the past 15 years the 

bus has been making its way on many aircrafts applications. Original application of the Fibre 

Channel on aircrafts was to pump high data rate from radar sensors to radar processors. Today 

the Fibre Channel bus can be found as the main avionic bus, as well as a dedicated bus for some 

high data rate to transport video and data between units. Additionally, aircrafts using avionics 

fibre channel as their core bus have switch fabric to route video and data. Data monitoring of the 

fibre channel can be relatively simple or very complex task. That complexity depends on many 

factors such as fiber vs. electrical bus, receive only vs. the ability to establish fibre channel 

protocol link, availability of an instrumentation port on a switch fabric vs. snooping on a bus, etc. 
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This complexity may extend beyond the simple data collection, and may require extensive post 

flight data processing to assemble fibre channel data frames into data messages that can be 

analyzed. The messages may include video, data, and aircraft specific formatted payload.  

 

The simple and straightforward fibre channel monitoring applications are the ones that establish 

complete protocol link (transmit/receive) to acquire and record fibre channel data. For this, there 

are many off the shelf devices that can be used to communicate over fibre or electrical interface 

and establish proper link to collect and record data frames and data messages. The more difficult 

application is to monitor fibre channel in the receive mode only. This is the topic that the paper 

will be discussing in detail. A primer on fibre channel standards is provided, followed by 

specifics of monitoring fiber channel data. 

 

 

INTRODUCTION TO FIBRE CHANNEL 

 

Since 1988, the T11 working group of the InterNational Committee for Information Technology 

Standards (INCITS, accredited by ANSI) has been defining standards for Fibre Channel. These 

standards create a class of computer communications protocols to satisfy high performance 

information transport. Communication speeds up to 10 Gigabits per second, varied connection 

topologies, copper, fiber mediums, and an abundance of application level protocols are 

accommodated. 

 

Definition of the fibre channel standard is split amongst multiple documents. The standard is 

organized into levels, FC-0 through FC-4. The foundation levels, FC-0, FC-1, and FC-2 were 

originally defined by a series of documents; ANSI X3.230-1994, Fibre Channel – Physical and 

Signaling Interface (FC-PH), ANSI X3.297-1997 (FC-PH-2), and ANSI X3.303:1998 (FC-PH-

3). The later two documents were supplements that refined the original definition. A fourth 

document was added to extend the definition, “ANSI X3.272-1996, Fibre Channel Arbitrated 

Loop (FC-AL)”. In time, this collection of documents was reorganized into 2 documents 

covering levels FC-0 through FC-3; INCITS 352:2002, Fibre Channel Physical Interface (FC-

PI) and INCITS 373:2003, Fibre Channel Framing and Signaling (FC-FS). The top-most level, 

FC-4 provides definitions for mapping higher level protocols into fibre channel.  These are often 

referred to as upper layer protocols and each mapping is defined in its own document.  There is a 

large collection of standard upper layer protocol mappings. Some of those directly applicable to 

the flight test community are listed below. 

• SCSI-FCP ANSI X3.269-1996 Fibre Channel Protocol for SCSI  
• FC-LE ANSI X3.287-1996 Fibre Channel - Link Encapsulation  

• FC-AV Project 1237-D Fibre Channel - Audio-Visual (FC-AV)  

• FC-AE Project 2009-DT Fibre Channel - Avionics Environment (FC-AE)  

• FC-AE-1553 Project 1648-DT Fibre Channel Avionics Environment - Upper Layer 

Protocol MIL-STD-1553  

• FC-AE-ASM Project 1649-DT Fibre Channel Avionics Environment - Anonymous 

Subscriber Messaging  

• FC-AE-LP Project 1650-DT Fibre Channel Avionics Environment - SCSI-3 Lightweight 

Protocol  
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• FC-AE-RDMA Project 1651-DT Fibre Channel Avionics Environment - SCSI-3 Remote 

Direct Memory Access  

FC-0: Physical Interface 

The lowest level of the standard defines the physical interface.  Data rates, media variants, 

connectors, distance limitations and signal quality are all defined. Media definitions include 

single and multimode fiber, copper, and an assortment of adapters and connectors. 

 

FC-1: Encode/Decode and Link Control 

Above the media level, transmission encoding and decoding (codec) is dictated at the FC-1 level.  

Fibre channel carries eight bit data bytes in 10 bit characters.  Known as the “8b/10b” encoding 

scheme, it provides superior transmission characteristics with very low error rates.  Building on 

the codec, FC-1 defines unique sets of characters called ordered sets. These are used to provide 

primitive signaling capability and link-level protocol. 

 

FC-2: Framing Protocol 

Fibre channel data is carried in frames above the link layer. A group of ordered sets are defined 

as frame delimiters. There are 22 frame delimiters in all; 12 start-of-frame (SOF) and 10 end-of-

frame (EOF). The remaining ordered sets are transmitted between frames for signaling and link 

control. FC-2 defines the structure, format and sequencing of frames. Flow control mechanisms 

are defined, as well as, the classification of data. Frames are classified by service level, allowing 

sending ports to control the reliability and order of data delivery. This is one of the reasons why 

there are so many start-of-frame, end-of-frame pairs. 

 

The combinations of flow control and transport attributes make up 4 classes of service suitable 

for different applications.  Each class of service has unique characteristics. Class 1 is connection-

oriented, providing exclusive access to the full bandwidth of the link. Class 2 is connectionless 

with frame delivery notification, but no bandwidth guarantee. Class 3 is connectionless without 

frame delivery notifications or guaranteed bandwidth.  Class 4 provides a connection-oriented 

virtual circuit with frame delivery notifications plus bandwidth and latency guarantees. 

 

Regardless of class of service, all data is transported in frames (Figure 1). Each contains a 24 

byte header with various frame attributes.  Optional frame headers are defined where needed and 

all frames include a CRC. Among other things, the mandatory header controls frame routing and 

sequencing information. Each frame can carry up to a maximum of 2112 bytes of data. 

Application level data is not limited by this restriction. Larger units of application data are 

fragmented into a sequence of frames and reassembled at the destination. 

 

Start of Frame (4 bytes) 

Frame Header (24 bytes) 

Optional Headers 

Payload (up to 2112 bytes) 

CRC (4 bytes) 

End of Frame (4 bytes) 

 

Figure 1. Fibre Channel Frame 
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FC-3: Common Services 

The FC-3 level was loosely defined for future use.  It is reserved for the role of common services 

spanning multiple ports. 

 

FC-4: Protocol Mappings 

FC-0 to FC-2 provide sufficient definition for effective transmission of data.  However, it is the 

FC-4 level that makes the transport available for application protocol use. The ability to transport 

upper layer protocols like SCSI, or TCP/IP make fibre channel practical for application use.  The 

encapsulation of upper layer protocol (ULP) within fibre channel is defined for multiple 

applications. To date this includes, but is not limited to; SCSI, IP, Link Emulation, Audio-Video, 

and Avionics. Each ULP mapping defines the information transferred between endpoints as 

information units. A grouping of information units transferred between a pair of ULPs is called 

an exchange. Each exchange may be transported in one or more related information units, which 

may be transported in one or more sequences, which may be transported in one or more frames.  

Throughout an exchange, it is the frame headers that contain all the information needed to make 

sense of the hierarchical transport. 

 

Network Topology 

The Fibre Channel standards define three topologies; point-to-point (Figure 2), arbitrated loop 

(Figure 3), and switched fabric (Figure 4).  Each topology is defined for a particular purpose. 

endpoint 

n-port 

endpoint 

n-port 

Tx 

Rx 

Rx 

Tx 

 
Figure 2.  Fibre Channel Point-to-Point 

 

The simplest topology, point-to-point, is designed to interconnect two endpoints.  The transmitter 

on each device is connected directly to the others receiver.  All fibre channel ports in a point-to-

point network are referred to as N-Ports.  N-Ports require the least amount of protocol interaction 

to establish a connection. 

endpoint 

l-port 

Tx 

Rx 

endpoint 

l-port 

Rx 

Tx 

endpoint 

l-port 

Tx 

Rx 

endpoint 

l-port 

Rx 

Tx 

 
Figure 3. Fibre Channel Arbitrated Loop 

 

The arbitrated loop topology was designed for mid-sized networks.  A loop can accommodate up 

to 127 endpoints.  Devices are directly interconnected in a ring.  All ports within an arbitrated 

loop are referred to as L-Ports.  Wiring for L-Ports is complicated by the fact that a single 
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endpoint requires connection to 2 others in the loop.  The wiring can be dramatically simplified 

through the use of fibre channel hubs.  Fibre channel hubs are mostly passive devices that are not 

considered endpoints and do not introduce additional protocol overhead. Arbitrated loops do not 

use a token passing scheme.  All basic communications remain essentially point-to-point 

between endpoints. Communication on the loop is limited to a single pair at a time. Thus, 

additional protocol overhead is required to arbitrate access to the loop. 

endpoint 

n-port 

Tx 

Rx 

endpoint 

n-port 

Tx 

Rx 

endpoint 

n-port 

Rx 

Tx 

endpoint 

n-port 

Rx 

Tx 

switch 

f-ports 

Rx 

Tx 

Rx 

Tx 

Tx 

Rx 

Tx 

Rx 

 
Figure 3. Fibre Channel Switched Fabric 

 

For large scale networks, the switched fabric topology (Figure 3) can accommodate up to 2
24

 

endpoints. Each endpoint in a fabric connects directly to a port on a network device, a fibre 

channel switch. Within a switched fabric, ports on the switch are referred to as F-Ports and those 

on the endpoints are N-Ports. Switches within the fabric may be interconnected to build larger 

and larger networks. Switches are active participants in the network and may provide high level 

services substituting for a server in other topologies. Switches add to the protocol overhead 

within a network.  However, a switch enables simultaneous communications between many 

endpoints. 

 

HARDWARE ARCHITECTURE 

 

There is a need to monitor several optical fibre channels in receive mode only. Since there is no 

true fiber channel link, it was clear that there was no possible way to identify messages and 

payload protocol within those messages. If the transmit and receive bus signals are acquired in 

the receive mode as two separate channels, and major processing is possible within the bus 

monitor, then a potential frame stitching can be done to identify application based messages. In 

our case the monitor card received two independent channels. 

 

 It was assumed that there must be some devices or Intellectual Property (IP) based solution to 

monitor fibre channel data in the receive mode only. We identified several fibre channel bus 

analyzer companies that implemented FPGA based IP for data monitoring. It was impossible to 

justify their IP cost and the recurring per channel cost due to the low production quantities.  We 

decided to develop the IP to resolve the immediate customer needs and to add in-house 

capabilities that can be transformed with some minor changes into opportunities in other 

applications.  

 

The requirements were to monitor several optical Fibre Channel signals operating at 1 Gb/s in 

the receive mode only at optical wavelength of 830 to 860nm. This function was to be designed 
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as part of IRIG-106 Chapter 10 multiplexer / recorder system. A quick area study showed that it 

was possible to integrate two channels per circuit card with a single FPGA and some peripheral 

devices. The two channel single board design was based on several key components including 

the fiber connector, Optical to Electrical transceivers, FPGA, Ping-Pong storage buffers and the 

PCI bridge. The goal was not only to meet current customer requirements, but also to meet other 

potential applications that operate at 2 Gb/s. 

 

Board Design Description 

The two Fibre Channel inputs interface through Glenair Fibre D-shell ruggedized connectors. 

This connector introduces about 1 dBm loss and uses 62.5 / 125 um multi-mode fiber. Each 

channel is routed to its optical to electrical transceiver. The transceiver can operate at rates of 1 

and 2 Gb/s and is rated at –17dBm to 0dBm of optical input power. The transmitting section of 

the transceiver is not used in the current design, but it is wired to the FPGA and the connector for 

future use. Received data is routed through the FPGA for processing (see FPGA Data 

Processing) at a preprogrammed line rate, and then sent for recording through the on board PCI 

Bridge. Data transfers between the FPGA and the bridge (Local Bus) occur at 32-bit 66MHz, 

while transfers between the bridge and the system backplane occur at 64-bit 66MHz or 64-bit 

33MHz depending on the chassis type. The backplane provides time with 100ns resolution to the 

FPGA for Fibre Channel frame time stamp. Please refer to Figure 5 for the Board and FPGA 

Block Diagram. 
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Figure 5. Board and FPGA Block Diagram 

 

FPGA Data Processing  

A single XILINX FPGA was chosen to process received data from up to two channels operating 

at either 1 or 2 Gb/s. The XILINX Virtex 2 Pro was the device of choice due to its Rocket I/O IP 

core, the device speed, and its internal memory. This device incorporated a proven reliable multi-
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gigabit receiver needed to accomplish the task. Early in the design phase it was discovered that 

the XILINX Rocket I/O IP did not calculate the packet CRC correctly for some classes of 

operation. To enhance the CRC checking capabilities of the Fibre Channel interface, it was 

decided to perform the CRC32 in the FPGA fabric to cover the full range of classes of operation. 

 

Each channel used an FPGA internal RAM for temporary storage of data frames before sending 

the data to the packetizer and descriptor memory in order to control the Ring Management 

Scatter Gather DMA Mode. Frames are timestamped at the SOF, and stored with the data in the 

dual port RAM. The packetizer retrieves the data from the dual port RAM and based on the 

frame size, determines if it can fit in the external 128Kx 32 Ping-Pong buffer. If it cannot fit, the 

frame is held for buffer swap, and then be inserted in the next buffer as the first frame. One 

buffer is used for the FPGA to write incoming data frames, while the other buffer is used by the 

DMA to transfer the data to the host memory buffer for recording. Data is transferred to the host 

for recording under two conditions: 1) The 128K buffer is full, and 2) buffer is not full but 90 ms 

time elapsed since the first data frame was written to the buffer. The second condition is based 

on the IRIG-106 Chapter 10 requirement that “Each Packet Must be Generated within 100 

milliseconds whenever data is available to ensure packets contain less than 100 milliseconds 

worth of data”.  

 

Two key components were critical to the success of the Fibre Channel bus monitor card, the 

Rocket I/O clock oscillator and the Ping-Pong buffer devices. The clock oscillator provides 

LVDS interface and very low jitter, with possible operation at 1 or 2 Gb/s. The Ping-Pong buffer 

used for each channel is a 200MHz burst RAM that enabled the size and speed to pump the 

incoming data at a very high data rate to the host. 

 

Network Access and Monitoring 

The fibre channel monitor card must exists within the fibre channel network without being an 

active participant. There are two options for optical networks. In a switched fabric topology, a 

custom switch may provide a non-standard port (Figure 6). It must be a port that does not rely on 

protocol to operate and the switch must mirror all fibre channel traffic of interest to the port. This 

solution requires special circumstance and may be difficult to find. However, some modern 

aircraft provide such a port. Often, these are referred to as Instrumentation Ports (I-Ports).  

FC Switch 

Fabric 
I-Port  

N-Port  N-Port  N-Port  N-Port  

F-Port  F-Port  F-Port  F-Port  

FC 

Monitor 

 
Figure 6. Fibre Channel Switch with non-standard I-Port 

 

All topologies can accommodate monitoring through the use of an optical splitter. The optical 

splitter must be located on the fibre channel segment of interest. One side of the split would feed 

data to and from the network, while the other side feeds the monitor card. 
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SOFTWARE ARCHITECTURE 

 

The fibre channel monitor card operates in a PowerPC processor based system with a PCI 

backplane. The host processor runs a Linux operating system with custom software. For the fibre 

channel monitor card a new device driver and custom application was needed. This software was 

designed for performance, data integrity and flexibility.  

 

Device Driver 

The device driver is a low level piece of software that interacts directly with the hardware.  Most 

notably, the driver communicates with the cards PCI bridge (PLX9656) and FPGA (XYLINX 

Virtex 2 Pro). The PCI bridge is programmed by the driver to facilitate DMA transfers from the 

card to host memory. This involves careful setting of a myriad of registers on the bridge. The 

bridge supports multiple DMA strategies. Due to the large amounts of memory required to 

satisfy high bandwidth data capture, a scatter/gather mode was selected. In this mode, the bridge 

is programmed with an array of ring buffer descriptors. Each contains a source, destination 

address, and buffer size. Once DMA is enabled, the bridge manages transfers using the source 

and destination buffers in the descriptor ring. 8 KB of memory is reserved per channel, providing 

up to a maximum of 512 descriptors on a ring. While running, bridge registers are continuously 

checked for status to detect and handle any error conditions. The FPGA exposes a register set as 

well. Through registers, the device driver initializes and controls operational state of the FPGA. 

Registers are utilized to detect error conditions and govern the data rate during overload 

conditions. 

 

Captured Fibre Channel Frame Format 

Through an optical splitter, or I-Port, all traffic on the network is directed at the fibre channel 

monitor port, including; all ordered sets, framing overhead and application data. The FPGA is 

designed to capture all transmissions between SOF, EOF ordered sets and ignore all other 

ordered sets (considered protocol overhead). The monitor exclusively targets application data 

regardless of the ULP, class of service or frame type. Frames and all information required to 

allow reliable exchange reassembly (in post processing) are needed. Metadata is added to each 

frame as it is captured (Figure 7). 

 

Timestamp (8 bytes) 

Status (4 bytes) 

Frame Header (24 bytes) 

Optional Headers 

Payload (up to 2112 bytes) 

Figure 7. Captured Fibre Channel Frame 

 

The data capture process strips the SOF, EOF, and CRC words (4 bytes each) from each frame 

and encodes this information in a packed format within the metadata. The metadata provides 

critical information for reassembly. This includes a timestamp and status word. The timestamp is 

a 64 bit relative time taken from the 10 Mhz oscillator (see IRIG 106-05 Chapter 10). The status 

word indicates errors, frame type, and frame length (Figure 8).  
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31 30 29 28 19 18   16 15         12 11                                      0 

FE CE OE reserved EOF SOF Frame Length 

Figure 8. Captured Frame Status Word 

 

Error Handling 

As a practical matter, it is important to not overlook the potential for problems in the network.  

The monitor must not fail in the presence of poorly implemented protocol, or faulty 

transmissions. To satisfy this demand, the FPGA tracks frame state.  Protocol problems such as 

missing EOF, multiple SOF, runt frames (too short, or missing headers), and excessive frame 

length (greater than 2112 bytes) are handled gracefully. The status word indicates these errors 

with the framing error bit (FE) when they occur. Transmission problems such as bad CRC are 

equally handled. The metadata status word indicates these errors with the CRC error (CE) bit. 

 

Integrity of captured data must be maintained under extreme conditions.  Operating at 1 Gb/s per 

channel, the fibre channel monitor board must be capable of capturing and moving over 200 

MB/s across its PCI backplane.  Alone, this is a challenging task.  Combined with the 

requirement to record at that rate makes the task almost impossible. Modern fibre channel based 

hard drives have trouble sustaining 50 MB/s. Solid state drives are generally slower. It is 

possible with RAID and parallel recording operations, however the average airborne system 

today would have trouble sustaining this rate. Moving data at such high rates also burdens the 

host processor. Whether the system bottleneck is at the recording interface or elsewhere, care 

must be taken to maintain data integrity. The fibre channel monitor board software was designed 

to detect overload conditions and properly manage them to protect previously captured data. 

 

Though the on-board memory is limited to 1 MB per channel, a super buffer ring technique is 

used to overcome this. The device driver can allocate as much memory as needed to handle high 

performance applications with extreme bandwidth bursts. The design incorporates a host based 

ring buffer scheme overlaid on top of the PCI bridge ring. Effectively, this creates a ring of super 

buffers chained together. As data is gathered in the boards ping buffer the pong buffer is DMA’d 

to a super buffer in the ring. When the ping buffer fills, the roles reverse and the pong buffer is 

used to capture frames while the ping buffer is DMA’d. For each successive ping/pong transfer, 

an interrupt signals the host and the FPGA advances to the next super buffer in the ring. As the 

FPGA advances, a Last Descriptor Written register is updated. When the host processes an 

interrupt, this register provides the location of fresh frames to consume. Likewise, when the host 

consumes a buffer, a Last Descriptor Read register is updated. 

 

Under overload conditions, capturing and routing more data only increases the system burden. 

The monitor board and software govern incoming data at the point of ingress to the system. The 

pong buffer transfer must complete before the ping buffer fills up. In case this fails, the error is 

signaled in the overrun error bit (OE) of the first status word in the next transfer. However, it is 

not likely that DMA across the PCI bus will cause a bottleneck. Overruns are far more likely to 

be caused by slow recording media. Also, under extreme loads, it is possible for the host to miss 

an interrupt. In any case, integrity of the recorded data is maintained. The Last Descriptor 

registers were designed to coordinate super buffer consumption between the host and FPGA. The 

FPGA is designed to not advance past the current read location. When all super buffers in the 
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ring are full, there is no place to transfer the content of a ping/pong buffer without corrupting 

previously captured data. Thus, the FPGA will stop the DMA process and start dropping 

incoming frames. This maintains data integrity in the super buffers and allows the host to recover 

from the overload. Still, it is not enough to blindly drop data. The board is designed to generate 

overrun reports which are transferred in-stream (for recording) as if they were a fibre channel 

frame. The overrun report includes the same metadata timestamp and status making it appear 

similar to a fibre channel frame. However, rather than a frame header and payload, the report 

contains the number of buffers lost, the number of frames dropped, and the number of bytes 

dropped. When the OE bit is set in the status word, the frame contains an overrun report (not a 

true fibre channel frame). 

 

Timestamp (8 bytes) 

FE CE OE=1 rsvd EOF SOF Length=12  

Number of Overruns (4 bytes) 

Number of Frames Dropped (4 bytes) 

Number of Bytes Dropped (4 bytes) 

Figure 9. Buffer Overrun Report 

 

Functional Validation 

Validating the fibre channel monitoring functionality is a significant task.  A multitude of 

network conditions must be simulated, the data captured and verified. To generate data, a 

commercial fibre channel simulator was used. The product provided tools to create custom frame 

content and generates fibre channel traffic with great accuracy and variety. To validate captured 

data, a custom verification tool was written. A single frame format and multiple test scripts were 

designed to test all of the following conditions. 

 

o All combinations of SOF, EOF 

o Ordered sets between frames (normal operation), within frames (abnormal), and 

unrecognized sets (abnormal) 

o Framing errors 

o invalid size (>2112 bytes) 

o bad CRC 

o bad protocol (SOF followed by SOF, EOF followed by EOF, etc.) 

o 100 ms timer 

o Error recovery on overruns 

o Timestamp accuracy 

o Frame dynamics 

o Varying size frames at fixed rates 

o Varying rates of fixed size frames 

o Varying size frames at varying rates 

o Line speed and throughput; 1 channel 1 Gb/s, 2 channels 1 Gb/s, 1 channel 2 Gb/s, 2 

channels 2 Gb/s 
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Each test script controlled the rate at which frames were sent and the content of each frame. 

When a script finished, it was automatically rescheduled and run again. Embedded within each 

frame payload was a sync word, the expected status word, and an incrementing pattern indicating 

ping-pong buffer numbering, frame counters, and byte counters.  This complex pattern was then 

written into a validation program that could analyze every captured frame in great detail, based 

primarily on the content of the frames themselves. With these tools, terabytes of data, collected 

for many hours on end, were scrutinized and verified to be 100% accurate. 

 

CONCLUSION 

 

The emergence of fibre channel in modern aircraft clearly defines the need for a reliable, high 

performance, highly adaptable monitoring device. The fibre channel monitor described by this 

paper has been proven to satisfy those needs as a result of successful design,  manufacturing and 

validation. 
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ABSTRACT 

 

Thermocouple measurements require “cold junction” compensation in order to obtain a correct 

reading. This compensation has traditionally been done with custom circuitry. In flight test 

applications where volume and power are at a premium (e.g. weapons flight test) it is desirable to 

have a more flexible solution that uses standard analog data acquisition channels already 

available as part of the encoder circuitry and performs compensation with remote software. This 

can be done via digital compensation, but certain measures must be taken to maintain accuracy 

and minimize noise. This paper describes some of these techniques and their performance trade-

offs. 
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INTRODUCTION 

 

Thermocouples are commonly used for temperature measurements in flight test. Thermocouples 

can handle extremely wide temperature ranges, with different thermocouple types being 

characterized to handle temperatures as high as 1800°C and as low as three degrees above 

absolute zero. The construction of thermocouples (two pieces of wire) means that they have very 

low thermal mass and can withstand harsh mechanical environments. However, thermocouples 

also have some intrinsic error factors which must be controlled to obtain an accurate reading. 

Also thermocouples generate very small voltages and can be highly susceptible to corruption by 

environmental noise. 

 

In flight test applications, thermocouple data is typically acquired using a customized data 

acquisition module which contains analog compensation circuitry to correct for measurement 

error sources in the thermocouple interface. While this solution serves many needs, it is desirable 

to find a solution which can be reached using standard data acquisition modules. Such a solution 

could decrease the overall size, weight, and power of the data acquisition unit, as well as making 

the overall data acquisition system more versatile and reconfigurable. 
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REVIEW OF THERMOCOUPLE BASICS 

 

Thermocouples are temperature sensors which are formed by the junction of two different 

metals. The junction of the two metals will generate a temperature-dependent voltage, a 

phenomenon known as the Seebeck Effect. Typically thermocouples are comprised of a pair of 

wires with a connection at the end of the wire which generates the thermoelectric voltage. 

Different combinations of metals provide different responses (voltage versus temperature). 

Standard thermocouple types are given letter designations by the National Institute of Standards 

and Test. A representative diagram of a basic Type T thermocouple is shown in Figure 1. 

 

 
 

Figure 1 - A Type "T" Thermocouple 

 

The thermoelectric voltages generated by the most commonly used thermocouples are very 

small, less than 100 microvolts per degree Celsius.  

 

At some point the thermocouple must interface into the standard wiring of a data acquisition 

circuit, which is typically composed of copper. At this point the junction between the 

thermocouple wire metals and the standard copper wiring forms another parasitic thermocouple. 

As shown in Figure 2, this parasitic thermocouple is of the same type but with opposite polarity. 

Although the example in Figure 2 shows a thermocouple using copper as one of its metals, the 

same principle holds for any type of thermocouple as long as the two junctions to the copper 

wires are at equal temperatures. 

 

 
 

Figure 2 - Transition to copper forms a parasitic thermocouple 

 

The parasitic thermocouple, which cannot be avoided, has the result that the voltage measured by 

the data acquisition circuitry is a function of both the temperature at the measurement point and 

the temperature at the parasitic thermocouple junction. In standard thermocouple applications 

this is known as the “cold junction” and its temperature is held at zero degrees Celsius. The 

standard ITS-90 reference functions for thermocouple voltage versus temperature are based on 

this assumption of a zero degree Celsius cold junction. However, in flight test applications it is 

typically not feasible to control the temperature of this junction. Because of this, the voltage 
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introduced by this parasitic thermocouple cannot be known in advance; instead its voltage must 

be dynamically determined and a compensation algorithm used to correct for this voltage. 

 

 

BASIC METHODS OF COMPENSATION 

 

Dynamic correction for the parasitic thermocouple voltage can be accomplished by measuring 

the temperature of the parasitic junction as shown in Figure 3. The temperature of this junction 

can be measured using a device which provides an absolute temperature reading (as opposed to 

the relative temperature reading provided by the thermocouple). Devices such as a resistive 

temperature device (RTD) or the Analog Devices AD590 two terminal temperature transducer IC 

can be used for this purpose. Using the temperature determined by this sensor, the parasitic 

thermocouple voltage can be determined and corrected. 

 

 
 

Figure 3 - Compensation by measuring parasitic thermocouple temperature 

 

The standard means for performing this correction is to use an analog circuit. The voltage or 

current from the sensor is fed into a linear circuit, typically an op-amp, which generates an 

approximation of the thermocouple voltage. This voltage is added back into the thermocouple 

lines as shown in Figure 4. It should be noted that the accuracy of this compensation is 

dependent on the block being truly isothermal; any difference between the temperature of the 

sensor and the temperature of the parasitic thermocouple will contribute error into the final 

measurement. 
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Figure 4 - Analog thermocouple compensation 

 

In telemetry encoders and data acquisition units, the addition of this analog scaling circuitry 

requires a custom module. In applications where space is at a premium, it would be preferable to 

perform this compensation in the digital domain. 

 

The analog compensation has the additional drawback of reduced accuracy. The voltage-versus 

temperature relationship of thermocouples is based on a highly nonlinear function. This 

relationship can be approximated via a linear function (which is typically known as the “Seebeck 

Coefficient”). However, as with any linear approximation, accuracy begins to degrade over 

wider ranges. As Figure 5 shows, the Seebeck Coefficient can vary widely over temperature, 

while a simple linear circuit can only generate a constant value. For certain thermocouple types 

such as Type E or Type T the Seebeck Coefficient deviates from its nominal (25°C) value by 

roughly +/- 10%, causing potential for significant error. 
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Figure 5 - Seebeck Coefficient vs temperature for various thermocouple types 
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DIGITAL COMPENSATION 

 

A basic diagram of digital compensation is shown in Figure 6. Similar to the analog 

compensation scheme, the temperature of the parasitic thermocouple is measured. This 

temperature is used to determine the voltage contribution from the parasitic thermocouple. From 

this, the true voltage of the target thermocouple can be determined, and thus the temperature 

being measured. 

 

 
 

Figure 6 - Basic digital compensation 

 

One benefit of this approach is that all steps after the A/D conversion can be performed within 

the vehicle or in remote data visualization equipment. The processing can be performed off-line, 

or in real-time. Another advantage is that the correction algorithm can use a higher-order 

function (much more easily than in an analog compensation circuit) for converting the junction 

temperature into thermocouple voltage, greatly reducing the error due to variation in the Seebeck 

coefficient as compared to the simple linear compensation approximations. One small 

disadvantage to this approach is the additional bandwidth required to transmit the cold junction 

data if digital compensation is performed remotely. 

 

 

NOISE AND NOISE CANCELLATION 

 

As previously mentioned, thermocouple measurements involve very low voltages and the 

construction of the thermocouple sensors (long strands of wire) makes them highly susceptible to 

environmental noise. The level of noise seen in the sensors is a function of system wiring and 

shielding, as well as the noise sources present in the system. 

 

As shown in Figure 7, environmental noise will couple into all locations of the thermocouple 

wiring, both before and after the cold junction. In a typical installation, the wires between the 

cold junction and the data acquisition unit are tightly bundled together and so the two sets of 

wires will be subject to the same noise signals. Because of this, it is possible, depending on the 
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wire arrangement and relative impedance of the various connections, for the noise signals on 

these two sets of wires to be highly correlated, with either positive or negative correlation. 

 

 
 

Figure 7 - Noise inputs into a thermocouple system 

 

When the signals from the thermocouple and the cold junction measurement are added to form 

the compensated measurement, their component noise signals will be added as well. The RMS 

magnitude of the resultant noise sources depends on the degree of correlation as shown in the 

following equation: 

 

21

2

2

2

1 2 nnnnnT EECEEE ⋅⋅⋅++=  (1) 

 

Where: 

nTE  is the total RMS noise seen in the combined signal, in volts RMS 

1nE  and 2nE  are the RMS noise levels in the two respective inputs, in volts RMS, and  

C  is the coefficient of correlation between the two noise signals (dimensionless) 

 

The correlation coefficient C  can range from 0 (for completely uncorrelated) to +1 (full positive 

correlation) to -1 (full negative correlation). In a system that digitally samples both the 

thermocouple and cold junction signals, the timing of the digital sampling can be controlled to 

influence the correlation between the two signals. 

 

If the analog noise signals seen on the two wires have a highly negative degree of correlation (C  

approaching -1), then the noise signals will tend to cancel each other out. In this situation, this 

high degree of correlation should be preserved by sampling the two signals simultaneously. 

However, if the two signals have a high degree of positive correlation ( C  approaching +1) then 

the added noise signals will reinforce each other, resulting in reduced system performance. In 

this situation, the sampling of the two signals can be staggered in time in order to reduce the 

degree of noise correlation seen in the sampled signals (lowering the value of C ) and thereby 

reduce the resultant noise in the combined signal. 
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APPLICATION EXAMPLE 

 

Digital sampling of the thermocouple and cold junction signals, with control over the relative 

sampling of the two sensors, can be accomplished with the L-3 Communications PCM330E 

telemetry encoder. The BCA310, an 8-channel analog module (7 differential inputs and one 

single-ended input), can be used to acquire the data; this module is user programmable to allow 

for multiple channels to be sampled simultaneously or staggered in time. The BCA310 module is 

typically intended for “bridge completion” applications and allows for various input resistors to 

be factory-installed in the module. 

 

A typical PCM330E setup, using the BCA310 analog module, is illustrated in Figure 8. The 

target thermocouple is connected directly to one of the differential analog inputs. The AD590 

cold junction sensor is connected to a second channel, which has one of the “bridge completion” 

resistors factory installed to convert the AD590 current-mode output into a voltage reading for 

the BCA310. The AD590 is powered by the excitation output of the channel. The excitation is 

user programmable; in this application an excitation voltage of 10V is suitable. 

 

 
 

Figure 8 – Application Example with PCM330E (BCA310 analog module) 

 

 

DIGITAL CORRECTION TECHNIQUES 

 

A final concern when employing digital compensation for thermocouples is how to perform the 

conversion between thermocouple temperature and voltage. As Figure 6 illustrates, both the 

forward and inverse functions are required. The functions for translating between thermocouple 

voltage and temperature are highly complex; as shown in Table 1 they involve high-order 

polynomials. Certain thermocouple types also have transcendental functions (e
x
) in their 

equations. Because of the complexity of these equations, direct computation of the thermocouple 

transfer functions in real time is generally not feasible. 
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Forward Inverse 

From 270°C to 0°C From 0°C to +400°C From 270°C to 0°C 

(-5.603mV to 0mV) 

From 0°C to +400°C 

(0mV to 20.872mV) 

0.387 x10
-1
 T + 

0.442 x10
-4
 T

2
 + 

0.118 x10
-6
 T

3
 + 

0.200 x10
-7
 T

4
 + 

0.901 x10
-9
 T

5
 + 

0.227 x10
-10

 T
6
 + 

0.361 x10
-12

 T
7
 + 

0.385 x10
-14

 T
8
 + 

0.282 x10
-16

 T
9
 + 

0.143 x10
-18

 T
10

 + 

0.488 x10
-21

 T
11

 + 

0.108 x10
-23

 T
12

 + 

0.139 x10
-26

 T
13

 + 

0.798 x10
-30

 T
14

   

0.387 x10
-1
 T + 

0.333 x10
-4
 T

2
 + 

0.206 x10
-6
 T

3
 + 

-0.219 x10
-8
 T

4
 + 

0.110 x10
-10

 T
5
 + 

-0.308 x10
-13

 T
6
 + 

0.455 x10
-16

 T
7
 + 

-0.275 x10
-19

 T
8
   

2.595 x10
1
 V + 

-2.132 x10
-1
 V

2
 + 

7.902 x10
-1
 V

3
 + 

4.253 x10
-1
 V

4
 + 

1.330 x10
-1
 V

5
 + 

2.024 x10
-2
 V

6
 + 

1.267 x10
-3
 V

7
   

2.593 x10
1
 V + 

-7.603 x10
-1
 V

2
 + 

4.638 x10
-2
 V

3
 + 

-2.165 x10
-3
 V

4
 + 

6.048 x10
-5
 V

5
 + 

7.293 x10
-7
 V

6
   

 

Table 1 – Forward and inverse ITS-90 polynomials for Type T thermocouple 

 

Much of the literature currently available on digital thermocouple compensation recommends the 

use of a mathematical formula for thermocouple correction. For real-time processing, most 

digital compensation schemes rely upon some kind of approximation to avoid the complexity of 

calculating the general equations. The simplest approximation is the Seebeck coefficient (i.e. a 

linear best fit) as described above. For more accuracy, some schemes employ a piece-wise linear 

fit that calculates different linear approximations over various temperature ranges. 

 

However, with modern hardware the scheme that is most accurate, computationally simple, and 

straightforward to implement is a simple look-up table. In typical flight test applications, analog 

parameters are typically sampled with 12-bit resolution, which means that there are only 2
12

 or 

4096 discrete values that can be obtained from the measurement. Implementing a 4096-sample 

lookup table is easily within the capability of modern telemetry processing hardware and allows 

for quick computation with guaranteed accuracy. 

 

Figure 9 shows a simple schematic diagram of thermocouple compensation using look-up tables. 

The cold junction voltage (or current) is first converted to its temperature, then to the equivalent 

thermocouple voltage. As the surrounding box indicates, these two conversions may easily be 

combined into a single 4096-sample look-up table. This derived thermocouple voltage (voltage 

of the parasitic thermocouple) is then added to the voltage measured at the main thermocouple. 

The resultant voltage number is the true voltage as seen at the target thermocouple, which is a 

13-bit number (due to the addition of two 12-bit numbers). This voltage then may be converted 

to temperature via one more look-up table, this time with 8192 samples to accommodate all 

possible 13-bit numbers. Thus, the overall compensation can be accomplished with one 4096-

sample look-up table, a 12-bit adder, and an 8192-sample look-up table. 
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Figure 9 - Digital compensation based on look-up tables 

 

In modern telemetry processing hardware the addition and look-up table functions would 

consume a minimal amount of the available resources, and both functions are computationally 

primitive so their loading on the host processor will be minimal. As a result, the digital 

compensation can be preformed in the data receiving hardware, eliminating the need to 

customize the encoder hardware or software to perform this correction. 

 

 

CONCLUSION 

 

While thermocouple measurements are typically acquired using custom circuitry, it is possible to 

obtain equal or better accuracy and noise performance using standard analog acquisition 

hardware and digital post-processing. This approach can reduce the size, weight, and power of 

the overall data acquisition system. By digitally sampling both the thermocouple sensor and its 

cold junction compensation circuitry, the relative sampling of the two can be controlled to 

provide the best noise performance. Direct computation of the thermocouple correction and the 

final measured temperature is highly complex, but through the use of look-up tables the 

computations can be performed in advance resulting in a high-speed system. The result is a 

flexible and highly efficient data acquisition solution. 
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ABSTRACT 

This paper discusses how IRIG 106 Chapter 10 recording techniques could be employed in a 

network-centric environment, while maintaining as many of the strengths of the traditional 

approach. In the course of that discussion, aspects of the published standard which would have to 

be disregarded or reinterpreted for a network-centric approach to be adopted are illustrated. 

KEYWORDS 

Network Multiplexer Standards Convergence  

INTRODUCTION 

Even a casual observer of the Instrumentation community would notice that two apparently 

contradictory trends have born significant fruit over the past couple of years.  On the one hand, 

IRIG 106 Chapter 10 has gained momentum as real products and solutions have achieved some 

kind of critical mass; on the other, network-centric technologies exemplified by the work of the 

iNet initiative are looming on the short-term horizon. While the Chapter 10 standard is the 

obvious exemplar of “traditional” multiplexers / recorders, there is not yet an equivalent standard 

for network based systems, but one can make broad generalizations about such systems. 

Note that in this context, “network” is virtually synonymous with “TCP/IP Ethernet network”.  

Other network technologies could be used, but except for wide-area links, TCP/IP Ethernet is 

sufficiently ubiquitous that there seems no compelling reason to spend much time considering 

the alternatives. 

While there are some relatively minor aspects of Chapter 10 that do deal with TCP/IP Ethernet 

networks, fundamentally the approach taken by this standard is incompatible with network-based 

acquisition: one simple example is that a fully compliant Chapter 10 system timestamps data at 

the point of aggregation, that is, at the multiplexer input, while a pure Ethernet-based acquisition 

system must timestamp at the point of injection into the network, to account for the 

indeterminate latency of such networks. 
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However, by backing off from the full and complete Chapter 10 specification, a significant 

amount of the effort that has gone into that standard can be applied to network-based solutions. 

Equally, the lessons learned over the development of Chapter 10 should not be forgotten when 

considering TCP/IP-based approaches. 

At first glance, it may seem rather unwise to disregard awkward chunks of a published standard.  

However, while the published Chapter 10 documentation describes itself as a “Digital On-Board 

Recorder Standard”, it actually goes significantly beyond that and defines a complete data 

acquisition including requirements and methods for off-loading and reproducing data, and a 

mixed bag of implementation details.  Indeed, some might reasonably argue that it is the very 

breadth of the standard that makes it valuable.  But it is also undeniable that the specificity of the 

thing also creates a range of application profiles for which it is particularly well suited – systems 

needing a data rate of a few tens of megabits per second and a capacity of a few tens of gigabytes 

seem to be the “sweet spot”, with other rates and sizes perhaps fitting a little less well. 

 

BODY 

Clearly, when comparing network-based 

recording methods with traditional systems, it’s 

important to recognize the distinguishing 

aspects between the two approaches.  A 

traditional, Chapter 10 style, multiplexer / 

recorder logically implements a “tree” topology: 

each data source (sensor or bus) is connected 

directly and exclusively to an input to the 

multiplexer, the output of which is connected to 

the recorder (if there is a distinction between the 

multiplexer and the recorder).  By contrast, in a 

networked system, every data source is directly 

connected with every other data source, as well 

as to every other device, including the recorder.  

 

While this may initially seem like a minor 

distinction, it has profound implications.  For 

one, additional recorders may be added in 

parallel to the first, with no impact on the data 

sources.  For another, the physical connections 

can be tailored to the installation without 

impacting the logical connections.  And perhaps 

most significantly, other forms of data 

consumers, such as telemetry links and 

processing elements can access “live” and 

“recorded” data with equal facility. 
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One of the inevitable consequences of introducing networks into the data acquisition systems is 

the temptation to apply the approaches used for conventional data processing networks.  The idea 

is that if one is using the same technologies for the physical and lower-level protocols, then using 

the higher protocol levels would leverage the efforts of the technology developers.  So the 

temptation would be to use network protocols such as CIFS or NFS as the mechanism to 

transport the data from the sources to the recorder. And if one is using those sorts of 

mechanisms, why not simply use a trivially modified file server using ruggedized disk or sold-

state device? 

The first objection to such an approach is that data processing protocols are typically based the 

access patterns associated with disks, such as on coarse-grained file and fine-grained record 

sharing (e.g. operations designed for the support of databases), while instrumentation 

applications are typified by tape-like patterns, such as append-only operations to a small number 

of files.  The performance characteristics are different, too: the data processing model is designed 

to maximize the overall throughput and transactional integrity at the expense of the latency of 

individual operations, while the instrumentation community tends towards minimizing latency in 

order to increase the coherency of multiple sources, and places a lower premium on transactional 

integrity methods such as two-phase commit operations. 

Of course, one could opt for a system where the incoming data is stored in a database, indexed 

(presumably) by time and source.  But that adds significant complexity and processing 

requirements, and makes the acquisition process non-deterministic in both time and space 

(adding a record to a database may, or may not, require additional index blocks and/or 

rebalancing the index tree).  But in any event it seems rather unlikely that the additional 

complexity would be very attractive for most instrumentation applications. 

The second major objection lies in the nature of typical storage used by such systems.  There are 

basically two options: rotating disks, or solid state devices emulating rotating disks.  The 

drawback with rotating disks is that, although they can offer great performance under ideal 

conditions, as soon as the environmental conditions (especially vibration) exceeds the design 

specification, the performance falls off dramatically.  And the failure modes of rotating disk are 

sub-optimal: the most common failure results in the loss of all the data on the device.  So the 

environments for which disk solutions are well suited are limited.  The alternative, solid state 

devices emulating disks, have their own issues:  almost all such products address their capacity 

in terms of 512 byte sectors – to match the standard disk interfaces – but have to operate on the 

flash devices in much larger units known as erasure blocks, which are typically four or so orders 

of magnitude larger than the sector (i.e. in excess of a megabyte).  This can cause problems in 

certain error-recovery situations:  to modify one sector, the device has to also modify the other 

sectors in the erasure block; if the modification fails, data that the application believed to have 

been safely written gets lost, and there’s no convenient interface through which the device can 

communicate exactly what’s been lost. 

Obviously, there are some environments where none of the above is problematic.  But there will 

always be applications where the most straightforward, reliable, and deterministic acquisition 

system will be required, and for those situations, some kind of multiplexer/recorder will be 

desired, which leads us back into considering how one can employ elements of both networked 

and traditional approaches to achieve a hybrid, transitional recording system. 
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Probably the simplest hybrid approach is to separate the multiplexer element from the recorder 

piece, and use a network to connect the two.  While this may seem of only limited use, note that 

the network infrastructure (cables, etc.) to connect the parts can also be used for other purposes, 

most notably control and monitoring.  Plus the wide variety of performance and technology 

options (e.g. 10/100/1000 megabits/sec transmission speeds, and a range of optical or copper 

cable types) makes this a versatile method of connecting an inaccessible multiplexer to a readily 

service-accessible recorder.  And thus far no bending of the standards rules is required: the 

multiplexer puts out packets properly formatted in accordance with IRIG 106 Chapter 10, and 

the recorder properly writes them on them on the media. 

This sort of scheme can be extended dramatically if the recorder can handle more than one 

network stream, with each stream being written to its own partition.  In that situation, multiple 

multiplexers can send data to what are, logically, separate recorders that happen to be physically 

located in a single enclosure and use a single removable memory module (RMM).  The 

advantages of this idea are obvious: several multiplexers, possibly from different vendors, can be 

situated in a location convenient to the original data sources, while a single recorder and a single 

piece of media collects the combined mux outputs. 

A significant drawback is that such an architecture results in an RMM that fails to meet the 

requirements of the standard that the RMM should present itself in a particular way – that is, as a 

single disk-like device employing a DOS/FAT style filesystem.  And this fairly illustrates one of 

the limitations of the standard: a test engineer may, reasonably, determine that the convenience 

of having all the data streamed to a single RMM outweighs the inconvenience of having to use 

recorder-specific off-load procedures and/or equipment, while still using exactly the same 

analysis software for mission analysis. 

This point encapsulates one of the problems with the Chapter 10 standard: it lumps a lot of 

distinct design issues into a single entity with just one “pass/fail” grade; it really could have 

benefited from the strategy employed by the ANSI SCSI committee, which defines a family of 

standards under a single umbrella.  Had the IRIG 106 committee chosen this approach, it would 

have simplified the task of identifying products that conform to the requirements that a particular 

lead test engineer might consider essential, while not worrying about those points that are 

irrelevant to a given program.  In this case, a device that could do the job of several standalone 

multiplexer/recorder systems would be penalized simply because the standard lacks a means of 

identifying multiple partitions on a single RMM. 

Still, moving on to another area where networks and traditional systems can interact, it should be 

apparent that there exists a use for injecting data that originates on a network into a multiplexer 

and thus into the recorded data stream.  In other words, there’s value in a model in which the 

network is seen as just another bus-type data source, like MIL-STD-1553A and ARINC-429, or 

indeed ARINC-664 (which is itself heavily based on TCP/IP Ethernet). 

Under the Chapter 10 standard, there are two ways to do this: if the network is a 10Mbps 

standard Ethernet, the (current draft) standard offers a data type encoding raw captured Ethernet 

frames, effectively bridging the network frames into the multiplexer data stream.  The other 

choice is to encapsulate data delivered by the network as “Message Data” packets in the Chapter 

10 stream. 

While practical in some cases, neither of these approaches are particularly elegant for the test 

engineer.   Sniffing Ethernet frames is all-encompassing, but frames acquired by such low-level 
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schemes require significant effort to reassemble the captured frames into a usable data stream, 

and capturing frames defeats the advantages of higher-level protocols in terms of filtering by 

address, flow control and transmission retries.  And using the “Message Data” approach can 

work well for source data sent using UDP/IP protocols (particularly given the relative size of the 

two), but figuring out where to split the continuous stream of a TCP/IP connection into Chapter 

10 Message Data “messages” is non-trivial. 

A hybrid option would be for the initial sources of the data to package it up in Chapter 10 

packets with appropriate headers for the type of data source, and send those over the network in 

whatever format and using whichever protocol best suits the application.  The multiplexer then 

merely updates the fields in the header that are mandated as having data that must originate in 

the mux, such as the timestamps. 

Once you start along this route, it soon becomes clear that it’s possible to combine the concept of 

using several discrete Chapter 10 multiplexers to send data to one recorder and the idea of 

receiving and patching up a pre-formatted data stream.  This approach offers the topology 

advantages of a fully distributed network-based acquisition system, while still preserving the 

legacy acquisition model.  As the instrumented systems evolve, the legacy, multiplexer-style 

systems can be replaced with pure network acquisition units. 

Eventually, such an approach tends towards a topology where each data source has its own 

interface device that does nothing more than format the data in the Chapter 10 packet structure, 

and send them on to the recorder.  Obviously, with more than a few such sources, using 

individual TCP streams to convey the formatted packets to the recorder becomes cumbersome, 

driving the use of UDP datagrams as the obvious transport between the data source and the 

recorder.  Since a UDP datagram can carry no more than 64Kbytes of payload, and a Chapter 10 

packet can be up to 512Kbytes, that implies a need for a lightweight protocol to “wrap” 

fragments of a single Chapter 10 packet in multiple UDP datagrams  (the first packet may be up 

to 128Mbytes, but that would have to be generated by the central aggregator – the recorder – 

rather than by the individual sources). 

It should be noted that while the usual objection to using UDP is that the protocol is defined as 

“unreliable”, careful network design and building sequence numbers, etc. into the lightweight 

wrapper protocol allows the test designer to “over-engineer” (actually, “precisely engineer”) the 

network infrastructure so that the networking hardware doesn’t drop the very UDP datagrams 

that it exists to carry, and that if, for whatever reason, it does, that fact can be detected easily. 

The beneficial consequence of using UDP is that it makes multicasting very straightforward.  

With a few additional requirements imposed on the network infrastructure, a single data source 

can transmit encapsulated Chapter 10 packets that can be selectively picked up by more than one 

receiver, which could include multiple recorders, a telemetry downlink processor, and on-board 

processors.  The challenges inherent in this step are largely concerned with configuration and 

setup, in that once the data starts flowing, it makes no difference to the data sources or the 

receivers (recorders, processors, and downlinks) whether the data is flowing in a many-to-one 

topology or a many-to-many setup.  And each potential receiver can subscribe to as many or as 

few of the data sources as is appropriate. 

But that leaves the significant problem of the non-determinacy of the network: the latency of the 

network is variable, so while a Chapter 10 mux could apply a timestamp with a very fine 

resolution, that timestamp means little with the random delay imposed by the network. So clearly 
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the only satisfactory solution is to timestamp the packets as they are generated, not as they are 

received. 

This presents an issue and a challenge: the issue is that the Chapter 10 standard mandates several 

timing restrictions.  The first is the 100ms “staleness” limit, which requires that the data cannot 

be held for more than 100ms before being sent on to the recorder.  Then there’s the maximum 1 

second data stream commitment requirement, which places an upper limit on the time between a 

data item arriving in the data acquisition system and it being permanently recorded on the RMM.  

And finally, there’s the challenge of the demand that the packets should be timed using a 48 bit 

10MHz free running clock driven by a crystal. 

Fortunately, neither the 100ms nor the 1 second requirement is particularly onerous.  And basing 

the Relative Timer on a free running, crystal based clock is entirely arbitrary, and the Chapter 

standard has provision for defining alternate timebases.  And that just leaves one with the 

problem of distributing time around the network. 

And in this regard, the iNet Initiative has already identified the IEEE1588 Precision Time 

Protocol as a network-based time distribution system, which can satisfactorily distribute time 

with a precision of better than 100ns, which is certainly capable of conditioning a 10MHz signal. 

So in this final architecture, one would have a fully distributed network-based acquisition, with 

each source sending more-or-less self-contained Chapter 10 packets wrapped up in UDP packets, 

possibly using multicast addressing, and thus being simultaneously received by the one or more 

on-board recorders and the telemetry downlink.  That is, in a nutshell, the core of the concept of 

the system that the iNet initiative is working towards.  And yet the files extracted from the RMM 

(or from the telemetry stream) are, to the mission analysis systems, perfectly normal Chapter 10 

files. 

 

CONCLUSION 

While a casual observer may conclude that the efforts that have gone into the existing IRIG 106 

Chapter 10 standard and the work being done by the iNet Initiative are distinct, this paper 

illustrates that the two approaches, although different in a number of significant design 

philosophies, need not be considered conflicting. 

However, since any kind of deviation from a standard should not be taken lightly, care should be 

taken to understand the consequences of such actions.  While, in the abstract, it is reasonable to 

assume that the requirements discussed here can be ignored or modified, it is possible that doing 

so would have unforeseen consequences in the future, as the standard(s) evolve. 

Also, it’s worth noting that there are significant parts of the Chapter 10 recording structure that 

have been glossed over or simply ignored in this discussion.  One such example is the TMATS 

record.  These issues are not insoluble, but require effort over and above the issues covered 

above. 

That all said, if one concentrates on what many consider the greatest strength of Chapter 10, 

which is it’s standardization of recording formats to allow common mission debrief and analysis 

systems, the technology exists to transplant the existing, traditional “multiplexer-centric” data 
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acquisition model into a more versatile and flexible “network-centric” model without losing the 

investment in software for helping test engineers make sense of their data. 
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ABSTRACT 

While investigating methods for more efficiently allocating the available spectrum 
researchers noticed that in many geographical locations, there are broad bands of 
frequencies that are lightly utilized. Such inefficiencies are inevitable with fixed spectral 
allocation rules. Cognitive Radios actively measure the spectral utilization and adapt their 
modulation, frequencies, bandwidths, power, etc. to take advantage of these lightly used 
“spectral holes” or “white spaces”. Much of the research work in cognitive radios has not 
taken into account some of the challenges faced in the telemetry community-including 
multipaths and a guaranteed quality of service. This paper highlights how some 
mathematical models of adaptive modulation discussed extensively in many research 
papers and textbooks can be used in Cognitive Radios as well.  
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1.  INTRODUCTION 

Commonly used radio systems today do not know about the electromagnetic environment 
around them and they operate in a specific band of frequency, provided to them by 
regulatory agencies. However, if these systems do not transmit or receive, the bands of 
frequency on which they operate remain vacant. According to recent measurements by 
the FCC, more than 85% of the total allocated spectrum remains unoccupied [1, 2].  In 
less than a decade Dr. Joseph Mitola III, of Virginia Tech, coined the term, “Cognitive 
Radio”, became a very new and efficient concept to utilize this waste of frequency 
spectrum, one of the precious natural resources. In situations where most of the 
electromagnetic spectrum remains unoccupied, cognitive radios can add new dimensions 
to sharing the spectrum and utilizing it to the maximum. Cognitive radios are wireless 
systems, where the communication does not function in a fixed or an assigned band of 
frequency. They sense the immediate Radio Frequency (RF) environment and operate in 
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a band that is available and appropriate, dynamically adjusting its frequency, modulation, 
power, coding, etc.  They are new models of communication system that would be clever 
enough to work through all kinds of interferences. 

Cognitive radio could be an effective means of communication for services which a 
modest data rate and localized coverage. By altering the modulation scheme, frequency, 
power, coding, etc., through an in-built software, these devices could configure 
themselves in any RF environment. So, they could be used even in places where the 
telecommunication infrastructure has been devastated, or has not been fully deployed. 
Cognitive radios would also be smart enough to overcome frequency jamming by a 
hostile party. This makes it extremely useful for military applications. In this case, 
cognitive radio could automatically sense the jamming, and make changes in its 
transmission parameters so that it can communicate with its intended recipient. The 
challenge lies in the design of cognitive radio systems that can sense spectrum holes in 
very low signal to noise ratios, and have the flexibility to dynamically adapt different 
transmission parameters to maximize the system performance. A few signal processing 
techniques for spectrum sensing, like the matched filter method, the radiometric method 
of energy detection and, the cyclo-stationary feature detection method have been 
discussed in [3]. The basic operation of a cognitive radio consists of three phases [4]. The 
first stage is the radio-scene analysis stage, which includes the estimation of the 
interference temperature of the radio environment and the detection of spectrum holes. 
The second stage is the channel identification stage, which encompasses channel 
estimation and prediction of channel capacity. The final stage is the transmit-power 
control and dynamic spectrum management, where an appropriate adaptive strategy for 
efficient and effective utilization of the RF spectrum is developed. 

In this paper we talk about how adaptive modulation may be implemented in a cognitive 
radio network to achieve efficient communication system than is achieved by systems 
based on fixed modulation schemes. However, the rapid fluctuation of the channel with 
respect to time poses a challenge to appropriate functioning of adaptive modulation based 
systems. Thus, the feedback of the channel state information becomes the limiting factor 
in adaptive modulation. 

2.    ADAPTIVE MODULATION 

The channel of a wireless communication system is characterized by multipath fading 
and Doppler spread, resulting in rapid fluctuations in radio channels. Systems based on 
fixed modulation schemes cannot perform well in this type of scenario as they cannot 
take into account the different channel conditions. In such a situation, a system that can 
adapt to the worst case scenario would have to be built to offer an acceptable bit-error 
rate. To achieve robust and spectrally efficient communication over multipath fading 
channels, adaptive modulation is used, which adapts the transmission scheme to the 
current channel characteristics. Taking advantage of the time varying nature of the 
wireless channels, the adaptive modulation schemes alters the transmission parameters 
like power, data rate, coding and modulation schemes, or any combination of these in 
accordance with the state of the channel [6]. If the channel can be estimated properly, the 
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transmitter can be easily made to adapt to the current channel conditions by altering the 
modulation schemes while maintaining a constant BER. This can be typically done by 
estimating the channel at the receiver and transmitting this estimate back to the 
transmitter. Thus, with adaptive modulation, high spectral efficiency can be attained at a 
given BER in good channel conditions, while a reduction of the throughput is 
experienced when the channel degrades [7]. The basic block diagram of an adaptive 
modulation based cognitive radio system is shown in figure 1. 

It is assumed that, the transmitter has a perfect knowledge of the channel and the channel 
estimator at the receiver is error-free. The receiver uses coherent detection methods to 
detect the signal envelopes. The adaptive modulation, M-ary PSK and M-QAM schemes 
with different modes are provided at the transmitter. Based on our perfect knowledge 
about the channel state information (CSI), at all instants of time, the modes are adjusted 
to maximize the data throughput under average BER constrain. The data stream b (t) is 
modulated using a modulation scheme using, ( )γ̂Pk , the probability of selecting thk  mode 
from K possible modulation schemes available, which is a function of the estimated SNR 
of the channel. Here, h(t) is the fading channel and w(t) is the AWGN channel. At the 
receiver, we can model the signal as: 

y(t) = h(t) x(t) + w(t) (4) 

Where, y(t) is the received signal, h(t) is the fading channel signal and w(t) is the 
Additive White Gaussian Noise (AWGN). 

The estimated channel information is returned to the transmitter to decide the next 
transmission modulation scheme. The channel state information, ( )tĥ  is also sent to the 
detection unit to get the detected stream of data, ( )tb̂ . 

The fading channels are often modeled as Nakagami fading channels [5]. The probability 
density function (PDF) of the instantaneous channel SNR,  over a Nakagami fading 
channel is given by: 
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In (1), n is a measure that tells us the severity of fading and ( )nΓ  is the Gamma function 
given by: 

( ) { }∫
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And γ  is the mean SNR of the channel. When n=1, the PDF in (1) reduces to the PDF of 
 over the Rayleigh fading channel given by: γ
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As the value of n increases, the channel behaves like Rician fading, and when n goes to  
 the channel reduces to the AWGN channel [5].  ∞

Let  be the probability of selecting kP thk  mode from K possible modulation schemes. 
Let ξ  be the channel quality metric. Thus,   can be computed as a function of  as [5]: kP ξ
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Figure. Basic Block Diagram of an adaptive modulation based Cognitive Radio system. 

 

In (5), denotes the mode switching levels and kl ( )ξf  is the PDF ofξ . The average 
throughput B in terms of mean number of Bits per second (BPS) can then be computed 
from [5]: 
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where,  is the throughput of the individual modes. kb
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When , the average throughput B can be computed as: ∞=kl

       (7)

 

Where,  is the complimentary Cumulative Distribution Function (CDF) defined by: 

  (8) 

If we consider the instantaneous channel SNR  to be used as the channel quality 
o

     (9) 
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In a Rayleigh fading channel, when n=1, the mode selection probability  from (9) is kP
given by [5]: 
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The average throughput B of our Nakagami channel is given by [5]: 
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Let us consider our adaptive modulation based system to switch modulation schemes 
between BPSK, QPSK, 16-point square QAM and, 64-point square QAM in an AWGN 
channel depending on the channel SNR,  . γ
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The mathematical expressions for the BER performance of BPSK, QPSK, square 16-
point QAM, and square 64-point QAM, assuming perfect clock and carrier recovery, in a 
Gaussian channel are given in [11] as: 

( )γ=γ 2Q)(PBPSK   (13) 
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In (13), (14), (15) and (16), is the SNR and Q
mathematically defined as: 

γ  (…) is the Q-function, which is 
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The BER performance of BPSK, QPSK, square 16-point QAM and, square 64-point 
QAM in an AWGN channel

In figure 2, we need to decide what the desired BER of our system is. Let us assume that 

r possible. Let u ne the spectral 
efficiency as the number of information bits encoded on a modulated transmission 

are two 
modulation schemes that give us the performance below , BPSK and QPSK. 

 is shown in figure 2. 

we have a system that will need a BER lower than or equal to 410 − , with the most 
spectrally efficient modulation scheme wheneve s defi

symbol. BPSK has a spectral efficiency of one bit per symbol, QPSK has two bits per 
symbol, 16-QAM has four bits per symbol, and 64-QAM has six bits per symbol. 

Based on the BER performance curve in figure 2, there is no modulation scheme that 
gives us our desired performance at an SNR below 5 dB. Therefore, we chose QPSK, as 
it is the most robust modulation scheme. Between SNRs of 5dB and 15dB, there 

410 −

However, we choose QPSK rather than BPSK because we can get more bits per second 
out of QPSK than from BPSK. Between 15dB and 20 dB SNR, we choose 16-QAM 
because it gives us our desired BER at a spectral efficiency better than QPSK. When 
SNR goes above 20dB, 64-QAM is our preferred modulation scheme as it gives us the 
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best spectral efficiency and provides the desired BER performance. The optimal 
modulation formats for the given adaptive modulation system is shown in figure 3.  
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Figure 2. BER Performance of BPSK, QPSK, square 16-point QAM and, square 64-point 
QAM in AWGN channel. 

However, the aim of modifying modulation parameters based on the information of the 

that the perfect knowledge of the CSI is available to the 
transmitter and the channel estimators at the receiver are error-free are invalid. The 

channel estimator might sometimes lead to performance degradation. In real world 
systems, the assumptions 

unavoidable delays involved in power estimation, feedback transmission, and modulation 
adjustment, will result in estimates of the channel being based upon outdated information. 
Due to the time-varying nature of the wireless channels, the status of the channel will 
change during the time delay between estimation and data transmission [7]. Adaptive 
modulation based on channel predictions has been studied in a number of papers. [9], 
talks about linear predictors that are used to estimate the current channel conditions based 
on the outdated channel estimates. Channel prediction method based on Pilot-Symbol 
Assisted Modulation (PSAM) has been discussed in [10]. Discussing the details of these 
aspects of channel estimation and channel prediction are beyond the scope of this paper.  
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Figure 3. Optimal Modulation Formats in Adaptive Modulation for Cognitive Radio 

 

CONCLUSIONS 

One might argue that it is too early for cognitive radio to replace other wireless 

This paper outlined a basic method about how adaptive modulation may be incorporated 

 

communication systems yet. But it offers tremendous flexibility to quickly adjust in 
diverse environments. That gives it an advantage over its rivals. It is here where lies the 
challenge for the new genre of scientists to develop its mass use. Although, there have 
been significant developments in other realms of cognitive radio, some problems faced 
by the people in the telemetry community are yet to be addressed.   

in Cognitive Radio networks to improve the throughput of the system for different 
channel conditions, one of the few problems faced by people working in the telemetry 
area. This paper also highlighted a few mathematical concepts discussed in many 
research papers in adaptive modulation that can be used for Cognitive Radio networks . A 
few fundamental concepts associated with cognitive radios were also recalled.  The 
Telemetry Learning Center, at the University of Missouri-Rolla promises to come up 
with results that address the problems faced by telemetry applications in the future. 
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ABSTRACT 
 
IRIG 106-04 specifies differential encoding for use with the interoperable Tier-1 modulations to 
deal with phase and delay-axis ambiguities associated with PLL-based carrier phase 
synchronization. The origins of the differential encoding have been shrouded in the mists of an 
unavailable technical report and a mysterious connection to previous published work in the open 
literature. This paper removes the mystery by showing that the differential encoding rule results 
from encoding bit-by-bit transitions in the phase trajectory of an offset QPSK modulated carrier. 
 
 

INTRODUCTION 
 
The IRIG 106-04 Standard [1] defines three interoperable “Tier-1” modulations known as 
FQPSK-B, FQPSK-JR, and SOQPSK-TG. The three are “interoperable” in the sense that they all 
have nominally the same bandwidth (as measured by both the −60 dBc and 99% power criteria) 
and achieve essentially the same bit error rate when demodulated with an integrate-and-dump 
offset QPSK demodulator. These waveforms, all variations of offset QPSK, were adopted in 
IRIG 106-04 because they occupy half the bandwidth of the legacy PCM/FM modulation while 
achieving the same power efficiency as PCM/FM (i.e., the signal-to-noise ratio required to 
achieve a given bit error rate is the same for PCM/FM with limiter-discriminator detection and 
the Tier-1 modulations).  
 
The power efficiency of the Tier-1 demodulators is achieved by using coherent detection. In 
coherent detection, the demodulator estimates the unknown phase of the received carrier and 
uses this information to produce decisions. This is in contrast with limiter-discriminator 
detection of PCM/FM, which produces bit decisions without tracking the unknown carrier phase. 
Because no provision is made to transmit a sequence of known (and clear) bits for the purposes 
of estimating the carrier phase at the receiver, Tier-1 demodulators must estimate the unknown 
carrier phase using decision-directed techniques, usually implemented with a phase-lock loop 
(PLL).  
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One of the consequences of decision-directed estimation techniques is that the phase estimates 
possess a phase ambiguity. In the presence of phase ambiguity, the phase estimate may be offset 
from the true value by a phase shift that is determined from the rotational symmetry of the signal 
set. For example, in simple QPSK the PLL may lock in phase with the received carrier, or out of 
phase by −90°, 90°, or 180°.  In offset QPSK, the situation is somewhat more complicated and is 
described later in this paper.  
 
The two most common methods of dealing with the phase ambiguity are 
 
1. Embed a known field of bits, such as a unique word or synchronization word, into the data 

stream. After PLL lock, a data processor searches for the known field and it variants (due to 
rotations by the phase possible phase ambiguities) to determine the phase ambiguity. Once 
identified, the phase ambiguity can be corrected using a number of straight-forward 
techniques. 

2. Differentially encode the bits prior to modulation. With differential encoding, the 
information bits are used to select the phase shift rather than the absolute phase of the 
modulated carrier. After the PLL has achieved lock, the bit decisions are processed by a 
differential decoder to recover the original information bits. A properly designed differential 
encoding/decoding process works even in the presence of a phase ambiguity. 

 
The most common method used in aeronautical telemetry is the second approach: differential 
encoding. Appendix M of the IRIG 106-04 standard defines differential encoding and decoding 
for use with the Tier-1 waveforms. The differential encoding is defined by Equation (4) below. 
The differential encoding and decoding rules perform the desired functions in the presence of the 
ambiguities associated with offset QPSK. The fact that this differential encoding rule (and its 
corresponding decoding rule) works is explained in the exceptionally well-written Section 4 of 
Appendix M of IRIG 106-04. MATLAB code is also supplied in Annex 1 of Appendix M to 
demonstrate this fact. 
 
While it has been known for many years how the differential encoding works, it has been 
somewhat of a mystery why it works. The differential encoding rule defined in IRIG 106-04 was 
taken from the text by Feher [2] who, in turn cited a report by Clewer [3] that is no longer 
available. The issue of differential encoding for offset QPSK was addressed by Weber [4], but no 
clear connection between Weber’s work and differential encoding defined in IRIG 106-04 was 
seen.  
 
Until now.  
 
This paper derives the differential encoding rule defined in IRIG 106-04 from the basic 
principles set forth by Weber. This derivation not only explains the origins of the rule, but 
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reveals why it works. This paper is organized as follows. The notation associated with offset 
QPSK is described in the next section. Based on this notation, the need for differential encoding 
is briefly reviewed and the differential encoding rule is derived. For readers not familiar with 
phase trajectory plots, the notion of a phase trajectory for QPSK and offset QPSK is described in 
the appendix.  
 

OFFSET QPSK: NOTATION 
 
An offset QPSK modulated carrier is a signal of the form 
 

( ) ( ) ( ) ( ) ( )tftQtftIts cc ππ 2sin2cos −=                                          (1) 
 
where fc is the carrier frequency and the inphase and quadrature components are pulse trains of 
the form 

( ) ( )

( ) ( )∑

∑
−−=

−=

n
s

T
n

n
sn

nTtpbtQ

nTtpatI

s
2

                                              (2) 

where Ts is the symbol time (the reciprocal of the symbol rate), p(t) is the pulse shape, and the 
pair ( )nn ba ,  represents the offset QPSK symbol. The offset QPSK symbol is usually defined 
using a constellation, such as the one illustrated in Figure 1. Each of the four symbols in the 
constellation of Figure 1 is labeled with a 2-bit pattern. This label specifies the bit-to-symbol 
mapping which defines how input bits are mapped to symbols. The mapping is illustrated in 
Figure 2 for the bit sequence 1001101176543210 =dddddddd . These 8 bits produce the four 
symbols ( ) ( )1,1, 00 −+=ba , ( ) ( )1,1, 11 +−=ba , ( ) ( )1,1, 22 −+=ba , ( ) ( )1,1, 33 ++=ba . 
 
Observe that one new symbol is produced for every two bits. If Tb is used to denote the bit 
interval (the reciprocal of the bit rate), then the relationship between the bit time and the symbol 
time is Ts = 2Tb. The temporal relationship is illustrated in Figure 3 for the bit sequence 
10011011. Observe that 10 =d  defines 10 +=a ; 01 =d  defines 10 −=b ; 02 =d  defines 

11 −=a ; 13 =d  defines 11 +=b ; and so on. The convention adopted in this paper is that the 
even-indexed bits determine the signs of the inphase waveforms while the odd-indexed bits 
determine the signs of the quadrature waveforms. In what follows the two bits kd2  and 12 +kd  
define the symbol ( )kk ba , . Note that with k an integer, 2k is always even and 2k+1 is always odd. 
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Figure 1: An example of a QPSK or offset QPSK constellation showing the bit-to-symbol assignments. 
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Figure 2: An illustration of the relationship between the input bits and the symbols for QPSK (left) and offset 
QPSK (right).  
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Figure 3 An illustration of the temporal relationship between the input bits d2k and d2k+1 and the offset QPSK 
symbol components ak and bk. Compare with right-hand plot of Figure 2. 
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THE NEED FOR DIFFERENTIAL ENCODING 
 
A block diagram of an offset QPSK demodulator, when an emphasis on the phase-lock-loop 
(PLL) used for carrier phase synchronization is illustrated in Figure 4. In most implementations, 
the IF signal is mixed to I/Q baseband, filtered by low-pass detection filters, and sampled two 
times per symbol (or once per bit) in synchronism with the symbol transitions. The samples are 
derotated by the residual carrier phase offset that is tracked by the carrier phase PLL as shown.1 
The even-indexed samples of the derotated inphase component kx2 and the odd-indexed samples 
of the derotated quadrature component 12 +ky  are used to make the bit decisions. The other two 
derotated detection filter outputs, 12 +kx  and ky2  are required by the phase error detector to 
compute the phase error signal. The maximum likelihood phase error signal is 
 

{ } { } 1212222 sgnsgn ++−= kkkkk xyyxe .                                          (3) 
 
Observe that the error signal is produced only once per symbol (or every two bit times). This is 
captured by using 2k (which is always even) for the index. The relationship between the residual 
carrier phase offset eθ  and the phase error detector output e2k is given by the “S-curve.” The S-
curve is obtained by expressing the phase error detector output as a function of eθ  and averaging 
over the data symbol values. The S-curve for the maximum likelihood phase error detector (3) is 
plotted in Figure 5. The loop dynamics are such that the stable lock points correspond to phase 
errors where the S-curve crosses 0 with a positive slope. Careful examination the S-curve of 
Figure 5 shows that there are two stable lock points: 0=eθ  and o180=eθ . This means the PLL 
can lock in phase with the phase of the IF carrier (desired) or 180° out of phase with the IF 
carrier (undesired). This characteristic is called a phase ambiguity and is a consequence of the 
rotational symmetry of the offset QPSK signal.  
 
There is another ambiguity associated with decision-directed carrier phase recovery for offset 
QPSK. The samples used for data detection have a delay of one bit time: the quadrature 
component is sampled one-bit time after the inphase component. The rotation caused by an 
unknown carrier phase offset produces an ambiguity as to which component should be delayed. 
This ambiguity is called delay-axis ambiguity. The carrier phase PLL can lock when the inphase 
and quadrature components are swapped and the delay relationship between their samples is 
incorrect. 

                                                 
1 The block diagram of Figure 4 shows the phase-lock loop closing at the rotation block. The discrete-time VCO 
produces the phase necessary to perform the desired rotation. Another very common implementation is to close the 
loop at the quadrature mixers. In this implementation, the VCO output is a pair of sinusoids whose phase varies 
around the IF frequency f0. Closing the loop here does not change the S-curve or the loop dynamics (as long as the 
loop bandwidth is not too large.) As formulated above, a D/A converter would be required somewhere in the 
feedback path since the phase error computation is in discrete time and the quadrature mixers operate in continuous 
time. In reality, most modern demodulators sample the IF signal and perform the signal processing outlined in 
Figure 4 in discrete time. 
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Figure 4: A block diagram of an offset QPSK demodulator emphasizing the carrier phase PLL; (b) the S-
curve for the phase error detector used by the PLL. 
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Figure 5: The S-curve corresponding to the maximum likelihood phase error signal (3) used by the PLL in 
Figure 4. 
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DIFFERENTIAL ENCODING: ORIGINS REVEALED 
 
In differential encoding, the input bits KK ,,, 122 +kk dd  are encoded to produce the differentially 
encoded bit sequence KK ,,, 122 +kk δδ  using the following encoding rule [1] 
 

kkk

kkk

d
d

21212

1222

δδ
δδ
⊕=

⊕=

++

−                                                           (4) 

 
where ⊕  is the Boolean “exclusive OR” operation and A  is the logical complement of the 
Boolean variable A. The differentially encoded bits are used in place of the data bits to select the 
a’s and b’s defined by the bit-to-symbol mappings in the constellation. The differential encoding 
is such that when the carrier phase PLL locks with phase ambiguity or delay-axis ambiguity in 
place, the true data bits KK ,,, 122 +kk dd  are recoverable from the differentially encoded bits 

KK ,,, 122 +kk δδ  The differential decoding rule is 
 

12212

2122

++

−

⊕=
⊕=

kkk

kkk

d
d

δδ
δδ

                                                          (5) 

 
Weber [4] explained that transitions in the phase trajectory can be used to define a differential 
encoding rule that deals with both the 180° phase ambiguity and the delay-axis ambiguity. The 
delay-axis ambiguity requires the transitions in the phase trajectory be defined on a bit-by-bit 
basis. As explained in the Appendix, the possible phase shifts in the phase trajectory for offset 
QPSK are −90°, +90°, or 0 during each bit interval. 
 
The differential encoding rule (4) results when an input bit value of 1 shifts the carrier by −90° 
while an input bit value of 0 shifts the carrier by +90°. When the input bit is kd2 , 1−ka  and 1−kb  
are in place and ka is to be chosen to produce the desired phase shift. Listing all possible 
combinations of 1−ka , 1−kb , and kd2  produces the left-most truth table shown in Figure 6. The 
first two rows of this truth table are determined with the aid of Figure 8.2 The first two rows 
correspond to 11 −=−ka  and 11 −=−kb  as illustrated in Figure 8 (a). Note the phase of the 
modulated carrier at bkTt 2= is −90°. When the input bit 02 =kd , a +90° phase shift is required. 
This is accomplished by setting 1+=ka as shown in Figure 8 (b). When the input bit 12 =kd , a 
−90° phase shift is required. This is accomplished by setting 1−=ka as shown in Figure 8 (c). 
The remaining entries in the truth table for ka are computed in a similar manner. Using the 
temporal relationships between 1−ka , 1−kb , ka and 22 −kδ , 12 −kδ , k2δ together with the bit-to-
symbol mapping of Figure 1, the right-most truth table in Figure 6 is produced.  From this truth 

                                                 
2 The half-sine pulse shape is used to illustrate the principle. The idea applies with any pulse shape, even those used 
by the Tier-1 waveforms FQPSK-B, FQPSK-JR, and SOQPSK-TG. 
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table, the Karnaugh map shown in Figure 6 is constructed. From the Karnaugh map, the first 
relationship of (4) is obtained. 
 

00     01      11      10

1222 −− kk δδ

kd2

1 0 0 1

0 1 1 0

0

1

122

1221222

−

−−

⊕=

+=

kk

kkkkk

d

dd

δ

δδδ

−1 −1 0 +1
−1 −1 1 −1
−1 +1 0 −1
−1 +1 1 +1
+1 −1 0 +1
+1 −1 1 −1
+1 +1 0 −1
+1 +1 1 +1

1−ka 1−kb kd2 ka

0 0 0 1
0 0 1 0
0 1 0 0
0 1 1 1
1 0 0 1
1 0 1 0
1 1 0 0
1 1 1 1

22 −kδ 12 −kδ kd2 k2δ

 
 

Figure 6: Truth tables and corresponding Karnaugh map defining the relationship between the differentially 
encoded bit δ2k and the input bit d2k. 
 
When the input bit is 12 +kd , ka  and 1−kb are in place and kb is to be chosen to produce the desired 
phase shift. Listing all possible combinations of ka , 1−kb , and 12 +kd  produces the left-most truth 
table shown in Figure 7. The first two rows of this truth table are determined with the aid of 
Figure 9. The first two rows correspond to 1−=ka  and 11 −=−kb  as illustrated in Figure 9 (a). 
Note the phase of the modulated carrier at ( ) bTkt 12 +=  is 180°. When the input bit 012 =+kd , a 
+90° phase shift is required. This is accomplished by setting 1+=kb as shown in Figure 9 (b). 
When the input bit 112 =+kd , a −90° phase shift is required. This is accomplished by setting 

1−=kb as shown in Figure 9 (c). The remaining entries in the truth table for kb are computed in 
a similar manner. Using the temporal relationships between ka , 1−kb , kb and k2δ , 12 −kδ , 

12 +kδ together with the bit-to-symbol mapping of  Figure 1, the right-most truth table in Figure 7 
follows.  From the this truth table, the Karnaugh map shown in Figure 7 is produced. From the 
Karnaugh map, the second relationship of (4) is obtained. 
 

00     01      11      10

122 −kkδδ

12 +kd

1 1 0 0

0 0 1 10

1

kk

kkkkk

d
dd

212

21221212

δ
δδδ

⊕=
+=

+

+++

−1 −1 0 −1
−1 −1 1 +1
−1 +1 0 −1
−1 +1 1 +1
+1 −1 0 +1
+1 −1 1 −1
+1 +1 0 +1
+1 +1 1 −1

ka 1−kb 12 +kd kb

0 0 0 0
0 0 1 1
0 1 0 0
0 1 1 1
1 0 0 1
1 0 1 0
1 1 0 1
1 1 1 0

k2δ 12 −kδ 12 +kd 12 +kδ

 
 
Figure 7: Truth tables and corresponding Karnaugh map defining the relationship between the differentially 
encoded bit δ2k+1 and the input bit d2k+1. 
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Figure 8: An illustration of the first two rows of the truth table of Figure 6.  
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Figure 9: An illustration of the first two rows of the truth table of Figure 7. 
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Figure 10: Development of the differential decoding rules for d2k (top) and d2k+1 (bottom). 

 
The differential decoding rule (5) is obtained from the differential encoding rule (4) by “solving” 
the two Boolean equations that define the encoding rule. This process is illustrated in Figure 10. 
The first step is to construct the truth table corresponding to the first Boolean equation in (4). 
This truth table is the left-most truth table in the upper portion of Figure 10. The convention is 
that the Boolean variables in the columns to the left of the vertical line are the input variables and 
the variables to the right of the vertical line are the output variables. Moving the kd2  column to 
the last column and moving the vertical line to the right one column produces the center truth 
table in the upper portion of Figure 10. Now the Boolean variable kd2 is an output and the 
variables 12 −kδ  and k2δ  are input variables. Rearranging the rows of this table produces the 
right-most truth table in the upper portion of Figure 10. This truth table is in the standard form 
and defines the relationship between 12 −kδ  and k2δ  (the inputs) and kd2  (the output). This 
relationship is the first Boolean expression in the differential decoding rule (5). The second 
Boolean expression in the differential encoding rule (5) is obtained in precisely the same way as 
illustrated in the lower portion of Figure 10. 
 
The astute reader will note that the there are two possible differential encoding rules that could 
be defined in this manner. The IRIG 106-04 differential encoding rule is based on 0 → +90° 
phase shift and 1 → −90° phase shift. The alternative is to base a differential encoding rule on 0 
→ −90° phase shift and 1 → +90° phase shift. This leads to the encoding rule 
 

kkk

kkk

d
d

21212

1222

δδ

δδ

⊕=

⊕=

++

−                                                         (6) 
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Note the similarity between this encoding rule and the encoding rule (4): the logical complement 
is applied to k2δ  in the second relationship in (6) whereas the logical complement is applied to 

12 −kδ  in the first relationship in (4). While this differential encoding rule is based on the same 
principles as the differential encoding rule (4), it is not interoperable with that rule. The encoder 
and decoder must be based on the same rule to work correctly. The differential encoding rule (6) 
is not inferior in any way. 
 
 

CONCLUSIONS 
 
The differential encoding rule, required for phase and delay-axis ambiguity resolution was 
derived from basic principles. The rule is based on the use of input bits to define phase 
transitions in the phase trajectory. This point of view also revealed a different (but non-
compatible) differential encoding that could have been used. 
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APPENDIX: OFFSET QPSK AND PHASE TRAJECTORY PLOTS 
 
The notion of a phase trajectory plot is fundamental to understanding the nature of the 
differential encoding used for offset QPSK. Any modulated carrier of the form may be written in 
the form 
 

( ) ( ) ( )( )ttftAts c φπ += 2cos                                                         (7) 
 
where ( )tA  is the amplitude and ( )tφ  is the phase. Using the trigonometric identity  
 

          ( ) ( ) ( ) ( ) ( )BABABA sinsincoscoscos −=+ ,                                           (8) 
 
the modulated carrier may be expressed as 
 

( ) ( ) ( )( )
( )

( ) ( ) ( )( )
( )

( )tfttAtfttAts c
tQ

c
tI

πφπφ 2sinsin2coscos 44344214434421 −=                                 (9) 
 
where ( )tI  is the inphase component of ( )ts  and ( )tQ  is the quadrature component of ( )ts . A 
plot of ( )tQ  versus ( )tI  is called a phase trajectory plot. The phase trajectory plot displays the 
instantaneous amplitude and phase of the modulated carrier. The instantaneous amplitude is 
given by  
 

( ) ( ) ( )tQtItA 22 +=                                                             (10) 
 
which can be interpreted as the distance from the origin to the point in two-space ( ) ( )( )tQtI , . The 
instantaneous phase is 
 

( ) ( )
( ) ⎭

⎬
⎫

⎩
⎨
⎧

= −

tI
tQt 1tanφ                                                             (11) 

 
which can be interpreted as the angle formed by line defined by  the origin and the point 
( ) ( )( )tQtI ,  and the line formed by the ( )tI -axis.  

 
As an example consider the QPSK constellation shown in Figure 1. For unshaped QPSK, the 
amplitudes for the inphase and quadrature components are constants whose sign is determined by 
the input bits through the bit-to-symbol mapping, such as the mapping defined by the labels on 
the constellation points in Figure 1. The input bits arrive with period bT and are grouped into 
nonoverlapping blocks of 2 bits to form a QPSK symbol. A new QPSK symbol is formed every 

bs TT 2=  seconds. An example of the inphase and quadrature components for unshaped QPSK 
for the bit pattern 10011011 is illustrated in Figure 11 (a). The corresponding phase trajectory is 
also shown on the right. The initial state of the phase trajectory is the point on the in the fourth 
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quadrant. The arrows are notional as the phase changes state instantaneously. (This is why 
unshaped QPSK has such a large bandwidth.)  
 
When a non-linear power amplifier is used, the phase trajectory transitions through the origin 
fully exercise the nonlinear characteristics of the power amplifier and increase the bandwidth of 
the amplified signal. Phase trajectory transitions through the origin occur when sign changes for 
the inphase and quadrature components coincide. This can be avoided by delaying the quadrature 
component by half of a symbol time (or bs TT =2/  seconds). This variant of QPSK is known as 
staggered or offset QPSK. Offset QPSK can be defined using the same constellation that was 
used for QPSK, such as the one shown in Figure 1. The inphase and quadrature components for 
unshaped offset QPSK are shown in Figure 11 (b) for the same 10011011 input bit sequence. 
Again, the arrows are notional because the transitions are instantaneous. 
 
Two observations are important: 

1. The phase trajectory does not pass through the origin. This is because the inphase and 
quadrature component cannot change sign simultaneously.  

2. Transitions occur every bit time and correspond to a phase shift of 0°, +90°, or −90°. 
 
When shaping applied to the inphase and quadrature components, the bandwidth is reduced. An 
example of a simple pulse shape is the half-sine pulse shape. Revisiting the example of Figure 11 
(b) and substituting the half-sine pulse shape on the inphase and quadrature components 
produces the plots illustrated in Figure 12. Note that the phase trajectory with the half-sine pulse 
shape is restricted to the a circle in the I/Q plane. This property is called the constant envelope 
property and is the very desirable property when a non-linear power amplifier is used.  
 
The ARTM Tier-1 waveforms – FQPSK-B, FQPSK-JR, and SOQPSK-TG – use more 
sophisticated pulse shaping. An eye diagram is useful for displaying the properties of the inphase 
and quadrature components, especially when there are a variety of possible data-dependent phase 
transitions. Eye diagrams for unshaped offset QPSK, offset QPSK with the half-sine pulse shape, 
SOQPSK-TG, and FQPSK-JR are illustrated in Figure 13. Observe that in all cases, the eye 
diagrams for the inphase and quadrature components show eye openings that are staggered or 
offset from each other by one-half the symbol time. The phase trajectory plots corresponding to 
the FQPSK-JR and SOQPSK-TG cases have the same two properties mentioned above. 
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Figure 11: Examples of a phase trajectory plot corresponding to the bit pattern 10011011 using the bit-to-
symbol mapping of Figure 1: (a) the phase trajectory for QPSK; (b) phase trajectory for offset QPSK. 
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Figure 12: Example of the inphase and quadrature components for offset QPSK using the half-sine pulse 
shape corresponding to the bit sequence 10011011 using the bit-to-symbol mapping of Figure 1.  The phase 
trajectory plot is shown on the right. The dashed lines are for display purposes only. All transitions occur 
along the circle. Compare with Figure 11 (b). 
 
It should be pointed out that the phase trajectories for offset QPSK with pulse shapes that 
achieve the constant envelope property are identical to the phase trajectories for continuous 
phase modulations (CPMs) with modulation index h = ½. Examples of CPMs with h = ½ include 
minimum shift keying (MSK) – the special case of continuous phase FSK for h = ½ – and 
Gaussian minimum shift keying (GMSK) – the modulation used in GSM [5]. The connection 
between CPM with h = ½ and offset QPSK has been the basis for simplified demodulator design 
[6] – [10]. The relationship between binary CPM and linear modulation was generalized by 
Laurent [11] and exploited by Kaleh [12] to device reduced complexity demodulators. The 
extension of Laurent’s relationship to non-binary CPM was developed by Mengali and Morelli 
[13] and formed the basis for simplified demodulator design by Colavolpe and Raheli [14]. 
Perrins and Rice [15] extended Mengali’s relationship to multi-h CPM (the ARTM Tier-2 
modulation is a special case) and applied this relationship to derive reduced-complexity 
demodulators for the Tier-2 modulation [16].  
 
SOQPSK was defined by Hill as a constrained ternary CPM with h = ½. [17]. As a consequence, 
it inherits the close connection to offset QPSK (hence, the name). FQPSK, as defined by Gao 
and Feher [18], consists of a set of inphase and quadrature waveforms. During each bit interval, 
the member of the waveform set to be transmitted is selected by the input data. The constraints 
placed on allowed combinations and sequences of inphase and quadrature waveforms produces a 
form of offset QPSK with data-dependent pulse shapes. A CPM representation of FQPSK-JR 
was developed by Nelson, Perrins, and Rice [19] and was the basis for a common detector for 
FQPSK-JR and SOQPSK-TG. In [4], Weber used the MSK – offset QPSK connection to 
describe the phase shifts (in the phase trajectory) as positive or negative frequency shifts. In this 
way, differential encoding could be cast in terms of differential frequency shifts rather than the 
phase shifts used in the body of this paper. 
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ABSTRACT

Serially concatenated coded (SCC) systems with continuous phase modulations (CPMs) as recursive
inner codes have been known to give very high coding gains at low operative signal to noise ratios (SNRs).
Moreover, concatenated coded systems with iterative decoding approach the bit error rate (BER) bounds
given by the maximum likelihood (ML) criterion. Although SCC systems by themselves are reduced
complexity systems when compared to the ML decoding, when very highly bandwidth efficient CPMs
such as pulse code modulation /frequency modulation (PCM/FM) is used [1], they present a problem of
extremely high decoding complexity at the receiver. The complexity of a CPM is described by the size
of its trellis which is a function of the modulation index, the cardinality of the source alphabet and the
length of the frequency pulse used. The surveyed complexity reduction techniques adopt approximations
which will reduce the size of the trellis with minimal expense of power. In this paper, we present reduced
complexity approaches to sub-optimally decode SCC PCM/FM by mainly two approaches — 1) Frequency
pulse truncation. 2) Decision feedback.

1. INTRODUCTION

Continuous phase modulation belongs to a class of non-linear digital modulations. The phase of the
CPM is constrained to be continuous by the use of frequency pulses, often times more than one symbol
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time, which then avoid instantaneous change of phase and thereby introduce memory into the system. This
inherent memory of CPM allows it to be represented by a trellis with finite number of states (assuming
a rational modulation index) [2]. CPMs get more spectrum efficient with longer frequency pulses (par-
tial response CPMs) and higher order (M -ary) signalling. While the transmitter of a CPM, has to do a
relatively simple task of obtaining the phase by linear filtering of data [2], the task of demodulating the
CPM at the receiver gets rather extremely complex. The complexity of the system results from increased
number of matched filtering operations due to a larger signal set (representation) of the CPM. Further,
algorithms used to decode CPMs by the ML criterion, are required to keep track of the state metrics at
every signalling interval [2, 3]. SCC systems use the soft-input soft-output (SISO) algorithm, a max-log
version of [3], which is more complex than the maximum likelihood sequence detection algorithm, espe-
cially in an iterative decoding scheme, where the data block is repeatedly parsed for a number of times,
before determining the underlying information symbols. The number of parallel computations increase
with the size of trellis and the number of iterations, and the ML decoding 1 soon becomes unaffordable
due to computational costs, latency due to processing and memory requirements, particularly with error
control coding when information is transmitted in large blocks. This motivates us to search for complexity
reduction techniques. Several methods which have been suggested in literature attempt to reduce the size
of trellis as seen by the receiver [4]. These complexity reduction techniques use approximations to reduce
the size of trellis, and yet approach the bit error rate (BER) bounds given by the ML criterion. The ulti-
mate aim of all the techniques is to approach the optimal decoding performance with reduced complexity
and minimal loss of power. In this paper, we look for sub-optimal decoding schemes applicable to SCC
systems which use PCM/FM as inner code.

The organization of this paper is as follows. In Section 2, we present the signal model for CPM. In
Section 3, we present an overview of SCC CPM system and the SISO algorithm. In Section 4, we discuss
some reduced complexity approaches applicable to PCM/FM. And in Section 5, we present the simulation
results and give our conclusions.

2. SIGNAL MODEL FOR CPM

The signal representation for a complex baseband CPM is of the form [2].

s(t; α) = ejφ(t;α), (1)

where φ(t; α) represents the phase of the above CPM [2]. In the most generic form,

φ(t; α) = 2π
∞∑

i=−∞
hiαiq(t− iTs), (2)

1We are referring to the ML decoding of the CPM, which is different from the ML decoding of the CC. The outer decoder
operates on the APP of the code symbols to produce the APP of the input bits to the system. Since the two decoders talk to
each other in an iterative process, there is a sharp improvement in the performance of the system. However, the SCC system as
a whole is not based on the ML criterion.
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where hi is the modulation index associated with the symbol αi in the i-th symbol interval and Ts is the
symbol duration. The modulation index changes cyclically through a finite set of Nh modulation indices
(i , i modNh). The value of the modulation indices indicate the amount of phase change introduced at
the occurrence of a symbol. The phase pulse q(t) defines the phase trajectory in the CPM.

q(t) =





0, t ≤ 0∫ t

0

g(τ) dτ, 0 ≤ t ≤ LTs

1
2
, t ≥ LTs,

(3)

where g(t) is the frequency pulse of duration LTs. The shape of the frequency pulse is an important
parameter which affects the spectral properties of the CPM. PCM/FM uses a raised cosine (RC) pulse [1]
given by

g(t) =





1
2LTs

[
1− cos

(
2πt
LTs

)]
, 0 ≤ t ≤ LTs

0, otherwise.
(4)

Due to the constraints on the causal phase pulse q(t) in Eq. (3), Eq. (2) can be written as

φ(t; α) = 2π
n∑

i=n−L+1

hiαiq(t− iTs)

︸ ︷︷ ︸
θ(t)

+ π

n−L∑
i=0

hiαi

︸ ︷︷ ︸
ϑn−L

, nTs ≤ t ≤ (n+1)Ts. (5)

The L-tuple correlative state vector
αn = αn−L+1, . . . , αn, (6)

in θ(t) contains the L most recent symbols modulated by the time-varying part of the phase pulse q(t),
which contribute to the phase trajectory of the CPM in the current signalling interval. The state of a CPM
is specified in

σ′ = [ϑn−L, αn−L+1, . . . , αn−1] . (7)

On the assumption that the modulation index is a rational quantity [2], we can write

hi =
2Ki

P ′ , (8)

where Ki and P ′ are relatively prime. The cumulative phase state ϑn−L in Eq. (5) now becomes

ϑn−L =
2π

P ′

n−L∑
i=0

Kiαi, (9)

which can take on P ′ distinct values. ϑn−L defines the starting phase of the CPM at the beginning
of the symbol interval (at time n), into which all the previous symbols have been absorbed, ϑn−L ∈
{0·2π

P ′ , 1·2π
P ′ , 2·2π

P ′ , . . . , (P ′−1)·2π
P ′ }.
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Figure 1: Serially Concatenated Coded CPM.

3. SERIAL CONCATENATION OF CPM WITH CONVOLUTIONAL CODE

The block diagram of a SCC CPM system is as shown in Fig. 1. SCC systems require the inner code to
be recursive [5], for which CPMs evolve as a preferred choice. The inner modulation along with the outer
code separated by a pseudo random interleaver forms the basic structure of the SCC system. It consists
of an inner modulation and an outer code, separated by an interleaver. At the transmitter end, we have
input bits, possibly from a source encoder. The bit stream is encoded by a convolutional code (CC). The
encoded bits are mapped into symbols for CPMs with higher order signalling (quaternary, octal, etc) using
natural or gray mapping. The system model assumes an AWGN channel. The SISO algorithm uses the
matched filtered output in the metric computations. Since the CPM modulator operates on the coded (and
interleaved) symbols of the input bits, the inner decoder (SISO decoder for CPM) uses the APP of the
code symbols produced by the outer decoder (SISO decoder for CC). The outer decoder operates on the
APP of the code symbols to produce APP of the input bits to the system. Although the two SISO devices
are each based on ML decoding criterion, the overall decoding is not ML based since the burden of jointly
decoding the inner and outer codes is decoupled [3, 6]. Thus the SCC systems are reduced complexity
systems when compared to the ML decoding. The SISO algorithm uses the matched filtered output [7]
in the metric computations as shown in Fig. 2. Optimal decoding requires ML matched filters combined
with P ′ phase states. PCM/FM has a 40 state trellis and requires 4 matched filters for optimal decoding.
The branch metric for optimal decoding is given by

zn(S̃n, Ẽn) = Re
{

e−jeϑn−L(eSn)zn(α̃n)
}

, (10)

where

zn(α̃n) =

∫ (n+1)Ts

nTs

r(t) e−j2π
Pn

i=n−L+1 hieαiq(t−iTs)dt, (11)
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and the metric increment as we step through the trellis is given by

λn(Ẽn) = λn−1(S̃n) +zn(S̃n, Ẽn), (12)

where S̃n is the starting state for the hypothesized trellis branch considered to which the phase state ϑ̃n−L

is associated and Ẽn is the ending state2 and hi are the respective modulation indices associated with α̃i.

4. REDUCED COMPLEXITY TECHNIQUES

A. Rimoldi’s Approach

Using the tilted phase approach [8], Rimoldi identified that during any signalling interval, the the
number of cumulative states can be reduced by half. This means that the optimal decoding itself requires
PML states against P ′ML, where hi = Ki

P
(i.e., P=P ′/2). To realize this, we use the pseudo data symbols

ui = (αi+M−1)
2

in the description of cumulative phase tilt ϑn−L
3. This transformation decomposes ϑn−L in

Eq. (9) into deterministic data independent phase tilt νn−L and data dependent phase state θn−L, given by

ϑn−L =
2π

P ′

n−L∑
i=0

Kiαi =
π

P

n−L∑
i=0

Kiαi, (13)

which can be written as
ϑn−L = θn−L + νn−L, (14)

where

θn−L =
2π

P

n−L∑
i=0

Kiui, (15)

and

νn−L = −(M−1)π

P

n−L∑
i=0

Ki. (16)

2(ϑ̃n−L, α̃n) and also (ϑ̃n−L, S̃n) can be used to refer to the same trellis branch with the branch metric (S̃n, Ẽn) in Eq. (10).
3Note that the correlative state vector remains the same.
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Figure 4: Pulse Truncation.

The phase tilt νn−L can be recursively obtained through

νn−L = νn−L−1 − hn−L(M − 1)π, (17)

where θn−L ∈ {0·2π
P

, 1·2π
P

, 2·2π
P

, . . . , (P−1)·2π
P

} and νn−L ∈ {0·2π
P ′ , 1·2π

P ′ , 2·2π
P ′ , . . . , (P ′−1)·2π

P ′ }. The number states
(and branches) in the trellis reduces by half compared to the classical treatment in [2]. So the metric update
equation in Eq. (12) becomes

λn(Ẽn) = λn−1(S̃n) + kn(S̃n, Ẽn), (18)

where4

kn(S̃n, Ẽn) = Re
{

e−jνn−Le−j eθn−L(eSn)zn(α̃n)
}

. (19)

All the further analyses from now on are presented as an improvement over Rimoldi’s technique for opti-
mal decoding.

B. Decision Feedback

Decision Feedback is a method of reducing the number of phase states via the state space partitioning
approach [9, 10]. This method exploits the fact among the several branch metric computations, only a few
of the metrics are competitive. Hence branch metrics are computed with fewer phase state multiplications
in comparison with optimal decoding. The phase states which need to combined with the outputs of the
matched filter bank are determined at run time using Eq. (21). The number of phase states used is Pr <P

as shown in Fig. 3, which give a complexity reduction. The implementation equations are given by

kn(S̃f
n , Ẽf

n) = Re
{

e−jνn−Le−j θ̂n−L(eSf
n)zn(α̃n)

}
, (20)

where S̃f
n and Ẽf

n represent the states in the reduced trellis in the usual sense, and

θ̂n−L+1(Ẽ
f
n) = θ̂n−L(S̃f

n) + πhn−L+1ûn−L+1, (21)

4Note that the correlative state vector remains the same as before.

6



where ûn−L+1 represent the merging symbols (absorbed into the CPM state) for the states S̃f
n at time

n and hn−L+1 is modulation index associated with the merging symbols at time n. Both the phase tilt
and cumulative phase updates Eq. (17) and Eq. (21) are performed using the merging symbols from the
survivor branches in the forward recursion which maximize the new state metric at time n. The branch
metrics computed during the forward recursion are saved for the reverse recursion metric computations.

C. Pulse Truncation

Pulse truncation [11] is motivated by the fact that the frequency pulse has low frequency content at the
ends (see Fig. 4). This method is very effective in correlative state reduction (αt

n), but gives a negligible
loss of performance (Lr < L) for PCM/FM. The implementation equations for pulse truncated PCM/FM
(Lr =1) are given by

zn(α̃t
n) =

∫ (n+1)Ts

nTs

r(t− Ts/2) e−j2π
Pn

i=n−Lr+1 ht
ieαt

iqPT (t−iTs)dt, and (22)

λn+1(Ẽ
t
n) = λn(S̃t

n) + Re
[
e−jνn−Le−jeθn−L(eSt

n)zn(α̃t
n)

]
, (23)

where again S̃t
n and Ẽt

n represent the states in the reduced trellis.

D. Decision Feedback with Pulse Truncation

While decision feedback helps reduce the number of phase states pulse truncation reduces the num-
ber of complex matched filters. A combination of the above two techniques gives both the advantages
(although the loss depends on the overall approximation).

Another way of trellis reduction is by the use of Lr at the receiver where Lr > L. This method can
bring the number of phase states down more than the decision feedback method. However, the number of
matched filters remains the same as in the full state CPM. But they seem to be good only in the uncoded
case, where they approach the union bound at high SNR. The implementation equations for Lr = 3 and
Lr =4 are specified by the following equations (which assume PCM/FM as an example):

λn+1(Ẽ
f,Lr=3
n ) = λn(S̃f,Lr=3

n ) + Re
[
e−jνn−3e−jθ̂n−3(eSf,Lr=3

n )e−jπhn−2ûn−2zn(α̃n)
]
, (24)

θ̂n−3+1(Ẽ
f,Lr=3
n ) = θ̂n−4+1(S̃

f,Lr=3
n ) + πhn−2ûn−2, (25)

where ûn−2 is now the merging symbol, and

λn+1(Ẽ
f,Lr=4
n ) = λn(S̃f,Lr=4

n ) + Re
[
e−jνn−4e−jθ̂n−4(eSf,Lr=4

n )e−jπhn−3ûn−3e−jπhn−2ûn−2zn(α̃n)
]
, (26)

θ̂n−4+1(Ẽ
f,Lr=3
n ) = θ̂n−5+1(S̃

f,Lr=3
n ) + πhn−3ûn−3, (27)

where ûn−3 is now the merging symbol. The initial condition for the data dependent θn−L is given by

In−L =


0, 0, . . . , 0︸ ︷︷ ︸

MLr−1

, 1, 1, . . . , 1︸ ︷︷ ︸
MLr−1

, . . . , Pr−1, Pr−1, . . . , Pr−1︸ ︷︷ ︸
MLr−1


 , (28)

where θn−L = π
P
In−L and In−L∈{0, 1, . . . , Pr, . . . , P}.
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Figure 5: BER with 2048 interleaver.
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Figure 6: BER with 5 iterations.

Case Pr Lr Number

of States

Number

of MFs

Loss in dB

Uncoded

Loss in dB

Coded

Comments

1 10 2 20 4 0 0 Optimal

2 10 1 10 2 0.01 0.015 Recommended

3 8 1 8 2 0.07 0.17 Good

4 4 1 4 2 > 1 1.01 Not recommended

Table 1: Comparison of Reduced Complexity Techniques for PCM/FM.

5. SIMULATION RESULTS AND CONCLUSIONS

We have developed a SCC PCM/FM system. The performance of the system for varying interleaver
sizes and iterations is shown in Fig. 5 and Fig. 6. To draw a line between performance compromise and
latency of the system, we handpick the size of the interleaver to be 2048 and the number of iterations to
be 5. All the simulations assume C1=C2=0.65, which are the best scale factors determined on a trial and
error basis. Also, the receiver assumes perfect synchronization to carrier phase (coherent detection). The
coded PCM/FM system gives a coding gain (relative to the uncoded system) of 6.55 dB using an optimal
20 state SISO detector for the CPM. This is much larger than coding gains possible with Viterbi algorithm
based (5, 7) convolutional coded system.

Among the simulated effective complexity reduction techniques, only a few approximate the uncoded
optimal full (20) state detection at low Eb

N0
. This is reflected in the BER curves for the coded case. For

the coded system, we have built a highly efficient 10 state detector which performs within 0.02 dB of the
optimal detector and an 8 state detector which is only slightly worse, with < 0.2 dB loss with respect to
the optimal detector.
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Figure 7: Results: Uncoded PCM/FM.
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Figure 8: Results: Coded PCM/FM.

Case Lr Initial condition for

νn−L

a 1 h(M−1)π

b 2 0

c 3 h(M−1)π

d 4 0

Case K P ′ P h= K
P

M L Pulse Type

Full state PCM/FM 7 20 10 7
10

2 2 RC

Table 2: PCM/FM Parameters.
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ABSTRACT

SOQPSK and GMSK are highly bandwidth efficient continuous phase modulation (CPM) schemes
with several desirable qualities. In both cases, coherent detectors are available with good performance in
AWGN. In this paper, we develop reduced complexity noncoherent detectors for SOQPSK and GMSK;
and discuss a phase noise model. This is followed by a performance comparison of both the noncoherent
detectors in channels with phase noise.

INTRODUCTION

Shaped-offset QPSK is a highly bandwidth efficient modulation in which data transmissions on thein-
phase(I) andquadraturechannels are offset by half a symbol time. Thus there are no instantaneous180◦

phase shifts and a higher degree of spectral containment results [1]. In SOQPSK the phase transitions are
continuous rather than instantaneous as in the case of OQPSK, making it more bandwidth efficient. SO-
QPSK has been incorporated into military and aeronautical telemetry standards and it is applicable in any
setting where bandwidth-efficient constant-envelope modulations are needed. The use of longer, smoother
frequency pulses can make SOQPSK more bandwidth efficient at the expense of receiver complexity.

Guassian Minimum shift-keying (GMSK) is another important form of continuous phase modula-
tion [2, 3] which is widely used in wireless communication systems because of its spectral efficiency and
constant envelope property [4]. GMSK has been adopted as the digital modulation scheme for the Euro-
pean global system for mobile communications(GSM) [5,6]. GMSK can achieve a tradeoff among band-
with efficiency, power efficiency, and detector complexity by appropriately configuring the bandwidth-
timeBT product [4, 7]. GSM usesBT = 0.3, a lowerBT results in a more bandwith-efficient GMSK
signal.

Noncoherent receivers are preferred because they are easy to synchronize and are more robust. Both
SOQPSK and GMSK have good performance in AWGN, however there has not been much published
about how noncoherent receivers for these modulation schemes perform in phase noise. In this paper we
investigate the performance of noncoherent detectors for these modulation schemes in the presence of
phase noise. We start by developing coherent detectors for military standard SOQPSK (SOQPSK-MIL),
which is full-response. For the partial response version used in aeronautical telemetry (SOQPSK-TG), the
optimal detector requires a trellis of 512 states [8], we use a reduced-complexity option for SOQPSK-TG
known as the frequency pulse truncation technique [9]. This allows us to use the same simple 4-state trellis
that we use for the MIL case with a minor loss of 0.2 dB. We then develop a reduced complexity coherent
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detector for GMSK which achieves optimal performance and go on to construct noncoherent detectors.
In the next section we give the signal models for SOQPSK and GMSK. Then we discuss the trellis and

coherent detectors for SOQPSK and GMSK. We develop noncoherent detectors for SOQPSK and GMSK
and examine their performance under a simple channel model with varying carrier phase.

SIGNAL MODEL

A. CPM
We will use complex-baseband notation to represent various signals, all CPM signals can be described

as [3]
s(t; α) , exp {jψ(t; α)} (1)

where the phase is a pulse train of the form

ψ(t; α) , 2πh
∑

i

αiq(t− iT ) (2)

andαi is anM -ary transmitted symbol,T is the duration of eachαi , andh is the modulation index. The
phase pulseq(t) is thought of as the time-integral of afrequency pulsef(t) with area 1/2 and durationLT
and is given by

q(t) ,





0 t < 0∫ t

0

f(τ) dτ 0 ≤ t < LT

1/2 t ≥ LTs

(3)

whenL = 1 the signal isfull-responseand whenL > 1 it is partial response. Due to the constraints on
f(t) andq(t), and assuming a rational modulation indexh = 2k/p, the phase may be expressed as

ψ(t; α) = 2πh
n∑

i=n−L+1

αiq(t− iTs)

︸ ︷︷ ︸
θ(t)

+ πh

n−L∑
i=0

αi

︸ ︷︷ ︸
θn−L

(4)

wherenT ≤ t < (n+ 1)T . Thephase stateθn−L can assume onlyp distinct values given by the look up
table

θ[x] =
2πx

p
, 0 ≤ x < p− 1. (5)

B. SOQPSK
For SOQPSK,αi is drawn from a ternary alphabet, i.eαi ∈ {−1, 0,+1}, whereM = 3. The modula-

tion index ish = 1/2. In this paper we discuss two versions of SOQPSK, SOQPSK-MIL [10], which is
full response (L = 1) with a rectangular shaped frequency pulse

fMIL (t) =

{
1

2T
, 0 ≤ t < T

0, otherwise.
(6)

The second, SOQPSK-TG [11,12], is partial-response withL = 8 and has a frequency pulse given by

fTG(t) , A
cos(πρBt

2T
)

1− 4(ρBt
2T

)
2 × sin(πBt

2T
)

πBt
2T

× w(t) (7)

2



PSfrag replacements
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Figure 1: Signal model for SOQPSK.
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Figure 2: The length-8T frequency and phase pulses for SOQPSK-TG.

where the window is

w(t) ,





1, 0 ≤ | t
2T
| < T1

1
2

+ 1
2
cos( π

T2
( t

2T
− T1)), T1 ≤ | t

2T
| ≤ T1 + T2

0, T1 + T2 < | t
2T
|

(8)

The constantA is chosen such that the area of the pulse is equal to1/2 andT1 = 1.5, T2 = 0.5, ρ = 0.7
andB = 1.25. Figure 2 shows the frequency pulsefTG(t) and corresponding phase pulseqTG(t).

SOQPSK is different from ordinary CPM in that ternary data are the output of a precoder as shown in
Figure 1. The precoder converts binary dataan ∈ {0, 1} into ternary dataαi according to the mapping
[13]

αn = (−1)n+1(2an−1 − 1)(an − an−2). (9)

The precoder orients the phase of the CPM signal in (1) such that the inphase and quadrature bits can
be recovered using a standard OQPSK detector. Alsoan are differentially encoded bits according to [14].
C. GMSK

GMSK is an important form of CPM [3], the signal model is same as (1) through (5). The frequency
pulsef(t) for GMSK is given by

f(t) =
1

2T

{
Q

[
2πBb

t− T/2

(ln 2)1/2

]
−Q

[
2πBb

t+ T/2

(ln 2)1/2

]}
(10)

where the parameterBb is arbitrary and set to obtain desired distance or spectral properties and

Q(t) =

∫ ∞

t

1

(2π)1/2
e−τ2/2 dτ. (11)

In this paper we use GMSK withBT = 0.25, L = 4 andh = 1/2. Figure 3 shows the frequency pulse
GMSK f(t) and corresponding phase pulseq(t). The reason for choosing GMSK with thisBT product is
that its performance in an AWGN channel is very similar to that of SOQPSK.
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Figure 3: The length-4T frequency and phase pulses for GMSK.
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Figure 4: 4-state time-varying trellis for the precoder/CPM Modulator The labels along the branches are for the input
bit/output symbol pairan/αn.

COHERENT DETECTOR MODELS

Although our final objective is to arrrive at noncoherent detectors for SOQPSK and GMSK, we will
first examine coherent detectors. This will yield useful models based on which the noncoherent detectors
will be built.
A. Coherent Detection Algorithm for Full-Response SOQPSK

The precoder in (9) can be described with an 8-state trellis, where three binary-valued state variables
are needed:n-even/n-odd,an−1 andan−2. If we construct atime-varyingtrellis, with different sections
for n-even andn-odd, then we have the 4 state trellis shown in Figure 4. The labels along each branch
show the input bit/output symbol pair,an/αn, for the given branch. The state variables arean−1, andan−2

and are ordered such that the inphase bit of this pair is always the MSB and the quadrature bit of this pair
is always the LSB. Whenn is even, the branch bitan replaces the inphase bit in the state variable, and
likewise for the quadrature bit whenn is odd.

There is a one-to-one mapping between the trellis state values, in the set{00, 01, 10, 11}, and the CPM
phase state indexes, in the set{0, 1, 2, 3} which is shown in Figure 5. It is evident that the CPM phase
states are aπ/4-rotated version of the traditional QPSK constellation. This mapping implies that we could
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Figure 5: The mapping between the trellis states and the phase state index.

construct a 4-state trellis corresponding to these four CPM phase states. We use the trellis in Figure 4 and
the mapping in Figure 5 to obtain the CPM phase state index when required.

With the trellis defined for the system in Figure 1, we outline the optimal detector for the received
signal

r(t) = s(t;α)ejφ(t) + n(t) (12)

wheren(t) is complex-valued additive white Gaussian noise with zero mean and single-sided power spec-
tral densityN0.The phase shiftφ(t) introduced by the channel is unknown in general but for the moment
we assume thatφ(t) is zero so as to construct a coherent detector. This condition will be relaxed when we
consider the noncoherent detector.

SOQPSK-MIL being full-response, no additional states are required and an optimal maximum likeli-
hood sequence detection (MLSD) detector can be obtained from this 4-state trellis [15]. At the receiving
end, each branch of the trellis has abranch vectorB̃n , [ũn, S̃n], which defines theunderlying hypothe-
sis for the branch. Given this vector, there is a one-to-one correpondence to a hypothesized ending state
Ẽn ∈ {00, 01, 10, 11}, a hypothesized branch symbolα̃n, and a hypothesized phase stateθn−1 as shown
in Figure 4. The optimal coherent detector for full-response SOQPSK is implemented via the Viterbi
algorithm with the recursive metric update [3]

λn+1(Ẽn) , λn(S̃n) + Re{zn(α̃n)e−jθ̃n−1} (13)

whereλn(·) is the cumulative metric for a given state at indexn andzn(α̃n) is a sampled matched filter
output

zn(α̃n) ,
∫ (n+1)T

nT

r(t)e−j2πhα̃nq(t−nT ) dt. (14)

Three complex-valued matched filters are required for full-response SOQPSK.
B. Detection of Partial-Response SOQPSK-TG

After defining the optimalcoherentdetector forfull-response SOQPSK, we show the modifications
needed to arrive at thecoherentdetector forpartial-response SOQPSK.
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An optimal detector for the TG version of SOQPSK optimal detector requiresp · 2L−1 or 512 phase
states due to the partial-response of the waveform. Instead of using the optimal detector with a 512-state
trellis we pursue a near-optimum approximation for SOPQPSK-TG for this paper. The appromixation
method we use is frequency pulse truncation (PT) [9] which is based on the 4-state trellis in Figure 4. This
approach stems from the fact that frequency pulses which are long and smooth are oftentimes near zero for
a significant portion of their duration. This is clearly the case forfTG(t) in Figure 2. We base the detector
on a frequency pulse which has been truncated to a duration of one symbol time(full-response). Since the
detector uses aphasepulse, we translate these arguments accordingly and otain a modified phase pulse

qPT(t) =





0, t < 0

q(t+ (L− 1)T/2), 0 ≤ t ≤ T

1/2, t > T.

(15)

Even though the phase pulse in (15) has infinite duration, its time-varying portion has been shortened
to the interval[0, T ], which gives it full-response behavior. Now, it can be used with the 4-state trellis in
Figure 4 and in the full-responce CPM metric (14), which serves as the branch metric increment for the
Viterbi algorithm in (13).
C. Reduced Complexity Detector for GMSK

In this section we start with the 32 state trellis for GMSK withL = 4 and discuss how it can be reduced
to a 4 state trellis.

For GMSK withBT = 0.25, we haveL = 4, h = 1/2 andp = 4; the number of trellis states would be
S = pML−1 or 32. Each state is defined by a4-tuple(θn−4, αn−3, αn−2, αn−1), the phase states are given
by [3]

θn−L = hπ

n−L∑
i =−∞

αi mod2π. (16)

The first complexity reduction step we peform is truncating the frequency pulse to a duration of3
symbol times as outlined in the previous section. This would reduce the number of trellis states to 16
defined by the 3-tuple(θn−3, αn−2, αn−1), each branch is defined byBn = (θn−3, αn, αn−2, αn−1). This
trellis can be reduced to a 4 state trellis with the same 8 (asL = 3) matched filters by using decision
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feedback to find the phaseθn−2. There are two branches which end in each trellis state and the branch
which has the higher branch metric is the survivor, with symbolα̂n−2, the phase state for the hypothesised
ending state can then be estimated using

θ̂n−2(Ẽn) = θ̂n−3(S̃n) + πhα̃n−2. (17)

For such a trellis each state would be defined asSn = (αn−1, αn−2) and branches asBn = (αn, αn−1, αn−2)
as shown in Figure 6. Each trellis state starts off with phaseθ = 0 and for each subsequent stage of the
trellis the phase is updated using (17).

NONCOHERENT DETECTION ALGORITHM

The assumption that the channel/carrier phaseφ(t) is zero is now relaxed and we assume that it has an
unknown but constant value ofφ0. The metric in (13) is modified as [16,17]

λn+1(Ẽn) = λn(S̃n) + Re{Q∗n(S̃n)zn(α̃n)e−jθ̃n−1} (18)

where the complexed-valuedphase referenceQn(·) is given by the recursive update

Qn+1(Ẽn) , aQn(S̃n) + (1− a)zn(α̃n)e−jθ̃n−1 (19)

with theforgetting factor abeing a real number in the range0 < a < 1.
The phase references are updated after the local surviors at each trellis stage are declared. This algo-

rithm can be used for noncoherent detection of any CPM including SOQPSK(MIL and TG) and GMSK.

PERFORMANCE

This section gives numerical performance results for SOQPSK-MIL, SOQPSK-TG and GMSK. Al-
though we are interested in a noncoherent detector, the natural choice for benchmark is optimal coherent
maximum likelihood sequence detection (MLSD). The MLSD probability of bit error for differentially
encoded SOQPSK-MIL and SOQPSK-TG using the 4-state time variant trellis and for GMSK is tightly
upper-bounded by

Pb ≤ Q

(√
d2

0

Eb

N0

)
+Q

(√
d2

1

Eb

N0

)
(20)

whereEb/N0 is the bit-energy-to-noise ratio andQ(t) is given by (11).
For SOQPSK-MIL we haved2

0 = 1.73 [15] andd2
1 = 2.36. For SOQPSK-TG we haved2

0 = 1.60 and
d2

1 = 2.59 and for GMSK withBT = 0.25 using the 32 state trellisd2
0 = 1.689 andd2

1 = 2.3748.
Since the motivation for a noncoherent receiver is the case when the carrier phase is not known and

assumed to be varying [18], a simple model will be introduced for variations in the carrier phase. Let [19]

φn ≡ φ(nT ) = φn−1 + νn mod2π (21)

where{νn} are independent and identically distributed Guassian random variables with zero mean and
varianceδ2. This models the phase noise as a first order Markov process with Guassian transition proba-
bility distribution. For perfect carrier phase tracking,δ = 0.

Figures 7, 8 and 9 show the performance of noncoherent detectors for SOQPSK and GMSK in phase
noise as function of the forgetting factora, 3 different values ofa were chosen to establish a relation
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Figure 7: Performance of Noncoherent detector for SOQPSK-MIL with a)δ = 2◦/symbol and b)δ = 5 ◦/symbol.
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Figure 8: Performance of Noncoherent detector for SOQPSK-TG with a)δ = 2◦/symbol and b)δ = 5◦/symbol.

8



2 4 6 8 10 12 14
10

−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

(a)

E
b
/N

0
 [dB]

P
b

 

 

MLSD

Coherent, δ =0
a=0.625
a=0.75
a=0.875

2 4 6 8 10 12 14
10

−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

(b)

E
b
/N

0
 [dB]

P
b

 

 

MLSD

Coherent, δ=0
a=0.625
a=0.75
a=0.875

Figure 9: Performance of Noncoherent detector for GMSK with a)δ = 2◦/symbol and b)δ = 5◦/symbol.

between this design paramater and performance.δ = 2◦ / symbol andδ = 5◦/symbol were the 2 values
chosen forδ.

For the moderate value ofδ = 2◦/symbol, both the SOQPSK-MIL and GMSK noncoherent detectors
show very similar performance, SOQPSK-TG performs significantly poorly. Some of this degradation in
performance for noncoherent SOQPSK-TG detector could be attributed to the 0.2 dB [20] loss due to the
PT approximation. Also, the loss grows large asa decreases, the best value fora was found to be0.875.
The performance curves for GMSK are relatively close together compared to the SOQPSK curves. The
loss measured relative to MLSD atPb = 10−5 for SOQPSK-MIL, GMSK and SOQPSK-TG was found to
be 1.6, 1.6 and 2.3 dB respectively.

For the more severe value ofδ = 5◦/symbol, the loss measured relative to MLSD atPb = 10−5

for SOQPSK-MIL, GMSK and SOQPSK-TG was 4.5, 2.6 and 9.8 dB respectively. Only the GMSK
noncoherent detector perfoms satisfactorily, for this case witha = 0.625; this implies that as the severity
of phase noise increases,a should be chosen to be low, so as to better track phase change.

CONCLUSIONS
We have developed reduced complexity noncoherent detectors for full response and partial response

SOQPSK and GMSK. The design includes a time-varying trellis, pulse-truncation, trellis complexity re-
duction with decision feedback and the noncoherent detection algorithm. We observed that the perfor-
mance of the noncoherent GMSK detector in presence of phase noise is closer to MLSD GMSK detector
than that of noncoherent SOQPSK detectors. Whenδ of phase noise is5◦/symbol the noncoherent SO-
QPSK detectors perform very poorly, this is not the case with noncoherent GMSK detector. Thus in
applications where there is phase noise and noncoherent detection is to be used, GMSK is clearly the
better choice.
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ABSTRACT

Shaped offset quadrature phase shift keying (SOQPSK) is a highly bandwidth efficient modulation
technique used widely in military and aeronautical telemetry standards. It can be classified as a form
of continuous phase modulation (CPM), but its major distinction from other CPM schemes is that it has
a constrained (correlated) ternary data alphabet. CPM-based detection models for SOQPSK have been
developed only recently. One roadblock standing in the way of these detectors being adopted is that
existing symbol timing recovery techniques for CPM are not always applicable since the data symbols are
correlated. We investigate the performance of one CPM-based timing error detector (TED) that can be
used with SOQPSK, and apply it to the versions of SOQPSK used in military (MIL-STD SOQPSK) and
telemetry group (SOQPSK-TG) standards. We derive the theoretical performance limits on the accuracy
of timing recovery for SOQPSK, as given by the modified Cramer-Rao bound (MCRB), and show that the
proposed TED performs close to these bounds in computer simulations and is free of false-lock points. We
also show that the proposed scheme outperforms a non-data aided TED that was recently developed for
SOQPSK. These results show that the proposed scheme has great promise in a wide range of applications
due to its low complexity, strong performance, and lack of false-lock points.

I. INTRODUCTION

Shaped-offset quadrature phase shift keying (SOQPSK) is a highly bandwidth efficient form of contin-
uous phase modulation (CPM) [1] based on a constrained (correlated) ternary data alphabet. Its constant-
envelope nature makes it transmitter-friendly in terms of its compatibility with non-linear amplifiers and
their efficiency in converting limited (e.g. battery) powerinto radiated power. In spite of its advantages
on the transmit side, CPM typically suffers from high complexity and synchronization problems on the
receive side.

There are two versions of SOQPSK in current use. Military-standard (MIL-STD) SOQPSK [2] is the
original and simplest version; it uses a rectangular shapedfrequency pulse that spans a single bit time
(full-response) and can be described by a trellis (state machine) with 4 states. A more complicated version
has been adopted recently by the aeronautical telemetry group (SOQPSK-TG) [3]; this more bandwidth-
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efficient version has a frequency pulse that spans eight bit times (partial-response) and can be described
by a trellis (state machine) with 512 states.

In this paper, we address the problem of timing synchronization for SOQPSK. As its name suggests,
SOQPSK shares a number of similarities with traditional OQPSK. In fact, until recently, the typical re-
ceiver model for SOQPSK has always been a suboptimal OQPSK-type detector and suboptimal OQPSK-
type synchronization techniques [4]. The downside of OQPSK-type detection is that it ignores the inherent
state memory of the signal and is not trulymatchedto the transmitted waveform; a performance penalty
of 1–2 dB results with symbol-by-symbol OQPSK detection. The shortcomings of OQPSK-type detec-
tion have been addressed recently with a cross-correlated trellis quadrature coded modulation (XTCQM)
approach in [5] and a CPM-based approach in [6]; both of these recent approaches yield optimal 4-state
trellis-baseddetectors for MIL-STD SOQPSK that outperform OQPSK-type detection by 1–2 dB. Fur-
thermore, the CPM-based approach is compatible with powerful CPM complexity reduction techniques,
such as the pulse amplitude modulation (PAM) approximation[7, 8] and frequency pulse truncation (PT)
technique [9, 10]; these techniques have allowed 4-state detectors for SOQPSK-TG to perform within 0.1
dB of the optimal 512 state detector [11]. Future applications of CPM-based detectors includenoncoherent
sequence detectionschemes, e.g. [12], which are of interest for their robustness in operating environments
where fully coherent detection is ineffective.

None of the above mentioned detectors can be realized without symbol timing recovery schemes; thus,
the techniques developed here are highly motivated and timely. The contributions of this paper are the
following:

• Adapt an existing CPM-based timing error detector (TED) [13] so that the constrained ternary nature
of CPM is properly taken into account.

• Incorporate the TED into the Viterbi algorithm (VA) based SOQPSK detectors and properly combine
it with the 4-state PT technique.

• Compute the modified Cramer-Rao bound (MCRB), which establishes the theoretical performance
limits on the accuracy (normalized variance) of timing recovery for SOQPSK.

• Quantify the performance of the timing recovery scheme in computer simulations; we compare
normalized variance vs. MCRB, and bit error rate (BER) vs. theoretical probability of errror.

The proposed scheme is shown to have extremely low complexity, low normalized variance that ap-
proaches the MCRB, and is free of false lock points. As such, it is an attractive solution to the timing
recovery problem for CPM-based SOQPSK detectors.

The paper is organized as follows. In Section II we describe the signal model. In Section III we derive
the TED using maximum-likelihood methods and making some minor modifications to the existing one.
In Section IV we establish the lower bound on the performanceof the proposed approach by computing
the MCRB, and in Section V we give numerical results.
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II. SIGNAL MODEL

The complex-baseband SOQPSK signal model begins with the standard CPM signal, which is defined
as [1]

s(t, α) ,

√

Es

Ts

exp {jφ(t, α)} (1)

whereEs is the symbol energy andTs is the symbol duration. The phase is a pulse train of the form

φ(t, α) , 2πh
∑

i

αiq(t − iTs) (2)

wherei ∈ Z is the discrete-time index,α , {αi} is the sequence ofM-ary data symbols, andh is the
modulation index. Thephase pulseq(t) is defined as

q(t) ,



















0 t < 0
∫

t

0

g(σ) dσ 0 ≤ t < LTs

1/2 t ≥ LTs

(3)

whereg(t) is thefrequency pulsewhich has a duration ofL symbol times and an area of 1/2.
The phaseφ(t, α) in (2) can be expressed as

φ(t, α) = η(t, Ck, αk) + φk,

kTs 6 t < (k + 1)Ts

(4)

with

η(t, Ck, αk) , 2πh
k

∑

i=k−L+1

αiq(t − iTs) (5)

Ck , (αk−L+1, ..., αk−2, αk−1) (6)

(7)

and

φk , πh

k−L
∑

i=0

αi mod2π. (8)

In the above equationsCk is thecorrelative state, αk is thecurrent symbol, andφ
k

is thephase stateof
the modulator.

The different versions of SOQPSK have different frequency pulse shapes. The original version of
SOQPSK, known as “MIL-STD” SOQPSK [2], uses a full-response (L = 1) rectangular frequency pulse
(1REC). A version of SOQPSK recently adopted in aeronautical telemetry, known as “SOQPSK-TG,” uses
a partial-response (L > 1) frequency pulse shape defined in [3]. The modulation index for all versions of
SOQPSK ish = 1/2.

The transmitted symbols{αi} are derived from a sequence of i.i.d. information symbols{ui} by a
precodingoperation [14]

αi(u) ,
1

2
(−1)i+1ui−1(ui − ui−2) (9)
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whereui ∈ {±1} andαi ∈ {−1, 0, +1}. The reason for this non-obvious precoding operation is that (9)
orients the phase of the CPM signal in (2) such that it behaves like the phase of an OQPSK signal that
is driven by the i.i.d. bit sequenceu. In fact,u can be recovered directly from the received signal, with
no additional steps, by a suboptimal symbol-by-symbol OQPSK-type detector [4, 15]. For convenience,
we use the notationαi instead ofαi(u), but we stress thatu is the underlying information sequence for
SOQPSK.

The SOQPSK precoder imposes three important constraints onthe ternary data [14]:

1. Whileαi is viewed as beingternary, in any given bit intervalαi is actually drawn from one of two
binaryalphabets,{0, +1} or {0,−1}.

2. Whenαi = 0, the binary alphabet forαi+1 switches from the one used forαi, whenαi 6= 0 the
binary alphabet forαi+1 does not change.

3. A value ofαi = +1 cannot be followed byαi+1 = −1, and vice versa (this is implied by the
previous constraint).

Based on these constraints, the autocorrelation function for the SOQPSK symbol sequenceα is [16]

Rα(l) , E{αiαi+l} =











1, l = 0
1
2
, |l| = 1

0 otherwise.

(10)

The above constraints also imply that not every possible ternary symbol pattern is a valid SOQPSK data
pattern. For example, the ternary symbol sequences..., 0, +1,−1, 0, ... and. . . , +1, 0, +1, . . . violate the
SOQPSK constraints.

In what follows, we refer to estimated and hypothesized values of a generic quantityx as x̂ and x̃,
respectively. Also,̂x andx̃ can assume the same values asx itself.

III. TIMING ERROR DETECTOR

The derivation of the timing error detector (TED) is based onmaximum likelihood principles. The
signal observed at the receiver is modeled as

r(t) =

√

Es

Ts

ejφ(t−τ,α) + w(t)

wherew(t) is complex-valued additive white Gaussian noise (AWGN) with zero mean and single-sided
power spectral densityN0. The variablesα andτ represent the data symbols and timing offset, respec-
tively, which are both unknown to the receiver in practice.

The operation of the TED is intertwined with the operation ofthe Viterbi algorithm (VA). Customarily,
CPM signals are demodulated using a bank ofML matched filers (MFs). But, in the case of SOQPSK it
is important to note that though the original underlying data is binary, the precoding operation produces
a ternary output and hence the MF bank for full-response SOQPSK is made of an array of three filters
matched to{−1, 0, 1}. By applying the PT approximation [9, 10], it was shown in [11] that the same three
MFs can be used for partial-response SOQPSK-TG.
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Figure 1: Four state trellis diagram for SOQPSK.

In order to obtain the sampled MF outputs, we assume for the moment thatτ is known. The MF
outputs are sampled atτ + (k + 1)Ts to produce

Zk(Ck, αk, τ) ,

∫

τ+(k+1)Ts

τ+kTs

r(t)e−jη(t−τ,Ck ,αk)dt. (11)

The likelihood function of the data is maximized by performing maximum likelihood sequence detection
(MLSD), which is implemented efficiently via the VA. The sampled MF outputsZk are used to compute
the branch metrics within the VA. The trellis of an SOQPSK modulated signal is shown in Fig.1. The
state variables in the trellis are taken from (9), and are ordered(uk−2, uk−1) for k-even and(uk−1, uk−2)
for k-odd [14]; thus, the trellis states areSn ∈ {(−1,−1), (−1, +1), (+1,−1), (+1, +1)}. The branches
in Fig. 1 are labeled with the current-bit/current-symbol pair,uk/αk, for the given branch. The time-
varying nature of the trellis is a result of the time-dependence in (9). The remainder of the details needed
to implement the VA are found in [11].

In order to obtain the TED update, we temporarily assume thatα is known. Using the above defini-
tions, and denoting the observation interval as0 ≤ t ≤ L0T , it can be shown that the likelihood function
for the unknown parameter̃τ is

Λ(r|τ̃) = exp

{

1

N0

√

Es

Ts

L0−1
∑

k=0

Re
{

Zk(Ck, αk, τ̃ )e−jφk

}

}

. (12)

The maximum ofΛ(r|τ̃ ) with respect to the timing offset estimateτ̃ is obtained by setting equal to zero
the partial derivative of (12) with respect tõτ . Thus, we now have

L0−1
∑

k=0

Re
{

Y k(Ck, αk, τ̃)e−jφ
k

}

= 0 (13)

whereY k is the derivative ofZk with respect tõτ . A discrete-time differentiator is used to implement
Y k, as discussed in Section V.

The solution to (13) is obtained in an adaptive/iterative manner. As it is formulated, (13) assumes the
true data sequence{..., αk−2, αk−1, αk} is known, which is not the case in practice. A logical substitute
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Figure 2: Block diagram of the final TED.

for the true data sequence is the sequence of survivors within the VA, which become more reliable the
further we trace back along the trellis. Considering all these issues, the following error signal is obtained
as in [13]

e(k − D) , Re
{

Y k−D(Cb

k−D
, αb

k−D
, τ̂k−D)e−jφb

k−D

}

(14)

whereD is the traceback time for computing the error and the superscript b represents the best survivors
of the VA. A largeD could result in longer delays in the timing recovery loop, but it is observed in [13]
and Section V thatD = 1 produces satisfactory results.

A discrete-time implementation of (14) is shown in block diagram form in Fig.2.

IV. MODIFIED CRAMER-RAO BOUND

We use the modified Cramer-Rao bound (MCRB) [17] to establish a lower bound on the degree of
accuracy to whichτ can be estimated for SOQPSK. Following the approach in [18, Ch. 2] the complete
complex-baseband signal model is represented as

s(t, τ, α) =

√

Es

Ts

ejφ(t−τ,α). (15)

The MCRB with respect toτ for a baseband signal is [18]

MCRB(τ) =
N0/2

Eα

{

∫

T0

0

∣

∣

∣

∣

∂s(t, τ, α)

∂τ

∣

∣

∣

∣

2

dt

} (16)

whereT0 , L0Ts. Next, using the signal model in (15), we get

Eα

{

∫

T0

0

∣

∣

∣

∣

∂s(t, τ, α)

∂τ

∣

∣

∣

∣

2

dt

}

=
4π2h2Es

Ts

∫

T0

0

G(t, τ) dt

where

G(t, τ) , Eα

{
∣

∣

∣

∣

∑

i

αig(t − iTs − τ)

∣

∣

∣

∣

2}

(17)

=
∑

i

∑

l

Rα(l)g(t − iTs − τ)g(t − [i + l]Ts − τ)

andRα(l) is the autocorrelation function of the sequenceα.
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At this point, the solution can be expressed in closed-form for MIL-STD SOQPSK using (10). In this
case, (17) simplifies to

GMIL (t, τ) = 2
∑

i

g2(t − iTs − τ) (18)

where only thel = 0 term is non-zero due to the brief duration ofg(t) (full-response,L = 1). After
evaluating (18), the final result for MIL-STD SOQPSK is

1

T 2
s

× MCRBMIL (τ) =
4

π2L0

×
1

Es/N0

. (19)

For SOQPSK-TG, a similar closed-form equation does not exist due to the shape ofg(t) which is a
partial-response pulse withL = 8. But, (17) can be computed numerically with ease. Using (10) it is seen
that only thel = 0 and l = ±1 terms will be non-zero as the correlation is zero forl > 1. Hence, for
SOQPSK-TG (17) can be simplified as

GTG(t, τ) = 2
∑

i

g2(t − iTs − τ) + 2
∑

i

g(t − iTs − τ)g(t − (i + 1)Ts − τ) (20)

Once (20) is evaluated, the final result for SOQPSK-TG is

1

T 2
s

× MCRBTG(τ) =
2

π2L0

×
1

∫

T0

0
GTG(t, τ)dt

×
1

Es/N0

. (21)

V. NUMERICAL RESULTS

We now quantify the accuracy of the TED in Fig.2 for the two versions of SOQPSK. The discrete-time
implementation is sampled at a rate ofN = 4 samples per symbol. Samples ofZk are used to update the
branch metrics within the VA. In addition to the sample used in the VA, anearly sample ofZk is taken,
as well as alate sample. The difference between the early and late samples isused to approximate the
derivativeY k. This procedure is discussed in [13].

The raw TED outpute[k] is refined into a more stable timing estimateτ̂ using a feedback scheme. A
standard first-order phase-locked loop (PLL) provides an updated timing estimate after each symbol time
with the operation

τ̂ [k] , τ̂ [k − 1] + γe[k]

where thestep sizeis
γ ,

4

kpBTs

andBTs is the user-specifiednormalized loop bandwidth.
The constantkp is obtained from the S-curve of the TED; this curve characterizes the overall behavior

of the TED and is the expected value of the TED outpute[k] as a function of thetiming offset

δ , τ − τ̂ .

The S-curve is particularly useful since it identifies the stable lock points for the TED; these are the zero-
crossing points on the curve where the slope is positive, e.g. [18]. In this case, a closed-form expression
for the expected value ofe[k] does not exist and we instead use simulations to study the S-curve. The
simulations reveal that the only stable lock point occurs when the timing is correct, i.e. atδ = 0. This
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Figure 3: MCRB vs. normalized timing variance withN = 4 for (a) MIL-STD SOQPSK and (b) SOQPSK-TG.

result holds for both versions of SOQPSK and rules out the existence of false-lock points. The constantkp

is defined as the slope of the S-curve evaluated atδ = 0 and the value ofkp is determined numerically via
simulation. The values ofkp measured numerically agree with the values given in [18].

The relationship between the observation intervalL0 in a feedforward-based scheme and the normal-
ized loop bandwidthBTs in a feedback-based scheme is [18]

L0Ts =
1

2BTs

.

The accuracy of the feedback scheme is measured numericallyvia simulation with thenormalized
timing variance 1

T 2
s

× σ2
τ

,
1

T 2
s

× Var{τ̂ [k] − τ} . (22)

In this paper, the timing variance has been computed for two different values of the normalized loop
bandwidth, for both versions of SOQPSK (a total of four cases). Fig. 3 shows the normalized timing
variances plotted along with their corresponding MCRB(τ )’s. All four cases reveal that the TED is very
effective for SOQPSK, since the normalized timing varianceis quite close to the lower performance limit
indicated by MCRB(τ ).

These synchronization results further validate the CPM model for SOQPSK, which has already proven
effective in detection algorithms. Moreover, in the case ofSOQPSK-TG where the reduced-complexity
pulse truncation approximation is used, it is especially pleasing that such low values of the timing variance
are achieved using the suboptimal MF output samples. The proposed TED shows a marked improvement in
performance when compared to thenon data aidedTED developed very recently in [19] for SOQPSK. In
particular, the TED presented here allows for much wider loop bandwidths and the rapid synchronization
times that result.
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Figure 4: Probability of bit error for (a) MIL-STD SOQPSK and(b) SOQPSK-TG.

Fig. 4 quantifies the bit error rate (BER) performances of the proposed TED for MIL-STD SOQPSK
and SOQPSK-TG. The theoretical performance of the optimal MIL-STD SOQPSK detector with perfect
symbol timing is given in [6]. This ideal performance curve is shown in Fig.4 along with the simulated
results for the bit error performance of the TED withBTs = 1 × 10−3 andBTs = 1 × 10−2. It can
be seen that the detector performs at the theoretical limit,with the simulation points perfectly lining up
over the analytical curve. The fact that this performance isachieved with the wider loop bandwidth of
BTs = 1 × 10−2 is noteworthy.

Similarly, the theoretical performance of SOQPSK-TG with the 4-state pulse truncation approximation
and perfect symbol timing is given in [11]. As in the previous case, the TED provides accurate results
even withBTs = 1 × 10−2. This demonstrates the applicability of the TED to both versions of SOQPSK,
which is significant since thenon data-aidedTED in [19] has extremely poor performance in the case of
SOQPSK-TG.

VI. CONCLUSION

We have shown that an existing TED for CPM can be extended to SOQPSK where the data symbols
have a constrained ternary data alphabet and reduced-complexity suboptimal detectors are required. This
timing recovery scheme is of practical significance since SOQPSK is widely used in military and aeronau-
tical telemetry. Moreover, optimal CPM-based detectors have only recently been proposed for SOPQSK
and compatible timing recovery schemes, such as the one proposed here, are required for these detectors
to be implemented in practice.

Unlike another TED recently developed for SOQPSK, the performance of the TED proposed here is
exceptionally good in terms of approaching the theoreticallower bounds on timing error variance estab-
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lished by the MCRB. Furthermore, the bit error performance of the detector was identical to the perfect
timing case, even when reasonably large values of the loop bandwidth were used. Based on these results,
the proposed scheme has potential in a wide range of applications due to its low complexity, its lack of
false lock points and fast acquisition capabilities.
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ABSTRACT

In this paper, we consider multiple bit differential detection (MBDD) of differentially encoded shaped-
offset quadrature phase-shift keying (SOQPSK) over slow fading channels, especially Rayleigh fading
channels. SOQPSK is a highly bandwidth efficient and popular form of constant envelope continuous
phase modulation (CPM). We present two versions of the MBDD algorithm: the full-size version (F-
MBDD) which uses a detection window that spans the entire N -bit observation window, and an improved
version (I-MBDD) which maintains the original N -bit observation window but detects only N − 2 bits
within the window. The complexity of both algorithms is shown to increase linearly with the order of di-
versity reception, L, and exponentially with the size of the observation window, N ; the I-MBDD achieves
the best performance for given values of L and N . As expected, the performance in the case of diversity
reception shows a marked improvement over the single channel case.

INTRODUCTION

SOQPSK is a highly bandwidth efficient modulation scheme which is able to achieve higher bandwidth
efficiency compared to other modulation schemes as it involves continuous phase transitions (shaped)
rather than instantaneous phase shifts. It is similar to offset QPSK (OQPSK) in that data transmission on
in phase and quadrature channels can be viewed as being delayed by half a symbol time relative to each
other. In this paper we concentrate on “MIL-STD” SOQPSK, which is the most popular form of SOQPSK
and is incorporated in military satellite communication standards [1], although our approach is general
and can be applied to other versions of SOQPSK, e.g. [2].

We focus on the problem of multiple-bit differential detection of differentially encoded SOQPSK over
fading channels. This type of detection was considered recently in [3] for additive white Gaussian noise
(AWGN) channels, but has yet to receive any attention for more realistic wireless fading channels. Due to
the relationship between this problem and others, our approach is similar to [3] (MBDD of SOQPSK over
AWGN channels) and [4] (multi-symbol differential detection of linear phase modulations over fading
channels).

As with these previous results, we show that performance improves significantly as the length of the
multiple-bit observation interval, N , increases. We also show that the performance is greatly improved as
the number of receive channels, L, increases. The primary contribution of this paper is to develop these
MBDD diversity detection schemes and quantify their performance.

The algorithms are based on a recent continuous phase modulation (CPM) based receiver model for
SOQPSK [5]. Using the CPM-based approach, we develop two versions of the basic MBDD algorithm.
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Figure 1: Transmitter model for DSOQPSK

The first version uses a detection window that spans the full N -bit observation window (i.e. N bit inter-
vals are observed and N bits are detected); we refer to this algorithm as full-size MBDD, or F-MBDD.
Although the performance of F-MBDD improves with increasing N , the convergence to the performance
of coherent detection is quite slow due to dominant error events that affect the first and last bits in the
observation interval. The second version uses a shortened detection window of N − 2 bits (i.e. N bit
intervals are observed but only N − 2 bits are detected); by avoiding detection on the first and last bits
in the observation interval, this improved algorithm (I-MBDD) has already been shown to achieve high
performance with smaller values ofN [6, 3]. We demonstrate these same performance characteristics with
computer simulations for the present case of diversity reception.

The paper is organized as follows. In the next section we describe the signal model for SOQPSK.
In Section we discuss the diversity reception model. In Section we summarize the trellis models for
SOQPSK which greatly facilitates the development of the MBDD algorithms in Section . We present
simulation results in Section and give conclusions in Section .

Signal Model

The complex-baseband representation of SOQPSK as a form of CPM [7] is

s (t; α) ,

√
Eb
Tb

exp {jφ (t; α)} (1)

where Eb is the energy per bit and Tb is the bit duration. The phase is a pulse train of the form

φ (t; α) , 2πh
∑
i

αiq (t− iTb) (2)

where i ∈ Z is the discrete-time index, αi is a ternary symbol, and h is the modulation index. The symbols
αi have the same duration Tb as the bits. The phase pulse q(t) is defined as

q(t) ,


0 t < 0∫ t

0

f(τ) dτ 0 ≤ t < TbLCPM

1/2 t ≥ TbLCPM

(3)

where f(t) is the frequency pulse which has a duration of LCPM bit times and an area of 1/2.
We consider differentially encoded SOQPSK where the symbol sequence {αi} is related to the true

bit sequence {ai} by a series of operations as shown in Fig. 1. First, the bits are double differentially
encoded [8] using

ui = aiui−2, ai, ui ∈ {±1}. (4)
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A precoder then converts the differentially encoded bits into the transmitted symbols via the operation [9]

αi(a) , (−1)i+1(ai − 1)ui−1(ui−2) (5)

where αi(a) ∈ {−1, 0,+1}. The precoder imposes three important constraints on the ternary data [9]:

1. While αi is viewed as being ternary, in any given bit interval αi is drawn from one of two binary
alphabets, {0,+1} or {0,−1}.

2. When αi = 0, the binary alphabet for αi+1 switches from the one used for αi, when αi 6= 0 the
binary alphabet for αi+1 does not change.

3. A value of αi = +1 cannot be followed by αi+1 = −1, and vice versa (implied by the previous
constraint).

Since the underlying information sequence is a, we refer to the left-hand side of (1) as s(t; a) and do so
for the remainder of the paper (for instance, this notation is used in Figure 1). For convenience, however,
we refer to the precoder output as αi instead of the more cumbersome αi(a).

Different versions of SOQPSK can be obtained by using different shapes for the phase pulse q(t).
When LCPM = 1 the signal is full-response and when LCPM > 1 it is partial-response. Given LCPM, and the
fact that the modulation index is a rational number, the phase may be expressed as [5]

φ(t; a) = 2πh
n∑

i=n−LCPM+1

αiq(t− iTb)︸ ︷︷ ︸
θ(t;a)

+πh

n−LCPM∑
i=0

αi︸ ︷︷ ︸
θn−LCPM

(6)

where nTb ≤ t ≤ (n + 1)Tb. The phase state θn−LCPM ∈ {0, π/2, π, 3π/2} can assume only four distinct
values, which gives ejθn−LCPM ∈ {±1,±j} [3].

We focus on the full-response case (LCPM = 1), although our results can be applied to the partial
response case as well. We devote particular attention to the full-response rectangular pulse shape 1REC
which is used in MIL-STD SOQPSK

fMIL(t) ,


1

2Tb
, 0 ≤ t < Tb

0, otherwise.
(7)

Diversity Reception Model

During the bit period kTb ≤ t ≤ (k + 1)Tb the transmitter sends the signal defined in (1). The signal
is transmitted over a multipath channel which is characterized by L independent paths each of which
attenuate and phase shift the signal while also adding an additive white Gaussian noise (AWGN) source.
Thus the received signal consists of a set of noisy replicas of the originally transmitted signal [4] i.e.

rl(t) = βls (t; a) ejψl + nl(t), 1 ≤ l ≤ L (8)

where {nl(t)}Ll=1 is a set of statistically independent complex additive white Gaussian noise processes with
power spectral density (PSD) N0. The sets {βl}Ll=1 and {ψl}Ll=1 represent channel fading amplitudes and
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Figure 2: 4-state time varying trellis representation for SOQPSK.

phases respectively which are assumed to be constant over the interval Tb i.e. slow fading. We consider
the Rayleigh fading channel, where the fading amplitude βl is the magnitude of a normally distributed
complex number and the phase ψl is uniformly distributed over the interval [0, 2π). Further information
on Rayleigh fading can be found in [10].

Trellis Description of Full-Response SOQPSK

Though MBDD is different from coherent detection [5] and does not involve trellis decoding, a trellis
diagram is useful in formulating the MBDD algorithms.

It has been shown in [3] that the cascade of the differential encoder and precoder in Fig. 1 can be de-
scribed by the time varying trellis shown in Fig. 2, which has different sections for n-odd and n-even. The
state variables in Fig. 2 are taken from the precoder (5): un−1 and un−2. These are ordered (un−2, un−1)
for n-even and (un−1, un−2) for n-odd, so that the inphase bit is always in the first position [9]. The state
values are Sn ∈ ((−1,−1), (−1,+1), (+1,−1), (+1,+1)).

One would expect that the CPM modulator in Fig. 1 would require its own trellis diagram, in addition
to the precoder trellis in Fig. 2. For full-response SOQPSK, this turns out not to be the case. The state
variable for a full-response CPM modulator is the phase state θn−1. It has already been shown in [11] that
there is a one-to-one correspondence between the CPM state variable θn−1 and the precoder state variable
Sn, given by the mapping

(−1,−1) ↔ 3π

2
, (−1,+1) ↔ π,

(+1,−1) ↔ 0, (+1,+1) ↔ π

2

(9)

Thus, the 4-state trellis in Fig. 2 describes the entire DSOQPSK system in Fig. 1
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Multiple Bit Differential Detection of SOQPSK

Next we develop MBDD schemes for DSOQPSK with diversity reception. In the following discussion,
we refer to estimated and hypothesized values of a quantity w as ŵ and w̃ respectively. Also, ŵ and w̃ can
assume the same values as w itself.

The received signal is observed for duration N ≥ 1 bit intervals and a decision metric is evaluated for
all possible hypothesis values

x̃N−1
0 , [ãn ãn−1 · · · ãn−N+1 m̃n−N ] (10)

= [ãN−1
0 m̃n−N ]

where m̃n−N = ũn−N ũn−N−1. The hypothesis x̃N−1
0 spans the entire length-NTb interval and can assume

2N+1 distinct values. The decision metric for DSOQPSK is similar to that for other modulations and can
be computed from the set of matched filter (correlator) outputs which are given by [3]

zl(n, [ãn, S̃n]) , e−jθ̃n−1

×
∫ (n+1)Tb

nTb

rl(t)e
−j2πhα̃nq(t−nTb) dt

(11)

To compute the correlation we require the values of S̃n, θ̃n−1, and α̃n. The manner in which ãn, ũn−1, and
ũn−2 determine the values of S̃n, α̃n, and θ̃n has been discussed earlier. Therefore, x̃N−1

0 constitutes the
underlying hypothesis from which we obtain the derived hypotheses [3]

S̃
N−1

0 , [S̃n S̃n−1 · · · S̃n−N+1]

θ̃
N

1 , [θ̃n−1 θ̃n−2 · · · θ̃n−N ]

α̃N−1
0 , [α̃n α̃n−1 · · · α̃n−N+1]

all of which have N entries.
In the single channel case, i.e. L = 1, the decision metric is given by

η(x̃N−1
0 ) ,

∣∣∣∣∣
N−1∑
k=0

z1(n− k, [an−k, Sn−k])

∣∣∣∣∣
2

The above decision metric is a function of the matched filter outputs for a single channel and was developed
in [3]. In this paper, we are interested in the multiple channel case where L > 1. Using maximum
likelihood arguments for the multiple channel case, the decision metric generalizes into a sum of individual
decision metrics from each of the channels, i.e.

η(x̃N−1
0 ) ,

L∑
l=1

∣∣∣∣∣
N−1∑
k=0

zl(n− k, [an−k, Sn−k])

∣∣∣∣∣
2

(12)

This decision metric is a manifestation of the principle of diversity reception [4].
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Using the decision metric defined above, the decision rule for full-size MBDD (or F-MBDD) of DSO-
QPSK with diversity reception is

âN−1
0 = arg max

x̃N−1
0

{
η(x̃N−1

0 )
}
. (13)

Since x̃N−1
0 has N + 1 binary-valued entries, we must compute 2N+1 metrics to make N bit decisions.

Although (13) shows that it is possible with DSOQPSK to detect all N bits in the observation interval, the
numerical results in the next section will show that the performance improves significantly if the I-MBDD
decision rule is applied, i.e.

âN−2
1 = arg max

x̃N−1
0

{
η(x̃N−1

0 )
}
, N ≥ 3. (14)

In this improved version, only N −2 bits are detected in each observation interval and successive observa-
tions overlap by two bit intervals. The computational complexity is slightly higher since 2N+1 metrics are
required to make N − 2 bit decisions. However, this slight increase in complexity results in a significant
performance improvement over F-MBDD.

Simulation Results and Performance
Fig. 3 shows the bit error rate (BER) of the F-MBDD scheme in both the single channel i.e. L = 1

case and multiple channel L = 3 case. As can be seen from the curves, the performance is much better
with diversity combining than in the case of a single channel. The bit error performance also improves
with increase in the size of the detection window i.e N . The error rate is lowest for N = 7 and the highest
for N = 3.

BER curves are shown for the I-MBDD scheme in Fig. 4 for both single and multiple channel cases.
The performance of multiple channels is seen to be better than the single channel in the I-MBDD case
as well. There is also the expected improvement in performance when the detection window size is in-
creased. In comparing Figs. 3 and 4, I-MBDD enjoys a performance advantage of 2–4 dB over F-MBDD,
depending on the particular values of N and L. In general, this gain increases with N . This underscores
the value of the I-MBDD scheme.

Conclusion

We have derived two versions of a multiple-bit differential detection scheme for SOQPSK with diver-
sity reception over fading channels. The I-MBDD version of the algorithm has the better performance
of the two, but has a slightly higher cost in terms of complexity. In general, the algorithms are flexible
in terms of trading complexity and performance, and are an attractive solution to the problem of detect-
ing SOQPSK without coherent detection over fading channels. Also, the algorithms are compatible with
low-complexity modifications such as decision feedback differential detection; this is an area of future
study.
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ABSTRACT 
 

The Instrumentation Hardware Abstraction Language (IHAL) has been developed to be a neutral 
language that is focused on the description and control of instrumentation systems and networks.  
This paper describes the various instrumentation configuration management tools we have 
designed that make use of IHAL’s neutral specification of instrumentation networks.  We discuss 
the features currently present in prototypes as well as future enhancements.   
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INTRODUCTION 

 

The Instrumentation Hardware Abstraction Language (IHAL) has been developed to be a neutral 
language that is focused on the description and control of instrumentation systems and networks.  
IHAL is designed on the principle that the same language must serve three roles:  (1) as a 
descriptive language for specifying and describing the components and configuration of an 
instrumentation system, (2) as a command language for issuing configuration and data 
commands to instrumentation hardware, and (3) as a query language for requesting the current 
state of instrumentation hardware.  The design of the IHAL was presented at the 2006 ITC.   

Like any other representational language, IHAL is only beneficial as long as supporting tools 
exist.  Likewise, the various features of IHAL enable the development of numerous software 
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features and tools that make it easier to design, configure, and evaluate instrumentation 
networks.  We have developed prototypes of two such tools – the Instrumentation Configuration 
Repository (ICR) and the InstrumentMap – both of which make use of IHAL’s features to 
simplify the instrumentation engineer’s tasks at different phases of the instrumentation network’s 
life cycle.   

The ICR enables the storage and visualization of an archive of instrumentation configurations.  
Among the ICR’s features are configuration searching, establishing/viewing relationships 
between configurations, and attaching/viewing files associated with each configuration.  Thus, 
the ICR aides the instrumentation engineer in reviewing past configurations, either for the 
purpose of forensics or when looking for an existing configuration to serve as the starting point 
for defining a new configuration. 

The InstrumentMap, on the other hand, enables the user to visualize and modify a single 
configuration at a time.  Its features allow the visualization of multiple networks (e.g., on system 
under test, at ground station, etc.) at once.  The configuration of the instrumentation hardware 
within the network can be viewed and modified, and an IHAL command file can be generated to 
update the hardware configuration.  An advanced search feature enables the engineer to find 
suitable replacements for missing or obsolete hardware. 

The following sections provide a detailed description of each of these tools, including detailed 
descriptions of their features.   

 

 

INSTRUMENTATION CONFIGURATION REPOSITORY (ICR) 

 
The ICR provides the user with a top-level visualization of the configurations stored in one or 
more IHAL files.  The ICR displays each IHAL configuration as a block on the screen.  Double-
clicking a block will open the InstrumentMap for that configuration.   

The ICR allows the user to view and specify relationships between the configurations, view the 
external files associated with each configuration, search the configurations in the repository, and 
view and edit the IHAL eXtensible Markup Language (XML) text for each IHAL file.  Figure 1 
presents a screenshot of the ICR . 

The ICR allows the end user to specify a relationship between two configurations and visualize 
the relationship with an arrow connecting the boxes.  In the ICR, clicking the ‘Create Map’ 
button and then clicking and dragging the mouse from one configuration box to another will 
create an arrow from the first configuration to the second.  These arrows can be used to indicate 
relationships such as precedence (the first configuration is a previous version of the second) or 
derivation (the second configuration is a new configuration derived from the first).  In the future, 
this feature could be extended to allow users to indicate the type of relationship and to add a 
description or explanation. 
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Figure 1 - IHAL Instrumentation Configuration Repository 

 

 

ICR SUPPORT FOR ASSOCIATING EXTERNAL FILES 
The ICR detects the presence of <file> elements associated with each IHAL configuration and 
displays an icon on the box for those configurations that have associated files.  Right-clicking 
this icon displays a menu that allows the user to open a dialog listing all of the files associated 
with that configuration.  The Associated Files dialog lists each file’s name, description, and 
location.  If the file’s location is a network or local path accessible by the user’s computer, the 
file can be opened in its associated application from this dialog.  Figure 2 shows a configuration 
that has the associated files icon along with the right-click menu for viewing the file list.  Figure 
3 shows the Associated Files dialog, which is opened when ‘View Files…’ is chosen from the 
right-click menu. This functionality is useful for associating data files as well as external notes, 
memos, etc. that serve as design rationale for the instrumentation network. 

 

 
Figure 2 - Right-click Menu for Viewing Attached Files in ICR 
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Figure 3 - Associated Files Dialog in ICR 

 

ICR SEARCH CAPABILITY AND PREVIEW/EDIT OF IHAL XML 

 
The ICR also has the ability to search the configurations within the repository based on several 
criteria.  Configurations can be searched based on the date they were created, the date they were 
implemented, the type of instruments used, and the presence of certain words or phrases.  The 
query is performed using XQuery, a language designed for querying XML files similar to the 
way SQL is used to query databases.  The result of the query is an XML file that lists all of the 
configurations that match the search criteria along with the IHAL file(s) where they are located. 

Configuration searching in the ICR is performed through the Query dialog, which is shown in 
Figure 4.  This dialog is accessible through the File | Query… menu option.  From this dialog, 
the user can specify any combination of the available search criteria.   

Text searches can be performed either on configuration attributes or on descendant elements.  
The ‘High-level Objects’ option allows the user to search for configurations that contain a 
minimum number of certain instrument type uses.  After a search is performed, the resulting 
XML file is displayed in the ‘Results’ portion of the dialog. 

The ICR also allows the user to open the IHAL XML text either in a read-only browser or in a 
text editor window.  Both of these windows allow the user to conveniently view the actual IHAL 
code contained in each IHAL file in the repository.  The browser window functions similar to a 
web browser’s XML viewing functionality, color-coding the different parts of the XML file and 
allowing the user to expand and collapse each node.  The text editor allows the user to add, edit, 
and delete the text. 

Figure 5 shows the ICR with the IHAL viewer activated for one of the IHAL files in the 
repository.  This window is accessible through the ‘Preview…’ option on the configuration right-
click menu.  The text editor window is accessible through the ‘Edit Text…’ option from the 
same menu.   
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Figure 4 - ICR Query Dialog 

 

 
Figure 5 - ICR Window showing the IHAL Viewer Pane 



 6

INSTRUMENT MAP 
 

The InstrumentMap is a Java application that lets the user visualize and control a single IHAL 
configuration.  The application consists of a four-panel display that allows the user to view 
details of the components in the configuration, including the various networks and the hardware 
used in them.  In addition to useful visualization features such as the multi-panel display, display 
of supporting images for various components, and display filtering, InstrumentMap also provides 
valuable control features such as instrument configuration and control and an instrument 
replacement search.  A screenshot of InstrumentMap is presented in Figure 6. 

 

 
Figure 6 - ISAIIH InstrumentMap Application 

 

The InstrumentMap display divides the information in a configuration among four panels: tree 
panel, property panel, map panel, and detail panel. 

The tree panel (top left) contains a hierarchical list of all the components in the configuration, as 
well as the complete pools from the IHAL file.  The configuration information displays each 
network as a node in the tree, with sub nodes representing the various instrument and transducer 
uses contained in the network.  In each pool, the instruments, transducers, and buses in that pool 
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are grouped by type.  Selecting an item in the tree panel displays more information about that 
item in the other three panels. 

The property panel (bottom left) consists of a table that displays various properties and their 
values for the currently selected object in the map or tree panel.  For example, when the user 
selects an instrument use in the tree or map panels, the attributes of that instrument use will be 
listed in the property panel.  The name of each property is listed in the left column, with the 
corresponding property value listed in the right column. 

The map panel (top right) displays the instruments, transducers, buses, and the connections 
among them in the selected network, showing them graphically superimposed on a background 
image of their location.  The user can click and drag on the instruments and transducers in the 
map panel to relocate them.  This position information can then be saved by choosing File | 
Commit from the menu.  When an instrument or transducer is selected on the map panel, it will 
automatically be selected on the tree as well, and vice versa. 

The detail panel (bottom right) provides further details about the currently selected item.  When 
an instrument, instrument use, transducer, or transducer use is selected in the map or tree panel, 
the detail panel will appear.  The detail panel contains two tabs.  One tab displays the IHAL 
XML text, while the other tab displays an image, if available, of the currently selected item. 

InstrumentMap is capable of displaying more than one network.  The networks contained in the 
configuration are listed in the tree panel.  If a user is viewing one network and then selects a 
different network or subcomponent in a different network, the map panel will immediately 
switch to displaying the newly selected network.  The zoom level of the map panel for each 
network is maintained and restored as the user switches among them. 

Several check boxes appear in the InstrumentMap that allow the user to filter the types of 
components displayed in the map panel.  With these checkboxes, the user can toggle on and off 
the display of instruments, transducers, and connection lines.  The check boxes are located at the 
top of the InstrumentMap window in the toolbar, as seen in Figure 6. If instruments or 
transducers are made invisible by filtering them out of view, then any connection lines attached 
to them will also disappear. 

 

 

SUPPORT FOR IMAGES OF INSTRUMENTS AND NETWORKS 

 

InstrumentMap supports the association of images with instruments, instrument uses, and 
networks.  Each network can have an associated image that will serve as the background image 
when viewing the network in InstrumentMap.   

In addition, each instrument and instrument use can have an associated image as well.  These 
images will appear on the ‘Image’ tab of the detail panel when the corresponding instrument or 
instrument use is selected.   

In order to associate images with networks and instruments, InstrumentMap makes use of the 
custom parameter (<param>) element in IHAL.  When InstrumentMap loads an IHAL file, it 
looks for special instrument map-specific <param> elements with the names 
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“diagramImageFile” and “instrumentMapBG.”  These elements specify the paths to the image 
files associated with instruments and networks, respectively.An example of displaying an image 
in the lower right panel of InstrumentMap is shown in Figure 7. 

 

 
Figure 7 - Supporting Images of Instruments and Networks in InstrumentMap 

 

ICR AND INSTRUMENTMAP INTEGRATION 

 
The ICR has been loosely integrated with the InstrumentMap tool.  When the user double-clicks 
on a configuration box in the ICR, the InstrumentMap tool launches and loads that configuration.  
This can be done multiple times, allowing several configurations to be open in separate 
InstrumentMap windows at the same time. 

 
 

CONCLUSIONS 
We have described two applications that make use of IHAL’s neutral specification of 
instrumentation networks – the Instrumentation Configuration Repository and the 
InstrumentMap, both of which support the editing, management and support of IHAL models. 
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ABSTRACT 
In this paper, we discuss the benefits of maintaining a neutral-format hardware specification 
along with the telemetry metadata specification.  We present several reasons and methods for 
maintaining the hardware specifications, as well as several potential uses of hardware 
specification.  These uses include cross-validation with the telemetry metadata and automatic 
generation of both metadata and instrumentation networks. 
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INTRODUCTION 
In current practice, telemetry metadata is stored in the Telemetry Attributes Standard (TMATS) 
format.  The design of TMATS includes a section H for describing the hardware used in the 
telemetry system.  While the presence of this section indicates recognition by the T&E 
community of the need for hardware descriptions, section H has never been fully implemented 
and is virtually unused in practice. 

At the 2006 International Telemetering Conference, we presented the Instrumentation Hardware 
Abstraction Language (IHAL), a neutral, eXtensible Markup Language (XML) based language 
for specifying instrumentation hardware and instrumentation hardware networks.  IHAL 
provides a means to describe not only the specific hardware components, but also the usage of 
those components in a specific network configuration.  The language has been designed to serve 
three roles:  (1) as a specification language for describing the hardware and hardware networks, 
(2) as a command language for configuring each hardware component, and (3) as a query 
language for polling the hardware components for their current configuration [1]. 

While IHAL does not currently support full telemetry metadata specifications, the hardware 
information contained in an IHAL instrumentation network specification can be used to 
supplement and validate the information contained in the network’s metadata specification. 
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This paper will explore various uses of a hardware specification in conjunction with a telemetry 
metadata specification.  We will describe a way in which hardware specification constructs can 
be merged into an instrumentation metadata specification.  We will also discuss various 
applications of hardware specifications including forensic analysis, mutual validation of the 
specifications, metadata generation, and identification of hardware alternatives. 

 
 

INSTRUMENTATION SPECIFICATION AS METADATA 
One potential approach to utilizing an instrumentation specification is to view the 
instrumentation specification as metadata itself.  Since every measurement is obtained from a 
specific combination of hardware, and the value of that measurement is dependent on the 
specific hardware settings, it is reasonable to view a pool-level description of the hardware 
capabilities and a use-level description of the hardware configuration as metadata describing the 
acquired data. 

A telemetry metadata specification language could make use of a pool-level hardware 
description language to define a global list of the instrumentation hardware used in the system.  
Further, use-level network configuration specifications could be included to define the specific 
configuration of the hardware used to acquire the data.  Finally, each measurement in the 
metadata specification could refer back to the specific hardware configuration used to acquire it 
via a simple reference to a unique identifier. 

The physical storage of the hardware-enhanced metadata specification could take different 
forms.  In one case, the instrumentation specifications could be stored in the same file as the 
traditional metadata, with the cross-references occurring between IDs in the same file.  This 
approach is advantageous in that it keeps all of the metadata about a specific test together in one 
file, eliminating the possibility of one part of the metadata becoming separated from the other.  
The disadvantage of this approach is that it will increase the size of the file that must be 
transmitted and parsed by the various tools involved in the test process (instrumentation support 
systems, vendor software, hardware control units, etc). 

A second approach to metadata storage is to keep the instrumentation specifications in a separate 
file from the traditional metadata.  In this situation, the cross references between the 
measurements and the instruments would include a reference to the IHAL file as well as the 
specific ID within that file.  This approach addresses the goal of minimizing the size of the file 
that must be managed by the various tools.  However, it introduces the potential problem of the 
files becoming separated, or the cross-links becoming broken. 

Finally, the two approaches to metadata storage could be combined.  In this combined approach, 
the instrumentation and traditional metadata would be stored in the same file for the permanent 
record.  However, various pieces of this combined file (e.g., just the instrumentation data or just 
the measurement data) could be extracted and fed to the tools on an as-needed basis.  With this 
approach, the full metadata specification can be stored together for historical purposes.  
However, each tool (software or hardware) can be fed only the portion of the file relevant to its 
task, maintaining efficiency. 

In any instrumentation metadata storage scenario, it would be useful to separately maintain a 
large collection of pool-level hardware specifications.  This collection would include 
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specifications of all of the hardware available to the range, regardless of in which tests it is used.  
This library of instrumentation hardware descriptions could be used in the construction and 
design of future instrumentation networks, and could also be used for replacement hardware 
searches, which is described in more detail in a later section. 

 

 

FORENSIC APPLICATIONS OF INSTRUMENTATION METADATA 
If the instrumentation specification is maintained along with the measurement metadata, the test 
engineers will have all of the information related to each measurement in a single location.  This 
is especially useful for forensic applications, or when a test needs to be reimplemented or 
reexamined many years after the initial execution of the test.   

For instance, imagine the situation where a particular measurement is observed to be outside of 
the expected range of values.  With this hardware-enhanced metadata specification, the engineer 
can quickly find the exact hardware component(s) that may be malfunctioning or miss-
calibrated.  In another situation, a subtle inconsistency in the acquired data may only be 
discovered years after the data was initially acquired.  The enhanced metadata specification will 
contain all of the information necessary to reproduce the original test, either physically or in 
simulation. 

The presence of a hardware specification that is linked to the metadata specification would also 
aid in locating data.  Software tools could be implemented that allow searching across the 
hardware specification and returning the data associated with the hardware search results.  For 
example, the user could search for the usage of a data acquisition unit (DAU) that meets certain 
requirements, and then be able to immediately see the data acquired by that DAU. 

Finally, when data are missing or appear to be missing, the hardware specification can be used to 
determine the cause.  From the hardware specification, it would be easy to determine whether the 
hardware necessary to capture the data were present and, if so, whether it was correctly 
configured to capture that data.  Thus, the hardware specification linked to the metadata makes it 
possible to determine if the source of missing data is a hardware configuration problem, or a lost 
data problem. 

 

 

INSTRUMENTATION AND METADATA VALIDATION 
Regardless of whether or not the instrumentation specification is viewed as metadata, an 
instrumentation specification and a measurement metadata specification can be used to validate 
each other.  As mentioned previously, the values and availability of the recorded measurements 
are heavily dependent on the hardware used to acquire them.  With this relationship in mind, a 
set of validation rules could be developed to determine whether a specific hardware 
configuration is compatible with a specific metadata specification, and vice versa.  These rules 
could then be used by a simple rule-based “expert system” to automate the validation process.  
Over time, the rule set could be extended and refined, resulting in an increasingly better 
automatic validator.  A number of implementations of expert systems are already available, 
including CLIPS for C/C++ [2] and JESS for JAVA [3]. 
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Some initial validation rule ideas follow: 

• Does the instrumentation system contain the necessary number and type of instruments 
and sensors to acquire the data? (a temperature measurement needs a thermocouple, a 
strain measurement needs a strain gauge and an input card that has bridged input, etc.) 

• Are the instruments configured to acquire the data at the desired sample rate and desired 
units? 

• Are the instruments configured to acquire the data at the desired resolution? 

• Are the instruments configured to acquire the data within the desired range of values? 

• Is the DAU configured to output the data in the appropriate format (PAM, PCM, NRZ-L, 
etc)? 

 

 

INSTRUMENTATION AND METADATA GENERATION 
Just as an instrumentation specification and a metadata specification can be used to validate each 
other, so can one be used to generate the other.  A fully specified instrumentation configuration 
can be used to infer a partial, “first-cut” telemetry metadata specification.  Conversely, a full 
telemetry metadata specification can be used to generate a valid instrumentation configuration.  
Similarly, a specification of one can be used to help “fill in the blanks” of a partial specification 
of the other. 

Given a complete instrumentation specification, one can infer a certain amount of telemetry 
metadata.  The types of metadata that can be inferred from the hardware include: 

• Number and types of measurands:  Based on the number and types of transducers and 
signal conditioning cards, it is a trivial matter to infer the number and types (temperature, 
strain, etc) of measurands in the input stream. 

• Basic format of the output stream:  From the DAU’s configuration, one can obtain the 
type of output stream (PCM, PAM, etc.) and the format (NRZ-L, etc.). 

• Sample rate of the measurands: Similarly, the sample rate of each measurand can be 
extracted from the configuration of the data acquisition hardware components. 

• Resolution of the measurands:  The bit depth of each measurand can be obtained by 
examining the type and configuration of the instrumentation hardware. 

From this inferred information, a first-cut telemetry metadata file could be automatically 
generated that specifies the measurands, and their output format.  More detailed information 
about the output format (assignment of measurands to PCM frames, for example) could be 
guessed by the automated system.  The job of the engineer would then be to simply rearrange the 
output format as desired and fill in the information that could not be inferred. 

Similarly, given a complete metadata specification and some knowledge of available hardware, 
an instrumentation network can be constructed.  The knowledge of available hardware could be 
stored in a library of pool-level instrumentation hardware descriptions.  Then, software could be 
written to automatically construct a valid instrumentation network for the metadata specification.  
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Using the same rules used to validate a hardware configuration against a metadata specification, 
the software could infer the correct number and types of transducers, signal conditioning cards, 
and DAUs.  The same rules could also be used to infer the correct hardware settings in many 
cases.  Further, if there is a neutral specification of available hardware available from various 
vendors (e.g. in the IHAL instrument pool), the software system could suggest specific hardware 
models to use in the instrumentation network.  Such suggestions would make it easy for 
engineers to compare similar hardware made by different vendors. 

While a complete generation will rarely, if ever, be possible, a partial generation could still save 
the test engineer much time and effort.  In this same manner, if a partial specification is given of 
the metadata/hardware, the presence of a hardware/metadata specification can be used to 
automatically generate the missing information, using the same approaches discussed. 

 

 

IDENTIFICATION OF REPLACEMENT HARDWARE 
Since a hardware specification language such as IHAL can describe both the pool-level 
capabilities of instrumentation hardware as well as the use-level configuration of a specific 
instrument, such a specification could be used to find replacements for instrumentation hardware.  
If a particular instrument is configured and used in a network, the available pool-level 
specifications could be searched to find other hardware that is capable of being configured and 
used in the same way.  An automated tool could be used at design-time to identify several 
instruments capable of meeting a given requirement, and then choose the least costly or most 
readily-available one.  Similarly, this capability could be used to automatically find replacements 
for faulty instruments among those available in the range’s inventory. 

The ability to automatically find replacement hardware could be especially useful in the situation 
where a test must be reexecuted at a later date.  This retest could occur many years later, when 
the original hardware is no longer available.  By comparing the original hardware configuration 
with a formal specification of currently available hardware, an automated system could suggest 
modern replacements for the instruments that are no longer available. 

 

 

FUTURE ARCHITECTURE 
The integrated Network Enhanced Telemetry (iNET) community is currently developing the 
next-generation standard for describing instrumentation metadata.  Designed to eventually 
replace TMATS, the new XML-based standard will have a broader scope and be used for 
describing the instrumentation system, the telemetry data, and the constraints placed on the data.  
However, it is not currently planned for the new metadata specification language to include 
constructs for specifying the hardware used in the instrumentation system [4].  Regardless of the 
form taken by future T&E metadata specifications, the hardware specification can still support 
this information in the ways described in this paper.  It will simply be a matter of adapting the 
software tools that use the metadata and hardware specifications to make use of the syntactic and 
semantic changes.  In fact, an XML-based metadata specification would be more compatible 
with an XML-based hardware specification such as IHAL. 
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In the future iNet architecture, instrumentation metadata could be used to perform the functions 
described in this paper in real-time.  When the data appears to be invalid, the instrumentation and 
metadata specifications could be validated immediately, and the hardware could be automatically 
reconfigured in real-time based on a change in the metadata.  Or, a change in the hardware 
configuration could initiate the automatic generation of a new metadata specification. 

 

 

CONCLUSIONS 
The presence of the H section in TMATS indicates recognition in the T&E community that a 
formal hardware specification language would be valuable to test engineers.  After presenting 
our design of an instrumentation hardware abstraction language, we now propose several uses of 
a detailed hardware specification, either alongside or embedded in the existing metadata 
specification.  Such uses include test re-creation and forensic applications, metadata and network 
validation, metadata and network generation, and automated instrument replacement.  Further, 
we suggest that a hardware specification will be even more useful in future T&E architectures. 
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ABSTRACT 

 

Historically, different aspects of the configuration of an airborne instrumentation system were 

specified in a variety of different software applications.  Instrumentation setup software handled 

the definition of measurements and PCM Formats while separate applications handled pre-flight 

checkout, calibration and post-flight data analysis.  This led to the manual entry of the same data 

multiple times.  Industry standards such as TMATS strive to address this problem by creating a 

data-interchange format for passing setup information from one application to another.  

However, a better alternative is to input all of the relevant setup information about the sensor and 

the measurement when it is initially created in the instrumentation vendor’s software.  

Furthermore, an additional performance enhancement can be achieved by adding the ability to 

perform sensor calibration and engineering unit conversions to pre-flight data visualization 

software that is tightly coupled with the instrumentation setup software.  All of the setup 

information can then be transferred to the ground station for post-flight processing and data 

reduction.  Detailed reports can also be generated for each measurement. 

 

This paper describes the flow of data through an integrated airborne instrumentation setup 

application that allows sensors and measurements to be defined, acquired, calibrated and 

converted from raw counts to engineering units.  The process of performing a sensor calibration, 

configuring engineering unit conversions, and importing calibration and transducer data sheets 

will also be discussed.  

 

KEY WORDS 

  

Engineering Unit Conversions, Sensor Calibration, XML, Data Interchange. 

 

INTRODUCTION 

 

One of the most important goals of every flight test program is to fly as many missions as 

possible in the least amount of time.  Instrumentation system vendors can help to accomplish this 

goal by finding ways to increase the efficiency and productivity of flight test engineers.  If the 

engineers can setup the aircraft faster then more missions can be flown in the same amount of 



2 

time.  To improve efficiency, a key issue that vendors can address is the need to input the same 

system setup information multiple times into different pieces of software.  It is often the case that 

each software application performs a crucial task during system setup and pre-flight operations, 

but there is no easy way to transfer the system setup from one application to the next.   

 

Industry standards such as TMATS attempt to address this problem by providing a data 

interchange format that can transfer key aspects of the system setup between software 

applications.  While this helps to make some parts of the configuration portable, it does not 

completely resolve the problem for two reasons.  First, data entry remains scattered across many 

different applications. Also, it is often difficult to use TMATS to transfer setup information 

between applications due to incompatibilities between different vendor’s implementation of the 

standard. 

 

An alternative solution is to provide the ability for the user to configure all aspects of a data 

acquisition system during an early stage of the system setup process.  The vendor’s system setup 

and programming application is the ideal place to add this ability.  This application already 

includes support for standard system setup tasks such as configuring the hardware, creating 

measurements to sample data, placing measurements into PCM Formats and loading the 

configuration into the hardware.  Pre-flight verification and post-flight analysis benefit greatly 

from the addition of the ability to assign Engineering Unit (EU) Conversions to measurements in 

the system setup software.  It is also helpful to be able to define concatenations of multiple 

measurements and create derived parameters from any combination of existing measurements.   

 

It is possible to enhance the usefulness of these new features by tightly coupling a pre-flight 

validation and data visualization tool to the system setup software.  This tool can be used to 

perform sensor calibrations by acquiring real-time data via a Bit Sync and/or Decommutator.  

The calibration feature works by collecting a set of raw counts and a corresponding set of EU 

values.  By using a least-squared best-fit algorithm to generate a polynomial, an Engineering 

Unit Conversion can be created that approximates the behavior of the sensor over a specified 

range of inputs.  Alternatively, the raw and EU point pairs could be used as the basis for a linear 

interpolation.   

 

This paper will discuss the benefits of setting up Engineering Unit Conversions and performing 

calibrations as part of the system setup and validation process.  It will review the creation of EU 

Conversions and Concatenations in TTC’s system setup application (TTCWare).  The operation 

of the sensor calibration feature in TTC’s pre-flight data visualization tool (TTCVision) will also 

be discussed.  Finally, this paper will describe the methods by which the system configuration 

including EU Conversions, Concatenations and Sensor Calibration information can be 

transferred to other applications for post-flight analysis. 

 

BENEFITS OF INTEGRATING EU SETUP INTO THE SETUP SOFTWARE 

 

The primary goal of integrating Engineering Unit Conversion setup into the system setup 

software is to reduce the amount of duplicate data entry that the user must perform in order to 

configure their instrumentation system prior to a test flight.  Instrumentation engineers spend a 

great deal of time configuring data acquisition hardware and creating measurements.  There are 
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many benefits to reducing the manual re-entry of data.  One benefit is simply that it takes less 

time to setup the system if data doesn’t need to be entered multiple times.  It is also safer because 

each time data is entered there is a chance that an error will be made.  In addition, inputting the 

EU setup while initially creating the measurements can save time. 

 

When the same measurements are manually created in different applications, it is very hard to 

make even the simplest change because the engineer must ensure that the change propagates to 

all of the instances of the measurement in all of the applications.  This also makes it much more 

difficult to archive configurations because the separate project files from each application must 

be exported at the same time and all of them must be stored together.  It is also very hard to reuse 

the configuration for a similar project without having to re-enter most of the setup information.   

 

Another benefit is that inputting EU Setup and Concatenations in the system setup application 

helps to improve the compatibility between different test groups that are using the same data 

acquisition hardware but different software.   This often happens when test aircraft pass from a 

manufacturer to one of the government test ranges.  The manufacturer may be using proprietary 

software to manage the configuration that is not available to the plane’s end-users.  As long as 

the EU Setup is input into the vendor’s configuration software, the same test projects can be used 

to load the system and pass the EU setup on to the data analysis group at different test ranges.   

 

Pre-flight data validation can also take advantage of having all of the EU Setup and 

Concatenations defined in the setup software.  It is much easier to configure limits and verify 

that all data acquisition systems are working properly before a flight when looking at EU 

converted data than when looking at meaningless raw counts.  This is particularly true for data 

that occupies multiple words in a PCM Format and for data that is encoded in a format other than 

unsigned binary. It is also much easier to check one-bit status measurements when they’re are 

assigned to concatenations rather than packed into a single data word.   

 

An additional benefit relates to the generation of TMATS files.  When EU Setup and 

Concatenations are defined in the system setup software, they can be included in any TMATS 

files that are generated by the software.   This is particularly important for IRIG-106 Chapter 10 

support.  Chapter 10 files are self-describing because they include a TMATS entry in their first 

packet.  The usefulness of this feature greatly increases when the attached TMATS file contains 

more information about the recording.  Ideally, an old Chapter 10 recording will be readable in 

the future even if the original configuration that was used to program the hardware and make the 

recording is no longer available.  By generating the TMATS file as part of the system 

compilation and programming step, the instrumentation engineer can ensure that accurate 

information about the data sources for the recording is contained in the TMATS packet.  If EU 

setup and Concatenation information is included in the TMATS packet then future playback 

software can use this setup to decode and display the data properly.  This greatly enhances the 

usefulness of archived recordings.  

 

There are several issues relating to the usage of TMATS as a data interchange format between 

applications that can be mitigated by integrating EU setup and Calibration into the system setup 

software.  The most common problem with TMATS is that different vendors have implemented 

the standard differently or have not implemented all of the features that are defined in the most 
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recent release of the IRIG-106 standard.  This can cause problems due to unrecognized tags or 

misinterpreted tags.   

 

One of the biggest problems with passing TMATS files between applications occurs when the 

instrumentation engineer needs to chain applications together.  For example, the setup software 

could generate the measurement list, and then another application adds the EU Setup while 

another adds the Calibration data points.  The problem is that there is no easy way to guarantee 

that each application along this data path will retain all of the TMATS content that it reads from 

the preceding application when it exports the file to the next application.  Typically, tags that are 

not understood will be discarded.  This could force the instrumentation engineer to merge the 

TMATS files that are generated by the various applications by hand in order to create a complete 

file that represents the measurements with EU setup and calibration data points.  This is a very 

difficult, time consuming and error prone process due to the hierarchical structure of the 

indexing system in TMATS files.  While moving the EU Setup into the system setup software 

won’t eliminate these issues, it will reduce the severity of the problem because the entire 

TMATS file can be generated from a single source.   

 

Another problem that the manual re-entry of data can cause is related to maintaining up-to-date 

versions of all of the various pieces of software.  Often instrumentation engineers will not want 

to upgrade once they find a combination of applications that work together successfully.  

However, the addition of new data acquisition hardware or a critical software bug fix might 

make it necessary to upgrade one or more pieces of software.  The potential for downtime due to 

unforeseen compatibility issues goes up greatly when upgrading software.  

 

The final benefit of integrating EU setup and calibration into the system setup software is that it 

simplifies the generation of reports about the configuration because all of the information about a 

measurement can be reported in a single location.  Exporting the configuration to other formats 

besides TMATS also benefits from having all of the measurement setup information in a single 

location.  

 

EU CONVERSIONS AND CONCATENATIONS 

 

An Engineering Unit Conversion is a process by which raw data that is collected in a telemetry 

system is converted into a useful form for data analysis or verification.  Data acquisition systems 

typically encode information in formats that save transmission bandwidth and recorder space.  

These formats must also conform to the requirements of a standard telemetry frame.  While 

encoded, the data is not readily analyzable.  During data processing, the EU Conversion is 

applied to the raw data to convert it into a form that can be easily understood and analyzed.  The 

complexity of EU Conversions varies greatly and can be as simple as taking a single bit out of a 

12-bit data word and interpreting a one to mean on and a zero to mean off or as complicated as a 

complex mathematical function involving multiple raw inputs.   

 

Some simple examples of EU conversions that most people are familiar with are the formulas for 

converting from Celsius to Fahrenheit and from Meters to Inches.  In the telemetry world, a 

typical EU Conversion might be to take a 12-bit input from a thermocouple channel and convert 

it from a number ranging from 0 to 4095 into an actual temperature in degrees Celsius.   
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Figure 1: The Engineer Unit Conversion setup screen in TTCWare  

 

The process of performing EU Conversions can be divided into a series of stages.  Each stage 

modifies the data and passes it to the next stage.  The EU Conversion process begins by selecting 

a data source and reading the raw data from the PCM Format.  Once all of the required data 

words are read, a bit mask can be applied to each data word.  There are two ways to apply the bit 

mask to the raw data.  The first approach is to treat the mask as a filter.  This means that the 

enabled bits in the mask allow the corresponding bits in the raw data to pass while deleting the 

disabled bits.  For example, if the raw input data is 7C2hex and the bit mask is 333hex, the result 

will be 32hex.  The alternative approach is to perform a bitwise AND operation between the raw 

data and bit mask.  Using the same example, the result of a bitwise AND would be 302hex.  For 

concatenations, after the bit masks are applied to all of the input parameters, the remaining bits in 

each raw input are concatenated together into a single data word of up to 64 bits.  

 

After bit masking the data, an input data type can be applied to the raw data.  The simplest input 

data type is Unsigned Binary, which essentially treats the data as an unsigned integer from zero 

to 2
n 

- 1 where n is the number of bits in the raw data.  Another very common input data type is 

Two’s Complement.  This data type can be used to encode signed numbers by using the most 

significant bit as a sign bit.  Some other common data types are One’s Complement, Signed 

Magnitude and Binary Coded Decimal (BCD).  Additional data types that can be supported 

include various floating-point formats such as IEEE-754 and MIL-STD-1750A.  Another 

supported data type is IRIG time parameters in Straight Binary or BCD format.    

 

Once the data has been bit masked and converted to an actual raw number by applying an input 

data type to the raw bits, it can be used as the input to a mathematical EU function.  There are 

many potential EU functions.  However, the vast majority of data acquisition measurements can 
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be converted from raw counts to engineering units by applying a simple polynomial function of 

the form:  

 

anxn + an-1x
n-1 + … + a1x

1 + a0x
0 

 

Where n is the order of the polynomial from zero to nine, each an to a0 are user defined constants 

and x is the input data. 

 

Another common EU function is the lookup table.  Lookup tables are typically used when it is 

not possible to generate a good polynomial to represent the relationship between the raw and EU 

data.  A lookup table consists of a set of input and output point pairs.  If the raw data exactly 

matches an input point in the table then the exact output is returned.  A linear interpolation is 

used to determine the output value for raw values that fall between any two input points.  Some 

other common EU functions are bit weighted, which applies a different value to each bit in the 

raw data, and statistical functions like minimum, maximum, average and median, which operate 

on a set of raw values to produce a single output.   

 

After the EU function is applied to the data, the resulting number can be formatted for output. As 

part of the formatting process, a user specified units field is appended to the output.  Limit 

checking can also be performed at this point to verify that the data is within the desired range of 

values.   

 

SENSOR CALIBRATION 

 

It is easy to determine the appropriate EU conversion for many types of data. For digital bus 

data, each bit or range of bits typically has a well-defined meaning.  Embedded serial data 

streams, like audio and video data, can be played by an appropriate decoder. However, analog 

data is different because it is encoded as a digital approximation of the state of a continuous real-

world measurement.  In order to apply the appropriate EU conversion for analog data, it’s 

necessary to calibrate the sensor and the data acquisition hardware.   This calibration process 

determines the relationship between the raw counts that are collected by the data acquisition 

hardware and the actual EU value that the sensor samples.   

 

Many sensors come with a Transducer Datasheet that lists the substitution voltages that the 

sensor generates for each real-world input.   This information can also be determined empirically 

by taking the sensor to a calibration lab and actually trying each input to see what voltage is 

produced by the sensor.  Alternatively, if the actual physical event that is being sampled by the 

sensor can be simulated on the ground, the complete system can be calibrated directly.  Once a 

method of simulating each physical input is available for an analog acquisition channel, it is 

possible to use software to calibrate the sensor and determine the EU conversion that needs to be 

applied when processing real-world data that is collected from the sensor.   

 



7 

 
Figure 2: Sensor Calibration data capture screen in TTCVision 

 

Sensors can be calibrated by capturing a set of measurements from a data acquisition channel 

while applying various input voltages to the channel.  The ideal way to do this is to use the actual 

aircraft because the aircraft’s wiring can have an effect on the relationship between the raw and 

EU values.  There are two ways to generate the inputs for a data acquisition channel.  The first is 

to apply a substitution voltage to the data acquisition card.  This works best for things that cannot 

be simulated easily on the ground.  The second approach is to stimulate the card directly by 

applying the actual conditions to the sensor.  This works well for physical objects that can be 

manipulated on the ground like any of the moveable surfaces on an aircraft.   

 

The sensor calibration process consists of two stages.  The first stage is data collection and the 

second stage is calculating the polynomial for the EU conversion.  The data collection stage 

requires the user to apply different inputs to the data acquisition channel.  For each input, the 

software will capture a user specified number of data points and average them to produce a raw 

counts value.  Typically, the system will capture at least 32 raw data values.  To generate an 

accurate calibration, the user must ensure that the sensor has settled before the raw counts are 

captured.  The user can then input the corresponding EU value based on the transducer data sheet 

or empirical experimentation.  This process must be repeated until enough data points have been 

captured to cover the entire range of interest for the sensor.  For example, if the input voltages on 

a sensor range from 0 volts to 5 volts, the user might want to capture data points at intervals of 

0.5 volts.   

 

This procedure is slightly different if the sensor outputs an AC voltage because the calibration 

tool must capture both the minimum and the maximum value for each input.  When performing 
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an AC calibration, the user must specify the number of seconds to sample data for instead of the 

number of samples to capture.  This is necessary in order to guarantee that at least one minimum 

and one maximum sample occurs while the software is sampling the measurement. Ideally, 

several complete cycles of data will occur in the specified time interval to guarantee that the 

software has detected a genuine maximum and minimum value. 

 

 
Figure 3: Sensor Calibration Report in TTCVision 

 

The second phase of the calibration process involves determining the optimal order for the 

polynomial and computing the coefficients for the polynomial EU.  The polynomial coefficients 

are calculated by using a least-squares best-fit algorithm.  To aid the user in selecting the best 

possible order for the polynomial, the software can generate a plot of the raw counts versus the 

EU values.  The polynomial curve can be overlaid on top of the point pair plot.  The software can 

also generate a residual plot to show which data points deviate the most from the polynomial.  In 

addition to the graphical display, the software also calculates and displays the Standard 

Deviation of the curve and the Correlation Coefficient.  If no polynomial provides a good fit for 

the data, the user can alternatively use the raw count and EU value pairs as inputs to a linear 

interpolation.   

 

EXPORTING EU CONVERSIONS AND CALIBRATIONS 

 

In order to transfer the system configuration from the system setup software to the ground station 

or other data analysis software, a universal data exchange format is required.  The current 

standard for this format is TMATS.  By integrating EU Conversion setup and Sensor Calibration 

into the system setup software, it is possible to include this information in the TMATS file.  

Since the entire TMATS file can be generated directly from the system setup software, the task 
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of creating a complete TMATS file for use by the data analysis software is greatly simplified. 

The file can be generated at the same time that the system is programmed to help ensure that the 

TMATS file matches the actual hardware setup.   

 

The TMATS standard includes support for exporting most of the EU Setup attributes that are 

discussed in this paper.  However, support for unusual input data types and EU functions are 

limited.  The calculated polynomial coefficients and the set of calibration data point pairs can be 

exported in TMATS as part of the C-Group.   

 

CONCLUSION 

 

Looking at the current state of system setup software, there are several additional enhancements 

that could be implemented to improve productivity and reduce duplicate data entry.  One 

improvement would be to add the ability to store custom metadata with each measurement in the 

system setup software.  This would allow the user to attach any information that they need to 

measurements.  A mechanism could also be provided to link this custom information to a 

standard tag in TMATS or to a vendor specific tag.  Alternatively, a future data interchange 

format such as the TMATS XML standard or the iNET Metadata could be used to transfer 

settings more reliably between different software applications.   

 

There are many benefits to integrating EU Setup and Sensor Calibration into the system setup 

software.  These features make instrumentation engineers more productive and help to save 

valuable setup time.  They can also help the user to better diagnose problems with the system by 

displaying data in EU units rather than raw counts.  These features also make it easier to make 

changes and generate TMATS files that contain EU Conversions and Calibration data points for 

use by other software applications.  In conclusion, the integration of more aspects of the system 

setup into a single software application allows instrumentation engineers to configure a data 

acquisition system rapidly and efficiently. 
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ABSTRACT 
 
Imagine that a test vehicle has just arrived at your test facility and that it is fully instrumented 
with sensors and a data acquisition system (DAS).  Imagine that a test engineer logs onto the 
vehicle’s DAS, submits a list of data requirements, and the DAS automatically configures itself 
to meet those data requirements.  Imagine that the control room then contacts the DAS, 
downloads the configuration, and coordinates its own configuration with the vehicle’s setup.  
Imagine all of this done with no more human interaction than the original test engineer’s request.  
How close to this imaginary scenario is the instrumentation community?  We’re not there yet, 
but through a variety of efforts, we are headed towards this fully automated scenario.  This paper 
outlines the current status, current projects, and some missing pieces in the journey towards this 
end.  This journey includes standards development in the Range Commander’s Council (RCC), 
smart sensor standards development through the Institute of Electrical and Electronics Engineers 
(IEEE), Small Business Innovation Research (SBIR) contracts, efforts by the integrated Network 
Enhanced Telemetry (iNET) project, and other projects involved in reaching this goal. 
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INTRODUCTION 
 
Here is an ideal end state scenario that many in the instrumentation field are working towards. A 
test vehicle shows up to be tested. The ground station equipment automatically interacts with the 
vehicle to set up data acquisition requirements. The test is conducted with required data 
telemetered to control rooms and recorded on board.  After the test, data is automatically 
distributed to the appropriate test engineers.  From an instrumentation point of view, the only 
involvement of the test engineer is the original input of data requirements and reception of the 
data after the test.  This paper looks at where we are at in terms of realizing this scenario.  It will 
do so by looking at general technology trends as well as referencing specific projects that the 
author is involved with or knows enough about to discuss.  (There are certainly other projects 
related to this scenario.)  This paper will concentrate on this specific test setup scenario, but the 
topics and technology discussed here do not exist in a vacuum   Not addressed will be such 
things as how the sensor suite and data acquisition system (DAS) were initially designed and 
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installed on the test vehicle.  Nor will things such as real-time interaction between engineers and 
the vehicle nor data archiving and retrieval be addressed.  All of which are necessary for 
complete test support. 
 
Figure 1 will be used throughout the paper to discuss technology related to the scenario.  The 
bolded boxes and lines in figure 1 represent the basic instrumentation structure from sensor or 
bus through the DAS and transmission to ground stations and engineers.  The dashed boxes 
represent projects.  (Acronyms will be spelled out as they are discussed and are listed at the end 
of the paper.)  The lines between elements of the basic instrumentation structure are lines and not 
arrows for a reason.  As of today, the flow of data is almost strictly from sensor to recorder or 
ground station.  However, in order to achieve our ideal scenario, these lines of communication 
will have to be bidirectional.  
 
The discussion will utilize three general concepts: Connectivity – how do the pieces physically 
talk to each other? Abstraction Languages – how is the data described so the different pieces 
know what is being transferred and what each piece can do? And Requirements Management – 
how do the pieces satisfy the end user?  For each of these areas, I will list what I think are the 
key elements along with my opinion of their developmental status, and then discuss each element 
in more detail. 
 

 
 

Figure 1 Basic Instrumentation Structure and Related Projects 
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CONNECTIVITY 

 
In a word, connectivity in this context comes down to: network.  The objective scenario requires 
that every piece of equipment be able to communicate with every other piece of equipment.  Or, 
at the very least, know what capabilities are present on the vehicle and on the ground.  This 
includes everything from high-level controllers down to individual sensors.  Being a little more 
specific, the following elements are included: 
 

1. The network – especially uplink.  Status: being worked on, deployment will take a while. 
2. Smart, network-enabled instrumentation. Status: being worked on, awaiting the network. 
3. Smart sensors. Status: emerging in industry, need to adopt. 
4. Middleware. Status: some exists, awaiting smart instrumentation. 
5. Support systems. Status: expect continued adaptation and upgrade as the above mature. 

 
The current data acquisition architecture is very much a one way street.  Data flows from sensors 
and buses to the recorder and ground stations.  Our scenario requires the ability to wirelessly 
communicate from the ground stations to the vehicle.  The integrated Network Enhanced 
Telemetry (iNET) project [1] is the vehicle through which this network communications link is 
expected to be developed.  However, there also needs to be a network on the test vehicle 
connecting all the data acquisition devices as well.  Both of these network elements will require 
modifying the vehicle at some level.  Test articles are not usually taken out of service just to 
update the instrumentation and such upgrades tend to be piecemeal.  There are still test articles 
with 30-year-old test equipment.  There is no reason to think that 100 percent deployment of 
network technology will move any faster than replacing previous generation equipment has 
moved. 
 
In order to query an instrument over a network, the instrument must be network enabled.  It must 
also have some level of intelligence to respond to the query.  Adding an Ethernet card to an 
instrument is not difficult, but you need to know that it is Ethernet that the instrument is going to 
be connected to.  Further, until you start having network functionality, it is difficult to implement 
higher order functionality in a device.  In this sense, implementing a network structure is an 
enabling technology that will allow manufacturers to increase the functionality of individual 
devices. 
 
It would be possible to lump smart sensors under smart instrumentation and, ultimately, we may 
view sensors as simply nano-sized instruments.  However, sensors perform a distinctly different 
function from, say, a controller or bus monitor.  They are also more ubiquitous and more 
distributed.  The Institute of Electronics and Electrical Engineers (IEEE) 1451 family of 
standards is emerging as a leading nonproprietary smart transducer standard.  (The IEEE 1451 
working groups discovered there are over a 100 proprietary, or at least corporate, smart sensor 
standards.)  The IEEE 1451.4 standard [1], which allows communication to the transducer in 
either digital or analog modes, has been approved for several years and is taking off in industry.  
The IEEE 1451.0 [3], defining common commands and common transducer electronic data 
sheets (TEDS), and the wireless version, IEEE 1451.5 [4], have recently been approved and have 
strong industry support as well.   
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A critical part of our scenario is to retrieve TEDS-like information from every sensor on the 
vehicle.  As the vehicle networks mature, the Test and Evaluation (T&E) community should plan 
on adopting industry standards for smart sensors.  Towards this end, I have initiated several 
Small Business Innovation Research (SBIR) projects.  A current SBIR effort by NVE 
Corporation [5] is developing hardware to interface IEEE 1451.4 compliant sensors with the 
Common Airborne Instrumentation System (CAIS).  A SBIR effort by Nomadics Corporation 
[6] is developing smart sensor support tools.  Although smart sensors will make everybody’s life 
easier, they force a change in operational scenarios.  It is necessary to develop new support tools 
to fully realize these benefits. 
 
Just because a device has some intelligence, doesn’t mean it can talk to every homebody that 
comes along.  Developing middleware that standardizes instrumentation interfaces is a solid 
approach to enabling wide spread communications.  The Test and Training Enabling 
Architecture (TENA) project [7] continues to develop this type of middleware.  Although TENA 
has been used more by the training community than the T&E community, expect TENA to 
develop these key interface modules as iNET and related technologies mature. 
 
Currently, I make a distinction between Instrumentation Support Systems (ISS) and Ground 
Support Systems (GSS).  An ISS may do some of the function of a GSS but is more focused on 
“touching the vehicle”.  Alternatively, a GSS is generally in a control room with intent to support 
many engineers real time during a test. That is, an ISS configures the DAS on the vehicle and 
communicates that configuration to a GSS.  The GSS is then the central system during the test 
itself.  At Edwards, Iliad [8] is a major ISS that provides multi-vendor instrumentation support.  
Similarly, the Interactive Analysis and Display System (IADS) [9] is the main GSS in the control 
room.  Most vendors provide a basic level of support for these functions.  However, our scenario 
requires vendor-neutral support.  Our scenario will also cause the distinction between these types 
of systems to blur.  These types of systems have necessarily upgraded to support new 
technology.  There is no reason to think they won’t continue to evolve as necessary, but they 
need the new technology in place, or at least well defined, before doing so. 
 
 

ABSTRACTION LANGUAGES 
 
Metadata is data about data.  An abstraction language is the language that metadata is written in.  
We can take one more step and point out that eXtensible Markup Language (XML) schemas are 
becoming the default mechanism for describing abstraction languages.  For example, we might 
have a datum of “25”.  In order to describe the meaning of this datum we need to know the 
metadatum “degrees Celsius.”  The concept of “unit” is part of the abstraction language that 
encompasses “degrees Celsius” and other units.  Within an XML schema, a tag “<Units>” might 
be used to encapsulate the abstracted concept of “unit”. 
 
About a decade ago, Lee Gardner and I discussed what abstraction languages were needed for 
data acquisition.  The list has grown some from that time, but that original list allowed 
instigating some of the projects in Figure 1.  My current list (for data acquisition) is: 
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1. Data maps. Status: in good shape, need to add network protocols. 
2. Data displays. Status: in good shape, will continue to need improvements. 
3. Hardware. Status: being worked on, will always need improvements. 
4. Physical units. Status: standards exist outside T&E, need to adopt. 
5. Project configuration. Status: every ISS does this, need a standard. 
6. Derived measurand algorithms. Status: every ISS does this, need a standard. 
7. Measurand naming. Status: not even close to existing. 

 
Data comes packaged in myriad formats: PCM, MIL-STD 1558, IP, etc.  A data map describes 
the data in one of these packages.  The Telemetry Attributes Standard (TMATS) in IRIG 106 
[10] is a prime example of a data map abstraction language.  It allows describing PCM formats 
and other data maps.  In general, these types of abstraction languages are in good shape because 
you have to have the mapping in order to use these protocols at all.  In particular TMATS is a 
very mature abstraction language which has been recently updated to an XML schema and 
certainly Chapter 10 of IRIG 106 is a solid example of a higher level description of data 
packaging since it describes recorded data with extreme detail.  Within our context of moving to 
a networked telemetry environment, there are some new elements, such as IP (internet protocol), 
that need to be added to our existing abstraction languages.  The iNET Metadata task [11] is 
doing exactly that. 
 
There are a variety of systems that allow display of data.  (By display we mean via strip charts, 
bar charts, dials, etc.)  Within our scenario, one of the things that could be retrieved from the 
DAS is a recommended data display format.  This would require a standard abstraction language 
that could be understood by disparate display systems.  The RCC Telemetry Group has recently 
adopted the Data Display Markup Language (DDML) [12] developed under a SBIR by 
Knowledge Based Systems, Inc. (KBSI) as part of IRIG 106.  This puts this language in good 
shape.  Although, the DDML is not a 100 percent solution and we should expect enhancements 
over the years. 
 
As part of our scenario we need to be able to retrieve a complete description of the hardware 
making up the DAS.  This would be helpful in troubleshooting, understanding the limits of the 
system, and, post test, possibly providing the ability to track down data errors.  KBSI is working 
under another SBIR to develop the instrumentation Hardware Abstraction Language [13].  They 
are working with the RCC TG and iNET Metadata working group to ensure consistency between 
related efforts and to work towards iHAL’s inclusion in IRIG 106 in the future. 
 
Developing a standard for describing physical units is a non-trivial undertaking.  The 
International Standards Organization (ISO) has a method for defining all physical units in terms 
of nine base units. This is fine and dandy, but things get a little complicated when you add in 
dimensionless units such as Mach number, units such as “seconds per second”, and the fact that 
not every one uses the metric system.  The IEEE 1451, as part of fully describing transducer 
characteristics, has developed a method that starts with the ISO method, adds a little bit, and 
allows for conversion from ISO units into user defined units.  It would be reasonable to adopt 
this, or some other equivalent approach, rather than reinvent a language for physical units. 
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Configuration management is an everlasting battle.  Things change.  It is important to keep track 
of how the overall system is and was configured for setup and troubleshooting both during and 
after a test.  Every ISS maintains a project configuration at some level and, in its essence, this is 
not difficult.  But a standard language and approach is needed. 
 
The need for standard abstraction languages might be codified by the word “measurand”.  I have 
spent many hours describing and defining what this word means to different people all of which 
have different definitions.  The point that needs to be made here is that sensors provide some raw 
value representing a measurement.  This raw value is then converted into engineering units (EU). 
This EU value is then combined with other EU values (often via an equation or algorithm) to 
derive another value.  For our purposes consider every one of these different values a 
“measurand”.  Again, every ISS has some level of ability to describe the transformation 
functions and derivation algorithms.  A standard approach is needed.  The IEEE 1451 provides 
some approaches to this and there are standards such as MathML (which is XML-based) that 
provide a starting point for such a standard. 
 
Part of our scenario requires that the GSS and vehicle be able to automatically determine what 
measurements (measurands) are to be collected during the test.  Within our ideal scenario, the 
test engineer should be able to identify these by location and function rather than by some 
obscure name of a particular sensor (which is the current state of affairs.)  For example, an 
engineer might want to say give “me temperature off the right wing tip” rather than “please 
collect measurement M205”.  Having a standard naming convention would help test engineers 
move between vehicles as well as aid the automation of test setup.  Even though many people 
have told me this is a great idea, it is not clear to me how this could be done and it is very clear 
to me that this would be extremely contentious. 
 
 

REQUIREMENTS MANAGEMENT 
 
Fundamental questions before every test include: What data do you record on board? What data 
do you telemeter to the GSS? What measurands need to be derived real time? And how do you 
display the data?  Let us be clear that the requirements analysis itself is outside the scope of this 
paper as is display development.  We are assuming that test engineers know what their 
requirements are and that they have developed their displays.  The question before us is how we 
automate the specification into the GSS and not require the engineer to know specifics about the 
DAS.  I identify these main elements: 
 

1. What to measure and where to send it. Status: every body does it, no standard, 
automation highly dependent on many elements discussed above. 

2. Sensor suite displays. Status: some software efforts in progress, no standard, automation 
dependent on ability to fully query the vehicle. 

3. Automated matching of requirements to sensor suite. Status: not even close to existing. 
 
Although I’ve separated them out, the second element, sensor suite displays is potentially part of 
the solution to the first element, what to measure.  If the support systems can provide a detailed 
and accurate 3-dimensinal (3D) graphic of what sensors are available and where they are, then 
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the engineer can do a lot of pointing and clicking to identify the measurements they’re interested 
in.  Similarly, if all the displays have been developed (or pulled from the vehicle) a series of 
menus or graphical icons could allow drag and drop specification of what displays to use and 
possibly what measurements attach to what displays. 
 
Given all the necessary inputs, developing software to implement this type of graphical interface 
is doable.  In fact, an initial version of such an interface has been developed as part of the smart 
sensor support tools SBIR contracted to Nomadics Corp.  KBSI (and probably other companies) 
also has software that can do some of this.  The difficulty is in getting the required input – both 
the 3D graphic of the vehicle and the exact placement of the sensors on the vehicle.  Even if you 
have access to a generic model of a given vehicle, the model probably does not contain all the 
modifications a specific vehicle has undergone; vehicle configuration is not static, especially in 
the T&E environment.  Smart sensors and a network to retrieve TEDS will aid in automating the 
location, but the original location specification of a sensor may depend on human input – and 
thus introduce human error.   
 
Another approach to measurand specification is through the measurand naming abstraction 
language.  A test engineer may have some very standard tests that are performed and analyzed on 
different vehicles.  It might be possible for an engineer to generically specify what measurands 
are required for such standard tests – without regard to a specific vehicle.  Ideally, the test 
support systems could take such a generic specification and match it against the sensor suite as 
retrieved off the vehicle.   
 
If all required measurands specifically exist on the vehicle, than automatically matching 
requirements to the sensor suite could be fairly easy.  However, even if the engineer has used the 
sensor suite display approach to selecting measurands, there is more to measurand specification 
than location and physical phenomenon to be measured.  In particular, sampling rate and 
accuracy are usually of concern.  Thus, the automated analysis has to take into consideration 
whether or not the sensor can perform at the level required.   
 
Within our scenario, where we do not have the option of adding new sensors, the chances of 
finding a perfect match are slim.  So we would want the automated process to recommend a best 
fit of the sensor suite to the requirements. This might include applications of data fusion; 
sometimes mixing data from multiple sensors can meet requirements instead of placing a 
particular sensor at a particular point on the vehicle.  A key aspect of such a best fit is overall 
system accuracy; every component in the data acquisition chain introduces error.  Automatically 
analyzing this overall error budget is non-trivial.  A SBIR to develop system-level error budget 
analysis software is in progress with Sysense Corp. [14].  Although I have included this in Figure 
1, I have left the link to the ground station as a dashed line because the link is tenuous at this 
point.  Although some of the ideas and software might be part of the automated best fit analysis, 
the current effort is of more value to post-test analysis and initial design of the DAS.  In general, 
the complexity of this analysis points to the need for some level of artificial intelligence.  I am 
not aware of any effort addressing this issue. 
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DISCUSSION 
 
We are at the point in technology maturity where we can conceive a system which provides the 
seamless automated setup that is the core of our ideal scenario.  Most of the technology even 
exists and the T&E community (especially through iNET) is in the process of implementing the 
core functionality required – the network.  In the sense that many of the elements of our scenario 
are dependent on the network, implementing the network is truly an enabling technology.  We 
need the network to advance on to more sophisticated applications.  A strong example of this 
enablement is smart sensors.  Our scenario is critically dependent on being able to retrieve 
current information and status directly from the sensors.  The network must go down to the 
sensor level.  Since network technology is very mature, the real hurdle at this point is agreeing 
on what we want to do and implementing the standards to do it.   
 
Another way of looking at our ideal scenario is that we want to make the instrumentation 
invisible to the test engineers.  We want the test engineers to be able to concentrate on data 
requirements and data analysis and not have to worry about the minute details of how to get the 
data.  One concern in all this is that, as the instrumentation becomes more and more invisible, so 
do the instrumentation engineers.  There is a lot of work to be done to implement our ideal 
scenario and there will continue to be more work to upgrade instrumentation systems after we 
reach that point.  Let us not forget that just because you don’t see it, doesn’t mean it isn’t critical 
to the job and doesn’t mean that a lot of people didn’t put a lot of effort into automating a 
complex system. 
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ACRONYMS 

 
A/D – Analog to Digital conversion 
CAIS – Common Airborne Instrumentation System 
DDML – Data Display Markup Language 
GSS – Ground Support System 
IEEE – Institute of Electrical and Electronics Engineers 
IADS – Interactive Analysis and Display System 
iHAL – instrumentation Hardware Abstraction Language 
Iliad – When I coined this name, I came up with a phrase so it could be considered an  
    acronym.  Since then I have decided the phrase doesn’t add information and I now  
    promote the idea that “Iliad” is the name of the system and doesn’t stand for anything. 
iNET – integrated Network Enhanced Telemetry 
IRIG – The standards portion of the RCC 
ISO – International Standards Organization 
ISS – Instrumentation Support System 
PCM – Pulse Code Modulation (also used to reference the bit stream definition) 
RCC – Range Commanders Council 
SBIR – Small Business Innovation Research 
SC – Signal Conditioner 
TEDS – Transducer Electronic Data Sheet 
TENA – Test and Training Enabling Network Architecture 
XML – eXtensible Markup Language 
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ABSTRACT 

 

Many engineers express frustration with the multitude of vendor specific tools required to 

describe measurements and configure data acquisition systems.  In general, tools are 

incompatible between vendors, forcing the engineer to enter the same or similar data multiple 

times.  With the emergence of XML technologies, user centric data modeling for the flight test 

community is now possible.  With this new class of technology, a vendor neutral, standard 

language to define measurements and configure systems may finally be realized.  However, the 

allure of such a universal language can easily become too abstract, making it untenable for 

hardware configuration and resulting in a low vendor adoption rate.  Conversely, a language that 

caters too much to vendor specific configuration will defeat its purpose.  Achieving this careful 

balance is not trivial, but is possible.  Doing so will produce a useful standard without putting it 

out of the reach of equipment vendors. 

 

This paper discusses the concept, merits, and possible solutions for a standard measurement 

metadata model.  Practical solutions using XML and related technologies are discussed. 

  

 

KEY WORDS 

  

Data modeling, INET Metadata, XML, XML Schema, XSLT, HTML 

 

 

INTRODUCTION 

 

Modern data acquisition systems are now employing XML in their configuration process. 

Indeed, the extent to which the ITC Proceedings reference XML grows consistently year to year.  

Recognizing this trend and the need to simplify the configuration process for test articles, the 

integrated Network Enhanced Telemetry (iNET) project has proposed the creation of a metadata 

standard for flight test telemetry.  The paper, “Metadata For Range Telemetry”, presented at ITC 
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’06 made a convincing argument for the adoption of a metadata model.  A working group with 

both vendor and range participation has been formed and work on a standard is well under way. 

The group is focusing on the creation of a unified standard for measurement metadata with the 

hope that standard XML instance documents will provide all that is needed to configure a test 

article (Figure 1). Through this effort, the group is attempting to transform test article 

configuration from today’s “box” perspective to tomorrow’s user-centric view. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Proposed iNET Metadata Model 

 

A test article with multiple vendor boxes, each with its own vendor specific configuration, 

clearly presents challenges and puts an unreasonable data entry burden on the flight test 

engineer. The flight test community will undoubtedly receive enormous benefit from the 

application of modern object oriented design techniques. However, the notion of describing a test 

article completely without box knowledge may prove to be too abstract. A fully automated 

process that translates abstract measurements into vendor specific box configurations will be 

difficult if not impossible to implement.  For example, deciding on the capabilities needed to 

sample even a single analog sensor is very complicated due to significant overlap in capabilities 

across product lines. The complexity increases with the number of products considered for the 

task. As a result, choosing the best possible device for a given measurement may require user 

interaction.  

 

This paper attempts to mitigate the ideals of the iNET metadata working group with the 

complexities inherent in test article configuration.  First, a brief introduction to metadata, 

modeling, and XML are in order. 
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WHAT IS METADATA AND HOW IS IT USED? 

 

Metadata is the term coined to refer to information that describes data.  Simply put, data about 

data is metadata.  Vast categories of data are possible targets for metadata.  For example, in the 

context of a library where data resides in the content of a book, the metadata may include the 

title, author, publication date, and subject.  In the context of a digital camera, a file containing a 

captured image is data, and the metadata might include the date and time of capture, camera 

settings (resolution and format), and perhaps a human description of the image content. 

 

Metadata itself can be essential to the usefulness of the data it describes.  As the number of 

books in a library grows, the data quickly becomes unmanageable and the books are of little use 

without a tool to find them (a library catalog).  Similarly, files downloaded from a digital camera 

are useless without a tool that can render the original image (for example, a web browser).  In 

each case, these tools rely on the associated metadata to do their jobs.  In a library, metadata 

assists a human with the task of researching and locating a book.  In the digital camera, metadata 

is used to assist a machine with the interpretation of data. 

 

 

WHAT IS METADATA MODELING? 

 

Modeling is the act of creating a model, which is a representation or imitation of something.  It 

can be applied to many things in many ways.  Modeling to hobbyists involves the miniaturization 

of a large and complex system (rockets, aircraft, automobiles, etc).  To a hobbyist, the 

miniaturization process captures the essence of the larger system in a smaller and more 

manageable package.  When applied to data, modeling techniques create packages of more 

manageable data.  Metadata modeling is the process used to structure and organize metadata. 

 

The output of the modeling process is a model theory describing the structure of data within a 

given domain.  Representations for the entities within the domain, the attributes of those entities 

and the relationships between them are defined.  Models may vary greatly in levels of detail and 

complexity.  N modelers of the same domain may produce N models, each a byproduct of the 

modeler’s perspective on the domain and their attention to detail.   

 

 

MODELING TOOLS 

 

The tools used in modeling vary greatly from domain to domain.  For models that are machine 

oriented like those of data (and thus metadata), the language used to describe the model is 

critical.  Standards such as Unified Modeling Language (UML), eXtensible Markup Language 

(XML) and eXtensible Stylesheet Language Transformations (XSTL) have been established to 

meet the needs of data modeling.  
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Unified Modeling Language (UML) 

 

UML is a general purpose modeling language defined by the Object Management Group (OMG).  

It uses a graphical notation to create an abstract model of a system.  The language provides a 

graphical representation of concepts such as classes, components, behaviors, aggregation and 

generalization.  UML is the result of collaborative efforts by the pioneers in object technology: 

James Rumbaugh, Grady Booch, Ivar Jacobson, and others.  With roots in object oriented 

analysis and design, UML is a proven technology commonly used by software engineers to 

describe software objects.  Indeed, with the emergence of software code generators, the UML 

itself can be viewed as a development language. 

 

eXtensible Markup Language (XML) 

 

XML is a W3C recommended general-purpose markup language capable of describing many 

different kinds of data.  It is a simplified form of the Standard Generalized Markup Language 

(SGML).  Put simply, XML is a document format.  It can be used to carry content for web pages, 

books, articles, manuals, etc.  All manners of electronic files containing human readable content 

can be shared through the use of XML. In its more advanced application, XML itself is used to 

describe more specialized markup languages.  Derivative languages such as, XHTML, XML 

Schema, XSL, and MathML are all based on XML.  The flexible nature of XML has led it to 

become an extremely popular document format.  XML parsers are readily available on most 

computing platforms. 

 

eXtensible Stylesheet Language Transformations (XSTL) 

 

The eXtensible Stylesheet Language (XSL) is a family of W3C languages allowing one to 

describe how XML files may be (re)formatted or transformed.  XSL Transformations (XSLT) is 

the member of this family that translates XML files from one format to another.  The inputs to an 

XSLT processor are always an XML file and XSLT stylesheet.  The output can be any text file, 

not necessarily XML based.  Many modern day operating systems have built-in XSLT 

processors.  Both client (web browser) and server sides (web server) can take advantage of 

XSLT processing.  Any XML file that references an XSLT stylesheet can be automatically 

transformed into an HTML document for display. 

 

 

APPLYING METADATA MODELING TO FLIGHT TEST 

 

The flight test instrumentation industry is well positioned to take advantage of the power of 

metadata modeling techniques.  There are many vendors in the industry who produce similar, but 

incompatible products.  Customers often want to use these products together but there is no easy 

way to do so.  The primary reason for this incompatibility is that each vendor’s setup software 

only supports the hardware that they manufacture. This makes it difficult to create a single file 

that contains all of the information needed to setup the entire system.   

 

The principal goal of the flight test industry’s metadata modeling effort is to create a universal 

language that can describe most flight test instrumentation systems.  There are many potential 
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benefits that can be realized by such a language.  The metadata language will allow end-users to 

generate a single file that contains a list of all of the measurements that they want to collect from 

a data acquisition system.  This makes it relatively easy for end-users to change the configuration 

of measurements.  It also allows the end-users to reuse their measurement lists on future projects 

and to archive old configurations for reference purposes.  In addition, since the metadata 

language is based on XML, it will be possible to use COTS tools to verify that a file complies 

with the metadata language’s schema. 

 

In order to use the metadata language, vendors will need to build translators into their software 

applications.  This will allow end-users to create configurations directly in the metadata language 

and then import them into the vendor’s software to compile the configuration and program the 

hardware.  This ability will help users to save time by eliminating duplicate data entry in 

multiple software applications.  Eventually, it might even be possible to directly program data 

acquisition systems with files written in the metadata language.  The hardware would read the 

file and determine how to set itself up based on the required measurements.   

 

A metadata language for data acquisition systems will help to facilitate interoperability between 

the various components of a telemetry system.  It will also help systems that are manufactured by 

different vendors to work together.  Another benefit is that the metadata language can be used to 

transfer a system configuration between different test ranges that use incompatible software.  

Ideally, the metadata language would be designed with extensibility in mind so that new items 

can be added without breaking any existing features.  This will allow users to gradually upgrade 

their systems based on their needs without having to discard older but functional equipment 

simply because it is incompatible with the newer software.  

 

Essentially the metadata language adds a layer of abstraction that isolates the end-users from 

having to deal with the configuration details of the data acquisition system.  This frees them to 

focus all of their efforts on actually acquiring the data that is needed to analyze a flight test.   

 

Despite the many benefits of applying metadata modeling to flight test instrumentation, there are 

several potential drawbacks that need to be considered.  The most significant problem is that 

both vendors and end-users must agree to use the metadata language.   Someone will have to 

implement translators between each vendor’s native setup format and the metadata language.  

Translators will also be needed to convert from the internal measurement databases, which are 

used by many large flight test programs, to the metadata language.   

 

The metadata language will need to be well documented in order to prevent vendors and users 

from misinterpreting the tags in the language.  If different vendors implement the language in 

incompatible ways then the usefulness of the language is greatly reduced.  The use of XML 

validation tools can help to mitigate this problem.  However, the best solution to this problem is 

the creation of an official metadata language validation tool.  The group that is responsible for 

designing the schema for the language should create this validator.  

 

Another potential difficulty relates to making changes to the metadata language.  All changes 

must be made while keeping in mind both forward and backward compatibility.  Structures that 

are being eliminated from the language should be deprecated rather than deleted from the 
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standard.  In addition, whenever possible, changes should be designed so that older interpreters 

can safely ignore them.  A key feature that can be designed into the interpreters is the ability to 

save the contents of unsupported tags when importing a metadata language file.  This will make 

it possible to regenerate these unsupported tags when the configuration is exported to the 

metadata language.  The main reason why this feature is advantageous is that it makes it possible 

for older software to preserve newer content that it doesn’t understand.  

 

 

CURRENT DATA ACQUISITION SYSTEM MODELING LANGUAGES 

 

There have been a number of previous attempts to create a generic language for representing the 

configuration of a data acquisition system.  These languages have typically been designed to 

serve as an intermediate layer between two incompatible pieces of software.  In order to pass a 

configuration between two software applications, a conversion tool must be written for both 

applications.  This conversion tool must be able to bi-directionally convert the application’s 

native format to the generic language.  Most recent attempts to create generic languages for data 

interchange have leveraged non-proprietary XML technologies.  Since XML is a mature general-

purpose data storage language, there are many tools that can be used to work with XML files.  

It’s also possible to easily validate XML files against a language schema and to transform them 

via XSLT transformations.   

 

The most commonly used data exchange format in the flight test instrumentation industry is the 

Telemetry Attributes Transfer Standards (TMATS).  TMATS is an industry standard that has 

been designed to facilitate the transfer of data acquisition system configurations between users 

and test ranges.  TMATS is incorporated into the IRIG-106 standard as Chapter 9.  The biggest 

advantage that TMATS has is its incumbency.  It has been a standard for longer than the other 

current languages and most current data acquisition software can read and write TMATS files.   

 

TMATS has also been incorporated in the IRIG-106 Chapter 10 recorder standard.  The recorder 

standard requires that the first packet in each recording contain a TMATS file.  This TMATS 

packet describes the contents of the Recording.  This helps users to play the data without needing 

the original data acquisition setup files.   

 

There are several issues that have prevented TMATS from fully realizing its goal as a data 

interchange format for any telemetry system.  The most significant problem is that TMATS is 

poorly documented.   The valid range of values for many tags is not clearly defined.  This results 

in each vendor implementing a slightly different interpretation of the standard, which limits the 

ability of end-users to actually exchange TMATS files. This problem is difficult to resolve 

because there is no universally accepted validation tool for TMATS files.   

 

Another major problem with TMATS concerns the structure of the metadata files.  TMATS is 

not based on XML.  Instead, a TMATS file contains a list of tag-value pairs terminated by semi-

colons.  Each tag consists of a set of cryptic names that identify the property that is being set and 

a corresponding value.  Properties that refer to the same object in the data acquisition system are 

linked via a sequentially assigned index number.  This rather awkward system makes it very 

difficult for humans to interpret a TMATS file.  It also makes it tricky to manually modify a 
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TMATS file.  Adding to this problem is the fact that values are stored in inconsistent formats 

throughout TMATS.  

 

To address some of these issues, the RCC/TG’s Data Multiplex committee recently created a 

new XML version of TMATS.  This new standard maps all of the tags from the TMATS 

standard into an XML schema.  It has several crucial improvements including the elimination of 

the counter indices and the extension of the tag names to improve readability.  The hierarchical 

nature of data acquisition systems is expressed much more clearly in the TMATS XML format 

than in the classic TMATS format.  All of the older PCM Format representations were also 

discarded in favor of the Word-Frame method.   

  

The biggest problem with the TMATS XML format is that it is brand-new.  It is currently 

unclear if the new standard will achieve widespread acceptance and use.  Many vendors will not 

want to invest the time needed to add support for TMATS XML unless they know that end-users 

intend to use it.   

 

In addition to the aforementioned industry standards, several vendors, including Teletronics, 

have defined proprietary XML based languages.  These languages are mainly designed to help 

users build large projects without having to manually create thousands of measurements.  The 

main advantage of these proprietary languages is that they are tightly coupled to the data 

acquisition hardware and software of the vendor that created them.  This allows the languages to 

be designed in a much clearer and concise manner.  The languages can also be much more 

flexible because the creator has complete knowledge of the systems that are going to be 

described by the languages.  The problem is that these languages can only be used with the 

hardware and software of the vendor that created them.  This makes it very difficult to use these 

languages for general-purpose data exchange.   

 

 

PRACTICAL METADATA IN CURRENT APPLICATIONS 

 

Large programs, both commercial and military, are already leveraging metadata modeling and 

translation techniques. One such system, the Boeing 787 has perhaps gone farther and faster than 

any other.  The system devised for the 787 has modeled an entire network of avionics, 

measurements, and data acquisition equipment in XML.  Their schemas are the intellectual 

property of Boeing and cannot be discussed here. However, it is important to mention since it 

proves that the lofty goals of the iNET metadata working group are nearly achievable today. 

 

The Joint Strike Fighter has also made great strides in automating test article configuration 

through metadata (Figure 2).  Fortunately, this system has been publicly documented. Rather 

than using XML instance documents, this system captures ICDs and measurement metadata in a 

database.  This database, the Flight Test Data Center Database (FTDCDB), maintains the latest 

bus catalogs including those for 1553, 1394, and Fibre Channel. Interaction with the database is 

facilitated by Lockheed Martin proprietary software.  This software can generate the Master 

Measurement List (MML), Test Configuration List (TCL), Test Measurement Request (TMR), 

Test Data Request (TDR), and others.  All of which can be considered metadata.  

 



8 

In a joint effort between Lockheed Martin and Teletronics, software tools were created to export 

XML from the FTDCDB. One such XML file is used to directly configure the data acquisition 

hardware. This export tool can be likened to an adaptor application as envisioned by the iNET 

metadata working-group. 
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Figure 2. JSF Preflight Configuration Process 

 

These modern systems demonstrate that large-scale automated test article configuration is 

possible through the use of metadata. Both systems discussed were designed and have been 

successfully implemented in a multi-vendor environment. This proves that the metadata working 

group should be encouraged to pursue their ideal.  However, in each system, the modeling had 

been undertaken with significant domain knowledge of the test article and pre-selected data 

acquisition equipment. The subsequent metadata theories created by this process were not auto-

generated.  In fact, they were created with a great deal of human interaction. 

 

 

A NEAR TERM METADATA SOLUTION 

 

Attempts by the iNET metadata working group to apply work-in-progress model theories to 

actual data acquisition systems have been only partially successful. Much of the definition is 

incomplete and many assumptions must be made before a given vendor can truly auto-generate a 

configuration. Even with a fully defined standard, writing adaptors has proven to be a non-trivial 

task. In practice, adaptors will likely be XSLT translations (Figure 3). Teletronics attempted to 

write such an adaptor from a working group example using simple textual replacement and found 

it was insufficient. It was clear that a complex exemplar based translation was necessary. This 

type of translation requires skill and time. In addition, many assumptions about recording rules, 

port assignments, and telemetry formats were required. Investing in a complex adaptor at this 
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stage of the standard was deemed premature. Regardless, the model proposed by the iNET 

working group is principally sound. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Applied use of the iNET Metadata Working Group Model 

 

It is possible to bridge the gap between the program specific visions presented above and the 

proposed working group model.  To do this a software tool is needed that combines measurement 

metadata with vendor specific XML instance documents to create configuration files that can 

truly configure a data acquisition system without an inordinate number of assumptions. With this 

tool, rather than instantly flipping the flight test paradigm from “box view” to “measurement 

view”, a more sideways perspective is taken. When viewed from the side, measurements are 

described in a standard language by a user with domain knowledge of the test article. 

Measurements are then bound to the data acquisition equipment via software run by a user with 

domain knowledge of the vendor hardware. With this perspective, any ambiguity is removed 

from a measurement abstraction when the user binds it to a port or channel in the data acquisition 

system. Although user interaction is required, it does not need to be cumbersome or complex. In 

fact, vendor independent tools could be used to create or parse the standard measurement 

metadata and present a collection of measurements. If these tools support drag and drop features, 

measurements could simply be dropped into vendor specific configuration tools. This object 

exchange between applications would provide vendor tools with metadata in a standards-based 

format. Any additional information required to complete the binding would be entered directly 

into the vendor software. One such product under development at Teletronics, the 

Instrumentation Configuration and Management Server (ICMS) is taking this perspective. This 

viewpoint allows the software to be released ahead of the eventual metadata standard without 

sacrificing future compatibility.  
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CONCLUSION 

 

The iNET metadata working group has taken up a challenging task that is well worth pursuing. 

However, its lofty goals are untenable in the near term. Taking a “side view” of the test article 

instead of a “box view” or a “measurement view” results in a half step towards a fully automated 

system configuration. This approach will produce results quicker and easier than a full 

implementation of the iNET metadata working group model theory. It will also achieve greater 

data portability and interoperability between vendor software without putting the task out of 

reach in the near term. 
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ABSTRACT 

 

As part of the technology upgrades driven by the iNet initiative, there is a need to establish a 

meta-data standard to describe configuration information for the system under test. The 

technology identified for such a standard is XML and XSD schemas. This paper presents 

findings from various experiments to import and export existing telemetry configuration 

information to XML based on the new Meta-data model. In addition, this paper will discuss the 

possible conversions to and from the existing IRIG TMATS standard.   

 

 

INTRODUCTION 

 

Over the past 10 years, the eXtensible Markup Language (XML) has revolutionized information 

sharing over networks. It has become a robust and mainstream technology for internet 

applications but also for data sharing across heterogeneous platforms. Users now have at their 

disposal multiple ways to ingest, parse and validate XML documents. The technology is 

particularly useful to define custom information in a structured hierarchical manner and provides 

excellent means to validate syntax and content of documents. 

 

 

TELEMETRY APPLICATIONS 

 

As a result, multiple initiatives are underway in our Telemetry user base to introduce XML as a 

standard technology to specify and transmit meta-data information. There is now a new version 

of TMATS based on an XML standard. There is also an ongoing effort to define meta-data 

information in XML form as part of the iNet project. These initiatives have already proven 

successful by gaining user buy-in and focusing on verifiable content, something that legacy tools 

could not do easily or at all. 

 

This paper focuses on basic experiments to support the iNet Meta-Data task. The goal of this task 

is to define a generic solution to describe a telemetry system. As the standard matures, it is 

important to validate its feasibility with real telemetry systems in use today. To do so, various 

example XML instance documents and corresponding XSD documents (XML Schema 

Definition) have been provided to various vendors for test and integration with existing products. 

Additionally, this is also an opportunity for solution-providers and users to share critical 

feedback early, while the standard is being developed. 
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EXPERIMENT REQUIREMENTS 

 

To successfully complete the initial experiment, we had to be able to accept XML instance files 

defining a basic telemetry system configuration. The initial focus was on PCM measurements 

and simple hardware configuration. A key part of the experiment consisted of validating the 

content of the instance documents using the supplied XSD document. Additionally, it was 

requested that round-trip XML be considered to produce a generic report of the process. 

 

 

SOLUTION 

 

The environment chosen for this experiment targeted the Vista product which is developed in 

Java
TM
. Therefore, we looked for a solution where we could easily integrate the XML 

parser/validator with our existing Java
TM
 software. 

 

Java
TM
 offers many options to process XML files, streams or objects. For instance, there are 

standard Application Programming Interface (API) classes for DOM, SAX and XSLT. But 

looking at the arsenal of tools available to us, we decided to use JAXB (Java XML Binding). 

JAXB is a technology that provides marshalling and unmarshalling of XML structures to Java 

objects. In other words, it provides easy manipulation of XML elements using Java objects. To 

do so, it is necessary to first parse the XML schema definition (XSD file) and create Java code 

on the fly to map the defined XML constructs to Java classes. This is done by running a schema 

translation command. It is then necessary to compile the resulting class files to compiled java 

objects (byte code binaries). 

 

Our tests were focused on XML data ingest from a Ground Station perspective. Using the JAXB 

methodology described above, we translated the complete schema definition and built the 

necessary software to process the XML instance documents. 

 

Then, we had to write code to traverse the XML instance document for PCM re-construction. In 

particular, the following constructs had to be handled: 

 

• Measurements 

• Sampled Measurements 

• Transducers 

• Units… 

 

The resulting Java objects had to be mapped to native L-3 objects and were eventually stored in 

persistent storage (Vista SQL database). The imported database was further tested with actual 

modules to make sure that no invalid settings existed. 

 

The following diagram provides an overview of this XML/XSD to Java
TM
 translation process: 
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Figure 1. XML/XSD Translation Process 
 

 

RESULTS 

 

Using the JAXB approach proved very effective. We were able to complete the assignment 

within a few days. 

 

In terms of technical issues with the XML/XSD tools, we really did not encounter any major 

problem. We used an ANT file to automate the various build steps (schema translation to Java, 

Java compile, and example code compile) and were up and running in short order. 

 

In terms of content, we identified a lot of common meta-data descriptions between the generic 

files and the L-3 proprietary formats (XML and database schemas). It was easy to map PCM 

Measurement definitions, frame metrics, etc. We identified a few issues related to bit rate, frame 

sync word location etc but nothing significant. 

 

The only significant drawback we encountered had to do with data organizational structure. It 

quickly became problematic to try to build information for a particular object that required 

information from XML constructs located at very different locations. To do so, we had to 

navigate through the XML hierarchy to pull the necessary information and this felt very artificial 

and convoluted at times. 

 

 

EVOLUTION 

 

A possible future evolution to the XML Meta-Data standard could be to fill the missing 

validation function for “business rules”.  
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Unfortunately, there is no standard or emergent solution today to apply business rule validation 

to an XML document. In practice, there is often a need to validate content beyond structure and 

datatypes. For example, it is often necessary to perform cross-field validation, i.e. if field x has 

this value, then field y can only have this other value. A good example of this would be a PCM 

frame defined with a 16-bit Sync Pattern length but the Sync Pattern field containing a 32-bit 

value. There is no way for the schema validation process to catch this. Both fields can be valid 

but incompatible in terms of intended use. Therefore, there needs to be another layer of 

validation where users can define business rules for this type of constraint on data content. 

  

As part of the XML Meta-Data effort, it seems that we should approach this problem in layers 

and start addressing the issue of providing two levels of XML validation: 

 

• Schema validation to catch structural and field definition errors 

 

• Business rule validation to catch problems crossing the boundaries of individual fields. 

 

 

CONCLUSION 

 

Overall, the big lessons learned from the initial experiment were twofold. First, it is very 

important to keep the XML structure as lean as possible. Having a deep hierarchical structure 

greatly complicates the parsing process. Secondly, we should address the issue of business rule 

validation to avoid the proliferation of XML documents that may be correct in form but could 

contain invalid content. 

 

This is an evolving standard and broad user input greatly helps define a mature, easy-to-use and 

generic approach. There is little doubt that XML was the right technological choice for this 

project. 
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STOPPING LAUNCH PAD DELAYS, LAUNCH FAILURES, 

SATELLITE INFANT MORTALITIES AND ON ORBIT 

SATELLITE FAILURES USING TELEMETRY PROGNOSTIC 

TECHNOLOGY 

 

Len Losik 
Failure Analysis 

 

ABSTRACT 

Telemetry Prognostics is Failure Prediction
TM

 using telemetry for launch vehicle and satellite 

space flight equipment to stop launch failures, launch pad delays, satellite infant mortalities and 

satellite on orbit failures. This technology characterizes telemetry behaviors that are latent, 

transient, and go undetected by the most experienced engineering personnel and software 

diagnostic tools during integration and test, launch operations and on orbit activities stopping 

launch pad delays, launch failures, infant mortalities and on orbit failures. Telemetry prognostics 

yield a technology with state-of-the-art innovative techniques for determining critical on-board 

equipment remaining useful life taking into account system states, attitude reorientations, 

equipment usage patterns, failure modes and piece part failure characteristics to increase the 

reliability, usability, serviceability, availability and safety of our nation’s space systems.  

 

Key Words 

 

Satellite, Launch Vehicle, Telemetry Prognostics, Failure Prediction, Failure Analysis 

 

INTRODUCTION 

Aerospace telemetry started in January, 1930 with the radiosonde, a device that automatically 

measured temperature, barometric pressure and humidity from a balloon high in space, and sent 

the data back to Earth using a radio signal. The radiosonde dates back to when Pavel A. 

Molchanov, a Russian meteorologist, made a successful radio sounding into the stratosphere. His 

goal was an inexpensive and expendable means of sounding the atmosphere for temperature, 

moisture and wind data. 

 

In-flight instrumentation systems were used more and more after World War II, and missile 

behavior as well as environmental conditions during the entire flight phase and observed through 

radio links. The technology of telemetry coverage opened a new area for missile design 

engineers to obtain valuable data for further study programs. Theoretical data could be hardened 

by actual data, and values could be obtained for the anticipated new missile programs. The 

telemetry measuring program expanded from between 30 and 40 diagnostic measurements to 

between 500 and 600 measurements per flight. All these measuring circuits had to be 

http://inventors.about.com/library/inventors/blradio.htm
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incorporated into the overall system in such a way as to not interfere with the standard system 

necessary for proper flight performance. The telemetry records gave perfect coverage and 

usually a quick explanation to system behavior.  

 

 

LAUNCH VEHICLE DEVELOPMENT 

In July 1955, the White House announced plans to launch an Earth-orbiting satellite for the 

international geophysical year (IGY) and solicited proposals from various government research 

agencies to undertake development. In September 1955, the Naval Research Laboratory's 

Vanguard proposal was chosen to represent the U.S. during the IGY.  History changed on 

October 4, 1957, when the Soviet Union successfully launched the world’s first satellite, Sputnik 

I. The world's first artificial satellite was about the size of a basketball, weighed only 183 

pounds, and took about 98 minutes to orbit the Earth on its elliptical path. That launch ushered in 

new political, military, technological, and scientific developments. While the Sputnik launch was 

a single event, it marked the start of the space age and the U.S.-U.S.S.R space race.  

 

As new missiles were fielded by the Russians and Americans, rather than discard older 

technology missiles, NASA, DOD and the Air Force studied a strategy for expanding launch 

vehicle availability in 1959 using retired missiles. In 1961, they recommended that low reliable 

and dangerous retired Titan missiles be modified for use as military unmanned launch vehicles. 

Titans were hypergolic fueled rockets with fuel that ignited on contact and were dangerous when 

stored in missile silos. Several Titan missiles had exploded in their silos killing all who were in 

side. Using Titan missiles as a launch vehicle didn’t require storing them in silos. With over 300 

retired and soon to be retired Titan missiles, the Air Force adopted the Titan missile as their only 

space launch vehicle and Martin Company, the builder of the Titan, as a sole source supplier. 

Titan was also upgraded for manned space launch on the NASA Gemini program.  

 

With almost 360 Atlas retired missiles available for launch, in the 1970’s, retired Atlas missiles 

began to be used as Air Force unmanned launch vehicles as well. At the start of the program, 

Atlas launch failure rate was as high as 15%. The development of Titan and Atlas missiles 

resulted in the less capable Thor missile being retired from military service in 1963.  However, 

some of the retired Thor missiles found use with NASA as the Delta launch vehicle and were 

modified and used extensively for space research, either as a single-stage booster or in 

combination with various types of upper stages for such projects as the TIROS, TELSTAR, 

Pioneer, and Discoverer programs. Delta payload capacity grew. Until the early 1980s, Delta 

served as NASA's primary launch vehicle for boosting communications, weather, science and 

planetary exploration satellites into orbit acquiring a launch failure rate as low as of 1 in 20 

launches.  

 

The practices used by the missile industry in test included passive monitoring of system 

performance with a minimum of instrumentation. Engineers would be directed to minimize the 

instrumentation of the missiles under test to avoid complexity and cost. Proper instrumentation 

impacted reliability, complexity and cost significantly due to more complex circuit design and 

wiring needs but testing could be completed sooner. Since reliability was successfully countered 

by increases in quantity of missiles purchased, adequate telemetry instrumentation of missiles 

http://history.nasa.gov/sputnik/17.html
http://history.nasa.gov/sputnik/TOC.html
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could not be justified by the missile designers. Missile suppliers were rewarded with larger 

production contracts for lower reliable systems.  

 

 

SATELLITE TELEMETRY DEVELOPMENT 
 

Telemetry for satellites began on the Soviet satellite Sputnik, launched in 1957. Sputnik used a 

dual frequency telemetry downlink. In 1960, the interrogation-reply principle so popular today 

was developed. This is a highly automated arrangement used today in which the transmitter at 

the measuring location automatically transmits needed data only after being signaled. The 

interrogation-reply principle is now used in such fields as nuclear power generating reactors, oil-

pipeline monitor-control systems and oceanography.  

 

Satellites began to grow in size and complexity as the launch vehicle lift capability increased. 

Launch reliability improved slightly. Old missiles added strap on motors and upper stages for 

increasing lift capability but did not upgrade their telemetry systems. In the 1960’s, NASA and 

the Air Force planned parallel manned space programs and designed high capacity telemetry 

systems. In 1968, Congress decided that NASA would be responsible for manned space flight. 

The Air Force converted their manned space assets over to unmanned.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Air Force opened the Air Force Satellite Control Network (AFSCN) in 1969, comprising of 

many independently designed telemetry processing stations located around the world and a 

central mission control complex in Sunnyvale, California originally designed to support the Air 

Force soldier in space. The Aerospace Corporation emerged as the technical arm of the Air Force 

and standardized military satellite communications providing continuity on space programs 

where the military program officers were forced to relocate every 4 years. Telemetry systems 

capacity increased as user demands increased. Telemetry diagnostics techniques for telemetry 

were taken directly from missile and space launch vehicle ground testing for satellites and use 

FIGURE 1 - AIR FORCE SATELLITE TEST CENTER 

SUNNYVALE, CA WHERE TELEMETRY PROGNOSTICS 

WAS CREATED 

http://inventors.about.com/library/inventors/blsatellite.htm
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was used universally. Passive monitoring was used in test to evaluate system performance and it 

found a place in satellite diagnostics. 

 

With the creation of the Space Shuttle in the mid-1970s, a requirement for a higher performance 

space-based telemetry system arose. At the end of the Apollo program, NASA realized that 

MSFN and STADAN had evolved to have similar capabilities and decided to merge the two 

networks to create the Space flight Tracking and Data Network (STDN). In 1976, Telemetry was 

standardized in the IRIG 106 Telemetry Standard, generated and maintained by the Range 

Commander Council, US Army. IRIG 106 is used by many industries around the world. 

 

WHAT IS TELEMETRY PROGNOSTICS? 

Telemetry Prognostics is the prediction of flight equipment failures using telemetry behaving 

well within normal operating characteristics as well as behavior which is obviously anomalous. It 

allows for stopping and postponing space flight equipment failures before they occur, extending 

remaining usable life for equipment that remains operational though starting to fail, predicting 

the day the equipment will fail and isolating the cause for flight equipment failures to the 

component level. These translate directly in stopping launch pad delays, launch failures, on orbit 

infant mortalities, on orbit failures and not meeting mission life durations. 

 

Telemetry Prognostics requires major change in analysis. Prognosticians actively monitors data 

to provide knowledge of whether a failure has occurred, is occurring or when a failure is likely to 

occur. It can stop actions when events occur. Prognosticians don’t watch passively as all events 

are considered failure precursors until ruled out – analyst doesn’t stand by and watch failures 

occur but reacts to telemetry events with active monitoring and action plans. A fault propagation 

model extends to encompass parametric data related to acceptable operating ranges, behavior and 

identification of degradation of functions over time. Failure Prediction
TM

 requires high skilled 

personnel and in-depth knowledge of what is being actively monitored. It requires flight 

equipment circuit design, DC circuit analysis, circuit trouble shooting, telemetry circuit design, 

telemetry analysis, mechanical engineering and mission operations experience. 

 

HISTORY OF TELEMETRY PROGNOSTICS 

To reduce the risk of poor performance during the first Phase 1 testing, in 1978 the GPS Air 

Force program office contracted with Rockwell International, the builders of the first 12 GPS 

satellites for an engineering staff that would analyze all GPS satellite CDMA spread spectrum 

payload and SGLS TT&C downlink data and determine the reliability of the operating satellite 

equipment. Figure 1 is the GPS Block I satellite that Failure Analysis’ Failure Prediction™ 

technology was developed for. The Air Force made an investment in engineering resources to 

secure the success of a very important program. Between 1978 and 1984 this high fidelity 

analysis conducted by the Rockwell satellite subsystem engineering team yielding the knowledge 

of the status of every aspect of the in orbit satellite hardware and the downlink payload 

performance, a correlation with TT&C measurement behavior and downlink navigational 

solution accuracy. In addition, because the Air Force needed to know what the performance of 

http://en.wikipedia.org/w/index.php?title=Space_flight_Tracking_and_Data_Network&action=edit
http://en.wikipedia.org/w/index.php?title=STDN&action=edit
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the satellites payloads were going to be in the weeks and months ahead for critical future system 

testing, the capability to identify satellite measurement behavior indicating an upcoming failure 

was imminent was successfully developed by the Rockwell engineering team based on the 

example of the GPS Kalman filter technology used at the GPS Master Upload Station at 

Vandenberg Air Force Station for predicting future frequency standard clock stability 

performance. The GPS Master Control Upload Station used a Kalman filter, to predict future 

navigation message variables and generate upload message predictions of navigation message 

variables accurate for up to 6 months.  

 

The active satellite missions critical to the U.S. national defense, received the majority of  remote 

tracking station use. GPS was in a test and concept validation phase and received very low 

priority for use of the remote tracking stations and was initially not allowed to use remote 

tracking station  resources to collect engineering data. In a 24 hour period, GPS Phase I mission 

control personnel received only 40 minutes per satellite of real-time telemetry to determine the 

state of the equipment on board 

 

Using the maximum (40 minutes/day) amount of telemetry available for each orbiting satellite, 

mathematical models were created using a new technique for predicting normal telemetry 

behavior using very little telemetry. Super-impositioning and harmonic/Fourier analysis that 

modeled each source of influence on measurement behavior and generated future expected 

behavior for comparison with actual telemetry behavior. However, because of the normal 

satellite maintenance activities cycling electrical power which influenced satellite measurements 

across the entire satellite, RFI induced TT&C equipment cycling, upload station activating the 

TT&C equipment, lack of telemetry on heaters, minimum temperatures were often controlled by 

thermostatically controlled heaters, unavailable high frequency response from the regulated bus 

power (28VDC) and DC/DC power supplies used on most equipment, LC and RC circuit time 

constants were not observable in the coarse 8-bit word resolution and the narrow data bandwidth 

(KHz) of GPS telemetry. All this caused the reliability of the predicted telemetry behavior 

comparison to actual telemetry behavior to be poor. Improvement to the modeling was needed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Normal occurring variations in telemetry behavior were ignorable but required many hours to 

disappear in telemetry, leaving many hours, and sometimes days, when the Prognostics were not 

FIGURE 1 – PHASE I GPS SATELLITE WAS THE FIRST SATELLITE FAILURE 

PREDICTION™ TECHNOLOGY WAS DEVELOPED FOR 
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in use leaving the satellite equipment vulnerable to failures without detection relying on 

traditional telemetry diagnostic techniques. Mathematical was used to model normal telemetry 

behavior. Because of the many years of long term, intense problem solving to provide high 

fidelity analysis on each telemetry measurement across all GPS satellites, and the Prognostic 

solutions developed, the engineering staff uncovered and identified unusual telemetry behavior 

well within the normal operating behavior on some satellite equipment measurements which later 

failed catastrophically. 

 

 

BENEFITS OF TELEMETRY PROGNOSTICS TO THE GPS PROGRAM 

The successful Failure Prediction
tm

 technology was used by the Air Force GPS program 

management to maximize the success of GPS system testing which yielded tremendous 

performance advantages over existing space based navigational systems such as TRANSIT and 

TIMATION and motivated the Air Force in 1980 to fund the complete program. The success of 

the Telemetry Prognostics on the tri-service flight tests allowed the Air Force to shrink the GPS 

program and downscale it into just 2 phases, reducing the total number of satellites needed over a 

10 year period by 12, resulting in billions of program dollars saved and a shortening of the 

schedule for full operational constellation implementation by over 10 years. The use of 

Telemetry Prognostics technology on GPS satellites resulted in the successful funding of the 

program by the US military to the operational constellation of 24 satellites, advancements in the 

design of the on board frequency standards, improvements in the next generation GPS satellites 

renamed Block II from the Phase 1 and performance improvements across satellite payload and 

subsystem hardware and software resulting in increase performance, reliability and 

serviceability.  

 

Table 1 provides a history of the satellites that the author used Failure Prediction™ technology 

on. Table 2 provides the launch vehicles Failure Prediction™ technology has been used on. 

 

TABLE 1 - SUMMARY OF SATELLITE TELEMETRY PROGNOSTICS EXPERIENCE 

Satellite 

Telemetry 

Prognostics 

Used On 

# of 

Failures 

Predicted/

Occurred 

Final 

Orbit 

Shape 

Final 

Orbit 

Inclination 

Final 

Orbit 

Period 

On Orbit 

Attitude 

Control 

Location 

Telemetry 

Prognostics 

Completed 

Air Force 

GPS Satellites: 

NAVSTAR 1 

NAVSTAR 2 

NAVSTAR 3 

NAVSTAR 4 

NAVSTAR 5 

NAVSTAR 6 

 

 

5/5 

7/7 

8/8 

8/8 

5/5 

5/5 

Circular 

(MEO) 

63° 12 hrs Spin 

Stabilized 

3-Axis 

Stabilized 

Launch Pad 

Early Orbit 

On Orbit 

NASA EUVE 7/7 Circular 

(LEO) 

28° 1.5 hrs 3-Axis 

Stabilized 

On Orbit 
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NASA GOES I 0/0 Circular 

(GEO) 

0° 24 hrs 3-Axis 

Stabilized 

Factory 

SCC 

SUPERBIRD 

1/1 Circular 

(GEO) 

0° 24 hrs 3-Axis 

Stabilized 

Launch Pad 

On Orbit 

INTELSAT 

7&7A 

0/0 Circular 

(GEO) 

0° 24 hrs 3-Axis 

Stabilized 

Factory 

 

TABLE 2 - LAUNCH VEHICLES TELEMETRY PROGNOSTICS EXPERIENCE 

LAUNCH VEHICLE  INJECTION ORBIT  LOCATION  

TITAN 34C  LEO Circular Orbit  LV Factory  

TITAN 34D  LEO Circular Orbit  LV Factory  

TITAN III  LEO Circular Orbit  LV Factory  

TITAN IV  LEO Circular Orbit  LV Factory  

ATLAS D  LEO Circular Orbit  Launch Site  

ATLAS E  LEO Circular Orbit  Launch Site  

ATLAS F  LEO Circular Orbit  Launch Site  

ARIANE 44L  GEO Transfer Orbit  Satellite Factory  

 

 

ADVANTAGES OF FAILURE PREDICTION™ 

To the Satellite System Owner - Lowers risk of mission failure, lowers insurance premiums. 

To the Satellite System Insurance Company – Lowers risk of mission failure. 

To the Flight Equipment Supplier - Reduces shipping faulty equipment, reduces infant 

mortalities, increases equipment reliability, reduces equipment returns. 

During LV or Satellite Factory I & T - Reduces shipping of faulty equipment to the launch 

pad, reduces delivery delays to launch pad, decreases launch pad delays, increases equipment 

reliability, identifies infant mortality candidates, increases equipment reliability. 

During Satellite & LV Integration - Identifies infant mortality candidates, reduces launch 

delays, reduces launching faulty equipment, increases equipment returns, increases equipment 

reliability. 

During Launch Readiness - Identifies infant mortality candidates, predicts launch failures, 

reduces launch failures, reduces launch delays, reduces launching faulty equipment, increases 

equipment reliability. 

During On Orbit Mission Operations – Stops on orbit failures, identifies infant mortality 

candidates, predicts future equipment failures, extends equipment mission life, reduces service 

downtime, increases system availability, increases equipment serviceability, lowers cost, 

increases equipment reliability. 
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BENEFITS OF TELEMETRY PROGNOSTICS 

Telemetry Prognostics can be used on existing satellites and launch vehicles using existing 

telemetry systems capabilities and accuracy. It eliminates on orbit infant mortalities and stops the 

launching of faulty equipment. It stops on-orbit failures before they occur, reduces launch pad 

delays, reduces launch vehicle failures, extends usable remaining equipment life on faulty 

equipment. Telemetry Prognostics identifies flight equipment that is going to fail, predicts day of 

equipment failure, extends on orbit mission life, increases satellite services availability reducing 

payload downtime, increases satellite and launch vehicle reliability and allows time to generate 

recovery plans before failure and is flight proven. 

 

FEATURES OF TELEMETRY PROGNOSTICS 

Telemetry Prognosticians accentuates latent, transient information that predicts future flight 

equipment failure in normal appearing telemetry. A prognostician detects future failures in high 

stressed operational environment such as launch. Results allow observing individual component 

or circuit failure as it is occurring. It is insensitive to quantity of telemetry available for analysis, 

sample rate and needs very little information to be conclusive. It is insensitive to (quality) noisy 

or unreliable telemetry, insensitive to least significant bit resolution. It is flight proven, platform 

independent and developed for use on existing missile, satellite, computer, electrical power 

reactor, automotive, commercial aircraft, aircraft development, helicopters, medical and launch 

vehicle telemetry systems. 

 

 

FAILURE PREDICTION
TM

 TECHNOLOGIES FOR STOPPING LAUNCH PAD 

DELAYS, LAUNCH FAILURES, INFANT MORTALITIES AND ON ORBIT 

SATELLITE FAILURES AVAILABLE FOR LICENSING FROM FAILURE ANALYSIS 

The following technologies are available singly or in bundles. Their need is based on the 

capability that which already exists at the satellite, launch vehicle builder’s factory and the 

mission control center. Each technology may not be needed at each area. Failure Analysis 

recommends completing failure prediction at the flight equipment supplier’s factory after 

acceptance testing is completed, the satellite factory after satellite level acceptance testing, at the 

launch pad after LV and satellite integration is completed, after early orbit operations are 

complete and at 3 month intervals on orbit.  

 

Technology Purpose 

Telemetry 

Authentication 

This is used to remove noise and make the telemetry error free before 

super impositioning to eliminate false positives. 

Super impositioning Used to create baseline telemetry behavior from very little telemetry. 

Allows for the creation of mathematical formulas that generate virtual 

telemetry. 

Rate Change 

Analysis 

High rate changes for measurements indicate active telemetry behavior 

requiring research as to the cause. 
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Super Precision Super precision decreases noisy data and clutter and eliminate false 

positives. 

Mathematical 

Modeling 

Used to create virtual telemetry. 

Virtual Telemetry Used to predict normal telemetry behavior when only insufficient 

telemetry is available. 

Database 

Development 

Used to create new high reliable, small size database for processing with 

Prognostics when access to telemetry database is not available. 

SFI, SDI, NFI, NDI 

sampling 

Used to reduce amount of telemetry for processing while not loosing 

accuracy. 

Data Mining Used to access large telemetry databases to generate end product results. 

Digital Processing Used to enhance resolution of graphics. 

Active Diagnostics Used to react to failure precursors and determine actions to take and 

eliminate false positives. 

Active Reasoning Used to determine failure in process. 

State Based Analysis Used to isolate unexpected equipment configuration and focus 

Telemetry Prognostic analysis. 

Discrimination 

Analysis 

Used to isolate failure precursor telemetry from virtual telemetry and 

eliminate false positives. 

Change Analysis Used to separate failure precursor telemetry from virtual telemetry and 

eliminate false positives. 

Baseline Analysis Used to determine what telemetry to be investigated for failure in 

process 

Failure Precursor 

Pattern Recognition 

Used to recognize anomalous behavior in normal appearing telemetry 

and eliminate false positives. 

Root Cause Failure 

Analysis 

Used to determine what piece part component is failing in circuit and 

how much longer equipment will operate. 

Remaining Usable 

Life  

Based on proprietary historical piece part component failure 

performance data. 

Predicting Day of 

Failure 

Determined by proprietary historical piece part component failure 

performance data.  

 

Table 3 identifies the location that each technology used in Failure Prediction™ is recommended 

to be used by Failure Analysis. 

 

TABLE 3 – WHAT TECHNOLOGY IS NEEDED AT EACH LOCATION OF SPACE 

FLIGHT HARDWARE DEVELOPMENT, TEST AND INTEGRATION 

Failure Prediction™ Technology Equipmen

t Supplier 

Factory  

 

Satellite 

Factory 

Launch 

Vehicle 

Factory 

 

Launch 

Site  

Mission 

Control  

Center 

Active Reasoning X X X X X 

Baseline Analysis X X X X X 

Change Analysis  X X X X 

Data Mining  X X X X 

Digital Processing     X 
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Discrimination Analysis X X X X X 

Failure Precursor Pattern Recognition X X X X X 

Data Base Creation     X 

Mathematical Modeling X X X X X 

Predicting Day of Failure X X X X X 

Proactive Diagnostics X X X X X 

Rate Change Analysis  X X X X 

Remaining Usable Life X X X X X 

Root Cause Failure Analysis X X X X X 

SFI, SDI, NFI, NDI sampling  X X X X 

State Change Analysis  X X X X 

Super Impositioning     X 

Super Precision     X 

Telemetry Authentication      X 

Virtual Telemetry X X X X X 

 

CONCLUSION 

Telemetry Prognostics is a revolution is the use of Telemetry systems on satellites and launch 

vehicles. Its technology is ground tested and flight proven for both satellite and launch vehicles 

and decreases system risk for satellite owners and increases satellite and launch vehicle 

reliability for space system suppliers. Telemetry Prognostics offers a leap in technology over 

existing diagnostic techniques that do not allow for determining future system states. Telemetry 

Prognostics return on investment is high, offering to save satellite owners, space insurance 

companies and American tax payers hundreds of billions of dollars in failed space missions. 

Failure Prediction™ technology can also be used in other industries that rely on telemetry to 

determine equipment operations and performance such as nuclear power, automotive, medical, 

computer and consumer electronic products.  
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TO LIGHTWEIGHT BALLOONING 
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INTRODUCTION 
 

The Columbia Scientific Balloon Facility (CSBF), currently located in Palestine, Texas, launches scientific payloads 
on balloon vehicles. In its 40 years of existence, the CSBF has launched over 2,200 balloons for 124 different 
universities and technical institutes. The balloons, launched from various locations including Antarctica, Sweden, 
Australia, Brazil and the U.S., can be as large as 1.7 million cubic meters (60 million cubic feet), reach a float 
altitude of 48.8 kilometers (160,000 feet), carry a payload of up to 3600 kilograms (8,000 pounds), and stay at float 
for over a month. This service provided by CSBF offers the science community an option for their science 
experiments to reach near space altitudes with only a fraction of the cost of space shuttle or satellite based 
experiments.  
  
Not only does the CSBF provide rigging and recovery support for the balloon launch and termination, it provides 
telemetry with the balloon payload. Telemetry with the balloon is obtained by integrating a CSBF telemetry package 
with the science payload. This telemetry package operates independently of the science payload with the purpose of 
transmitting science and housekeeping data, receiving commands sent from a ground station computer, executing 
commands received and terminating the balloon flight. In the early history of science ballooning, communications 
were possible through LOS only. This resulted in short duration balloon flights lasting from only a few hours to a 
few days. However, with the technology of satellite communications, also called Over the Horizon (OTH) 
communications, telemetry can now be achieved almost anywhere in the world. Consequently, OTH 
communications has dramatically increased science balloon flight durations. In fact, the record was set in 2005 with 
a science flight lasting 42 days over Antarctica.      
 
Currently, CSBF offers two types of telemetry packages. One of the telemetry packages, called the Consolidated 
Instrumentation Package (CIP) is used for short duration flights where only LOS is needed. The CIP, including the 
termination equipment, weighs about 100 pounds with batteries. The other system, called the Support 
Instrumentation Package (SIP), consists of both LOS and OTH communications and is used for Long Duration 
Ballooning. To achieve OTH communications, the SIP uses NASA’s Tracking Data and Relay Satellite System 
(TDRSS) and the Iridium satellite system. The TDRSS standard data rate is 6 kilobits and up to 150 kilobits with the 
use of the Wallops Flight Facility (WFF) developed High Gain Antenna (HGA). The Iridium system uses both Short 
Burst Data (SBD) and a direct dial-up mode. The SIP, including the termination equipment and necessary solar 
power system, weighs about 500 pounds. 
  
Although the CIP and SIP provide high data rates with triple redundant systems necessary for high dollar payloads, 
the weight and cost associated with these systems can be limiting to certain science groups who may not need these 
full capabilities for their balloon experiment. These limitations create a need for a lightweight and inexpensive 
telemetry system. This system could be beneficial for various reasons. First, it would allow scientists to fly 
lightweight payloads on large balloons reaching even higher altitudes. Second, scientists could fly lightweight 
payloads on less expensive balloons such as meteorological balloons. Depending on the payload, these flights could 
be inexpensive and even disposable. Third, a compact telemetry system on any balloon will free up more room for 
the science portion of the payload. In response, CSBF is developing a compact telemetry system called the Micro-
Instrumentation Package (MIP). The aim of the MIP is to provide a telemetry support package with all of the 
rudimentary functions for the safe operation of a balloon, yet weigh only 20 pounds including batteries lasting up to 
a few days. 
  



 
 

2

OVERVIEW 
 

Since the conception of the MIP in 2005, its development has been ongoing. From the beginning, certain guidelines 
were established. The MIP should be lightweight, cost effective, modular, low power, and reusable. Furthermore, 
the MIP should meet the FAA and NASA requirements on ballooning. In addition, it was very important to consider 
how a wide range of temperatures and a vacuum environment would affect the electronic and mechanical 
components of the system. Therefore, the MIP was designed to be able to withstand the same thermal extremes as 
that of the current CSBF support packages.  

 
Along with these guidelines, additional functions were specified so that the Micro-Instrumentation Package could be 
an inclusive telemetry support package. These functions, which are necessary for the safe operation of a balloon 
flight, provide telemetry with the balloon, interface to other systems such as science, and redundant termination 
methods for the balloon. 

 
Included in these functions are interfacing to science payloads through an RS232 serial port, transmitting data from 
the payload, and receiving command data from the ground station. In doing these tasks, the MIP will use both LOS 
and OTH communications. This allows the MIP to fly in any location with the capability to stay in the air for many 
days without a mobile ground station. The types of data transmitted will be both science data and MIP housekeeping 
data including Global Positioning System (GPS) data. Additionally, the MIP will be turning subsystems on and off 
including the science payload, redundantly providing termination of the balloon using the NASA approved 
capacitive discharge circuits for firing squibs, operating a valve to release helium from the balloon, releasing ballast, 
and cutting the parachute from the gondola to prevent payload dragging. Also, the MIP will have the function to 
terminate the flight system from the balloon if a balloon burst is detected. 

 
An interface will be provided so that the MIP can communicate with CSBF’s current systems such as Science 
Stacks, the Universal Terminate Package (UTP) and the Commandable Apex Package (CAP). A backup command 
system will also be provided to operate independently of the central unit of the MIP. Lastly, the MIP will include an 
FAA transponder if needed. 

 
MIP HARDWARE 

 
The MIP hardware is comprised of several components 
and is shown in Figure 1. Most of the components reside 
on the gondola next to the science package. These 
components are the Microcontroller PCB, GPS receiver, 
LOS and Iridium transceivers, Backup Command 
Decoder, Relay PCB and Command Driver/Burst Detect 
PCB. Next, located further up the flight train in between 
the gondola and the parachute is the Chute Cutaway 
system. Last, situated in between the parachute and 
balloon is the Primary and Backup Terminate systems.  

 
The central unit of the MIP is the microcontroller PCB. 
This board, designed at CSBF, consists of a 
microcontroller, 22 analog inputs, 16 digital inputs, 30 
command outputs and 6 serial ports. Chosen over a 
microprocessor, a microcontroller is low cost, low power 
consumption and easily programmed. In fact, the 
microcontroller chosen costs less than 10 dollars and 
nominally operates less than 0.5 watts. A microcontroller 
also has many different types of internal peripherals that 
are applicable to the MIP needs such as internal RS232 
serial ports, SPI ports, input and output (I/O) pins, an 
analog-to-digital (A/D) converter and timers. The 22 
analog inputs located on the microcontroller board 
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collects battery voltages and currents, temperatures of subsystems, and other sensors such as sun sensors or load cell 
sensors. The 30 command outputs will toggle the relays used for power and termination. The 16 digital inputs will 
collect the statuses of relays. Lastly, the six serial ports will communicate with the LOS transceiver, Iridium 
transceiver, GPS receiver, Science interface, AART interface, and the Diagnostics interface. The AART interface is 
an RS232 serial port that can communicate with other CSBF systems such as the Science Stack, UTP, and the CAP. 
Since the microcontroller only has two internal serial ports, the other four serial ports are possible with two dual 
UART chips that communicate with the microcontroller through the SPI bus. A complete block diagram is shown in 
Figure 2.  

 
The microcontroller will carry out scheduled tasks with the 
use of the microcontroller’s internal timers. The first task 
is to collect the housekeeping data packet that includes 
GPS data, analog inputs, digital inputs and error messages. 
In order to collect the GPS data, the microcontroller 
communicates through a serial port to request specific data 
packets from the GPS receiver. Once GPS data collection 
is complete, the microcontroller uses its internal A/D 
converter to collect each analog input. Finally, the 
housekeeping packet is completed by reading the digital 
inputs. The second task is to collect the science data packet 
through the science RS232 serial port interface. The 
microcontroller sends a message to the science payload 
requesting a data packet to start this process. The science 
payload then responds with its data packet in which the 
MIP stores in its buffer. Once the microcontroller has the 
MIP housekeeping packet and the science data packet, the 
third task is transmitting the packets collected through the 
LOS and Iridium transceivers. The LOS packets are easily 
sent out of the LOS RS232 interface. However, in order to 
send out the Iridium packets, the microcontroller must 
communicate with the Iridium unit and initiate a session 
with the Iridium network. Along with transmitting data 
packets, the fourth task for the microcontroller is to use 
these two lines of communications to receive commands 
transmitted from the ground station computer. The MIP 
can receive LOS commands at any time executing them in a timely manner. However, similar to transmitting the 
data packets, the only way for the microcontroller to receive commands through the Iridium unit is request that the 
unit initialize a session with the Iridium network. Once, received and decoded, a command is executed by either 
toggling a relay through one of the MIP’s 30 command outputs or routing the command to the appropriate location 
such as the Science or AART interface. There are also commands intended for the microcontroller itself such as the 
commands directed to change the timers for the frequency of transmitting LOS or Iridium packets. The last task of 
the microcontroller is to send diagnostic messages out of the Diagnostic RS232 interface. These messages tell the 
user what task the microcontroller is currently working on. It also informs the user of any errors that the 
microcontroller is encountering. Although not used in flight, the diagnostic port is very helpful for testing on the 
bench. 

 
The next component of the MIP is the GPS receiver. Its function is to provide the balloon payload position and 
altitude and a timestamp for the data packets. The MIP uses the Trimble Lassen IQ GPS receiver. The Lassen IQ can 
track up to 12 satellites, costs around $70, interfaces through two serial ports, and is the width of a U.S. quarter. It is 
small enough to mount in a corner on the bottom of the Microcontroller PCB. 

 
The LOS transceiver provides a method of transmitting data packets and receiving commands from the ground 
station. For LOS transmission and reception, CSBF’s CIP and SIP uses separate units for each function. This means 
that there is a LOS transmitter with the function of only transmitting data packets and a separate LOS receiver with 
the function of only receiving transmitted commands. However, in order to save on power and weight, the MIP 
makes use of one LOS transceiver that does the function of both transmitting data and receiving commands. The 
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downside to this is that if simultaneously a command is transmitting from the ground station and a packet is 
transmitting from the MIP then a collision occurs causing a loss of data on both ends. Therefore, to send commands 
to the MIP using only one LOS transceiver, the microcontroller’s LOS data packet timer is set to an interval of every 
20 to 30 seconds. If this data rate is not adequate for the science payload, then CSBF can provide a separate LOS 
transmitter dedicated for the science payload. However, this solution adds more weight in batteries due to increased 
power consumption.  

 
The MIP also uses an Iridium transceiver for the OTH communications. Currently, the Iridium uses Short Burst Data 
(SBD) sessions to send and receive data. Basically, this is a store and forward type system using email messages 
through the Iridium network.  

 
Using an FPGA Altera chip and powered separately from the microcontroller PCB, the Backup Command Decoder 
(BUCD) PCB decodes commands from an RS232 input and executes command outputs. The RS232 input will be 
shared with the microcontroller’s receive line from the LOS transceiver. This means that both the microcontroller 
and the BUCD will receive LOS commands sent from the ground station. However, in order to prevent dual 
execution of commands, the BUCD will have a separate routing address from the microcontroller. The BUCD’s 
command outputs will be able toggle the same relays as the MIP creating a redundant method for terminating the 
balloon. This backup system ensures the execution of termination commands in case of a microcontroller failure.     

 
The MIP’s Relay PCB consists of Darlington pair command 
drivers, one momentary relay and six latching relays. Some of the 
relays provide a way to toggle power to other components 
including power to the Iridium unit, LOS transceiver, and the 
microcontroller PCB. There is also a relay designated to toggle 
power to the science payload. The other relays are for dropping 
ballast and opening the helium valve. For redundant paths, every 
relay can be commanded from either the microcontroller PCB or 
the BUCD.  
The MIP’s Command Driver Burst Detect PCB serves two 
purposes as the name implies. Using power mosfets, one purpose 
is to drive terminate relays that are located outside of the MIP’s 
main package and up the flight train. Similar to the Relay PCB, 
the microcontroller PCB and the BUCD can command each 
output. The other purpose of this PCB is to house the Burst 
Detect circuit. If there is a balloon burst, this circuit will send the 
necessary commands to terminate the balloon.  

 
The MIP’s chute cutaway system is located in between the 
gondola and the parachute. The purpose of this system is to separate the parachute from the gondola once the 
payload has landed on the ground preventing the parachute from dragging the payload in windy conditions. First 
activated by sending a command to arm the system, the chute cutaway system uses tilt sensors to detect when the 
parachute has landed on the ground. This event causes a squib to fire separating the parachute from the gondola. 
This system is most important in locations such as Antarctica and northern Canada where there exists windy 
conditions without vegetation making payload dragging possible.  

 
The last components of the MIP are the primary and backup terminate systems. These two items, housed in one box, 
are located in between the parachute and the balloon. Their function is to provide two methods for terminating the 
balloon. In each system, toggling the arming and firing relays causes a squib to fire cutting the cable that connects 
the balloon to the parachute. Also, to ensure redundancy, each terminate system has its own battery pack and can be 
commanded from both the microcontroller PCB and the BUCD. 

 
  

MIP GROUND STATION EQUIPMENT (GSE) 
 

The MIP GSE’s design makes it possible so that only one laptop, antenna with an RS232 LOS transceiver and an 
internet connection is required to communicate with the MIP. Theoretically, a user could follow the balloon in a car 

MIP ENCLOSURE - FIGURE 3
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or plane and receive data packets or send commands to the MIP. Another possibility is that through Iridium data 
transmission, the MIP can be launched from another continent and operated from Palestine, Texas. The MIP 
prototype GSE display, shown in Figure 3, uses Labview software to receive data packets transmitted from the MIP, 
transmit commands to the MIP, route data to the science ground station and log the data to a hard drive.  

 
The Labview user interface program displays the received and decoded data packets. An RS232 LOS receiver 
receives the transmitted MIP data packets. These 
packets can be received anywhere in the range of 
LOS with the payload. In order to receive the 
Iridium data packets, the ground station software 
must check an email account specific to the Iridium 
unit used on the MIP. The incoming messages 
contain an attachment of the Iridium data packet. 
The software reads the attachment and displays the 
decoded data on the user interface. MIP Iridium 
packets can be received in any location where there 
is an internet connection.      

 
The Labview interface also sends commands to the 
payload through both LOS and Iridium paths. For 
LOS, the commands are transmitted through an 
RS232 command transmitter. As with the data 
packets, LOS commands can be sent anywhere in 
the range of LOS with the payload. The Iridium 
commands are sent in an email to the Iridium network. The commands are transferred to the Iridium unit on the MIP 
when the microcontroller initiates a session with the Iridium network.  

 
The Labview ground station software routes the science data packets received from the MIP to the science GSE. The 
MIP microcontroller places a special header on the science packet so that the Ground Station software can 
distinguish the science packet from the MIP housekeeping packet. The software also logs both the science data 
packets and the MIP data packets onto a hard drive.  

 
 

TESTING 
 

Initial test flights with the MIP have been successful. Three of the test flights used 
small rubber balloons that reached a height of 105000 feet before bursting. These 
were short flights lasting around two hours. The fourth test flight was flown as a 
piggyback to one of CSBF’s science flights launched out of Palestine, Texas. This 
flight lasted around 8 hours. During all four of these flights, the tested functions 
included the LOS and Iridium uplink and downlink, GPS tracking and collection of 
data packets, and the ground station software. One of the test flights also used the 
termination system to fire a squib which terminated the balloon from the parachute. 
Integration of the MIP to a science payload is currently being conducted for a test 
flight. Future test flights are also planned to further test the MIP as a full up 
telemetry/termination system.   

 
     

         CONCLUSION 
 

In conclusion, the MIP offers the science community a lightweight approach to ballooning. The goal of an inclusive 
telemetry/termination package weighing less than 20 pounds for a 24 hour flight was reached. With a few tradeoffs, 
it provides a basic cost effective telemetry support package with both LOS and OTH capability and weighs 
significantly less than the traditional support systems. The MIP is ideal for science groups interested in light weight 
ballooning that can afford lower data rates than that of the CIP and SIP.  

MIP TEST FLIGHT #3
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Future capabilities of the MIP will include Iridium dial-up, a dedicated science LOS transmitter and data logging.  
This will help increase the speed of data transmission and commanding. Also planned for future capability is the use 
of a solar panel power system. For longer flights, instead of flying numerous batteries, a solar power system will be 
used to save weight. 
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ABSTRACT 
 

The Edwards Air Force Base Undergraduate Clinic Team at Harvey Mudd College designed, 
built and tested a laser-based telemetry system for use on test aircraft at the EAFB Flight Test 
Center. The system was designed to communicate from an aircraft to a stationary, terrestrial 
receiver at a distance of up to 60 miles while traveling at speeds up to 230 mph. The transmitter 
system is restricted to the size of a standard 4' tall 19" wide equipment rack. The transmitter is 
designed to maintain a constant laser footprint diameter of 100 meters at the receiver and use 
both coarse acquisition and closed-loop fine tracking systems. The minimum data rate is 10 
Mbps. 
 
Sub-system testing and integration was not completed. Completed sub-systems included 
GPS/INS-based tracking (for coarse-tracking), position-sensitive-detector (PSD) optics (a fine-
tracking system component), a transmitter gimbal assembly, software used to integrate and 
control hardware at the transmitter and receiver, and a complete receiver system. A PSD-based 
tracking system and an automatic collimation system were designed and constructed, but only 
partially tested. 
 
Key Words: Telemetry, laser, communications, dynamic, optical 
 

INTRODUCTION 
 
Clinic is a projects-based course at Harvey Mudd College for juniors and seniors. The projects 
are real-world problems suggested by the sponsoring organization. A team of typically five 
students works to design, build, and test a device or system with the assistance of a company 
liaison and a faculty advisor. This paper reports on the results of the 2006-2007 Clinic project for 
Edwards Air Force Base (EAFB). EAFB also sponsored a similar project during the 2005-2006 
academic year to develop a proof-of-concept system. The 2005-2006 project demonstrated the 
feasibility of optical communications, but did not provide a system that could be used on an 
aircraft during movement. 
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Current air-to-ground telemetry systems use radio communication and maintain a 
communication link approximately 80% of the time. The increasing complexity of telemetry data 
has generated a demand for higher data-transfer rates, while the restriction on radio frequency 
allocations has created a limitation on bandwidth. The data-transfer bottleneck has influenced 
EAFB to explore Laser-Communications Technology (LCT). LCT has the potential to increase 
the data rate and eliminates spectrum-allocation problems. LCT can increase resistance to 
jamming, may reduce the radar profile, and can decrease signal interference and the probability 
of unauthorized interception of telemetry data. 
 
 

SYSTEM DESIGN OVERVIEW 
 
The system design overview is split into three sections: data flow design, optical systems design, 
and tracking systems design. A list of system components used to fulfill the design is presented 
in summary. 

  
Data Flow Design 
The data path is the signal flow from signal generation in the transmitter station to demodulation 
at the receiver station. Figure 1 is a block diagram of the data path.  

 

 
Figure 1: Data Path 
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Inside the transmitter, the laser beam is generated, modulated by the data signal and aimed at the 
receiver. The receiver system tracks the transmitter dynamically, receives the optical signal, 
converts it to a voltage signal, and performs bit-error-rate analysis. 
 
The transmitter system is designed to transmit data at 10 Mbps. The receiver photodiode’s 
response limits the maximum modulation frequency to 100 MHz. 
 
The laser is fiber-coupled to a randomly-polarized EAR-1K-C fiber amplifier, with a 0-to-1.3 
Watt output range and a bandwidth of several GHz. The amplifier output is fiber-coupled to a 
fiber collimator—beam expander pair. The collimated beam is sent out into free space.  
 
The receiver consists of a telescope, an optical bandpass filter, a focusing lens and a photodiode. 
These optics filter optical noise from the received signal and focus the modulated laser beam 
onto the active area of the photodiode.  
 
The receiver can be equipped with one of three PIN InGaAs photodiodes which optimize the 
trade-off between bandwidth and sensitivity to light. The received signal is processed by a bit-
error-rate device and a bit synchronizer to measure bit-errors. 
 

Optical Systems Design 
The transmitter laser beam is generated, modulated and amplified, then sent out through a beam 
expander into free space. At the receiving station, it is collected by a 10″ Meade telescope and 
focused onto a small photodiode for optical to voltage signal conversion. 
 
The laser beam is generated by a single-mode pig-tailed 2 mW 1550 nm laser diode. A single-
mode laser is used for higher spatial uniformity than in a multimode beam. 1550 nm is used for 
two reasons: 1550 nm is the location of one of the atmosphere’s optical windows, where 
atmospheric attenuation (absorption and scattering) is minimized; also, equipment for this 
wavelength is widely available and inexpensive because of its use in the telecommunications 
industry.  
 
The diameter of the footprint of the transmission laser beam at the receiver is actively controlled 
by the beam expander (an automatic-collimation system) to remain at 100m regardless of the 
distance between receiver and transmitter. A constant footprint diameter maintains steady signal 
power at the receiver, but does require a dynamic beam divergence. At a distance of 1 mile, a 
footprint with a 100m diameter requires a 31 mrad (1.8º) divergence; at 60 miles, it requires a 0.5 
mrad (.03º) divergence.  
 
The laser beam is initially collimated with a fiber collimator, coated for use in the 1050-1600 nm 
wavelength range. A beam expander is used to expand the beam and control its divergence. This 
wider beam can be collimated to a greater extent that would be possible with a narrow beam. 
 
The transmitter optics include a fine-tracking system utilizing a position-sensitive-detector 
(PSD). The PSD has a 3 mm active area for receiving an optical signal. It provides four outputs 
that can be used to calculate the location of the centroid of an incoming beam on the PSD's 
active area. The PSD system design includes an optical train that collects, focuses, and filters 
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incoming light. The design of the PSD optical train is focused on providing the necessary angular 
accuracy given the displacement resolution of the PSD while taking up as little space as possible 
on the gimbal. To this end a multiple lens system is used to increase the effective focal length 
(allowing for higher angular resolution) while minimizing physical length. 
 
The receiver optics mitigate geometric power losses by focusing light from a large collection 
area onto the active area of the photodiode. The large collection area also mitigates the effects of 
scintillation (an atmospheric effect that causes small regions of zero optical power temporarily). 
A 10″ aperture telescope is used. An optical bandpass filter centered at 1550 nm decreases noise 
from ambient IR radiation. A final lens focuses light onto the active area of the photodiode. The 
position of the photodiode can be adjusted with both an X-Y translator and a Z-translator to 
ensure that the beam of light is properly focused onto the active area.  
 
A 1557 nm infrared laser is held in a three-axis positional translator above the telescope on the 
receiving station and is aligned with the other receiver optics. This laser serves as a beacon 
signal for the transmitter and is collimated by a fiber collimator prior to being sent into free 
space and into the transmitter PSD system. The transmitter system adjusts its pointing vector 
based to match the orientation of the incoming beacon signal.  
 
 

TRANSMITTER AIMING SYSTEMS 
 
The transmitter aiming system aims the transmitter laser beam towards the receiver. This system 
is composed of several components; the relationships between these components are shown in 
Figure 2.  

 
Figure 2: Tracking System Flow Chart 

 
Coarse transmitter aiming uses position and orientation data inputs received from an integrated 
GPS/INS unit. Position is estimated to within five meters with increasing accuracy as the number 
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of received satellite signals increases. Rotational attitude is estimated to within 5 mrad (0.286º). 
These data are sent from the MMQG via a serial port at a rate of 10 Hz into a rack mount 
computer for processing in LabVIEW. The desired azimuth and elevation angles of the 
transmitter laser beam are calculated in LabVIEW. These angles are sent to the integrated gimbal 
drivers/controllers which actuate the rotation of the azimuth and elevation gimbal stages to 
precisely point the laser beam.  
 
High frequency turbulence is expected on the air vehicle, and an update rate of 10 Hz is not 
sufficient for tracking under these conditions. For this reason, a position-sensitive-detector is 
used to create a high frequency, high precision aiming method.  
 
The four analog output channels from the PSD are filtered through a lock-in amplifier to increase 
the SNR and sampled at a rate of 100 kHz using a DAQ. The LabVIEW software calculates the 
angular error from the filtered signals and corrects the pointing of the gimbal. This precise 
tracking takes precedence over coarse tracking once the received beacon laser beam signal 
strength reaches a threshold value.  
 
Additionally, the divergence of the transmission laser beam is controlled by the auto-collimator 
to maintain a 100 m beam footprint on the target. The rotation of the auto-collimator is actuated 
by a stepper motor controlled through LabVIEW software.  

 
Receiver Tracking Accuracies and Link Budget 
The GPS/INS system on the transmitter tracks the receiver to within 5 mrad (0.3º). Because a 
100 m footprint is desired at the receiver, the max allowable error in the transmitter tracking is 
0.05 mrad (.003º), and the PSD tracking system provides this additional precision. Given the 
displacement resolution of the PSD active area, this level of angular accuracy required the PSD 
optics to have a focal length of approximately 200 mm. The optical system is designed to 
achieve this resolution. The field-of-view of the PSD system has to exceed the 5 mrad (0.06º) 
angular error of the coarse tracking system to ensure that the beacon laser beam illuminates the 
PSD. With a 200 mm focal length and a 3 mm active area, the PSD system has a field-of-view of 
approximately 15 mrad (0.86º), substantially above the minimum requirement.  
 
Based on a link budget analysis (over a distance of 60 miles), with the initial laser power of 30 
dBm, the received power is –39.5 dBm or approximately 112 nW. This amount of power is 
above the noise floor and should be detectable at the receiver. 

 
Receiver Tracking Actuation  
Tracking of the receiver is effected by the gimbal system. The gimbal system is shown in Figure 
3.  
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Figure 3: Gimbal Assembly 

 
The gimbal system consists of two single-axis rotational stages. The elevation stage is mounted 
to the azimuth stage at a 90° angle using a precision-machined L-bracket. A precision-machined 
spacer plate is used for connecting the L-bracket to the azimuth stage. The precision machined 
spacer plate ensures the axes of rotation of the two stages are as close as possible to being 
orthogonal, which is a design requirement. 

T

 
These stages are used because of their high rotational precision (0.00224º, 0.000039 rad), angular 
velocity and acceleration characteristics, load bearing capability, movement operating frequency, 
and relatively low cost. Rotating these stages moves an aluminum plate assembly mounted to the 
elevation actuator; this assembly holds the beam expander, PSD, and collimator control motor. 
The rotating stages can aim the laser and beam expander in any desired direction.  
 
The aluminum plate assembly is rigid (1/2" aluminum plates are used), allows for permanent 
field-of-view alignment of the PSD and beam expander, does not exceed weight or torque 
tolerances of the stages, and incorporates an automatic collimation-adjust system for maintaining 
the laser spot size at the receiver. An adjustable set screw design is used to align the beam 
expander and PSD optics. 
 
The automatic collimation-adjust system is incorporated to control the divergence of the laser 
beam as it leaves the beam expander. To automate this process, a stepper motor is installed next 
to the beam expander. The stepper motor is computer-controlled, and a McMaster-Carr antistatic 
belt (not shown in Figure 3) transfers torque from the stepper motor shaft to the beam expander 
focus. 
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TRANSMITTER TRACKING SYSTEMS 

 
The receiver system uses a geared pedestal to track the transmitter. The pedestal is mounted on a 
tripod and controlled by a computer. EAFB personnel provided this tracking system and left a 
bare plate on top for the receiver telescope, beacon laser and optical train. The telescope and 
beacon laser are both mounted on the pedestal and are manually alignable. A digital video 
camera is also mounted on the pedestal which can be used for visual reference, but is not 
necessary for dynamic tracking. The equipment necessary for the operation of the pedestal is 
mounted on a cart to make the receiver as portable as possible. 
 
Transmitter Tracking System Control 
A LabVIEW auto-tracking program provided by EAFB uses the position data received by the RF 
modem from the transmitter to calculate the azimuth and elevation angle to which the pedestal 
must move. The pedestal updates its position at 10Hz as new coordinates from the transmitter are 
received. The system also allows for manual tracking using a Cohu video camera mounted on the 
top of the pedestal. A joystick moves the pedestal with the video image output displayed on the 
computer monitor.  

 
Transmitter Tracking Accuracies and Link Budget 
To receive the signal from the transmitter, the telescope must have a field of view larger than the 
max angular error of the transmitter. The field of view of the telescope is 17.4 mrad (0.997º), 
which is more than sufficient given that 5 mrad (0.286º) was the max error of the transmitter. 
The pedestal mount system at the receiver tracks the moving transmitter to within 1 mrad 
(0.057º). Given this error, the beacon laser requires a divergence of at least 1 mrad (0.057º) to 
ensure that the PSD system will receive a signal. At 60 miles, this divergence results in a 
footprint of approximately 200 m.  
 
The received power based on a link budget analysis (over a distance of 60 miles) is estimated at 
–58.1 dBm or 1.5 nW. Because the received signal is very small, the system has a lock-in 
amplifier at the output of the photodiode, which improves the signal-to-noise ratio. Due to the 
high cost of commercial lock-in amplifiers, a custom lock-in amplifier is designed for use in the 
system from inexpensive components. Estimates indicate that a signal 30dB below the noise 
floor can be detected with a high-quality commercial lock-in amplifier. 

 
SYSTEM COMPONENTS SUMMARY 

 
The following tables are lists of the components used to fulfill the system design. 
 
Table 1: Transmitter Component List 
Part Function Manufacturer and Model 
Laser Driver / Temp. 
Controller 

Power, Control Laser Thorlabs ITC 502 

Butterfly Laser Mount Dissipate laser heat, allow for 
direct modulation 

ThorLabs LM14S2  

Laser Amplifier Increase beam power IPG Photonics EAR-1K-C 
250 kHz Photodiode Convert light signal to voltage IGA-020-H/250kHz 
20 MHz Photodiode Convert light signal to voltage IGA-010-H/20MHz 
100 MHz Photodiode Convert light signal to voltage IGA-003-H/100MHz 
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Laser Diode Generate laser beam Thorlabs LDM5S750 
Position Sensitive Detector Track beacon signal Electro-Optical Systems IGA-030-PSD-E4 
Optical Bandpass Filter Reduce IR optical noise Thorlabs FB1550-12 
Large Lens Focus beam onto PSD Thorlabs LA1740-C 
Lens Tubing Structural support SM1L10, SM3A1, SM3L10 
Diverging Lens Increase effective field of view Lambda Research Optics BCC-25.4N-025 
Beam Expander Adjust divergence  Thorlabs BE05X  
Collimating Lens Reduce divergence  ThorLabs F240APC-1550 
GPS Antenna Estimate position Trimble GPS Antenna 
Rack-Mount Computer Runs LabVIEW software SuperLogics SL-R1U-MB-MINI-LC-B 
GPS/INS Monitor position/attitude Systron Donner MMQG GPS/INS 
Data Acquisition Sample PSD inputs NI USB-9215 
Data Acquisition Send motor commands NI USB-6501 
Gimbal (6 in.) Azimuth actuation Aerotech ART315-M-G54-BMS-HC 
Gimbal (4 in.) Elevation actuation Aerotech ART310-M-G54-BMS-HC 
Gimbal Driver/Controller Control gimbal stages Aerotech SOLOIST10-AUXPWR 
L-bracket Connect gimbal stages Aerotech HDZ3M 
Data Acquisition Sample PSD inputs NI USB-9215 
Stepper Motor Adjust beam expander focus Anaheim Automation 14Y 
Antistatic Belt Connect motor, beam expander 

focus 
MMC 6082K51 

Ethernet Hub Connect computer, rotational 
stages and controllers 

MMC 3787T2 

RF Modem Transmit position data Provided by EAFB 
 
Table 2: Receiver Component List 
Part Function Manufacturer and Model 
Photodetector Convert light signal to voltage Electo Optic Systems IGA – 030 
XY Translator Adjust photodiode Thorlabs LM1XY 
Video Camera Confirm tracking Cohu 
Optical Bandpass Filter Reduce IR noise Thorlabs FB1550-12 
Telescope Collect optical signal Meade LX200 series 
Beacon Laser Generate beacon laser beam Qphotonics QLDM-1550-500 
Pedestal Aim telescope RPM-PSI PG503A 
RF Modem Receive position data Provided by EAFB 
Telescope Mounting Rings Mount telescope on pedestal Parallax PA-10IN 

 
Table 3: Gimbal Assembly Component List 
Part Function Manufacturer and Model 
Aluminum Plate Structural stability MMC 8975K221 
Shoulder Bolt Distribute weight of gimbal 

assembly 
MMC 94035A542 

Bearing Bear gimbal assembly weight MMC 6383K214 
Set Screws Adjust orientation of PSD Thorlabs F3ES25 
Threaded Bushing Hold set screws Thorlabs F3ESN1 
Spring Plunger Keep PSD against set screws MMC 2277A512 
 
Table 4: Lock-In Amplifier Component List 
Part Function Manufacturer and Model 
Phase-Locked Loop (PLL) Lock onto beacon signal Exar XR2212 
Analog Multiplier Lock-in amplifier operation Analog Devices AD534JH 
Trim Potentiometers Adjust locking frequency Bourns, Inc. 3059P-1-503LF 
Op-Amp Lock-in amplifier operation  
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RESULTS 
 

All of the subsystems were constructed and tested. However, the integration of these subsystems 
was much more difficult than anticipated, and was not completed. Initially, a full system ground 
test and flight test had been planned for early March of 2007, but the system was not finalized in 
time. At the time of this report, a successful full system test has not been achieved on the ground 
or in the air. Before the system can be flight tested, a successful ground test must occur. 

 
Data Path and Optics Results 
The receiver was demonstrated capable of receiving and demodulating frequencies between 10 
kHz and 60 MHz. All three photodiodes of different bandwidths were used during separate tests 
and each successfully received transmitted square waves at frequencies within their respective 
bandwidths. Due to time constraints, no bit-error-rate testing was attempted. At a distance of 
roughly 70 meters a 5 Vpp square wave with roughly 50 mV of noise was registered on the 250 
kHz bandwidth photodiode from a 0.3 Watt laser beam modulated at 100 KHz. The laser beam 
was collimated to 0.887 degrees (15.5 mrad) divergence and the photodiode was set to low-gain. 
The link budget predicts approximately a 1 Vpp signal, which is within an order of magnitude of 
the actual result. Similar results were achieved at higher bandwidths, but received signal 
amplitude was lower as data frequency increased. No quantitative data was recorded for the two 
higher bandwidth photodiodes. 
 
The PSD optical train was tested by aligning the un-collimated beacon laser beam and the PSD 
optical train over a distance of one meter. Due to time constraints, no quantitative value for the 
PSD optics’ field-of-view was experimentally determined, but the system appeared to function as 
expected.  
 
Tracking Systems Results 
The automatic target tracking software and hardware for the receiver was designed and 
constructed by EAFB personnel. EAFB designed a plate and ring system to hold the HMC 
telemetry equipment. Tests conducted by EAFB personnel verified the automatic tracking 
accuracy to be within 1 mrad (0.06º). 
 
The gimbal assembly was machined and assembled. The key design characteristics were 
evaluated, including center-of-mass placement, beam-expander orthogonality with the rotational 
axes at the zero position, and set-screw alignment effectiveness.  
 
The GPS/INS based automatic tracking system was tested and is functional under both static and 
dynamic conditions. Both static and dynamic tests were conducted by securing the transmitter in 
the bed of a pickup truck and tracking a receiver location with known GPS coordinates. 
 
Static and dynamic tests of the GPS/INS-based tracking system were conducted successfully. 
The MIGICOM software (provided by Systron-Donner for customers to control their MMQG 
GPS/INS units) was used to send initialization commands to the GPS/INS unit. With 
increasingly rapid changes in motion, the GPS/INS unit provided greater position accuracy. 
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The PSD-based tracking system was designed and implemented, but only partially tested. Time 
constraints prevented complete testing and successful demonstration of PSD receiver tracking. 
The automatic collimation-adjustment system was successfully built and integrated into the full 
system. 
 
Full System Integration, Testing, and Results 
Full system testing was limited due to problems encountered with subsystems and subsystem 
integration. Full system testing was conducted by placing the transmitter in the back of the 
pickup truck, which simulated an aircraft. Static transmission testing was successful but not 
tested at long ranges. Range testing was demonstrated in the previous academic year. Dynamic 
transmission using the GPS/INS system was not attempted, although dynamic tracking was 
functional. PSD-based tracking was not attempted due to problems with subsystems. 
 
In summary, extensive subsystem integration was conducted, but the system was not fully 
integrated. The transmitter data path, optics and tracking systems were successfully integrated 
but not completely functional. All receiver subsystems, including the optics and tracking 
systems, were successfully integrated and demonstrated. Should EAFB decide to continue the 
project, all that remains is testing and some limited system hardware and software modifications.  
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ABSTRACT 

 

Sixteen years ago, RCC added Chapter 8 to the IRIG-106 standard for the acquisition of 100% 

MIL-STD-1553 data from up to eight buses for recording and/or transmission. In the past 5 

years, the RCC recording committee added Chapter 10 to the IRIG-106 standard for acquisition 

of 100% data from PCM, MIL-STD-1553 busses, Video, ARINC-429, Ethernet, IEEE-1394, and 

others. IRIG-106 Chapter 10 recorder suppliers have further developed customer-specific 

interfaces to meet additional customer needs. These needs have included unique radar and 

avionic bus interfaces such as F-16 Fibre Channel, F-35 Fibre Channel, F-22 FOTR, and others. 

IRIG-106 Chapter 8 and Chapter 10 have provided major challenges to the user community 

when the acquired avionics bus data included data that must be filtered and never leave the test 

platform via TM or recording media. The preferred method of filtering data to ensure that it is 

never recorded or transmitted is to do so at the interface level with the avionic busses.  

 

This paper describes the data filtering used on the F-22 Program for the MIL-STD-1553 buses 

and the FOTR bus as part of the IRIG-106 Chapter 10 Multiplexer/Recorder System. This 

filtering method blocks selected data at the interface level prior to being transferred over the 

system bus to the media(s).  Additionally, the paper describes the configuration method for 

defining the data to be blocked and the report generated in order to allow for a second party to 

verify proper programming of the system. 

  

KEY WORDS 

 

Recorder, IRIG-106 Chapter 10, Data Filtering, MIL-STD-1553  
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INTRODUCTION 

 

Two decades ago there was no standard method to acquire, transmit, and/or record 100% of all 

avionics bus data used on a test article. This was primarily due to transmission and recording 

bandwidth limitations. Few avionic busses had bandwidth that exceeded the 1 Mbps rate. Those 

platforms that used high data rate busses such as the Eurofighter with its STANAG 3910 and 

other platforms implemented unique proprietary solutions to acquire 100% of bus data. The first 

attempt to standardize the acquisition and recording of 100% avionic bus data was IRIG-106 

Chapter 8. That standard dictated that each bus output its 100% data using up to four tracks for 

use with an analog track recorder, and output a composite PCM data from up to eight MIL-STD-

1553 busses. Later that standard was revised to include 100% data from 64 or more ARINC-429 

busses.  

 

In the past few years a new recording standard has emerged to unify the recording format to 

allow data exchange among ranges, and to deal with the ever-expanding data rates of avionic and 

video found in modern aircraft.  IRIG-106 Chapter 10 provided the recording standard to acquire 

and record vast amounts of data. This standard did a great job in defining the recording format of 

many common data types found in most test platforms. However, the application of the standard 

by various manufacturers fell short in recognizing several user-community needs when the 

Chapter 10 multiplexer / recorder system is already tapping on avionic buses for data recording. 

The shortcomings included: 1) the inability to recognize the need to block the recording of 

selected data that should never leave the test platform, 2) the inability to use the multiplexer / 

recorder system as a potential platform to TM selected avionics bus data - this topic is treated in 

[TBD], 3) the inability to use the Multiplexer / recorder system as a data acquisition system 

among other sensor instrumentation units, which has been shown to be effective in system 

applications [refer to TBD], and 4) the inability to allow the user to use an off the shelf recording 

media [refer to TBD].  

 

This paper will concentrate on the first industry shortcoming referenced above; i.e. the inability 

to block selected avionics bus data sources at the interface level in order to prevent that data 

from leaving the test platform via recording media and / or TM.  

 

 BACKGROUND 

 

The IRIG-106 Chapter 10 recording standard defines the recording media format and packet data 

format of incoming data sources for recording. The recorder is assumed to record 100% of all 

incoming data. For various reasons the data owner may wish to block certain selected bus data 

from leaving the test platform. This possibility was not conceived during the definition phase of 

the Chapter 10 standard. Some users allow the recording of all aircraft bus data, followed by post 

flight data filtering as described in [1]. This method was applied only to PCM and 1553 and 

cannot be applied across-the-board to all unique busses.  Most importantly, this method requires 

the consent of the data owner to remove the required blocked data from the aircraft. The best 

approach in blocking selected avionics bus data is to do so at the interface level using hardware 

state machines to remove the desired data. This can be done well before any Chapter 10 packet 

encapsulation is done as well as before any data forwarding to the onboard processors for 

recording occurs.  
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We will review the filtering approaches for MIL-STD-1553 buses and for a unique F-22 avionics 

bus called FOTR. The latter bus is a 400 MHz fiber optic bus carrying multiple types of packet 

data formats. We will also review the user setup for filtering data from both busses. 

 

 

 MIL-STD-1553 DATA FILTERING 

 

The acquisition of MIL-STD-1553 bus data is implemented using four or eight channels per 

card. An IRIG-106 Chapter 10 multiplexer using a 64-bit 66MHz [Processor? Backplane? 

TBD]with a modified compact PCI bus hosts the card. For the purpose of this discussion, we will 

concentrate on the four-channel card. Incoming bus data passes through front-end transformers 

(two per bus) and a receiver section (one per bus) to a Virtex2 Xilinx FPGA. The FPGA receives 

time data directly from the backplane, interfaces to a PCI bridge via a local bus operating at 32-

bit 66MHx, and uses an 80MHz clock for various operations. The FPGA is designed to monitor 

four MIL-STD-1553 buses, validate bus words and messages, provide time tag, generate a status 

word, format data packets into channel FIFO, and manage local bus descriptors for forwarding 

the data to the multiplexer’s processor for recording. The data filtering mechanism was placed in 

the receiving front-end of the word / message data tracker for each bus.   

 

Per Channel Filter Recourses 

 

The filter mechanism uses a Dual Port BlockRAM of 512 x 32-bit organized as 256 x 64-bit 

wide, a two 16-bit wide target register to hold one or two 1553 command words, comparator 

logic of 32-bit wide, and a Finite State Machine Controller (FSMC) with some glue logic to 

control the filter process.  

 

1553 Filter Operation 

 

A software driver initializes the BlockRAM with user configuration data. This includes data to 

be blocked identified by the first command word for non RT-to-RT messages or by both 

command words for RT-to-RT messages, and messages to be tagged for telemetry purposes 

directly from the IRIG-106 multiplexer unit. Bus message tracker logic detects the arrival of 

1553 command word(s) and places the word(s) in the target register(s). The Finite State Machine 

Controller (FSMC) performs sequential search through the 256 addresses of the BlockRAM at a 

rate of 1/80 MHz per address. The 32-bit comparator logic searches for command word(s) 

matches between the holding register and the BlockRAM contents. The FSMC returns the 

discard and tag bits. The glue logic inhibits flagged discard 1553 messages from ingress to data 

buffers. Refer to figure 1 for the 1553 filter block diagram. 

 

The FSMC, BlockRAM and comparator logic operate at 80MHz rate. The worst-case search to 

find a match or give-up for no match is 256 cycles, this equals to 256 x 1/80MHz = 3.2 uS. Once 

the message tracker identifies the message command word(s), the filter mechanism makes a 

determination to discard (block) the message within 3.2 uS , and before any 1553 data word is 

assembled to be written to local buffers. 
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The filter mechanism is duplicated four times in the FPGA for each 1553 channel. The user setup 

is done through TTC software called TTCWare. This software supports the configuration of 

distributed data acquisition systems and Chapter 10 multiplexer and recording systems. 
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Figure 1. 1553 Filter Block Diagram 

 

1553 Filter Software Configuration 

 

Figure 2 shows the user graphical interface for configuring those messages to be filtered 

(deleted) or to be marked for transmission. Each bus can be programmed to select up to 256 

messages. A filtered message is removed from recording by the FPGA receiving circuit. Criteria 

for message selection for deletion is the message command word or both command words in the 

case of RT-to-RT. In some cases, the user may use the “Two Man Rule” to verify and sign the 

filter configuration report as shown in figure 3. If actual configuration verification is required, 

the user may query the multiplexer for the filter information, or in extreme cases, they may 

simulate 1553 data and verify that indeed the programmed information is being filtered. 
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Figure 2. 1553 Filter Configuration 

 

 
 

Figure 3. 1553 Filter Configuration Report 
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F-22 FOTR DATA FILTERING 

 

The acquisition of Fiber Optic FOTR bus data is implemented using two channels per card. An 

IRIG-106 Chapter 10 multiplexer using a 64-bit 66MHz modified PCI Backplane. The card 

operates in “receive mode only” to acquire several data types from the bus. Encapsulation of the 

FOTR data into the Chapter 10 data packets and the various data types available over the FOTR 

bus are beyond the scope of this paper and will not be discussed here. 

 

Incoming fiber optic bus data passes through a front-end MCM (Multi-Chip Module) receiver 

device to a Spartan 3E Xilinx FPGA. The main functions of this FPGA are Local Bus Control, 

Packet/Message Buffer Control and RX Packet/Message Processing Engine. The FPGA receiver 

circuit diagram is shown in figure 4. 
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Figure 4. FOTR Receiver Diagram 

 

 

 

FOTR Filter Operation 

 

Refer to figure 5 for the FOTR Filter Operation Flowchart. At the start of incoming 

packet/messages, the Filtering Word Block identifies the filtering word (16-bit) to be used as the 

address into the filtering memory (64Kx1). The data from the filtering memory at the next clock 

cycle will make the filtering decision. If the filtering memory data bit is 1, the current 

packet/message is accepted.  Otherwise, the current packet/message should be filtered and the 

Filtering Block would interrupt the Packet/Message Detecting & Processing Block and the 

Packet Buffer Control Block. When the interrupt occurs, the Packet/Message Detecting & 

Processing restarts its packet/message detection machine and the Packet Buffer Control Block 
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stops writing the current packet/message data words to the packet buffer and resets its data write 

pointer to the maintained current Chapter 10 intra-packet header.  
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Figure 5. FOTR Filter Operation Flowchart 

 

FOTR Filter Software Configuration 

 

Filter configuration for the FOTR is done in a similar manner to the MIL-STD-1553 Bus. For 

this bus, there are up to 64K labels for filtering, which are set using a graphical user interface by 

specifying a label or range of labels. Filtered messages are removed from recording by the FPGA 

receiving circuit. The criteria for message selection for deletion is based on the message label 

and offset location of the label within the message. The “Two Man Rule” can be used similar to 

the 1553 bus filtering. 

 

 

Conclusions 

 

IRIG-106 Chapter 10 recording standard provided the user community with the tools to format 

and record all incoming bulk avionics data available to the multiplexer / recorder unit(s). This 

paper showed a bus application design that allows the user to filter and block selected data as 

close as possible to the bus interface.   
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ABSTRACT 

 

The F-22 flight test program used a traditional distributed data acquisition system and a non 

IRIG-106 Chapter 10 recording system for its flight test program. In addition, it required a 

separate and very large Harris DAU system to monitor and record avionic data buses carrying 

secure data. Due to the size, cost, and the obsolescence of the Harris DAU system and 

components, Lockheed evaluated replacement systems. TTC proposed to develop F-22 specific 

Fiber Optic avionics bus monitors and an avionics PCM Data Selector / Encoder as part of its 

distributed IRIG-106 Chapter 10 Multiplexer / Recorder system to replace the Harris DAU. This 

replacement system challenges the traditional system approach used in many flight test 

programs. 

 

This paper describes the evolutionary process to design two independent distributed data 

acquisition and recording systems handling data with different classification levels.  The data 

separation is maintained by way of system wiring, proper hardware that holds no residual data 

once power is removed, different transmission channels, hardware-based message blocking, and 

a separate IRIG-106 Chapter 10 multiplexing / recording system.  

 

KEY WORDS 
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INTRODUCTION 

 

The current F-22 flight test program uses two systems to acquire, record, and transmit flight test 

sensor and avionics data. The first system uses traditional PCM data acquisition equipment to 

condition and acquire wideband and narrowband sensor data with data from up to eight MIL-
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STD-1553 buses. This system allows the transmission of selected MIL-STD-1553 parameters 

and some sensor data, while recording 100% of acquired data.  The second system uses a very 

large Harris DAU to acquire avionics data from up to six Fiber Optics buses and several MIL-

STD-1553 buses. This DAU outputs 100% of its data to its own dedicated recorder, and outputs 

selected data via a MIL-STD-1553 for data transmission. The Fiber Optic avionic bus called 

FOTR is designed specifically to the F-22 platform and operates at a 400 MHz rate. These two 

systems were separated by way of different hardware, wiring, TM and recorders. This separation 

prevented the possibility of mixing data from both systems for various reasons. The first system 

uses SCI PCM controller called ASC and an eight-bus monitor unit called AVDAU, also from 

SCI. These two units have been obsolete for the past few years. The second system uses an 

obsolete Harris DAU that is too large to be used in future flight test programs. Due to the size, 

cost and obsolescence of these key components, Lockheed embarked in the evaluation of a 

replacement system. They evaluated the systems developed by TTC for use on the F-35 (JSF) 

program as a potential replacement. Although some of the components used for the F-35 can 

directly be used to replace the SCI obsolete components, some additional development was 

needed to replace the Harris DAU.  

 

The remainder of the paper will describe the evolutionary process that was used to design a 

system that replaced all of the obsolete components, maintained system separations and met all 

of the original system requirements.  The replacement system also used smaller units, provided 

newer technology, utilized new recording standards and provided lower cost.  

 

 

BACKGROUND 

 

 The original instrumentation system used on the F-22 program included two separate systems 

called “System 1” and “System 2.” Several units used in both systems are no longer available 

due to obsolescence (identified as “obsolete” in the following list). Additionally, the space used 

for the Harris DAU is no longer available for future flight test programs. Refer to figure 1 for the 

original system diagram. The various units used in this system include: 

• Several narrowband MCDAU-2000 acquisition units 

o Acquire data from low bandwidth sensor data 

o All acquired data is provided to the ASC via the CAIS (Common Airborne 

Instrumentation System) bus 

• Several wideband MWDAU-2000 acquisition units  

o Acquire data from high bandwidth acoustic sensors 

o All acquired data is directed to the MiniARMOR multiplexer for recording 

o Selected RMS channel data is provided to the ASC via the CAIS bus 

• An SCI AVDAU (Avionics Data Acquisition Unit) (obsolete) 

o Acquires data from up to eight 1553 busses. The data is formatted per IRIG-106 

chapter 8 PCM, and directed to the MiniARMOR multiplexer for recording 

o Selected MIL-STD-1553 data is provided to the ASC via the CAIS bus 

• An SCI ASC (Airborne System Controller) with three CAIS Buses (obsolete) 

o “System 1” acquisition controller unit 

o Has three CAIS busses for data acquisition from remote units, and operates at up 

to 15 Mbps 
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o Provides 15 Mbps PCM to the multiplexer for recording and several 

Programmable Secondary Outputs (PSOs) for TM and Cockpit unit. 

• A MiniARMOR as a PCM multiplexer unit with interface to a data recorder (obsolete) 

o A high speed multiplexer and recorder interface unit. Operates at up to 30 MBps 

o Multiplexes data using propriety data format (Non IRIG-106 chapter 10) 

• A Cockpit Control and Display unit (obsolete) 

• “System 1” Transmitter  

• “System 1” Recorder  

o A DCRSi interface recorder. Receives all its data via the MiniARMOR unit 

• A Harris DAU for avionics data acquisition (obsolete) 

o Acquires up to six F-22 FOTR buses 

o Capable of generating FOTR data for test purposes 

o Acquires several MIL-STD-1553 buses 

o Provides DCRSi interface to system 2 recorder 

• MCDAU-2000 for encoding Harris data for transmission 

• “System 2” Transmitter 

• “System 2” Recorder  

 

The recording units used in both subsystems utilized a DCRSi interface, which predated the new 

recording standard known as IRIG-106 Chapter 10. 
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Figure 1. F-22 Original Instrumentation System 
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INITIAL SYSTEM APPROACH 

 

TTC’s initial system approach was to combine both systems with a single distributed Chapter 10 

multiplexer that interfaces with a dual-media recorder unit via a single fibre channel. Two 

enabling factors allowed this approach: 

• The distributed Chapter 10 multiplexers allow the user to steer data sources to any target 

recording media. In this case, the user can program the system to steer “System 1” data to 

one recording media, and “System 2” data to the second recording media. 

• The distributed Chapter 10 multiplexers will be connected to the PCM controller via the 

CAIS bus, and the controller will output the equivalent of “System 1” TM and “System 

2” TM. 

 

This approach was not adopted as a result of two basic weaknesses: 1) the use of a single 

distributed Chapter 10 multiplexer system did not provide separation between the two systems, 

and 2) the approach relied heavily on proper programming of the system to steer “System 1” data 

to one recorder, and “System 2” data to the second recorder.  

 

The second approach was to maintain clear separation of the two systems by using a Chapter 10 

multiplexer / recorder within each system. This approach simplified the “System 1” replacement, 

but provided some challenges for the replacement to “System 2.” 

 

 

SYSTEM 1 REPLACEMENT UNITS 

 

The replacement system must meet the requirements of the original system of preserving data 

separation and throughput, while providing smaller size units and providing lower cost using 

COTS units wherever possible. To meet these requirements it was decided early on to leverage 

the experience and investment done by Lockheed and TTC in the development of the F-35 

instrumentation system [1].  

“System 1” replacement presented no challenge since the F-22 program is already using TTC’s 

data acquisition units for narrowband / wideband data and the F-35 program is already using 

TTC’s Cockpit unit, PCM controller and IRIG-106 Chapter 10 multiplexer / recorder system. 

Refer to figure 2 for the New “System 1” Diagram. The units used for this system are: 

 

• ASC Replacement: AIC-4000 unit as the airborne instrumentation controller with up 

to eight CAIS busses, and four programmable secondary outputs operating at up to 20 

Mbps. 

• Cockpit Replacement: CCDU-2000 cockpit control and display unit with built-in 

frame correlator for processing and viewing selected instrumentation data and for 

controlling TM, recorders and other subsystems. The unit operates as a remote DAU 

unit on the CAIS bus. 

• AVDAU Replacement: An IRIG-106 Chapter 10 multiplexer acquires the MIL-

STD-1553 buses for 100% data recording and operates as a data acquisition unit for 

retrieving selected bus data by the CAIS controller 

• MiniARMOR Replacement: The IRIG-106 Chapter 10 multiplexer acquires PCM 

and avionic bus data for recording. The multiplexer interfaces with the recording 
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media using SCSI over Fibre channel. This interface resulted in replacing the F-22 

recorder with a fibre channel media similar to the one used on the F-35 program. 

Nerrowband Unit Wideband Unit

Sensor

Data

Sensor

Data

Sensor

Data

Sensor

Data

Sensor

Data

MCDAU

-2000

MCDAU

-2000

MCDAU

-2000

Wideband UnitNerrowband Unit

MWDAU

-2000

MWDAU

-2000

PCM Controller

PCM

PCM

8 x PCM

8 x 1553

Ch 10 Mux

Fibre

Channel

Recorder

Cockpit Unit

XMTR

PCM  (20 Mbps)

PCM

 (PSO1)

PCM  (PSO2)

CAIS Bus 1

CAIS Bus 7

Wideband Unit

MWDAU

-2000

PCM

Sensor

Data

Nerrowband Unit

AIC-

2004

CAIS Bus 8
AIM-2006

eFC

CCDU-2000

 
Figure 2. F-22 New “System 1” Diagram 

 

 

SYSTEM 2 REPLACEMENT UNITS 

 

The main component used in “System 2” was the Harris DAU; used for monitoring up to six F-

22 FOTR and several MIL-STD-1553 busses. The same DAU is used for ground test to generate 

test bus traffic on both buses. Avionics data acquired by this DAU was recorded using a 

dedicated DCRSi recorder. Selected FOTR data was rerouted by the Harris DAU over a MIL-

STD-1553 bus for training and TM purposes.  Lockheed’s goal was to replace the Harris DAU 

with as many COTS items as possible, provided that size is reduced drastically and system 

capability is maintained. The proposed replacement system is a distributed Chapter 10 

multiplexer / recorder system described in [2] with several new development cards and a small, 

“off the shelf” data acquisition unit as shown in figure 3. 
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The CAIS controller interfaces with the distributed Chapter 10 multiplexer via a CAIS bus for 

setup and for acquisition of status/data from the multiplexer / recorder units. The CAIS controller 

hosts two MIL-STD-1553 bus controller modules. One 1553 bus controller is used for mapping 

the CAIS controller’s PCM into several 1553 messages for transmission by the Chapter 10 

multiplexer. The second 1553 bus controller maps data acquired by the Chapter 10 multiplexer 

from one or more FOTR buses. Three new cards were developed to meet the required 

replacement of the Harris DAU: 

 

• FOTR Acquisition Card 

• Chapter 10 Multiplexer / Recorder Telemetry Card 

• FOTR Bus Simulation Card 

 

The FOTR acquisition card is a two channel 400 MHz fiber optics bus interface card operating in 

the monitor mode only. It is capable of identifying FOTR bus messages for data recording and 

data blocking (programmable filtering), and providing programmable message tagging for TM 

purposes. The card can be hosted in the AIM or HSAVDAU unit. Three cards are used in the 

distributed multiplexers for monitoring up to six busses. 

 

The Chapter 10 multiplexer telemetry card receives preprogrammed data from the host chassis’s 

processor for TM. The PCM output is based on IRIG-106 chapter 4, Class I output. It includes a 

64K x 32-bit format memory for sampling 1553 data, FOTR data, IRIG time, and an on-board 

CVSD voice channel. It operates at various programmable bits per word and bit rates. TM data 

may utilize a built-in, digitally adjustable 6 pole Bessel filter for operating at PCM rates of up to 

20 Mbps. 

 

The FOTR Bus simulation card was not required for airborne use. Therefore it was best to 

implement this function for PC-based use in a ground server system. The design included a 

single channel FOTR receiver section and a single channel transmitter section. The card can 

operate in a 64-bit, 66 MHz host PC to allow for maximum throughput for data simulation. The 

API driver for this card was written using Linux 2.6 distribution. Application software for the 

card was left for the user. 

 

Conclusions 

 
IRIG-106 Chapter 10 recorders allow the user community to record 100% data from aircraft 

avionic buses. In some cases the user may wish to block selected data from selected buses. This 

paper demonstrates that it is possible to block unwanted data from recording at the bus interface 

using Chapter 10 recorder, avoid data filtering on the ground, and satisfy the needs of the data 

owner.  
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ABSTRACT 

 

IRIG-106 Chapter 10 has become the recording standard for most of the new flight test programs 

and many of the current ongoing programs. The primary goal of the standard was to define a 

common format for recording 100% bulk data such as PCM, MIL-STD-1553 busses, 

Video/Audio, ARINC-429, Ethernet, IEEE-1394, Analog Data, and others. In most cases the 

standard has provided the instrumentation engineers and the data analysts with a recording 

solution that meets their needs. Many programs require transmission of safety of flight data from 

a subset of the data acquired by the recorder. This may include selected video/audio channels, 

selected avionics bus data, and others. This requirement presents a dilemma to the flight test 

engineer who must duplicate part of the system for telemetry. 

 

This paper discusses several applications in which the IRIG-106 Chapter 10 recorder can be used 

as a telemetry system. It will include the transmission of bulk MIL-STD-1553 data per IRIG-106 

Chapter 8, transmission of multiple Video/Audio and PCM data channels, and transmission of 

selected avionics data per IRIG-106 Chapter 4.  

  

KEY WORDS 

 

Recorder, IRIG-106 Chapter 10, IRIG-106 Chapter 8, IRIG-106 Chapter 4, Video, MIL-STD-

1553  

 

 

INTRODUCTION 

 

IRIG-106 Chapter 10 defines an “operating system-independent” file structure and packet format 

of several data types for recording. These packet formats define each data type structure for 

100% data recording. Chapter 10 became the standard for bulk data recording, and has been 

adapted by most programs in the flight test community, as well as for some mission recording 

applications. As a recording standard, Chapter 10 achieved its primary goal to standardize on a 

recording format. Real world applications demand that the Chapter 10 Multiplexer / Recorder 

include additional functionality to telemeter data derived from the data source to be recorded. 

The TM data may include 100% data from several MIL-STD-1553 buses per IRIG-106 Chapter 

8, Video / Audio and PCM data per IRIG-106 Chapter 4 Class II PCM, or selected avionics bus 
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data from IRIG-106 Chapter 4 Class I PCM. Allowing TM capability from within the Chapter 10 

Multiplexer / Recorder minimizes the need to duplicate the acquisition of the same data sources 

being recorded. The TM capability can either be a built-in function or one that users can add 

using plug-in cards. 

 

This paper will describe a Multiplexer / Recorder architecture that enables the use of TM data, 

and then discusses three applications where TM was required from within the Chapter 10 

Multiplexer / Recorder to save cost and space (size) while maintaining the data recording format 

specified by IRIG-106 Chapter 10. 

 

Multiplexer / Recorder Architecture 

 

The basic architecture consists of a multi-slot custom cPCI chassis populated with a common set 

of system and I/O peripheral cards with either built-in recording media or external media. The 

baseline unit supports a total of 4 peripheral slots and contains a backplane that provides a peak 

system throughput of 533 Mbytes/sec. An alternate chassis using a backplane that provides a 

peak bandwidth of 264 Mbytes/sec and providing 6 peripheral slots is also supported. All 

peripheral cards are interchangeable between different chassis sizes and allow the user to 

configure a unit to support a large variety of different interfaces and port count per interface. The 

PowerPC processor is contained on the overhead card along with 256 megabytes of high-speed 

SDRAM and 32 megabytes of non-volatile storage. Two RS-232/422 configurable serial ports 

are supported along with eight general-purpose input/output signals. Figure 1 shows the 

relationship between the overhead card, system backplane and peripheral cards within a single 

unit. The PowerPC processor provides a centralized function where system configuration and 

management are performed, and acts as a traffic cop in scheduling the movement of data 

between peripheral cards in the unit. Central to the performance of the unit is the use of a 16.8 

gigabit per second memory bus that allows for peak data throughput within the system. 
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Figure 1. Multiplexer Architecture 

 

The system backplane makes use of a 66 MHz, 64-bit backplane to move data between cards. 

The backplane is transparently compatible with both the PCI 2.2 specification and the PCI-X 1.0 

specification, allowing an incremental path for the user in the future to achieve backplane speeds 

approaching 8 gigabits per second. Each peripheral card contains either a PCI 2.2 or PCI-X 1.0 

compatible bridge to interface with the system backplane, depending upon the bandwidth 

requirements. The supported peripheral cards acquire data from Fibre Channel (electrical and 

optical), IEEE-1394B, PCM, MIL-STD-1553, ARINC-429, FOTR, Ethernet (BaseT and 

BaseFX), Video / Audio, Analog, Discrete, and other user specific cards. 

 

Application 1: TM of MIL-STD-1553 Per IRIG-106 Chapter 8 

 

Most IRIG-106 Chapter 10 recorders have the capability to acquire MIL-STD-1553 bus data for 

recording. The packet recording format and the data time stamp of the 1553 messages are 

straightforward and well defined in the Chapter 10 standard. A user generally requires to TM all 

MIL-STD-1553 buses or selected buses per Chapter 8 while recording all the data per Chapter 

10. The simple solution is to duplicate the acquisition of the 1553 buses using a separate unit, 

and then TM that data. This solution is costly, requires additional bus couplers, additional 

aircraft wiring, and space for the additional acquisition unit. The better solution is for the 

Chapter 10 recorder unit to provide IRIG-106 Chapter 8 TM data from the acquired 1553 buses. 

This can be done either by the 1553 acquisition peripheral card or by an additional peripheral 

card in the unit. In this case, the solution was to realize the TM function as part of the peripheral 

I/O card as shown in figure 2. 

 

Chapter 8

Word

Formatter

Chapter 10

data

packetizer

&

RAM Buffer

CH1

Receiver

CH8

Receiver

Chapter 8

FIFO

Chapter 8

Frame

Formatter

RS-422

Drivers

Local Bus

Interface &

Registers

32-bit 66MHz PCI Bridge

B
a
c
k
p
la

n
e

64-bit 66MHz

AC 2 DC

Receiver

AC 2 DC

Receiver

1553 Channel 1

1553 Channel 8
IRIG-106 Chapter 10 Time

IRIG-B DC Time

IRIG-B

Time

Reader

IRIG 106

Chapter 8 PCM

FPGA

 
 

Figure 2. Architecture of an 8 channel 1553 card with IRIG-106 Chapter 8 PCM output 

 

Acquired MIL-STD-1553 bus data is routed through two different data paths within the FPGA: 

• IRIG-106 Chapter 10 Path 

• IRIG-106 Chapter 8 Path 
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The Chapter 10 path circuitry time stamps the incoming data per the Chapter 10 standard (a 48-

bit relative host chassis time with 100 ns resolution) and packetizes the data messages to be 

transported over the backplane to the host chassis’s processor for data recording. 

 

The Chapter 8 path circuitry time stamps the incoming data with absolute time derived from the 

IRIG time bus, adds the bus ID (one of eight buses) and data label per Chapter 8, and writes that 

data into a composite FIFO. The Chapter 8 formatter reads the FIFO at a programmable word 

rate defined during system configuration. The Chapter 8 PCM output operates at up to 12 Mbps, 

24-BPW, and 128 or 256 words per frame.  

 

Application 2: TM Selected Data Parameters per IRIG-06 Chapter 4 Class I PCM 

 

The multiplexer / Recorder system described here and in [1] [2] provides the user with the 

capability to configure the chapter 10 recorder as a CAIS (Common Airborne Instrumentation 

System) DAU (Data Acquisition Unit) for the purpose of retrieving selected data parameters by a 

CAIS controller over the CAIS bus. In some cases this capability is not possible due to the 

selected data bandwidth of greater than the 5 Mbps limitation of the CAIS Bus, or the need to 

use the recorder only without a CAIS controller. The need to select specific data parameters for 

TM within the Chapter 10 recorder is rather obvious. The capability to “cherry pick” data 

parameters from Fibre Channel buses, IEEE-1394 buses, MIL-STD-1553 buses, FOTR buses 

and others enables the recorder to be used as a standalone data acquisition unit without the 

duplication of hardware. This powerful capability (shown in figure 3) enhances the functionality 

of the recorder well beyond the simple task to record data as defined in the IRIG-106 Chapter 10 

standard.  
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Figure 3. Chapter 10 Recorder as Data Acquisition / TM System 

 

The functionality to TM selected data parameters is realized within a peripheral I/O card that 

receives its format map and data over the PCI bus from the unit’s overhead processor. The card 

utilizes a PCI bridge device, an FPGA, a 128K x 32-bit Dual Port RAM data memory, a 128K x 
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16-bit device organized as 64K x 32-bit as a format memory, a CVSD voice input, a digitally 

controlled 6 pole Bessel premod filter and a Direct Digital Synthesizer (DDS) to provide 

programmable PCM rate up to 20 Mbps in steps of 1 Hz.  

 

The user defines the desired parameters to be selected as part of the configuration of the 

peripheral I/O card receiving that parameter, and defines the sampling rate and sampling position 

of that parameter as part of the format map when configuring the TM peripheral card.  

 

 

Application 3: TM Multiple Video/Audio and PCM data 

 

Most instrumentation aircraft use a video telemetry system in parallel to data acquisition and 

recording systems. In addition, the recording system acquires the same video/audio channels 

being transmitted for recording purpose. The requirement to acquire video / audio once by the 

chapter 10 recorder for both recording and real time transmission eliminates hardware 

duplication and reduces cost. In some applications the video data is already compressed over the 

aircraft Fibre Channel to be recorded - in this case the conventional video transmission will not 

work and would require a different method of data acquisition and transmission. This is in fact 

the case for the JSF (F-35) program. Additional requirements include the transmission of 

multiple video/audio and PCM channels from within the Chapter 10 recorder, and real time 

hardware-based data reconstruction of the video/audio and PCM channels as shown in figure 4.  
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Figure 4. Chapter 10 Recorder with real time Video / Audio and PCM Transmission 

 

The functionality to TM 100% data of selected video / audio and PCM channels is realized 

within the same peripheral card used to acquire selected data parameters, simply by using a 

different FPGA load. The card utilizes a PCI bridge device, an FPGA, a 128K x 32-bit Dual Port 

RAM data memory configured as 16 FIFOs for up to 16 channels, a 128K x 16-bit device 

organized as 64K x 32-bit as a format memory, a CVSD voice input, a digitally controlled 6 pole 
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Bessel premod filter and a Direct Digital Synthesizer (DDS) to provide programmable PCM rate 

up to 20 Mbps in steps of 1 Hz.  

 

The overhead processor is responsible for recording all incoming data per IRIG-106 Chapter 10. 

The processor is also responsible for sending data from selected channels to be transmitted to the 

designated channel FIFO on the TM card. Data is retrieved from each channel’s FIFO at a 

preprogrammed sample rate for transmission. The format is generated based on an algorithm that 

only considers the data rate of each channel and the relative rates among the transmitted 

channels. The transmission rate is calculated as the sum of the rates of all channels to be 

transmitted plus 12% to 15%. The data format is fixed at 500 words per frame and 16 BPW. 

Every channel is allocated a block of words in the format based on its relative rate to other 

channels and the number of channels to be transmitted. Each word includes a flag bit to indicate 

if the data word is valid and to guarantee a bit transition every 16
th

 bit at a minimum. For the 

algorithm to operate properly, all transmitted data channels must provide data at a predictable, 

constant data rate. In the case of video/audio channels, they must be configured at a constant rate 

and not at a variable rate. 

 

The ground-based Rack Mount Output Reproducer (RMOR) unit is programmed with the same 

airborne format and additional information to map airborne acquisition channels to ground 

output channels. Each output channel uses a Direct Digital Synthesizer that is controlled by the 

channel processor to regenerate the exact data rate of the acquired airborne channel. A variation 

of up to +/- 6% in the rate of the airborne channel will result in a tracking rate change in the 

output channel with no change in the transmission rate. Any rate change greater than 6% in the 

input channel may result in lost data due to FIFO overflow.  

 

The Chapter 10 recorder can be preprogrammed with up to 8 TM formats that can be invoked by 

the pilot using three discrete signal inputs. The formats are used to transmit different video/audio 

and PCM channels for different test points without affecting the recording process. The selected 

format is transmitted together with the data to allow the ground-based RMOR to invoke the 

proper settings based on the received format. The important element to this capability is that the 

transmitted data rate shall not change when format is changed. To do so, all formats are 

programmed to operate at the highest data rate format of up to 20 Mbps.  

 

Conclusions 

 

It was shown that the IRIG-106 Chapter 10 recorder can operate as a data acquisition unit and as 

a data and video telemetry unit without sacrificing the recording process. This approach allows 

the instrumentation engineers to save cost, wiring and space by using the Chapter 10 recorder as 

a telemetry system. 

 

REFERENCES 

 
[1] Albert Berdugo, “ Design of a Gigabit Data Acquisition and Multiplexer System”, 

Proceedings of the 39
th

 Annual International Telemetry Conference (ITC/USA 2003), USA, 

October 21-23, 2003. 

 



 7 

[2] Dug Vu, and Albert Berdugo, “Overview of an Integrated Instrumentation Data System used 

by The JSF (F-35) Test Flight Program”, Proceedings of the 43
rd

 Annual International Telemetry 

Conference (ITC/USA 2007), USA, October 23-25, 2007. 

 



 1 

A ROADMAP TO STANDARDIZING  

THE IRIG 106 CHAPTER 10 COMPLIANT DATA FILTERING 

AND OVERWRITNG SOFTWARE PROCESS 
 

 

Alfredo Berard 
Air Armament Center 

846th Test Support Squadron 

Flight Test Division 

Eglin Air Force Base 

 

Dennis Manning 
Air Armament Center 

846th Test Support Squadron 

Flight Test Division 

Eglin Air Force Base 

 

Jeong Min Kim 
Air Armament Center 

96th Communications Group 

Test and Analysis Division 

Eglin Air Force Base 

 

 

 

 

ABSTRACT 

 

High speed digital recorders have revolutionized the way Major Range and Test Facility Bases 

collect instrumentation data. One challenge facing these organizations is the need for a validated 

process for the separation of specific data channels and/or data from multiplexed recordings. 

Several organizations within Eglin Air Force Base have joined forces to establish the 

requirements and validate a software process compliant with the IRIG-106 Chapter 10 Digital 

Recording Standard (which defines allowable media access, data packetization, and error 

controls mechanics). This paper describes a roadmap to standardizing the process to produce this 

software process, Data Overwriting and Filtering Application (DOFA). 
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INTRODUCTION 

 

The implementation of high-speed solid state recorders that adhere to the IRIG-106 Chapter 10 

standard has allowed users to capture all of a platform’s data within a single recording. Data such 

as video/audio, MIL-STD-1553, radar data and instrumentation data are now contained within a 

single file. These multiple streams of data can have different security classifications, 

classification guidelines and/or proprietary data levels that vary from one test to the next. While 

multiplexing these data streams to a single stream has greatly improved data correlation, it has 

created a new problem of how to reliably: 

 

• Reduce the security classification level of recorded data. 

• Remove Proprietary or Competition sensitive data from recordings 

• Remove Cryptographic Data from recordings 

• Reduce file size  to manageable size for rapid transmission and analysis 

 

The test and operational communities’ recent acceptance of IRIG-106 Chapter 10 solid-state 

recorders has given the DoD an open recording standard that can be leveraged to validate any 

process that attempts to perform these requirements. The communities have both agreed that any 

process must be automatically configured (machine to machine interface), utilize a “Security-

First” approach and support file splitting and specific parameter overwriting. Unfortunately there 

is no widely accepted IRIG-106 Chapter 10 filtering and/or overwriting approach that meets 

these requirements. 

 

 

IRIG 106 CHAPTER 10 BACKGROUND 

 

IRIG 106 Chapter 10 is a digital recording standard developed by the Range Commanders 

Council (RCC) Telemetry Group (TG) that standardizes a broad range of test and operational 

community recording requirements.  Any filtering process can guarantee its operation with a 

high level of confidence by leveraging the following attributes of IRIG-106 Chapter 10: 

 

Standard File Interface 

 

IRIG 106 Chapter 10 defines the data download and electrical interface for Removable Memory 

Modules (RMMs).  The mandated electrical interface is 1394B interface.  The media within the 

RMM must be presented as a STANAG 4575 compliant file system to the host processing 

system. This platform independent file system allows interoperable access to the data on the 

RMM. 

 

Standard Data Packet Structure and Data Definition 

 

IRIG-106 Chapter 10 organizes all data into packets.  Every packet has a packet header, body 

and trailer. The packet header is a fixed header that contains details on the data and possible 

errors within the packet. The packet header also has its own checksum that insures its own 

fidelity. The standard defines the packet body format exactly for each data type it supports. The 

packet body contains a “Channel Specific Data Word” that further details the data within the 
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packet and any possible errors encounter during the recording session. The packet trailer can 

contain an eight, sixteen, or thirty-two bit data checksum to guarantee the data within the packet 

is valid. 

 

Standard Recorder Setup Record 

 

The IRIG 106 Chapter 10 standard requires the recorder setup information be embedded within 

the recording itself. These attributes for the hardware, software, and each data channel are 

captured IAW the IRIG 106 Chapter 9 TMATS standard. The IRIG 106 Chapter 10 required use 

of specific TMATS attributes to describe each data type also provides interoperability between 

systems. The entire description is encapsulated within a separate setup record packet and is 

located at the beginning of every IRIG-106 Chapter 10 compliant file.  

 

 

DATA OVERWRITING AND FILTERING APPLICATION 

 

The Data Overwriting and Filtering Application (DOFA) is a software application that performs 

filtering and overwriting on locally stored IRIG-106 Chapter 10 data file or directly from an 

IRIG 106 Chapter 10 compliant RMM. A DOFA requirement is that it must be able to write its 

data product to local disk or a COTS SCSI tape device in accordance with IRIG-106 Chapter 10. 

DOFA utilizes the IRIG-106 Chapter 10 mandated 1394B interface to access data from the 

compliant RMM.   

 

 Process Error Management 

 

A DOFA relies on the Chapter 10 error reporting from the compliant recorder and performs a 

real time “on-the-fly” validity check of the Chapter 10 data being processed. All non-compliant 

data are overwritten. If any problems are detected in the overall stream, the DOFA takes a 

“Security-First” approach and stops processing. 

 

 Process Configuration 

 

Any DOFA must configure itself from the TMATS setup record in the beginning of each IRIG 

106 Chapter 10 compliant file. This satisfies the required machine to machine interface that 

allows no end-user involvement. It also leverages existing configuration control mechanisms for 

programming the flight recorders and permanently associates filtering and overwriting 

configuration with the data. 

 

Process Operation 

 

The DOFA must be able to remove specific data channels (filter) and/or overwrite selected data 

with “clean” data. DOFA must support two modes of overwriting: 

 

– Independent Mode 

• Specific selected “measurements” are overwritten from selected data 

streams. 
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• An Overwrite All selection, where all measurements are overwritten 

within a selected data channel. 

– Dependent Mode 

• Specific pre-defined “measurements” are overwritten based on the 

specified platform and installed equipment. 

 

 

STATEMENT OF WORK 

 

The 846
th

 Test Support Squadron, the 96
th

 Communications Group, and the 53
rd

 Wing (the 

“DOFA review team”) joined forces to establish requirements for an IRIG 106 Chapter 10 

compliant data overwriting and filtering application and validate a process to develop or acquire 

this type of application. 

 

The statement of work is simple and clear: Develop a process to review the quality and readiness 

of an IRIG 106 Chapter 10 Data Overwriting and Filtering Application (DOFA) for use in an 

operational environment within Eglin Air Force Base. However, this statement entails major 

tasks such as eliciting the stakeholder’s needs and creating technical requirements, translating the 

technical requirements into software requirements, implementing and verifying the requirements, 

developing a validation plan that demonstrates that the end product satisfies the stated 

requirements, and creating a Concept of Operations (CONOPS) describing the operational view 

of the application and the user’s tasks and capabilities using the application 
[1]

.   

 

There are many software development process models, such as Capability Maturity Model 

Integration for Development (CMMI-DEV) and Institute of Electrical & Electronic Engineers 

(IEEE) Software Engineering Standards, which can guide the realization of the statement of the 

work. They provide a set of proven best practices for producing world-wide quality software 

products.  

 

Quality is defined as a degree to which a work product exhibits a desired or required amount of 

needed characteristics. Quality must be measurable. Generally, software quality is measured as a 

product delivered on time, within budget with intended functionalities. However, every software 

project is unique and places emphasis on different quality metrics – for example, if a project is 

driven by schedule, the most important quality goal would be delivering a product on time by 

trading off certain functionalities if needed. However, if the correctness of a product is important, 

the quality can be measured by test coverage as well as defect detection and removal methods.  

 

Leveraging the experience the 96 CG possesses in the CMMI-DEV, we adopted the 96 CG’s 

software development processes and tailored them to meet the needs of this project.  

 

 

SOFTWARE DEVELOPMENT PROCESS MODEL 

 

The stakeholders identified the following Chapter 10 data types to be supported by DOFA: 

• MIL-STD-1553 Data: Format 1 (MIL-STD-1553B) and 2 (16PP194) 
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• PCM Data: Format 1 (IRIG 106 Chapter 4 PCM, IRIG 106 Chapter 8 PCM) and an 

extended version of IRIG 106 Chapter 8 PCM, which includes H009 and 16PP194 messages.  

• Video Data: Format 0 (MPEG-2/H.264 Video) 

• UART Data: Format 0 

 

However, it would be risky to develop an application supporting all data types using a waterfall 

model. With the overwriting of the Chapter 10 MIL-STD-1553 Data, Format 1 and filtering of 

Video Data, Format 0 having a higher priority, an incremental development approach was 

devised: Phase 1 includes overwriting of the Chapter 10 MIL-STD-1553 Data, Format 1, and 

filtering of the Video Data, Format 0; phase 2 supports the rest of the data types.  

 

The statement of work requires a process be developed, and the incremental model provides a 

means to produce a well defined process by allowing iterations of a chosen process. An 

incremental software development model is depicted in figure 1: 

 

 
Figure 1: Incremental Development Model 

 

The requirements management phase involves eliciting and analyzing the stakeholder’s technical 

and operational needs, translating them into software requirements, devising test strategies, 

creating test cases to validate each requirement, and receiving customer concurrence and 

commitment from affected individuals on the resources and deliverables. All of the artifacts 

required to perform project tracking and oversight activities are established during the 

requirements management phase since every activity is derived from requirements. The artifacts 

produced during this phase are denoted in figure 2. They are continuously updated, reviewed and 

controlled throughout the lifecycle: 
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Figure 2: Artifacts 

 

• Technical Requirements Document (TRD): Document defining the stakeholder’s 

technical and operational needs. 

• Software Requirements Specification (SRS): Document containing the analysis of the 

stakeholder’s needs and definition of what is to be developed (i.e., an agreement between the 

customer and the developer that ensures a common understanding of the requirements). 

• Test Plan (TP): Document defining the test strategy and test cases including testing 

environment and pass criteria. 

• Requirements Traceability Matrix (RTM): Document defining the bidirectional 

association or traceability of the technical requirements, software requirements, location 

where a requirement is implemented, and test case for validating requirements in order to 

ensure the right products are being built at each development phase. 

• Project Metrics Form (PMF): Metrics document for requirements volatility, number of 

defects found, and defect source (injection phase) for each technical review and testing.  

• Concept of Operations (CONOPS): A CONOPS document is based on the envisioned 

operational use of the end product. It involves documenting the steps from the beginning of 

use through to the end. A CONOPS document is useful to facilitate completeness of 

requirements, aids in identification of interface uses (human, physical or environmental), and 

provides a basis for establishing requirements traceability and a foundation for end product 

validation.  

• DOFA Analysis and Reporting Tool (DART): A software application developed by an 

independent organization to validate outputs from DOFA to ensure that DOFA operation is 

correct. 

 

Cost of rework or and post release defect correction increases tremendously when found late in 

the project. It is critical to capture complete, correct, unambiguous, testable and feasible 

requirements, as they are the foundation for building the right product.  

 

The DOFA review team has completed capturing software requirements and provided them to 

the independent organization (“developers”) to design and implement DOFA based on the 

requirements. The developers are responsible for executing the design through system test phases, 

therefore, this paper will not describe the purpose and activities of those lifecycle phases.  

 

The Implementation and Acceptance Testing phases are identified as critical milestones 

requiring the review team’s involvement in inspection and testing. A critical milestone is defined 

as a significant point in the development cycle of the project where the impact of the activities 

not being performed will have a negative affect on the project cost, schedule or quality.  

 

After the Implementation phase is complete, the developers are requested to (1) update the RTM 

to document the location that the source code for each requirement was implemented and (2) 

deliver the source code for inspection. The RTM is an essential for good requirements 

management and beneficial when analyzing the root cause of a defect. For example, if you found 

a defect in implementation is it a simple coding error or is the defect due to a misunderstood 

requirement? If the requirement is incorrect, what other work products are potentially impacted? 

Code inspection is a methodical examination of the source files to identify and remove potential 
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defects and vulnerability. Code inspections can be put into place quickly, and they pay enormous 

dividends 
[2]

.  

 

The purpose of Acceptance Testing is to demonstrate that a product or product component 

fulfills its intended use when placed in its intended environment. In addition, it is to enable the 

customer to determine whether or not to accept the product. For DOFA, three levels of testing 

are planned: 

• Validate Chapter 10 compliancy using an input file with known error conditions 

• Manually inspect the output files using small and known input test files 

• Validate the operation of DOFA using DART: It is impractical to manually inspect an 

output file when a real mission test file is used. DART reads input and output files from 

DOFA and compares packet by packet to ensure the operation is successful.  

 

Completion phase establishes and maintains the integrity of work products, and places all 

artifacts under Configuration Management (CM). The integrity of the work products is obtained 

when work products are evaluated against applicable process descriptions, standards and 

procedures 
[3]

. CM activities involve identifying and defining components in a system, 

controlling their release and change throughout the lifecycle, recording and reporting the status 

of components and change requests, and verifying completeness and correctness of system 

components 
[4]

. Once the Quality Assurance (QA) and CM activities are complete and an 

approved CONOPS is established, and products are released for operational use.  

 

 

CONCLUSION 

 

The Range Commanders Council exists to seek, preserve and enhance the nation's war fighting 

superiority by ensuring that affordable technical capability and capacity are available to test and 

operate the world’s most effective weapons systems and to train the war fighters who use them. 

In support of that vision, the Telemetry Group (TG) is involved with facilitating the transfer of 

telemetry data between users and test ranges and between ranges with the goal of fostering 

improvements in overall telemetry system performance and compatibility. The proposed 

software process addressed in this paper is a continuation of this vital mission. Proven and 

validated processes must be utilized to allow interoperability and provide quality of data.  This 

paper recognized the operational need of a Chapter 10 data overwriting and filtering capability 

and suggested different approaches to accomplish the capability. Adhering to a proven and 

structured process enables a project success, not a guarantee. Without the process, there is no 

insight into quantitative data to measure quality of a product. 
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ABSTRACT 

 
The most recent version of IRIG 118, Test Methods for Telemetry Systems and Subsystems, was 

released in 1999 and does not include any guidance for testing IRIG 106 Chapter 10 recorder / 

reproducers. This paper will describe the methodology and tools used to perform a thorough 

testing process to ensure compliance with the IRIG 106-07 standard.  
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INTRODUCTION 
 

The IRIG 118 standard was originally written to assist instrumentation engineers in the process 

of validating the setup and operation of analog telemetry recorders. It has gone through a number 

of updates as technology has changed. This paper describes an effort to update the document to 

cover the latest versions of IRIG 106 to include digital recorders based on IRIG 106-07 standard. 

 

The following is a list of currently available documents with the year published incorporated into 

the document number: 

 

118-79 Test Methods for Telemetry Systems and Subsystems, Volume IV, Test Methods for 

Data Multiplex Equipment 

118-99 Test Methods for Recorder/Reproducer Systems and Magnetic Tape, Volume III 

118-02 Test Methods for Telemetry Systems and Subsystems, Volume II, Test Methods for 

Telemetry RF Systems 

118-06 Test Methods for Telemetry Systems and Subsystems, Volume I, Test Methods for 

Vehicle Telemetry Systems 
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IRIG 106 CHAPTER 10 BACKGROUND 
 

IRIG 106 Chapter 10 provides a Digital Recording Standard defining a number of important 

areas with respect to the way in which a compliant recorder is controlled and the actual data is 

formatted. First and foremost is the way each different type of data is packetized in a defined 

manner and correlated with a fixed clock signal for absolute time-aligned data reproduction. 

Secondly, the standard provides for a common electrical and mnemonic control structure so that 

any user with a basic understanding of the general commands can operate any manufacturer’s 

recorder. 

 

IRIG 107-98 entitled “Digital Data Acquisition and On-Board Recording Standard” was the first 

attempt to define a packetized digital data format standard. This standard relied heavily on the 

Consultative Committee for Space Data Systems (CCSDS) work in the area of packetized 

telemetry formats. 

 

The Range Commander’s Council Telemetry Group published a special report as a result of task 

TG-44 recommending “that a packet telemetry standard be included in the IRIG Standard 106. 

Further, it recommends that the CCSDS Packet Telemetry Recommendation be used as the basis 

for that standard, by referencing the CCSDS Recommendation, and that for specific RCC 

applications, the tailoring of the CCSDS parameters be included within the IRIG Standard 106.”  

 

The first version of IRIG 106 containing chapter 10 was released in the IRIG 106-04 standard. 

Recorder manufacturers were then able to begin development of new products with the official 

release of the standard. In some cases there were existing products that only needed updated 

firmware while other companies had to start from scratch. 

 

Testing Methodology 
 

Knowing the critical components of the system under test is essential to formulating the right 

methodology in order to adequately determine the suitability of the product. It’s also important to 

identify all mandatory requirements from the standard to ensure a complete and thorough test. 

 

Typical testing scenarios include a rigorous acceptance test procedure (ATP) and a less 

exhaustive operational readiness test (ORT). ATPs traditionally exercise every feature and 

function of the system described in a requirements document. In addition an ATP will often 

attempt to test the boundaries of requirements by exceeding specified limits. An ORT is much 

less comprehensive and is designed to verify that the system is ready to be used operationally. 

 

The following areas are key functional sections of the IRIG 106 Chapter 10 standard and must be 

tested with any methodology: 

 

10.5 Interface File Structure 

10.6 Data Format 

10.7 Command & Control 

10.8 Declassification 

10.9 1394 Interface 
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Interface File Structure 

This consists of the STANAG 4575 format for storing and accessing files on the Removable 

Memory Module (RMM). At the highest level STANAG 4575 defines a file structure definition 

with a directory containing file entries and other associated metadata. Data is stored in 

contiguous monotonically increasing logical addresses. 

 

The first time you connect an RMM to a typical PC you could be prompted to format the device. 

Doing so will corrupt any data on the RMM so don’t do it. It will show up as a disk device and 

can be examined using low level tools such as a Hex Editor. 

 

Figure 1 shows a hex dump of the first 752 bytes from an RMM. At hex address 200 you can see 

the beginning of a STANAG directory indicated by the Magic Number, an ASCII word 

FORTYtwo. Following that you can see the file names FILE000 and FILE001. This method of 

directly examining an RMM is a simple way to verify that the STANAG directory is present on 

an RMM. 

 

The best way to verify that the RMM has recorded the file properly is to use software that reads 

data from an RMM such as the Common Mission Debrief Program (CMDP), Iliad, or any of the 

packet dumper programs that read directly from an RMM. These programs will let you know if 

they can’t read the data. 
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Figure 1 Hexadecimal representation of STANAG formatted RMM 

 

Data Format 

Verifying the accuracy of the actual format of each file type by visually examining the data 

would be a tedious process. Fortunately there are a number of different options for automating 

this process. One method would be to use one of the packet dumper programs to examine the 

data in each packet. 
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The first packet in every IRIG 106 Chapter 10 file must be a “Computer Generated Packet, Setup 

Record Format 1” as specified in paragraph 10.6.7.2.2 of the standard. This paragraph states that 

the setup record must contain all the information necessary to configure the recorder in IRIG 106 

Chapter 9 (TMATS) format. 

 

Figure 2 shows the output of a packet dumper program showing the channels and packet header 

information for the first packet of an IRIG 106 Chapter 10 recording. 

 

 
 

Figure 2 Display of first IRIG 106 Chapter 10 formatted packet 

 

In addition to verifying individual packets there are tools to perform an overall file validation 

examining the packet structure, checksum, length and sequencing of packets. Figure 3 shows the 

output from one of these tools. 

 



 6 

 
 

Figure 3 Output from EMC Data Validation tool 

 

Command and Control 

The primary focus of this section is user interaction with the recorder. By the standard (10.7.1), 

recorder control may be accomplished either by discrete control and status lines or via serial 

communication ports. Optionally, the recorder may accept commands either over the Fibre 

Channel, IEEE 1394B, or optional Ethernet interfaces.  

 

All commands not over the serial interface use SCSI formatted ORBs as described in section 

10.9.3 of the standard. One point from the standard that needs to be tested concerns the 

constraint that no commands shall override hardwire discrete controls. Accomplishing these tests 

will require the use of a terminal emulation program and a serial connection to the recorder. 
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Testing all communication paths would be necessary for an ATP type of test but shouldn’t be 

required to verify that the recorder is operationally ready. 

 

Declassification 

Downgrading any media after classified data has been stored on it has always been a sensitive 

subject. Many security officers are unwilling to approve any procedure that might present a 

potential risk of compromising their data. The issue for many test organizations is the cost of the 

RMM devices and the desire to use them on different types of missions. This drove the 

requirement for declassification in the standard. 

 

While a deep analysis of non-volatile memory is beyond the scope of most test organizations, 

they also would like some level of confidence that this function does work. A simple test of 

recording data and then examining the cartridge using a low-level tool such as a hex editor will 

show that the data in its structured form has been removed from the RMM. 

 

1394 Interface 

Simplifying the transfer of data from the RMM to a host machine for post processing was one of 

the key design goals of the standard. Choosing an interface (or interfaces) that met both the 

availability and speed requirements drove the decision toward IEEE 1394 and Fibre Channel.  

 

Connecting an RMM to a PC and examining data using any number of tools will verify that the 

IEEE 1394 interface is functioning properly. Additional software will be needed to actually 

control the recorder over this interface. This software is typically provided by the recorder 

vendor. 

 

Time 

Another key area that must be exercised is the way in which the recorder handles the loss of the 

reference time source and the overall handling of time in general. One of the most common 

occurrences during any type of flight testing is the loss of reference time. While the standard 

does not explicitly define what should happen when the reference time signal is lost, it does call 

out very specific details for time packets and the 10 MHz crystal clock. 

 

Time Data Packets are mandatory for all IRIG 106 Chapter 10 data files, and it must be the first 

dynamic packet after the Computer Generated Setup Record. Figure 4 shows the output of a 

packet dumper with a typical Time Data Packet. 
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Figure 4 IRIG 106 Chapter 10 Time Packet 

 

 

Available Tools 
 

Many of the current IRIG 106 Chapter 10 recorder manufacturers have adopted a standard set of 

tools as a part of their normal product acceptance testing. Creating known data types with and 

without errors is a key to validating the performance of the recorder. Using a known data source 

makes the process of examining and verifying the data much simpler. 

 

The key to repeatable testing is a common reference point to compare with. One potential source 

for a consistent IRIG 106 Chapter 10 data generator is the METS product from Scientific Data 

Systems in Las Cruces, NM. This tool is updated as required to accommodate changes in the 

IRIG 106 Chapter 10 standard. 

 

EMC has several IRIG 106 Chapter 10 related tools developed in conjunction with their Iliad 

software including a packet dumper, validator and a dubbing tool. These were developed by the 

EMC Solutions Engineering Group, part of the EMC Federal Client Services division. They 

maintain the web site http://www.goiliad.com where you can submit requests for more 

information. 

 

One source of tools available over the internet is from http://irig106.org. This site has a number 

of software tools and routines for reading, writing and parsing IRIG 106 data files. Source code 

in the C language is available for multiple operating systems including Linux and Microsoft 

Windows. 
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Conclusions 
 

IRIG 118 is being updated to accommodate the latest version of the IRIG 106 Chapter 10 

standard, currently 106-07. It’s methodology of specifying a series of tests, collecting and 

reducing data, and analyzing results will be followed. Updates will be published to the RCC web 

site when the effort has been completed. 
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ABSTRACT 

 

This paper presents an analysis of various methods to address the reproduction of recorded 

Chapter 10 data in real-time. The standard IRIG 106 Chapter 10 recording format is quickly 

becoming the most commonly used data recording format in the community. As such, a lot of 

emphasis has been put on recording requirements including time-stamping, data multiplexing, 

etc. However, there are additional needs that must be considered when using Chapter 10 as the 

only permanent data record. It is often necessary to reproduce the original data stream exactly as 

it was recorded with all its timing characteristics. This paper presents various tradeoffs 

discovered while designing a real-time playback system for recorded chapter 10 data files. In 

particular, techniques such as just-enough buffering, data re-ordering, pre-processing, etc will be 

discussed.   

 

 

KEY WORDS 

 

Real-time, Chapter 10, Threads, ISM 

 

 

INTRODUCTION 

 

Most telemetry operation centers have a need to be able to replay a mission and to reproduce its 

real-time characteristics as closely as possible to the original mission. Playing back recorded data 

as if it was actually happening in real-time can be a challenging task. However, the introduction 

of the IRIG 106 Chapter 10 standard has greatly helped users reproduce data with very good time 

accuracy. This paper discusses a possible solution called the Intelligent Storage Module (ISM) to 

playback Chapter 10 data files with extremely low latency and accurate time reproduction. 

 

The ISM module can be used to read a Chapter 10 (CH10) file from a Stanag file system residing 

on a Fibre Channel (FC) disk (RAID or SSDDR), identify and tag data from CH10 data packets 

and write the result to a high-speed multiplexing data bus (MUXbus)  in the same time sequence 

that it was acquired (before being written to the CH10 file). 
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The ISM uses three threads for real-time playback of CH10 data - the FC disk read thread 

(tIsmDskRd), the data packet processing thread (tIsmPbProc) and the MUXbus write thread 

(tIsmMuxWr): 

 

 
Figure 1. ISM Data Flow 

 

tIsmDskRd reads CH10 data packets from the CH10 file. This data is placed into a ring buffer 

that is monitored by tIsmPbProc. 

 

tIsmPbProc takes the CH10 packet data from the ring buffer and generates per channel linked 

lists of time-stamped/tagged data. These per channel linked lists are then serialized into time 

correlated buffers of 1 output time unit (between 50 and 100 uS) and placed into a ring buffer. 

 

tIsmMuxWr takes time correlated buffers from the ring buffer at the specified time unit. This 

thread runs off the auxiliary clock. The data from these buffers is then DMA'd to the MUXbus. 

 

 

DESIGN REQUIREMENTS 

 

• Multi-threaded 

• Fast First-In First-Out (FIFO) queues for data streaming 

• Pre-allocated, cache aligned data buffers 

• File system supports reading (writing) blocks not bytes 

• MUXbus write timing derived from high rate low latency interrupt attached to high 

priority thread 

• IRIG time for MUXbus generated from CH10 Time data packets 

• Average delta (over playback period) between CH10 Time packet source and 10 MHz 

counter used as correction factor for MUXbus write timing 

• Singly-linked list for each active channel stores up to 2 seconds of time-stamped 

MUXbus tag/data pairs 

• Use of inline functions for efficiency and readability (versus macros) 

• Statistics for all data that passes through an interface 

• Real-time trace library for debugging 

 

 

FC Disk MUXbus 

MUXbus 

Data Queue 
CH10 

Data Queue 

tIsmDskRd tIsmPbProc tIsmMuxWr 
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ISM PLATFORM 

 

The ISM consists of a Motorola MVME5500, L-3 MUXbus interface and PMC FC controller. 

The real-time operating system used for the ISM is VxWorks 5.5.1. 

 

The MVME5500 is a single-board computer based on the PowerPC MPC7455 and the Marvell 

GT-64260B Host Bridge with dual PCI interface and memory controller. The CPU runs at 1 

GHz, has 512 MB of SDRAM and 2 MB of L3 cache. The MVME5500 also has a Gigabit 

Ethernet interface. 

 

The L-3 MUXbus interface is connected to the MVME5500 by the PCI expansion connector 

which is attached to a PCI-PCI bridge which is connected to PCI bus 0.0 on the Marvell host 

bridge. The MUXbus interface has a 4K word (8 bytes/word) FIFO used to buffer data that is 

written to the MUXbus. The sustained data rate to the FIFO is about 100 MB/s. The MUXbus 

write rate is limited to 8 M words/s (64 MB/s). 

 

The PMC FC controller resides in PMC slot 2 which is attached to PCI bus 1.0 on the Marvell 

host bridge. The ISM uses Raw Initiator API software for accessing the FC disk. This allows 

direct access to the disk without using a file system. 

 

VxWorks provides "a multitasking environment that allows a real-time application to be 

constructed as a set of independent tasks, each with its own thread of execution and set of system 

resources. The inter-task communication facilities allow these tasks to synchronize and 

communicate in order to coordinate their activity". Inter-task communication is facilitated by the 

use of fast semaphores. VxWorks also provides facilities for hardware interrupt handling, since 

interrupts are the usual mechanism to inform a system of external events. 

 

 

RING BUFFER DESIGN 

 

The ISM uses three threads for real-time playback of CH10 data packets. The tIsmDskRd thread 

produces CH10 data buffers, the tIsmPbProc thread consumes the CH10 data packets and 

produces MUXbus data buffers and the tIsmMuxWr thread consumes the MUXbus data buffers. 

 

Data buffers are passed between threads by using a FIFO queue. This FIFO queue is 

implemented by a ring buffer. The VxWorks msgQLib could have been used for this however 

usage statistics were required for debugging. Keeping track of read/write counts, read/write wait 

and wakeup counts are helpful in debugging the application and in analyzing the application's 

performance. 

 

The ring buffer is implemented by using write and read indices. This implementation allows for 

all entries in the ring buffer to be used, unlike some pointer only implementations. 

 

 

READ THREAD 
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Before a file is played back it is analyzed for time correctness. The first and last Time data 

packets are read and the time delta between the packets is compared against the 10 MHz Relative 

Time Counter (RTC). If these differ by more than +/- 1% the file must be played back by using 

the 'Event Block' method. If the file passes this test then a correction factor is applied to the 10 

MHz RTC to provide more accurate time stamping. 

 

The entire file or a time-slice of a file may be played back. When a time-slice is played the Time 

data packet before the start time and after the stop time are read. The same time correctness test 

is applied to the time-slice. 

 

The 'Event Block' playback method is used for CH10 files that are not time correct. A time-slice 

can be played back by specifying the start and stop logical block numbers within the file. No 

time correction factor is used for this playback method. 

 

Files with start offset (time slice or event block) 

 

If a start offset is present then the ISM seeks to the block before the offset, get an empty data 

buffer from the CH10 data queue, read CH10 data from the FC disk into the data buffer and set 

the offset and length accordingly. The buffer is then given to the processing thread and the rest of 

the file is read. 

 

Design Trade Off 

 

The alternative to reading large blocks of disk data is to have a ring of buffers that are large 

enough to hold a CH10 packet (512 KB). The read thread would be responsible for supplying 

complete CH10 data packets to the processing thread. There would be more overhead associated 

with two reads per packet, one for the header and one for the packet body. And some data would 

have to be saved and copied to the beginning of the next packet. 

 

 

PROCESSING THREAD 
 

The processing thread is responsible for converting packetized CH10 data into time correlated 

buffers of MUXbus data. 

 

Contiguous Packet Data 

 

The processing thread is responsible for building contiguous packet headers and packet bodies 

from the raw disk data. 

 

Time Correlation between Multiple Data Channels 

 

The real challenge to playing back CH10 files is time correlating data from different data 

channels. Each data channel generates CH10 data packets separately from other data channels. 

CH10 data packets should not contain more than 100 milliseconds of data and "a packet 

containing any data must be generated within 100 milliseconds from the time the first data was 
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placed in the packet". This requirement helps to limit the amount of buffering required to time 

correlate CH10 data. 

 

Time Stamping of CH10 Data Packet Data 

 

Each CH10 packet header contains a free running 10 MHz Relative Time Counter (RTC). The 

RTC that is contained in a CH10 time packet can be used to obtain the absolute time for other 

CH10 packets. RTCs contained in intra-packet headers of CH10 data packets can be used to 

assign an absolute time to each data sample. The absolute time is the 10 MHz adjusted counter. 

 

Before the FC disk read thread starts reading CH10 data it converts the start time string, 

represented as ddd.hh:mm:ss.uuuuuu, to the internal time representation. All time stamps are 

normalized to this start time, i.e. this time is subtracted from the time stamp that is derived from 

CH10 Time packets and the RTC. 

 

Internal Time Representation 

 

The internal format that is used to represent time is a 64-bit floating-point number with units of 

nanoseconds. All time values (and the 48-bit 10 MHz counter) are converted to this format as 

soon as the conversion is possible. All time calculations use this format. This format was chosen 

due to the superior floating-point performance of the MPC7455. The floating-point unit of the 

PowerPC MPC7455 is designed such that double-precision operations require only a single pass, 

with a latency of five cycles. 

 

MUXbus Parameters 

 

The playback processing thread of the ISM decodes CH10 data packets and converts them into 

tag/data pairs that can be written to the MUXbus. This parameterization requires set up 

information from the host. For example, in order to generate IRIG time data for the MUXbus, the 

tags for the Major, Minor1 and Minor2 parameters must be known. The host software is 

responsible for conveying this information to the ISM. It is stored in memory resident data 

structures for every data channel that is being played back from the CH10 file. 

 

Packet Filtering 

 

The CH10 packet header is examined to determine if this data channel has been enabled. The 

packet is skipped if it is not an active channel. For active channels the packet type is decoded and 

the appropriate packet decoder is called. When the packet decoder encounters a data sample that 

should be parameterized (PCM for instance, the tag for this position in the frame is not zero) it 

puts the necessary information onto the Output Queue. 

 

Channel Data Processing (Time Correlation) 

 

After a packet has been processed the active channels are examined for channel data. A linear 

search is performed on the active channel lists. If all channels have a data sample, the one with 
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the lowest time value is removed from the list and added to the MUXbus output buffer. This 

operation is repeated until one of the lists is empty. 

 

Since there is a finite amount of buffering available for channel data safeguards must be put in 

place to limit buffer usage. This is accomplished via typical watermark algorithms. In this event, 

a statistic is incremented to indicate that a time correlation anomaly has occurred. 

 

 

MUXBUS WRITE THREAD 

 

The MUXbus write thread waits for a semaphore to be given by the system auxiliary clock 

interrupt service routine. When this interrupt occurs the MUXbus write thread polls the MUXbus 

data queue for another data buffer. If there is no buffer it waits for another interrupt and tries 

again. If a data buffer is present and the tick count in the data buffer is less than the tick count 

being maintained by the write thread then the data buffer is written to the MUXbus by using the 

DMA engine in the Marvell host bridge. 

 

 

CONCLUSION 

 

The ISM allows users to replay CH10 data files at high-speed and in real-time. One second of 

elapsed time during the actual mission is played back at a rate of one second exactly (with 

microsecond accuracy) in a real-time environment, therefore ensuring a deterministic output. 

 

Analog waveforms can be re-created exactly as they occurred. EU and derived algorithms can be 

applied in real-time while raw data is replayed. PCM could also be easily re-generated if 

necessary considering that a constant stream of raw data is available on the MUXbus. 
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ABSTRACT

This paper investigates the sum-rate capacity of a cognitive multiple access (MAC) sensor network.
The multiple access network consists of K sensors communicating to a common base station.
Outside of the network exists another user of the radio spectrum. Each sensor of the MAC network
is aware (i.e. cognitive) of this user, denoted the primary user, and transmits in a manner to avoid
any interference to this user. No interference transmission is achieved using the dirty-paper coding
technique. The sum-rate capacity is the theoretical maximum of the sum of the simultaneously
achievable rates of each sensor within the network. Using a recently derived iterative algorithm,
we quantify the sum-rate capacity of this network and investigate its behavior as a function of the
number of sensors, cognitive signal-to-noise ratio (CSNR) and primary SNR (PSNR) in a Rayleigh
fading environment. We also derive bounds and scaling results for the ergodic sum-rate capacity.
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1 Introduction
Cognitive radio is a developing field of research in the area of wireless communication theory. A
cognitive radio monitors its environment to identify portions of the spectrum that are desirable for
transmission. It then adapts its modulation to take advantage of the identified band. The ability
to dynamically alter transmission to match the environment makes cognitive radio a desirable
technology for military applications with unknown or hostile propagation environments, as well as
typical consumer applications where available spectrum is scarce.

The concept of cognitive radio was first introduced in [1] as a technology that would enable dy-
namic and distributed spectrum allocation, as opposed to static and centralized policies currently
enforced by regulatory agencies. Under the cognitive radio paradigm, local users, not governmen-
tal agencies, would decide their operating frequency band. A primary goal of cognitive radio is
to allow users that observe an unused frequency band to use it if needed, and therefore improve
overall system efficiency. Essentially, unused spectrum is considered wasteful if other users need
an operating band to transmit on.

Allowing users to determine their operating band does reduce the amount of “wasted” spectrum,
but introduces a host of other technical challenges [2]. One common way of approaching this
problem is to assign users of the network to different classes. Primary users are the class of users
that “own” the band and have priority in accessing the spectrum. A primary user is often the legacy
user of the band and does not have cognitive sensing capabilities. Secondary users are the class of
cognitive users that are allowed to operate as long as they do not create interference to the primary
user. Thus, secondary users must continually monitor (i.e. be cognitive of) the environment to
ensure the primary user has not started transmitting again. Designing distributed protocols for
secondary users is a challenging area of research.

This paper investigates fundamental limits of a cognitive sensor network operating in the presence
of a primary user. The cognitive sensor network is a multiple-access channel (MAC) where K
sensors transmit to a single base station. The sensors are “cognitive” as they are aware of the
data being transmitted by the primary user and transmit their own data to avoid interference. We
use the iterative algorithm first presented in [3] to quantify the sum-rate capacity of this network
as a function of cognitive sensor signal-to-noise ratio (SNR), primary user SNR, and number of
sensors. Section 2 introduces the system model and capacity regions for the primary and secondary
networks. Section 3 derives ergodic sum-rate capacity upper and lower bounds and investigates
the scaling behavior of the cognitive sensor network. Numerical results for the sum-rate capacity
are presented in Section 4 and a conclusion is given in Section 5.

2 System Model and Capacity
The system under consideration consists of two distinct networks. A set of K cognitive sensors
transmitting to basestation Bc form the secondary network. The sensors operate in the presence
of a primary user transmitting to a receiving station Bp that forms the primary network. Sensors
of the secondary network operate under two special constraints. They are required to transmit
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without reducing the capacity of the primary user, and transmit without requiring the primary
user to modify any behavior. These constraints ensure the primary network is not effected by the
cognitive sensor network. The primary user transmits messages mp ∈ {0, 1, . . . , 2nRp} at rate Rp,
and the secondary users transmit messages mi ∈ {0, 1, . . . , 2nRi} at rate Ri for i = 1, . . . , K.
The primary user has average power constraint Pp and the secondary users have average power
constraint Pi for i = 1, . . . , K.

The following sections describe the primary and secondary network channel models and capacity
regions. This system model and capacity characterization was first provided in [3]. We follow their
development closely but expound on several points. We adopt their discrete time notation here as
well.

2.1 Secondary Network Channel Model
The received signal at Bc at time n is

Y n =
K∑

k=1

hk ·Xn
k + f ·Xn

p + Zn, (1)

where Xn
k for k = 1, . . . , K is the codeword transmitted by the kth sensor, hk is the path gain

between the kth sensor and Bc, Xn
p is the codeword transmitted by the primary user, f is the

path gain between the primary user and Bc, and Zn is additive white Gaussian noise (AWGN) of
variance σ2

c .

Recall that communication by users of the secondary network must not impact the primary net-
work. As shown in [4], the optimal strategy for the secondary users is a mixture of dirty paper
coding and cooperative communication. Dirty paper coding [5] is a coding technique for known
interference environments. The analogy of “writing on dirty paper” is used to demonstrate that
when interference is known, the transmitted signal can be adapted to avoid interference.

We assume the primary user messages are available to the secondary users. This enables the sec-
ondary users to communicate without interfering with the primary user via dirty paper coding. In
practice, the primary user messages are not known to the secondary users, thus, the capacity re-
gion calculated in the following section represents an upper bound. Other techniques for achieving
sum-rate capacity may be interesting to pursue [6]. The transmitted signal of the kth cognitive
sensor is

Xn
k = X̂n

k + γk

√
Pk

Pp

Xn
p (2)

where X̂n
k = fdpc(mp,mk) is the dirty-paper coded message of the kth cognitive sensor based

on the current message of the primary user and the second part of equation (2) is the cooperative
transmission term. Each cognitive sensor re-transmits the primary users transmitted signal Xk

p to
ensure the rate of the primary transmission is met. The amount of cooperation is controlled by the
cooperation coefficient γk for each user. Recall the power transmitted by cognitive sensor k is Pk.
Thus, the power of X̂n

k is (1− γ2
k)Pk.

3



2.2 Secondary Network Channel Capacity
Dirty-paper coding of the cognitive sensor messages ensures information transmitted by the cog-
nitive sensor network does not interfere with the primary network. Thus, no interference is created
by the primary user in the secondary network. The channel model of the secondary network is
simply a Gaussian multiple-access channel with sum-rate capacity of

Csum =
1

2
log

(
1 +

∑K
k=1(1− γ2

k)h
2
kPk

σ2
c

)
. (3)

The sum-rate capacity is maximized for γk = 0 for k = 1, . . . , K. However, these cooperation co-
efficients must be chosen properly to ensure the primary user capacity is not impacted. Constraints
on γk are developed in the following section.

2.3 Primary Network Channel Model
The received signal at Bp at time n is

Y n
p = hp ·Xn

p +
K∑

k=1

gk ·Xn
k + Zn

p , (4)

where Xn
p is the codeword transmitted by the primary user, hp is the path gain of the primary

user, gk for k = 1 . . . , K are the path gains between the sensors and Bp, and Zn
p is additive white

Gaussian noise of variance σ2
p .

Substituting equation (2) into equation (4) yields

Y n
p = Xn

p

(
hp +

K∑

k=1

√
Pk

Pp

γkgk

)
+

K∑

k=1

gkX̂
n
k + Zn

p , (5)

which will be a useful form for determining the capacity of this channel in the following section.

2.4 Primary Network Channel Capacity
With K = 0 sensors, the channel model of (4) reduces to the standard additive white Gaussian
noise (AWGN) channel with fading, i.e.

Y n
p = hp ·Xn

p + Zn
p . (6)

The channel capacity for a given channel hp is easily calculated as

CK=0
P =

1

2
log2

(
1 +

h2
pPp

σ2
p

)
. (7)

The capacity of the channel for K > 0 can be written from inspection from equation (5). The

power of the received codeword is
(
hp

√
Pp +

∑K
k=1 γkgk

√
Pk

)2

. The noise component has power
∑K

k=1 g2
k(1− γ2

k)Pk + σ2
p . The capacity of the primary network for K > 0 is
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CK>0
p =

1

2
log2


1 +

(
hp

√
Pp +

∑K
k=1 γkgk

√
Pk

)2

∑K
k=1 g2

k(1− γ2
k)Pk + σ2

p


 . (8)

The cognitive sensors are not allowed to impact the capacity region of the primary user, thus, we
equate CK=0

P = CK>0
P ≡ CP yielding the desired equality

h2
pPp

σ2
p

=

(
hp

√
Pp +

∑K
k=1 gkγk

√
Pk

)2

σ2
p +

∑K
k=1 g2

k(1− γ2
k)Pk

. (9)

Our goal is to maximize the sum-rate capacity while satisfying this constraint.

3 Sum-Rate Capacity Bounds
The algorithm proposed in [3] calculates the cooperative coefficients, γk for k = 1, . . . , K, to
maximize the sum-rate capacity while satisfying (9). The iterative nature of this algorithm makes
it difficult to characterize the behavior of the cooperation coefficients, and thus provide analytic
results for the sum-rate capacity. In this section we derive lower and upper bounds for the sum-
rate capacity. We assume each secondary user has the same transmitted power, i.e. Pk = Pc for
k = 1, . . . , K. The cognitive SNR (CSNR) and primary SNR (PSNR) are defined as ρc = Ps

σ2
c

and

ρp = Pp

σ2
p

respectively. Functions and definitions not formally defined in this section are included in
the appendix.

In deriving the bounds we define a cooperative user as any cognitive sensor operating in a fully
cooperative manner, i.e. γk = 1. These sensors contribute to the data rate of the primary user and
ensure his capacity is supported. We define non-cooperative users as cognitive sensors that do not
cooperate, i.e. γk = 0. These sensors contribute to the sum-rate capacity. We define K1 as the
number of cooperative users and K2 as the number of non-cooperative users. We begin by stating
the definition of outage capacity.

Definition 3.1. The ε-outage capacity is the data rate R that can be supported 1− ε percent of the
time, i.e. we have

P (C ≤ R) = 1− ε (10)

The strategy for calculating the sum-rate capacity bounds is outlined as follows: 1) Determine the
outage capacity of the primary user. 2) Determine the number of cooperative users (K1) required
to support a desired primary user outage capacity. 3) Calculate the sum-rate capacity distribution
for K2 = K − K1 non-cooperative users. The following lemma characterizes the primary users
outage capacity.

Lemma 3.2. The ε-outage capacity of the primary user is

Cp,ε =
1

2
log2(1− log(ε)ρp) (11)
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Proof.

P (CP ≤ Cp,ε) = P

(
1

2
log2

(
1 + h2

pρP

) ≤ Cp,ε

)
= P

(
h2

p ≤
22Cp,ε − 1

ρp

)
. (12)

The random variable h2
p ∼Exp(1) according to Remark 6.1. Thus,

P

(
h2

p ≤
22Cp,ε − 1

ρp

)
= E

(
22Cp,ε − 1

ρp

, 1

)
= 1− e

− 22Cp,ε−1
ρp ≡ 1− ε. (13)

⇒ e
− 22Cp,ε−1

ρp = ε ⇒ 22Cp,ε − 1 = log(ε)ρp ⇒ Cp,ε = 1
2
log2(1− log(ε)ρp).

We now wish to calculate how many cooperative users are needed to accomodate some Cp,ε. The
following theorem provides this information.

Theorem 3.3. The number of cooperative users required to support the primary user capacity is
at most, the smallest K1 such that the following inequality is satisfied

1− (22Cp,ε − 1)K1Γ(K1)2F̃1(K1, K; K1 + 1; 1− 22Cp,ε)

B(K1, K −K1)
≥ ζ, (14)

for values of ζ close to but less than one.

Proof. The primary user capacity can be approximated as

CK>0
P =

1

2
log2


1 +

(
hp

√
Pp +

√
Pc

∑K1

i=1 gi

)2

Pc

∑K2

j=1 g2
j + σ2

p


 (15)

≈ 1

2
log2

(
1 +

0 + Pc

∑K1

i=1 g2
i

Pc

∑K2

j=1 g2
j + 0

)
=

1

2
log2

(
1 +

∑K1

i=1 g2
i∑K2

j=1 g2
j

)
. (16)

where the channel gains are partitioned according to cooperative (i = 1, . . . , K1) and non-cooperative
(j = 1, . . . , K2) cognitive sensors. Also, it is assumed that the primary user does not contribute
to the rate by setting hp

√
Pp = 0 in the approximation, and that cross terms of the squared-

summation are also zero. Both of these approximations increase K1 needed to support the primary
user capacity.

The distributions of W ≡ ∑K1

i=1 g2
i ∼ Gamma(K1, 1), Z ≡ ∑K2

j=1 g2
j ∼ Gamma(K2, 1), and

W/Z ∼BetaPrime(K1, K2) all follow from Remark 6.1. Then,

P (CK>0
p ≥ CP,ε) = 1− P (CK>0

p ≤ Cp,ε)

= 1− P

(
1

2
log2(1 + W/Z) ≤ Cp,ε

)

= 1− P
(
W/Z ≤ 22Cp,ε − 1

)

= 1− F (22Cp,ε − 1, K1, K2)

= 1− (22Cp,ε − 1)K1Γ(K1)2F̃1(K1, K; K1 + 1; 1− 22Cp,ε)

B(K1, K −K1)
(17)
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Figure 1: P (CK>0
p ≥ CP,ε) versus K1 for K = 32, ε = 0.01, ζ = 0.99, ρp = ρc = 10 dB.

This expression can then be evaluated to determine the value of K1 such that

P (CK>0
p ≥ CP,ε) ≥ ζ (18)

The number of cooperative users required to satisfy (9) with some arbitrary probability can now
be calculated. If the constraint is satisfied with K1 < K cooperative users, then the remaining
non-cooperative K2 = K − K1 users contribute to the sum-rate capacity of (3). Once again, the
cognitive users contributing to the sum-rate capacity all have γk = 0, so this is in general a sub-
optimal solution. However, results in the following section show this lower bound is reasonably
tight.

As an example consider Figure 1 where Equation (17) versus K1 is plotted for K = 32, ρc = 10
dB, ρp = 10 dB, ε = 0.01, and ζ = .99. This figure shows that for K1 ≥ 15, the probability of
supporting the primary users 0.01-outage capacity 99% of the time is approximately one. Thus,
approximately K2 = 32−15 = 17 cognitive users can contribute to the sum-rate capacity. Figure 2
shows the behavior of K1 and K2 as a function of K for the same parameters. This figure shows the
approximate linear increase in the number of cognitive users as K increases for sufficiently large
K. The next theorem characterizes the distribution of the sum-rate capacity for N non-cooperative
users.

Theorem 3.4. For N non-cooperative users the sum-rate capacity cumulative distribution function
is

FN
Csum

(x) = G

(
22x − 1

ρc

, N, 1

)
. (19)
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Figure 2: Cooperative (K1) and Non-Cooperative (K2) Users vs. K Calculated from Theorem 3.3.

Proof. The sum-rate capacity of equation (3) with N non-cooperative users reduces to

Csum =
1

2
log

(
1 + ρc

N∑
i=1

h2
i

)
. (20)

P (Csum ≤ x) = P

[
1

2
log

(
1 + ρc

N∑
i=1

h2
i

)
≤ x

]
= P

(
N∑

i=1

h2
i ≤

22x − 1

ρc

)
. (21)

From Remark 6.1 we have
∑N

i=1 h2
i ∼ Gamma(N, 1). So,

P

(
N∑

i=1

h2
i ≤

22x − 1

ρc

)
= G

(
22x − 1

ρc

, N, 1

)
(22)

Figure 3 shows the sum-rate capacity distribution as a function of the number of non-cooperative
users.

Remark 3.5. A lower bound on the sum-rate capacity distribution can be calculated by letting
N = K2 = K − K1 where K1 is calculated from Theorem 3.3. Recall that K1 calculated from
this theorem is an upper bound on the number of cooperative users, thus providing a lower bound
on the K2 non-cooperative users that contribute to the sum-rate capacity. An upper bound on the
sum-rate capacity distribution can be calculated by letting N = K.

Theorem 3.6. The ergodic (i.e. mean) sum-rate capacity for K cognitive sensors with CSNR ρc is
bounded by

1

2
log2(ρc(K −K1) + 1) ≤ Csum ≤ 1

2
log2(ρcK + 1) (23)
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where K1 is calculated according to Theorem 3.3.

Proof. From Theorem 3.4 we have

FN
Csum

(x) = G

(
22x − 1

ρc

, N, 1

)
(24)

=
γ(N, 22x−1

ρc
)

Γ(N)
∼ 1

2
erfc(−η

√
N/2). (25)

where erfc(·) is the complementary error function, η = ±
√

2(λ− 1− log(λ)), λ = 22x−1
Nρc

, the
positive value of η corresponds to λ > 1 and the negative value of η corresponds to λ ≤ 1 [7].

For the mean value of the distribution, we need to know the value of x such that FN
Csum

(x) = 0.5,
or, using the error function approximation the value of x such that erfc(−η

√
N/2) = 1. This

occurs when the argument of the error function is zero, i.e., when λ − 1 − log(λ) = 0 ⇒ λ = 1.
Setting 22x−1

Nρc
= 1 and solving for x yields x = 1

2
log2(ρcN + 1). The value of N can be selected

from Remark 3.5 to yield the stated bounds.

4 Results
An iterative algorithm for calculating the sum-rate capacity of the cognitive MAC is provided
in [3]. This algorithm was used to compute the sum-rate capacity of the cognitive multiple access
channel described in Section 2. Numerous Monte Carlo simulations were performed and the ca-
pacity was calculated for each random channel draw. The following figures examine the ergodic
sum-rate capacity in a Rayleigh fading environment for different values of K, ρc, and ρp.
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Figure 4: Sum-Rate Capacity As Function of PSNR

Figure 4 plots the sum-rate capacity versus PSNR for K = 4 and various CSNR. This figure shows
that increasing the primary user PSNR decreases the sum-rate capacity and that sum-rate capacity
increases with CSNR. Results for different values of K are similar.

Figure 5 plots the sum-rate capacity versus CSNR for K = 4 and various PSNR. This figure shows
the sum-rate capacity linear increase in CSNR as predicted by Theorem 3.6.

Figure 6 plots the sum-rate capacity versus K for ρp = 0 dB and various ρc. This figure demon-
strates the sum-rate capacity logorithmic increase with K as predicted by Theorem 3.6. Results
for different values of ρp show similar trends.

Figure 7 plots the ergodic sum-rate capacity obtained via simulation, the exact bounds by using
G(·) and Remark 3.5, and the approximate bound of Theorem 3.6. This figure shows that the
bounds are within approximately 10% of the true value and the error function approximation used
in Theorem 3.6 introduces little error.

5 Conclusion
This paper has investigated the sum-rate capacity of a cognitive multiple access channel. A recently
proposed iterative algorithm [3] was implemented and used to quantify the sum-rate capacity as
a function of the number of sensors and signal-to-noise ratio in a Rayleigh fading environment.
A variety of new results have been derived including bounds for the ergodic sum-rate capacity.
Numerical simulation results demonstrating the capacity of the cognitive MAC channel have been
presented. These results demonstrate behavior of the sum-rate capacity as a function of the various
channel paramters and validate the derived bounds.
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6 Appendix
Remark 6.1 (Distribution Relationships). Let R =

√
X2 + Y 2 where X,Y ∼ N(0, σ2). Then

R ∼ Rayleigh(σ) and R2 ∼Exponential
(

1
2σ2

)
. Let X1, . . . , XN be independent ∼Exponential(σ).

Then
∑N

i=1 Xi ∼ Gamma(N, σ). Let W ∼Gamma(α, σ) and Z ∼Gamma(β, σ) be independent.
Then X/Y ∼ BetaPrime(α, β).

Definition 6.2. The incomplete Gamma function is defined as

γ(a, x) =

∫ x

0

ta−1e−tdt (26)

Definition 6.3. The Gamma function is defined as

Γ(z) =

∫ ∞

0

tz−1e−tdt = γ(∞, x) (27)

and Γ(n) = (n− 1)! for positive integers, n.

Definition 6.4. The cumulative distribution function for an Exponential random variable with
parameter λ is defined for x ≥ 0 as

E(x, λ) = 1− e−λx. (28)

Definition 6.5. The cumulative distribution function for a Gamma random variable with parame-
ters a and b is defined for x ≥ 0 as

G(x, a, b) =
γ(a, x/b)

Γ(a)
. (29)

Definition 6.6. The probability density function for a Beta Prime random variable with parameters
a and b is defined for x ≥ 0 as

f(x) =
xa−1(1 + x)−a−b

B(a, b)
(30)

where B(x, y) is the Beta function defined as

B(x, y) =

∫ 1

0

tx−1(1− t)y−1dt. (31)

Lemma 6.7. The cumulative distribution function for a Beta Prime random variable with param-
eters a and b is defined for x ≥ 0 as

F (x, a, b) =
xaΓ(a)2F̃1(a, a + b; a + 1;−x)

B(a, b)
(32)

where Γ(·) is the Gamma function, B(·, ·) is the Beta function, and 2F̃1 is a regularized hypergeo-
metric function.
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ABSTRACT 
 
The deployment of networks has become ubiquitous in the avionics world, as they have opened 
the door to a rich suite of common and open hardware and software tools that provide greater 
functionality and interoperability.  Unfortunately, a number of networked avionic and other 
related applications can be affected by vendor or application specific proprietary 
implementations.  These “closed” implementations may reduce or eliminate the benefits of a 
standardized network, requiring the customization of the data acquisition system to allow it to 
properly operate with the other devices.   
 
This paper presents the approach that was recently employed for the development of a network 
interface module that can be quickly reconfigured to address the changing requirements of 
network applications, including monitoring of industry standard and proprietary networks, or 
providing the command and data interface to the data acquisition system itself.  This re-
configurability of the module is shown in a review of four different specific applications. 
 

KEYWORDS 
 
Ethernet, ARINC-664, FPGA, IP, G1000, HSDB, COTS 
 

INTRODUCTION 
 
It has been the trend in the avionics community to adopt commercial off the shelf (COTS) 
technologies into avionics applications.  For instance, standard network technologies such as 
Ethernet, FireWire, or Fibre Channel have been used as the communication infrastructure for the 
avionics busses and instrumentation networks.  These COTS solutions not only offer low cost, 
but also have other advantages such as higher performance, excellent scalability, and good 
technical support.  However, avionic systems typically pose stringent requirements on reliability, 
predictability, and efficiency, requiring that these COTS solutions be customized to meet 
application requirements.  L-3 TE has developed a module for its NetDAS Data Acquisition 
System that can be easily reconfigured to address the wide variety of potential network based 
applications and their respective protocols.   
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In this paper, the design and implementation of the L-3 Telemetry East NetDAS NBM network 
monitoring module that is capable of monitoring the data traffic over different data bus protocols 
(Standard Ethernet, Garmin G1000 High Speed Data Bus (HSDB) and ARINC664/AFDX) is 
presented.  This description includes an overview of the supported bus protocols, architecture of 
the NBM hardware platform, implemented software architecture, and finally lessons learned.  It 
is then followed by details on the use of the hardware platform as the command and data 
interface to the data acquisition system, as this is an example of how different applications can 
be supported using the same hardware platform with application-specific embedded software. 
 

DATA BUS PROTOCOL OVERVIEW 
 
Both the ARINC664/AFDX and G1000 HSDB protocols are built on top of standard Ethernet 
with custom/proprietary enhancements to satisfy special requirements.  In this section, a brief 
overview of ARINC-664/AFDX and G1000 HSDB data buses are provided.  Both protocols are 
built on top of Standard Ethernet, which in this paper, refers to the network that is compatible 
with Fast 10Base-T/100Base-Tx (10/100 Mbits/s) Ethernet standard.  Refer to the respective 
standards for more details. 

 

Standard Ethernet 
“Standard Ethernet” generically refers to the full spectrum of network communications, which 
presents somewhat of a dilemma, as there is no standard or consistent approach for specifying 
how two or more devices should communicate, and complicates the task of developing a monitor 
that can account for all the possible message/data identification schemes. While vNET is 
addressing a common approach for data acquisition and instrumentation equipment, it is 
probably unlikely that avionics manufacturers and others will follow suit in the near term.  This 
means that the basic design must need to take into account fields from both the Ethernet frame 
and from the user defined data payload. 
 

ARINC-664/AFDX  
ARINC-664 defines a profiled IEEE 802.3 network.  Part 7 of the ARINC-664 specification 
defines AFDX, a full-duplex, deterministic data network that can be used on aircraft.  AFDX 
provides guaranteed bandwidth and Quality of Service (QoS) facilities, which are lacking in 
standard Ethernet.  AFDX additionally allows for the mapping of other bus standards (e.g., 
ARINC 429 or MIL-STD-1553) onto the network 
 
The Virtual link (VL) is a key concept in an AFDX network.  A VL defines a unidirectional 
logic path for a frame traversing from one source end-system to one or multiple destination end-
systems.  Each VL is allocated with dedicated bandwidth.  The bandwidth allocated to a given 
VL is reserved at the links along the path. 
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The AFDX frame format is shown in Figure 1.  It follows the IP packet structure except that it 
divides the UDP payload into two parts.  The last byte of the UDP payload is dedicated to the 
AFDX frame sequence number, and the remainder is used as the AFDX payload.  A virtual link 
is identified by the MAC destination address.   
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Figure 1 AFDX Frame Format 
 

In an AFDX application, two redundant networks are employed to ensure data integrity, 
deterministic delivery, and to offer fault tolerance in case one of the networks fails.  The two 
networks run independently with the same data being transmitted simultaneously on both; the 
receiving order of incoming frames at the destination can be arbitrary.  The end receiving system 
validates the received frames and passes the first valid frame to the application, with the second 
frame with the same sequence number being dropped.  Figure 2 illustrates the receiving process 
at the receiving end system. 
 

 

In teg rity  
C h eck  

In teg rity  
C h eck  

R ed u nd an c y  
M an agem en t 

S ta tis tics

S am p lin g  
P o rt 

N etw o rk  B  

N etw o rk  A  

 
Figure 2 AFDX on a Receiving End-System 

 

G1000 HSDB High Speed Data Bus 
The G1000 HSDB is a proprietary local area network technology used in the Garmin G1000 all-
glass cockpit system.  G1000 HSDB carries the packets between the various display and control 
units within the cockpit system and requires bi-directional communication. 
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In a G1000 HSDB network, a message is passed from a participating Line Replaceable Unit 
(LRU) to LRU until it reaches the specified destination device(s).  The protocol includes a 
number of modes and special characteristics that must be accommodated, but unfortunately 
cannot be disclosed due to proprietary restrictions.   
 

DESIGN CONSIDERATIONS 
 
To develop the telemetry monitoring systems to provide as much flexibility to monitor the above 
three types of networks, one straightforward design choice is to implement three different 
monitoring systems with distinct hardware and software targeted for individual protocols.  The 
other option is to have a shared hardware framework to support the basic and common 
requirements needed by all three protocols, and implement embedded application specific 
software to handle the different protocols.  The latter option has the benefits of reduced hardware 
development effort and less testing overhead.  This option is readily achievable, as there are  
similarities between standard Ethernet, ARINC-664/AFDX and G1000 HSDB, with the 
differences of these protocols mainly reside at the data interpretation and management level.  
The architecture of the L-3 TE NetDAS NBM module, which employs the shared hardware 
framework paradigm, is described in the following sections. 
 

L-3 NETDAS NBM HARDWARE ARCHITECTURE 
 
For the hardware design, there was a wide variety of commercially available Ethernet 
components to choose from, which could provide various combinations of functionality and 
costs.  The immediate, critical decision that was made was to incorporate highly integrated 
components that include PHY and MAC layers, thus minimizing the footprint and the amount of 
necessary hardware development work needed to change functionality and reduce the effort to 
software (including FPGA) redesign. 
 
The core of the hardware platform is a high-performance Virtex-4 FX12 FPGA that includes an 
embedded PowerPC processor running application specific code.  The application software 
integrates a TCP/IP stack for each input that controls the interface and collects data from the 
specified network.  The module IP layer is responsible for reassembling fragments and ensuring 
that the complete message has been received before passing it onto the next higher layer.  The 
module’s functional block diagram is shown in Figure 3. 
 
The NBM monitoring module is typically connected to the network via either a hub or a 
promiscuous switch to allow it to receive (only) the required network traffic without affecting the 
electrical characteristics of the wiring and possibly disrupting normal network communications.   
However, when the module is configured to monitor  packets on a Garmin G1000 system, it must 
also be able to participate in network traffic in certain configurations.  
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Figure 3 NetDAS NBM Functional Block Diagram 

 
 
 
AFDX protocol implements two networks that are connected to the NBM module’s associated 
network data ports.  Processing of a message is similar to the Standard Ethernet mode, except 
with the addition of the AFDX integrity checking on each channel.  If a message has been 
successfully received on one channel, a redundancy manager determines whether the same 
message had been previously received on the other channel.  If not, the message is processed 
immediately with the desired parameters being extracted for PCM output.  If the message had 
been previously received and processed, then the manager simply drops the redundant message. 

L-3 NETDAS NBM MODULE SOFTWARE ARCHITECTURE 
 
The overall software architecture that was implemented focused on three core areas and the fact 
that the NBM hardware represents the basic elements of a computer. 
 
• Operating System: An embedded version of Linux was chosen as the operating system on the 

Power PC, due to the wide availability of development tools.  Since the applications only 
require soft real-time responsiveness, embedded Linux can satisfy the requirement and our 
later experience show that it works well for our applications.  Furthermore, embedded Linux 
is an open source package with small footprint and the code has been quite stable. 
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• Application Software: specific to the network protocol specific processing tasks that need to 
be performed. 

• Low-Level Infrastructure: The sets of functions and interfaces that are responsible for 
performing basic hardware and software resource management. 

 
This approach not only shortened the software development cycle but also has allowed for easy 
reconfiguration or redefinition of a module’s functionality.   
 
To support individual network protocols, the application software is responsible for the 
following tasks:  
 

• For Standard Ethernet - analyze UDP packets on the network to perform the user-defined 
data/message identification and processing tasks.  The generic version simply identifies 
messages based upon IP addresses and does not perform any additional processing of the 
payload data.  The more complex version filters the messages based upon MAC address, 
IP address, port and a particular byte of payload data, and extracts parameters from the 
packet to insert into PCM output.   

• For ARINC-664/AFDX - integrity checking, redundancy management and data 
extraction, as well as identification of the embedded ARINC 429 data 

• For G1000 HSDB – support the various G1000 Protocols 

APPLICATION SOFTWARE OVERVIEW 
 
Multiple processes and threads are used in the application software as shown in Figure 4.  The 
main process initializes the module and loads the configuration stored in the module flash 
memory.  This configuration image informs the module what network it is monitoring.  The 
message and parameter definition input from the user also resides in this image file.  Upon the 
completion of the initialization work, the main process spawns processes to listen to the data 
traffic and does the appropriate pre-processing on each message that has been received.   
 
The number of listening processes depends on how many channels there are to monitor.  One 
process is dedicated to each channel.  In the Standard Ethernet and G1000 HSDB mode, a 
separate process is spawned from the each listening process to handle the parameter extraction 
and PCM output insertion.  However, in AFDX mode, only one process is spawned for the 
monitor to perform the redundancy management and output the data.  A separate talker thread is 
used to send out any packet that may be required by the G1000 HSDB PC protocol.   
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Figure 4 Application Software Program Block Diagram 

 

 
The following provides background on the basis for the key design choices that were considered. 

Message Filtering & Data Processing  
The primary function of the monitor is to capture the messages that have been identified by the 
user.  For standard Ethernet and ARINC664/AFDX monitor, a message can be identified using 
any of the following: 
 

1. A pair of MAC source and destination addresses 
2. A pair of IP source/destination addresses 
3. A pair of IP and UDP port source/destination addresses. 
4. Any combination of the above three. 
5. Item 4 plus any byte of data within the payload. 

 
When considering the first four items in the above list, the integration of the existing third party 
network monitoring software - PCAP library, or even just the lower level component – the BSD 
Packet Filter (BPF), was a good fit.  PCAP provides a stable and well-performed application-
programming interface for the packet capturing.  Many open source and commercial network 
tools employ PCAP as the packet capture and filtering engines.  BPF is a register-based filter that 
operates at kernel level.  It is also a good choice if the performance is the only concern and more 
control over the filter flexibility is desired.   
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Addressing the fifth, user/protocol defined item, and the parameter extraction function, however, 
exposes some limitations with using a general-purpose filter tool.  As a reference, the role of the 
monitoring function is to extract user selected parameters from a message of interest and insert 
them into the output data stream.  While the filter tool finds the desired messages, it does not 
provide any additional assistance in determining which of the desired messages has been 
received, and further does not provide any facility at all for processing information within the 
payload.  This implementation would thus require that the header be reprocessed again by the 
application when performing the parameter extraction function.  To minimize redundant 
operations and make maximum use of the onboard PowerPC, a decision was made to allow all 
raw network packets through to the processor that would then performing the necessary filtering. 
 
The G1000 HSDB data bus differentiates itself from others by employing additional network 
layers in a standard network stack, so that the standard network header information is not of use 
any more.  Instead, there is a custom hardware layer, which provides various flag fields and 
destination and source addresses, and an I/O layer, which carries the protocol specific data 
payload.  As the only the network payload data from the standard network stack point of view is 
being processed, PCAP and BFP do not provide any benefit in attempting to perform packet 
filtering. 

Integrity Checking 
Under fault-free network operation, the AFDX Integrity Checking (IC) for each network simply 
independently passes the frames that it has received on to the Redundancy Management.   In 
general, the AFDX Integrity Checker tests each frame for a sequence number in a certain interval, 
and rejects stuck frames or single abnormal frames and reduces the impact of a babbling switch.  
The IC is a straightforward algorithm, which is implemented and executes in the listening 
process for each of the two channels. 

De-fragmentation 
Similar to other protocols, G1000 HSDB allows for the breaking of a large data block into 
several fragments for transmission.  This requires that the monitor be able to reassemble the 
original message in order to extract the parameter at the correct message-wide offset.   
 
Unfortunately, the G1000 HSDB protocol does not specify a maximum time window that all 
fragments of a block must be received.  This is compounded by the fact that due to the variable 
payload data, the fragmented packet size will vary and will be known only at the time of packet 
receipt.  The total number of fragments within one block varies too, and the arrival of the last 
fragment packet is the only indicator to determine the total number.  These features impose the 
difficulty on the software memory management, as the size of the data block is not restricted.   
 
A careful design investigation was conducted with the consideration of minimum performance 
loss as the compromise.  Concatenation/fragment reassembly is done in the channel listening 
process instead of the channel message process to reduce the fragmentation overhead in the 
shared memory and balance the workload between these two processes.   
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Redundancy Management 
AFDX Redundancy Management (RM) uses a parameter called SkewMax to select the desired 
frame.  SkewMax is the maximum time allowed between the receptions of two redundant frames.  
The SkewMax value (expressed in ms) is given by configuration per VL.  In the RM 
implementation, evaluating whether the frame gap exceeds the SkewMax is tricky because skew 
must be calculated for each VL.  Since the time stamp associated with each packet has been 
saved for the purpose of PCM output, it can be simply used to calculate the frame gap against the 
SkewMax.  Redundancy management must be executed based on the input from both channels.  
A separate process to the two listening processes is necessary to aggregate the information from 
two channels.   

Packet Transmission 
The G1000 HSDB PC protocol requires the NBM monitor to participate in the network as an 
LRU.  This task is implemented in a thread spawned off from the listening process to preserve 
the concurrency of the packet transmission and reception while taking the benefit of the shared 
data buffer. 

NETDAS NETWORK ENABLED DATA ACQUISITION SYSTEM 
 
The above design concepts for the NBM are further validated by the ability to significantly 
change the functionality of the module again, this time making it be the network interface for the 
entire data acquisition.   In this configuration, the NBM simply acts as a conduit/translator/server 
between the external network and various data acquisition system interfaces.  Since the module 
already has the capability to transmit and receive standard Ethernet packets, no separate 
hardware modifications are needed for this application.  Once again, it is simply a matter of 
developing the unique application software to meet the custom requirements required by this 
function. 
 

• Programming Interface:  The programming interface is now established on the Ethernet 
port and is provided by what is really a terminal server.  The software extracts the 
configuration data out of the payload of received network packets, and passes them to 
NetDAS Controller (NDC) through the legacy NDC serial input port.  The programming 
command responses from the NDC are sent back to the user through the Ethernet port.   

• Network data output:  The NetDAS backplane includes the complete (PCM) data stream 
that includes all data from the data acquisition modules as well as overhead data (sync 
pattern, ID counter, fill, etc.) generated by NDC.   To support the network data output, a 
new FPGA function has been incorporated that simply captures the data and presents it to 
the output application for processing and packetization prior to transmission onto the data 
acquisition network. 

CONCLUSION 
 
In this article, a shared hardware platform approach to implement unified networking monitoring 
capability that can work with multiple protocols has been described.  The shared hardware 
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platform reduces the development cost and lead-time, while the embedded software is able to 
effectively handle the distinct requirements of multiple protocols.   
 
The use of same hardware platform to a network enabled data acquisition system extends the 
scope of the solution.  We believe that such solution is cost-effective and reduces the product 
development cycle by building new system on top of common, proven hardware platform and 
adapting the software to the specific requirements.  We hope that further use of this framework 
will identify its strengths and limitations in the future.  
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ABSTRACT 

 

Adding an instrumentation / telemetry system to a test article has historically required an 

intrusive installation.  Power, wiring, and available space typically present significant challenges. 

There has been a long-standing need in the test and training community for a non-intrusive, 

flexible and modular instrumentation and telemetry system that can be installed on an aircraft or 

other test article without the need for permanent modifications. In addition, as available space in 

aircraft weapon bays, small weapons, and unmanned vehicles becomes a premium, the 

miniaturization of remote sensors and telemetry units becomes critical. 

 

This paper describes the current status of the Advanced Subminiature Telemetry System 

(ASMT) Initial Test Capability Project.  It discusses the challenges that have been overcome in 

developing a wireless sensor network system for use in an airborne test environment. These 

include wireless sensor packaging design, selection of operating frequencies, COTS wireless 

devices, batteries, system synchronization and data bandwidth calculations.  The paper will also 

document the progress to date including preliminary test results. 

  

KEY WORDS 

 

Network, Miniaturized, Non-Intrusive, Wireless sensor, Bluetooth, Zigbee, IEEE 802.15.4, Data 

Acquisition  

 

INTRODUCTION 

 

Flight test vehicles require a certain degree of wiring and installation modification to 

accommodate flight test equipment. In most cases this equipment is used either in a test vehicle 

dedicated for flight test, or in production vehicle to solve a problem or test a new system. When a 

dedicated test vehicle is used, it is expected that the installation of test equipment will require a 

high degree of intrusiveness. The use of an instrumentation system in a production vehicle 

imposes on the instrumentation engineer to minimize wiring and modification.  A small 

inexpensive network based instrumentation/telemetry system that can be non-intrusively 
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installed in a variety of configurations and locations on a test vehicle without significantly 

impacting the performance of the system being tested has been the goal of the ASMT project and 

instrumentation engineers.  

 

The implementation of a complete non-intrusive flight test system is both difficult and beyond 

the scope of this paper. The possible use of a sub-system acquiring data from several wireless 

sensors with minimal intrusiveness is both worth investigating and achievable. This paper will 

discuss the challenges and barriers that require in depth study and test in order to implement and 

use such a system on a test vehicle. The design of a wireless sensor to be installed on the skin of 

a test vehicle poses challenges that are far beyond a simple data acquisition design. We will 

evaluate the challenge, the decision making process, and the possible direction to be taken for 

realizing a successful wireless sensor design for airborne flight test applications.     

 

SYSTEM OVERVIEW 

 

The system is comprised of a group of wireless sensors for data acquisition that communicate 

with an on-board data system. The system includes wireless sensor units with separate 

installation, and a wireless control unit residing within the data system that collects data from the 

network of wireless sensors. See Figure 1 for the system diagram.  

 

Figure 1. Wireless sensor system diagram 
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The wireless sensor incorporates transducers, signal conditioning, an acquisition controller, a 

processor, power (battery), a wireless radio, and an antenna into a sealed, aerodynamically 

shaped, miniaturized package. It is intended for external installation on a test vehicle via the use 

of an electro-cleavable adhesive.  

 

For some applications, a wireless sensor unit may require an external transducer and an external 

antenna installation. In this application, the only element installed on the skin of the test vehicle 

is the antenna. This application requires the use of available power near the sensor unit location, 

which eliminates the need of a battery. This is very useful in the case where instrumentation is 

installed within a pod and data is transmitted back to the fuselage of the aircraft.  
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The wireless control unit is part of the on-board data system for controlling and collecting data 

from the wireless sensors. The control unit provides a self-discovery mechanism for identifying 

the sensors in its network, facilitating the sensor calibration process, programming acquisition 

variables in the sensor units, and providing two way communication with all the sensors in its 

network. The installation of the controlling unit as part of the data system may require an 

external remote antenna for communication with the wireless sensors. 

 

As an added complexity, the system allows for multiple wireless control units within an on-board 

data system. Each control unit communicates with its network of wireless sensors for control and 

data.  

 

The paper will describe in detail three types of modules currently being developed under the 

ASMT Initial Test Capability Project. The three types of units being developed are: 

• Wireless sensor unit with integrated transducer and battery 

• Wireless sensor unit with external transducer and uses external 28 VDC power 

• Wireless control unit 

 

Wireless Sensor Unit with Integrated Transducer and Battery 

   

This wireless sensor node is a stand-alone assembly installed externally on the skin of the test 

article. It contains a single tri-axial accelerometer and conditions, digitizes and encodes the data 

for wireless transmission to the collector node.  The sensor node is processor based and allows 

user programmable control of sensor variables and data filtering. The sensor programmable 

variables include channel sample rate, gain, offset, and filter cutoff frequency characteristics.  

All calibration and signal conditioning will be preset within the unit. The sensor node is fully 

programmable via the wireless connection from the controller node. The unit operates from a 

single replaceable internal battery for up to four hours. It includes an on-board non-volatile 

memory for storage of critical information such as module identifier, channel setup, transducer 

calibration data, etc. An IEEE-1451.0 “like” Transducer Electronic Data Sheet (TEDS) datasheet 

is employed.  See Figure 2. 

 

Figure 2. Wireless Sensor unit with built-in transducer 
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The internal triaxial accelerometer is optimized for measuring low frequency vibration response. 

The sensor allows a programmable sample rate of up to 200 samples/sec, and has a 

programmable filter whose –3dB frequency is automatically set to ¼ of the sample rate (1 Hz to 

50 Hz).  The channel filter has a 6-pole Butterworth IIR characteristic.  A 5-pole Butterworth 

anti-aliasing filter with a –3dB frequency of 75 Hz precedes the A/D converter. This, along with 

the over-sampling scheme of the A/D converter, prevents aliasing. The sensor unit includes 

provisions to collect auxiliary data such as sensor temperature and/or the state of two digital 

input and two digital output lines. The state of the discrete input lines is transmitted back to the 

controller unit. The discrete output signals represent the state of discrete input signals at the 

wireless controller unit.  

 

The sensor unit includes a digital signal controller capable of the following actions: 

• Generating a data sample rate clock  

• Initiating data sampling 

• Controlling the A/D converter and axis channel multiplexer  

• Collecting axis channel data from the A/D converter 

• Implementing an IIR filter algorithm to provide the required data output sample rate and 

frequency response 

• Interfacing with the on-board wireless radio 

 

Factors that influenced selection of the digital signal controller include: 

• Chip physical size 

• Supply voltage flexibility 

• Power consumption at various signal data rates  

• DSP functionality (must be sufficient to maintain data flow) 

• Processor instruction cycle time (must be a low number of clock cycles, preferably 1) 

• Useful on-board peripherals (UART, SPI, memory interface, etc.) 

 

The unit also includes: 

• On-board antenna tuned to the Bluetooth band 

• I/O connector accessible through an environmentally sealed cover 

o Provides access to the discrete I/O signals 

o Provides access to a switch that is used to disconnect the battery 

� Saves battery when not in use 

o Provides access for battery recharging 
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Wireless Sensor Unit with External Transducer 

   

A second type of wireless sensor node is under development as part of the ASMT initial Test 

Capability Project.  This unit will be internally installed in a LAU-129 missile launcher, has an 

external triaxial sensor requiring excitation power from the unit, uses 28 VDC power, and uses 

an external antenna. All other building blocks used in the unit with the internal transducer are 

used in this unit. The intended transducer for use with this unit is the Kistler triaxial piezo-

electric accelerometer K-Shear® #8792 M 04. See Figure 3. 

 

Figure 3. Wireless Sensor unit with external transducer 
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Wireless Controller Unit 

 

The wireless controller unit is installed as part of a data system such as Teletronics MARM-2000 

or MCDAU-2000.  Its function is to receive wireless data from the sensors, and format the data 

in a fashion required by the host Data Acquisition Unit (“DAU”).  The controller unit also sends 

control data and discrete channel data to the sensor units. The network controller implements 

command and control with the sensor units, uniquely addresses each sensor in its network, 

controls multiple sensors simultaneously, and provides access capability to the health status of 

each sensor unit in its network. In addition, the controller translates discrete inputs to the unit 

into discrete commands to the sensor units. On power up or as required, the controller programs 

the sensitivity and sample rate of the sensor channels.  The frequency response of the sensor 

channels is automatically set to ¼ of the sample rate so, in effect, it is also programmed by the 

controller. Periodically the sensor will append additional data to the accelerometer data.  This 

data includes the state of the discrete sensor inputs, temperature within the sensor module 

enclosure as well as other required “housekeeping” signals.  As required, the controller can send 

commands to each sensor under its control, instructing it to change the logic state of its discrete 

output lines.   
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Airborne Wireless Sensor System Challenges 

 

The challenges in the development of the wireless sensor system for airborne applications are 

numerous and required a systematic approach and careful study in may areas of discipline. These 

areas include: 

• Transducer Selection  

• Battery Selection and Power Conservation 

• Frequency Study 

• Wireless Radio and Antenna 

• Network Throughput and Data Budget 

 

MEMS Triaxial Transducers 

Micro-Electro-Mechanical Systems (MEMS) is the integration of mechanical elements, sensors, 

actuators, and electronics on a common silicon substrate through microfabrication technology. 

While the electronics are fabricated using integrated circuit (IC) process sequences (e.g., CMOS, 

Bipolar, or BICMOS processes), the micromechanical components are fabricated using 

compatible "micromachining" processes that selectively etch away parts of the silicon wafer or 

add new structural layers to form the mechanical and electromechanical devices.  MEMS brings 

together silicon-based microelectronics and micromachining technology, making possible a 

smaller, more highly integrated and lower power transducer than would have otherwise been 

possible. 

 

Figure 4. 2-Axis MEMS Integrated Accelerometer 

 

Figure 4 is a functional block diagram of a 2-axis MEMS integrated accelerometer.  In addition 

to the accelerometers, excitation circuitry, differential amplifiers and low pass filters have been 

integrated into the package.  The result is a small footprint, low profile package that consumes 

only a few milli-watts of power and requires a single low voltage power supply.  The transducer 

outputs are single ended, high level, low impedance linear voltages. 

The main drawback of MEMS based accelerometers is that with current technology, the 

acceleration range of currently available 3-axis MEMS accelerometers is limited to +10g or less.  

Higher acceleration ranges such as the +50g range of the system described in this paper require 
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the use of a 2-axis unit and an additional single axis unit mounted exactly normal to the plane of 

the 2-axis unit.   

Both the single and 2-axis devices are packaged in 5mm x 5mm ceramic leadless chip carriers 

(LCC) and are intended for surface mounting on printed circuit boards.  The circuit board is 

firmly secured to the sensor housing at multiple points near the accelerometers to prevent 

vibrations that could originate on the circuit board.  Additionally, the single axis unit is mounted 

on a secondary printed circuit board and in turn, firmly secured to the housing.  

 

Battery Requirements 

The power source of the wireless sensor is self-contained and capable of sufficient energy 

storage to provide at least four (4) hours of continuous operation.  We estimate an energy storage 

capacity of 1.0 to 1.5 Watt-hours will be required.  The battery must be lightweight and consume 

as little of the available sensor volume as possible.  In addition, it must be able to supply short 

pulse currents of several 10s of milliamperes.  The most severe requirement from the point of 

view of the battery is the required operating temperature range of –40°C to +70°C.   

A secondary (rechargeable) battery chemistry was originally considered and rejected because no 

practical candidates specified for operation at –40°C were found. Following discussions with the 

manufacturer and extensive temperature testing, a Lithium-Ion (Li-Ion) battery technology (the 

leading secondary battery chemistry) was chosen. This eliminates the requirement of gaining 

easy access to the battery while the sensor unit is installed on the aircraft by requiring only that 

the battery can be easily recharged while installed. The battery is lab replaceable.  

The battery is low profile, which allowed installation just above the Printed Circuit Board. The 

battery is physically secured within the Radome. An on-board recharging circuit ensures that 

there is no direct access to the battery terminals, eliminating the possibility of shorting and 

causing damage to the battery and personnel during servicing. All that is required for recharging 

the battery is an external 5VDC power supply. 

 

RF Frequency Study 

Tests have been, and will continue to be, conducted in order to better understand the capabilities 

and challenges associated with the use of COTS wireless transceivers in aircraft data telemetry 

applications.  Concerns involve both the potential of wireless devices to interfere with other 

aircraft electronic systems and conversely, the potential for aircraft electronics to corrupt 

wireless telemetry data.  For example, aircraft S band transmitters operate from 2.2 – 2.45 GHz 

while Bluetooth devices operates between 2.4 – 2.483 GHz. Sharing of this frequency band may 

lead to serious loss of Bluetooth data due to receiver saturation whenever the aircraft S band 

transmitter is in operation.  This concern illustrates why wireless data telemetry testing within 

the vicinity of the aircraft is necessary to understand the limitations of the technology.  

Line of sight is another issue in wireless technology. When implementing a low power wireless 

data link from one part of the aircraft to another, it is highly desirable to have an uninterrupted 

line of sight from transmitter to receiver.  When this is not possible, the quality of the data link 

may suffer.  
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Field testing of prototypes using the selected Bluetooth transceiver and micro-controller have 

been completed and showed successful communication of up to 90 feet line of sight and also 

with various obstructions. 

 

CONCLUSIONS 

While design and implementation of a wireless system for aircraft telemetry applications poses a 

number of challenges, numerous benefits will result from such a system, provided it can be 

installed with minimal intrusiveness and without permanent modifications to the aircraft.   

Before a robust wireless system for aircraft telemetry is realized, investigations must be carried 

out in a number of key areas.  These areas include: 

• Interference with/from other aircraft electronic systems 

• Line of sight requirements between sensor and controller 

• The effect of S band transmitters upon the wireless link  

• Sensor power source related issues 

• Characterizing data latency in the wireless link 

• Data throughput  

• Environmental qualification of hardware (to include electro-cleavable adhesive for 

externally installed wireless sensor modules)  

This paper describes design concepts, considerations and concerns associated with the 

implementation of an ASMT type system.  Subsequent papers will discuss specific issues and 

results encountered on the way to achieving the goal of developing a miniaturized, reliable, 

flexible and modular wireless data telemetry system that can be installed with minimal 

intrusiveness on a test article without the need for permanent modifications. 
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ABSTRACT 

 

Some of the first applications of network-based data acquisition systems have been for large 

aircraft.  These systems contained numerous network nodes including data acquisition units, 

switches, recorders, network management units, and others.  One of the desirable aspects of a 

networked-based system is the ability to scale such a system to meet increasing test 

requirements.  Similarly, these systems lend themselves to scaling down, as well, to meet the 

testing needs of smaller test articles.  These needs may include fewer nodes and/or physically 

smaller components.  The testing of smaller vehicles places slightly different requirements on the 

testing process.  In general, there is a greater need for real-time analysis, flexibility and ad-hoc 

testing.  This paper will attempt to show how a small to medium sized test article can benefit 

from the same powerful, feature-rich network-based data acquisition and recording system as 

used on larger programs.  The paper will also show how a smaller system can deliver on this 

promise without sacrificing performance and functionality.  
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INTRODUCTION 
 

Network-based data acquisition systems are proving to be affective data collection and analysis 

enablers.  Their usefulness had been proven on several large test articles (e.g., Airbus A380).  

Due to the size of these test articles and the number of measurements being taken, the acquisition 

system to support testing was similarly large.  To support the amount of data to be collected, 

these systems include a myriad of data acquisition units, network switches, recorders, network 

managers, telemetry transmitters, etc. 

 

Due to their flexibility and scalability, network-based data acquisition systems can also provide 

an affective solution for small-scale test articles.  This paper will attempt to show that a network-

based solution is a viable option for small-to-moderate sized test articles.  Several test article 

scenarios are presented to illustrate this point. 
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THE NETWORK ADVANTAGE 

 

Over the past several years, various papers have been written describing the pros and cons of 

network-based data acquisition systems [1][2].  Some of the pros of this approach include 

leveraging existing commercial hardware and software, system scalability and bidirectional data 

flow to name a few.  Being able to leverage the advancements of the commercial sector 

translates to lower risk of a proven technology.  One example of this is the readily available 

hardware and software tools on the market.  These tools include network analyzers, traffic 

modelers and data processors. 

 

The network infrastructure, including switches and data acquisition nodes (endpoints) lends itself 

to scaling.  A system designer may add or subtract ports (and switches) as the need for sensors 

and acquisition nodes increases and decreases.  Programming of the system can be accomplished 

at a single point or node, similar to how systems, using CAIS Bus or serial RS-232/422/485, are 

programmed today.  However, the user interface to the system can be greatly enhanced, again by 

leveraging existing commercial technologies.  An example would be a laptop connected to the 

network using a web browser to configure a data acquisition unit.  Figure 1 below shows an 

actual web page-based configuration screen from a TTC MPEG-2 Video Miniature Network 

DAU. 

 

 
 

Figure 1.  Network-Based Audio/Video Acquisition Configuration Web Page 
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Data moving seamlessly from DAU-to-recorder, recorder-to-ground station or ground station-to-

DAU, allows the user to reconfigure system behavior on the fly.  This can translate into getting 

more test data for a given mission.  What may have taken multiple missions in the past could be 

accomplished in a single mission, cutting down on expensive test time.  Taking advantage of this 

flexibility does not necessarily require a great deal of infrastructure. 

 

 

SCALING TO SIZE 

 

Within large test articles, for example a cargo aircraft, there may be thousands of measurements 

taken at any given time during a test flight.  The system architected to acquire this data may 

require dozens of data acquisition units (DAUs).  In this example, DAUs might be used to 

monitor avionic buses, and analog sensors, including audio and video feeds.  In an IP-based 

system, each DAU would require a connection to the overall network.  This connection to the 

network would typically involve a network switch port.  As the number of required DAUs 

increases, so does the need for ports into the network.  The network, therefore, would scale up to 

include additional switches. 

 

Similarly, smaller test articles, for example small aircraft, missiles and ground vehicles, would 

have relatively fewer sensors and buses with which to interface.  The requirement for 

connections into the network would be fewer as compared to the previous example.  In this case, 

the same system advantages apply.  Programming can be accomplished from a single point (e.g., 

a Network Management Terminal).  On-the-fly reprogramming can take place.  Advanced 

software tools can be used to enhance the user interface and hence the overall user experience.  

Because fewer nodes and smaller switches are needed, the system cost is reduced while the 

system flexibility affords a higher value proposition (i.e., accomplish more in a single mission). 

 

The following section describes some example test scenarios that illustrate how network-based 

data acquisition systems can be adapted for a wide range of requirements. 

 

 

EXAMPLE SCENARIOS 

 

In this first example, a medium-to-large networked-based system is described.  The block 

diagram in Figure 2 below shows the system. 
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Figure 2.  Large Airborne Network-Based Data Acquisition System Example 

 

The core of this example system is an 8-port gigabit Ethernet switch with support for the IEEE-

1588 Precision Time Protocol (PTP) and a built-in GPS receiver.  This switch acts as the timing 

master in the system by using the PTP to distribute time throughout the network, based on the 

GPS time.  This allows for a high level of time coherency between the various nodes within the 

network [3][4].  There are two types of communication links (Ethernet segments) between the 

switch and other devices.  The un-shaded arrows represent 10/100Base-T links while the wider, 

shaded arrows represent gigabit capable Ethernet links (10/100/1000Base-T).  The Ethernet links 

are shown as copper media, however, the media can also be fiber optic cables, depending on the 

customer’s application.  The edge of the network is mainly made up of data acquisition units 

(DAUs).  These units interface directly to sensors and avionic buses on the test article.  The 

DAUs are responsible for sampling and formatting the data for transmission onto the network.  

In addition, the DAUs receive timing information via the PTP that allow them to timestamp the 

acquired data.  The formatted data is sent to the IP recorder with typically some subset of data 

passing to the telemetry transmitter. 

 

Each DAU is programmed with various parameters related to the type of data it is acquiring.  

Additionally, the DAU is told where to send its formatted data.  For example, sensor data from 

one DAU may be sent only to the IP recorder for storage while safety-of-flight data from another 

DAU may be sent to the recorder, the telemetry transmitter, and a Flight Test Engineer’s (FTE) 

terminal for real-time analysis. 

 

The IP (Internet Protocol) recorder attached to the system, in this example, is required to accept 

high bandwidth data, say an average rate of 100 Megabytes per second (MBps).  In order to 
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capture data over a 2-hour mission, the recorder would require about 720 GB of storage space.  

Based on the required record rate and capacity, such a recorder would require several physical 

drives, given today’s technology. 

 

The Network Manager terminal allows an operator to program, query and otherwise interact with 

nodes within the network.  The Network Manager can be located within the test article itself or 

as part of the ground network. 

 

The table below shows the volume required and the weight for the system described above (not 

including cabling and the ground elements). 

 

Network Element

Volume

(cubic in.)

Weight

(lbs.)

Consumption 

(W)

Analog Network DAUs (2) 84.5 3.9 48

MPEG-2 Video Network DAU (1) 15.3 0.88 6.5

ARINC-429 Network DAU (1) 17.9 0.86 6.5

Ethernet Network DAU (1) 17.9 0.98 6.5

8-Port Gigabit Switches (2) 295 12.1 60

5-Port Switch (1) 22 1.0 14

IP Recorder (1) 347.7 18.0 60

Telemetry Transceiver (1) 11.4 0.75 84
Total 811.7 38.47 285.5

 
 

Table 1.  Large Airborne System Example: Volume, Weight and Power 
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Figure 3.  Small Airborne Network-Based Data Acquisition System Example 

 



6 

 

In the example shown in Figure 3, a single 5-port switch is used to connect a small number of 

network nodes together.  Like the large system example, the switch is responsible for forwarding 

packets within the network and distributing time information.  The 5-port switch supports the 

PTP.  In addition, the switch acts as the timing master within the system.  Although it is not 

shown here with a GPS receiver, it can generate its own time (free run) or have time jammed 

prior to the mission.  Each link connecting the switch to the rest of the system is 10/100Base-T.  

Here, the DAUs generate a considerably lower average bandwidth, say 5 MBps (40 Mbps).  At 

this data rate, a recorder capacity of about 36 GB would be required to support a 2-hour record 

time.  For this capacity and rate, a smaller, single drive-based recorder would be adequate. 

 

The link between the switch and the Network Manager terminal shown in Figure 2 represents a 

temporary connection.  In this example, the network management function is performed as part 

of the pre-flight activity.  The system is programmed and “checked out” prior to the mission/test 

flight.  Critical real-time data is transmitted to the ground, via the telemetry link, for monitoring 

and analysis.  

 

The table below shows the volume required and the weight for the system described above (not 

including cabling and the ground elements). 

 

Network Element

Volume

(cubic in.)

Weight

(lbs.)

Max. Power

Consumption (W)

Analog Network DAUs (1) 42.25 1.95 24

ARINC-429 Network DAU (1) 17.9 0.86 6.5

5-Port Switch (1) 22 1.0 14

IP Recorder (1) 139.2 9.5 25

Telemetry Transceiver (1) 4.8 0.75 44.8
Total 226.15 14.06 114.3

 
 

Table 2.  Small Airborne System Example: Volume, Weight and Power 
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Figure 4.  Small Ground-Based Network Data Acquisition System Example 
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In this last example, a small network-based data acquisition system is used to instrument a 

ground-based vehicle.  Once again, a 5-port switch is used as the core network element.  Two 

DAUs are shown acquiring and formatting data, and sending the data to a small IP recorder.  As 

in the previous example, the data rate is relatively low.  However, the required record time may 

be longer, e.g., 6 hours.  A data rate of 5 Mbps, and a record time of 6 hours would require about 

108 GB of data storage.  Again, a small single media IP recorder would perform well for this 

application.  As more sensors are added, additional DAUs and switch ports can be added to scale 

the system to meet the programs needs. 

 

The table below shows the volume required and the weight for the system described above (not 

including cabling and the ground elements). 

 

Network Element

Volume

(cubic in.)

Weight

(lbs.)

Max. Power

Consumption (W)

Analog Network DAUs (1) 42.25 1.95 24

MPEG-2 Video Network DAU (1) 15.3 0.88 6.5

5-Port Switch (1) 22 1.0 14

IP Recorder (1) 139.2 9.5 25
Total 218.75 13.33 69.5

 
 

Table 3.  Small Ground-Based System Example: Volume, Weight and Power 

 

 

CONCLUSIONS 

 

Network-based data acquisition systems are proving to be flexible feature-rich test solutions.  By 

virtue of the network architecture, systems can be tailored to the test article.  Large test articles 

can be equipped with multiple switches connected to dozens of DAUs and hundreds of sensors 

and buses.  Smaller test articles can be instrumented using the same hardware building blocks 

and software tools.  Customers can leverage proven, readily available software to model and test 

the data acquisition network.  In addition, suppliers are developing data analysis tools to process 

the data collected from the network. 
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ABSTRACT

An acoustic modem employing direct-sequence spread-spectrum (DSSS) signaling is consid-
ered with LDPC coding. The underwater acoustic channel is tracked using a Kalman filter
which requires accurate data decisions. To improve KF performance and reduce the overall
error rate, joint iterative LDPC decoding and channel estimation is proposed based on a fac-
tor graph and sum-product algorithm approximation. In this scheme, the decoder posterior
log likelihood ratios (LLRs) provide data decisions for the KF. Decoder extrinsic LLRs are
similarly incorporated into the detector LLRs to yield improved priors for decoding. Error
rate simulations of the overall modem are provided for a shallow-water channel model with
Ricean/Rayleigh fading.

KEYWORDS

Underwater acoustic communications, Kalman filtering, iterative decoding, channel estima-
tion.

INTRODUCTION

Previously, we have developed a DSSS underwater acoustic modem employing a Match-
ing Pursuits (MP) channel estimator, and subsequently using Kalman and sparse-Bayesian
Kalman filters (KF, SB-KF) [1, 2, 3]. The AquaNode version of the modem [4] with MP
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channel estimation has also been implemented in the TI C6713 device and is currently being
tested at the Goleta Pier. DSSS has also been studied by other researchers for acoustic
telemetry [5, 6, 7], however with the emphasis on conventional matched-filter and RAKE
receivers for channel estimation/detection.

Recently, iterative decoding and estimation using Low Density Parity Check (LDPC) codes
has been pursued for terrestrial RF communications [8, 9]. Here, we seek to combine LDPC
coding with Kalman-filter channel estimation for the AquaNode DSSS modem. Due to
the lower data rates (133 bps) and narrow bandwidth (10 kHz) of our DSSS format, itera-
tive LDPC decoding and estimation is practical in current programmable signal processing
hardware, and will allow combinations of increased range and decreased transmit power.
However, previous approaches to designing iterative decoders and estimators are somewhat
Ad hoc. It has been shown [9, 10] that these iterative approaches can be viewed as approxi-
mations to the sum-product algorithm [11] (SPA) implemented on a factor graph. However,
cycles in the graph make the SPA suboptimal for joint decoding/estimation. Further, the
messages passed on the graph must be simplified to avoid complex integrations of joint
density functions. Thus, this paper considers appropriate approximations to make iterative
decoding/estimation in the SPA framework practical for the acoustic telemetry application.

SIGNAL MODEL AND OPTIMAL JOINT DECODER/ESTIMATOR

In the AquaNode modem, an 8-ary truncated Gold sequence waveform is transmitted every
Tsym = 11 msec., followed by a Tsym = 11 msec. time-guard band for channel clearing. The
chip rate is 1/Ts = 5 kHz and the center frequency is 25 kHz, with a Nyquist sampling rate of
10 kHz. The result is an 133 bps data rate spread-spectrum signal. Following synchronization
as discussed in [1, 3], received vectors of 2Ns Nyquist samples over 2Tsym sec. are collected.
The resulting received signal vector in the DSSS modem is given by [1, 3]

r(k) = S(c(k))f(k) + n(k). (1)

In (1), c(n) = [c1(n), c2(n), c3(n)]T represents the binary code symbols, ci(n) = ±1 at the
output of the LDPC encoder. The matrix S ∈ C

2Ns×Ns corresponds to Ns delayed versions
of the truncated Gold sequence specified by c(n). The channel vector f(n) ∈ C

Ns thus
corresponds to a Nyquist sample-spaced tapped-delay line multipath model. The noise n(k)
has covariance matrix R = 2N0/Ts, where the combination of ambient and amplifier noise
is modeled as white circular Gaussian with spectral density 2N0.

It is useful to observe that the optimal joint estimator/decoder for the received signal (1)
has a closed-form solution. For a known LPDC codeword ck = {c(k)c(k − 1) . . . c(1)},
the optimal estimator ignoring sparsity of the channel is a Kalman filter corresponding to
the measurement function S(c(k)). Standard Bayesian analysis yields the structure of the
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optimum channel estimator as a weighted sum of Gaussian densities. At any time k,

p(f(k)|rk) =
∑

ck
∈G

k

p(f(k)|rk, ck)p(ck|rk),

p(f(k)|rk, ck) = N (f(k); f̂ c
k

(k|k),Pc
k

(k|k)),

p(ck|rk) =
1

c

k
∏

l=1

N (r(l); r̂c
l

(l|l − 1), Σc
l

(l|l − 1)).

(2)

In (2), Gk is the set of possible 2Rck truncated codewords, with Rc the code rate. Each
summand represents a Kalman filter conditioned on a code subsequence ck with estimate
f̂ c

k

(k|k) ∈ C
Ns and covariance matrix Pc

k

(k|k) ∈ C
Ns×Ns .

The a-posteriori probabilities (APPs) of a cumulative sequence denoted by p(ck|rk) are given
as a product of Kalman innovations likelihoods, defined in terms of means and covariances

r̂c
l

(l|l − 1) = S(c(l))f̂ c
l

(l|l − 1)

Σc
l

(l|l − 1) = S(c(l))P̂c
l

(l|l − 1)S(c(l))H + R.
(3)

From (2) it is clear that the optimal estimator/decoder is intractable due to the exponentially
growing number of Kalman filters, 2Rck required with time k. However, it is interesting to
note that the optimum estimator/decoder can be implemented purely in terms of Kalman
filters, without requiring the more complicated smoothers arising in a factor-graph approach
[10]. Furthermore, the Bayesian formula (2) yields the exact symbol APPs by appropriate
marginalization, whereas the SPA solution is only approximate due to the cycles on the
factor graph.

ITERATIVE DECODING AND CHANNEL ESTIMATION

Following [10, 12, 9], a factor graph for the joint decoding/estimation problem defined by
the received signal (1) is given in Fig. 1. The function blocks are defined by

p(n) = p(r(n)|f(n), c(n)) = N (r(n);S(c(k))f(k),R)

p(f(n)|f(n − 1)) = N (f(n);Ff(n − 1),Q),
(4)

where F and Q are the state-transition and process noise covariance matrices in a first-order
AR model for the channel vector f(n). The variable nodes are f(k) and ci(k) where the
latter are the binary code symbols of the LDPC code. The function blocks Hk represent the
rows k = 1, . . . , m of the LDPC parity check matrix [13].

To obtain a practical algorithm, simplifications to the SPA message passing must be made,
as suggested in [10, 12]. First, we ignore the backward messages on the graph transitions
from f(n) → f(n − 1). Message passing to and between the nodes f(k) will thus correspond
only to Kalman filtering. First note that messages µci(k)→p(k) are the extrinsic LDPC decoder
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probabilities (or equivalently LLRs), denoted by pe(ci(k)). These are computed via the SPA
[13]. Then the exact message µp(k)→f(k) and its approximation are

µp(k)→f(k) =
∑

ci(k)=±1

p(r(k)|f(k), c(k))
3

∏

i=1

µci(k)→p(k)

≈ N (r(k);S(ĉ(k))f(k),R),

(5)

where ĉ(k) corresponds to hard decisions based on pap(ci(k)). These last probabilities are
the APPs computed by the LDPC decoder on the previous iteration. The approximation
(5) is justified by noting that as the LDPC decoder converges, the extrinsic probabilties in
µci(k)→p(k) approach unity only for a single vector c(k). Furthermore, the most significant
summand is that for which the likelihood p(r(k)|f(k)c(k)) is large, and for which the extrinsic
probabilities dominate. Hence, the dominating summand in (5) should be that for which the
total decoder APPs pap(ci(k)) are largest. Since (5) is now a Gaussian density with mean
linearly dependent on f(k), the top row of the factor graph corresponds to a Kalman filter.

The second major approximation is to the messages µf(k)→p(k) as follows.

µf(k)→p(k) ≈ N (f(k); f̂(k|k − 1),P(k|k − 1)), (6)

where f̂(k|k − 1),P(k|k − 1) are Kalman filter updates conditioned on the decisions ĉ(k −
1), . . . , ĉ(1). Given approximation (6), the last message required is µp(k)→ci(k) for i = 1, 2, 3.
This is

µp(k)→ci(k) =
∑

cj(k)=±1,j 6=i

∫

df(k)p(r(k)|c(k), f(k))µf(k)→p(k)

∏

j 6=i

µcj(k)→p(k)

=
∑

cj(k)=±1,j 6=i

N (r(k);S(c(k))f̂(k|k − 1), Σ(k|k − 1))
∏

j 6=i

µcj(k)→p(k),
(7)

where Σ(k|k − 1) is the KF innovations covariance matrix. The implicit message-passing
schedule and iterative receiver are fully defined by the algorithm in Table 1.

RESULTS AND CONCLUSIONS

The iterative receiver described by Table 1 was simulated with an underwater acoustic chan-
nel model corresponding to Rayleigh or Ricean fading. A (200,100) LDPC code based on
a random parity check matrix with t = 3 ones per column was employed. The multipath
corresponded to five rays, including bottom and surface bounces for the receiver and trans-
mitter at 20 m depth, and a distance of 500 m. Fig. 2 shows the uncoded and coded BERs
for a Doppler spread of fD = .1 Hz, and a Ricean k-factor of 5. Overall improvement in
BER is seen from from 1 to 3 outer iterations of the receiver, with an improvement over an
uncoded system of 2.5 dB at an error rate of < 10−3. Fig. 3 shows BER when the Doppler
spread is increased to fD = .5 Hz and the fading is Rayleigh. In this case, the improvement
is 3 dB at a BER of 10−2 for the iterative receiver over an uncoded system.
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Given previous decoder extrinsic and total APPs pe(ci(k)), pap(ci(k))

For k = 1, . . . , n

Compute ĉ(k) = arg maxc(k)

∏3
i=1 pap(ci(k))

Update Kalman filter using ĉ(k) (or c(k) for training preamble)

f̂(k|k − 1) → f̂(k|k) → f̂(k + 1|k)

(transmission of µp(k)→f(k). )

Compute new messages to code symbol variables

µp(k)→ci(k) =
∑

cj(k)=±1,j 6=i

N (r(k);S(c(k))f̂(k|k − 1), Σ(k|k − 1))
∏

j 6=i

pe(cj(k))

Next k

Run LDPC decoder using µp(k)→ci(k) as inputs and generate next

pe(ci(k)), pap(ci(k)).

Table 1: Iterative DSSS receiver corresponding to factor graph message approximations.

To conclude, an iterative DSSS acoustic modem was designed with LDPC decoding. A joint
channel estimator and decoder was obtained via approximations to SPA message passing on
a factor graph. For the fairly weak (200,100) LDPC code employed, significant BER improve-
ments of 2.5 to 3 dB were obtained. More powerful codes and more extensive simulations
will be considered to explore the potential of this iterative receiver design.
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ABSTRACT

We study simple trellis-based detectors for SOQPSK that have a minimal level of complexity. In
particular, we show that the state complexity can be cut in half relative to previous approaches—from 4
states down to 2—with asymptotically optimum performance. We give two possible means of achieving
this: the pulse amplitude modulation (PAM) technique and the pulse truncation (PT) technique; both
of these techniques make use of recent advances in SOQPSK technology based on a continuous phase
modulation (CPM) interpretation of SOQPSK. The proposed simplifications are significant since trellis-
based SOQPSK detectors are 1–2 dB superior to widely-deployed symbol-by-symbol detectors. These
performance gains come at the expense of complexity, and the proposed 2-state detectors minimize this
expense. Thus, these simple detection schemes are applicable in settings where high-performance and low
complexity are needed to meet restrictions on power consumption and cost.

Introduction

Shaped-offset QPSK is a type of continuous phase modulation (CPM) [1] which is highly bandwidth
efficient. While CPMs have a number of advantages, one advantage in particular is responsible for its
widespread deployment: it has a constant signal envelope. This makes it compatible with nonlinear power
amplifiers, which are highly efficient in converting limited (i.e. battery) power into radiated power. This
in turn allows for a smaller physical size and lower cost for the transmitter. To date, SOQPSK has been
incorporated into military and aeronautical telemetry standards, although wider use is merited since it is
applicable in any setting where bandwidth-efficient constant-envelope modulations are needed.

In addition to its name, SOQPSK shares a number of similarities with conventional offset QPSK
(OQPSK). These similarities are exploited at the receiver, where OQPSK-type detectors are the most
commonly deployed means of detecting SOQPSK. The advantage of the OQPSK interpretation of SO-
QPSK is its simplicity. Thus, the low-cost advantage of SOQPSK can be shared by the transmitter and
the receiver. However, the disadvantage of OQPSK-type detectors is that they are suboptimal by 1–2 dB,
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depending on the details of their implementation [2]. This is a significant loss since it erodes some of the
power advantages enjoyed by SOQPSK in the first place.

Since SOQPSK is a modulation with memory, its optimal detector must be trellis-based. Such detectors
were first studied in [3], where a cross-correlated trellis-coded quadrature modulation (XTCQM) [4, 5, 6]
viewpoint was taken for military-standard “SOQPSK-MIL” [7] which resulted in an optimal detector.
Recently in [8], a CPM interpretation of SOQPSK was applied at the receiver. This also resulted in
an optimal detector for SOQPSK-MIL and opened the door for two reduced-complexity methods for
detecting the more complicated version of SOQPSK adopted by the telemetry group, “SOQPSK-TG” [9].
These two techniques, pulse amplitude modulation (PAM) [10] and the pulse truncation (PT) [11, 12]
result in 4-state detectors for SOQPSK-TG that are within 0.2 dB of the impractical 512-state optimum
detector.

In this paper, we show the size of the trellis can be reduced to its minimum—2 states—for both
SOQPSK-MIL and SOQPSK-TG. This is accomplished by a novel concatenation of the differential en-
coder and SOQPSK precoder which leads to a simplified representation of the transmitter’s state memory.
This simplified transmitter model combined with decision-feedback at the receiver yields the overall state
reduction. We show how this state reduction can be implemented using the PAM and PT techniques. In
both cases, the 2-state detectors have no asymptotic losses relative to their 4-state counterparts; however,
for moderate signal-to-noise ratios, the PT technique results in a negligible loss on the order of 0.1 dB.

This state reduction is significant since the major drawback of trellis-based detectors is their complexity
compared to their symbol-by-symbol cousins. Since the proposed detectors reduce the state complexity
to its minimum of 2 states, these detectors represent the most attractive means of realizing the 1–2 dB
advantage trellis-based detectors have over symbol-by-symbol detectors.

In the next section we describe the signal model for SOQPSK. In Section B. we discuss trellis models
for SOQPSK-MIL and SOQSPK-TG. We develop the 2-state detectors in Section B.. In Section D. we
study the performance of the detectors and give simulation results in Section G..

Description of SOQPSK

A. CPM Signal Model

The complex-baseband representation of SOQPSK as a form of CPM [1] is

s(t; α) , exp {jφ(t; α)} (1)

where the phase is a pulse train of the form

φ(t; α) , 2πh
∑

i

αiq(t− iT ) (2)

and αi ∈ {−1, 0, +1} is a transmitted symbol, T is the duration of each αi, and h = 1/2 is the modulation
index. The phase pulse q(t) is usually thought of as the time-integral of a frequency pulse f(t) with area
1/2 and duration LT. When L = 1 the signal is full-response and when L > 1 it is partial-response. Due
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Figure 1: Precoders (a) SOQPSK Precoder corresponding to 4-state trellis and (b) SOQPSK Differential
Precoder corresponding to 2-state trellis.

to the constraints on f(t) and q(t), and assuming a rational modulation index h = K/p, the phase may be
expressed as

φ(t; α) = 2πh
n∑

i=n−L+1

αiq(t− iT )︸ ︷︷ ︸
θ(t)

+ πh
n−L∑
i=0

αi︸ ︷︷ ︸
θn−L

(3)

where nT ≤ t < (n + 1)T . The phase state θn−L ∈ {0, π/2, π, 3π/2} can assume only four distinct
values when taken modulo-2π, which gives ejθn−L ∈ {±1,±j}.

In this paper we will discuss two versions of SOQPSK. The first, SOQPSK-MIL, is full-response with
a rectangular shaped frequency pulse [7]. The second, SOQPSK-TG, is partial-response with L = 8 and a
frequency pulse shape defined in [9]

B. SOQPSK Precoder

With SOQPSK, the channel symbols α are not the underlying information sequence, but are related to
the original data sequence a by the series of operations shown if Figure 1(a). The first of these operations
is a double differential encoder [13] given by the equation

ui = ai ⊕ ui−2, ai, ui ∈ {0, 1} (4)

The second operation in Figure 1(a) is the precoder, which converts the double differentially encoded
{ui} into ternary data αi ∈ {−1, 0, +1} according to the rule [14]

αi(u) = (−1)i+1(2ui−1 − 1)(ui − ui−2) (5)

Figure 1(b) shows an alternate precoder representation where the double differential encoder and the
precoder are combined to form a differential precoder. It was shown in [15] that the differential precoder
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Figure 2: 4-state time-varying trellis for the precoder/CPM modulator.

has the form

αn = (−1)Snan. (6)

where the sign state is

Sn+1 = (Sn + αn + 1) mod 2. (7)

We point out that the binary-valued sign state Sn is the only state variable required by the differential
precoder.

In either precoder representation, Figure 1(a) or Figure 1(b), the output of the precoder is connected
to an ordinary CPM modulator with h = 1/2 and the desired pulse shape fMIL(t) or fTG(t). For the
special case of full-response CPM (L = 1), the only memory within the CPM modulator is the phase state
θn−1. The interaction between the memory of the precoder(s) and the memory of the CPM modulator is
discussed next.

Trellis Representation of SOQPSK

Figure 2 shows the 4-state time-varying trellis that describes the SOQPSK precoder in Figure 1(a) [8].
The labels along each branch of the trellis show the input bit/output symbol pair, an/αn, for the given
branch.

The advantage of the 4-state trellis is that its state variables un−1 and un−2 have a one-to-one corre-
spondence with the phase state θn−1 of the full-response CPM modulator that follows the precoder. The
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Figure 3: 2-state trellis representing the differential precoder.

mapping from precoder trellis states to CPM phase states is [8]

00 ↔ 3π

2
, 01 ↔ π,

10 ↔ 0, 11 ↔ π

2
.

(8)

Figure 3 shows the 2-state time-invariant trellis that describes the differential SOQPSK precoder in
Figure 1(b) and equations (6) and (7). The state variable is simply the sign state Sn, and the labels along
each branch specify the input bit/output symbol pair an/αn for the given branch.

The obvious advantage of the 2-state trellis is its simplicity with respect to the 4-state time-varying
trellis in Figure 2. Unfortunately, this simplification does not also manifest itself with the CPM phase
state θn−1. Thus, a 4-state trellis is still required to fully (i.e. optimally) describe the entire system in
Figure 1(b). In the next section we will show how a simple decision feedback scheme can be employed
at the detector; this technique allows the simple 2-state trellis to be successfully applied to SOQPSK and
yields near-optimal performance.

SOQPSK Detectors

C. Received Signal Model

The received signal model is
r(t) = s(t; α) + n(t) (9)

where n(t) is complex-valued additive white Gaussian noise (AWGN) with single-sided power spectral
density N0. Since the transmitted signal s(t; α) has memory, the optimal detector must perform maximum
likelihood sequence detection (MLSD). This is efficiently implemented via the Viterbi algorithm (VA). In
the following discussion, we refer to estimated and hypothesized values of a quantity w as ŵ and w̃

respectively. Also, ŵ and w̃ can assume the same values as w itself.
A cumulative metric λn(S̃n) is maintained for each state S̃n in the trellis. These metrics are extended

along the branches from starting states S̃n to ending states Ẽn via the update

λn+1(Ẽn) = λn(S̃n) + z(n, [ãn, S̃n]) (10)
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where z(n, [ãn, S̃n]) is the branch metric increment and is a function of the starting state S̃n and the branch
symbol ãn; we refer to [ãn, S̃n] as the branch vector. In the case of SOQPSK, there are two branches that
merge into each ending state Ẽn. The branch with the maximum metric is declared as the survivor and its
metric is stored for later use in the next round of updates.

One technique for reducing the complexity of SOQPSK-TG at the receiver is known as pulse truncation
(PT) [11, 12]. The branch metric increment for pulse truncation (PT) is explained in [11, 12] and for the
PAM representation is explained in [16]

D. 2-State Detectors for SOQPSK

As mentioned earlier, the difficulty with the two state trellis in Fig. 3 is that a one-to-one correspon-
dence between the sign state Sn and the CPM phase state θn−1 does not exist. This problem is overcome
by using decision feedback.

As mentioned above, at the end of each time step, a surviving branch is declared at each ending state
Ẽn in the trellis. We use α̂n(Ẽn) to denote the symbol associated with the surviving branch at each ending
state Ẽn. In the modified VA, a cumulative phase θ̂n−1(S̃n) is maintained for each state S̃n in the trellis,
in addition to the above-mentioned cumulative metric λn(S̃n). Once the survivors have been declared, the
cumulative phase for each ending state is updated via the recursion

θ̂n(Ẽn) =
[
θ̂n−1(S̃n) + πhα̂n(Ẽn)

]
mod 2π. (11)

As it turns out, in the case of the 4-state detector the cumulative phase θ̂n−1(S̃n) is identical to the
phase state θ̃n−1 provided the four cumulative phases are initialized according to (8) at the start of the
algorithm. This is equivalent to saying that, given the proper initialization, the two branches merging at
each ending state in the 4-state trellis will result in the same value for the cumulative phase. This is true
by definition of the phase state in (3) and the cumulative phase in (11). Thus, the decision feedback does
not introduce any sub-optimality to the 4-state detectors.

In the case of the 2-state detector, using θ̂n−1(S̃n) instead of θ̃n−1 does make the detector suboptimal,
but it is a necessary step in order to implement the detector in the first place. The impact of decision
feedback on the performance of the 2-state detectors is now studied.

Performance Analysis

The bit-error probability of SOQPSK in AWGN is described using error events and minimum distance
concepts. The normalized squared Euclidean distance of CPM is [1]

d2 =
log2 Minfo

2T

∫
|s(t; αTx)− s(t; αRx)|2dt (12)

where log2 Minfo is the number of bits per symbol (for SOQPSK we have Minfo = 2).
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Figure 4: Performance of reduced-complexity detectors for SOQPSK-MIL, AND, Performance of
reduced-complexity detectors for SOQPSK-TG.

E. Minimum Distance Error Event

The minimum distance error event for the 4-state SOQPSK detectors is where the transmitted and re-
ceived bit sequences satisfy aTx = ..., ae−1, ae, ae+1, ae+2, ae+3, ... and aRx = ..., ae−1, ae, ae+1, ae+2, ae+3, ....
In words, this is a double bit error event where the first error occurs at some arbitrary bit location ae and
the second error occurs with bit ae+2. In [17] it was shown that when ae+1 = 1, the precoded symbol
sequences satisfy ±γ0, where γ0 = αTx − αRx = ..., 0,−1, 0, +1, 0, ... and a squared distance of d2

0 re-
sults. It was also shown in [17] that when ae+1 = 0, the precoded symbol sequences satisfy ±γ1, where
γ1 = αTx − αRx = ..., 0,−1,−2, +1, 0, ... and a squared distance of d2

1 results. These cases are easily
verified by examining the 4-state trellis in Fig. 2.

F. Additional Error Event for 2-State Detectors

For the 2-state detectors, an additional error event is introduced where the transmitted and received bit
sequences satisfy aTx = ..., ae−1, ae, ae+1, ae+2, ... and aRx = ..., ae−1, ae, ae+1, ae+2, ... In words, this is
a double bit error event where the first error occurs at some arbitrary bit location ae and the second error
occurs with the following bit ae+1. In this case, it is easily verified from Fig. 2 that the precoded symbol
sequences satisfy ±γ2, where γ2 = αTx −αRx = ..., 0, +1, +1, 0, ... resulting in squared distance d2

2.
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Table 1: Range of distance values in the set {d2
2,l} for the 2-state SOQPSK detectors.

Configuration min
l

{
d2

2,l

}
max

l

{
d2

2,l

}
MIL-MF (d2

0 = 1.73) 2.00 2.00
MIL-PAM (d2

0 = 1.73) 2.83 3.03
TG-PT (d2

0 = 1.60) 1.71 2.23
TG-PAM (d2

0 = 1.60) 2.57 3.35

G. Probability of Bit Error

The PT and PAM approximations discussed earlier result in mismatched detectors [11, 12], i.e. the
detector is no longer matched to the transmitted signal. When the 4-state PT detector is used, the distance
is slightly influenced by the values of the bits surrounding the error event on each side, {ae−k}3

k=0 and
{ae+k}5

k=3. This results in a set of distance values {d2
0,l}63

l=0 that are clustered around the value d2
0 = 1.60

and range from 1.38 to 1.77. The methods for calculating these distances are discussed in [11, 12, 18]
Taking this behavior into account, the final expression for the union bound on the bit-error probability

of the 4-state detectors is

Pb,4 ≤
1

|d0,l|
∑
{d2

0,l}

Q

(√
d2

0,l

Eb

N0

)
+

1

|d1,l|
∑
{d2

1,l}

Q

(√
d2

1,l

Eb

N0

)
(13)

where Eb/N0 is the bit energy to noise ratio, | · | denotes the cardinality (number of elements) of a given
set, and

Q(x) =
1√
2π

∫ ∞

x

e−u2/2du. (14)

For example, with the MF detector for SOQPSK-MIL, we have singleton sets of d2
0 = 1.73 and d2

1 = 2.36,
so (13) simplifies to a summation of only two terms. In the case of SOQPSK-TG, (13) contains the 128
terms in {d2

0,l}63
l=0 and {d2

1,l}63
l=0 that are clustered around the values d2

0 = 1.60 and d2
1 = 2.59.

For the 2-state detectors, the bit-error probability is the same as that of the 4-state detectors but with
an additional summation, i.e.

Pb,2 ≤ Pb,4 +
1

|d2,l|
∑
{d2

2,l}

Q

(√
d2

2,l

Eb

N0

)
(15)

From Table 1 we observe that, with all four of the 2-state configurations, the distances in {d2
2,l} exceed

the value of d2
0, i.e. the minimum distance is not worsened by the 2-state detectors. This means that the

2-state detectors each have a performance that is asymptotically equivalent (large Eb/N0) to their 4-state
counterpart. The second observation from Table 1 is that the PAM-based detectors have values in {d2

2,l}
that are far greater than d2

0, while the MF and PT detectors have values that are relatively close to d2
0;

thus, even for moderate ranges of Eb/N0 we would expect the PAM-based detectors to have performance
identical to the 4-state detectors, while the MF and PT detectors should have minor losses for moderate
values of Eb/N0. These expectations are borne out in the simulation results we present next.
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Simulation Results

There are two modulation types (SOQPSK-MIL and SOQPSK-TG), two trellis sizes (2-state and 4-
state), and two branch metric types (MF or PT, and PAM) that have been discussed above. This yields
a total of eight detector configurations. Fig. 4 shows performance curves for the four SOQPSK-MIL
and SOQPSK-TG configurations. In the low Eb/N0 region of the figure, the 2-state union bounds given
by (15) are not necessarily tight with respect to the simulation points (shown as points only, with no
connections between points); however, the union bounds and the simulation points show close agreement
rapidly as Eb/N0 increases. Furthermore, the results anticipated in the previous section are confirmed. The
2-state PAM-based detector shows no observable degradation with the 4-state detector (across the entire
simulation range of Eb/N0), while the 2-state MF-based detector shows a slight performance degradation
that narrows and is near zero at the large end of the simulated Eb/N0.

Conclusion

We have successfully developed 2-state detectors for SOQPSK-MIL and SOQPSK-TG using pulse
amplitude modulation (PAM) and pulse truncation (PT) techniques. Using performance analysis, we have
shown that these 2-state detectors each have performance that is asymptotically equivalent to their 4-state
counterparts. This is a satisfying result due to the minimal 2-state level of complexity achieved by these
detectors. These simple detection schemes are applicable in settings where high-performance and low
complexity are needed to meet restrictions on power consumption and cost.
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ABSTRACT 

Cognitive radio is a reasonably new branch of research aimed at more fully utilizing the RF 
spectrum.  This is accomplished by allowing wireless communication systems to dynamically 
choose a frequency band, and a modulation technique, based on the current state of the RF 
spectrum as perceived by the cognitive radio network.  This paper will give a brief introduction 
of cognitive radio networks, and describe a hardware platform designed at the IFT/UMR 
Telemetry Learning Center.  The test-bed will accommodate future research into cognitive 
networks, by allowing the user to dynamically change both its carrier frequency and modulation 
technique through software.  A general description of the design of the platform is provided. 
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INTRODUCTION 

Current wireless communication systems are restricted in the bands they can transmit over and 
the modulation schemes they can use.  These restrictions mean that, as demands increase on 
wireless system performance, there is not enough bandwidth in a system’s portion of the 
spectrum to meet those demands.  For example, cell phones now come with the ability to access 
the internet, but the connection speeds are slow due to the limited spectrum that cell phones are 
allowed to operate over.  However, a large portion of the spectrum is not being used in any given 
geographic location, including portions of the spectrum that are licensed, but not being utilized.  
The most notable example of this underutilization is the UHF television bands (Channels 14 to 
83), many of which are never used in a given location [1].  If new wireless communication 
systems could determine which of these licensed bands are not being used and establish 
communication over them, it would solve the bandwidth problems of many wireless systems and 
better utilize the RF spectrum.  This type of system is called a cognitive radio system. 

A cognitive radio system would be able to scan the RF spectrum to determine the portions of the 
spectrum that are not being utilized (called white spaces) and then establish communication with 
one or more other radios over those bands.  They would also be able to change their modulation 
technique and power level to optimally use the RF spectrum.  However, current wireless systems 
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use application specific hardware to communicate over specific frequencies with a specific 
modulation technique.  Therefore, cognitive radios would need a new system that would perform 
most of the signal processing in software, thus allowing the system to dynamically change its 
carrier frequency and modulation scheme based on the current utilization of the spectrum.  Such 
systems are called Software Defined Radios (SDR).  Software Defined Radios first convert a 
received signal to an intermediate frequency and then use a wideband analog to digital converter 
to capture a large portion of the spectrum.  This data is then passed through a digital down 
converter to extract the desired band and convert it down to base-band and sent to a DSP or 
general purpose processor for processing [2,3,4,5]. 

EXISTING SOFTWARE DEFINED RADIO PLATFORMS 

There are already SDRs in existence and in development.  Two such systems are the military’s 
Joint Tactical Radio System (JTRS) and a system called the Universal Software Radio Peripheral 
(USRP) designed by Ettus Research.  The JTRS is a system still under development to replace 
the military’s existing radio systems, many of which are unique to a certain branch of the 
military and incompatible with other branches.  The JTRS is a software defined radio meant to 
replace all legacy radio systems and bring compatibility between the branches’ communication 
systems.  The JTRS consists of several platforms designed to meet a particular operating 
environment, such as platforms for ground troops, planes and ships.  These platforms are all 
SDRs and are loaded with software to determine which bands they can operate over.  However, 
these systems are not used for cognitive radio.  They simply change software to communicate 
over established protocols [6,7]. 

The USRP, however, is designed for research into different types of wireless communication.  
The system consists of a main board which communicates over USB to a computer and has slots 
for up to 4 daughterboards, which act as the RF front end for the system.  The main board 
handles the analog to digital and digital to analog conversion of the signals (with an operation 
bandwidth of up to 16 MHz) and communication with a computer.  The portion of the spectrum 
the device can transmit and receive over is determined by which daughterboards are used with 
the system, but can range from DC to 2.9 GHz [8]. 

COGNITIVE RADIO PLATFORM 

SDR Overview 

The general design of SDR developed at the IFT/UMR Telemetry Learning Center is shown in 
Figure 1.  This SDR is capable of scanning the RF spectrum from 1 GHz to 2 GHz with center 
frequencies in steps of 33.333 kHz with a bandwidth of 50 MHz.  On the transmitting side, the 
SDR can transmit over the same range of frequencies, but with a bandwidth limited to 32 MHz.  
On both the transmitting and receiving side of the SDR, the signal processing is done by digital 
signal processors (one DSP for transmitting, one for receiving).  This allows the system to 
dynamically change its center frequency and modulation schemes by simply changing the 
software in the DSPs.  Finally, a microcontroller is used to tie the two DSPs together and allow 
for USB communication with either a computer or a USB peripheral. 
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Figure 1: System Overview 

 
Receiver RF Front End 

On the receiver end, signals are collected through a broadband antenna capable of receiving 
signals from 100 MHz to 2 GHz.  The received signal then goes through a low noise amplifier 
(LNA) with a fixed 20 dB gain and a variable gain amplifier (VGA) capable of amplifying up to 
a gain of 60 dB.  From there, the signal goes into an I/Q demodulator which will down-convert 
the signal to base-band and output the I and Q component of the down-converted signal.  These 
output signals then go through low pass anti-aliasing filters with a 25 MHz cutoff frequency 
before going to the analog to digital converters. 

The carrier frequency input for the I/Q demodulator is provided by a voltage controlled oscillator 
capable of outputting frequencies from 1 to 2 GHz.  This VCO is controlled by a fractional-N 
frequency synthesizer capable of controlling VCOs up to 4 GHz.  A PLL loop between the 
frequency synthesizer and VCO ensures an accurate input to the I/Q demodulator. 

Transmitter RF Front End 

The RF front end on the transmitter side receives differential current outputs from two digital to 
analog converters used for the I and Q components of the signal to be transmitted.  These 
differential current outputs are converted to single ended voltage signals through an op-amp 
circuit and passed through a 25 MHz cutoff reconstruction filter to remove any harmonics from 
the DACs.  These signals are then converted back to differential and passed into an I/Q 
modulator to up-convert the signal to the desired carrier frequency.  The same PLL loop as used 
in the receiver front end is used to generate the input to the I/Q modulator.  The output of the I/Q 
modulator goes through a variable gain amplifier to adjust the output power for the transmitter. 
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Analog to Digital Conversion 

After the received signal has been down-converted and separated into I and Q components, each 
component goes into its own differential analog to digital converter.  The two ADCs operate off 
the same 50 MHz clock to provide 50 MSPS taken in phase with each other.  This provides a 
maximum bandwidth of 50 MHz.  After conversion, each ADC output goes into a digital down 
converter to down-sample the signal, if desired, to get the necessary portion of the spectrum with 
a slower sampling rate to reduce the level of processing needed at the digital signal processor.  
Each of the DDCs have both I and Q parallel outputs, so it is required to combine the outputs of 
the two DDC into just one I/Q pair to input into the DSP.  For this, a FPGA is used to perform 
the parallel addition and subtraction needed to remove this portion of the processing from the 
DSP. 

Digital to Analog Conversion 

The digital to analog conversion on the board is done using two 32 MSPS digital to analog 
converters with differential current outputs and 4x interpolation filters.  Each DAC is used for 
the I and Q components of the desired output signal.  These DACs are clocked through a timer 
output from the transmitter DSP, which allows for a variable sample rate so the transmitter DSP 
can generate fewer samples per second for a lower bandwidth signal.  The 4x interpolation filters 
on the DACs help to smooth the signal and reduce the harmonics present from the digital to 
analog conversion.  The current outputs of the DACs are then converted to voltage signals in the 
transmitter RF front end. 

Signal Processing 

To perform the large amount of signal processing potentially necessary for a cognitive radio 
application, a Texas Instruments C5502 digital signal processor was selected.  There are two 
DSPs in the system, one for the transmitting side of the radio and one for the receiving side.  The 
C5502 was selected because it is a fixed point DSP, which means faster calculations than a 
floating point DSP, and it is available in a quad flat pack package, which means it can easily be 
soldered onto the PCB by hand.  It was also chosen because it is the fasted of the C5000 series of 
DSPs, capable of operating at 300 MHz. 

The DSPs control the RF front ends for both the transmitter and receiver.  On the receiver side of 
the radio, the DSP controls the carrier frequency by communicating with the frequency 
synthesizer through SPI communication.  It also controls the gain of the VGA through a serial 
DAC via SPI communication and the digital down converters through parallel communication.  
On the transmitter side, the DSP controls the carrier frequency as it does on the receiver side.  It 
also controls the sampling rate of the DACs through a timer output of the DSP that acts as the 
clock input of the DACs, which get their data via parallel communication from the DSP.  Finally, 
the output power of the transmitter is controlled by the transmitter DSP by adjusting the gain on 
the VGA on the transmitter side. 

Microcontroller and USB 

The microcontroller on the SDR acts as a go-between for the DSPs and a computer connected via 
USB.  A USB controller handles the low level USB communication protocols and is connected 
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to the microcontroller via a SPI connection.  Data sent from the computer is directed at either of 
the DSPs or at the microcontroller and the microcontroller will either transmit the data on to the 
correct DSP, or it will handle the data as needed.  A LabVIEW GUI was created for the 
computer side of the USB connection to transmit data between the computer and SDR.  This 
GUI is shown in Figure 2.  The SDR can both transmit and receive both control and bulk 
transfers and it can transmit data to the computer via an interrupt transfer. 

 
Figure 2: LabVIEW GUI for USB Communication 

 
The microcontroller is also connected to an LCD display in order to display pertinent 
information to the user. 

Testing 

At the time this paper was written, testing had just begun on the hardware and no performance 
data was available.  In order to test the system, several SMA connectors were placed on the 
board to examine signals as they passed through the various stages of the RF front ends.  The 
systems will be verified by examining signals as they pass through the front ends and confirming 
that the hardware is working as expected. 

CONCLUSION 

Cognitive radios are an answer to the increasing demands of wireless communication systems 
and the problems that they have with limited spectrum due to government regulations.  By being 
able to dynamically change their carrier frequency, modulation scheme and power levels based 
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on information gathered from the RF spectrum, cognitive radios will be able to better utilize the 
spectrum and thus will be able to give better throughput than current wireless technologies.  
However, there are several problems that must be overcome before cognitive radios will be able 
to communicate over licensed bands without interfering with the licensed user.  In order to test 
solutions to these problems, a hardware platform is required.  The software defined radio 
presented in this paper is just such a platform.  By having digital signal processors perform the 
majority of the signal processing and having RF front ends that can change their carrier 
frequency, the SDR can dynamically change the carrier frequency, modulation technique and 
power level of transmission.  It can also scan the RF spectrum over its 1 to 2 GHz range to 
determine the current utilization of the spectrum and, with the correct software, make decisions 
based on that information as to how to best establish communication with one or more other 
cognitive radios. 
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APPENDIX A: SDR PICTURE 

 
Figure 3: Picture of SDR 
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APPENDIX B: SELECTED SCHEMATICS 

 
Figure 4: Receiver RF Amplification 

 

 
Figure 5: Digital to Analog Converter 
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Figure 6: Analog to Digital Converter 
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ABSTRACT

This paper considers the use of Amplitude-Phase Shift Keying (APSK) for a telemetry system.
Variable rate turbo codes are used to improve the power efficiency of 16- and 32-APSK. We discuss
compensation techniques for power amplifier nonlinearities. Simulation results show the improved
spectral efficiency of this modulation scheme over those currently defined in telemetry standards.
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INTRODUCTION

The classical tradeoff in a wireless communication system is between power efficiency, spectral
efficiency, and complexity. The use of error-correcting codes improves power efficiency (cod-
ing gain) at the expense of decreased spectral efficiency and increased complexity [1]. Higher
order modulation increases the size of the signal set to improve spectral efficiency but causes a
decrease in power efficiency and requires greater complexity [2]. The designer of a telemetry sys-
tem must consider the available power, bandwidth, and computational resources in order to satisfy
constraints on bit rate and bit-error rate (BER).

Turbo codes have been an important focus of research since they were first proposed in [3] be-
cause they produce coding gains that approach the Shannon limit. Although the original design
was based on the parallel concatenation of convolutional codes (PCCC) [4], serially concatenated
convolutional codes (SCCC) have also been considered [5]. In addition, analysis and simulation
have produced useful results in code design [4], [6], interleaver design [4], and puncturing [7].

Combining error-correction coding with higher order modulation has also been investigated. Unger-
boeck first proposed a technique called trellis-coded modulation (TCM) in [8] in which codewords
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are mapped to signals in an expanded signal set. This technique provides coding gains to improve
power efficiency but without a corresponding loss in spectral efficiency. Zehavi later proposed
a simpler technique which came to be known as bit-interleaved coded modulation (BICM) and
showed that this technique performs almost as well as TCM over an additive white Gaussian noise
(AWGN) channel and outperforms TCM over a Rayleigh fading channel [9], [10]. This technique
inserts an interleaver between the binary encoder and the signal mapper and uses soft detection at
the receiver.

Amplitude-phase shift keying (APSK), recently included in the ETSI second generation Digital
Video Broadcasting (DVB-S2) standard [11], is almost as spectrally efficient as corresponding
quadrature amplitude modulation (QAM) constellations assigned to a square grid [12]. APSK also
has the advantage of being more resilient to channel AM/AM and AM/PM nonlinearities since the
constellation points lie on concentric circles [13].

In this paper we present a system for aeronautical telemetry that maps the output of a binary
turbo encoder through BICM to a 16- or 32-APSK constellation and transmits over an AWGN
channel. At the receiver we use a soft demodulator followed by an iterative decoder. Simulation
results demonstrate the performance of this system which is compared to systems defined in the
current ARTM Tier 0 and Tier 1 telemetry standards. The next section includes a high-level system
overview. Afterwards, we define the error-correcting turbo code and corresponding encoder and
decoder designs. We then discuss the APSK constellations used and specify the soft demodulator
employed by the receiver. Simulation results are presented later and conclusions are drawn in the
last section.

SYSTEM DESCRIPTION

A telemetry system is used to transmit data from a transmitter to a receiver. Our proposed system
is illustrated in Figure 1. A stream of bits is input to the transmitter and passed to a rate k/n turbo
encoder which adds redundancy to the bitstream by generating n output bits for every k input bits
(k/n < 1). The output of the encoder is then permuted by a random interleaver. This permuted bit-
stream is passed to the APSK modulator which divides the bits into blocks of 4 bits for 16-APSK
or 5 bits for 32-APSK. Each block of bits is mapped to a signal in the 16- or 32-APSK signal set
represented by the constellations shown in Figures 5 and 6 respectively. The signal is transmitted
wirelessly over a channel to the receiver. For the purposes of this paper we assume that there is an
additive white Gaussian noise (AWGN) channel between the transmitter and receiver.

At the receiver, the signal goes through a soft-demodulator. Rather than producing a maximum
likelihood bit decision, the soft-demodulator generates a bit metric for each bit. For the ith bit, the
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Figure 1: Block diagram of a turbo-coded APSK system.

demodulator calculates p(r|bi = 0) and p(r|bi = 1). These bit metrics are deinterleaved and fed
into the turbo decoder which calculates an estimate of the transmitted bits. This illustrates the need
for the bit-wise interleaver between coding and modulation. If a bad symbol is received, several
consecutive bits may be corrupted at the output of the demodulator. After the deinterleaver, these
bits are likely no longer adjacent and the decoder is more able to recover the corrupted data. This
becomes even more important in the case of fading channels so that adjacent bits in the coded
bitstream experience uncorrelated fades.

TURBO CODE

A turbo encoder based on the PCCC concept is illustrated in Figure 2. A single stream of bits is
input to the encoder and three streams are produced at the output. The first output stream is a direct
copy of the input stream. The second and third output streams are generated by recursive system-
atic convolutional (RSC) encoders. An example of an RSC encoder is shown in Figure 3. The
code is called “recursive” because it includes a feedback path. Codes of this type are analogous to
infinite impulse response (IIR) filters. It is called “systematic” because the input stream appears in
the output stream as shown in Figure 2. The code is called “convolutional” because the encoder
structure in Figure 3 looks like a filter.

The encoder shown in Figure 2 is a rate 1/3 encoder. In other words, for every bit input to the
encoder, three bits are output. The code rate can be increased by puncturing some of the out-
put bits. In order to maintain the systematic nature of the code, only bits in the second and
third streams can be punctured. For example, without puncturing, the output stream would be
v = {(v0

0, v
1
0, v

2
0), (v

0
1, v

1
1, v

2
1), . . .}. If the even blocks included only the second stream and odd
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Figure 2: Block diagram of a turbo encoder.
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Figure 3: Block diagram of the RSC used in the turbo encoder.

blocks included only the third stream, the code rate would be 1/2 and the output would be v =

{(v0
0, v

1
0), (v

0
1, v

2
1), . . .}. At the receiver, bit metrics can be inserted where bits have been punctured

that assign equal likelihood to a 0 and a 1.

The decoder for a PCCC turbo code is shown in Figure 4. The decoder uses two maximum a
posteriori (MAP) detectors based on the BCJR algorithm [14]. Each of the detectors computes an
estimate of the transmitted bits and passes information back to the other. This process continues
for a specified number of iterations. On the first iteration, the first MAP detector is given an initial
prior distribution on the transmitted bits. Since the receiver does not have prior knowledge of the
transmitted bits, the prior distribution is p(bt = 0) = p(bt = 1) = 1/2. The detector then calculates
an estimate of the transmitted bits based on the first and second streams of bit metrics. Extrinsic
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Figure 4: Block diagram of a turbo decoder.

information derived from the code is then used as an initial prior distribution for the second MAP
detector. The second MAP detector then calculates an estimate of the transmitted data based on
this prior distribution and the first and third streams of bit metrics. This detector then passes the
extrinsic information to the first MAP detector as a new prior distribution. After the specified num-
ber of iterations has passed, the second MAP detector computes a posterior probability for each
transmitted bit given the entire received signal, p(bi = 0|r) and p(bi = 1|r).

By introducing redundancy into the transmitted bitstream, the receiver can recover data that has
been corrupted by noise. Thus, the system can achieve a given BER with a lower signal-to-noise
ratio (SNR) than an uncoded system. However, there is a corresponding rate loss because more
coded bits must be transmitted than the uncoded information bits. Various coding gains and rates
can be achieved using different puncture patterns. These turbo codes can greatly improve the power
efficiency of the APSK modulation used in our telemetry system.

AMPLITUDE-PHASE SHIFT KEYING

Amplitude-phase shift keying was proposed in [12] for use in a satellite communication system
due to its increased spectral efficiency over phase shift keying (PSK). It has also been shown that
APSK is well-suited for use over a nonlinear satellite channel [12], [13]. Since all of the constel-
lation points lie on concentric circles (see Figure 6), the transmitter may pre-compensate for the
power amplifier AM/AM and AM/PM nonlinearities. In this paper, we leave pre-compensation to
future study and use only a constant back off at the transmitter to drive the power amplifier in a
linear range. We show in our results section that this is an appropriate technique.
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Figure 6: 32-APSK constellation as defined in [11].
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The receiver in our telemetry system uses a soft-demodulator as discussed previously. A typical
maximum-likelihood hard decision detector for APSK uses a filter matched to the pulse shape to
project the received signal onto the signal space spanned by the APSK signal set. This projec-
tion can be represented by a point on Figure 6. The maximum-likelihood detector would then
find which constellation point is closest in Euclidean distance to the received point and output
the bits corresponding to that signal. However, the turbo decoder performs much better if it is
given a stream of bit metrics rather than hard bits. The bit metrics must be calculated by a soft-
demodulator as p(r|bi = 0) and p(r|bi = 1). Since we assume the channel adds Gaussian noise,
we can calculate the density function given that the symbol sj was transmitted, p(r|sj), by using
the constellation point for sj as the mean in the Gaussian pdf. In order to calculate p(r|bi = 0)

the demodulator must add together p(r|sj) for all sj that have a zero in the ith position. Similarly,
p(r|bi = 1) =

∑
sj∈A1

i
p(r|sj) where A1

i is the set of constellation points that have a one in the ith
position.

For our telemetry system, we use a pseudo-Gray mapping to assign blocks of bits to APSK con-
stellation points as defined in [11]. For the 16-APSK constellation shown in Figure 5, we let
ρ = r2/r1 = 2.57, φ1 = π/4, and φ2 = π/12 also as defined in [11]. Similarly, for the 32-APSK
constellation shown in Figure 6, we let ρ1 = r2/r1 = 2.53, ρ2 = r3/r1 = 4.30, φ1 = π/4,
φ2 = π/12, and φ3 = π/8.

RESULTS

We have simulated the performance of our proposed telemetry system using both 16- and 32-
APSK and various turbo code rates. For our simulations, we use blocks of 10000 bits with the
same size random interleaver in the turbo encoder. The RSC used is the 16-state code shown in
Figure 3. The BICM interleaver is also randomly generated but the interleaver size depends on
the code rate. The turbo decoder runs for 10 iterations. We use a rate-compatible puncture pat-
tern to achieve code rates of 1/3, 1/2, 2/3, 3/4, 4/5, 7/8, and 8/9. For each of our simulations,
we generate 500 blocks of 10000 bits and measure the BER performance at several different SNRs.

For each code rate and each APSK modulation, we find what SNR is necessary to achieve a BER
of less than 10−6. This is a measure of the power efficiency of the system. The spectral efficiency
of the system is k

n
log2(M)
(1+α)

where k
n

is the code rate, M is 16 or 32, and α is the excess bandwidth
parameter for the square-root raised cosine (SRRC) pulse shape. These two values are used to cre-
ate a point on a spectral efficiency plot. Figure 7 shows the spectral efficiency of several uncoded
linear modulations, the current telemetry standards, and turbo coded 16-APSK. Figure 8 is similar
but with turbo coded 32-APSK.
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In order to make a fair comparison between our proposed system and the current telemetry stan-
dards, we need to consider power amplifier nonlinearity. The constant envelope modulations used
in the ARTM Tier 0 and Tier 1 standards are not affected by a nonlinear channel like the linear
APSK modulation is. Whereas current telemetry systems can drive the transmit power amplifier
at saturation, doing so with APSK would introduce significant distortion and bandwidth increase
to the transmitted signal. As mentioned previously, we will only consider using a constant back
off to compensate for amplifier nonlinearity. For example, if a specific amplifier is measured to be
mostly linear if the transmitter backs off 6 dB, we can model this by shifting all of the points in
Figure 8 to the right by 6 dB except those labeled Tier 0 and Tier 1. Notice that the point represent-
ing 32-APSK with a rate 2/3 turbo code is moved from 9 dB to 15 dB, the same power efficiency
as Tier 0 and Tier 1. However, the spectral efficiency of this modulation is more than three times
greater than the current telemetry standards. In other words, for the same bandwidth constraint,
turbo coded APSK can more than triple the bit rate of a telemetry system. Depending on the power
amplifier characteristics, we can back off by a different amount and use a different rate turbo code
to achieve the same power efficiency but much greater spectral efficiency than techniques defined
in the current ARTM standards.

CONCLUSIONS

It is well known that high-order linear modulations are spectrally more efficient than the ARTM
Tier 0 and Tier 1 standards. However, Tier 0 and Tier 1 are immune to the effects of a nonlinear
power amplifier while linear modulations such as APSK are not. To compensate for the amplifier
nonlinearity, a telemetry system using linear modulation must back off in order to drive the power
amplifier in a linear region. This causes a loss in the power efficiency of the system. We have
demonstrated that error-correcting turbo codes can recover the lost power efficiency. Our system,
which uses a turbo coded APSK modulation, significantly outperforms the modulations defined in
ARTM standards. For the same BER, power efficiency, and bandwidth, our system can achieve at
least a three times increase in bit rate. Specific results may be calculated for each power amplifier
with models of AM/AM and AM/PM nonlinearities.
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ABSTRACT

We propose serially concatenated convolutional codes with continuous phase modulation for aeronau-
tical telemetry. Such a concatenated code has an outer encoder whose code words are permuted by an
interleaver, and a modulation, which is viewed as a code and takes the interleaved words as its input and
produces the modulated signal. Since bandwidth expansion is a concern when coding is introduced, we
focus on high rate punctured codes of rates 2/3 through 9/10. These are obtained by puncturing the basic
rate 1/2 convolutional codes with maximal free distance. At the receiver end we use a reduced complexity
iterative decoding algorithm which is essentially a soft input soft output decoding algorithm. These simple
highly powerful concatenated codes produce high coding gains with minimum bandwidth expansion.

INTRODUCTION

In the modern world of communication systems, channel coding has become the most vital means of
satisfying power and bandwidth constraints. For a given spectral efficiency, large coding gains can be
achieved by encoding large blocks of information sequences. The idea is to find a good code with large
block sizes that achieves a required error probability. As stated by most coding theorists, most codes are
good (i.e.) the task of finding a code with an encoder that performs efficiently is simple. The problem
revolves around the complexity associated with decoding the randomly generated code.

The ideal solution to the above setback would be to use concatenated codes. The increase in complexity



Figure 1: Serially Concatenated Convolutional Encoder with CPM

with the quest to find large coding gains and spectral efficiency is overcome by concatenating encoders,
and using an iterative decoding algorithm whose complexity increases only linearly with the block size.
In reality these concatenated codes have become the most popular structures in communication systems.

In this paper we present a serially concatenated convolutional code (SCCPM) [1, 2]. The SCCPM has
an outer encoder serially concatenated to an inner encoder. A basic g1 = 5, g2 = 7 convolutional encoder
is used at the outer part which takes the information sequence as its input and convolves them. A S-random
interleaver [2] is used to interleave the output of the outer encoder. The interleaved sequence of bits is fed
into a continuous phase modulator (CPM) [3], which is viewed as an inner encoder.

As an enhancement to the system built, high rate serially concatenated codes are derived from the ba-
sic rate SCCPM. Puncturing of convolutional codes [4] is employed to significantly simplify the decoding
process. The technique apart from simplifying the decoding process, allows us to implement a rate se-
lectable SCCPM. These turbo-like serially concatenated convolutional codes can be maximum likelihood
decoded using Viterbi algorithm(VA). But because of the large decoding complexity involved, an iterative
decoding technique is employed, where the decoded information symbols are reiterated between the two
decoders. Hence the information passed between the two decoders and the interleaver/deinterleaver is the
additional information associated with the information symbols, because of this standard decoding proce-
dures like VA cannot be used. Instead an algorithm which calculates the a posteriori probabilities of the
associated symbols [5] based on the knowledge of the received sequences is employed.

In this paper we will guide the reader through the design of high-rate (turbo-like) serially concatenated
convolutional codes with continuous phase modulation. We adopt the iterative decoding scheme from [5]
and simulate the performance of high-rate SCCPM.

SERIALLY CONCATENATED CONVOLUTIONAL ENCODERS

The convolutional codes are highly suitable due to their strong coding gains, simplicity in structure
and rate flexibility. The serial concatenation of the convolutional encoder [1] consists of an outer encoder
separated from an inner modulator by an interleaver, [2] as shown in Figure 1. Ideally a rate R = k/n

convolutional encoder is used as an outer encoder. This takes ’k’ bits as its input and produces symbols
of length ’n’ at the output. The generator polynomial of this code are g1 = 5 and g2 = 7, octal repre-
sentation [3]. The order of the symbols produced at the output of the outer encoder is permuted by the
interleaver before they are coded again by a modulation scheme.

The concept of interleaving is very important in forward error correction as interleaving the encoded
symbols provides a form of time diversity to guard against localized corruptions and burst of errors. In this
paper we use S-random interleaver [2] which is used to scramble the order of sequence of numbers (i.e.)



Table 1: Map of Deleting Bits for High Rate Punctured Codes

Coding Rate Constraint Length = 2 N S

1/2 1 (5) 2048 32

1 (7)

2/3 1 0 1536 28

1 1

3/4 1 0 1 1364 26

1 1 0

4/5 1 0 1 1 1280 25

1 1 0 0

5/6 1 0 1 1 1 1230 25

1 1 0 0 0

6/7 1 0 1 1 1 1 1197 25

1 1 0 0 0 0

7/8 1 0 1 1 1 1 1 1168 24

1 1 0 0 0 0 0

8/9 1 0 1 1 1 1 1 1 1152 24

1 1 0 0 0 0 0 0

9/10 1 0 1 1 1 1 1 1 1 1140 24

1 1 0 0 0 0 0 0 0



the sequence of the symbols. This ensures an excellent bit rate and frame error rate performances. With
a serially concatenated convolutional code, the interleaver has some important functions. The interleaver
mainly aims at increasing the hamming weight of the code word which increases the code strength. As
shown in Figure 1 the interleaver permutes the information from the outer encoder to the inner encoder,
thereby associating a weaker (lesser weight) outer code word with a stronger (larger weight) inner code
word. The interleaver also serves to reduce the correlation in information between the outer and inner
decoders which helps to improve the iterative decoding procedure. In this case, the interleaving parameters
are usually carefully selected to match the error correcting capabilities of the codes involved. The size of a
block and the interleaver for a rate 1/2 code are N = 2048 and S = 32 respectively. For higher rate codes
these sizes are given in Table 1. The inner modulator which is viewed as a code takes the interleaved code
words and produces the modulated signal [6].

PUNCTURING

The concept of puncturing allows us to implement a rate selectable encoder/decoder. The punctured
high rate convolutional codes can be obtained from the basic rate 1/2 convolutional codes by periodically
deleting certain bits as per Table 1. Moreover it is a well known fact that the Viterbi decoding is much
simpler for punctured high rate convolutional codes [4]. In this paper we use Table 1 to puncture the basic
rate 1/2 convolutional codes to obtain high rate codes from 2/3 through 9/10. The table gives us a map
which specifies the bits that are to be deleted in order to obtain the high rate punctured codes from the rate
1/2 convolutional code. As an example, let us consider Table 1. For the rate 1/2 code, both the bits of
g1 and g2 are transmitted. With rate 2/3 code being generated from the basic rate 1/2 code, we transmit
the first bit of g1 and g2, but delete the second bit of g1. We continue to transmit the second bit of g2 and
proceed in this manner. This lets us to generate rate 2/3 code from a basic rate 1/2 code. Table 1 also
includes the total number of channel bits N (i.e.) the number of bits being transmitted over the channel
with the corresponding code rate. The important fact that allows puncturing is that even though the coding
gain of these high rate codes decrease with the increase in the code rate, the coding gain is still higher
compared to the uncoded system.

SERIALLY CONCATENATED SYSTEM WITH ITERATIVE DECODING

The concatenated coding schemes yield a sub-optimum decoding scheme based on the iterative use
of a posteriori probability. The block diagram for the serial concatenation of convolutional codes with
SOQPSK and PCM/FM is shown in Figure 2. With reference to the kind of modulation scheme used, the
modulator block in Figure 2 can be either SOQPSK or PCM/FM modulation.

These SISO modules which are shown, are the max log versions of the ones in [5, 7]. The scale factors
of K1 and K2 are used to improve the system performance. These constants K1 = 0.75 and K2 = 0.75

was determined by trail and error method to suit the SOQPSK SISO Decoding. K1 and K2 for PCM/FM
were also determined based on trail and error method. For a full state PCM/FM K1 and K2 takes a value
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Figure 2: Serially Concatenated Convolutional Code with Iterative Decoding

Figure 3: The SISO Module

of 0.65 respectively with rate 1/2 codes. Continuous simulation has proved that a value of K1 = 0.8 and
K2 = 0.8 works well with a rate 2/3 code and higher rate codes for full state PCM/FM.

As seen in Figure 2 there are two SISO modules and the decoded soft decisions are exchanged back
and forth between them for a predetermined number of iterations [5, 6]. The decoded state metrics are
initialized to zero and there are no termination bits which are added in the simulation. The outer codes are
similar to the codes used in [8], which is done to reduce the complexity involved. We perform 5 iterations
before we decode the bits at the output. As seen in Figure 2 the lower input given to the inner CC SISO
module is grounded, in the sense it is made equal to zero with the reason being that the inputs 0 and 1 are
equiprobable. Simlarly the lower input connected to the outer demodulator SISO is also initialized to zero
for the first iteration. From the next iteration onwards the inner SISO is fed back with the soft decisions
from its outer counterpart.

As it can be seen in Figure 3, the SISO is a four port device. It accepts two inputs and produces two
outputs. The inputs are probability distributions of the information and code symbols and the outputs are
the updates of these distributions [5]. In an iterative decoding scheme when a bit interleaver is used instead
of a symbol interleaver, then the a priori probability distributions of symbols can be represented as the
product of marginal distributions of bits.
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SIMULATION RESULTS

The bit error rates simulated are plotted against the signal to noise ratio for all the high rate codes.
The basic BER plot for rate 1/2 code and rate 3/4 code are identical to those found in [7]. The other
plots for high rate codes are obtained with lower complexity and their coding gains are compared from the
simulated bit error rate performance. From Figure 4 it is obvious that as the rate of the system increases
the coding gain decreases. This reiterates the fact that rate 1/2 code has the best performance, but high
rate codes gives us the much needed spectral efficiency along with good coding gains. It is to be noted that
even though we say that the coding gain decreases, the gain obtained is still higher when compared to the
uncoded system. PCM/FM being a spectrally efficient modulation technique, when coupled serially with
convolutional codes provides better spectral performance. As seen in Figure 5 bit error rate of about 10−5

are reached well within 2 dB for rate 1/2 as well as rate 2/3 code.

CONCLUSION

Serially concatenated convolutional codes were developed for higher rates with continuous phase mod-
ulation. The two various forms of CPM namely SOQPSK and PCM/FM were coupled along with a ba-
sic convolutional encoder to form the SCCPM. In this paper we initially described the concept of serial
concatenation of convolutional encoders and later discussed interleaving which was essentially done to
improve code strength and to spread out the code words between the two decoders. Later puncturing was
introduced and a map for deleting suffice bits to obtain high rate codes from basic rate 1/2 was provided.
An iterative decoding algorithm similar to the algorithm explained in [5] was adopted. We have shown
with simulation results that the high rate coded systems achieves optimal performance with TG-STD SO-
QPSK and PCM/FM systems.
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ABSTRACT 
 

The Viterbi algorithm has uses for both the decoding of convolutional codes and the detection of 
signals distorted by intersymbol interference (ISI).  The operation of these processes is 
characterized by a trellis.  An ARTM Tier-1 space-time coded telemetry receiver required the 
use of an irregular Viterbi trellis decoder to solve the dual antenna problem.  The nature of the 
solution requires the trellis to deviate from conventional trellis structure and become time-
varying.  This paper explores the architectural challenges of such a trellis and presents a solution 
using a modified systolic array allowing the trellis to be realized in hardware. 
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Viterbi Algorithm, Trellis, FPGA, Hardware 
 
 

INTRODUCTION 
 
There exists a persistent problem in aeronautical telemetry of data dropouts caused by 
interference due to multiple transmit antennas.  A solution [6] has been proposed and tested to 
reduce data drop outs by using a combination of techniques to mitigate destructive interference at 
the receiver.  A prototype aeronautical telemetry receiver built at Brigham Young University [6] 
implements this solution by using an ARTM Tier-1 modulation (SOQPSK) and Alamouti space-
time encoding for the data.  This receiver also compensates for the spacing of antennas on 
aeronautical test vehicles which introduces a significant delay between the two signals as seen by 
the receiver. 
 
The basic structure of the transmitter and receiver is shown in Figure 1.  The transmitter receives 
blocks of 3200 bits at a time (arriving at 10 Mbits/s) and uses the Alamouti encoding scheme to 
produce two equivalent (but orthogonal) sequences.  Each sequence then has a 128 bit training 
sequence (pilot) inserted with each frame and is transmitted on its own antenna. 
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Figure 1: Block diagram of space-time coded system 

 
The receiver can receive one or both signals and samples the 70 MHz IF at 93.3 MHz.  This 
operation coupled with an aliasing digital down converter (not shown explicitly) centers the 
signal at the quarter sampling rate (23.3 MHz).  After the signal is resampled to four samples per 
bit, the signal is sent through a frequency domain correlation that will detect the position of the 
pilots in the signal.  Once the position of the pilot is known, it is used to determine the frequency 
offset, the time delay between the two received signals, and the channel gains.  The frequency 
offset is removed and the signal is then interpolated down to one sample per bit.   
 
The decoder for the receiver uses a Viterbi trellis decoder for bit detection.  However, the 
combined effects of the offset nature of SOQPSK, the Alamouti space-time code, and the 
differential delay result in a trellis that has unique challenges for hardware implementation.  
With these added complexities, the trellis becomes time-varying.  This new time-varying trellis 
differs from a conventional one in two ways: the number of states in each stage varies and the 
transition pattern in between each stage is different.  These two irregularities make it difficult to 
apply conventional trellis hardware architecture because signal routing increases in complexity.  
The modified systolic array implementation chosen and presented here has proven its 
effectiveness in meeting the high performance requirements of our telemetry receiver. 
 
 
 
 



 3 

BACKGROUND 
 
A conventional trellis (see Figure 2) exhibits two favorable attributes for hardware 
implementation.  The first occurs when the number of states in each stage of the trellis remains 
the same.  The example in Figure 2 shows a trellis where there are four states in each of the 
seven stages.  The second advantage stems from the repetitive transition pattern in between 
stages of the trellis.  Traditionally, the two regularities allow for a variety of traditional 
architectural approaches to be considered.  The trellis in our receiver, however, does not enjoy 
the same benefits as those in a conventional trellis.  It can be seen in Figure 3 that the number of 
states varies as well as the transition pattern between stages.  There is an additional trellis state 
diagram when the delay between the two received signals is negative (not shown).  It has the 
same number of states and stages but it has different transition patterns than that shown in Figure 
3.  In most traditional implementations, the architectures do not map well to a time-varying 
trellis because of speed limitations and complications in signal routing.  A few implementations 
are summarized here to illustrate. 
  

11
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00
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Figure 2: Example of a conventional trellis 

16 16 32               64                128              128 64                32 16
States in each stage

0 1 2                   3                  4                  5 6                  7 8  
Figure 3: Space-time coded trellis 
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Serial and parallel implementation as illustrated in Figure 4, are two basic approaches for trellis 
implementations.  In a serial implementation [1], the states are generally computed sequentially, 
one at a time.  This makes for simple operation and has the smallest hardware utilization of any 
architectural approach.  However, since the nodes must be processed sequentially, the number of 
nodes in the trellis can easily overwhelm the single processing element and diminish its 
throughput (as is the case in our trellis).  In a parallel approach [2], all the states of a stage are 
computed at the same time.  This approach increases hardware usage, but with the added benefit 
of higher throughput.  Several complications arise, however, when using a parallel approach with 
our trellis.  Memory is now required and several ports might be needed depending on the number 
of parallel nodes.  Since the transition patterns are not regular, intermediate results need to be 
stored and retrieved at the same time.  In addition, our trellis has a varying number of states 
making the parallel implementation difficult.  If the implementation used fewer than 128 nodes, 
it would have to iterate in each stage.  If the implementation used 128 nodes or more, several 
nodes would remain idle during most stages and not be utilized efficiently. 
 

(a) Serial Execution (b) Parallel Execution  
Figure 4: Serial and parallel approaches 

 

An additional architectural approach uses a pipeline cascade [1] which was later called the 
Canonic Cascade Viterbi Decoder (CCVD) [3].  This architecture has shown a high rate of 
efficiency in its hardware utilization. Unfortunately, the time-varying nature of our trellis would 
complicate the control and routing of this architecture. 
 
The systolic array architecture [4] [5] represents the closest architecture to our implementation 
than any other previously mentioned.  This architecture assigns one processing element to the 
four states in each stage when applied to the example in Figure 4.  Figure 5 shows how the 
execution pattern is carried out.  The first and second iteration only execute nodes A and B.  On 
the third iteration, however, two states are computed (nodes C and E) in parallel.  This type of 
execution pattern is continued until the end of the trellis and the outputs are used for the next 
iteration of the trellis.  This architecture eliminates the need to store intermediate results in a 
RAM (such as the case in a parallel implementation).  It can also reduce the amount of time that 
processing nodes stand idle.   
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Figure 5: Systolic array approach 
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PROBLEM 
 
In Viterbi algorithm hardware implementations, three main computational blocks are used for its 
realization: a branch metric generator (BMG), a survivor path memory unit, and an add-
compare-select (ACS) block.  These basic computational units can be seen in Figure 6.  For 
every state, a branch metric must be generated requiring a BMG block with the appropriate 
bandwidth.  The survivor path memory unit runs at the end of each pass through the trellis to 
produce the lowest path cost through its branches.  The BMG and survivor path memory unit are 
simplistic and rarely create a bottleneck for throughput and performance of the decoding process.  
The ACS block, however, limits performance because of the magnitude of computation required 
and also its inherent data dependencies.  The trellis must compute one ACS computation for 
every state of every stage.  In high throughput applications, the ACS block becomes the critical 
bottleneck in the system because of its computational volume and dependencies.  The 
dependencies are caused by the fact that the input of stage k depends on the output of stage k-1.  
In addition, the first stage depends on the output of the last stage of the trellis, limiting the rate at 
which a new iteration can begin.  Therefore, the performance of a trellis and its architecture are 
determined by the placement, speed, and organization of the ACS blocks. 
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Figure 6: Basic hardware blocks for trellis 

 
The major obstacles in the construction of the trellis in our telemetry receiver are the 
arrangement and connection of the ACS blocks.  As mentioned above, the trellis is irregular 
because of the varying number of states per stage and the differing transition patterns throughout 
the trellis.  The number of nodes as well as the throughput requirement of the receiver makes the 
implementation of such a trellis challenging. 
 
The nature of this project allowed the hardware implementation of the trellis to reside on a single 
field programmable gate array (FPGA).  Implemented on a Xilinx Virtex II Pro (XC2VP50) with 
23,616 slices and a -7 speed grade, the design was clocked at 206 MHz.  Using this FPGA, the 
major obstacles in creating a hardware implementation of the trellis were the routing of signals 
between ACS blocks and latency of the architecture.  The difficulty in routing stemmed from the 
irregular transitions between states, the dual set of transitions caused by the differential delay, 
and the varying number of states in each stage.  The latency could not exceed a certain length 
because of the throughput requirement of 10 Mbits/s.  Evaluation of these factors led us to use a 
systolic array implementation because of its flexibility to address routing and latency. 
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SOLUTION 
 
The systolic array based architecture made implementation possible by allowing optimization of 
both latency and routing.  The latency became a performance limiting factor due to the recursive 
nature of the trellis and the data rate requirement of 10 Mbits/s.  The systolic array allowed each 
stage of the trellis to be optimized independently whereas other architectures would have 
required the worst case latency for each step.  The routing problem was solved by the ability to 
compartmentalize each transition pattern independently.  This solution caused the hardware 
budget to increase; however, the routing of signals became much easier.  The systolic array 
approach provided the means by which certain aspects of the trellis were optimized to reduce 
both latency and routing. 
 
At 206 MHz, 82 clock cycles became the longest allowable execution time for one trellis 
iteration.  This limit made latency an expensive commodity and was avoided in every case 
possible.  Using the systolic array method, there were two transition stages (one in each trellis) 
that had data dependencies of 64 elements (or 64 clock cycles) apart.  In Figure 3, this 
dependency can be seen in state 0 of stage 6.  This dependency would have made execution 
impossible if one ACS block was assigned to every stage.  However, to maximize throughput 
while minimizing hardware size, we decided to add one ACS block for every 16 states that a 
stage contained.  Figure 7 shows how the ACS blocks were arranged according to the trellis 
diagram in Figure 3.  This modification to the systolic array architecture guaranteed that the 
consumers would not out number the producers and reduced the worst case latency for a stage 
from 64 to 8.  The latency could be further reduced by adding additional ACS blocks at the 
expense of more hardware and lower efficiency utilization.  However, since the number of states 
in each stage is a multiple of 16, assigning one ACS block to every 16 states produced the most 
efficient hardware usage and provided the best reduction in latency for the cost of the hardware. 
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Figure 7: Diagram illustrating ACS block ratio 

 
Since the hardware associated with processing each stage is independent of every other stage, 
computations can be streamlined as data moves through the trellis.  This technique allows the 
critical path to be pipelined more easily than if other architectures were applied.  The pipelined 
structure made it possible to take advantage of the different patterns present in between each 
stage transition.  If all the stage transitions for all stages had to be controlled within a single 
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block, the complexity of the routing would be very difficult.  It would also force the single block 
to function at a less optimum rate than customized blocks for each individual state.  In addition, 
the design time for a single block implementation would be significantly more than a pipelined 
structure as meticulous attention to addressing and latency would be needed. 
 
In our trellis implementation, difficult routing and a long design time were avoided by using the 
flexible systolic array architecture.  The systolic array allowed the transitions in between each 
stage to be separate from all others.  Each set of transitions were encapsulated into a single block 
connected in between each stage.  This provided the benefit of avoiding complicated routing 
structures and increased latency because of complicated switching.  Each set of transitions has a 
particular pattern that can be easily reproduced with a counter and some Boolean logic.  For this 
reason, each transition block was simple to implement as each pattern could be implemented 
independently.  However, if all the patterns were merged into a single block, a complicated 
structure would be required.  Using separate transition blocks eliminated the long design time 
required for a block that encapsulated all of the transition patterns and the complicated routing 
required for such a structure. 
 
 

RESULTS 
 

An attempt to implement a serial architecture to accommodate the trellis in our receiver would be 
impossible with an FPGA.  The clock rate at which a serialized trellis would need to run at to 
keep pace with the data rate would be several gigahertz.  The speed grade of the parts on the 
Xilinx Virtex II Pro does not come close to the speed required for such operation. 
 
Complications arise with a parallel implementation on an FPGA.  By using 16 ACS blocks, the 
hardware could be fully utilized as all stages have a multiple of 16 states.  This would require 31 
iterations of the ACS blocks to complete one pass through the trellis.  However, if the trellis 
operates at 206 MHz, it would only be allowed 2 clock cycles to complete each iteration.  This 
would be extremely difficult to perform in that the add-compare-select generally will take 3 
clock cycles to complete.  This also does not include the time needed to store and retrieve the 
data from block RAMs.  Using 32 ACS blocks would generate the throughput necessary; 
however, the control and routing of signals would have to be carefully orchestrated in order to 
meet timing constraints.   
 
The proposed trellis was fully implemented using the Xilinx Virtex II Pro mentioned previously.  
It has been tested and has been shown to operate correctly.  It took approximately 160 man hours 
to generate the trellis in hardware using Xilinx System Generator 8.1.  At the time of writing, a 
few minor bugs were still present in the hardware; however, they are expected to be corrected in 
the few weeks following submission.  Table 1 shows the hardware utilization statistics.  The 
trellis occupies just over one third of the slices of the FPGA.  Slices are comprised of slice flip 
flops and 4 input LUTs.  There were 61 block RAMs used in the design mainly for the number of 
ports needed for the BMGs rather than the storage size.  High throughput is required and 
therefore to deliver the calculated branch metrics at a rate equal to the speed of the trellis, the 
block RAMs were used generously.  The block multipliers were also heavily needed in that there 
are a total of 30 ACS blocks in the design, each of which uses 2 block multipliers.  Therefore, 60 
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block multipliers were dedicated to ACS blocks and the other 32 were used in the branch metric 
generators. 
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Table 1:  Resource utilization of space-time coded trellis 

 
 

CONCLUSION 
 
We have shown that implementation of a complex irregular trellis detector is possible and 
feasible to implement on a single FPGA.  Of all the conventional architectural methods for trellis 
implementation, a modified systolic array processing method is best for both speed and 
minimization of signal routing.  Further optimization of the implementation is certainly possible 
to increase speed and reduce FPGA fabric usage. 
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ABSTRACT

Asynchronous JavaScript and XML (AJAX) has improved web applications in a way that has 
enhanced performance and made the user experience more like that of a desktop application.  As 
the performance of PCs increases and broadband Internet access is more prevalent, switching 
between web pages is less painful than ever.   One of the biggest advantages of AJAX is the 
ability for a web application to update only a small piece of data without refreshing the whole 
page.  AJAX also allows for piecewise validation of user entry as opposed to the standard form 
entry with which we have become so accustomed.  

This paper describes how AJAX enabled applications are different from classic web applications 
and shows  the advantages and disadvantages from both client  and server sides of an AJAX 
enabled   application.     AJAX   is   not   a   new   technology,   but   rather   a   new   approach   to   web 
applications that uses standards already in place for XHTML, CSS, DOM, XML, and JavaScript. 
It is this new approach that eliminates the full page refresh that was so commonplace and now 
gives web applications the ability to look and feel more like desktop applications.
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INTRODUCTION

AJAX is a buzzword in the world of web applications.  Just about everybody who has been on 
the web within the last couple of years has already been exposed to this technology, and most 
don't even know it.  Anyone who uses Google to search the web for information has been using 
AJAX for quite some time.  Both Google Suggest and Google Maps use this technology.  If you 
haven't tried these tools, try Google Suggest and notice that it updates almost as fast as you can 
type.  Look up your neighborhood on Google Maps and notice that you can zoom in, zoom out, 
grab and drag the map all around without having to refresh the page. That is AJAX at work.  The 
biggest benefit of using an AJAX enabled application is the ability to update only pieces of 
information relevant to the web page without having to refresh the whole page from the server. 
It is this fact about AJAX that allows web pages to be more user friendly, quicker, and gives a 
web application the look and feel of a desktop application.

WHAT IS AJAX AND HOW DOES IT WORK?

The term AJAX (or Ajax) is an acronym that stands for Asynchronous JavaScript and XML. 
AJAX was first publicly used by Jesse James Garnet in February 2005[1].  He used the term to 
describe a suite of technologies he was proposing to a client.   Similar technology was around 
nearly a decade before that, and it is that idea which has grown into AJAX and will continue to 
evolve for years to come.  AJAX incorporates a combination of the following technologies:

● XHTML and CSS – for the look and feel of the Web Application
● The DOM for dynamic display and interactions
● The XMLHttpRequest object to Asynchronously exchange data with a web server
● XML, JSON, preformatted HTML, or even plain text as the format for transferring data 

between the server and client
● JavaScript to bind all the technologies together 

In a standard web application, most user interactions trigger a request to the server where the 
server performs processing.  After the server has completed its processing, it returns an HTML 
page to the client which is then displayed on the user's web browser.  We have all experienced 
the joy of filling out a long form on line and clicking submit to send it to the server only to find 
that you have an error somewhere on the form and must go back to fix it.  

In a world of instant gratification, such as ours, why would users ever want to wait for a server to 
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do what it needs to do when they could be doing other things?  In my example above, the user 
would wait for the server to check out the form and report any errors, then go back and fix those 
errors.   From a user experience standpoint, it would make sense to check the information one 
piece at a time without reloading the whole page so that the user doesn't have to wait for the 
server to check all of the data at one time.   AJAX allows servers and clients to communicate 
through an  intermediate   layer  that   is   invisible  to  the user  and results   in  a  much more fluid 
experience.  

Figure 1: Classic web model vs. Ajax web application model [2]

In  Figure  1   it   can  be   seen  how  an  AJAX  web   application   is   different   than   a   classic  web 
application.  AJAX is responsible for being the intermediary between the client and the server. 
Instead of reloading the web page after each user interaction, an AJAX enabled web page is 
loaded only once at the start of the session.  AJAX changes the interaction between the client and 
the server in terms of what data is actually exchanged and how it is exchanged.  

When AJAX is the intermediary between the client and the server it allows the server to do work 
without the user noticing.   AJAX allows the interaction to become asynchronous, whereby the 
user's interaction is independent of communication with the server.  In the example of filling out 
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a large form on line, each entry made by the user would be validated immediately instead of all 
of the data being verified when the user clicks submit.   This means that every user action that 
would normally be a call to the server is now a call through JavaScript to AJAX.   AJAX then 
determines whether it needs to talk to the server, or in the case of simple data validation, AJAX 
does the work itself.  If AJAX does need to talk to the server, it does so asynchronously using a 
type of formatting (usually XML) to move data between the server and client.

Figure 2: classic synchronous model vs Ajax asynchronous model [2]

In Figure 2 it can be seen that, unlike a classic web application where the user must wait for the 
server's response, an AJAX enabled application eliminates user wait time due the asynchronous 
communication between the user, AJAX, and the server.
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ADVANTAGES WITH AJAX

Probably the biggest advantage of AJAX is the improved user experience that it offers.  It allows 
users to have an overall smoother experience, much like a traditional desktop application.  In fact 
the best thing about an AJAX enabled application is, that as a user, AJAX is invisible and it 
makes the server seem more responsive.  Another advantage of AJAX is that it is supported by 
most major web browsers, thus providing a cross platform application that can be run on most 
Operating Systems.

From the server side of an AJAX enabled application, an advantage includes the ability to update 
information without refreshing the whole page which directly lowers the bandwidth usage.  This 
is due simply to the fact that AJAX allows the server to update small pieces of data to the client 
without having to refresh the whole HTML page and reload all the data.  For instance, if a user is 
watching a status page (50 kB in size) that refreshes twice a second for an hour, that is 6 Mb 
worth of data transferred in an hour.  However, that page might only require 1 kB worth of data 
to update the status fields (100 character buffers of 10 characters each), for a total of 120 kB 
worth of data transferred in an hour.     In this very general example, AJAX would yield a 98% 
reduction in bandwidth usage.

DISADVANTAGES WITH AJAX

One major advantage of an AJAX enabled application, the support of most major web browsers, 
comes with the disadvantage that it does not operate exactly the same across all browsers.  Since 
AJAX relies on JavaScript, it is not uncommon to see JavaScript code that is written twice (once 
for   IE   and   once   for   Mozilla   compatibles).     This   is   a   consideration   with   any   web   based 
application and requires careful programing and testing for optimum operation across platforms. 
Another issue resides with the operation of the back button in regards to a dynamically loaded 
page.   When clicked, the back button could take the user to an unexpected page or clear the 
current   state   of   the   page   they   were   on.     Again,   these   issues   can   be   solved   using   careful 
programming and solid testing practices.

Another   possible   issue   with   using   AJAX   resides   with   the   asynchronous   nature   of   this 
technology.   Network latency needs to be considered when developing an AJAX enabled web 
application   due   to   the   possibility   of   poor   preloading   of   data   and/or   handling   of   the 
XMLHttpRequest object which may result in delays in the interface of the application.
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DEVELOPING WITH AJAX

When  faced  with  developing  a  new product   and  the  challenge  of  writing  a   remote  control 
interface for that product, there are always a number of questions to take into consideration. 
What OS is the application going to be run on?   Does the application need to run on different 
platforms?  What are the minimum requirements of that system to run the application?  Would 
the users have to download extra software to run my application?  What kind of system latency 
is acceptable?   These and other questions all need to be answered when designing any remote 
control interface.  Because AJAX is supported on most web browsers, most users wouldn't need 
to do anything but type in the IP Address for the server that they were looking for and they 
would be up and running.  Since the web application is completely hosted on the server, it does 
not  require a user with multiple computers  in different  locations to  install  software on each 
computer.   All that is required is the computer have a web browser.   Another added benefit of 
running a web application to control a remote device is the tabbing feature.   Many browsers 
provide this feature which allows you to control multiple devices by simply opening more tabs in 
the browser.  All of these benefits are available to any web application.   However, the desktop 
feel and piecewise updating of an AJAX enabled web application make it an attractive option, 
not only from the users standpoint, but from a development standpoint as well.  Unlike desktop 
applications which usually are started from scratch for each new product, an AJAX enabled web 
application and its standard set of web tools enable a rapid development environment that is 
easily built upon and tested.

AJAX AND TELEMETRY SYSTEMS

In the world of telemetry, users have a variety of operating systems which do not run the same 
software.  This is why many telemetry systems have begun to implement HTML servers.  This 
ensures that the client software is a standard, installed software which is compatible with the 
server.  The user does not have to install any custom software to remotely communicate with the 
telemetry   system.     Without   AJAX,   when   changing   parameters   of   the   system   via   the   web 
browser, the user would have to click the submit button to send the entire setup on that page to 
the server.  An AJAX enabled application would allow the user to have each parameter verified 
as they changed them.   AJAX would verify each parameter on the client side, then send the 
change to the server after it passed initial validation.  AJAX can also report to the user through a 
visual cue, such as the parameter flashing green for one second or a pop up message, that the 
command was successfully set on the server.   If the user was monitoring a status page without 
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AJAX, they would either have to manually refresh the page or wait for the refresh timeout to 
happen.  In either case the server would have to resend the entire page of information across the 
network.   Most of these refreshes can only occur once per second.   However, with an AJAX 
enabled application, because it only updates small pieces of information at a time,   the status 
fields can be updated multiple  times per second.   This  gives  the application more real   time 
updates which is a necessity in telemetry applications.

CONCLUSION

While this  paper was more of an overview of  the theory of AJAX, and the advantages and 
disadvantages  of  using  an  AJAX enabled  web application,   I  hope   I  have  presented  enough 
information to give an idea of how AJAX is a useful technology.  That isn't to say that it is the 
best solution to all your programming needs, however it does provide a great set of tools for 
improving web applications in general.  It also opens up web applications to a wider variety of 
remote control solutions that, in my opinion, would not be as attractive without the benefits of 
AJAX.   There is a wealth of AJAX examples for all  platforms on line.     To find examples, 
simply search for “Ajax examples”.
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GLOSSARY OF TERMS

      AJAX Asynchronous JavaScript and XML 
      XML Extensible Markup Language – a general purpose markup language

that allows users to define their own tags, primarily used for data 
sharing across different systems

      JavaScript a scripting language mostly used for client side web development
      HTML HyperText Markup Language – main markup language used for the 

creation of web pages
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      XHTML Extensible HyperText Markup Language – has the same 
expressions and abilities as HTML, but conforms to XML syntax

      CSS Cascading Style Sheets – a style sheet language used to describe
the presentation of documents written in a markup language

      DOM Document Object Model – an object model used for representing 
XML and HTML related formats

      JSON JavaScript Object Notation – a lightweight computer data 
interchange format used for representing objects and other data 
structures

      XMLHttpRequest The key component of AJAX that allows JavaScript or another 
scripting language to transfer XML data from a web server by
independently communicating between the server and client  
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ABSTRACT 

The development of network-based data acquisition systems has resulted in a new architecture for 

supporting flight instrumentation that has the potential to revolutionize the way we test our aircraft. 

However, the inherent capability and flexibility in a networked test architecture can only be 

realized by the flight engineer if a sufficiently powerful toolset is available that can configure and 

manage the system. This paper introduces the concept of an instrumentation configuration and 

management system (ICMS) that acts as the central resource for configuring, controlling, and 

monitoring the instrumentation network.  Typically, the ICMS supports a graphical user interface 

into the workings of the instrumentation network, providing the user with a friendly and efficient 

way to verify the operation of the system. Statistics being gathered at different peripherals within 

the network would be collected by this tool and formatted for interpretation by the user. Any error 

conditions or out-of-bounds situations would be detected by the ICMS and signaled to the user. 

Changes made to the operation of any of the peripherals in the network (if permitted) would be 

managed by the ICMS to ensure consistency of the system. Furthermore, the ICMS could 

guarantee that the appropriate procedures were being followed and that the operator had the 

required privileges needed to make any changes. This paper describes the high-level design of a 

modular and multi-platform ICMS and its use within the measurement-centric aircraft 

instrumentation network architecture under development by the Network Products Division at 

Teletronics. 
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INTRODUCTION 

During the last 3 years, the flight test community has seen a flurry of interest in the development of 

instrumentation networks. Some of this activity is driven by the proliferation of data 

communications networks in the avionics portion of the aircraft and the need to acquire 

measurements from those systems. Some of the more visible activity is related to the creation of 

the iNET project and its goals to standardize instrumentation networks. Primarily, though, the 

interest in developing instrumentation networks is driven by observing the success that 

communication networks in general has had in improving productivity in other application 

domains. Much of that success is made possible by the power and flexibility of this technology; its 

ability to enable rapid dissemination of information and to control processes remotely. An often 

underrated factor in the success of communication networks has been the availability of user-

friendly tools to configure and manage large networks. Distributed networks are inherently a 

complex structure. Without powerful tools to aid in understanding their operation and managing 

the configuration complexity, the productivity gains they bring could be lost in the additional time 

and effort required to troubleshoot and maintain their operation. The same considerations apply 

when we look to applying communication networking technology to the flight test domain. We 

need to bring along the same kinds of tools employed to configure and manage networks in 

commercial applications along with developing specialized tools specific to our flight test 

communities’ needs. 

 

The focus of this paper is to examine the functionality needed when configuring and managing 

flight test instrumentation networks. We will use these requirements to define the architecture for a 

toolset that can be used in the management of an instrumentation network. We then identify 

common network management technologies used in other application domains and how they 

would be applied to flight test instrumentation networks. 

 

INSTRUMENTATION NETWORKS 

The Network Products Division at Teletronics has been involved in the research and development 

of instrumentation networks since late 2002. For a more complete summary of those efforts, see 

our companion paper in this conference [1].  During this ongoing engineering development 

process, we have been providing feedback regarding our experiences to the iNET development 

team in an effort to aid in the overall success of the iNET architecture. Additionally, we have been 

using the recommendations published by the iNET development team to guide our own 

engineering and product development process. Our objective is to realize an aircraft 

instrumentation implementation for networked data acquisition that is consistent with their 

proposed draft architecture. Our approach is tempered by the need to maintain backwards 

compatibility both with our own product lines and with the requirement that the quality of data that 

the flight test engineer obtains from a networked system is not compromised. While the iNET 

effort has made significant progress towards the definition of a Telemetry Network System 

(TmNS), the overall scale of the iNET project has prevented their effort from making any 

significant progress in the area of defining standards for configuration and management to this 

point. This lack of progress is expected to change significantly in the next 12 months as the iNET 

project enters the next phase of standards and protocols definition based on its draft TmNS 

architecture. The Network Products Division expects to contribute to that definition process while 
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defining and building its own management and configuration system based on its existing efforts 

with its iNET-compliant instrumentation architecture. Our goal is to use our existing progress in 

the development of networked instrumentation systems as a test bench for the development of 

instrumentation configuration and management systems. 

 

The overall iNET architecture is quite broad and can be logically partitioned into six systems: 

Telemetry Network System, Peripherals, Network Management, Spectrum Assignment 

Management, Peripheral Configuration Applications, and Peripheral Management Applications. 

The relationship between these systems and the domain physical architecture is as follows: 
 

 

 

Primarily, the focus of the iNET effort to date has been in the definition of the TmNS. For the 

purposes of this paper, we have chosen to concentrate on the issues involved in developing 

software tools for Network Management, Peripheral Management, and Peripheral Configuration. A 

system not defined within iNET, Network Configuration, also plays a role in our architecture. 

Before discussing the specifics of our management system, a brief overview of the elements and 

structure of an instrumentation network is reviewed. For a more complete and in depth discussion 

of this architecture, see [1][2]. 

 

An instrumentation network is defined here as meaning a data acquisition system that uses 

packetized two-way communication links to exchange measurement data and control messages. In 

particular, an instrumentation network compatible with the draft TmNS architecture contains the 

following elements or observes the following rules: 

 

� A network of distributed nodes which communicate using Internet Protocols, either IPV4 

or IPV6 (in the future) 

� A distributed network structure comprised of Switched Gigabit Ethernet (10/100/1000) 

� The use of IEEE 1588 technology for synchronization of time across the network 

� The use of UDP multicast for transport of acquisition data 

� A dedicated RF channel for streaming serial telemetry from each test article 

� A dynamically shared RF channel for all test articles that provides packetized information 

based on a TDMA-enabled OFDM transport link 

� Assignable levels of Quality of Service (QOS) associated to different data streams 

dependent on bandwidth priority, guaranteed delivery or latency needs. 
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� A recorder with an IP interface and simultaneous read and write access to the media. 

� Data acquisition units with an IP interface for configuration and management 

� Use of Simple Network Management Protocol (SNMP)  

 

For more details on the TmNS draft architecture, see [1][2][3]. 

 

ICMS ARCHITECTURE 

The Instrumentation Configuration and Management System (ICMS) is a tool being developed by 

the Network Products Division at Teletronics and is designed to be used by the flight test engineer 

to manage the complexity of the aircraft instrumentation network. It can primarily be defined as a 

collection of software tools sharing a common graphical user interface. Its architecture has been 

defined and influenced by several factors: 

 

1. The iNET Telemetry Metadata Standard is an attempt to define a measurement meta-model 

that is vendor-neutral. During the flight test process, there are different points where 

relevant data is cataloged or created and used to define and configure an instrumentation 

system or analyze the data after it has been collected. The list of instrumentation activities 

that this model is targeted for include Describe Sensor Attributes, Describe Measurements, 

Configure Analog Data Acquisition, Configure Digital Data Acquisition, Publish Bus 

Catalog, Describe Storage of Measurements, Describe Transport of Measurements, 

Describe Topology of Instrumentation System and others. Once these activities are defined, 

they can be transformed using vendor-supplied rules into information compatible with the 

actual hardware or process supplied by the vendor that carries out that task. 

2. The Network Products Division has for the last 3 years worked with Boeing Seattle in the 

development of an aircraft instrumentation network. Much of our experiences in satisfying 

their requirements have directed our efforts in this field. 

3. Teletronics has, for many years, provided its own configuration software solution for 

traditional PCM-based data acquisition systems. During the last 3 years, we have worked 

with Lockheed Martin in the development of an XML-based hardware definition and 

configuration language for use in automating the flow of bus catalog information into our 

software tools. 

4. The Network Products Division team has many engineers experienced in the development 

of hardware and software for telecommunication systems. Our previous experiences in 

developing management software for these systems have influenced our team on the 

importance of certain user interface considerations. 

 

In addition to these factors, other requirements we have imposed on our efforts are listed below. 

Note that for the purposes of this list, the word peripheral includes the TmNS Link Manager, all 

1588 Switches, the recorder, and all conventional TmNS peripherals (data acquisition units or 

gateways). 

 

1. Multi-platform support (particularly Windows and Linux) for the host computer. 

2. Use of XML for direct configuration of peripherals. In particular, all peripherals will 

contain their own XML interpreter allowing for direct instance validation and 
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interpretation. Configuration XML data generated by ICMS will be posted directly to the 

peripheral or switch. 

3. The use of HTML as a visual interface to dynamic parameters. A dynamic parameter is a 

measurement variable that can be modified in real-time (while the peripheral is actively 

collecting measurements). All peripherals will contain an HTTP server that serve HTML 

pages to the ICMS for display and modification by the user. 

4. Similarly, the ICMS will contain its own HTTP server that can serve virtual HTML 

peripheral pages, allowing for a mixed configuration of real and virtual peripherals 

simultaneously. Changes made to a virtual peripheral can be posted at a later time to an 

actual device, or used locally with a functional simulator to allow for system validation or 

measuring network bandwidth utilization. 

5. During configuration of a peripheral, the logic needed to compute actual settings will be 

encoded as embedded JavaScript programs within the HTML pages; the actual execution of 

these scripts will occur on the ICMS host with the results posted back to the peripheral. 

This allows not only the specification of declarative knowledge regarding the configuration 

of a peripheral (for example, the range of a specific parameter), but also procedure 

knowledge (for example, a change in the voltage gain of the sensor produces a specific 

change the offset range). 

6. Actual HTML pages are stored as XSLT stylesheets; this allows for the actual construction 

of the visual appearance of each page to occur on the ICMS host as AJAX translations. In 

fact, the intent is that the configuration pages of any peripheral can be accessed and 

managed using a simple web browser as needed. 

7. A product catalog will act as a knowledge base, containing declarative and procedural 

information regarding the measurement and network properties of any peripheral. Multiple 

catalogs can be used at any one time, and catalog updates can occur independent of ICMS 

software updates. 

8. The ICMS will provide two working level abstractions, one at the structure level allowing 

the assembling of an instrumentation network from physical components, and a second one 

at the measurement level allowing for definition of an instrumentation network from its 

inputs and outputs. 

9. All peripherals will support a command line interface (CLI) similar in function and 

compatible with the CLI used by CISCO on their routers/switches. 

10. Simple Network Management Protocol (SNMP) will be used for interrogating a peripheral 

for its real-time status, and for the management of traps generated by the peripheral when 

user-defined exceptions occur. 

 

The diagram below summarizes the architecture described above. 
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In the following three sections, we focus on providing more discussion and details regarding the 

function of SNMP, XML, and dynamic parameters in the ICMS architecture. 

 

SIMPLE NETWORK MANAGEMENT PROTOCOL 

SNMP is an IETF standard designed to manage distributed systems connected by an IP network. 

All elements of our instrumentation architecture (and TmNS) will use SNMP for remote status 

monitoring and some minimal configuration. Critical events occurring anywhere in the 

instrumentation network will be forwarded to ICMS for immediate user attention in addition to 

permanent records of such events being captured by the flight test data recorder. The capabilities 

exposed thru the use of SNMP are defined by a structure known as a MIB (management 

information base). A MIB defines objects (like an internal temperature sensor reading) and events 

(like overheating). MIB objects are identified using a universal hierarchical numbering scheme. 

Related MIB objects are grouped together by form or function to form a MIB tree. 

 

MIB definitions are written using a subset of the ASN.1 language in plain text files, known as MIB 

files. Textual names (peripheral variables) are also defined in the MIB files for convenient referral 

to MIB objects. Several RFCs specify standard MIB trees for IP, Ethernet, and other common 

networking technology. Private enterprises are allowed to define a proprietary vendor-specific 

MIB tree. All proprietary vendor MIB trees must attach to a global root hierarchy, specified by 

RFC 1065 and maintained by the IANA. Each peripheral from Teletronics contains its own unique 

set of MIBs; all products from Teletronics contain the elements of a vendor-specific MIB tree 

unique to the company. This MIB tree, along with standard RFC MIBs and MIBs defined unique 

to iNET will form the basis for management of the instrumentation network. 

 

The set of standard MIBs supported by ICMS include: 
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RFC 2790 Host MIB 

RFC 2863 IF MIB 

RFC 2011 IP MIB 

RFC 2013 UDP MIB 

RFC 2012 TCP MIB 

RFC 3418 SNMP MIB 

RFC 2273 SNMPv3 Applications 

 

The set of vendor-specific MIBs supported by ICMS are identified by the IANA assigned OID of 

23172 under the enterprise branch of the global MIB tree. Our proprietary tree is defined to have 

the following structure: 

 

Enterprises (1.3.6.1.4.1)

TTCDAS (23172)

MIBModules (1)

Registration (2)

Capability (3)

Conformance (4)

ProdModules (5)

User (6)

Experimental (7)

Compliance (1)

Groups (2)

Objects (1)

Traps (2)

 
 
MIBModules This branch has a flat list of all MIB modules defining our proprietary tree. Each MIB file defines 

exactly one MIB module. 

Registration This branch has a tree of objects whose IDs represent all TTCDAS network product models like 

MnVID-2000, NREC-6000. 

Capability This branch has a tree of objects representing all TTCDAS product models. The definition of each 

object specifies the capabilities of the SNMP agent on a particular multiplexer unit. This tree 

should follow the same structure as the registration tree. 

Conformance This branch is a customary anchor point for compliance and groups sub-tree. Compliance and 

object group definitions are described in RFC1904. 

Compliance This branch has a tree of objects representing all TTCDAS product models. The definition of each 

object specifies the default capabilities of the SNMP agent on a product model. This tree must 

follow the same structure as the registration tree. 

Groups This branch has a tree of object groups and notification (trap) groups, whose definition specifies a 

list of IDs of leaf objects or notifications belonging to a product module. 

prodModules This branch has a tree of object and trap (notification) definitions. 

Objects This branch has a tree of trap definitions. They are organized into sub-trees by product modules, 

like MPPC-500-1 module, MBIM-429-1 module. 

Trap This branch has a tree of trap definitions. They are organized into sub-trees by product modules, 

like MPPC-500-1 module, MBIM-429-1 module. 

User This branch has a tree of customer specific objects and traps. They are organized into sub-trees by 

customer names. 

Experimental Experimental objects and traps which may change dramatically or relocate to other sub-trees in the 

future 
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A SNMP manager is an SNMP network entity that generates requests to retrieve and modify MIB 

objects, receives responses to those requests, and receives event reports from other SNMP network 

entities. A SNMP agent is an SNMP network entity that receives and responds to requests from a 

SNMP manager, as well as generates event reports to a specific designated SNMP manager. The 

ICMS will contain a SNMP manager, while all peripherals will support a SNMP agent. 

 

THE ROLE OF XML 

XML (Extensible Markup Language) is a set of rules for designing text formats that allow you to 

structure information. It guides a software program in presenting, understanding, and manipulating 

information in a uniform manner. ICMS (and the firmware on the peripherals) use XML to 

organize the information each needs to perform its functions. TTC uses several different classes of 

XML instance documents to organize and represent different sets of information relevant to the 

configuration and management of an instrumentation network. A XML Schema is used to validate 

that a particular XML instance document belongs to a specific class. ICMS defines 5 different 

XML Schemas for representing the information used for configuration and management. Each 

class is briefly described below. 

 

� Product Catalog – represents the set of Teletronics network products that can be used to 

build an instrumentation network. Multiple catalogs (including those from multiple 

vendors) can be used as a source of peripherals for the set of measurements needed. ICMS 

uses this information to know what design options can be given to the flight test engineer. 

 

� Network Configuration – represents the actual physical connection of peripherals, 

switches, and devices needed to assemble the instrumentation network. 
 

� Peripheral Configuration – represents the specific programming instructions for each 

peripheral in the network that define its configuration and how data is collected. 

 

� Data Filtering – specifies the rules that define where data is routed within the network. 

 

� Measurements – defines the set of sensor or bus measurements the instrumentation 

network will accomplish. 

 

A small example of an XML configuration instance document for a 1588 switch is shown below: 

 
<TTC> 

 <PROJECT> 

  <HARDWARE> 

   <BOX Name="Switch-1"> 

    <CARD Name="NSW-MAIN" Type="NSW-MAIN" Slot="1" Bus="L"> 

     <SETTINGS> 

      <VLAN Number="1"/> 

      <MANAGEMENT_ADDRESS>192.168.0.0</MANAGEMENT_ADDRESS> 

      <PORT Number="1" Enable="Enabled" Speed="10" Duplex="half"/> 

      <PORT Number="2" Enable="Enabled" Speed="100" Duplex="full"/> 

      <PORT Number="3" Enable="Enabled" Speed="1g" Duplex="full"/> 

      <PORT Number="4" Enable="Enabled" Speed="auto" Duplex="auto"/> 

      <MCAST_RULE Address="10.203.123.201" Vlan="1"> 

       <PORT Number="2"/> 

      </MCAST_RULE> 
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     </SETTINGS> 

    </CARD> 

    <CARD Name="NSW-TIME" Type="NSW-TIME" Slot="2" Bus="L"> 

     <SETTINGS> 

      <PORT Number="0" Enable="Enabled"> 

       <PPS_IN_SOURCE>IRIG AC</PPS_IN_SOURCE> 

       <GPS_ANT_PWR>5V</GPS_ANT_PWR> 

       <RT_CLOCK_IN>Automatic</RT_CLOCK_IN> 

       <UPDATE_METHOD>Automatic</UPDATE_METHOD> 

      </PORT> 

     </SETTINGS> 

    </CARD> 

    <CARD Name="NSW-IO" Type="NSW-IO" Slot="1" Bus="L"> 

     <PORT Number="2" Enable="Enabled"> 

      <IEEE1588_CLOCK>Boundary</IEEE1588_CLOCK> 

      <SYNC_INTERVAL>16</SYNC_INTERVAL> 

      <PTP_DOMAIN>DFLT</PTP_DOMAIN> 

      <TX_DELAY_COMPENSATION>10</TX_DELAY_COMPENSATION> 

      <RX_DELAY_COMPENSATION>10</RX_DELAY_COMPENSATION> 

     </PORT> 

    </CARD> 

   </BOX> 

  </HARDWARE> 

 </PROJECT> 

</TTC> 

DYNAMIC PARAMETERS 

Dynamic parameters refer to any programmable attributes of a peripheral that can be modified 

while the device is in operation. Not all programmable attributes can be used in this manner; some 

attributes, if modified during operation of the system, may cause undesirable side effects elsewhere 

in the instrumentation network. Dynamic parameters are primarily intended to allow the test 

engineer to fine-tune or revise a measurement from a sensor based on real-time feedback of its 

operation. A detailed paper on the workings of dynamic parameters was presented at the ITC 2006 

conference [4]. 

 

The peripheral is initially programmed using the XML-based configuration file generated by 

ICMS. This file contains settings for all variables associated with the measurement (both dynamic 

and static) along with configuration parameters for the peripheral itself (such as multicast addresses 

to use for transmitting the results). During the configuration phase, the peripheral acts as a client to 

the ICMS, requesting its configuration files from the host computer and interpreting the XML 

content as modifications to its relational database. In the dynamic parameters phase, its role is 

temporarily reversed and the peripheral acts as the server to ICMS.  The peripheral runs a 

specialized HTTP server to deliver files upon request of the ICMS.  The HTTP server combines a 

server-side XML parser and XSLT processor to create dynamic web pages.  Each page conforms 

to a common user interface, complete with a form for modifying dynamic measurements along 

with submission and navigation buttons.  The peripheral always stores a copy of its current 

configuration in a local XML file.  As shown below, when the link to a peripheral with dynamic 

measurements is accessed through ICMS, an HTTP GET request is generated and sent to the 

peripheral.  In response, the peripheral combines its XML file with XSLT stylesheets to deliver the 

appropriate data entry form to ICMS. Modifications made within ICMS make use of embedded 

JavaScript (as necessary) to insure procedure knowledge is used to maintain consistency with the 

existing programming in the peripheral. Once the changes are complete, the modifications are 

posted back to the peripheral as a new XML programming file. 
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CONCLUSION 

The Instrumentation Configuration and Management System (ICMS) is a software tool that aids 

the flight test engineer in the design, verification, maintenance and analysis of aircraft 

instrumentation networks. Its design has been influenced by the experience of the Network 

Products Division in building network-centric data acquisition systems for our customers and by 

the configuration and management work being done within iNET. We have discussed some design 

considerations in this paper and described some of the requirements that we expect our system to 

satisfy. Its viability as a product will be tested when it is delivered as part of an instrumentation 

network solution for the Future Combat Systems project. 
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Abstract: Over the last few years XML has been growing in importance as a language for 
describing the meta-data associated with a complete flight test. Three years ago ACRA 
CONTROL introduced XidML as an open, published XML standard describing flight test data 
acquisition from the air to the ground. Recently, XML has been adopted by the TMATS RCC 
committee and is currently being studied by iNET. While many papers have focused on what 
XML is and why it is a powerful language, few have related this to practical benefits for the end 
user. This paper attempts to address this gap. The paper describes simple cost effective tools for 
generating XML through an intuitive GUI, validating XML information against a schema and 
transforming XML into useful reports. In particular a suite of value added tools for XidML is 
described. 
 
 
Keywords: XML, Meta-data 
 

1 INTRODUCTION 
A vast amount of time is spent translating and re-translating the same information to suit the 
formats required by various heterogeneous software programs and databases. Each translation 
takes time and introduces the possibility of error. Manual translation is normally required since 
there is a meaning to the data (meta-data) that is held in the brain of the translator, or in some 
training manuals or software documentation somewhere. Extensible Markup Language (XML) is 
a tool that permits the meta-information to be linked to the information itself, opening the door to 
permit computers to do this tedious translation work.  
 
XML has been used for the storage and interchange of structured data since 1997. Originally 
developed to automate document indexing and storage, its suitability for data exchange over the 
web has led to its widespread adoption and implementation. Over the last few years its use has 
become increasingly common in the flight test industry [1,2,3,4] While XML offers obvious 
advantages in terms of standardization and inter-operability of different packages, a correctly 
implemented XML platform offers significant added value in the form of tools and software to 
simplify user tasks.  
 
In 2004 ACRA CONTROL published it’s Extensible Instrumentation Definition Markup 
Language (XidML) as an open standard for use by the flight test instrumentation industry [5,6]. 
XidML offers the ability to completely and comprehensively describe all parameters, 
instrumentation and processes for a flight test program in a single schema. XidML has been 
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maturing since then, with a XidML committee consisting of users meeting every 6 months or so 
to release an updated version. In addition, ACRA CONTROL has developed a set of tools that 
offer vendor neutral services to users of XidML.  
 

2 WHY DOES XML MATTER? – AN XML BASED ARCHITECTURE 

XML File(s)

XML Schema

XidMLFileManagerService Schema Reader Service

Service Mediator

XML Tools
(Translation, Word documents,
database conversion etc. etc)

USER TOOLS

SOFTWARE TOOLS

 
Figure 1: An XML architecture provides open access to the data at al levels 

 
XML as a technology has been leveraged to under-pin a host of new technologies with confusing 
and opaque acronyms: SOA, SOAP, WDSL and so on. These arcane technologies are of great 
interest to software developers and make a lot of the web services we have today work (like 
booking an airline ticket on-line). But do they have any relevance for a flight test instrumentation 
engineer?  
 
The answer is yes. With an XML based architecture for the management of the reams of 
information needed to configure a flight test installation we can leverage these and other 
technologies to simplify everyday tasks. 
 

1. With an XML base, software interfaces can be used to permit other software programs to 
access the data without having to get lost in the details of the file structure. This greatly 
simplifies the task of integrating disparate hardware and software packages into a 
cohesive whole for the companies and programs that are managing large flight test 
programs.  

2. Because XML is a universal standard, and schema such as XidML are published on the 
internet (www.xidml.org), user tools can be created that are independent of a particular 
vendor or application for managing the XML data. The rest of this paper discusses some 
user tools based on an open, published XML architecture.  
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3. It is possible to conceive of a world where the instrumentation itself is the “XML server” 
and all that an engineer needs to program, configure and validate his installation is a web 
browser.  

 

3 SOME XML TERMINOLOGY 
In this section we discuss some key terms useful for discussing XML tools.  
 
An XML file is a tagged text file. For example, a XidML representation of a PCM frame is 
shown in figure 1. The text within “<…>” is a tag and is used to define the meaning of the data 
that follows, up to the end-tag which is defined by “</…>”. It is this use of simple tags that 
enables computers to automatically parse XML files and extract the data. Data units within tags 
are called elements. 
 
A schema is a specification for an XML file. For example, the XidML schema states that the 
PCM frame description must have a <Properties> tag, and that that tag must contain one and 
only one <BitsPerMinorFrame> element which must be in integer. So given a set of rules 
defined by a schema we can write XidML files that we know are valid and can be used by any 
tool that can work with XidML files, and also many generic tools that work with any XML file. 
 
A style-sheet is a special type of XML file that defines how data within an XML file can be 
extracted and written in a different format – either as another XML file or as HTML (a web 
page) or as some completely different format. This is a powerful feature that some tools can use 
to add value.  

4 TOOLS - OVERVIEW 
 
Tools for manipulating XidML fall into two main categories (see figure 2): 
 

1. Generic Tools: these tools ”piggy-back” on the wide range of XML tools available to add 
specific functions for generating reports, validating configuration files and translating 
from XidML to other XML formats. 

2. Domain Specific Tools: These tools build on a knowledge of the flight test 
instrumentation domain and XidML structure to provide vendor independent interfaces 
for generating XidML files and performing specific functions such as building PCM 
frames or auto-balancing.  

 
There is a third category of tools: vendor specific. These tools take XidML input and generate 
proprietary output tailored for the target systems. These tools are not discussed in this paper.  
 
All XML tools supplied by ACRA CONTROL share certain key features: 
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<X-IRIG-106-Ch-4-1.2 Name="MyPCMFrame"> 
 <PackageRate>200</PackageRate> 
 <Properties> 
  <MajorFrameProperties> 
   <BitsPerMinorFrame>1024</BitsPerMinorFrame> 
   <MinorFramesPerMajorFrame>4</MinorFramesPerMajorFrame> 
   <DefaultDataBitsPerWord>16</DefaultDataBitsPerWord> 
   <DefaultMostSignificantBit>First</DefaultMostSignificantBit> 
   <FillPattern>AAAA</FillPattern> 
  </MajorFrameProperties> 
  <SynchronizationStrategy> 
   <SubframeSynchronizationStrategy> 
    <SFID> 
     <MinorFrameOffset_Words>1</MinorFrameOffset_Words> 
     <StartValue>0</StartValue> 
     <Increment>1</Increment> 
     <MostSignificantBit>First</MostSignificantBit> 
    </SFID> 
   </SubframeSynchronizationStrategy> 
   <SyncWord>11111110011010110010100001000000</SyncWord> 
  </SynchronizationStrategy> 
  <Modulation> 
   <PCMCode>NRZ-L</PCMCode> 
   <DclkPhase>0</DclkPhase> 
   <PCMPolarity>True</PCMPolarity> 
  </Modulation> 
 </Properties> 
 <Content> 
  <Parameter Name="F0W2"> 
   <Location> 
    <MinorFrameNumber>0</MinorFrameNumber> 
    <Offset_Words>2</Offset_Words> 
    <Occurrences>8</Occurrences> 
   </Location> 
  </Parameter> 
 </Content> 
</X-IRIG-106-Ch-4-1.2> 

Figure 2: Parameter definition (partial) in XidML 

 
1. Tool can operate as a stand-alone graphical user interface tool, or it can be run as a 

command line tool with no user interaction. 
2. User input can be provided via a GUI or via an XML file (called a CmdML) file. 
3. Results are reported both in a message window and in an output XML (called MsgML) 

file. 
 
Thus the tools are designed to operate either stand-alone, as components of another user interface 
program, or as components of a script or automated process.  
 

4.1 GENERIC TOOLS 
There are several types of generic tool that can be tailored for use with XidML. In general these 
utilize XML standards such as schemas and style-sheets, or third party developers tools such as 
parsers. 
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Figure 3: Tool categories for XidML
 

4.1.1 VALIDATION - X-Validate 
X-Validate is a tool that checks a XidML file against the schema and reports any errors it locates. 
A validator simply parses and checks an XML file to ensure that it is properly formed XML. If 
the schema is available it will use that to further check the file structure and content. Note that 
the schema does not necessarily have to ship with the instance file – if it is available on the web 
the validator will find it and use it.  
 
There are many XML validators on the market and all XML editors (XMLSpy®, <oXygen/>® 
and Stylus Studio® for example) will also validate XML.  A validator in itself is only as good as 
the schema it validates against. Consider the following example: 
 

<Book> 
<Price>qwerty</Price> 

</Book> 
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A well-written schema will encode a rule that the price element must be numeric – thus 
permitting a validator to catch the above entry as an error. In fact, the schema could mandate a 
“currency” attribute and the format of the number so that only an entry like the following would 
be considered valid: 
 
<Book> 

<Price currency=”USD”>23.99</Price> 
</Book> 

 
Great care has been taken with the XidML schema to encode as many rules as practical into the 
schema itself. Thus any editor that supports validation can be used to test and develop a XidML 
file greatly simplifying the task of integrating XidML based systems into an existing IT 
infrastructure.  
 
While XidML is generic to any hardware, it is used by ACRA CONTROL for configuration of 
their own KAM-500 data acquisition system. The tool kValidate provides a level of checking 
beyond what is possible with X-Validate. For example, X-Validate can check that the gain 
setting for a particular hardware module is numeric, but kValidate can check if the hardware 
physically supports that gain setting.  

4.1.2 TRANSLATION – X-Report 
 
XML is easy to transform into other formats using style-sheets. Style-sheets are actually XML 
files that describe how to convert an XML file into another format – usually some other ASCII 
text format. They are traditionally used to display XML information in HTML format for web 
pages, but can be used in many other ways. Style-sheets are one of the most important value-
added tools for XML. There are many free tools that take a source XML file and a style-sheet as 
input, and generate the target document. Msxsl® is a free download from Microsoft, and there 
are many others such as Saxon and Xalan.  

 

 

Figure 4: Transforming XidML into a Word Document
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The X-Report tool is simply a wrapper for one of these tools, and allows a style-sheet to be 
applied to a XidML file to extract important information for report purposes. For example, a 
HTML page listing all the hardware defined in a XidML file can be generated. With the advent 
of Microsoft Office 2003, Microsoft office tools support XML as a format for words documents 
and spreadsheets. This permits powerful and informative reports to be generated in word format 
from XidML with minimum effort.  
 
Figure 4 shows a XidML file that has been transformed into a Word document.  
 
Style-sheets provide a powerful way to generate multiple different types of output from a single 
source document. This eliminates several stages of human interfacing with their associated risk 
of introducing errors. In database design, a lot of effort goes into ensuring that information 
appears once and once only to avoid having to change it in multiple places. Style-sheets allow 
the same concept to be applied to meta-data management for flight test. By making the XidML 
file the “record” the data can be referenced and exported to many other forms – reports, 
databases and logs.  

4.2 DOMAIN SPECIFIC TOOLS 
While generic tools already provide significant value-added support for XML, domain specific 
tools utilize a knowledge of what the XidML file is describing to add value. These can take 
advantage of the fact that we know we are describing a test configuration, or a PCM frame, to 
add manipulative power to the XidML representation. Note that these tools “don’t care” about 
the final vendor hardware, or implementation details, they are concerned only with manipulating 
XidML. 

4.2.1 EDITING AND CREATING XIDML FILES - X-Setup 
Although a XidML file can be written in any text editor, X-Setup provides a graphical user 
interface for creating XidML files. It uses knowledge of the XidML structure to present the key 
elements in an easily recognizable way. An important feature is the ability to manage libraries of 
XidML files, permitting the user to drag and drop elements from existing files into new files.  
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Figure 5: Screenshot of X-Setup 

 
Much of the user interface of X-Setup is auto-generated based on the content of the XidML file. 
Further functionality can be enhanced (e.g. range checking) by creating XML file descriptions of 
what should be in the XidML and linking them to X-Setup.  
 
Because it essentially just a XidML generator/editor, X-Setup can be used to configure any 
hardware or display software that can import XidML datafiles, regardless of who the vendor is. 
This is in contrast to existing solutions for multiple hardware configuration which are based on 
proprietary information stored in databases. 
 

4.2.2 TRANSLATING - X-Translate 
X-Translate is a more powerful version of X-Report and is used where a traditional style-sheet is 
not powerful enough to transform the 
XidML into a new format, or vice 
versa. X-Translate currently supports 
transformation to and from the 
evolving iNET ML format, with 
plans to support TMATS XML as 
users demand.  

xTranslate

iNET ML Schema XidML Schema

XML Instance document XML Instance document

Figure 6: Document Translation
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5 CONCLUSION 
XML has simplified processes and provided powerful ways of storing and sharing data in many 
industries. Only recently has the flight test community begun to consider. XidML was the first 
published schema for the flight test community and provides a platform for a range of tools that 
make life easier for the test engineer. From generic tools that simplify the tasks of creating, 
moving, storing and interpreting the flight test data, to domain specific tools that assist in 
building and tweaking the configuration, to vendor-focussed tools that use XidML to configure 
the hardware, the power of XML is at last available for the flight test community.  
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ABSTRACT 

CTEIP has launched the integrated Network Enhanced Telemetry (iNET) project to foster 

advances in networking and telemetry technology to meet emerging needs of major test programs.  

In the past these programs have been constrained by vendor proprietary equipment configuration 

utilities that force a significant learning curve on the part of instrumentation personnel to 

understand hardware idiosyncrasies and require significant human interaction and manipulation of 

data to be exchanged between different components of the end-to-end test system.   

This paper describes an ongoing effort to develop a measurement-centric data model of airborne 

data acquisition systems. 

The motivation for developing such a model is to facilitate hardware and software 

interoperability and to alleviate the need for vendor-specific knowledge on the part of the 

instrumentation engineer. This goal is driven by requirements derived from scenarios collected 

by the iNET program.   

This approach also holds the promise of decreased human interaction with and manipulation of 

data to be exchanged between system components. 

KEY WORDS 

Model Driven Architecture, Metadata, Telemetry, XML, Instrumentation Configuration, Plug-

and-play, Use-case-driven development, TENA 
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MOTIVATION 

The impetus for this effort is twofold.  First are the scenarios collected by the iNET program that 

require test article instrumentation to be remotely configurable via a network connection, to be 

interoperable between ranges, and to support significant new functionality such as packetized 

measurement flows and spectrum control.  

Second is the current need for instrumentation users to be intimately familiar with the internal 

mechanization and configuration of a vendor’s acquisition devices.  This is often a distraction 

from achieving prescribed measurement characteristics which is their primary task. 

 

In order to achieve the common goals of these requirements a flexible standard that allows for 

the description of a wide range of transport formats is essential. 

 

The tasks involved in the configuration of aeronautical test articles are highly unconstrained as 

shown in the figure below.  The data acquisition hardware used is from multiple vendors, each 

providing their own setup software and each supporting proprietary formats for hardware 

configuration.  A variety of analog sensors are used that require in-depth knowledge of 

acquisition hardware idiosyncrasies to properly instrument.  For bus catalogs there exists no 

common machine readable format for describing the measurements available on buses.  All of 

this leads to inefficient, case-by-case solutions for pulling together the data required to 

instrument a test article.  Error prone workflows with little reuse of laboriously hand entered data 

are common.  A metadata standard for describing measurements, sensors and data streams would 

go along way in alleviating these problems. 
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A SOLUTION 

We propose to create a metadata standard that will address the problems described above. 

Two guiding principles are essential to this effort.  The first is the segmentation of domains 

within the model.  That is to say that an instrumentation engineer will only need to describe 

elements about which they have direct knowledge such as the measurement to be taken.  They 

will not have to describe the internal configuration of acquisition hardware, but rather that task 

will be levied on the hardware vendor who naturally is expert at all of the subtleties of 

configuration of each their components. 

The second is that a meta-structure will be created to allow for future extensibility.  An example 

of this concept can be illustrated using recorder commands. The metadata model will identify the 

abstract concept of a command and then allow a standard set of commands to be agreed upon by 

recorder vendors and included in the model.  Then, in the future, a vendor can instantly 

accommodate new commands as they become available by placing them under the command 

hierarchy.  Commands which they receive using these new commands can be acted upon by their 

devices and simply rejected by other vendors as unknown.  These new commands can either be 

supported as proprietary and identified as such with versioning or can be proposed to the 

standards maintenance committee as universally supported additions if there is broad enough 

interest in them by other vendors. 

XML Schema will be used to implement the metadata standard.  An XML schema defines a 

specific document structure and XML documents written to conform to that structure can be 

validated against the schema to check for conformance.  This insures that metadata documents 

can be easily checked for validity.  XML provides a lot of advantages for the development of the 

standard and the maintenance of metadata; XML documents are easily transformed into other 

formats using the XSLT standard; XML documents can include other XML documents to 

facilitate data reuse; and there are many open-source and commercial solutions for processing, 

validating and authoring XML documents.  Based on all these features, XML is an obvious 

choice for the implementation of the standard. 

The metadata standard will decouple the descriptions of measurements from the descriptions of 

the data stream formats associated with different transport technologies.  This will allow 

measurement descriptions to be accessed independently of how they are telemetered or recorded.  

This goes toward addressing the iNET scenario regarding the real-time reconfiguring of 

telemetry streams; measurement descriptions are not directly associated with a particular data 

stream format so any data stream format defined for the test article can be used for telemetering 

or recording the measurement.  This decoupling also allows flexibility in the description of data 

stream formats; new formats for networked or serial streaming telemetry can be defined 

independently of the measurement definitions.  It will also facilitate the reuse of data stream 

format descriptions from test to test. 

The metadata standard will separate the responsibilities for authoring metadata.  Test engineers 

can define the measurements to be telemetered and recorded during a test; prime contractors can 

describe bus data (or range personnel can convert the bus catalogs into a common reusable 

representation); sensor manufacturers can describe sensor characteristics; and instrumentation 

engineers can describe measurement sampling attributes, data stream formats and 
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instrumentation constraints.  This separation of roles encourages the reuse of metadata from test 

to test, within a single test and from the test article setup to ground system setup.  It also 

eliminates many of the error-prone tasks involving hand entered data and allows each participant 

to concentrate on their area of personal expertise. 

 

One of the major challenges in developing this standard is how to define the interface between 

the standard and the instrumentation and ground processing hardware used in the aeronautical 

test environment.  There are a number of vendors involved in this community and each have 

their own setup software and data representations for setting up their hardware and software.  

Our approach treats the configuration of instrumentation and ground processing hardware as a 

“black box”.  The metadata is just a way to describe the data acquisition requirements (i.e. 

“acquire these measurements in this way and telemeter them using this format”) in a generalized, 

vendor-neutral format.  The vendors will develop processing software that will process these 

requirements and generate the necessary proprietary representation for configuring the 

instrumentation and ground processing hardware.  In the case of configuring instrumentation 

hardware on a test article, conflicts between what is requested in the metadata and what the 

hardware can support may occur.  In such cases the vendor software will be able to modify the 

metadata to meet their hardware’s limits or report back to the instrumentation engineer what 

requirements cannot be met.  The end result is a complete, coherent description of the end-to-end 

flow of the measurement which can be represented by whatever artifact is appropriate to the task 

such as the TENA LROM with the measurements available as subscribable objects. 

TASK METHODOLOGY  

We are using a use case driven approach to developing this standard.  We have collected use 

cases from the range test community and worked with domain experts to derive specific 

scenarios from these use cases.  Based on the use cases and scenarios we have developed a UML 

class model representing the telemetry and instrumentation domain.  The XML schema is 
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forward engineered directly from the model using the Object Management Group’s Model 

Driven Architecture® technology.  This makes the model itself the primary artifact for this task.  

Basing the development on the model is much easier and cost effective than basing it on a 

particular implementation.  It also gives us the flexibility to target other implementation 

languages beside XML Schema. 

Vendor involvement is essential to the success of this task and we have been working with a 

representative set of companies throughout the conception and development of this standard.  We 

have planned a set of evaluations involving these vendors to determine the completeness and 

usability of the metadata and to allow them to develop prototype processing software that can 

read the metadata and generate the proprietary representation for configuring their products.  

These evaluations will be based on a set of XML instance documents that represent the detailed 

use case scenarios.  This will give us traceability back to the requirements gathering phase and 

will insure that the metadata provides all of the value intended.  The evaluation process will be 

iterative and after each iteration we will evolve the model as appropriate to reflect any issues 

relating to the vendor’s ability to process the metadata.  At the end of the process we expect to 

have working prototype software from each vendor. 

We will then begin testing the metadata standard.  Test cases will be based on the original set of 

scenarios.  The tests will be run using the same instance documents used for the evaluations, the 

prototype processing software provided by the vendors and hardware that has been configured 

using that software from the instance documents.  Test measurements based on the scenarios will 

be used to exercise the configured data acquisition hardware.  Testing will verify that the 

telemetered and recorded measurements acquired by the hardware are as described in the 

metadata. 

At the end of the testing phase we will release a beta version of the standard and work with select 

groups of range personnel to transition it to wider use. 

It is expected that preliminary test results will be available by 4Q07 and will be included in the 

presentation of this paper at ITC ’07. 
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CONCLUSION 

We have described a metadata based solution for some essential iNET scenarios as well as for 

existing test article instrumentation issues.  An XML- based solution such as this one would give 

the range community a tool that facilitates integration with networked telemetry systems.  It 

would also standardize some aspects of the test instrumentation work flow that currently are ad 

hoc and error prone.  By using established software development and testing methodologies, the 

standard will be easy to evolve as networked telemetry technologies change over the next 

decade. 
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ABSTRACT 

 

Telemetry missions spanning multiple years of tests often require access to archived 

configuration data for replay and analysis purposes. The needs for versioning vary from simple 

file-naming conventions to advanced global database versioning based on the scale and 

complexity of the mission. This paper focuses on a flexible approach to allow access to current 

and past versions of multiple test article configurations. Specifically, this paper discusses the 

characteristics of a versioning system for user-friendly and feature-rich solutions. It analyzes the 

tradeoffs of various versioning options to meet the needs of a given mission and provides a 

simple framework for users to identify their versioning requirements and implementation. 
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INTRODUCTION 

 

Telemetry missions may span multiple years and consist of many individual tests. The 

configuration of the system will most likely change over time. Additionally, users may want to 

assign arbitrary meta-information to each test to facilitate future data retrieval and cross test data 

analysis. The management of such a system presents a very real issue: all historical versions of 

system configuration must be stored, but more importantly, there has to be a mechanism to easily 

recall those settings and apply them when needed. The role of the versioning subsystem 

discussed in this paper is exactly this. It allows user to store historical versions of their system 

configurations and let them retrieve when needed. 

 

 

USE CASE OVERVIEW 

 

To better understand user behavior, the following set of use cases has been created. This is not an 

exhaustive list of user interactions with a versioned system. However, the use cases presented 

below cover a majority of operational scenarios and were a basis for the system design and 

implementation.  

       

1. The user wants to create a new project 

a. The user is starting from scratch 
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b. The user wants to use existing data as a baseline 

i. The user has databases from a previous project he/she wants to re-use in 

this new project 

1. The user wants to re-use the full project as a starting point 

2. The user only wants to use specific data from the project 

a. A full module database 

b. Specific parameters only 

c. Module configuration only 

d. Display overlays only 

ii. The user wants to import external data 

1. The user wants to import databases from an external TMATS file 

a. The user wants to overwrite existing database information 

b. The user wants to merge external information with existing 

database information 

2. The user wants to import databases from an external non-TMATS 

source (Excel, SQL, text file, etc) 

a. The user wants to overwrite existing database information 

b. The user wants to merge external information with existing 

database information 

2. The user wants to save his/her work and stop using the system 

a. The user just wants to save the current setup 

b. The user has a working setup and wants to take a “snapshot” (to recall it later if 

needed) 

c. The user doesn’t care and wants to discard the current setup 

3. The user wants to open an existing project 

a. The user looks through the list of existing projects 

b. The user uses keywords to find a specific project 

4. The user found a project and opens it 

a. The user wants to use the latest saved setup 

b. The user wants to open a previous snapshot and make changes 

i. The user knows which snapshot to open 

ii. The user wants to compare versions of previous snapshots 

5. The user wants to backup/restore one or more projects 

a. The user wants to backup/restore all existing projects 

b. The user wants to backup/restore a specific project 

6. The user wants to export a project to another computer 

a. The user wants to export measurements, configurations, display overlays, etc 

b. The user only wants to export a subset of a project setup 

7. The user exports a project from a main system and imports the data on a remote system 

a. The user make changes to the project on the remote system 

i. Someone else makes changes to the project on the main system 

ii. No one changes the state of the project on the main system 

b. The user brings his/her project back and tries to integrate with all the possible 

changes 

i. The main system is not changed 



L-3 Communications Telemetry-West, Public Domain Information 

Page 3 of 10 

1. The user brings the project back and import the changes to the 

main system (no merge / integration necessary) 

ii. The main system has changed 

1. The user merges with or overwrites the data on the main system 

 

 

SYSTEM ARCHITECTURE COMPARISON 

 

Architectures of a telemetry project can be divided into three categories based on the coupling of 

individual components: 

 

Shared modules model 
 

 
 

Figure 1. Shared modules 

 

In the shared modules model, module databases exist independently of the project. The Project 

only keeps references to a module database definition thereby allowing other projects to share a 

module database.  

 

Self-contained project with module selection model 

 

 
 

Figure 2. Self contained project with module selection; Bold line indicates active configuration 
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In a self contained project model, module databases belong to a particular project. This means 

that changes to other projects do not affect the integrity of the current project. This model allows 

users to have more than one configuration for each module that are individually selectable within 

the current project.  

 

Self-contained project model 

 

 
 

Figure 3. Fully self -contained project 

 

In this model project may have only one configuration per module. This assures that the project 

information is consistent at all times, but limits user flexibility. 

 

 Shared Module  Self contained 

project with 

module selection 

Self-contained 

project 

Flexibility Once created 

modules can be user 

anywhere; changes 

to modules 

propagate 

automatically 

Modules may not be 

shared across 

projects; user may 

still select different 

modules to test 

different scenarios 

A new project has to 

be created to test 

any variations 

System Integrity Not maintained, left 

to the user. 

Project-level. 

Changes to one 

project do not affect 

any other project 

Full integrity 

maintained at all 

times 

Usage Complexity Sharing module 

databases may be 

confusing and lead 

to errors, requires 

rigid user process 

and methodology 

No guarantee of 

system integrity due 

to multiplicity of 

databases may lead 

to configuration 

errors 

Simple 

Storage No redundancy; Creating new Each change that 
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requirements maximum data 

reuse 

project means 

recreating all data; 

different scenarios 

may exist in one 

project 

needs to be tracked 

requires copying of 

all the information 

 

Table 1. Fully self -contained project 

 

 

VERSIONING PROJECT VS. MODULE 

 

A Project, as a collection of Modules may also change over time. Database assignments may 

change, and modules may be added or removed from a project. This means that the system must 

keep track of both project and module versions. How much of this functionality should be 

exposed to the user will be discussed later. The design has to consider the following problems: 

 

a. Should the user be allowed to have modules with different configuration versions 

in a single project? 

b. If a module database can be shared across different projects, how to keep track of 

version consistency? 

 

 

VERSIONING SCHEMES 

 

a. Record Level Versioning 

 

When looking at the system configuration at any point in time, it is a sum of initial configuration 

plus subsequent changes. From system creation, only changes to objects were being recorded. 

The example in Table 1 shows how changes were recorded.  

 

Step Operation State 

Initial state - Object1 = 1500 

Object2 = 2000 

Change 1 object1 = 1000 Object1 = 1000 

Object2 = 2000 

Change 2 object1 =  1700 Object1 = 1700 

Object2 = 2000 

Change 3 object2 = 3000 Object1 = 1700 

Object2 = 3000 

 
Table 2. Record level versioning 

 

This provides the ability to restore system configuration from any point in time, but causes 

problems when attempting to load a configuration, modify and then store it to the database. Since 

continuity of changes is not maintained, integrity of the system can not be guaranteed. On the 

other hand introducing a concept of branching turned out to be too difficult for users without 

experience in software development.  
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b. Table Level Versioning 

 

An alternative approach to versioning is to store a complete snapshot of the system whenever a 

version is saved. This allows the user to maintain system integrity, but reduces flexibility and 

increases storage requirements of such a system. The term table-level versioning refers to the 

system’s ability to snapshot complete data tables when a version is saved. 

 

c. Hybrid Approach 

 

 In our system, we decided to use a hybrid approach that gives us the best of both worlds. 

Storage area is divided into two parts: work data and archival storage. Work data is stored using 

record-level versioning and archived versions use table- level versioning. Both areas are 

constructed in such a way, that the access to them is possible using the same API calls. The 

difference is that while the user has the ability to modify work data at will, access to stored 

versions is read only. Modifications to stored versions are possible only by copying them to the 

work area and modifying them there.  

 

Work Data Past Versions

Vista

Database API

getNextObjects() Object[]

 
 

Figure 4. Fully self -contained project 

 

 

STORAGE OVERVIEW 

 

The system stores project information inside a relational database allowing us to provide shared 

access to the data from all locations on a local network. Database objects are not accessed 

directly though, but through an API that is responsible for mapping JAVA objects to database 

tables. Versioning is built on top of that API. Applications requesting an older version of an 

object/module/project database must use setVersion() call before requesting objects. After that, 

all objects returned from the database will come from the specified version.  

 

Version Storage 

 

Storing a version is only a part of the problem. Getting information back is another, especially if 

many versions of a single project have been created. While each object in the database is marked 

with a version number, versions themselves contain a significant amount of meta-information: 
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• Version Number 

By default versions are numbered using <major>.<minor> notation, but users may 

change version number at will 

• Version Date 

Version date is typically an indicator of when the test took place. This information 

also allows us to load a correct system configuration when playing back an 

archival tape. 

• Version Description 

Description is a free form field. Users can enter anything they might want to 

know/track about this particular version 

• User-defined Tags 

Users have the ability to specify a number of enumerable fields that are specific to 

their test. Figure 5 presents sample user defined field combination. This is a 

powerful feature providing flexible retrieval capabilities (custom filtering, sorting, 

etc). 

 

Providing well-defined meta information allows users to easily retrieve correct versions when 

needed. Figure 8 shows an example version picker dialog. The Filter panel allows users to 

quickly limit versions that are displayed to those that meet specific criteria be it version number, 

time span, or user defined tags.  

 

Sharing databases 

 

As mentioned before, adding version information to the project leads to complications in 

dependencies between databases shared across projects. To simplify this, the current design does 

not allow users to share archived versions across projects. Users are still free to use shared work 

data across project, which is not recommended though and will be disabled in future releases. 

 

 

PERFORMANCE IMPLICATIONS 

 

Versioning adds an additional layer of complexity on top of the existing database storage. Our 

research has shown that the design chosen has minimal impact on data retrieval performance. 

Figure 4 shows a linear increase in load time for a project with 10 objects. The slope of the curve 

is small enough that the performance penalty can be easily disregarded in typical scenarios. 
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Figure 5. Changes of load time with increase of the number of versions 

 

 

API CHANGES 

 

An important factor when designing a versioning scheme was how big of an impact it would 

have on the rest of the system. How much would the system have to modified to support 

versioning and how much testing would have to be performed to make sure the system worked 

correctly. That is why the API was designed to be transparent to applications that do not want to 

take advantage of versioning. Only code that is responsible for transferring configuration data in 

or out of the system (e.g. XML Import/Export, TMATS Import/Export) needs to be aware of the 

internal workings of the versioning scheme. Most other applications use standard calls for 

retrieving data that existed before. Only in a situation when a specific version is needed, do they 

need to call setVersion(). 

 

GUI DESIGN 

 

When designing GUIs for this task, contradicting requirements had to be taken into account. On 

one hand GUIs had to be simple, not to overcomplicate an already complex notion of version 

management. On the other, they had to give users enough flexibility to allow advanced 

manipulation of data on systems with many versions. A decision was made to hide most of the 

options to typical users, while at the same time allowing advanced users to access all the 

functionality they may need on demand. After dialogs open, users are presented with a limited 

set of settings. Advanced options only show after “More” is pressed. Figure 5, Figure 6, Figure 7 

and Figure 8 demonstrate this approach. It is also important to note that users who do not want 

versioning, do not need to worry about it even if it is enabled. 
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Figure 6. Storing new version of a project – simple view 

 

 

 
 

Figure 7. Storing new version of a project – advanced view 
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Figure 8. Retrieving a stored version – simple view 

 

 
 

Figure 9. Retrieving a stored version – advanced view 

 

 

CONCLUSION 

 

Meta-Data versioning is not a trivial task. It is crucial to identify the true usage scenarios that 

must be addressed and make compromises along the way to promote ease-of-use of the design. A 

hybrid approach seems to provide the most effective solution for typical telemetry system 

versioning needs. 
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ABSTRACT 
 

A digital  antenna control system has been designed and installed on a pedestal that was formerly 
used to drive a VHF array and that has now been  replaced with an 11 meter S-Band parabolic 
reflector. 
  
In this Paper, the  former analog tracking system will be described, showing all the drawbacks 
that made it unusable for S-Band. Subsequently, the development and implementation of  the 
digital S-Band tracking system, using Labview, C++ & digital control theory will be discussed. 
Finally, there will be a comparison between the digital and analog system, to . 
 

KEYWORDS 
 
Pointing accuracy, antenna control system, tracking systems, control algorithms, servo 
controllers. 
 

INTRODUCTION 
 

During the 70’s and 80s, the SATAN antenna (acronym that stands for Satellite Automatic 
Tracking Antenna) was used  for supporting many satellites in the VHF band; currently, however, 
mission support at the site occurs mainly in the L & S bands (1.5 GHz- 2.5 GHz), so that it 
became necessary to modify the SATAN antenna to replace its VHF array with an 11 meter 
parabolic reflector and associated RF gear. When doing this, an antenna control system had to be 
developed in order  to meet the more stringent S-Band tracking accuracy requirements.  
 
The hydraulic equipment of the antenna is mainly comprised by: a low pressure pump to circulate 
the oil and keep it within the adequate temperature range, a high pressure pump to power  the 
actuators, and the actuator circuit (servo-valves, manifold and actuator). 
 
With regard to the control system, the antenna had an analog servo composed of two feedback 
loops. The position feedback loop, which came from the angular readings of the synchros, and 
the velocity loop, from the tachometers in each  axis. To drive the antenna, the position loop was 
created as a result of the comparison between the synchro transmitter (located in the antenna axis) 
and the synchro receiver (driven by the antenna operator). The velocity loop function is to reduce 
the overshoots of the antenna. 
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The system provided a very unstable and inaccurate control in the new S-band front end 
configuration due to the fact that the analog servo was designed for operating with VHF satellites 
where a 12 degree beam width is used, instead of the 0.82 deg. beam width of the 11 meter dish 
in S band. Besides, synchros provided a very poor feedback loop resolution, of about 0.1 degrees.  
 

UPGRADES FOR THE NEW SYSTEM 
 
A parabolic, locally designed and manufactured 11.32m dish with an S-band feed (freq:1.6-2.4 
Ghz) was mounted on the SATAN pedestal. As it can be seen in Figure 1, the antenna has an X-
Y type mount.  
 
 
 
 
 
 
 
Figure 1 SATAN antenna & its X-Y mount (front & rear view). 

 

Y axis 

X axis 

 
To design a better control system, new data acquisition boards (DAQ) were installed in a PC. The 
main features of these boards are: 48 digital inputs/outputs and 2 analog outputs (12 bits of 
resolution). Besides, the synchros in the angular measurement system were  replaced with 
absolute optical encoders, which give a resolution of 0.005 degrees. These optical encoders 
communicate with the PC through an encoder interface. The task of this interface is to interrogate 
the encoders and  receive the angle via RS422 and then send the angle data  (parallel output) to 
the tracking PC. 
 
Once the “tracking computer” was assembled, the next step was programming a digital control 
algorithm. This algorithm would be in charge of the control and pointing of the antenna. This 
control algorithm was tuned according to the transfer functions of both axes of the antenna. 
 

CONTROL STRATEGIES AND COMPUTER ALGORITHM. 
 
After determining the transfer functions of the antenna, different control strategies can be applied. 
The absolute optical encoders were used to create the feedback loop. The two servo valves (one 
for each axis) will continue being used to drive the antenna to different positions.  
 
With regard to the control loop, a PID controller (proportional+integral+derivative) was used in 
conjunction with velocity and position feedforwards. All these calculations are performed every 
100 milliseconds. 
 
The software has two positioning modes,  Manual or Automatic. In the Manual mode, the system 
follows an angular position driven by the operator. In the Automatic mode, the system calculates 
the orbital position of the satellite every 100 milliseconds, using Two-line elements (TLE) as an 
input. 
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Feedforward velocities and accelerations are calculated using the values of the predicted 
positions. These feedforward loops are called velocity and acceleration profiles. Such profiles 
(based on Motion Control Theory) were added to the PID controller. As a result, there was an 
improvement in the controller’s response because the feedforward loops have a predictive action 
and the PID algorithm reacts to the difference between the actual and predicted position. In other 
words, feedback deals with deviations from the desired behavior in the past and feedforwards are 
predictive elements that drive the system to exhibit a desired behavior. This control strategy is 
shown in Figure 2. 
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igure 2 Diagram of the Antenna Control Loop that incorporates PID plus velocity and 
cceleration feedforwards. 

CONTROL SOFTWARE 

abView 6 RT was used to develop the software, due to its mathematical processing capability,  
UI & stability. On the other hand, C++ was used for the implementation of the control formulas 

nd orbital calculations. 

he angular data is digitally read by the PC through a 16 bit parallel signal coming from the 
ncoder interface. Besides, the systems uses a 10 pulse per second (PPS) signal to synchronize 
he encoders’ readings, the time readings and the antenna control loops. The time & angular data 
eadings are input to the PC  using two 48 bit digital input/output (DIO) DAQ boards. . 

nce the antenna angles are read, the predicted and actual positions are compared and subtracted. 
he position errors are processed by a digital PID controller, which sends its output to an analog 
utput PC board (2 channels/12 bits of resolution). Figure 3 shows a diagram of the system. 
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NATION AND IMPLEMENTATION OF THE DIGITAL PID CONTROLLER 

 controller, the position setpoint, which varies every 100 milliseconds, is compared to 
s variable (actual angle) to obtain the angular error “e”: 

PVSP −          (1) 

position error 
=Set Point position or predicted angle of a certain orbit 
=Process variable or actual read angle 

lating the controller action as: 

∫ ++=
t

d
i

c dt
deTedt

T
eKt

0

)1(*)       (2) 

=controller gain.  

tegral time (also called reset time), and Td is the derivative time (also called rate). The 
al action up  is : 
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c edt
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0
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erivative action  ud  is 

dt
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Thus, the implemented program contains the positional PID algorithm that will be described in 
the following steps: 
 
A digital filter of the process variable is applied to the algorithm to avoid any possible noise in 
the angular data readings. The filter is as follows: 
 

)3(075.0)2(175.0)1(25.05.0 −+−+−+= kPVkPVkPVPVPV f   (6) 
 
Where  PVf.=filtered  process  variable 
 
The error used to calculate the derivative action and integral action is  

)*)1((*)()(
rng

f
f SP

PVSP
LLPVSPke

−
−+−=     (7)   

The error used to calculate the proportional action is 

)*)1()(*()(
rng

f
f SP

PVSP
LLPVSPkeb

−
−+−=

β
β      (8)   

where PVf  is the  filtered process variable, and PV  is the process variable without filtering, SP 
is the position set point from the PC, SPrng is the setpoint range, β (beta) is the setpoint factor 
(for the two degree of freedom PID algorithm described under proportional action), and L is the 
linearity factor that produces a non-linear gain term, in which the controller gain increases with 
the magnitude of the error. Thus, if L = 1, the controller is linear. A value of 0.1 makes a 
minimum gain of the controller (10% Kc). 
 
Related to the proportional action, in some cases the setpoint changes are normally greater and 
faster than load-perturbations, while load disturbances appear as a slow deviation of the 
controlled variable from the setpoint. Tuning the controller for a good response to load-
perturbations means setpoint-responses with great oscillations. On the other hand, a good 
setpoint-response results in very slow responses to load-perturbations. As shown in equation (8), 
when β is less than 1, this factor reduces the setpoint-response overshoot without affecting the 
load-disturbance response. This is referred to as a Two Degree of Freedom PID algorithm. In 
other words, β is an index of the setpoint response importance, from 0 to 1. For instance, if load-
response is considered the most important variable for the loop performance, then β=0. 
Otherwise, if the process variable needs to quickly follow the setpoint changes, then β=1.   
 
Finally, 

)(*)( kebKku cp =          (9) 
 
In the integral action, the trapezoidal integral action is used to avoid abrupt changes when  there 
is a change in the SP or PV; the nonlinear adjustment of the integral action neutralizes the 
overshoots. The larger the error, the smaller the integral action, as shown in equation (10) and 
Figure 4 . 
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Figure 5 Nonlinear multiple for integral action (SP range = 100). 
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Because of the abrupt changes in the setpoint SP, the derivative action was only applied to the 
process variable PVf (not to the error) to avoid derivative kick. 
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 The controller output U(k) is the addition between proportional, integral and derivative actions. 
)()()()( kukukuku DIP ++=         (12) 

Finally, the formula of the implemented PID model was: 
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COMPUTER SIMULATION OF THE SYSTEM 

 
A step input voltage was applied to the servovalves, to calculate the antenna transfer function. 
Then, its response was approached to a Second Order plus Dead Time System. The antenna 
response (antenna angles versus time) is shown in figure 5. Using Excel Solver, the antenna 
response was approached to the model proposed in equation (14).  
Figure 5-a shows the antenna step response and Figure 5-b shows the simulated response using 
Simulink with the model proposed in equation (14): 
Figure 5: St
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Using Solver along with the theoretical model, the following parameters were calculated: 
 
 X

 
 
 

 axis 
K=0.2694 (
T1=0.5128 sec 

rad/sec)/volt  

T2=1.67 sec 

Y axis 
K=0.3934 (
T1=0.6453 sec

rad/sec)/volt 
 

T2=2.387 sec 
The model to be used is: 

)1)(1(
)(

21 ++
⋅

=
⋅−

ss
eKsG

s

m ττ

θ

        (14) 

 
Where   K = gain of the model 
  θ = dead time 
  τ1, τ2 = time constants of the model 
 

OVERVIEW OF THE SOFTWARE 
 
The software was implemented in Labview and C++. Three DAQ boards were used to drive the 
antenna, receive data from the encoders and receive time from a Time code reader. Figure 8 
shows a general view of the antenna control software screens. The satellite can be selected in the 
upper right hand corner of the screen. 

 

Figure 8: General View of the program 
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Besides, the system can be used in slave mode. At this mode, the system is capable of receiving 
or following the angles of other antennas as an input. Thus, the antenna can track the same 
satellite that other antennas are tracking, without using orbital predictions. 
 
Finally, the system can be moved at any other position desired by the operator. Such Control 
mode can be selected by clicking on “Control Mode Select” button. When this mode is selected, 
four option buttons (Angles By User, Central Coll Tower, 12 MT Coll Tower y Parking Position) 
are displayed,  as shown in figure 10. 

 

X & Y Angles Manual input 

Manual control mode 

Figure 10: System in Manual Control Mode 
 

COMPARISON BETWEEN THE OLD AND NEW SYSTEMS 
 
Comparing  the old and new systems requires an analysis of  the responses of both axes, and the 
best way to do this is by using charts that represent the angles of the antenna versus time. This is 
shown in figures 11 a, b, c and d. Figures 11-a and 11-c show the antenna response driven by the 
Analog Servo. On the other hand, Figures 11-b and 11-d display the response given by the digital 
servo. As it can be seen in Figures 11-a and 11-b, there was a substantial improvement in the 
settling time. Analyzing the step response from 0 to 45 degrees, the settling time for the digital 
servo was around 24 seconds for the X axis and 38 seconds for the Y axis, whereas in the analog 
servo the settling times were 44 and 64 seconds for X and Y axis, respectively. The same results 
can be obtained when analyzing Figures 11-c and 11-d. 
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ABSTRACT 
 
Aerocross Systems, Inc. is developing a low-cost unmanned airborne telemetry relay system to 
augment the USAF Air Armament Center’s Eglin Gulf Range instrumentation resources.  The 
system is designed to remotely autotrack and relay S-Band telemetry and VHF/UHF voice 
communications from test articles beyond the line-of-sight of land-based instrumentation.  The 
system consists of a medium altitude/endurance Unmanned Aerial Vehicle (UAV), a Mission 
Control Station, and a remotely operated telemetry/voice tracking and relay instrumentation 
suite.  Successfully developed and deployed, the system will contribute to lower range costs 
while enhancing range instrumentation performance. 
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INTRODUCTION 
 
As the operational footprint of modern air-delivered weapons systems expands, the ability to test 
and evaluate these weapons in a representative battlespace throughout their full operational 
envelope becomes increasingly difficult.  Ground-based instrumentation resources limit the test 
area to within line-of-sight.  Manned airborne systems are often used to extend the test area 
beyond line-of-sight, but these systems tend to be costly, limited in number, and require heavy 
maintenance.  Further, they can subject the operators to “dull and dangerous” missions within a 
“hot” test area. 
 
Aerocross Systems, Inc. is developing the Mobile Airborne Test Range Instrumentation and 
Communication System (MATRICS) for the USAF Air Armament Center’s Eglin Gulf Range to 
augment existing Test Range instrumentation resources.  The MATRICS is designed to 
automatically track and relay instrumentation data from a target 200 miles away, thus providing 
a target-to-shore range of 400 miles.  The MATRICS consists of a medium altitude/endurance 
Unmanned Aerial Vehicle (UAV), a Mission Control Station, and a high performance telemetry 
and voice tracking and relay instrumentation suite. 
 
Innovative integration of open source software, affordable COTS hardware, and proven 
experimental aviation technologies and techniques was essential to Aerocross Systems’ 
successful development of the MATRICS. 
 

PROBLEM STATEMENT 
 
New combat scenarios necessitate the development of future weapon systems that perform 
accurately and effectively on the modern battlefield.  The mission of the national test ranges is to 
provide an infrastructure and realistic environment for the development, testing, and evaluation 
of these future weapon systems. 
 
Proper instrumentation is a prerequisite for effective testing.  The national test range 
infrastructure consists mostly of sophisticated land-based instrumentation assets that are owned 
and operated by designated range organizations.  Additional fixed (land-based) and mobile (air, 
sea, space-based) instrumentation assets have been added over time to enhance test range 
capabilities by extending downrange instrumentation coverage. 
 
Historically, the national test range infrastructure has evolved in order to satisfy evolving 
national needs.  During the Cold War era when the theater of operations extended into space, test 
agencies responded by creating a global network of ground-based tracking stations.  When 
coverage was required beyond the local radio horizon of fixed stations, specialized mobile 
resources including instrumentation equipped ships, aircraft, and spacecraft were created to 
augment the existing test range networks.  Though many of these specialized mobile assets 
remain effective in performing their designated missions, the financial resources necessary to 
acquire, operate, and maintain them are inadequate.  Without substantial and sustained funding, 
the future of these once treasured mobile resources is threatened. 
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The gradual disappearance of mobile range instrumentation systems from the test range 
infrastructure is occurring.  It began with the decommissioning of the USNS Arnold and USNS 
Vandenberg range instrumentation ships in the early the 1980’s and the USNS Redstone in 1993.    
The termination of the Advanced Range Instrumentation Aircraft (ARIA) fleet followed in 2001.   
Most recently, the aging Navy NP-3D Airborne Instrumentation System (AIS) was slated for 
termination with plans for costly equipment upgrades and transfer to NP-3C platforms.   High 
operating and maintenance costs coupled with inadequate funding led to the demise of these 
systems.  Despite innovative efforts by their respective program offices to preserve their 
capabilities, the ARIA and AIS programs received sparse funding for systems upgrades and 
modernization.  This ensured their eventual termination.  While operating costs can be charged 
directly to a specific user, the burden of maintenance and upgrade costs must be shared across all 
existing and potential customers.  This economic cycle guarantees a dismal outcome – limited 
funding leads to limited/outdated functionality; limited/outdated functionality leads to limited 
customers; and a limited customer base leads back to limited funding.  The cycle ends when a 
system is no longer usable without equipment/maintenance upgrades and funding for such 
equipment/maintenance upgrades are not available due to the lack of use. 
 
The E-9A Airborne Platform/Telemetry (AP/TM) aircraft program is one of the few remaining 
resources capable of satisfying extended, over-the-horizon (OTH) test range coverage 
requirements.  Maintenance and upgrade costs for this aging fleet of two aircraft were recently 
estimated at more than $23M over the next decade.   Already considered “national assets” due to 
the specialized role they play in the national test range infrastructure, the demands placed on 
these aircrafts will continue to increase as the remaining alternative assets disappear.  Other 
efforts to relieve the availability burden such as the BIG CROW NC-135B Program and Navy C-
130F Airborne TM System (ATS) experience similar challenges. 
 
Future, large footprint weapon systems will require a more flexible and affordable test range 
infrastructure to support development, testing, and evaluation of these systems using realistic test 
scenarios.  The limited availability and high operating cost of existing mobile test range assets 
threatens the effectiveness of future weapon systems development. 
 
A new way of thinking is required to ensure a cost-effective and efficient means of supporting 
test ranges and future weapons systems testing to satisfy evolving national needs. 
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SIGNIFICANCE OF THE OPPORTUNITY 
 
Recognizing the issues posed by limited test range assets and the need for a timely solution, the 
Air Armament Center’s 46th Test Wing challenged the industry for feasible mobile range 
instrumentation concepts through a Small Business Innovative Research (SBIR) solicitation.  
The solicitation included the following basic requirements: 

The system must support high altitude relay of flight test data over land and water ranges.  
Ground/shore based instrumentation systems are constrained by line-of-sight limitations and multi-
path effects resulting from low elevation angle tracking over a reflective water horizon.  A high 
altitude platform will increase the tracking angle and extend the line-of-sight range to provide a 
more effective data relay. 

The airborne platform must be capable of carrying sufficient electronics payload to enable 
telemetry and communications relays at distances in excess of 100 NM from land/shore based 
ground stations.  The extended range and lethal nature of items under test require test scenarios that 
cover extended range while posing negligible safety risks to the general public and national 
resources. 

The airborne platform must be able to carry sufficient fuel for transit to and from the loiter 
location as well as remain there for up to 8 hours.  Realistic test scenarios involving multiple test 
items and objectives are complex and often lengthy.  Eight hours of on-station support enables a 
full shift of support thereby transferring the support time limitation from equipment to human 
resources. 

The system must support deployment of 10 or more airborne platforms.  A realistic test scenario 
involving multiple test items will most likely exceed the coverage of a single airborne relay 
platform.  Multiple platforms enable greater coverage from a geographical as well as data type and 
bandwidth perspective. 

The system must be able to network multiple platforms together to support multiple tests with 
multiple test items.  A well-coordinated test scenario involving multiple resources requires 
centralized control and distributed execution capabilities.  Multiple airborne platforms must interact 
effectively to accomplish complex remote control tasks required to support multiple test items. 

The airborne platform must be small in size and highly transportable.  Deployment requirements 
are directly related to support complexity and cost.  Large logistical footprints increase time, 
personnel, and other supporting resource requirements.  These limitations can render the concept of 
operations infeasible and result in prohibitive system costs.  Airborne platforms that are 
transportable using existing government or commercial common carriers are required. 

The system, including control and relay electronics, must be low in cost to acquire, operate, and 
maintain.  As illustrated by legacy airborne data relay programs, costly systems cannot survive 
today’s limited and competitive budget environment. 

 
Aerocross Systems rose to the challenge with our innovative Mobile Airborne Test Range 
Instrumentation and Communication System (MATRICS) concept and was awarded a Phase I 
contract to investigate feasibility and a follow-on Phase II contract to develop a prototype proof-
of-concept system.  Using limited SBIR funding, Aerocross Systems is nearing completion of 
MATRICS prototype development.  Effectively deployed, the MATRICS will augment existing 
range instrumentation resources to deliver cost-effective, high-performance, and timely services 
to range users. 
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THE MATRICS CONCEPT 
 
The MATRICS concept combines proven characteristics of existing and legacy airborne data 
relay systems with those from operational Unmanned Aerial Systems (UAS). 
 
The MATRICS concept of operation includes a single or multiple high endurance, remotely 
piloted aircraft operating at medium and high altitudes to extend the target tracking and data 
relay capabilities of existing land/sea/air test targets. 
 
The MATRICS concept aims to merge the effectiveness of existing and legacy airborne range 
instrumentation technologies proven on ARIA, AIS, and AP/TM systems with the capabilities of 
Medium Altitude Endurance (MAE) and High Altitude Endurance (HAE) UASs like Predator 
and Global Hawk.  The result is an affordable system that compliments the capabilities of 
existing test range infrastructure while negating operational risks to human operators. 
 
While the performance of a single low-cost UAV cannot match the capabilities of existing 
airborne instrumentation assets, the MATRICS has the potential to exceed the performance of 
these assets when implemented as a distributed network.  Multiple platforms can be staged to 
increase test coverage footprint and duration, and to enable tracking of multiple targets.  Backup 
platforms can be deployed or placed on alert to increase redundancy.  The availability of multiple 
platforms also allows for maintenance down time while maintaining support readiness.  Multiple 
platforms provide range managers with additional flexibility in tailoring mission support plans. 
 
To be feasible, the MATRICS concept requires an affordable Unmanned Aerial System (UAS) 
capable of hosting a suitable telemetry tracking and data relay system and other range 
instrumentation payloads.  In support of a proof-of-concept effort, Aerocross Systems is 
developing the Echo Hawk UAS and the Echo Link telemetry tracking and relay system.  Based 
on maximum performance predictions, a single MATRICS UAV node can track and relay 
instrumentation data within a 200-mile radius of the vehicle resulting in a target-to-shore range 
of over 400-miles.  Addition nodes can add redundancy and, with node-to-node communications, 
can also extend the area of coverage. 
 

 
MATRICS Concept 
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ECHO LINK TELEMETRY RELAY SYSTEM 
 
Echo Link is an airborne telemetry relay instrumentation system.  Aerocross Systems is 
developing Echo Link to optimize test range telemetry data relay performance from a UAV 
platform.  The Echo Link system is comprised of an innovative high performance tracking 
antenna system and a telemetry front-end/retransmission system.  The Echo Link is remotely 
configurable, thus enabling mission operators to change support parameters as required to 
support multiple successive missions. 
 
Telemetry Tracking Antenna 
 
The telemetry tracking antenna system is a lightweight, dual-axis, S-Band, monopulse 
autotracking sensor designed to yield the maximum feasible G/T figure of merit performance 
while operating within a limited swept volume.  The system is specified to operate in the 
telemetry instrumentation frequency band from 2200 MHz to 2400 MHz with a G/T goal of > 
4.5 dB/ºK.  Swept diameter is restricted to 40” due to aircraft payload bay geometry constraints.  
To meet these challenging specifications, Aerocross System is employing an innovative technical 
approach.  We are integrating a cavity mode coupler coaxial monopulse feed in an offset fed 
configuration with a lightweight 36” aperture carbon fiber reflector.  The antenna assembly is 
mounted on a non-orthogonal roll-theta pedestal.  The offset fed configuration provides high 
efficiency/low side lobe characteristics while the non-orthogonal mount axes pedestal contributes 
to compactness and low weight properties.  The rotator assembly features continuous motion axis 
positioning using low backlash precision gear drives, servomotors with built-in servo amplifiers, 
and a rotary joint/slip ring assembly.  An airborne digital antenna control unit (ACU) manages 
the antenna system while a remote ground unit provides the controller interface.  The ACU 
features multiple operating modes including autotrack, auto-acquire, tracking threshold, rate 
memory, position memory, remote, and slave.  The local ACU interfaces with the UAV for 
Command and Control (C2) as well as attitude information.  It is connected to the telemetry RF 
front-end for demodulated tracking scan data, receiver AGC information, and modulated RHC 
and LHC RF signal transfer. 
 
Telemetry Front-end/Retransmission System 
 
The telemetry front-end/retransmission system is comprised of a highly integrated board level 
telemetry processor, a state-of-the-art telemetry L-band transmitter, and an omni-directional 
retransmission airborne blade antenna.  The telemetry front-end processor integrates the 
functions of two S-Band receivers, a pre-detection diversity combiner, a PCM decom/simulator, 
an IRIG time code reader, and a bit synchronizer into a single full size PCI PC board.  Mission 
configuration is accomplished pre-mission and in real-time by remote control via the PCI bus 
through an onboard Payload Management Computer.  Baseband telemetry data and clock are 
forwarded to the L-Band transmitter for relay via the blade antenna.  The L-Band transmitter 
features remote configuration interfaces as well as a dynamic digital pre-modulation filter 
necessary for shaping the baseband waveform prior to transmission.  The telemetry front-end 
also has provisions for future enhancements including bandwidth efficient modulation, data 
recording, playback, IRIG time tagging, and reduced rate/alternate format retransmission. 
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ECHO LINK DESIGN SPECIFICATIONS 
 
Tracking Antenna: 
Configuration   3’, Offset Fed, Non-orthogonal Roll-Theta Mount 
Swept Diameter   40” 
RX Frequency   2200 to 2400 MHz 
Tracking Technique  Single Channel Monopulse 
Gain (2200 MHz)  > 22.5 dB 
G/T (2200 MHz)  > 4.5 dB/ºK 
Beamwidth (3 dB)  11º nominal 
Polarization   Simultaneous RHCP and LHCP 
Axial Ratio   < 2.0 dB 
VSWR    < 2.0:1 
Velocity   > 20º/sec 
Acceleration   > 40º/sec2

Roll/Theta Travel  Continuous/180º 
Control    Standard Local and Remote Digital ACUs 
Weight    < 90 lbs 
Power    24 to 32 VDC 
 
Telemetry Front-end/Retransmission System: 
RX Frequency   2200 to 2400 MHz 
TX Frequency   1450 to 1550 MHz 
RX Noise Figure  Better than 6 dB 
TX Power   10W 
Modulation   FM 
Coding    IRIG 106 PCM 
Maximum Data Rate  10 Mbps 
IF Bandwidth   0.5 MHz to 20 MHz 
 
 

VOICE COMMUNICATIONS RELAY SYSTEM 
 
The Voice Communication Relay System is comprised of a pair of URC-200 line-of-sight radios 
configured as a repeater onboard the UAV platform.  The radios are mated to two dual-band 
airborne blade antennas mounted on the top and bottom of the airframe to provide omni-
directional coverage.  Two-way simplex operation is accomplished by using two different 
frequencies.  The URC-200 radio set can be remotely configured to operate in the VHF or UHF 
band.  While the baseline maximum transmission power is 10W, the system can be configured to 
operate at lower power.  As required, power amplifiers may be added to increase maximum 
power to 50W. 
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ECHO HAWK AIRBORNE PLATFORM 
 
The Echo Hawk Unmanned Aerial System (UAS) is a low-cost, high performance, versatile 
system designed to support airborne missions requiring remote, medium altitude, and long 
endurance operations.  This UAS consists of the Echo Hawk Unmanned Aerial Vehicle (UAV) 
and transportable Echo Hawk Mission Control Station (MCS). 
 
Echo Hawk Unmanned Aerial Vehicle (UAV) 
 
The Echo Hawk UAV is a combination of light sport aircraft components integrated with flight-
proven Command and Control (C2) technologies.  The UAV airframe is an all-composite, high 
wing, “T” tail pusher with fixed tricycle landing gear.  The airframe features a high aspect ratio 
wing and horizontal tail surfaces that can be removed for easy transportation. 
 
The powerplant for the Echo Hawk is a turbocharged/intercooled Rotax 914 engine turning a 
three-blade, Airmaster AP332 constant speed propeller.  This combat proven, four-cycle, four-
cylinder aviation power plant produces 115 HP at full boost and maintains 100 HP up to 10,000 
ft MSL.  While burning an average of 4 gallons per hour at altitude, this powerplant and the Echo 
Hawk 50 gallon (Mogas, Avgas) fuel capacity gives the UAV an endurance of over 12 hours and 
a range in excess of 1200 nautical miles. 
 
The Echo Hawk UAV includes a 28 VDC engine-driven aviation alternator and mission battery 
to supply power to the C2 avionics and payload systems via dedicated buses.  The alternator has 
operational heritage on the Predator UAV and can produce 28VDC/100A at 30,000 ft. 
 
The Echo Hawk UAV C2 suite is comprised of flight proven COTS components for flight 
navigation, guidance, and control.  The UAV can be operated as a remotely piloted platform via 
redundant line-of-sight radio modems or as a semi-autonomous platform via embedded waypoint 
navigation and guidance logic. 
 

 
Echo Hawk UAV 
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ECHO HAWK UAS BASELINE SPECIFICATIONS 
 

Fuselage Length 20 ft 
Fuselage Height 7 ft 
Wingspan 41.5 ft 
Wing Area 129 sq ft 
Maximum L/D 23:1 
Empty Weight 750 lbs 
Maximum Gross Takeoff Weight 1475 lbs 
Useful Load 725 lbs 
Airspeed, Stall, VSO 35 KEAS 
Airspeed, Never Exceed, VNE 140 KEAS 
Cruise Speed, 15,000 ft MSL @ T/VMIN 100 KEAS 
Range, 15,000 ft MSL @ T/VMIN 1250 nmi 
Endurance, 15,000 ft MSL @ T/VMIN 12.5 hrs 
Maximum Altitude 25,000 ft MSL 
Powerplant Rotax 914, 100 HP @ 10,000 ft 
Fuel Capacity 50 gal US (Mogas, Avgas) 
Payload Volume 4 ft (L) x 2.5 ft (W) x 2 ft (H) 
Payload Weight Limit (w/ full fuel) 425 lbs 
Payload Power 28 VDC, 100A 
Command and Control (C2) Remotely Piloted (LOS) 

Autonomous Waypoint Nav (BLOS) 
Sensors S-Band TM Autotracker 

Electro-Optical 
Communications Line-of-Sight C2

Telemetry Data Relay (Echo Link) 
VHF/UHF Voice Relay 

Range Safety RCC-319, RCC-323 Compatible FTS 
Ballistic Recovery Parachute 
 
 

MISSION CONTROL STATION (MCS) 
 
The Mission Control Station is housed inside a 26’ cargo trailer that doubles as the mobile 
transport for the Echo Hawk UAS.  The baseline MCS includes a UAV Operator Console and a 
Range Safety/Payload Management Console. 
 
The UAV Operator Console includes standard HOTAS (hands on throttle and stick) pilot 
interfaces coupled with a live analog audio/video feed from the UAV.  Synthetic out-the-window 
visuals are projected behind the live video feed along with a Head-Up Display (HUD) 
instrumentation overlay to increase pilot situational awareness.  An auxiliary moving map and 
Head-Down Display instrumentation screen are also provided. 
 
The Range Safety/Payload Management console includes a moving map display for flight 
following and Flight Termination System footprint predictors.  This console doubles as the 
Payload Control interface for control/reconfiguration of the electronics.  The Echo Hawk UAV 
baseline includes an electrically initiated ballistic parachute for emergency recovery. 
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CONCLUSION 
 
The capabilities stated above are in the final stages of development.  The MATRICS is scheduled 
to begin flight test and demonstration in late 2007.  Preliminary findings have supported the 
feasibility of utilizing Unmanned Airborne Systems to support range instrumentation missions.  
Future development and enhancements include operational testing, advanced airframe 
integration, and instrumentation system updates.  Multiple networked airborne platforms and 
additional/alternate payloads can also be investigated. 
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ABSTRACT 
 
As a vehicle reenters or flies at hypersonic speed through the atmosphere, the surrounding air is 
shock heated and becomes weakly ionized. The plasma layer thus formed causes a 
communication problem known as ‘radio blackout’. At sufficiently dense plasma conditions, the 
plasma layer either reflects or attenuates radio wave communications to and from the vehicle. In 
this paper, we propose an electromagnetic field configuration as a method to allow 
communication through the plasma layer. Theoretical models show that this may address the 
blackout problem under a range of conditions. Preliminary experimental results are also 
presented. 
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INTRODUCTION 
 

During reentry or hypersonic flight through the atmosphere, the air is compressed and heated by 
a shock wave which is formed in front of the vehicle. The shock heated air becomes weakly 
ionized and generates a plasma layer. This plasma layer has a negative effect on vehicle 
operation by obstructing radio wave communication. The electron density of the plasma layer is 
usually 1015 to 1019 m-3 and it is high enough to cause a communication problem that is called 
‘radio blackout’ [1]. The radio blackout problem is important due to the loss of voice 
communication and data telemetry during reentry of manned vehicles and the loss of GPS 
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navigation and electric countermeasures capability during reentry of military unmanned vehicles 
[2]. 
 
Radio blackout occurs when the frequency of the plasma around the reentry vehicle exceeds the 
frequency of the radio wave which is used in communication. In general, solutions to the radio 
blackout problem have two approaches, passive and active plasma control methods. Passive 
plasma control includes techniques such as changing the leading edge geometries. A sharp nosed 
reentry vehicle gives a much thinner plasma layer than a blunted nose reentry vehicle. However, 
a sharp nosed vehicle has a reduced payload capacity and aerodynamic performance and 
increased aerodynamic heating problems. Active plasma control approaches include techniques 
such as electrophilic injection, aerodynamic gas spikes, high frequency transmission and the 
application of electric and magnetic fields [2].  
 
Magnetic field effects during reentry were studied in the context of MHD flow control [3] [4]. 
However the effectiveness of a magnetic field for electron density reduction in a reentry plasma 
layer has not been studied in detail. When an ExB field is applied near the antenna, it will 
accelerate the plasma and the plasma density will decrease to satisfy the mass conservation in the 
plasma. The radio waves can then propagate through the ‘window’ in the plasma thus created. 
Detailed knowledge of the plasma density distribution across the ExB field is necessary to 
optimize the field configuration and create the strongest possible electron density reduction in 
the plasma layer. 
 
This paper is contains two main parts, which involve simulation modeling and experimental 
study. In the simulation part, an electromagnetic field configuration is proposed as a method to 
allow communication through the plasma layer. Two different simulation approaches are applied, 
one each for the plasma-optic and magneto-hydro-dynamic (MHD) regimes. Three different 
altitude conditions are studied that set different initial plasma density conditions for the ExB 
layer simulations.  
 
In the second part, we describe an experimental set up which will be used to provide validation 
of the plasma mitigation technique. A configurable engineering model of the system 
(electromagnet and electrodes) was constructed around an antenna embedded in a mica sheet 
(simulating a vehicle body). A helicon plasma source is used to create a high-density plasma 
over this model. Langmuir probe measurements and network analyzer measurements between 
the embedded antenna and an external antenna provide proof that this technique of plasma 
density reduction is effective. 
 
 

PLASMA-OPTIC REGIME 
 
As the first approach, we consider the plasma-optic regime (i.e. a partially magnetized plasma) in 
which the electrons are magnetized but the ions are unmagnetized. The ions are accelerated in 
the electric field and thus the plasma density decreases.  
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Figure 1. Schematic diagram of an ExB layer.  

 
The plasma acceleration across the ExB layer is similar to that in a Hall-effect thruster. 
Schematically the magnetic layer is shown in Fig. 1. The magnetic field traps the electrons 
preventing them from shielding the ions from the applied electric field. The electric field 
accelerates the ions past the antenna, reducing the plasma density over the antenna. A simplified 
one-dimensional hydrodynamic model of the magnetized layer is developed based on an existing 
Hall thruster model5, 6 as follows: 
 
 0  (1) 
   (2) 
 0   (3) 
 
where,  is the ion collision frequency, and  is the electron collision frequency 
 
 The hydrodynamic model is simplified using the following assumptions: 
 

• The ExB layer is quasi-neutral 
• The neutrals are at rest 
• There is no ionization in ExB layer 
• Te (electron temperature) is constant 
• The magnetic field only has an X component, B=Bx 

 
The resting neutral assumption gives a maximized ion-neutral drag effect. It is also assumed that 
the system reaches a steady state and the electron component is not inertial. In this case, we are 
interested in density, velocity and potential variation in the z-direction. As shown at the Fig. 1, 
the ExB drift is in the y-direction. The electron velocity in the ExB direction is  
 
  (4) 

 
where,  is the electron cyclotron frequency and  is the hall parameter  
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Using the definition of the current density and the electron conductivity, a generalized Ohm’s 
law for this particular case can be obtained. Thus the electric field across the ExB layer can be 
calculated. 
 
    (5) 
 
The system of equations (1), (2) and (5) is used to describe the plasma flow across the 
magnetized regime. The ExB layer configuration leads to an electron drift in the ExB direction 
and provides plasma quasi-neutrality across the layer. Thus a significant electric field can be 
maintained across the magnetic field. The electric field causes ion acceleration leading to the 
plasma density decrease. The initial plasma density and neutral density conditions for several 
altitude conditions are listed in Table 17, 8, 9. 
 

Altitude [km] Plasma density [m-3] Neutral density [m-3] 
81 km 1018 1021 
61 km 1019 1022 
41 km 1021 1024 

 

Table 1. Initial plasma and neutral density conditions for several altitude conditions 
 
Figure 2 shows results for the plasma-optic regime at three different altitude conditions. In the 
relatively low plasma density condition, i.e. at 81 km, the plasma-optic regime gives a 
remarkable reduction in the plasma density. On the other hand, one can see that at relatively 
dense plasma conditions, the plasma-optic regime does not give any significant density reduction. 
For this case (41 km), even the 0.5T magnetic field condition gives only a trivial plasma density 
reduction. Therefore, another approach for plasma mitigation is required at dense plasma 
conditions.  

 
Figure 2. Plasma density reduction ratio for three different altitudes (at a current density of 300A/m2) 
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Current density is another parameter that can effect the plasma density reduction. A high current 
density gives a significant plasma density reduction but also requires a high voltage across the 
ExB field. In a practical situation, instead of the current density, we control the voltage drop 
across the ExB layer, which in turn effects the current density. The voltage drop across the ExB 
layer might be limited by technical issues, weight or other considerations. Such limitations 
would impose restrictions on the maximum current density allowed.  

 
Figure 3. Plasma density reduction for several current densities at 81 km 

 
 

MHD REGIME 
 
In dense plasma condition, plasma density reduction is still possible but a higher magnetic field 
is required, as one can see from the results of the plasma-optic regime. In this case, ion-neutral 
coupling becomes very important, such that the ions must be considered magnetized. This is 
called the MHD (magneto-hydrodynamics) regime. In this regime, a hydrodynamics model with 
magnetized ions is applicable. 
 
In this regime, it is assumed that the ion velocity and electron velocity are the same, because the 
current density in the y-direction is small enough to be negligible in comparison with the current 
density in the z-direction. Under this assumption, the electron collision term can be neglected. 
Figure 4 shows how two different directions were applied for each regime. The MHD regime is 
applied along the y-direction, so it is assumed that the plasma only has variation along the y-
direction. 

 
Figure 4. Schematics for two different regimes: Plasma-optic and MHD regimes 
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Comparison between Figs. 2 and 5 indicates that the MHD model predicts nearly the same result 
as the plasma optic approximation at the high altitude conditions. It also points out the fact that 
the plasma-optic regime does not provide effective plasma density reduction at low altitude 
conditions but the MHD regime predicts a much stronger plasma density reduction in the low 
altitude case. This fact tells us that the collision term becomes important at low altitudes and the 
JxB drift is an effective way to achieve plasma density reduction at low altitude conditions.  

 
Figure 5. The plasma density reduction ratio for three different altitudes (500A/m2) in the MHD regime 

 
In the MHD regime, current density is the parameter that most affects the plasma density 
reduction. Figure 6 shows the fact that one can produce a significant plasma density reduction at 
41 km when the current density is high enough. This fact yields a possibility of addressing the 
radio blackout problem at low altitude conditions. 

 
Figure 6. The plasma density reduction for several current densities in the 41 km MHD regime 

 
The interelectrode length is another parameter for addressing the blackout problem. A longer 
interelectrode length gives more significant plasma density reduction but there may be 
limitations imposed by the system geometry. Long interelectrode lengths and high current 
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densities lead to the highest potential drop. But technically, the maximum potential drop is 
limited. With these considerations, we introduce the solution map for the MHD regime at 41 km 
as shown in Figure 7. This solution map proposes possible current density and interelectrode 
length ranges for a reasonable solution with significant plasma density reduction. 
 

 
Figure 7. The solution map for 41km MHD regime 

 
 

EXPERIMENTAL STUDY 
 
In addition, we are developing an experimental setup to provide validation of the plasma 
mitigation technique based on the ExB layer. A configurable engineering model of the system 
(electromagnet and electrodes) was constructed around an antenna embedded in a mica sheet 
(simulating a vehicle body). The ReComm electromagnet is mounted below the sheet, and the 
electrodes on the surface surrounding the antenna. A helicon plasma source is used to create a 
high-density plasma over this model. Langmuir probe and network analyzer measurements 
between the embedded antenna and an external antenna will provide proof that this technique of 
plasma density reduction is effective, as well as detailed measurements of the level of reduction 
provided. Figure 8 below shows a diagram of the setup. This setup is designed to be easily 
reconfigured to optimize electrode shape, magnetic field levels, and other parameters as the 
concept is optimized. The chamber is designed to simulate a range of plasma and neutral 
densities representing a range of altitudes. 
 

 
Figure 8. Diagram of experimental setup including network analyzer and Langmuir probe diagnostics. 
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The Langmuir probe is mounted on a set of translation stages, allowing full characterization of 
the area of effect, including increasing distance from the spacecraft body (the maximum effective 
range of the mitigation effect from the spacecraft is a key question). With the mitigation system 
active, a decrease in plasma density and an increase in plasma potential will be directly measured 
by the Langmuir probe- a Hiden ESPION series RF compensated for 13.56 MHz, the operational 
frequency of the plasma source. 
 
As of this writing, the system is undergoing initial calibration operation. The following figure 
shows initial reduction data at low field strengths (pending RF tolerance upgrades to the power 
supplies to eliminate interference issues with the plasma source). The pressure was held constant 
at 80 mTorr and the RF power to the plasma was set to 250 W. The data below shows sweeps 
taken with the plasma source only, with plasma plus the ReComm magnetic field at 50 Gauss, 
and finally with plasma and both the magnetic field and 100 Volts on the electrodes. 
 

 
Figure 9. Langmuir Probe Sweeps Measuring the ReComm Effect. 

 
For a cylindrical probe, the ion saturation current is related to plasma density by the following 
relationship. 
 

 2
/

  (6) 

 
where Vp is the plasma potential, rp and lp are the probe radius and length, e is the ion charge, Mi 
is the ion mass, V is the voltage on the probe, and ni is the ion density. Equation (6) is only valid 
in the ion saturation current region. 
 
As can be seen from the plot, the ion saturation current, which is directly proportional to density, 
is reduced slightly when the magnetic field is applied and is further reduced when the electrodes 
are turned on. Additional calibration will be required to fully eliminate magnetic and electric 
field effect biases from the Langmuir Probe measurements, which is why we focus on the ion 
saturation regime for these calculations rather than the electron collection regime to the right. At 
these magnetic field strengths we are confident that the ions are not significantly effected, though 
this will have to be revisited as we increase the magnetic field.  
 
The ion density change due to the ReComm effect can be calculated by taking the ratio of the ion 
saturation current with electrodes and magnetic field on to the ion current with just the magnetic 
field at a given voltage.  The data shows a reduction of plasma density by approximately 50%. 
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This is with relatively low voltage and magnetic fields. A significantly stronger effect is 
expected at the full field strength. 
 
The zoomed in plot to the right in the figure above shows a scaled up version of the ion 
saturation region of the Langmuir probe sweeps with an additional sweep with -100 V between 
the electrodes, but no magnetic field. As can be seen, bias on the electrodes without a magnetic 
field does not appear to affect the plasma density. This illustrates the importance of the magnetic 
field- the electrons form a sheath around the electrodes, shielding their effect and preventing ion 
acceleration- unless there is a magnetic field to trap electrons and prevent this sheath formation. 
 

 
Figure 10. Measurement of Density Reductions versus Magnetic Field 

 
Figure 10 shows the measured density reduction as the magnetic field is increased.  The density 
reduction was calculated by taking the ratio of the ion saturation currents with and without -100 
V on the electrodes with the magnetic field on for both measurements.  The density labels in the 
legend are with the ReComm system turned off.  As can be seen from the plot, the density 
reduction increases to a point with increasing field strength, but then begins to decrease as the 
magnetic field continues to go up.  Also the magnetic field corresponding to the minimum point 
is increasing as density is increased.  Work is currently in progress to interpret and improve on 
these results, part of which will be recalibration of the Langmuir probe data to compensate for 
magnetic field effects. 
 
Work continues to calibrate the system and push it to more challenging environments. Future 
plans include higher neutral and plasma densities, and lower communication frequencies. 
Conditions simulating 80 km and higher should be obtainable without difficulty. It is not 
anticipated that we will be able to experimentally replicate conditions of 40 km or lower. 
Measuring and optimizing performance through a variety of environments will accomplish many 
objectives. This will allow the validation of the model results, thus lending strength to the 
modeling and simulation results outside of the range of parameters which can be obtained by 
experiment. It will suggest which improvements to the system will be most valuable in 
increasing performance. Finally it will guide the development of a flight system design. 
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CONCLUSION 
 
It was proposed that the application of electric and magnetic fields could lead to a significant 
reduction of the plasma density surrounding a hypersonic vehicle allowing radio communication 
through a hypersonic plasma layer. Specifically, an ExB field configuration was proposed and 
has been studied. Two regimes of ExB layer were considered, namely the plasma-optic and 
MHD limits. Both regimes suggest that significant plasma density reduction is possible at high 
altitude conditions. At low altitude conditions, only the MHD regime yields a sufficient plasma 
density reduction to make it possible to address the blackout problem. 
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ABSTRACT 
 
Modern telemetry systems often require signal switching hardware to facilitate signal routing 
reconfiguration between missions. As these systems have grown more complex with high signal 
counts and diverse signal types in the same system, the need for flexible switching hardware that 
can adapt to these changing requirements has emerged. A novel architecture for diverse signal 
switching hardware is presented that addresses the changing requirements of modern telemetry 
systems. While conventional commercial switching gear handles each signal type in a separate 
group, the proposed architecture allows digital and analog signal types to be switched, 
multiplexed, scaled, and combined (as the signal types allow) all within the same chassis, and 
between signal types. 
 
 

INTRODUCTION 
 
Today’s sophisticated multi-signal data transmission and test systems rarely allow a fixed system 
configuration where signal paths are defined and implemented once, never to be re-routed.  It is 
much more common for signal processing equipment to serve multiple uses for different projects 
or missions, thus requiring periodic signal routing changes.  Reconfiguration is often even 
required during a mission or test.  These situations have created the need for signal switching 
hardware that allows simple reconfiguration of signal paths without the costly physical rewiring 
of the system by technical personnel.  A number of commercial product offerings are available to 
fill this need.  
 
 

REVIEW OF STANDARD EQUIPMENT 
 

Signal Types 
In the majority of digital signal switching applications, TTL logic level or RS422-compliant 
signal switches are used for logic signals such as clock and data pairs from bit synchronizer 
equipment.  In addition, analog signal types are supported by standard equipment including low 
bandwidth analog signals for generic signal applications like physical sensor data and wide 
bandwidth analog signals such as base band digital signals from a receiver output or intermediate 
frequency receiver signals. 
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Blocking vs. Non-blocking 
During a partial reconfiguration of existing connections or the insertion of a newly-added input 
to output connection, a signal can be blocked if there are not enough routing pathways through 
the switch to support all requested connections.  A switch design subject to this limitation is 
called a blocking switch.  In contrast, a switch that has enough routing pathways to support any 
signal reconfiguration or addition without disturbing the throughput of existing connections is 
said to be non-blocking.  A non-blocking switch is often preferred for systems that require signal 
path reconfiguration to take place during live operation without disturbing existing signal routes. 
 
 
One-to-One and One-to-Many Connections 
Switch hardware is commonly used to route signals one-to-one describing a scenario where each 
input is routed to a single output.  Alternatively, a one-to-many connection capability allows a 
single input to be routed to one or more output connections simultaneously.  This can be useful 
when distributing a signal to multiple equipment inputs such as a data recorders and 
decommutation equipment. 
 
 

STANDARD EQUIPMENT LIMITATIONS 
 
Although there are many different types of signal switching equipment used in the telemetry 
field, for comparison purposes this discussion will focus on standard switch equipment 
supporting medium frequency digital (TTL or RS422) clock and data signals, and low bandwidth 
analog signals in the typical ±10V range. 
 
 
DC Performance vs. Bandwidth 
Many commercial signal switching products use analog switching technology.  Since a digital 
signal is ultimately an analog signal as it travels through a conductor, analog switches can 
simultaneously support both types of signals, and as such, are often preferred to other switch 
types.  As is usually the case in engineering, the decision to use this type of circuitry as the 
switching core is a tradeoff of conflicting performance considerations.  Support of medium to 
high speed digital signals typically requires an analog channel bandwidth at least three or four 
times the maximum digital input signal frequency, pushing the analog bandwidth requirements 
into the hundreds of MHz.  This bandwidth is certainly sufficient to handle the low bandwidth 
analog input signals as well, making this topology attractive from a system complexity 
standpoint.  The design tradeoff becomes apparent when you look more closely at the system’s 
performance for each type of signal.  Although operational amplifier technology is steadily 
improving, amplifiers that excel at wideband signal amplification typically suffer from less than 
stellar DC performance.  Analog crosspoint switching integrated circuits exhibit similar 
inconsistencies over their operating frequency range, although their specifications are a bit 
different than an amplifier.  Since these components form the core of wideband analog signal 
switches, performance over the full operating frequency range is similarly inconsistent and must 
be carefully considered for each application. 
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Crosstalk in Digital Signals 
When signals are switched through an analog switch matrix, parasitic capacitive and inductive 
coupling in PCB traces, connectors, and on the die of integrated circuits can cause crosstalk 
between neighboring signals.  For a digital signal passed through an analog switch network, this 
may not cause significant signal degradation due to the nature of the digital signal.  As an 
example, if a typically small amount of spurious coupling from an aggressor signal occurs during 
a victim signal’s static state, the disturbance likely won’t cause the victim signal’s logic state to 
change (Figure 1a)  If this crosstalk occurs during a logic transition, however, the disturbance 
can cause an apparent time shift of the transition point of the victim signal (Figure 1b), or in 
severe cases when an aggressor signal with very high �v/�t is nearby, a brief edge reversal 
resulting in an occasional signal glitch when the output signal is received by another gate (Figure 
1c).  Fortunately, most signal switches have isolation specifications of at least 40dB at mid to 
high frequency, so the chance of an edge reversal as severe as that shown in Figure 1c is next to 
zero.  Nevertheless, edge placement and jitter are still concerns when preservation of timing is 
critical. 
 
 

 
 

Figure 1 – Crosstalk Effects in Digital Signals 
 
 
Crosstalk in Analog Signals 
Depending upon the application’s requirements, a low-frequency analog signal passed through 
the same switching circuitry described in the previous section can be irreversibly altered by a 
digital aggressor signal with fast edges as shown in Figure 2.  For this reason, the crosstalk 
limitation of switching hardware utilizing analog crosspoints to pass analog signals must be 
carefully considered for each application. 
 
 

 
 

Figure 2 – Crosstalk Effects in Analog Signals 
 
 



4 

 
High Cost 
Wideband analog crosspoint switching ICs tend to be quite expensive compared with generic 
digital programmable logic, adding significant cost to switching hardware using them.  
Additionally, to maintain decent DC performance, analog paths must be trimmed with additional 
offset correction circuitry, increasing cost and reducing reliability. 

 
 

PROPOSED TOPOLOGY 
 
Segmented Switching Matrix 
The switching topology discussed here is based on the segmented switching approach first 
proposed by Charles Clos in 1953 [1].  This topology, depicted graphically in Figure 3, splits the 
signal switching function into smaller crosspoints arranged in three stages.  For the purposes of a 
signal switching network, this topology allows hardware-efficient, strictly non-blocking 
operation when m � 2n. 
 
 

 
 

Figure 3 – Three Stage Segmented Switching Matrix 
 
 
By separating input and output signals from the middle switching stage, signal types can be 
mixed at the input and output stages as long as they are translated to and from a common signal 
type for passage through the middle switching stage.  Selection of a digital signal type for the 
middle stage signal paths provides the most flexible arrangement for transmission of a wide 
variety of input signals while reducing the cost and complexity of the middle stage hardware 
implementation. 
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Modular Input and Output Stage Implementation 
The input and output stages each consist of r identical crosspoint switches, an item that can be 
exploited to break each stage into multiple physical modules, facilitating large matrix dimensions 
and allowing different signal types to easily be mixed in one system.  To support a digital signal 
type for the middle stage signal paths, the input and output stage modules must not only perform 
the first stage signal switching function, but also the signal translation function required to 
convert the external signals to and from the middle stage signal type.  By converting all input 
signal types to a consistent data format for switching in the middle stage, the topology allows 
any mix of signal types to coexist in the system.   
 
 
Middle Stage Implementation 
The middle stage is a fully digital crosspoint switch bank utilizing FPGA logic to perform the 
switching function along with other optional advanced features.  Low voltage differential 
signaling (LVDS) is the preferred physical transmission medium for the intermediate signals 
after conversion from their input type.  LVDS works well since it has small signal excursions for 
reduced radiated emission, high immunity to spurious coupling from other signals, and supports 
high data rates.  
 
In this implementation, the data passing through the middle stage is encoded based on the type of 
signal source, bandwidth required, and the type of signal output.  In the simplest case of a one-to-
one TTL to TTL signal route shown in Figure 4a, a TTL input signal is converted to LVDS on 
the input module, switched to the appropriate middle stage crosspoint by the input crosspoint, 
switched through the middle stage crosspoint to the appropriate output module, switched to the 
appropriate output connector by the output crosspoint and finally converted to TTL to drive the 
output connector.  In the more complex situation shown in Figure 4b, a wideband analog input 
signal might be converted by a high sample-rate ADC to a set of LVDS serial streams that are 
switched through to the desired output module where the set of LVDS streams are de-skewed 
and reconstructed by a wideband DAC for output.  Since there is a bandwidth limitation on the 
pathways through the switch hardware, certain signal types like this will require multiple parallel 
serial paths through the switch matrix to support the data rates required for faithful 
reconstruction of the original signal. 
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Figure 4 – Signal Routing Examples 

 
 
In a general sense, paths through the switch matrix can be utilized in different ways to support 
different signal types, bandwidths, and translation to other formats.  This switch architecture has 
the flexibility to support any signal combination within the same chassis as a direct result of the 
all digital switching matrix. 
 
 

ADVANCED FEATURES 
 

The proposed switch topology has distinct advantages over classic implementations, but other 
advanced features make it even more attractive for specific applications.  By providing additional 
ways to manipulate the signals, the switch can support other functions that have historically 
required external hardware. 
 
 
Input and Output Stage Advanced Functions 
Applications that require switching low-level analog signals like sensor outputs or noise signal 
sources will benefit from the addition of a programmable gain amplifier (PGA) before the ADC 
input to maximize the useable dynamic range of the converter.  Conversely, switch outputs often 
must drive a wide array of equipment with different input level and impedance requirements.  To 
meet these requirements, a PGA is often used to match output signal levels to the input being 
driven.  Adding a PGA before each analog output driver simplifies system design by eliminating 
the need for external hardware and interconnects to perform this function.  A careful choice of 
input and output gains can simultaneously satisfy input dynamic range and output driver 
requirements and provide an overall net signal gain, if required. 
 
For very specific applications, other advanced functionality can be added to the input and output 
analog switch modules such as programmable bandlimiting, AC coupling, input attenuation for 
high voltage signals, and high voltage or high current output drivers. 
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Middle Stage Advanced Functions 
The middle stage switching logic is implemented within high density FPGAs with huge internal 
resource availability for extended functionality beyond the basic switching capability.  Since the 
data passing through this stage is all in digital format, it is fairly straightforward for this logic to 
support advanced signal processing functions under control of the system routing software. 
 
 
Filtering and Combining 
The most obvious type of signal processing to be performed on analog signals being switched 
through the middle stage is filtering.  Since analog signals will typically be converted to at least 
one digital pulse code modulated (PCM) serialized stream by the input stage, the middle stage 
will need to reformat the PCM data before performing the filtering function.  Depending upon 
the output data format required, the middle stage logic will reformat the filtered PCM data for 
the output stages after the filtering is performed. 
 
For analog signal applications such as audio, signal combining is another simple function that 
can be performed in the middle stage logic.  With selectable polarity to provide support for 
subtraction or addition, time-aligned samples from the PCM streams of two or more analog input 
signals can be combined into a single output.  This function allows support for signal mixing or 
differential measurements of signals.  Weighting of the signal inputs and the combined output 
can be easily implemented as well. 
 
 
Signal Multiplexing and Demultiplexing 
With data passing through the middle stage encoded in common PCM formats alongside strictly 
digital input signals which may, themselves, be PCM encoded data and clock pairs, the 
possibility of multiplexing and demultiplexing these data streams becomes an attractive feature.  
Simple and complex multiplexing schemes can be implemented in the middle stage logic 
allowing multiple, diverse inputs to be converted, scaled, filtered, and multiplexed onto a single 
digital output for transmission to another remote chassis where the signals are demultiplexed and 
reconstructed. 
 
 
Example of an Advanced Application 
Figure 5 graphically depicts an application where analog and digital input data is multiplexed by 
one switch chassis and demultiplexed after transmission of the encoded clock and data pair.  An 
additional output is used from the multiplexer switch chassis for data recording.  In addition to 
the multiplexing and demultiplexing functions, the advanced function elements might be 
simultaneously configured to perform filtering or combining of the analog signals.  These blocks 
can be logically positioned before or after the cross point switches in the middle stage, depending 
upon the function they are asked to perform.  The system control software would need to 
configure the arrangement on a case by case basis. 
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Figure 5 – Advanced Application Example 
 
 
Combinations of these advanced functions could be utilized to eliminate external hardware, 
providing the user with significant flexibility and cost savings. 
 
 

ADVANTAGES OF THE PROPOSED TOPOLOGY 
 
Low Cost 
Using commonly available FPGAs to perform the crosspoint switching function on digital logic 
signals, parts cost and testing costs are significantly reduced when compared with analog 
crosspoint switches. 
 
 
Flexibility 
An all-digital switching network allows virtually any signal type to be converted and switched 
over the same crosspoint matrix.  The topology also has the inherent ability to convert similar 
signal types with no additional hardware requirements (i.e. TTL to RS-422). 
 
 
Low Signal Crosstalk 
The use of LVDS logic signals through the physical PCB interconnections and middle stage 
switch logic greatly reduces crosstalk effects between signals.  Since analog signals are first 
converted to a digital format before transmission through the crosspoints, there is no opportunity 
for crosstalk to alter the analog signal inside the switching matrix. The analog signal 
transmission fidelity is only limited by the quality of the ADC and DACs used in the input and 
output stages.  Considering the wide performance range of today’s signal converters, virtually 
any level of signal distortion performance is possible. 
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Physically Smaller Solution 
The ultra high density FGPA technology that is readily available ensures that this switching 
topology is as space-efficient as possible.  This is important when implementing large matrix 
switches that are common today. 
 
 
Performance 
This topology allows low to medium bandwidth analog signals to be switched with ultra high DC 
accuracy while simultaneously switching high frequency digital clock and data signals with 
virtually no crosstalk effects. 
 
 
High Reliability 
A significant reduction in component counts along with connector-only interfaces between 
switching stages ensures the highest reliability possible in a signal switching system. 
 

 
DISADVANTAGES OF THE PROPOSED TOPOLOGY 

 
 
Quantization and Reconstruction Noise & Distortion 
The most obvious disadvantage to converting analog signals to digital PCM for switching is the 
signal noise added by the quantization and reconstruction process. Some ultra-stringent 
requirements may preclude the use of this technique for switching analog signals, but for the vast 
majority of applications, today’s ADC and DAC converter technology can provide the required 
performance. 
 
 
Analog Bandwidth Limitations 
Very high bandwidth analog signals that cannot easily be converted using Nyquist sampling 
techniques with an ADC may require a fully analog switching solution.  Again, the ADCs and 
DACs available today will cover most applications, but certain fringe requirements will force a 
different approach than the one described here. 
 
 

CONCLUSION 
 
This paper described an all digital signal switch design that will not only support traditional 
applications, but also more complicated, processing-intensive applications where multiple signal 
types must coexist and interact within the same chassis.  By converting all input signals to a 
common high-speed LVDS form for switching through the matrix, advanced functions such as 
filtering, signal combining, and multiplexing of dissimilar signals are easily supported. 
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ABSTRACT 
 

As technological advances continue to be made in the commercial sectors of portable and 
wireless communication products, additional advancements in battery technology have also been 
made.  These advancements have allowed for the rapid growth of a large variety of commercially 
available batteries which have the capability to meet or even exceed the current power and size 
requirements for numerous ballistic telemetry systems.  The replacement of a custom built 
battery with a COTS battery would provide immediate advantages such as lower cost, shorter 
lead times and higher availability.  The overall objective of this paper is to provide ballistic 
telemetry systems engineers and designers with multiple low cost, readily available alternatives 
to traditional custom made power sources.  
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INTRODUCTION 
 
In an effort to decrease the high cost and long lead times associated with developing custom 
batteries for use in ballistic telemetry systems, several commercial-off-the-shelf (COTS) 
batteries were evaluated to see if they would be a suitable alternative.  In the past, specialized 
batteries were needed because commercially available batteries could not meet the size, power, 
and / or environmental requirements of a ballistic telemetry system.  These specialized batteries 
were typically very expensive and took several months to be designed, fabricated, and tested.  
The use of a COTS battery would greatly decrease all of these factors.  Several different battery 
chemistries, such as Alkaline, Lithium Thionyl Chloride, Nickel Metal Hydride, Nickel 
Cadmium, Lithium Manganese Dioxide, Lithium Ion and Lithium Ion Polymer were taken into 
consideration.  This paper will present the results obtained from tests performed on a series of 
Lithium Manganese Dioxide cylindrical cells.     
 
After reviewing all of the available cylindrical cells, the 123 and CR2 models were chosen for 
testing.  They can typically be found in any store which sells portable electronic devices and 
their high capacities, small size, long shelf life and high availability make them ideal candidates.    
In an effort to limit the possible design differences between manufacturers, samples were taken 
from the Duracell® and Energizer® brands for these tests. 
 
 
 
 
 
 
 
 
 
 
 

Figure 1:  EL1CR2, DLCR2 and DL123 Lithium Manganese Dioxide Cylindrical Cells 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1:  Specifications for CR2 and 123 model cells 

EL1CR2 DLCR2 DL123A
Nominal Voltage (volts) 3.0 3.0 3.0

Rated Capacity (mAh) 800 800 1500

Max Discharge (mA)
continuous 1000 1000 1500

pulse 2500 2500 5000
Dimensions (mm)

diameter 15.6 15.6 17.0
height 27.0 27.0 34.5

Weight (grams) 11 11 17
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PRELIMINARY ELECTRICAL TESTING 
 
Individual cells were discharged at ambient temperature to determine a typical runtime at various 
levels of current draw.  The CR2 cells were only discharged up to 1 amp since that was their 
maximum recommended level of discharge.  Results from these tests produced runtimes from 25 
minutes up to 2 hours.  Since the majority of the projectile telemetry systems being developed by 
the Advanced Munitions Concepts Branch (AMCB) of the US Army Research Laboratory 
typically have a required runtime of 30 minutes and draw anywhere from 200mA to 600mA, 
results from these preliminary tests show that both the CR2 and 123 cells are more than adequate 
to power these systems.   
 
 
 
 
 
 
 
 
 
 

Table 2:  Room temperature (≈20°C) discharge results for individual CR2 and 123 cells 
 
Since the cells performed very well at ambient temperature, additional testing was conducted to 
determine performance at lower temperatures.  The results from these tests, shown in table 3, 
showed a significant drop in runtime from ambient temperature and that discharge currents 
higher than 500mA could not be achieved.  As an example, at 500mA and -20°C, the DLCR2 
had an 82% decrease in runtime and the EL1CR2 had a 74% decrease in runtime.  At 500mA 
and -40°C, both cells lasted less than a minute and had a 99% decrease in runtime from ambient.  
Even though the cells performed poorly under the higher discharge rates, they still performed 
reasonably well under lower discharge rates.  Therefore it is recommended that applications 
requiring low temperature performance only use these cells if the required current draw is limited 
to 250 to 350mA.  It may be possible to increase performance by decreasing the cutoff voltage to 
1.5V per cell or using identical cells in parallel.  However, this would be application specific and 
further testing would be necessary before implementation.   
 
 
 
 
 
 
 
 
 
 
 

Table 3:  Low temperature discharge results for CR2 cells 

EL1CR2 DLCR2 DL123A

500 85.07 92.07 140.75

725 48.45 56.42 95.10

1000 25.73 28.87 60.43

1200 N/A N/A 46.42

Current 
Draw (mA)

Typical Runtime to 2.0V Cutoff  (minutes)

DLCR2 EL1CR2
350 35.30 55.42

500 16.55 21.87

200 15.23 11.00

250 6.10 6.48

350 1.27 2.35

500 28 seconds 53 seconds

-20°C

-40°C

Temperature Runtime to 2.0V Cutoff  (minutes)Discharge 
Current  (mA)



 4

HIGH-G SHOCK TESTING 
 
One of the most important questions when designing for a ballistic telemetry system is whether 
or not the selected components will survive the harsh environmental conditions.  Gun fired 
munitions often obtain acceleration levels anywhere from 10,000G’s to over 100,000G’s.  All 
components used in an electronic system for these projectiles must be qualified to survive those 
types of accelerations.  Mechanical components such as batteries are often susceptible to high 
shock levels based on cell construction, orientation and support.  In an effort to increase the 
probability of success, each cell was encapsulated before testing.  Encapsulation of components 
is a common practice in ballistic telemetry systems and is used to promote component 
survivability.  In this case, the encapsulant should give extra vertical support and improve the 
overall integrity of the cell. 
 
Multiple shock tests were performed on both the 123 and CR2 cells while mounted in both 
vertical, figure 2, and horizontal, figure 3, orientations.  The cell voltage was monitored for each 
test and different loads were applied to simulate an active electronic system.  Ideally, the cell 
potential should not change throughout the duration of the shock pulse.  Each cell was then 
discharged post shock and the experimental results compared to the expected results. 
 
 
 
 
 
 
 
 
 
 
 
The first set of testing was performed on both the CR2 and 123 cells in a vertical orientation.  
The ARL high-G impact table was used to obtain acceleration levels between 10kG’s and 
35kG’s for these tests.  The test set included three DL123A cells, four DLCR2 cells and four 
EL1CR2 cells.  Test results, some of which are shown in figures 4 and 5, showed that all three of 
the DL123A cells had major dropouts during the impact event and failed shock testing.  No 
further tests were conducted with the 123 cells because of these failures. 
 
 
 
 
 
 
 
 
 
 

Figure 4:  Test results for DL123 cell #2  Figure 5:  Test results for DL123 cell #3 

Figure 2:  Fixture and cell for  
    vertical shock testing

Figure 3:  Fixture and cells for  
    horizontal shock testing
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Test results for the CR2 cells showed that the cell voltage remained almost constant, less than 
50mV change, throughout the impact event.  Each cell was shock tested 2 to 3 times apiece and 
the results were typical of those shown in figures 6 and 7.  Post shock discharge tests showed 
that the impact event had no lasting effect on the cells.  A comparison of discharges of the shock 
tested cells with an untested control cell is shown in figures 8 and 9.  
 
 
 
 
 
 
 
 
 
 
 

Figure 6:  DLCR2 cell #3 - shock test #2  Figure 7:  EL1CR2 cell #3 – shock test #2 
 
 
 
 
 
 
 
 
 
 
 

Figure 8:  DLCR2 post shock discharges  Figure 9:  EL1CR2 post shock discharges 
 
After successfully surviving high-G accelerations up to 35kG’s in a vertical orientation, shock 
testing was continued with the CR2 cells mounted in a horizontal orientation. An identical test 
plan was followed with the cells being tested both with and without a load applied and then 
electrically discharged afterward.  The only other difference between these tests and the previous 
ones, aside from cell orientation, was that the cells were tested two at a time for these tests.  A 
sample space of two DLCR2 cells and two EL1CR2 cells were used for these tests.  Each cell 
was shocked twice and then discharged.  Once again, the cells performed very well under high-G 
conditions and the results were typical of those in figures 10 and 11.  Post shock discharge 
curves were once again very similar to the discharge curve of an untested control cell.  However, 
there was more of a decrease in runtime and amplitude between the tested and untested cells in 
this case.  This does show that the cells tested in the horizontal orientation had some lasting 
effects from the high acceleration testing.  However, the shapes of the discharge curves are still 
representative of a typical discharge and the runtimes are also still well within acceptable limits.  
A comparison of discharges of the shock tested cells with an untested control cell is shown in 
figures 12 and 13.  
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Figure 10:  DLCR2 cells 1 & 2 - shock test #1      Figure 11:  EL1CR2 cells 1 & 2 - shock test #1 
 
 
 
 
 
 
 
 
 
 
 
Figure 12:  DLCR2 post shock discharges  Figure 13:  EL1CR2 post shock discharges 
 
The shock testing completed up to this point has been performed on an impact shock test 
machine capable of achieving accelerations up to 35kG’s.  Based on the excellent CR2 shock test 
results obtained so far, additional testing was performed at acceleration levels up to 100kG’s.  
Since the impact shock test machine could not reach these levels, the 4” airgun located at the 
ARL Adelphi facility was used.  The airgun provides acceleration pulses which are not only 
higher in amplitude, but also longer in duration (500 to 1000µs depending on acceleration level) 
than those of the impact shock test machine (typically 50 to 100µs).  The airgun pulses also do 
not have the high frequency content seen in the pulses obtained from the impact shock test 
machine.  The only drawback to using this system was that the cells tested could not be 
monitored during the impact event.  Therefore, all of the cells were flown without a load applied 
and post shock discharge results were compared to those of a control cell. 
 
 
 
 
 
 
 
 
 
 
 Figure 14:  Airgun test carrier   Figure 15:  CR2 cells for Airgun testing 
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Three tests were performed with target accelerations of 60kG’s for the first and 100kG’s for the 
second and third.  Multiple CR2 cells were included in each test.  Airgun data is in figure 16. 
 
 
 
 
 
 
 
 
 
 

Figure 16:  Airgun Acceleration Pulses 
 
Airgun test results showed that while there were no failures during the 60kG test, the cells were 
definitely affected by the impact.  Post shock discharge tests showed that the tested cells had 
discharge curves both shorter in runtime and lower in amplitude than that of the control cell.  The 
only positive aspect of the 60kG results is that the shapes of the discharge curves are still 
representative of a typical discharge and the runtimes are also still of an acceptable length.  
However, given that the cells were indeed affected, it would appear that acceleration levels of 
60kG’s would be the limit for these types of cells.  This conclusion is further supported when 
looking at the results from the 100kG tests.  In these cases, the post shock discharge curves no 
longer represent a typical discharge curve, which is a smooth, gradual decline.  Runtimes for 
these cells are also greatly decreased and several cells were no longer functional post shock.   
 
 
 
 
 
 
 
 
 
 
 
 
Table 4; Figure 17:  Airgun test results for the DLCR2 cells  
 
 
 
 
 
 
 
 
 
 
Table 5; Figure 18:  Airgun test results for the EL1CR2 cells 
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SPIN TESTING 
 
In addition to the high levels of acceleration present in a ballistic environment, components also 
must be able to function and survive under high spin conditions.  Spin rates from 60Hz up to 300 
Hz are commonplace and the CR2 cells must be able to survive if they are to be used in a 
ballistic telemetry system.  A flight simulator, shown in figure 19, was used to test the CR2 cells 
at spin rates of 100, 200 and 225rps (revolutions per second).  Each spin test included two 
DLCR2 cells and two EL1CR2 cells, shown in figure 20.  The cells were positioned in a vertical 
orientation and placed at distances of 0.5 inches and 1.25 inches off center. 
   
 
 
 
 
 
 
 
 
 
 
 Figure 19:  Flight Simulator    Figure 20:  CR2 cells in spin fixture 
 
During each test, the CR2 cells had a 500mA load applied to them and the output of each cell 
was recorded throughout the spin cycle.  The output of a stationary control cell was also 
recorded.  Results from these tests showed that the CR2 cells performed extremely well while 
under spin.  A comparison of the test cells with the control cell shows that their outputs are  
almost identical throughout each test.  The only major difference is that the test cells have a 
lower potential.  This is most likely caused by the additional loading placed on the cells due to 
the slip ring and cabling.  When the cells were discharged post spin, they produced runtimes in 
the range of 80 to 85 minutes and had discharge curves similar to that of an untested cell.  These 
results show that the high spin had no lasting effect on the cells and little to no effect on the 
overall performance of the cells either during or after the spin event. 
 
 
 
 
 
 
 
 
 
 
 

Figure 21:  DLCR2 225rps spin test results            Figure 22:  EL1CR2 225rps spin test results 
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INTEGRATION OF CR2 CELLS INTO BALLISTIC TELEMETRY SYSTEMS 
 
Based on the survivability and performance of the CR2 cells with respect to high levels of 
acceleration and spin, the CR2 cells have been integrated into several ballistic telemetry systems.  
One example is that of a NATO Standard Telemetry Fuze (NSTF).  The NSTF is an on-board 
instrumentation system that replaces the standard NATO nose fuze with telemetry and sensors.  
This system uses multiple CR2 cells to power the on-board electronics.  Preliminary 
qualifications of this system included flight tests in which the NSTF was attached and flown on a 
modified M831 projectile.  Setback accelerations in the range of 20kG to 30kG were 
successfully recorded and no CR2 failures occurred. 
 
Another system which has used the CR2 cell as a power supply is the Mortar Diagnostic Fuze 
(MDFuze), shown in figure 23.  This system replaced the standard fuze with telemetry and 
sensors and was successfully flown on several 60mm mortars.  Setback accelerations around 7kG 
were seen for these tests and no CR2 failures were reported. 
 
 
 
 
 
 
 
 

Figure 23:  Mortar Diagnostic Fuze 
 
A third system which has incorporated the CR2 as a power supply is the Telemetry Data Unit 
(TDU), shown in figure 24.  This telemetry system is a stand alone unit which has been used to 
provide a variety of in-bore ballistic diagnostics.  This system has been used to record and 
transmit setback accelerations from 20kG to 40kG in the ARL airgun.  The system has also been 
used to provide in-bore pressure and set-back acceleration data for a modified M829A2 KE 
round.  Tests using this type projectile produced setback accelerations around 50kG’s.  Once 
again, the system worked successfully and no CR2 failures were reported. 
 
 
 
 
 
 
 
 
 

Figure 24:  Telemetry Data Unit 
 
The successful integration and implementation of the CR2 cells into these ballistic telemetry 
systems shows that these cells can indeed be used as a reliable power supply capable of 
withstanding harsh ballistic environments.  
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CONCLUSIONS 
 
The CR2 and 123 lithium manganese dioxide batteries were initially considered for integration 
into ballistic telemetry systems based on their availability, shelf life and high current capacities.  
Before these cells could be used however, it needed to be known whether or not they could both 
perform and survive under harsh conditions such as high set-back acceleration and high spin.  
Preliminary shock testing up to 35kG’s showed that the 123 cells can not survive a ballistic 
environment and that the CR2 cells can not only survive, but also provide the same electrical 
performance as that of an unshocked cell.  Additional testing in both vertical and horizontal 
orientations produced similar results and reinforced the notion that these cells could be used in a 
ballistic telemetry system.  However, once airgun testing was performed, it was discovered that 
these cells did have a limit as to how hard they could be hit.  At accelerations up to 35kG’s, there 
were no major changes in performance.  At accelerations around 60kG’s, the cells survived but 
their performance was decreased.  And at accelerations around 100kG’s, the cells had major 
drops in performance and even some complete failures.  These results show that use of these 
cells should be limited to a maximum within the 35kG to 60kG range.  High spin testing at rates 
of 100, 200 and 225 revolutions per second showed that spin had little to no effect on the 
performance of the cells.  The tested cells produced results almost identical to cells which had 
not been tested.  Based on these test results, the CR2 cells have been integrated into several 
ballistic telemetry systems and used successfully without any failures.  The culmination of all of 
this information gives the conclusion that the survivability and performance of the CR2 cells 
make them ideal for use in a variety of ballistic telemetry systems. 
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1 ABSTRACT 

 

A test range facility may consist of a heterogeneous array of computer and workstation assets, 

given the need to support various new and legacy projects.  The data display and analysis 

software for this heterogeneous environment can be equally diverse, with different application 

software available and/or supported on the workstations.  The demands of managing an operator 

team skilled in the use of the various software applications, along with the support and 

maintenance costs, can be restrictive to a cost-effective and productive operation environment.    

The need for data display and analysis software that can run on all platforms in a heterogeneous 

environment plays a major role in creating an effective workforce capable of supporting multiple 

projects without the need to specialize on specific data display software.  Likewise, the costs of 

maintenance and support are greatly reduced.  A pure Java™ data display and analysis software 

product can meet the requirements of this need. 

 

2 INTRODUCTION 

2.1   Heterogeneous workstation environment 

 

A test range facility often consists of a heterogeneous array of computer and workstation assets, 

given the need to support various new and legacy projects. With the gradual adoption of the PC 

platform to lower costs and improve ease-of-use, comes the challenge of managing a network of 

vastly different computer assets. It is not uncommon to have to maintain a Unix-based server 
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infrastructure integrated with PC computers as personal desktop and sometimes display 

workstations. This diverse environment brings with it a variety of ongoing problems that are 

detrimental to the productivity of the operational teams. 

2.2   Heterogeneous data display applications 

 

In particular, the data display and analysis software for this heterogeneous environment can 

consist of multiple software applications that must be supported on the various workstations. 

Whether it is commercial, freeware or developed in-house, this display application must run on 

multiple operating systems or a compromise must be made to limit the display application to a 

particular platform. In addition, testing and validating the various applications can be time-

consuming and prone to errors when different applications are used. 

2.3   Data Display Uniformity and Interchangeability 

 

Heterogeneous data display applications can also introduce an inconsistency in the visual 

appearance of data presentation between applications, at the view-level as well as the widget-

level.  While mechanisms may exist to allow export and import of the view configuration 

between heterogeneous applications, a complete 1:1 widget and capability mapping may not 

exist.  These inconsistencies make it difficult to maintain visualization uniformity and 

interchangeability for ease of use and reuse across platforms and products. 

2.4   Staff training on multiple data display applications 

 

The cost of maintaining a minimum core of staff members familiar with the operation of the 

various data display applications increases with the number of different applications. Having a 

variety of data display and analysis software brings with it the ongoing tasks of continually 

training new staff members in the use of the software. With each different type of software 

package, the staff training time and costs increase substantially.   

2.5   Maintenance & support of multiple data display applications 

 

Another area of impact is the cost of maintenance and support of multiple data display 

applications. Establishing a maintenance system for different applications serving the same basic 

needs can be cost-prohibitive and frustrating for the users as versions of software evolve over 

time. 

 

3 SOLUTION 

 

A possible solution to this problem would be to use a common data display and analysis software 

package that can run on multiple platforms. Utilizing a single software package for data display 

and analysis across a heterogeneous test facility can contribute greatly to maintaining an 

effective workforce capable of supporting multiple projects by minimizing staff training and 

software maintenance costs. 
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In an attempt to provide a platform-independent real-time data display solution, L-3 decided to 

use the Java™ language and build the Jade (Java Display Engine) data display and analysis 

software application. From the ground up, it was designed to meet the needs of a heterogeneous 

workstation environment. 

3.1   Single data display application that can be run across many platforms 

 

Jade is a pure Java™ product and as such can be run across many platforms. Java™ provides 

portability and uniform operation across platforms. 

3.2   Java™ and Graphics 

 

Conceived in 1995, the Java™ programming language was primarily developed as an alternative 

to traditional high-level languages such as C and C++. It originally targeted platforms such as 

Sun Solaris, Microsoft Windows, and most importantly the World Wide Web through the use of 

Internet browsers. 

 

At first, the Java™ platform and programming language saw a very strong user buy-in. But 

handling user interfaces and high-speed graphics quickly became one of the major deficiencies, 

which greatly contributed to the common perception that Java™ is slow (much slower than other 

high-level languages). This lack of performance in the area of graphics and real-time displays 

was primarily due to the fact that platform-independent widgets and event management code had 

to be mapped to native counterparts – in real-time. 

 

However, starting in version 1.4, the Java™ development API was enhanced to provide much 

more advanced graphics management features, including direct access to hardware-optimized 

libraries.  Sun continues to enhance graphics performance and the user experience with each 

successive release of Java, including the latest releases of Java™ 1.5 and 1.6. 

 

It now seems that Java™ has matured enough that the recent versions of the Java™ toolkits 

including Swing, Java2D, and Java3D make the user experience comparable to that of a native 

language. 

3.3   Understanding the Java™ runtime environment 

 

Running on top of the existing operating system, the Java™ platform provides a platform-

independent runtime environment via a virtual machine. A Java™ program is nothing more than 

a set of source files compiled to binary machine-independent byte codes and executed (or more 

precisely interpreted) by the virtual machine. The following diagram illustrates a typical Java™ 

compilation and runtime process. 
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Figure 1 - The Java Environment 

 

 

3.4   Extensible architecture 

 

Building on this concept of platform-independent code, Jade is architected as an extensible data 

display application framework.  The overarching principles of this architecture are to provide a 

common multiplatform intuitive user interface, a rich extensible set of drawing figures and data 

display widgets, a robust data management interface, and a display specification file interface.   

 

 

 
Figure 2 - Jade Framework 
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3.4.1 Application Interface 

 

In a heterogeneous workstation environment, a common user interface allows users to easily 

move between platforms without the need to overcome learning curves with different 

applications, or with differences in look-and-feel and operation for the same application that may 

have platform-dependent variants of the application. 

 

Jade’s graphical user interface (GUI) provides an intuitive interface that follows today’s standard 

practices and conventions for object-based drawing applications.  The main content and focus of 

the GUI is the central drawing canvas, where the user interactively creates a drawing and 

animates the drawing with data.  The GUI provides a menu bar and tool bars, as well as context 

sensitive pop-up menus and property editing panels to manipulate and configure all drawing 

figure and graph attributes.  A widget palette provides access to the rich set of figures and 

graphs, and a data source panel allows the user to drag-and-drop data sources onto figures and 

graphs for quick and intuitive assignment of data to animate the objects in the drawing. 

3.4.1.1 Manipulate visualization while monitoring live data 

 

The drawing canvas is implemented as a what-you-see-is-what-you-get (WYSIWYG) interface, 

which immediately reflects all changes to the drawing objects as changes are made by the user.  

Not only are the changes to visualization attributes of drawing objects immediately reflected, but 

data assignments are also immediately reflected, meaning that the user is able to design a 

drawing and animate it with their data simultaneously.  There is no separation between a design 

phase and a run phase; both are accomplished simultaneously for a seamless drawing creation 

and operation experience, eliminating the iterative design-first run-later process. 

 

While this concept provides an enhanced and more intuitive user experience, it also alleviates the 

need for two separate applications which would require ongoing maintenance and possibly 

require additional training. 

3.4.2 Data Management 

 

Jade is architected such that it can be supplied with data from any available source of data.  

Sources of data typically fall into two general categories, real-time and post-analysis. Examples 

of real-time sources are PCM telemetry streams, serial RS232 or RS422 data, or sampled analog 

data.  Examples of post-analysis sources are archived data files stored on disk or tape.  The Jade 

framework provides an API to allow the real-time and/or post-analysis data sources to be easily 

integrated into Jade.  Jade does not rely on an external, specific data format, the Jade data 

management framework allows the end user to utilize the Jade API to integrate their data formats 

(real-time and/or archives) as data sources into Jade. 

 

A data source provides a list of elements contained in the data source, such as parameters within 

a PCM telemetry stream, as well as a means to collect the data from the source.  Jade displays 

the data source element list(s) in the GUI to provide the user with the means to assign data 

sources to the data display widgets in the view.  This assignment is accomplished via simple 

drag-and-drop operations from the list to the widget.  When a widget is configured to display 
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more than one data source, such as a multi-pen stripchart, Jade will prompt the user to assign the 

data source to a specific data receiver in the widget (e.g. the desired pen in a multi-pen 

stripchart). 

 

As data source values are collected from the data provider(s), the values are routed to the widgets 

that have been configured to display the sources, and the widgets then update their rendering of 

the data to reflect the receipt of the new values. 

 

 
 

Figure 3 - Jade Data Flow 

 

 

The Jade data management interface allows the range facility to create data sources to collect 

data from real-time and/or archived data providers and add them to Jade to access the data based 

on its specific interface points and format, and then easily view that data in Jade.  For a range 

facility that is involved with multiple current and past projects, the data management API can be 

used to provide access to all current and past data archives. 

3.4.3 Widgets and Widget Interface 

3.4.3.1 Standard widget set 

 

Jade provides a rich set of standard widgets, and the Jade widget interface allows for custom 

widgets to be developed and added to Jade.  The standard widget set includes primitive figures 

for drawing text, shapes, connectors, graphs, and a set of utility widgets.  Dynamic attributes 

such as rotation, scaling, and fill coloring are available to animate primitive shapes. 
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Primitives Graphs Connectors Utilities 

Rectangle / Square Strip Chart Straight Line Time of Day 

Circle / Oval / Arc Bar Chart Single-Bend Play/Pause Mode 

Triangle Thermometer Multi-Bend Live/Replay Mode 

Polygon XY Plot User-defined  

Line / Poly-Line Polar Plot   

Text / Text Box Lamp   

Diamond Tabular   

Picture Dial   

 Compass   

 Time   

 Event Messages   
 

Figure 4 - Jade Standard Widget Set 

3.4.3.2 Custom widgets 

 

Through the use of the exposed Jade Widget API and configuration files, the widget palette can 

be controlled to extend or limit the available set of widgets.  Specific uses of Jade may need to 

extend the standard widget set to provide additional customized widgets, while other uses may 

want to limit the widget set that is exposed for use. 

 

The widget interface provides a common interface for developing new widgets for use with Jade.  

A developer adding a new widget to Jade can focus on the specifics of the way the widget will 

render the data, how many sources of data the widget can accept, and the specific new attributes 

for the widget.  The Jade framework will then handle the interactive creation of the widget in the 

drawing canvas, the attachment of data sources to the widget, and the distribution of data 

samples to the widget. 

3.4.4 Display File Management 

 

The Jade file management interface allows the application to specify the repository to be used to 

store and retrieve display configuration files.  Examples of repositories are the local workstation 

file system or a database. 

3.4.4.1 Display visualization files (views & overlays) 

 

Display configuration information is separated into two distinct groupings.  The first is the 

visualization information, which contains the settings for what is contained in the drawing 

canvas.  The second is the data assignments for each widget.  The visualization information 

includes settings such as widget location, sizing, coloration, and other widget specific attribute 

settings.  The data assignment information includes settings for which data sources are assigned 

to which widget and how the data should be rendered.  

 

The Jade file management interface allows the visualization and data assignment groups to either 

be saved/retrieved in a single operation, or they can be independently saved/retrieved.  This 
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allows the display configuration information to be easily reused between projects without tying 

the display to a specific data assignment setting. 

 

The Jade file management API enables the range facility to create a set of commonly available 

display configurations and share them across multiple platforms and projects, for viewing and 

analyzing data from current or past missions in a heterogeneous workstation environment. 

3.4.4.2 DDML 

 

Using the Jade file management interface, Jade can easily be extended to import or export data 

display configuration information as DDML files. 

 

4 EXAMPLE SCREENSHOTS OF JADE 

 

The following is a brief overview of some of the main components of the Jade GUI. 

 

 
Figure 5 - Jade GUI Display Overview 
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The Jade GUI contains the following main components: 

 

• Drawing toolbars - The Drawing toolbars contain standard drawing tools such as fill 

color, line properties, object grouping management, text properties and more. 

• Drawing canvas - The drawing canvas is where the user interactively creates a drawing 

and animates the drawing with data. 

• Widget Palette – The widget palette provides a set of standard widgets such as lines, 

arrows, graphs, connectors, etc. that the user can use to create their own custom data 

display. The Jade widget interface allows for custom widgets to be developed and added 

to Jade. It also allows for the user to reduce the number of available widgets if desired. 

• Data source Palette – The data source palette contains representations of data sources 

that can be assigned to data display widgets in the display canvas. The Jade API allows 

the end user to integrate their data sources into Jade to be displayed in the data source 

palette.  Users can assign data sources to widgets by dragging the data source from this 

palette and dropping it onto the desired widget. 

• Widget properties panel – The properties panel displays widget properties specific to 

the currently selected widget in the display canvas. 

 

The Jade GUI display is flexible in that a user can rearrange the toolbars and palettes if they 

choose.  Most toolbars and palettes can be moved or be free-floating.  The user can also choose 

to hide many of the components to provide a larger area for the drawing canvas. 

 

The following is an example of a Jade GUI display showing the standard Graphs widget palette.  

The widgets showing in the display canvas were created easily using selections available in the 

standard widget palette. 
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Figure 6 - Jade GUI Display Example 

 

 

5 DESIGN 

5.1   Basic architecture diagram 

 

The following is a drawing of the basic Jade architecture.  The Jade architecture allows for a user 

application to integrate data sources to provide data from any available source.  It also allows for 

custom widgets and user provided data storage solutions. 
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Figure 7 - Jade Extendable Architecture 

 

The Jade framework is a Java™ application.  The following third party packages are also used in 

the Jade framework: 

 

JHotDraw – Provides much of the drawing functionality for Jade, including interactive 

widget positioning, scaling, alignment/arrangement, and z-ordering. 

 

JIDE – Provides a dockable framework application that is used to manage the dockable 

menus, toolbars and palettes that Jade uses.  JIDE also provides a rich set of Java™ 

Swing-based widgets for enabling a robust user interface with controls that meet today’s 

industry standards for GUI components. 

 

The Jade API provides an extensible interface for user applications to easily integrate data 

sources into Jade, provide custom data storage implementations and provide custom widgets if 

desired. 

6 PERFORMANCE 

 

Jade was designed with performance in mind.  Jade uses the Java
TM

 Graphics2D package which 

has a marked performance improvement over the basic Java
TM

 Swing package. The 2D package 

takes advantage of hardware acceleration and also optimizes on-the-fly to ensure high rendering 

performance. 
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6.1   Supported Platforms 

 

Jade is a pure Java
TM

 application.  As such it runs on all Java
TM

 supported platforms including: 

 

• Windows 2000/XP/Vista 

• Solaris 8/9/10 

• Linux RHEL 4.0 

• Other (SGI, HP/UX, etc based on Java
TM

 JVM support) 

6.2   Java™ Versions 

 

Jade is compatible with the following Java
TM

 versions: 

 

• JDK 1.4.1, 1.4.2 

• JDK 1.5 

• JDK 1.6 

 

7 CONCLUSION 

 

A data display and analysis software package that can run on all platforms in a heterogeneous 

environment plays a major role in creating an effective workforce capable of supporting multiple 

projects without the need to specialize on specific data display software.  In addition, the costs of 

maintenance and support are greatly reduced.  Jade provides a solution to this need by providing 

a pure Java™ data display and analysis software product that is extensible, portable and easy to 

integrate, therefore proving that Java™ can be used successfully as a real-time display solution. 
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ABSTRACT 

In FY07 the Naval Undersea Warfare Center in Newport Rhode Island began the development of 

2 major undersea tracking range replacements programs. The first program is called the Southern 

California ASW Range (SOAR) Refurbishment (SOAR-R) and the second program is called the 

Barking Sands Undersea Range Expansion (BSURE) Refurbishment (BSURE-R). These ranges 

will be located off the coast of San Clemente Island, California and Kauai, Hawaii respectively. 

The in-water instrumentation of the undersea tracking range is a series acoustic receive and 

transmit sensors nodes that are interconnected electrically and optically through a cable. These 

sensors make up arrays. A wavelength division multiplexing (WDM) telemetry schema is being 

developed for these arrays.  
 

 

INTRODUCTION 

The basic acoustic design parameters used for an Underwater Tracking Range (UTR) design of 

40 years ago still apply today.  Most of the in-water components of the majority of the US UTR 

facilities are installed in water depths of 1500 meters or greater.  In this cold, relatively 

undisturbed environment properly designed and installed electronics and cables can last beyond 

their design goal of 20-years.  After the 20-year design life, technology and availability for in-

water components changes sufficiently to justify replacement and sometimes man-made events 

have caused failures to occur.  Repairs are typically not possible unless complete in-water 

assemblies were procured during the initial UTR acquisition. 

 

A UTR acquisition requires a multi-million dollar, multi-year resource commitment.  In today’s 

fiscally constrained environment, it is an easy decision not to spend money replacing an asset 

that is working and out of sight under thousands of meters of seawater.  Underwater components 

of UTR systems that last for decades are not commercial off-the-shelf (COTS) as a finished 

product.  They require significant planning and financial resources and several years to design, 
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manufacture, and install.  Since new ranges are built infrequently, there are very few Department 

of Defense (DoD) organizations and commercial contractors with previous UTR experience and 

the requisite knowledge to complete a new UTR program. 

 

There are currently four major US fixed range facilities: the Atlantic Test and Evaluation Center 

(AUTEC) in the Bahamas; the Southern California Offshore Range (SCORE) in California; the 

Pacific Missile Range Facility (PMRF) in Hawaii; and the Pacific Northwest West Ranges 

(PNWR), in the US and Canada. These premiere facilities support both US Navy Fleet and 

Allied Countries training and testing opportunities. 

 

Since the original instantiation of the UTR, materials and equipment have changed dramatically.  

The explosion in the telecommunications industry of the mid-late 1990s resulted in new cables, 

optical electronics, and deployment equipment.  The result is standardization on a few cable 

types that have a very robust and proven history.  Many of the commercial electronic 

components used in undersea telecommunications electronic systems have benefited from 

intense testing and actual deployment.  With all the new technology comes the speed with which 

electronics become obsolete, thus when purchasing a system, sufficient spares must also be 

purchased or UTR suppliers run the risk of not being able to get repair parts when needed.  The 

telecommunications industry typically buys sufficient cable and electronic spares to support the 

life of an installed system.  This is not the case with the UTRs. The UTRs only procure spares of 

shore electronics during the original system acquisition. 

 

 

SOUTHERN CALIFORNIAN ASW RANGE REFURBISHMENT 

 

The Southern California Offshore Range (SCORE) facility is based at San Clemente Island (SCI) 

off the California coast. The Southern California ASW Range (SOAR) at SCORE represents a 

typical USN UTR facility, providing tactical training and testing services to U.S. and allied Navy 

assets of the Pacific Fleet and elsewhere.  SCORE is a state-of-the-art, multi-warfare, integrated 

training facility serving a wide variety of customers.  SCORE conducts a multitude of operations, 

including multi-warfare and battle group evolutions, on and around SCI.  SCORE consists of 

several sub-range components, including SOAR, which is the UTR. SOAR is located 68 nautical 

miles (NMI) off the coast of San Diego, is divided into seven training areas, and encompasses 

approximately 670 square miles of 3-dimensional underwater tracking area.  SOAR includes 

underwater hydrophones and communications projectors, linked by armored coaxial cables that 

connect into a data processing facility located just inland of West Cove on SCI.  The underwater 

sensors are used for tracking underwater vehicles and underwater communications.  Both are 

critical in conducting safe and effective Anti-Submarine Warfare (ASW) training on the UTR. 

 

The SOAR is critical to the Fleet for assuring readiness through training and testing.  Achieving 

readiness requires the UTR to be at 100% availability. For the underwater components in deep 

water, a 20-year design life is employed to maintain the full operating capability. A ship anchor 

damaged part of the SOAR. The damaged elements/arrays collectively comprise a large percent 

of SOAR’s present operational capacity.  Due to the extent of these failures it has been decided 

to completely refurbish SOAR including the Ocean Sensor Subsystem (OSS), the Shore 
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Electronics Subsystem (SES), the Digital Signal Processors (DSP) and the Underwater Tracking 

System (UTS).  Figure 1 below provides a graphical depiction of UTR Configuration Items (CI). 

 

 

   
 

Figure 1 

 

The SOAR Refurbishment Program (FY06-10) will replace the existing tracking & underwater 

communications coverage area.  A complete range refurbishment is required because it is 

anticipated that these failures will continue and further degrade the capability eventually making 

the SOAR unusable.  The baseline technical approach replaces the existing SOAR OSS with 

bidirectional nodes multiplexed on fiber optic cable with near-identical hydrophone locations to 

achieve the same in-water tracking coverage and accuracy as the existing range.  Additionally, 

underwater communications coverage will be provided throughout the entire range area with 

redundant capability (the current system covers about half the range with almost no redundant 

capability).  The new OSS will provide coverage for D-frequency (37-KHz) tracking using wider 

bandwidth tracking hydrophones in the same layout.  In conjunction with the OSS, the SES CI 

(as well as the Tracking and DSP CIs) will also be replaced. Figure 2 provides a graphical 

depiction of the SOAR Refurbishment.  
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Figure 2 

 

 

BARKING SANDS UNDERSEA RANGE EXPANSION REFURBISHMENT 

 

The Pacific Missile Range Facility (PMRF) is the world's largest instrumented multi-

environment range capable of supporting surface, sub-surface, air, and space operations 

simultaneously.  Over 1,100 nmi
2
 of instrumented underwater range located off the west side of 

Kauai makes PMRF a premier facility for supporting Navy training operations, which vary from 

small, single-unit exercises up to large, multiple-unit battle group scenarios.  The PMRF 

underwater range consists of three ranges, varying from shallow water to deep water in depth.  

They are the PMRF Shallow Water Tracking Range (PMRF SWTR), the Barking Sands Tactical 

Underwater Range (BARSTUR) and the Barking Sands Undersea Range Expansion (BSURE). 

 

The BSURE OSS CI currently consists of eighteen hydrophones multiplexed on two cables, and 

two underwater communication units, each independently cabled.  There are four coaxial cables 

that total approximately 125 nmi in length.  This system was installed in the late 1970's and early 

1980's.  All four cables in the near-shore area are severely degraded, due to swell-induced 

damage.  All cables were replaced out to approximately the 200-foot water depth in 1998.  An 

underwater communication unit failed in 1999 and was replaced in 2001.  There are currently no 

problems with BSURE; however, the system has exceeded the end of its design service life of 
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20-years.  In order to maintain the current operational tempo of the United States Pacific Fleet, 

new equipment must be installed before the present system fails. 

 

The BSURE Refurbishment Program (FY06-10) will replace the existing tracking coverage area.  

The baseline technical approach replaces the existing BSURE OSS with 41 nodes, all have 

receive hydrophones and 15 are bidirectional with transmitter capability, multiplexed on four 

fiber optic cables with hydrophone locations to achieve the same in-water tracking coverage and 

accuracy as the existing range.  The additional number of hydrophones (with a wider bandwidth 

than the legacy system) and transmitters provides a redundancy that wasn’t present in the legacy 

system as well as allowing D-frequency (37 KHz) tracking.  The transmitters include both high 

and low band UQC capability.  Figure 3 shows the proposed locations of the new OSS.  A basic 

requirement for the in-water systems is to provide a reliable service life of 20 years. In 

conjunction with the OSS, the SES CI (in addition to the DSP and Tracking CIs) will also be 

replaced. 

 

 
 

Figure 3 
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UNDERWATER TELEMTRY DESIGN 

 

The in-water instrumentation is a series acoustic receive and transmit sensors nodes that are 

interconnected electrically and optically through a cable. These sensors make up arrays. A 

wavelength division multiplexing (WDM) telemetry schema is being developed for these arrays. 

The WDM or parallel approach is based on sending data from different nodes at different 

wavelengths on the same fiber. WDM is commonly used in telecom applications as a means to 

easily increase data bandwidth on fiber.  Dense WDM is most commonly used in the telecom 

industry, and allows for huge amounts of data to travel on a single fiber. Due to the much lower 

data transfer rates required this system will employ Course WDM (CWDM), which requires 

simpler, lower cost, more reliable hardware however is better suited for undersea ranges.  A 

parallel CWDM optical telemetry approach for this application where each cable contains 4 

fibers, forming 2 complete loops is utilized. Up to 6 sensor nodes can be installed on any loop 

resulting in a maximum number of 12 sensors on the array. Every other sensor is connected on a 

loop.  Figure 4 provides the basic block diagram.    

 
Figure 4 

 

Different wavelengths are used to transmit the data back to the SES. The data consists of 

digitized acoustic signals transmitted from pingers that are equipped on the various UTR 

participants. Figure 5 depicts one half of the array configuration.  

 

 
Figure 5  
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A parallel constant voltage scheme will be employed to power the in-water arrays. This parallel 

power design allows the electronics at each node to be AC grounded to the pressure case 

(seawater), which significantly improve noise performance. Additionally COTS rack mounted 

400 VDC power supplies are readily available and will be integrated into the SES. A parallel 

power design offers some fault tolerance in the event of a cable break, all nodes shoreward of the 

break will continue to operate as an array ground or anode will be formed at each node.   

 

 

SHARED RESOURSES & CONCLUSIONS 

 

In conclusion the CWDM design is less complex than the serial Time Division Multiplexed 

(TDM) used on previous UTR instantiations. It has a lower component count, failure rate and 

doesn’t require redundancy to meet the 20-year design life.  

 

By combining the 2 projects under one contract the Navy will save a substantial amount of 

funding through this leveraging. This contract was awarded to the Lockheed Martin, L3-Maripro 

team. It is estimated that the Navy avoided approximately $10M of cost by combining these 2 

programs. With the installation of the 2 systems the Navy Pacific Fleet will have instrumented 

undersea tracking ranges that support readiness through 2030.   



TELEMETRY SYSTEMS SUSTAINMENT 

Michael L. Trimble, John E. Wells, Timothy J. Wurth 
NuWaves Engineering, 122 Edison Drive, Middletown OH, USA 45044 

ABSTRACT 

 

Tactical training ranges provide an opportunity for all of the armed forces to assess operational 
readiness.  To perform this task the various training ranges have deployed numerous telemetry 
systems.  The current design efforts in place to upgrade the capabilities and unify the ranges 
under one telemetry system do not address the training ranges' need to maintain their training 
capability with the legacy systems that have been deployed until the new systems are ready.  
Two systems that have recently undergone sustainment efforts are the Player and Event Tracking 
System (TAPETS) and the Large Area Tracking Range (LATR). 

TAPETS is a telemetry system operated by the U.S. Army Operational Test Command. The 
TAPETS system is comprised of the ground mobile station Standard Range Unit (SRU) and the 
aircraft Inertial Global Positioning System (GPS) Integration (IGI) Pod.  Both systems require a 
transponder for the wireless communications link. 

LATR is an over the horizon telemetry system operated by the U.S. Navy at various test ranges 
to track ground based, ship based, and airborne participants in training exercises.  The LATR 
system is comprised of Rotary Wing (RW), Fixed Wing (FW) Pods, Fixed Wing Internal (FWI), 
Ship, and Ground Participant Instrumentation Packages (PIPs) as well as Ground Interrogation 
Station (GIS) and relay stations.  Like the TAPETS system, each of these packages and stations 
also require a transponder for the wireless communications link. 

Both telemetry systems have developed additional capabilities in order to better support and train 
the Armed Forces, which consequently requires more transponders. In addition, some areas were 
experiencing failures in their transponders that have been deployed for many years.  The 
available spare components of some systems had been depleted and the sustainment 
requirements along with the increased demand for assets were beginning to impact the ability of 
the systems to successfully monitor the training ranges during exercises. 

The path to maintaining operational capability chosen for the TAPETS system was a mixed 
approach that consisted of identifying a depot level repair facility for their transponders and 
funding the development of new transponder printed circuit boards (PCB's) where obsolescence 
prevented a sufficient number of repairable units. 

In the case of LATR, the decision was made to create new transponders to take advantage of cost 
effective state-of-the-art RF design and manufacturing processes.  The result of this effort is a 
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new transponder that is operationally indistinguishable from the legacy transponder in all 
installation environments.   

The purpose of this paper is to present two successful system sustainment efforts with different 
approaches to serve as models for preserving the current level of training range capabilities until 
the next generation of telemetry systems are deployed.  While the two programs illustrated here 
deal primarily with the transponder components of the systems, these same methods can be 
applied to the other aspects of legacy telemetry system sustainment efforts. 

KEYWORDS 

Sustainment, Player and Event Tracking System (TAPETS), Large Area Tracking Range 
(LATR), state-of-the-art, RF Communications 

INTRODUCTION 

Telemetry systems are vital tools to tactical training ranges.  The heart of these systems is the 
wireless communications link that passes data between the observers and the participants.  When 
a failure in the communications link occurs, the participants become invisible to the command 
and control center resulting in an inability to assess the successfulness of an exercise or provide 
crucial post exercise training information to the participants.  When this critical system 
component no longer performs in the field or the number of assets to be fielded increases, the 
effectiveness of the training exercise is undermined.  To meet the growing needs of the tactical 
training ranges, new telemetry systems such as the Tactical Combat Training System (TCTS), 
Common Range Integrated Instrumentation System (CRIIS), and the Integrated Network 
Enhanced Telemetry (iNET) are under development or in the preliminary stages of deployment. 

While these new systems are in development and initial deployment stages, the tactical training 
requirements for the ranges are constantly increasing. The deployed systems are approaching or 
have already exceeded their expected lifecycle.  The expanding requirements in conjunction with 
the aging assets create a dilemma for the ranges while they await the arrival of the replacement 
systems.  The issue manifests itself when the training exercise requirements exceed the number 
of tracking system assets available due to assets no longer in production or unusable assets 
awaiting repair. 

To address these problems, sustainment efforts are in progress to bridge the gap and maintain the 
training range’s ability to successfully conduct training exercises with the legacy telemetry 
systems.  Recently, two telemetry systems (TAPETS and LATR) have undertaken sustainment 
efforts that resulted in new state-of-the-art circuit card assembly (CCA) designs that will extend 
the operational lifetime of each system until their replacement systems are in place.  

SUSTAINMENT EFFORTS 

The sustainment efforts for both transponder systems will be described in this paper.   
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TAPETS 
The TAPETS system is a time-space-position information (TSPI) system that is used to track 
multiple participants in real-time and playback modes.  The TAPETS system is used by the U.S. 
Army Operational Test Command to conduct training exercises incorporating fixed winged 
aircraft and various land-based vehicles. The communications link for the system is incorporated 
in two units.  The Standard Range Unit (SRU) is used in ground based applications.  The Inertial 
Global Positioning System (GPS) Integration (IGI) Pod is attached to aircraft.  These units have 
been fielded for many years and are still vitally important for numerous exercises.  Due to the 
advanced age and extreme operating conditions endured by these units, circuit card assemblies 
(CCAs) in the SRU and IGI Pod began to fail while the requirement for assets increased for 
training support.  
 
The transceiver and power amplifier CCAs in the SRU are the critical components that were 
failing and preventing usable systems from being deployed during exercises.  For the IGI Pod, 
both the transceiver CCA as well as the digital CCA required corrective action to maintain the 
required number of systems available for exercises.  Due to programmatic risks, it was 
determined to repair and update only one CCA at a time.  The risks considered were: 

• Operational Environment 
• Factor of Component Obsolescence 
• Documentation Availability 

After weighing the risks, the SRU transceiver CCA was selected first for repair and update.  The 
IGI Pod transceiver CCA was to follow, with the IGI Pod digital CAA to be last. 

 SRU 
The initial phase of the sustainment effort focused on identifying a depot level maintenance 
provider for the SRU’s transceiver CCAs.  The depot level maintenance provider was required to 
repair the non-functional transceiver CCAs that could not be refurbished by range personnel.  A 
depot maintenance provider was identified and a number of transceiver CCAs were repaired and 
returned to operational status.  However the repair process was hampered by limited availability 
of replacement components and mechanical damage due to age and previous rework to the 
printed wiring boards (PWBs).   
 
To continue forward with the sustainment effort in order to obtain the required number of CCAs 
to field all of the SRUs, a second phase was initiated.  The second phase of the sustainment effort 
called for the development of replacement transceiver and power amplifier CCAs.  The approach 
was to create state-of-the-art replacement CCAs that were operationally indistinguishable from 
the legacy hardware.  The freedom to incorporate modern design techniques and components 
created improvements such as: 

• The transceivers no longer required manual tuning to change the operational frequency. 
• The external power amplifier CCA was incorporated into the transceiver CCA; therefore 

eliminating the requirement to sustain two separate CCAs. 
• Protection circuitry was added to prevent the power amplifier from damage due to 

improper operation or antenna load including of go/no go voltage standing wave ratio 
(VSWR) detection. 

• Modern Technology was used that extends the lifetime of the system support.  
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• Variable RF Output to support integration into various SRU configurations. 
 
These improvements incorporated into the new CCAs not only reduced the cost of the 
transceiver CCA, but also reduced operational costs in fielding the SRU.  Figure 1 shows the 
NuWaves transceiver with the power amplifier incorporated and the use of on board shielding. 
Figure 2 depicts NuWaves’ redesigned transceiver installed in an SRU chassis. 
 

 
 

 
Figure 1: NuWaves' Transceiver with Incorporated Power Amplifier  

 
 
 

 
 

Figure 2: NuWaves' Transceiver Installed in an SRU Assembly 
 

 IGI POD 
Due to the success of the SRU transceiver sustainment effort, a second phase of the TAPETS 
sustainment effort was conducted to refurbish failing IGI Pods.  The situation for the IGI Pod 
differed from that of the SRU in that the microprocessor (digital) CCAs were failing along with 
the transceivers.  Similar to the SRU, the design documentation was not available for review 
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when the sustainment effort began.  Based on the success of the SRU transceiver development, 
the IGI Pod transceiver was selected to precede the microprocessor CCA in the second TAPETS 
sustainment effort. 

 TRANSCEIVER 
Unlike the SRU, the legacy transceiver CCA of the IGI Pod was not provided for depot level 
maintenance.  The sustainment effort was dedicated to redesigning new transceiver CCAs.  Since 
the design documentation was unavailable, a functional IGI Pod was provided as a representative 
model.  From this model, the power requirements and digital input/output (I/O) were determined.  
The information gathered from this model included: 

• Transmit Output Power 
• Receiver Sensitivity 
• I/O Signal Polarities 
• Operating Voltage 
• Transmit and Receive Current Consumption 
• Mechanical Dimensions 
 

This information, along with the knowledge of the RF signal characteristics of the SRU, was 
used to create the specifications for the new design.  Again, the goal of the sustainment effort 
was to create a transceiver that was form, fit, and functionally equivalent to the legacy design.   
 
Figure 3 and Figure 4 illustrate the new IGI Pod transceiver and the required IGI Pod 
transponder enclosure. 
 
 

  
  
  

Figure 3: NuWaves' IGI Pod Transceiver 
CCA 

Figure 4: IGI Pod Transponder Assembly 

   
Similar to the SRU transceiver CCA redesign, the IGI Pod transceiver incorporated many 
improvements that reduced the cost of the CCAs as well as the operational costs associated with 
the IGI Pod.  The successful conclusion of this phase of the system sustainment effort created the 
opportunity to expand the effort to the IGI Pod’s digital CCA.  
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 DIGITAL 
The IGI Pod’s digital CCA was the third and most challenging of the CCA’s to undergo the 
sustainment effort.   The major challenges were due to non-availability of design documentation 
and the “bussed” nature of digital signal groupings.   
 
The higher risk associated with the digital CCA required an additional step to calculate the risk 
associated with various approaches to this phase of the TAPETS sustainment effort.  The first 
step for this phase was a technical study and report.  The study and subsequent report 
encompassed many factors to determine a recommended approach for the range to consider.  The 
first step was to research all of the major integrated circuits (ICs) used on the digital CCA.  This 
resulted in the collection of the component data sheets along with availability information.  For 
obsolete components, the research phase also identified and located possible replacement 
components.  Table 1 summarizes the IC search conducted during the study phase. 
 

Possible Item Part QTY Manufacturer Number Number Replacement Part MFG Description Obsolete Available 
Number 

         

1 2 A MFG A N/A  Universal Serial 
Controller No Yes 

2 2 B MFG B RAM2 MFG N SRAM Yes Yes 
3 4 C MFG C ROM2 MFG N PEROM Yes Yes 
4 1 D MFG D MP2 MFG O Microprocessor No Yes 

5 1 E MFG E N/A  Floating-point 
co-processor No Yes 

IC, RS-422 
Trans. 6 1 F MFG F N/A  No Yes 

7 1 G MFG G N/A  Xtal, Crystal No Yes 
DC-DC 

Converter 8 1 H MFG H N/A  No Yes 

Transistor, 
NPN 9 1 I MFG I N/A  No Yes 

Resistor 110 
Ohm 10 2 J MFG J N/A  No Yes 

Resistor 150 
Ohm 11 1 K MFG J N/A  No Yes 

IC, Battery 
Controller 12 1 L MFG K N/A  No Yes 

13 2 M MFG L AMC3 MFG P Programmable 
Flags FIFO Yes Yes 

14 1 N MFG L AMC1 MFG P TAXI Receiver Yes Yes 

15 1 O MFG L AMC2 MFG P TAXI 
Transmitter Yes Yes 

IC RS-232 
Trans. 16 1 P MFG M N/A  No Yes 

 
Table 1: Availability of Components Utilized on the IGI Micro-Controller Circuit Card 

Assembly 
 
During the part search, it was noted that to maintain operational compatibility with the legacy 
digital CCA, a new CCA would have to utilize the same EPROMs, microprocessor and 
coprocessor.  These components were required to eliminate the need for software redesign.   
 
The recommendation between repair and build is determined by whether or not the government 
requires long-term support or only short-term support. The cost for building includes the Non-
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Recurring Engineering (NRE) to redesign for delivery of new generation hardware. The NRE 
cost is high compared to troubleshooting existing units, however, the support for the controller 
assembly as well as a source of new controllers is attractive. A listing of pros and cons for each 
scenario is provided in Table 2. 
 

SCENARIO 
IDENTIFIER 

BUILD REPAIR 
 NRE CON PRO 

Recurring Cost in Volume PRO CON 
Maintainability PRO CON 

Turn-around Time (Schedule) CON PRO 
Schematic Generation  Required (Gov’t Will Own) PRO PRO 

Risk CON PRO 
Unlimited Number of Units PRO CON 

Long Term Support PRO CON 
Short Term Support CON PRO 

 
Table 2: Build vs. Repair Pro/Con Identifier 

 
Due to the small number of digital cards that were failing, the repair option was selected.  
Because no documentation was available, the first step in developing a support plan for the 
digital CCA was to create a schematic diagram.  Processes to follow transmit or receive signal 
paths through an RF board are straight forward.  Digital circuits do not have as well defined 
signal flows and are inherently more difficult to capture all of the signal connections.  The 
datasheets collected in the research portion of this sustainment effort were utilized to aid the 
schematic generation process.  The schematic symbols were created from the data sheets and 
NuWaves’ digital hardware design experience was used to create an initial schematic.  This 
schematic was compared to connections on the board and refined to incorporate any 
discrepancies. 
 
After completion of the schematic, a test station was developed to verify the performance of 
reworked CCAs.  After the CCAs were reworked, tested, and verified in a laboratory setting, on-
site integration exposed an issue that could not be replicated in the lab.  A short investigation 
revealed the problem to be interaction between CCA boards and the appropriate corrective action 
was performed at the range.  This action successfully completed the final phase of the TAPETS 
sustainment effort and returned all of the available assets to active status. 

LATR 
Similar to the TAPETS system, the LATR system has been fielded for many years and the 
originally designed operational lifetime has been exceeded.  The sustainment effort for the 
LATR system is an ongoing process led by the NAVAIR Naval Air Training Systems Office. 
  
To maintain a full complement of assets, the ranges identified the need for a second source for 
depot maintenance for the AN/URY-3A and AN/URY-4 transponder CCAs.  These transponders 
are installed into Rotary Wing (RW), Fixed Wing (FW) Pods, Fixed Wing Internal (FWI), Ship, 
and Ground Participant Instrumentation Packages (PIPs) as well as Ground Interrogation Station 
(GIS) and relay stations.  Upon successful repairs of numerous transmitter, receiver, and digital 
CCAs, the opportunity to increase the number of transponders arose.  Increasing the total number 
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of transponders was part of the strategy to sustain the LATR system for an expected 10 years.  
Since LATR’s original concept, the test ranges have developed additional capabilities in order to 
better support and train the Armed Forces, which consequently requires more transponders.   
 
To increase the number of transponders, NuWaves investigated the feasibility of designing and 
manufacturing the AN/URY-5 transponder.  The focus of the investigation was to evaluate 
design approaches that could be employed to replace obsolete components and manufacture 
additional, lower cost transponders.  As a cost reduction approach, the new transponders were 
not to be qualified for United States military airborne applications.  This plan would allow the 
AN/URY-5 to replace those AN/URY-3A and AN/URY-4 transponders that were deployed in 
GIS and relay stations, thus freeing flight qualified assets for installation into PIPs. 
 
During the investigation, four design approaches were considered. These design approaches, 
summarized in Table 3, used different combinations of design reuse and weighing the risks, 
costs, CCA compatibility, and maintainability.   

Form Fit, Backward 
Compatible with Current 

 Cost Trend   

 
Table 3: LATR Transponder Sustainment Effort Options Matrix  

 
Review of the matrix quickly allowed NAVAIR personnel to narrow the recommended design 
approaches down to two possibilities; Approaches 2 and 3. Each of these approaches had similar 
levels of risk; however the benefit of the approaches varied between up front NRE cost versus 
recurring manufacturing costs.  This difference meant that the approach selected was largely 
based on the volume of units required. The advantage to Approach 3 is realized after the quantity 

Transponders   
 Functionally Equivalent Design Circuit 

Cards 
Mechanical 10 year 

Maintainability Approaches for the Emulator Risk   NRE RC   Chassis   
                      

Current transponder 
chassis and circuit 
cards are duplicated in 
form and fit. 

Approach 1 
 

Very 
Low 

  

****** $$$$  Yes Yes  Poor 

Design a new chassis 
and all circuit cards are 
duplicates in form and 
fit of the current 
transponder circuit 
cards. 

Approach 2 
 Low 

  

**** $$$  Yes No  Poor 

Design a new chassis 
and circuit cards. 
Similar logic card 
design to current 
transponder for 
software re-use.  

Approach 3 
 Low 

  

***** $$  No No  Good 

Design a new 
Equivalent Unit 
without re-use for 
future maintainability. 
Overall package size, 
if desirable, could be 
smaller. 

Approach 4 
 High 

  

******** $$  No No  Best 
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of units exceeds 10.  That is the point in which the higher NRE and lower recurring cost are 
equal to the lower NRE and higher recurring cost of Approach 2.  Additional units after 10 cost 
less with Approach 3.  After 20 units, the total cost associated with Approach 3 is also less than 
purchasing 20 AN/URY-4 units. Additional benefits gained by the selection of Approach 3 
included higher reliability and more sustainable assets due to the utilization of more modern 
design techniques and components.  
 
A whitepaper was submitted to NAVAIR and distributed to the ranges.  The whitepaper 
presented this table along with the obsolete component listing and a risk abatement plan.  The 
consensus of the team was to move forward with development of the AN/URY-5 utilizing 
Approach 3.  The first article AN/URY-5 units have been delivered, qualified, site tested, and are 
fully functional within the LATR system.   
 
 

 
 

Figure 5: Legacy AN/URY-4 
 
 

 
 

Figure 6: NuWaves AN/URY-5 
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CONCLUSION 

Newer, more advanced telemetry systems continue to be developed to provide services aiding in 
the operational readiness of our armed forces. As these advanced systems are being developed 
and deployed, sustaining current systems is necessary to preserve training range and operational 
capabilities.  

Many options should be considered when evaluating the approaches the sustainment of telemetry 
systems including, but not limited to; duration of support requirement, NRE and recurring costs, 
degree of available technical documentation, risk to operations, technical risk, compatibility with 
current hardware and software, and future maintainability.  

While the sustainment efforts reviewed here are directly related to transponder components, 
these same principles and methods of determining the optimal approaches apply to other aspects 
of telemetry system sustainment efforts.  
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ABSTRACT 
 
The primary objective of the NASA Space-Based Range Demonstration and Certification 
program was to develop and demonstrate space-based range capabilities. The Flight 
Demonstration 2 flights at NASA Dryden Flight Research Center were conducted to 
support Range Safety (commanding and position reporting) and high-rate (5 Mbps) 
Range User (video and data) requirements. Required ground support infrastructure 
included a flight termination system computer, the ground-data distribution network to 
send range safety commands and receive range safety and range user telemetry data and 
video, and the ground processing systems at the Dryden Mission Control Center to 
process range safety and range user telemetry data and video. 
 
 
KEY WORDS: Tracking and Data Relay Satellite System, Flight termination system, 
Launch head, Range Safety, Range User  
 
 

INTRODUCTION 
 

The objective of the Space-Based Range Demonstration and Certification (SBRDC) 
Flight Demonstration 2 (FD2) [formerly Space-Based Telemetry and Range Safety 
(STARS)1] was to develop and demonstrate a space-based range capability.  In order to 
meet the objective, ground-based infrastructure was required to support flights utilizing 
the Range Safety (RS) and Range User (RU) systems.  The RS ground systems were 
required to support the validation of 840-bps forward links to an F-15 (McDonnell 
Douglas, now the Boeing Company, Chicago, Illinois) airplane for flight termination 
system (FTS) commands and a 10-Kbps return telemetry link from the F-15 airplane for 
monitoring the RS parameters in the Dryden Flight Research Center (DFRC) (Edwards, 
California) Mission Control Center (MCC). The RU ground systems were required to 
support an increased telemetry data rate of at least 5 Mbps, and the processing and 
display of an Internet protocol (IP) -based data stream and video.  Figure 1 shows the F-



 

 2 

15 airplane and the associated assets used to support FD2. This paper will primarily 
discuss the ground infrastructure used to support the RS and RU ground tests and flights. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1.  Overview of Space-Based Range Demonstration and Certification Flight 

Demonstration 2. 
 
 

 RS SYSTEM 
 

The RS ground systems consisted of the flight termination system (FTS) computer and a 
Telemetry and Radar Acquisition Processing System (TRAPS) located in the DFRC 
MCC, the launch head located at the DFRC Aeronautical Tracking Facility (ATF), the 
Tracking and Data Relay Satellite System (TDRSS)2 ground terminals located at the 
White Sands Complex (WSC) (White Sands Test Facility, Las Cruces, New Mexico), and 
the data distribution links at DFRC and between the DFRC MCC and the WSC.  
 
The FTS computer was developed by Kennedy Space Center (KSC) (Kennedy Space 
Center, Florida) personnel to be used in the DFRC MCC during the FD2 flights. The 
computer was used to generate the RS forward link commands providing encryption and 
Reed Solomon (30, 16) encoding on a 64-bit data packet. The 64-bit packet included bits 
for a check channel, range identification (ID), transmit ID, vehicle ID, counter, FTS 
commands, and user defined commands. In front of the 64-bit packet were a 16-bit frame 
synchronization pattern and 70 Reed Solomon parity bits and 2 fill bits after the packet. 
 
The FTS computer generated two 840-bps non-return to zero-mark (NRZ-M) transistor-
transistor logic (TTL) (RS-422 option available) outputs. A transmit ID was used to 
identify the source of the forward link commands: either the launch head located at the 
DFRC ATF or from a TDRS. The manual FTS commands sent to the F-15 test airplane 
were monitor, arm, or terminate. The computer could also be set up to auto-sequence 
through the commands. Figure 2 shows the setup window used to set up the FTS 
Computer commands. 

WSC

DFRC MCC

DFRC ATF
Launch Head

F-15
TDRS

GPS
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Figure 2. The command setup of the flight termination system. 

 
One of the FTS computer outputs was sent to the launch head system located at the ATF 
site via a dedicated multi-mode fiber optic link. The second output was input into a video 
distribution amplifier to provide two outputs for the missions requiring two tracking and 
data relay satellites (TDRSs). The two TDRS outputs were sent to the DFRC 
Communications Building over dedicated multi-mode fiber optics links and from the 
Communications Building to the WSC via two dedicated 56-Kbps circuits.  
 
The launch head system included the use of an ATF 7-meter uplink/downlink antenna to 
provide a method to simulate the S-band forward link from a TDRS by providing S-band 
spread spectrum bi-phase shift keying (BPSK) modulation with pseudonoise (PN) 
encoding, and also received the 10-Kbps BPSK return telemetry link. This system 
allowed ground checkout to occur with the RS system hardware onboard the F-15 
airplane without having to schedule the TDRS assets. Radar data was provided to the 
launch head system to allow automatic adjustment of the output power based on the range 
to the F-15 airplane. Figure 3 includes the onboard RS flight hardware that was interfaced 
with the ground systems. The commands sent via the launch head were received by the 
Range Safety System (RSS) low-power transceiver (LPT) and processed by the RSS 
command and data handler (C&DH) for Reed Solomon decoding and decryption. The 
two S-band radio frequency inputs to the LPT allowed two signals each, one from the 
launch head and one from the TDRSS. A command from the FTS computer initiated 
recording on the C&DH to record the commands that were received from the ground 
systems. Pseudonoise codes 11 and 12 were used during the flight tests and a command 
could be sent to the LPT to configure pairs of receiver channels to look for either code. 
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Figure 3. Range Safety and Range User flight hardware. 
 
The commands sent from the FTS computer at the DFRC MCC to the WSC over 
dedicated 56-Kbps full-duplex circuits were uplinked to the F-15 airplane via TDRSS. 
Dedicated circuits were used for FD2 to limit the latency of the ground portion of the link 
to send commands via the forward link and to receive telemetry data on the return link. 
 
In Flight Demonstration 1 (FD1)3 nondedicated circuits were used, which had more 
latency because the link was shared with other users. The average round trip delays using 
a bit error rate test set at DFRC (using 2047 pattern, delay function, and circuits in 
loopback at WSC) for the ground links for the 840-bps channels and the 10-Kbps 
channels was 146 milliseconds and 34 milliseconds, respectively. The average delay from 
DFRC to TDRS and back to DFRC was approximately 600 milliseconds. The 10 Kbps 
return link telemetry data sent via the LPT was received at the WSC using the S-band 
single access (SSA) return link service. The 10-Kbps telemetry data was sent to DFRC 
via the dedicated 56-Kbps circuits. This return link data was also routed to the Wallops 
Flight Facility (WFF) (Wallops Island, Virginia) and KSC through the use of the NASA 
Integrated Services Network (NISN) nondedicated circuits. Figure 4 shows the forward 
and return link data distribution for the RS flights. 
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Figure 4. Flight Demonstration 2 Range Safety data distribution. 
 
The FTS computer was also used to display telemetry data from the RSS. It had the 
ability to receive one 10-Kbps non-return to zero-level (NRZ-L) TTL input and to 
perform Reed Solomon decoding. The launch head, TDRS 171/174 or TDRS spare return 
link data was monitored on the computer display. There were one return link main 
display and three subpanel displays. The main display showed the status of telemetry 
frame synchronization, IRIG-B time, forward link status for each of the four channels, 
status of C&DH logging and recording, and LPT transmit power. The LPT subpanel 
displayed the energy per bit to noise power spectral density ration (Eb/No) (normalized 
signal-to-noise ratio) and automatic gain control (AGC) values for each of the four 
receiver channels, carrier lock, PN codes received, and temperatures of the RSS 
hardware. The forward link subpanel was important for displaying the transmit ID 
received on each of the four channels as launch head or TDRSS. The last subpanel was 
the global positioning system (GPS) display to show the status of the number of satellites 
in view of the GPS receiver and horizontal dilution of precision (HDOP), vertical dilution 
of precision (VDOP), and time dilution of precision (TDOP) values. 
 
The TRAPS was used to record the two forward link 840-bps streams output from the 
FTS computer for postflight analysis to determine the latency that occurred from the time 
a command was issued to the time it was processed onboard with the C&DH. It was also 
used to record the 10-Kbps return links from the launch head and up to two TDRSs, and 
to provide the telemetry data lock status. 
 
The ground equipment required for the 840-bps forward link to the F-15 airplane and the 
10-Kbps return link from the F-15 airplane worked successfully to provide support for 
the RS flights which were high dynamic maneuvering flights. The launch head system 
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and one TDRS were used simultaneously for the forward link generated by the FTS 
computer for some of the flights and two TDRSs were used simultaneously for some 
flights to verify an all-space-based RS capability.  Two flights were flown to simulate the 
handover from the launch head system to a TDRS. The 10-Kbps return link received via 
the launch head and two TDRSs simultaneously was successfully distributed via the 
ground links to the DFRC MCC for RS data displays to monitor the performance of the 
RS system.  Figure 5 shows the distribution required for the forward and return links 
using two TDRSs. 
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Figure 5. Range Safety forward and return links using two Tracking and Data Relay 
Satellites. 

 
 

RANGE USER SYSTEM 
 
The RU ground system consists of the video decoder, router, TRAPS, and Flexible 
Acquisition Processing System (FLAPS) located in the DFRC MCC, the TDRSS ground 
terminals, and the 5-Mbps data distribution link between the DFRC MCC and the WSC. 
Figure 3 includes the RU flight hardware that was interfaced to the ground systems.  
 
The RU FD2 hardware provided the capability to test at a high data rate of 5 Mbps using 
a phased-array antenna (PAA)4. The IP formatter was used as a proof of concept to relay 
IP-based data to the ground, which data would be compared with a traditional pulse-
coded modulation/frequency modulation (PCM/FM) 800-Kbps telemetry link. The IP 
formatter was configured to accept user data protocol (UDP) antenna controller data at  
72 Kbps, RS 10-Kbps PCM data, and 800-Kbps F-15 PCM data. The output of the IP 
formatter was packetized UDP data at 1.536 Mbps in a high-level data link control 
(HDLC) synchronous serial RS-422 format. These data, along with National Television 
System Committee (NTSC) cockpit video, were combined in a video encoder; the 
5-Mbps output was input into a convolutional encoder.  The PAA used the Ku-band 
single access (KuSA) with BPSK modulation return link service to interface with the 
WSC.  
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At the TDRSS ground terminal the signal was processed before it was sent to DFRC. The 
data were then input into a serial to packetized data router in order to send the 5-Mbps 
data to DFRC for processing. The data were routed from WSC to the Jet Propulsion 
Laboratory (JPL) (Pasadena, California) and from JPL to DFRC on existing circuits. The 
packetized data arrived in DFRC Communication Building 4824, which is the interface 
for NASA Service Assurance Plan Technical Refresh (NTR) circuits. The RS-530 serial 
5-Mbps output of the router was sent over a RS-422 multi-mode fiber optic modem link 
to DFRC Building 4800 for processing at the TRAPS. 
 
In DFRC Building 4800 the data were processed for display and recorded for postflight 
analysis. The RS-422 output of the fiber optic modem was input into the video decoder to 
separate the video and IP data and another output was created via a video distribution 
amplifier to provide a source for recording the combined stream. The video was input 
into the video switch for distribution of the video into the MCC for display during the 
missions. The router was used to locate HDLC frames, remove framing, and forward IP 
packets to destination over a 10-Mbps Ethernet, one frame per packet. The Ethernet 
output was processed and displayed with a laptop running display software. Another 
option was to use FLAPS software to read in the UDP/IP packets, extract frame 
telemetry, and pass telemetry data to a front-end processor in engineering units (EU) 
tag/data format. 
 
The TRAPS front-end processor received the tag/data, and passed the data to the MCC 
display systems. This is the first time the MCC was used to process IP data from a test 
airplane. Figure 6 shows the data distribution for the RU data.  
 

 
Figure 6. Range User data distribution. 
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Data displays were important in helping to monitor the RU flights and for comparing 
traditional PCM displays with IP-based displays. The two critical displays used were the 
SBRDC Enhanced GPS/INS (EGI) instrumentation and the SBRDC RU Antenna 
Display. An IP and PCM version of each display were made available for use in the 
MCC. It was critical that information on the EGI was available in the MCC to ensure the 
system was aligned and available to provide information for the algorithm necessary to 
provide pointing angles for the PAA to point toward the TDRS antennas. The RU 
Antenna Display provided critical information on command, elevation, and azimuth 
status; GPS positions; and commanded elevation and azimuth of the PAA to help 
determine when data should be received and at what pointing angles good data were 
received. These displays are shown in Figures 7 and 8. 

 
Figure 7. Space-Based Range Demonstration and Certification enhanced GPS/INS 

instrumentation. 
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Figure 8. Space-Based Range Demonstration and Certification Range User antenna 

display. 
 
There were some problems with the 5-Mbps data link between WSC and DFRC with the 
routers that were used to take in the serial data and packetize the data. There were 
problems with the optimum clocking mode (internal or external) and the optimum buffer 
size to use on the routers. The settings that worked with the original router did not work 
with the replacement routers. The original routers were replaced because the decision was 
made by the NTR network personnel to go to the new routers for the NISN upgrade for 
all NASA centers. When the tracking of the TDRS antenna by the PAA was lost, the data 
link did not work when the tracking was reestablished. There appeared to be a problem 
with correct clocking on the router output port. Resetting the router ports helped to 
reestablish a good data link, but it made it very difficult to complete the test points for the 
RU flights. Some data were lost, and test points had to be reflown because of the 
problems with the data link. Also, WSC was not able to record the 5-Mbps stream before 
it was shipped to DFRC. It was a programmatic decision to accept this risk because of the 
cost and effort required to provide this capability. In hindsight, utilizing this capability 
would have helped to recover the lost data.  
 
The TDRSS also functioned more effectively when the system was set up for program 
track, which pointed the antenna toward a fixed point instead of allowing the antenna to 
track automatically. In autotrack mode, the system did not always regain track after 
tracking was lost, and the TDRS antenna was pointing incorrectly. 
 
After successfully completing the test points required for the 5-Mbps flights, the data rate 
was increased to 10 Mbps to see whether it was possible to maintain a good link margin 
at that higher data rate. The router and link bandwidth between the WSC and the DFRC 
Communications Building, and the fiber optic modem link between the DFRC 
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Communications Building and the DFRC MCC, were configured for the higher data rate. 
The buffer and clock settings used for the router at 5 Mbps did not work well for the 
10-Mbps data rate after tracking was lost and reestablished, but excellent data were 
obtained when the link was reestablished. Resetting the router ports helped to establish 
good data link connectivity between the WSC and DFRC, but resetting had to be 
performed each time after tracking was lost. 
 
The data are still being analyzed to determine more accurate latency measurements, but 
the approximate round-trip latency for data and video was between 300-400 milliseconds. 
Also, the data shown on the IP-based range user displays compared with that shown on 
the range user PCM displays lagged by approximately 1 second. 
 

 
SUMMARY 

 
The ground-based systems used for the Range Safety and Range User demonstration 
flights were successful in supporting the completion of several ground tests and 10 
demonstration flights. The Range Safety ground systems supported the validation of an 
840-bps forward link to the F-15 airplane using a launch head system and up to two 
tracking and data relay satellites. A 10-Kbps return link was also validated using a launch 
head system and up to two tracking and data relay satellites. The data from the Range 
Safety flights is still being processed toward publishing the final results for latency, link 
margins, and quality of data. The goal of increased telemetry data rates was met during 
the Range User flights with the original goal of a 5-Mbps stream being telemetered 
through the tracking and data relay satellite to the ground via the phased array antenna.  
Also, adequate link margin enabled the Range User system to support the transmission 
and reception of a 10-Mbps stream. The processing and display of Internet protocol-
based data was also successful. The data for the Range User flights is also still being 
processed toward publishing the final results. More analysis must be performed to 
determine the best type of router and setup configuration to support the transmission of 
packetized data. Both the Range Safety and Range User ground infrastructures assisted in 
developing and demonstrating a space-based range capability. 
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NOMENCLATURE 
 

A/C  aircraft 
ANT  antenna 
ATF  Aeronautical Tracking Facility 
auto  automatic 
Az  azimuth 
BIT  built-in-test 
BPSK  bi-phase shift keying 
bps  bits per second 
C&DH  Command and Data Handler 
Clk   clock  
Cmd  commanded 
Comm     communications 
DFRC  Dryden Flight Research Center 
ECEF  Earth-centered, Earth-fixed 
EGI  enhanced GPS/INS 
EGR  embedded GPS receiver 
Est  estimated 
FD2  Flight Demonstration 2 
FLAPS     Flexible Acquisition Processing System 
FOM  figure of merit 
FTS  flight termination system 
FWD  forward 
GDOP    geometric dilution of precision 
GPS    global positioning system 
GSFC  Goddard Space Flight Center 
HDLC  high-level data link control 
HDOP     horizontal dilution of precision 
Hor  horizontal 
HPA  high-power antenna 
ID  identification 
IF  interface  
INIT  initiate 
INS  inertial navigation system 
IP  Internet protocol 
IRIG  Inter-range Instrumentation Group 
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JPL  Jet Propulsion Laboratory 
Kbps  kilobits per second 
KSC  Kennedy Space Center 
LH  launch head 
LPT  low-power transceiver 
m  meters 
m/s  meters per second 
Mbps  megabits per second 
MCC  Mission Control Center 
mon  monitor 
MSL  mean sea level 
NASA   National Aeronautics and Space Administration 
NAV  navigate 
NISN  NASA Integrated Services Network 
NRZ-L      nonreturn to zero-level 
NRZ-M     nonreturn to zero-mark  
NTR  NASA Service Assurance Plan Technical Refresh 
NTSC  National Television System Committee 
PAA  phased-array antenna 
PCM/FM    pulse-coded modulation/frequency modulation 
PDOP   position dilution of precision 
PN  pseudonoise 
Pos  position 
Pt  pointing 
REC  receiver 
RS     Range Safety 
RSS  Range Safety system 
RU  Range User 
RX  receive 
SBRDC Space-Based Range Demonstration and Certification 
SV  space vehicle 
TDOP     time dilution of precision 
TDRS             Tracking and Data Relay Satellite 
TDRSS     Tracking and Data Relay Satellite System 
Temp  temperature 
term  terminate 
TM  telemetry 
Tot  total 
TRAPS     Telemetry and Radar Acquisition Processing System 
TTL  transistor-transistor logic 
TX  transmit 
UDP  user datagram protocol 
usec  microseconds 
UTC  Universal time coordinated 
VDA  video distribution amplifier 
VDOP      vertical dilution of precision 
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Vel  velocity 
Vert  vertical 
WFF  Wallops Flight Facility 
WSC  White Sands Complex 
X  x-coordinate 
XMTR      transmitter 
Y  y-coordinate 
Z  z-coordinate 
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ABSTRACT 
 

As the frequency spectrum becomes more crowded each day, preparation for placement of 

tracking ground station in tracking environment gains more importance. Existence of high power 

weather ground radars, airport approach equipment, and various other RF sources in the 

environment necessitates the test teams to be more cautious. This paper discusses, implemented 

design changes to an S-band antenna system to reduce the in-band interfering power, calculation 

of the effects from nearby interferers, analysis of the environment during placement of the 

mobile ground system by Honeywell telemetry teams. 
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Interference, antenna modifications, mobile ground tracking system preparation 

 

INTRODUCTION 

 

Each time the mission support teams receive a new mission support requirement with Honeywell 

designed and built transportable antenna systems, they need to adjust not only their schedule but 

their thinking for a placement of the antenna for the best tracking location. As the tracking 

requires an S-band (2200-2400 MHz frequency band) reception and UHF (400-450 MHz 

frequency band) transmission support the antennas must have clear Line Of Sight (LOS) support. 

However, the clear LOS is not the only issue the teams must address. A clean reception 

environment is crucial to the mission success as well protection of the antennas. Especially with 

the concern of obtaining highest G/T (Gain/System Noise Temperature) ratios design of the 

antenna front-end requires more attention. While placement of the band limiting filters prior to 

LNAs (Low Noise Amplifiers) in the feed increases the noise temperature of the system, causing 

G/T to drop, it makes the system more immune to out of band signals from near by emitters such 

as weather band radars, GPS transmitters and various other high power transmission equipment 

in the area of the tracking. Especially in the tracking ranges where coordination (of frequency, 

power levels, and timing of transmission) is required prior to tracking functions start, the 

preparation cycle with boresight tests leaves the teams vulnerable to environmental “clutter.”   

• Closest available tracking location with the coordinates (usually the customer decides) 

• The environment 
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o The positioning of the dual antennas vs. each other (Honeywell’s transportable 

tracking systems use 5.4 meter dual tracking parabolic antennas with Left and 

Right Circular Polarizations (LHCP / RHCP) reception of the same carrier with 

the command destruct, UHF transmit capability built into the feeds, Figure 1) 

o Physical location (nearby obstacles for a clear Line Of Sight (LOS)) 

o Nearby emitters (frequency, power, direction of transmissions, frequency of 

transmissions, masking – if any and their distance to tracking antenna location) 

become critical. In the following sections we will discuss briefly of the placement 

issues while some modification implementation due to further protection need.   

 

 
Figure 1 Two opposite circular polarized antennas tracking a launch 

 

 

IMPLEMENTATION 

 

A. Placement of the dual antennas vs. each other: 

In order to assure that the antennas do not affect each other’s field, it is imperative that the two 

antennas are separated by the distance of meeting the requirements of the FRESNEL region 

while the boresight antenna distance meets the minimum requirement for the Franhoufer region.  

(Appendix A). Per the calculation, the minimum separation between two 5.4 meter S-band 

antennas should be 22 meters (approximately 72 ft.) 

 

In addition, applying Huygens’s principle (Appendix B) to a plane wavefront around an edge, it 

is possible that wavelet cancellation on the received and diffracted signal by the antenna in the 

front may occur. (We have observed this phenomenon in some close placement tests of the 

antennas analyzing the data received on both antennas and comparing the two AGC values.)  In 

the case of the multipath, with the circular polarization, the reflected and the incident waves will 
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be in opposite polarizations. Based on the time of arrival the reflected wave may cancel the 

incident wave. (Honeywell systems use receivers with diversity combiners to eliminate this 

effect to the extent possible.) 

 

B. The study of the environment: 

A close study of the environment that has the weather, GPN or other airport radars reveals the 

possible hazards from the high EIRP (Effective Incident Radiated Power) emitters in the area. 

Any equipment that can provide enough power in the antenna bandwidth is a candidate for 

destruction of the front end of the LNA systems. (Appendix C). 

( ) ( ) _ ( )
LNA

P dBm EIRP of emitter Space Loss dB= − −  

 In Honeywell’s 5.4 meter antenna case, the LNAs can not endure more than 10 dBm of input 

power level (in probably micro or milliseconds). If the LNAs endure the signal, if it is in band, 

then the receiver tuner input amplifiers could not tolerate it above +10 dBm level at their inputs. 

Some suggested antenna modifications to lower the effect of high power emitters always come at 

the expense of lowered G/T: 

 a. At the input to antenna feeds we have the LNAs immediately following the antenna 

dipole or cone and the polarizer (Figure 2). This increases the gain without adding further noise 

into the system (in compliance with Friis’s theory for system noise temperature). The band 

limiting filters come after the LNAs, influencing the G/T much less, or almost none at all, while 

NOT protecting the LNAs from the effects of high power out-of-band signals’ effects. 

 

 
Figure 2 Antenna Feed Prior to Modification (higher G/T) 

 

A modification that moved the LNAs in the feed after the filters provided approximately 60 db 

attenuation for all out-of-band emitter signals (Figure 3). This was more than enough to 

eliminate the problem for out of band signals. (However, this provided no protection for the in-

band signals that are off-frequency but within the S-band telemetry antenna’s operational band.) 

The G/T was lowered by about 1 dB to 16 dB/K (as measured at 5 degree above the horizon 

looking into the clear sky.) In-band signal protection is managed by way of operational 

precautions. (Arranging on-air timing of local emitters, sharing the RF airspace or masking the 

antenna in the direction of HP emissions.) 
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Figure 3 Antenna Feed After the Modification (Better Out-of-Band Protection) 

 

 b. An input PIN diode limiter can be installed into the RF input circuit of the LNA. This 

passive PIN limiter can offer RF overload protection of one (1) to two (2) watts. This level of 

protection has typically proven adequate protection for extraneous emitters that may be 

encountered. One input PIN diode is expected to impact the noise temperature of the LNA about ten 

(10) degree K. PIN diodes can absorb the initial blow, divide the voltage, discharge the energy to 

the termination of the isolator. (Diode avalanches, dividing the power down, reflects to the load 

of the isolator.) Increase in the LNA noise temperature by about 10 Kelvin degrees (in our case 

from about 28-30 degree K to 38-40 degree K) translates to new noise figure of 0.561 dB (an 

increase in the noise figure approximately of 0.13 dB which is acceptable in most cases.) This 

update requires a modification (board layout change) to the LNA circuitry which can be costly. 

A less expensive approach is to modify the board with two 50-mil holes and making solid cut 

and jumpers to add the diodes. One LNA manufacturer indicated that they have used pin diodes 

for protection up to 4-5 watt over-power dissipation across the input to the LNA. In our case 1-2 

watt protection (meaning protection against development of voltages up to 7 to 10 V at the 50 

ohm input) would be enough for the input levels, at the distances we worked (with an average 40 

dB pre-filter antenna gain up to 6 GHz.)  

 

 

 

 

CONCLUSION 

 
Placement of mobile antennas and their shelters in an environment requires additional care as 

each location of mission may bring RF hazards and obstructions that can be detrimental to the 

accomplishment of the task with success. Protection of the antennas start with the design phase 

placing the filters in the front of the LNAs in the feed or adding protection diodes in the LNA 

input circuits with a small sacrifice in the system G/T. Otherwise, the LNA gain can either 

suddenly disappear (down to a loss!) or LNA can deteriorate in time, with the abusing power of 

high power emitters in the environment.  

 

It is impossible to design an antenna / receiver system that is completely protected from the 

environment. However, learning the mission characteristics early in the support preparation 
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phase and staging the antennas in a good position for the mission, while understanding the 

environment completely, prepares the mission support personnel for hazards in the environment.  

Mission support personnel can mask or limit the antenna from pointing those hazardous areas 

and / or possibly adding protective equipment (attenuators and / or filters) to the system thus 

avoiding unpleasant and costly failures in the field.  

 

Author sees the need and wishes for more direct discussion / recommendation from the IRIG, or 

similar groups, on the placement of the multiple and transportable tracking antennas. 

 

Ref 1: Wayne Tomasi, Electronic Communications Systems, ISBN 0-13-049492-5 

Ref 2:  Richard C. Johnson, Henry Jasik, Antenna Engineering Handbook, ISBN 0-07-032291-0 
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APPENDIX A 

 
 

Near field / far field considerations for Honeywell’s mobile tracking antennas – for 

frequency range of 2200MHz – 2400 MHz  
 

NEAR FIELD (FRESNEL) REGION R1 -  

While placing the two antennas nearby each other, the near-field region should be clear of any 

structures (including the other antenna.) The near field region is called Radiating Fresnel region. 

In this region as the antenna acts like an inductor, some energy may return to the antenna itself. 

While antenna parabolic reflector diameter is D=5.4 m: 

λ

3

1 *62.0
D

R = = 22 meters (approximately 72 ft.)     D(m)=antenna diameter 

 

 

 

 

 

 

RADIATING FAR FIELD (FRAUNHOFER) REGION R2: 

λ

2

*22
D

R = =467m (for worst case of f=2400 MHz) approximately 1530 ft. (Reference 2) 

Whatever energy reaches the R2 region is radiated. This is the minimum distance where one can 

(and should) place the test (boresight) antennas. (At this distance antenna looks as a single source 

of radiation and the antenna pattern is insensitive to range.) To the extent possible this area in 

front of the antennas (and boresight antenna path) should be clear.  

 

When the two RHCP and LHCP antennas are close to each other or other structures at a tracking 

site, one must pay attention to these regions.   

 

 

 

.13our  MHz 2400-2200frequencyf and m/sec) (3X10^8light  of speed C   while cm
f

C
≅==== λλ

1R

2R

1R

NEAR FIELD 

(FRESNEL) REGION 

R1 
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APPENDIX B 
 

HUYGENS’s PRINCIPLE 

 

Principle Statement: Every point on a given spherical wavefront can be considered a secondary 

point source of electromagnetic waves from which secondary waves (wavelets) are radiated 

outward. This causes diffraction which is the modulation or redistribution of energy within a 

wavefront when it passes near the edge of an opaque object. Diffraction allows the radio waves 

to propagate (peek) around the corners. (Reference 1). Due to the phase differences at different 

times of arrival, the wavelets can add to or cancel the received signal.  
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APPENDIX C 
 

A Sample Preparation for Delta II Swift Launch support 
 

PAFB antenna locations at the time of the support: 

A antenna: N28deg 12 min 50.8 sec, W80 35 54.2  

B antenna: N28 deg 12 min 50.8 sec, W80 35 55.3 

Launch is from Complex 17 in Cape Canaveral, 16.22 miles north of the antenna position. (at 

approximately +10 degrees from north, in horizon at position N 28 26’ 45” W80 33’ 29”) 

 

There are three known hazardous emitters in the area: 

 

WSR 74 C Weather radar: Continuous operation, min op angle is 0.5 degrees, Not masked, f= 

5625 MHz, position is at N28 15’ 20”, W80 36’ 21”, distance from our antennas is 2.7 miles. 

NW of the antennas, at angle of 9.3 deg from North. EIRP is 130.8 dBm creating a level of 48.25 

dBm at the LNA input, polarization is Linear, Horizontal.  

 

GPN 20 radar: Continuous operation from 6AM to 11:30PM, supporting PAFB and skid strip. 

Scans at 15 RPM, not masked, f=2750-2840 MHz, at N28 14 24, W80 36 30, distance from 

antenna is 1.85 miles north, NW at angle of 20 deg from North, EIRP is 119 dBm creating a 

level of 46.24 dBm at the LNA input, polarization is Linear, Vertical 

 

WSR 88 D Weather radar, Melbourne Airport: Continuous operation at the rate of 2 RPM. It is 

not masked, min operational angle is 0.5 degrees, f= 2879 MHz at N28 6 46, W80 39 14, 

distance from the antenna is 7.9 miles SW at 151.6 degrees from North,  EIRP is 130.8 dBm 

creating a level of 45 dBm at the LNA, polarization is Linear, Horizontal 

 

1. Map of the area with sample emitters: 



 9 

 

  

 

 

 

Antenna position 

Distance to 

Launch 

Complex 17 is 

16.22 miles, 

10 deg NE, 

input to LNA  -

57 dBm 



 1 

LOW-COST RAPID-RESPONSE EMBEDDED ANTENNA 

DESIGN FOR US ARMY 60MM MORTARS 

 

 

G. Katulka, R. Hall, P.Peregino, P. Muller 
Weapons and Materials Research Directorate, Army Research Laboratory, APG 

MD 21005-5066 

 

N. Hundley * 
Dynamic Sciences Inc., APG MD 21005-5066 

 

R. McGee 
Data Matrix Solutions, APG MD 21005-5066 

 

 

 

 

Abstract 

 

The Defense Advanced Research Projects Agency (DARPA) and the US Army are engaged in a 

high-risk/high-payoff project for the development of precision-guided 60mm mortars for the 

benefit of the optically designated attack munition (ODAM).  This paper describes the antenna 

design and performance characteristics required for a telemetry-based onboard diagnostic 

system. Efforts executed at the U.S. Army Research Laboratory, Aberdeen Proving Ground, MD 

met our primary objective to demonstrate rapid response low-cost capability for body-mounted 

antennas compatible with commercially-available telemetry products. This presentation reviews 

the theoretical design and antenna radiation pattern characteristics, tuning process, and returned 

in-flight signal strength along the trajectory.  Experimental results compared favorably with 

theoretical link analyses.  Lessons learned, ongoing applications, and future improvements are 

also presented. 
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Introduction 

 

Theoretical simulations were carried out with a commercially available electromagnetic design 

software package, Microstripes from Flowmerics, Inc., [1] to determine the optimal patch 

locations within the 60-mm mortar body to achieve the desired radiation pattern having an omni-

directional shape coincident in the plane of the mortar body cross section.  A circumferentially 

located antenna around the mid-body of the mortar was selected since the forward section of the 

mortar was to be modified with guidance hardware to meet other objectives of the program [2]. 

Thus the forebody could not be used to mount the typical fuze type telemetry antenna.  To save 

space about the perimeter of the mortar body it was decided to use discrete patches equally 

spaced at 90 degree intervals rather than a standard monolithic wrap around style antenna 

utilized with many large caliber projectiles of record [3], [4].  While a wrap around antenna 

should easily achieve the telemetry link margin and structural robustness for the 60mm mortar it 

would also discount the use of large amounts of surface area between the individual radiating 

antenna elements that could otherwise be used for additional embedded sensors.  Given the 

limited size of the 60mm mortar the conservation of surface area is a critical design 

consideration. Using standard RF design techniques, an embedded quad-patch was evaluated and 

selected for the 60mm mortar.  This design was also selected due to its ability to be rapidly 

implemented at a relatively low cost.  The basic physical construct showing some of the 

individual antenna elements mounted on the mortar body is given in the picture of Figure 1.  The 

estimated material cost for the completed antenna is $38 per individual patch element. 

 

The antenna patches were fabricated from RT Duroid high frequency laminate (RT6010) in the 

form of circular microstrip patches.  This material is well known for its excellent RF properties 

and it is widely used for telemetry antennas [5].  The diagram shows the antenna design modified 

to include a small tuning tab used for final resonant frequency tuning of the patches after 

mounting on the mortar body.  A protective coating formed from two part epoxy (JB Weld) was 

used as a radome covering on each of the four antenna elements (Figure 1 shows installed 

antenna elements and radome).  A miniature threaded RF connector (Coaxial Components Corp.  

8M130SLG-1) was utilized to make all final connections from the TM package via flexible 

coaxial cable (Belden 1671A miniature RF coaxial cable) to the individual patches.  This 

connector was selected because its quick-connect, threaded body enabled rapid assembly of the 

final instrumentation package thus expediting flight testing schedules. 

 

Coupling of the individual patches forming the quad-antenna array was achieved with a 

commercial RF coupler, SDB-4-25, from Mini-Circuits shown in Figure 2.  Previous testing with 

these devices at ARL had demonstrated suitability for telemetry in the high-g environments of 

the 60mm mortar of interest.  The coupler’s rated attenuation loss of -7db which was taken into 

account in our link analysis at the S-band operating frequency of 2,255.0 MHz, and the isolation 

between the coupled ports is a minimum of -22db [6]. The characteristics of an individual 

antenna element required of the antenna array are provided in Figure 3 where the microwave 

return loss in dB measured with a Hewlett Packard 8753 Network Analyzer is compared to the 

simulated value.  The measured frequency of the patch is 13.5 MHz higher compared to that of 

the simulated patch.  This is due to the fact that the patch as measured was slightly altered from 

the theoretical model to purposely increase its resonant frequency.  This was done to compensate 

a resonant frequency drop of about 75 MHz which was observed from the application of radome 
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epoxy material to protect the individual antenna elements in flight.  Final tuning of the patches is 

accomplished via tuning stub length adjustments made prior to radome epoxy application in 

order to achieve 2255MHz.  After the quad patch was completely assembled and tuned within 

the mortar body, the far field radiation patterns were obtained.  These are provided in Figure 4, 

showing the roll and the azimuthal or pitch radiation patterns, respectively.  All measured 

radiation patterns were obtained at 2255 MHz resonant frequency in the anechoic chamber at 

ARL, Adelphi, MD. 

 

Structural simulations were carried out using commercial Finite Element Analysis software from 

Algor, Inc. [7], to verify the structural integrity of the mortar body modified with embedded 

antenna recesses during projectile launch-induced body stresses.  Results from these calculations 

are provided in Figures 5 and 6.  Input assumptions for the structural analysis included two static 

g-loading levels of 7,000 and 10,000 g’s and structural survivability was experimentally verified 

prior to flight testing via laboratory shock table testing of a prototype 60mm mortar having an 

embedded quad-patch antenna. 

 

Flight testing was conducted at Aberdeen Test Center (ATC), U.S. Army Aberdeen Proving 

Ground, MD.  Three prototype mortar rounds were shot to verify the reliability of the telemetry 

system (including the patch antenna array as designed) and the quality of the signal strength 

received from the mortars.  Telemetry data for each of the three rounds were properly received as 

illustrated by the receiver AGC data as shown in Figure 7 for mortar round number 19.  This plot 

shows the receiver signal strength as a function of time from just before mortar launch (marked 

as muzzle exit in the plot) to ground impact at 28.6 seconds.  The overall signal strength remains 

fairly constant through out the mortar flight with anticipated signal undulations or oscillations 

coincident with the mortar spin rate.  These are caused by the slightly asymmetric radiation 

pattern of the embedded antenna array as it spins about the mortar axis.    
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Figure 1.  Embedded antenna array shown with packaged telemetry electronics (left), and close 

up view of single antenna element with machined radome cover (right). 
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Figure 2.  Mini-Circuits RF combiner for integrating individual elements in the quad patch 

antenna array used to acquire telemetry during mortar flight testing.   
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Figure 3.  Microwave return loss in dB from a single antenna element hard mounted to the 60mm 

mortar body.  Shown is the return loss measurement taken directly from the mortar embedded 

antenna (blue), and the simulated return loss for a theoretical model approximation of the patch 

antenna (red).  The difference in resonant frequency is accounted for by a slight geometrical 

difference between the actual patch antenna (to account for application of radome material 

during the hardware assembly process) and that of the theoretical model. 
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Figure 4.  Experimentally measured radiation patterns for circumferential embedded antenna 

array mounted on the 60mm ODAM mortar body.  All measurements are made at the S-band 

telemetry frequency of 2255.0 MHz inside the ARL anechoic chamber.  Patterns are for the 

projectile roll (top) and pitch (bottom) orientations. 
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Figure 5.   Structural analysis results showing stress levels as a function of safety factor for the 

60mm mortar body.   

 

 

 

 

 

 

 

 

 

 

 

 

• Load = 7000 g’s 
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Figure 6.   Structural analysis results showing stress levels as a function of safety factor for the 

60mm mortar body.    The highest stress levels observed were concentrated near the region 

between antenna patches designed to accommodate solar sensors, thus the machined solar sensor 

slots were omitted from the final design.    
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Figure 7.   Signal strength received and recorded from the embedded quad-patch antenna 

telemetry system for a prototype 60mm mortar that was flight testing at Aberdeen Test Center 

(ATC), APG, MD. 
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Conclusions 

 

The design and performance characteristics of a low-cost antenna array embedded within a 

60mm mortar body were described in detail.  The antenna is constructed from an array of patch 

antenna elements fabricated from standard microwave material and other low cost commercial 

components modified to meet the requirements of a compact S-band telemetry system.  

Theoretical simulations of the antenna return loss characteristics used during the design phase 

were in close agreement with values measured directly from the embedded antenna, and minor 

resonant frequency discrepancies were accounted for.   The antenna radiation pattern 

characteristics and the returned in-flight signal strength along a flight trajectory were also 

measured experimentally and demonstrated the viability of our approach as a low-cost, rapid-

response alternative for embedded, high-g, telemetry antenna designs. 
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ABSTRACT 
 

This paper baselines the performance of common, single band telemetry blade antennas in two telemetry 
bands  and compares that performance to two very differing multi-band antenna designs. A description 
of each antenna is presented followed by flight testing results and conclusions. Results are in the form of 
received signal strength versus geographic location, derived in-flight antenna patterns, link availability, 
and bit error analysis.       
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INTRODUCTION 
 

Test programs that transmit flight test data have long needed the flexibility to transmit in any portion of 
the available aeronautical telemetry spectrum 1435-1525MHz (lower L-Band), 1755-1850MHz (upper 
L-Band), 2200-2290MHz (lower S-Band), 2360-2395MHz (upper S-Band) in order to mitigate spectrum 
crowding prevalent at many of the major test ranges. This paper deals with the airborne telemetry 
antenna, one of the key elements of this transmission chain.  
 
Classical telemetry systems usually employ band specific blade antennas of the monopole variety for 
aeronautical telemetry applications. While a viable method of transmitting the telemetry signal, the band 



of operation is usually limited to only one of the three currently available bands for aeronautical mobile 
telemetry. Two separate efforts were undertaken to attack this dilemma from two differing perspectives. 
 
The first effort was a multi-year Small Business Innovative Research (SBIR) contract with Toyon 
Research Corporation.  The focus of the initial work was to develop a flight qualified L-Band telemetry 
antenna with a shaped radiation pattern.  The shaped pattern created a null which could be oriented in 
the direction of nearby Global Positioning System (GPS) antennas to improve isolation and thereby limit 
Radio Frequency Interference (RFI) to GPS systems operating on the L1 frequency of 1575.42 MHz 
[1].  Antenna size, weight and ease of installation were all considerations to be optimized as well.  Since 
the location of nearby GPS antennas varies from aircraft to aircraft, the antenna had to allow for 
pointing of the null in any azimuth direction. The resulting prototype antenna performed well so an 
enhancement effort was undertaken to expand frequency coverage to include the other telemetry bands 
while still maintaining the GPS null and physical properties of the L-Band only antenna. 
 
The second effort was through the Science and Technology, Spectrum Efficient Technology initiative 
(S&T SET) in support of the integrated Network Enhanced Telemetry (iNET) program. This contract 
was through NuRad Technologies which included a two-phased effort of providing a multi-band antenna 
first, followed by a quadrant steering multi-band antenna. The multi-band offering was an off-the-shelf 
unit with a specified frequency range of 0.5-3.0GHz.  
 
The antennas used as a reference for both multi-band antennas were standard airborne blade antennas 
available through several manufacturers. In this case, the lower L-Band antenna was manufactured by 
Tecom (model 101002A) and the S-Band antenna was manufactured by Haigh-Farr (model 6030-2). 
Figure 1 shows all four antennas. The antennas were mounted to an interchangeable doubler plate 
required for installation onto the test aircraft as shown on the Toyon and two reference blade antennas. 
In this figure, NuRad antenna is shown installed on the aircraft. Figure 2 shows the antenna installation 
location on the aircraft, in this case the NuRad antenna is installed. All of these antennas are linearly 
polarized.  
  
 

 
 

Figure 1 – Airborne Antennas 
 



 
 

Figure 2 – Aircraft Antenna Installation Location 
 

In order to assess antenna performance, a series of flight test were structured and conducted utilizing the 
airspace within Edwards AFB and China Lake NWC known as restricted area 2508 (R2508). A 
description of the aircraft and ground systems and flight test points are described below.  

 
AIRCRAFT AND GROUND STATION SYSTEM DESCRIPTION 

 
In order to accomplish the flight test points described below, a system had to be configured to carry out 
the testing. This system was broken into two parts, the airborne system and the ground station system.  
 
A Beechcraft C-12 was configured with a transmit system to transmit known data from each test antenna 
located on the bottom of the aircraft. The system utilized a 5W (Quasonix LLC), multimode test 
transmitter (one for L-Band and one for S-Band) transmitting a 5Mbps, 211-1 pseudo-random bit 
sequence (PRBS). The modulation mode selected for all of the testing was Shaped Offset Quadrature 
Phase Shift Keyed – Telemetry Group version (SOQPSK-TG). The outputs of both the lower L-Band 
transmitter and S-Band transmitter were measured and matched. The output of the test transmitter was 
then routed through an isolator network (one for L-Band operation, one for S-Band operation) and then 
sent to the external test antenna.       
 
The ground station consisted of a 5 meter receive antenna with tracking capabilities. An RCB2000 (L3 
Communications Telemetry East) telemetry receiver was connected to left hand and right hand circular 
polarizations from the antenna. The received intermediate frequency (IF) for channel 1 and channel 2 
were sent to external RF Networks 2120 demodulators. The combined channel was demodulated by the 
internal RCB2000 demodulator. Data and clock outputs from each demodulator were sent to separate 
Fireberd 6000A bit error analyzers. Error statistics were polled on 10 second intervals from each of the 
Fireberds via the IEEE-488 communication bus. In addition to bit error logging, receiver automatic gain 
control (AGC) levels from CH1 and CH2 were also sampled at a 20Hz rate and recorded. Prior to flight 
testing, receiver AGC levels were calibrated with existing bore sight capabilities to give a direct reading 
of signal to noise ratio (SNR) from the AGC values. A block diagram for both transmit and receive 
systems is shown in Figure 3.      



 

 
 

Figure 3 – Aircraft and Ground Station Block Diagram 
    

FLIGHT TESTING DESCRIPTION 
 
Test points were developed to characterize the performance of the L-Band and S-Band reference blade 
antennas and then compare that to the performance of the two multi-band antennas. Two test points for 
each antenna configuration were flown to fully characterize antenna performance in a simulated test 
scenario. The first point, BER1, was a flight path known as Cords Rd. This path is known to support 
multipath and has been well characterized by the Advanced Range Telemetry (ARTM) program. Also, 
this flight path provided nearly 360 degrees of look angles (at nearly a constant elevation angle) from 
the receive antenna which characterized aircraft antenna coverage. Flight path was approximately 83NM 
with the longest slant range being 61NM. Altitude for this test point was a constant 5000 feet MSL with 
a constant speed of 200 knots. The test point had two elements, a west to east path (BER1 W-E) and the 
return east to west path (BER1 E-W). The second test point, LR1, was meant to characterize a different 
part of the antenna pattern with a different look angle to the aircraft. This test point started at 4500 feet 
MSL and climbed directly away from the receive antenna to 20,000 feet MSL @ 1500fpm. Once at 
20,000 feet the aircraft leveled off and continued at that altitude at 160 knots to the end of the test point 
(LR1 S-N). The return path was just the opposite of the outbound path (LR1 N-S). Flight path was 
approximately 90NM with the longest slant range being 90NM. It should be noted at this time that the 
Toyon antenna with the L-Band antenna pattern notch was directed towards the front of the aircraft. See 
Figure 4 for a map representation of the test points and flight paths.  
 
Six flights were flown to derive baseline performance for the reference blade antennas in both L-Band 
(Flight 104) and S-Band (Flight 105), test the Toyon antenna in L-Band (Flight 107) and S-Band (Flight 
106), and finally test the NuRad antenna in L-Band (Flight 109) and S-Band (Flight 108). For all of the 



testing, the L-Band frequency was centered at 1470.5MHz (lower L-Band) and the S-Band frequency 
was centered at 2350.5MHz (lower S-Band).  

 

 
 

Figure 4 – Test Points 
 

TEST RESULTS 
 

Test results are grouped into two categories, RF data and bit error data. The RF data consists of received 
SNR versus aircraft location and derived antenna patterns. The bit error data consists of link availability, 
average bit error rate (BER), and total bit errors for each test point.  
 
Signal to Noise Ratio versus Location 
 
Baseline signal to noise ratio numbers were calibrated versus AGC values and recorded prior to flight 
testing. This calibration information was then used to derive the plots in Figures 5 and 6 based upon 
recorded AGC values and aircraft position correlated in time. Figure 5 relates the NuRad antenna to the 
reference blade in L-Band and S-Band on two passes of test point BER1. Note the traces on both graphs 
nearly overlap illustrating that pattern performance is nearly identical in both bands. Figure 6 shows the 
Toyon antenna plotted against the reference blade. In Figure 6a, during the BER1 W-E test point, the 
Toyon suffers by approximately 10dB throughout the test point. Also note the dramatic fall off of SNR 
near a longitude of 118. This is expected due to the receive antenna looking into the L-Band pattern 
notch of the antenna. In Figure 8b in S-Band, the Toyon exhibited better performance than the reference 
blade. Also, note the step in SNR. This occurred when the aircraft transitioned from straight and level 
flight at 20,000 feet to a slight pitch-down attitude of roughly 3 degrees. From this point to the end point 
note that the pattern of the Toyon antenna is roughly 3dB better when looking at the nose of the aircraft. 
 



  
 
Figure 5a – SNR vs. Position (L-Band/BER1 E-W)    Figure 5b – SNR vs. Position (S-Band/BER1 W-E)  

 

  
 
Figure 6a – SNR vs. Position (L-Band/BER1 W-E)    Figure 6b – SNR vs. Position (S-Band/LR1 N-S) 
 
Antenna Patterns 
 
Coarse antenna patterns in the aircraft yaw plane were constructed from receiver IF SNR, receive 
antenna pointing angle, and aircraft position data from the BER1 runs. The range of receive antenna 
look angles on reciprocal headings of BER1 provided nearly complete coverage of the yaw plane as 
shown in figures 7 and 8. IF SNR was normalized assuming a free space incremental distance d, 
attenuation factor of 1/d2 relative to the IF SNR measured at the closest approach, or shortest slant range 
d0. The aircraft yaw plane was viewed at very shallow angles ranging from 0.3 to 1.7 degrees. Slant 
range varied from 11NM to 58NM. Figure 7 compares the reference blades to the NuRad antenna. 
Performance is comparable in both frequency bands. The average IF SNR of each antenna was 52dB in 
Figure 7a and 51dB in Figure 7b confirming that under these conditions the performance of both 
antennas is practically identical. Figure 8a clearly shows how the Toyon design reduces energy at angles 
ranging from approximately 310 to 70 degrees. Figure 8b reveals a more uniform S-band pattern for the 
Toyon antenna, but the average normalized IF SNR was 45.5dB, about 6dB lower than the reference and 
NuRad antennas. 



   

  
 
   Figure 7a – NuRad L-Band Antenna Pattern              Figure 7b – NuRad S-Band Antenna Pattern 
    

  
 
    Figure 8a – Toyon L-Band Antenna Pattern              Figure 8b – Toyon S-Band Antenna Pattern 
 
Link Availability 
 
Based upon the error statistics captured on each test point, link availability (LA) was calculated. 
Referring back to Figure 3, we’ll notice that error statistics were captured for both receive antenna 
polarizations and the combined signal. LA was calculated for all three conditions on all of the test 
points. The definition of LA for these series of tests is shown below in Equation 1. 
 

%100(%) ×⎥⎦
⎤

⎢⎣
⎡ −

=
meTotalRunTi

roredTimeSeverelyErmeTotalRunTiLA                      Equation 1 

 

TotalRunTime – Total length of the test point or interval of interest 

SeverelyErroredTime – 10 second interval where bit error rate > 1x10-3  



Tables 1 through 3 show LA numbers for the reference blade antennas, Toyon antenna, and finally the 
NuRad antenna. Columns where N/A appears means no numbers are available due to system anomalies 
or other circumstance. 

Table 1 – LA for Blade Antenna Baseline 
 

Flight 104, L-Band Baseline Flight 105, S-Band Baseline 
Run RHCP LHCP Combined Run RHCP LHCP Combined 

LR1 S-N 100 100 100 LR1 S-N 100 100 N/A 
LR1 N-S 100 100 100 LR1 N-S 100 100 100 

BER1 W-E 91 92 91 BER1 W-E 97 99 99 
BER1 E-W 90 90 92 BER1 E-W 92 93 93 

 

Table 2 – LA for Toyon Antenna 

Flight 107, Toyon L-Band Flight 106, Toyon S-Band 
Run RHCP LHCP Combined Run RHCP LHCP Combined 

LR1 S-N 100 100 100 LR1 S-N N/A N/A N/A 
LR1 N-S 48 53 74 LR1 N-S 100 100 100 

BER1 W-E 71 81 87 BER1 W-E 85 93 96 
BER1 E-W 73 75 80 BER1 E-W 68 71 73 

 

Table 3 – LA for NuRad Antenna 

Flight 109, NuRad L-Band Flight 108, NuRad S-Band 
Run RHCP LHCP Combined Run RHCP LHCP Combined 

LR1 S-N 100 100 100 LR1 S-N 100 94 100 
LR1 N-S 100 100 100 LR1 N-S 100 100 100 

BER1 W-E 94 94 95 BER1 W-E 96 94 96 
BER1 E-W 92 92 93 BER1 E-W 93 91 97 

 
Link availability numbers for the reference blade antennas are very typical numbers for SOQPSK-TG at 
5Mbps over these test points as characterized by the ARTM Program. Each test with column values less 
that 100% experienced some type of catastrophic multipath event while tests with column values at 
100% experienced much less severe multipath events.  
 
Link availability numbers were very good for the NuRad antenna in both bands and track the reference 
blade antenna results very well. The LA data in tables 1 and 3 are typical of what previous experiments 
have shown on these flight paths with 5 Mbps transmissions. The S-band LA numbers are slight better 
than their L-band counterparts. This is due to multipath reflected ray power reduction in the narrower 
beam of the receive antenna at the higher frequency.  
 
Link availability suffered on the Toyon antenna on the LR1 N-S test point due to the deliberate L-Band 
antenna null for GPS isolation purposes. As previously mentioned, the null was oriented forward on the 
aircraft which, for this point, resulted in the receive antenna looking right at the nulled pattern.  



Bit Error Data 
 
During each test point for all of the flights, bit error data was polled and logged. Bit errors were 
monitored for both right-hand and left-hand circular polarizations (RHCP, LHCP) in addition to the 
combined output. In this testing, pre-detection Optimal Ratio Combing (ORC) [3] was used to combine 
right and left-hand circular polarizations. Figures 9 and 10 show total bit errors recorded for the 
reference blade and NuRad antennas for all three receive configurations on both directions of the BER1 
test point.  

 
Figure 9 – Bit errors vs. Receive Antenna Polarization (L-Band BER1 W-E) 

 
Figure 10 – Bit errors vs. Receive Antenna Polarization (L-Band BER1 E-W) 

 



These graphs are very informative and shed light on the characteristics of this particular aeronautical 
telemetry channel. It is clear for these test points that link margin is not an issue otherwise gradual 
increases in bit errors would be observed at each end of the graphs. Notice there are long, error free 
intervals between error events. When these error events do occur, they are usually catastrophic causing a 
large number of bit errors usually associated with demodulator synchronization loss. Comparing bit 
errors versus polarization we do not see any diversity exhibited, i.e. the error events occur at the same 
time on both receive polarizations. Channel sounding measurements on BER1 have shown that the 
dominant channel impairment is 2-ray specular multipath propagation. At 5 Mbps the excess 
propagation delay is less than 5% of the SOQPSK-TG symbol period. Thus, the fading is essentially flat 
and the major fade events are coincident and deep. The fact that pre-detection combining recovers 
somewhere between 2 and 3dB of the 3dB polarization loss suffered by the individual channels accounts 
for the small system performance advantage seen in tables 1 and 3, as well as figures 9,10, and 11. 
  
Figure 11 illustrates bit errors averaged over the length of the test point for right hand and left hand 
circular receive polarizations and the combined signal versus the exact same test point as in Figures 9 
and 10. When comparing Figure 11 with Figures 9 and 10, it is observed that data do not correlate. For 
this channel, long error free intervals are interrupted by multipath events lasting as long as seconds [4, 
5] causing demodulator resynchronization and large error tallies. These events negatively bias the 
average bit error rate numbers. For this transmission channel, average bit error rate is not a good 
measurement of link performance.  
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Figure 11 – Average Bit Errors vs. Receive Antenna Polarization (L-Band BER1) 

 



CONCLUSIONS 
 

• Performance of the Toyon antenna was limited by the constraints placed on its design.  The 
requirement to utilize the same physical structure and maintain a pattern null resulted in weaker 
performance on L-Band and at low elevation angles.  A taller antenna without the internal 
parasitic elements for pattern shaping would certainly have yielded a cleaner pattern but would 
not have met the objectives of the SBIR under which it was initially developed.  

 
• SNR information, derived antenna patterns, and bit error analysis all lead to the conclusion that 

the NuRad multi-band antenna performed very well and in some instances better than the 
reference blade antennas.  

• The telemetry channel in which these tests were conducted can be characterized as multipath 
limited causing large tallies of bit error during discrete times. The channel is typically not noise 
limited.  

• Average bit error rate is not a good metric to use to characterize system performance in this 
aeronautical channel. Long error-free intervals are observed interrupted by catastrophic 
multipath events rendering an averaging method painting an incomplete picture.  

• For this transmission channel, theoretical gains normally associated with optimal ratio 
combining were not observed.    

• Both multi-band antennas are viable solutions based upon the need of the end user. 
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ABSTRACT 

 

This paper introduced a fast scanning and waiting acquisition method for a DS/FH receiver 

used in the telemetry field.  Mathematic model of the hybrid DS/FH system’s acquisition 

process is given and discussed.  The average acquisition time expression using this method 

and generalized average acquisition time formula is derived also.  The validity of the 

proposed algorithm is verified after simulation.  In the circumstances of Additive Gauss 

White Noise for the channel, simulation result at Ec/N0= -15dB shows that the average 

acquisition time is decreased almost 4 times than that of waiting and searching method. 
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I.  INTRODUCTION 

 

Hybrid direct sequence/frequency hopping spread spectrum (DS/FHSS) has received 

increased attention in the last decades, because it combines the advantages of both DS and 

FH spread spectrum systems, such as high anti-interference capabilities, while avoiding some 

other shortcomings.  In this paper, a receiver with DS/FH techniques used in telemetry is 

evaluated.   

 

Fast synchronization plays a very important role in the receiver, and two processes are 

performed: acquisition and tracking.  Main purpose of this paper is to study on the 

acquisition.  A typical acquisition technique called waiting and searching method is 

presented in some papers[1]: at first, the receiver’s synthesizer is controlled to emit a certain 
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frequency.  When the receiving signal with the corresponding frequency occurs, an 

intermediate frequency signal is obtained, after DS demodulation, we can get the receiver’s 

synthesizer information, and the receiver’s synthesizer start emitting frequencies changing 

according as it.  In this method, when the selected frequency is disturbed deeply, the 

acquisition becomes impossible, and when it’s a long period of the FH, it will cost more time 

too. 

 

To overcome the demerits of the acquisition method described above, a combined fast 

scanning and waiting method used for acquisition of Hybrid DS/FH system is proposed.  In 

this method, local frequency synthesizer works at the fast scanning mode at first, the 

frequency’s hopping rate is higher than incoming one’s to match with the incoming frequency. 

When matches, synthesizer steps into waiting mode immediately, and when get the 

synchronization information from the DS demodulation system, the local synthesizer’s 

hopping rate is changed to normal to match with the hopping rate of the transmitters.  In this 

way, the acquisition time can be reduced remarkably compared with the waiting and 

searching method 

 

This paper is organized as below: the study background, the current research result and the 

content of this paper is briefly introduced in section I.  In section II, the combined fast 

scanning and waiting acquisition method is illustrated.  The following section discusses the 

algorithm for calculating the average acquisition time with this method.  In Section IV, 

simulation shows that with the new method, the average acquisition time is decreased 

significantly.  Section V draws the conclusion in the final. 

 

 

II.  COMBINED FAST SCANNING AND WAITING ACQUISITION METHOD 

 

The proceeding of the DS/FH synchronization can be divided into two steps: acquisition and 

tracking.  The waiting and searching method of acquisition is always being used in the 

DS/FH receiver: a certain frequency is produced by the local synthesizer at first, when 

matched with the incoming signal’s frequency, after mixing and filtering, an IF signal can be 

got, and is sent to the A/D converter, which is connected to the DS acquisition, tracking and 

demodulation circuit.  When get the synchronization information after demodulation, the 

synthesizer will transmit the frequency patterns matched with the transmitters, and hop in the 

same phase and rate[2].  

 

The acquisition can be realized very fast using the waiting and searching method, but it will 

take a long time if the period of the frequency pattern is very large.  A combined method of 

fast scanning and waiting method is introduced here, in this way, the local synthesizer works 

in three modes: the local synthesizer works in a fast scanning mode at first, the hopping rate 

of the frequency produced by the local synthesizer is 4 times of the incoming ones; when 

match with the incoming signals, it steps into the waiting mode, after getting the 

synchronization information, it steps into the normal rate as the incoming ones according to 

the synchronization information.  For example, the incoming signal’s frequency pattern is as 
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{f1,f2,f3,f4,f5,f6,f7,f8,f9,f10,f11,f12,f13,f14,f15,f16}, the local frequency pattern is the same but the 

hopping rate is 4 times of the incoming ones, so interval of each hop of the incoming signal is 

T times, and interval of each hop of the local signal is T/4.  As shown in figure 1, when the 

incoming signal’s frequency pattern is as f6, f7, f8�, and the local one is as f1 
'
, f2

’
 , f3

’
, f4

’
, f5 

'
, 

f6
’
,  f7

’
 , f8

’
 �.  At first, the frequency of the incoming signal is f6, and the local one is f1 

'
 , 

after mixed, the signal is filtered by the low pass filter(LPF), so there is no signal output can 

be sent to the DS circuit, and it also can not get the correlation peak after the DS acquisition.  

Then the local synthesizer hops to f2
’
, no correlation peak too.  After time of T+2T/4, the 

incoming frequency matches with the local one (f7 and f7
’
), after been mixed and low pass 

filtered, an IF signal appears, and is sent to the DS acquisition circuits.  When get 

correlation peak, it is still cannot say that the acquisition part is finished, maybe it’s a fake 

one, so it needs to be testified, means after 2-3 DS PN code periods continuously, if the 

correlation peaks all exceed the threshold, the acquisition of the FH period is finished, the 

local frequency hops to f8
’
 instantly, steps into the waiting method, and wait until the 

synchronization information got from the demodulated basic signals, then the local 

synthesizer’s hopping rate changed to normal accord as the synchronization information.  In 

this way, the acquisition time of the FH part can be reduced apparently.  

 

 

 

 

 

 

 

 

Fig.1  Demonstration of fast scanning and waiting acquisition method 

 

 

III.  MEAN ACQUISITION TIME CALCULATION 

 

The mean acquisition time is a crucial parameter to measure the synchronization performance 

of a DS/FH receiver which can be calculated through a state shift map.  The state shift map 

of the combined fast scanning and waiting method is shown in figure 2.  It is assumed that 

there are N frequencies in this DS/FH system altogether, the period of the DS pseudo 

noise(PN) code as M, and each DS state shift time as Ts, the transmitter’s frequency pattern 

as “f1, f2, f3, …… , fN”.  The receiver’s frequency pattern should be as “f1’, f2
’
, f3

’
, …… , 

fN
’
” when matches with the transmitter.  Acquisition starts from time t=0, Assume the state 

is as SFH1, in which receiver’s frequency as f1
’ 
and the transmitter’s frequency as f1, the 

probability of the state shift from SFH1 to SDS1 is PFH1=1/N, and the probability of the state 

shift from SDS1 to SDS1c is PDS1=1/2M.  If there is no interference, state shift from SDS1c to the 

acquisition state W in route PdTs, in which, Pd means the detection probability of the DS 

acquisition.  When there is interference, the state SDS1c will be shifted to state SDS2 in route 

of (1-Pd)Ts, when testified as non synchronization, states shift to SDS3 in route of 

PfaTs
K+1

+(1-Pfa)Ts, Pfa means the false alarm probability of the DS acquisition, K means K 

f6 f7 f8 f5 

f1
'   

f2
’    

f3
’ 

 f4
’ f5

'   
f6

’
   f7

’
              f8

’ 

Th 

Th
’
=Th/4 

Incoming signal hop time 

local signal hop time 

f5
’ 



 4 

times of shift from SDS2 to SDS3.  By the same token, the state shift function from SDS1c back 

to SDS1c through SDS2 … SDS2M is  
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The shift function from SDS1 to W is  
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And from the figure 2, we can get SDS1 = PFH1SFH1, and (4) can be rewritten as  
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In the same way, the function of state from SFHj (means receiver’s frequency is fj
’ 
and the 

transmitter’s frequency is fj) to W through SDSi is 
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PDSi = 1/(2M-i+1) means Prior probability of the acquisition in state of SDSi, PFHj = 1/(N-j+1) 

means Prior probability of the acquisition in state of SFHj.  And the shift function for SDSi to 

SDS(i+1) can concluded from figure 2 as: 
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When receiver’s frequency is fj
’
, but the transmitter’s frequency isn’t fj, with the influence of 

the false alarm, state SFHj shifted to SFH(j+1) through g1 times DS state shifts, the shift function 

can be written as:  
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Fig.2  Demonstration of The state shift of the DS/FH signal’s acquisition 

 

The state shift process can be simplified as shown in figure 3.  State shift function can be 
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Digital matched filter(DMF) is used here to realize the DS acquisition part, correlation one 

time in time of Tc/2, Tc means interval time of a PN code.  Normalize Ts with Tc/2, and 

define qs = Ts/(Tc/2), the mean acquisition time of the DS/FH is 
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And from (9), we can get the relationship between Th’ with g1 as: 
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Define H=Th/Th’, means the times of the receiver’s frequency hopping rate to transmitter’s.  

And (12) can be written as  
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When H=1, means Th=Th
’
, the interval of the transmitter’s one frequency hop equals to the 

receiver’s, so we can get the mean acquisition time of the waiting and searching method as: 
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And from paper [3] [4], we can get the dectection probability and false alarm probability of 

the DS acquisition when using DMF as: 
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S is the power of the signal, N0 means power spectral density of white gauss noise, VT is the 

threshold of the DS acquisition, and δn
2 

= N0MTc/2 is the variance of the noise.  
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Fig.3  Simplified acquisition state shift diagram 

 

 

IV.  SIMULATION 

 

Assume the characters of the DS/FH system as: frequency hopping rate 600hop/s, 

Th=(1/600)s, PN code rate 4.9152MHz, Tc=(1/4.9152)*10
-6

s, K=100, M=255, N=20, Ec/N0 

(Ec = STc) as variable, normalize the threshold as Vn (
22

/ nTn VV σ= ), for simplification, define 

Th
’
 as the DS acquisition time, (14) presents the DS mean acquisition time when N=1.  

Define Ec/N0 = -15dB, from (14) (15) (16) (17), we get the simulation result shown in figure 

4.  The mean acquisition time in the fast scanning and waiting method is about more than 4 

times less than the one in waiting and searching method with Vn’s value in the period of 5 to 

70.  But when Vn is larger than 80, the mean acquisition times in the both method are all 

increased, that’s because when threshold augments to a certain value, the detection 

probability will decrease with the increase of the threshold rapidly.   

 
Fig.4  Mean acquisition time vs normalized threshold in SNR=-15dB 

 

 

V.  CONCLUSION 

 

By combines the advantages of both DS and FH spread spectrum systems, while avoiding 

some other shortcomings, the hybrid DS/FHSS has received increased attention in recent 

years.  In this paper, a fast acquisition method for a DS/FH receiver used in the telemetry 

field is proposed.  The mean acquisition times in the fast scanning and waiting method and 

is the waiting and searching method are all presented. The simulation shows that in the fast 

scanning and waiting method proposed in this paper, the mean acquisition time is about more 
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than 4 times less than the one in the waiting and searching method, in the circumstance of 

white guess noise with S/N0 = -15dB.  These analyses can be provided for the practical 

application scenario in telemetry field.   
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ABSTRACT 
 
When network-centric flight test system components are developed concurrently, it is necessary 
to produce relevant simulated network traffic for exercising the network devices and other 
processing subsystems prior to system integration.  Having an accurate and repeatable pattern of 
simulated network traffic is extremely important for debugging and subsystem integration.  The 
simulated network traffic must be both representative of the real system and repeatable to aid test 
efforts.  Our solution to this problem was to develop a model-driven network traffic generator – 
NETGEN.  Using NETGEN to resolve errors, stress test, and verify requirements, we have 
achieved otherwise unattainable correctness, reliability, and success in our systems. 
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INTRODUCTION 
 
During the development of large-scale hardware and software integrated systems, the ability to 
simulate portions of the system that are not yet ready for production is crucial.  Subsystems 
under development must be validated and verified in order to prove out interfaces and internal 
functionality.  This is sometimes referred to as ‘early integration testing’, and is forced by the 
reality that when developing a large system, the subsystems and components must be developed 
concurrently.  The bain of complex systems is that the concurrent development causes the 
integration and test time to become unmanageable as the number of subsystems increases.  For 
systems with only a few subsystems, the integration and test time can consume more than half of 
the project time and budget.  This situation is true for the emerging field of network-based flight 
test, as there are many subsystems, networks, and applications that must be developed and tested 
concurrently and integrated to build a large, complex test system.  Experience has shown that 
this difficulty can be somewhat managed by providing an accurate and repeatable method of 
simulating the portions of the system not yet ready for integration and test, and using the 
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simulations to perform early integration testing on the individual components as they are 
developed.  In support of a multi-organization effort to develop and integrate a large-scale 
network-based flight test system, we developed a simulation technique and supporting tools for 
performing early integration testing.  The tool, called NETGEN, is a model-driven application 
that utilizes modern techniques to help systems engineers to comprehensively and reproducibly 
test the individual subsystems as they are implemented as well as the systems at various levels of 
integration.  The following describes our experience in this area as well as the tool that was 
developed. 
 
 

ARCHITECTURE DESCRIPTION 
 
The NETGEN system consists of three major components: a system modeling tool, a tool 
interchange format, and a network data simulation tool.  These tools form a chain that tie the 
domain expert with knowledge of specifications and requirements to the physical 
implementation of those requirements.  Each tool is a separate entity to allow for updating and 
upgrading independent of the other tools.  Further, the system modeling tool and the network 
data simulation tool are abstracted from each other through the tool interchange format. 
 
 

MODEL ENTRY TOOL 
 
The key tool to allow the user easy control and implementation of a test scenario is the model 
entry tool.  In order to lessen the acceptance inertia involved with the use of new modeling 
concepts, we chose to use the Microsoft® Visio® drawing tool.  The model entry tool allows the 
user to create self-documenting models describing the system in graphical terms.  These terms 
are already familiar to the domain expert and allow for an easy translation from specification to 
implementation. 
 
The graphical items in the model specify physical entities in the system.  Examples of physical 
entities are data collection devices, network infrastructure devices, and data processing nodes.  
These entities can be expressed in terms of configuration information (i.e. IP address) as well as 
location information (i.e. Left Wing Subassembly).  The physical information may also 
encompass the network interconnectedness of the system under specification.  This interconnect 
diagram can be used in other tools to check for validity of the model and the specified system. 
 
Another type of information captured in the model entry tool is logical entities in the system.  An 
example of a logical entity is the time domains served through time synchronization techniques, 
like IEEE-1588.  These time domains are not necessarily physically implemented in the system 
as a set of physical systems.  They are necessary to ensure the system maintains clock coherency, 
but may be implemented in simple configuration variables. 
 
The output of the model entry tool is the specified model expressed in terms of the tool 
interchange format.  This model captures all the information expressed by the domain expert in a 
tool-independent format. 
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TOOL INTERCHANGE FORMAT 
 
The goal of the tool interchange format is to provide for a generic and tool-independent 
representation of system configuration and metadata.  The implementation technology chosen for 
our NETGEN tool is eXtensible Markup Language (XML).  XML in and of itself is not a 
technology that solves the issue of a tool-independent exchange format, but it does provide 
mechanisms by which a custom solution can be implemented.  The mechanism chosen for the 
NETGEN system is the XML Schema technology.  XML Schemas allow the designer to create a 
blueprint specifying how information is to be stored in an XML format and rules for how the 
information interacts. 
 
The purpose of creating a domain specific tool interchange format is to allow for future toolsets 
that produce or consume the information.  If the information was stored in a more tool-specific 
format, every change to the upstream tool would require any downstream tool to change the way 
it consumed the information.  Additionally, the generic tool interchange format allows for tools 
to use only the data relevant to that tool and safely ignore the rest of the information. 
 
Depending on the comprehensiveness of the model, a completely specified system captured in 
the tool interchange format may double as a bill of materials for the system under test.  It could 
also be used as the wiring diagram.  These applications were not built for the NETGEN toolchain 
but could easily be added. 
 
The XML-based tool interchange format that was developed for the NETGEN toolchain could be 
described as test metadata.  The test metadata plays many roles: 1) it is used for transferring data 
between the NETGEN tool and the other system components, 2) it is used to configure the flight 
test system, 3) it is an accurate description of how a test was physically and locally set up that is 
useful later, and 4) it describes the data that is acquired and how the measurements were created, 
which is crucial to later interpretation of the test data.  This XML format is an example of how a 
language can be developed that can provide a common representation of the test configuration, 
which is a necessary piece of the network-based flight test puzzle.  It is not, however, intended to 
be general enough to cover all types and scales of network-based flight tests. 
 
The iNet program  is currently going through a process of developing an XML-based format for 
describing military flight test applications.  The iNet metadata development effort aims to create 
an XML schema that is general enough that it can be adopted as a standard format for describing 
any military flight test, including a large range of test article types, more than one test article 
under test, and also wireless networking between ground stations and test article.  Although this 
is a daunting undertaking, our experience with earlier network-based flight tests and the success 
of the XML-based interchange format is a demonstration that it can be accomplished and is a 
worthwhile task.  We are leading the development of the iNet metadata standards and our 
experience in this area has been valuable to the process. 
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NETWORK DATA SIMULATION TOOL 
 
The final piece in the NETGEN tool suite is the network data simulation tool.  This tool allows 
the system under test to stream acquired data either from a captured data file or from simulated 
data.  The simulation tool is configured using the tool interchange format file, which contains 
specifics such as the source data and the delivery information.  For instance, some configuration 
parameters specific to the NETGEN system are data rate, destination IP addresses, filter 
configuration, and file source.   
 
The filter specifications allow the same file data source to be used by multiple simulation tools in 
order to better simulate an actual system setup.  The filter specifies the type of data to be sent to 
the destination IP address, thus filtering out the other data in the file.  This technique can be used 
to parallelize the data streams so a larger aggregate data rate can be achieved through multiple 
data sources, allowing the system under test to fully evaluate the maximum throughput for the 
network fabric. 
 
The simulation tool can also be configured to send data as fast as possible or close to the rate it 
was received.  This allows for a suite of test data to be created using real instruments and 
replayed as close to real-time as physically possible. 
 
 

CONCLUSION 
 
In order to successfully implement a large-scale network-based instrumentation system, the 
system must be proven via test and verification tools.  Currently, these tools are custom-built per 
the specifications of the system under development.  It can be conceived using model driven 
tools such as those comprising the NETGEN suite, and the same test and validation 
infrastructure can be used for seemingly disparate efforts.  This generic approach to test and 
validation allows a team to specialize in a set of tools and not pigeon-hole themselves into any 
paerticular tool or technology destined to become obsolete. 
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ABSTRACT 
 
The growth of the Internet and the resulting increasing speeds and decreasing prices of network 
equipment have spurred much interest in applying networks to flight test applications.  However, 
the best-effort, variable-latency nature of network transport causes challenges that must be 
addressed to provide reliable data acquisition and timing performance.  This paper describes the 
major issues that must be addressed when designing and implementing real-time networking 
applications. An overview of a recently implemented large-scale, network-centric data 
acquisition, recording, and telemetry system for commercial flight test applications provides a 
real-world example of what is currently achievable.   
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INTRODUCTION 
 
For over forty years, the IRIG 106 Chapter 4 standard for PCM-based test and telemetry systems 
has provided a consistent, standardized approach to facilitate flight test and other test and 
evaluation (T&E) operations.  While this standard has served the T&E community well, it is 
beginning to show serious limitations as the complexity of test articles and the amount of data 
collected from them continues to increase dramatically.  These factors, combined with the 
growing ubiquity of network technologies driven by the rapid growth of the Internet and 
associated enterprise and home networks, have led some in the T&E community to wonder if the 
flexibility of network technologies would work well in the T&E environment. 
 
While PCM has worked well up to this point, it suffers from a fairly rigid physical and logical 
structure that does not allow the flexibility and scalability that a general network-based approach 
provides.  This leads to fixed-function equipment, less-scalable measurement addition, and 
equipment interconnection and cabling complexity.  As the prices for network technologies 
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continue to drop due to the mass-market deployments and the speed, flexibility, vendor options, 
and ruggedization continues to improve, it is only prudent to consider whether these benefits can 
translate into improved efficiency in the T&E operation.  However, without real-world testing of 
network-centric data acquisition systems in an operational flight test environment, the 
considerations of network-centric benefits are merely educated speculation.  This paper presents 
some of the challenges of developing a real network-centric flight test system and how we 
addressed those challenges in the development of the first known production deployment of a 
fully network-enabled data acquisition, recording, and telemetry system in commercial flight 
test.  It also considers how this relates to the current work in the integrated Network Enhanced 
Telemetry (iNET) program and future directions. 
 
 

TECHNICAL CHALLENGES 
 
The fundamental challenge in developing a network-centric data acquisition system is caused by 
the nature of the network transport itself.  Current network technologies are built around some 
flavor of Ethernet and Internet Protocol (IP) transport.  Ethernet and IP network technologies 
were designed from the beginning to be best-effort, non-deterministic data transports.  While 
these qualities seem at first contrary to the needs of telemetry systems, the reality is that these 
characteristics can be effectively managed through proper system design such that the benefits of 
network-centricity can be realized in real-time data acquisition systems.  In fact, features such as 
low-cost hardware, tool leveraging from the Internet domain, precise clock synchronization (e.g. 
IEEE 1588), gigabit performance, and robust cables and connectors demand the consideration of 
IP approaches as possible implementation methods. 
 
The non-deterministic transport of IP networks creates two technical challenges that must be 
addressed by the system design: 1) how to handle out-of-order and packetized, non-continuous 
flows of data and 2) how to keep the variable transport latencies of the network from affecting 
data timestamp accuracy.  The solution to the out-of-order problem requires real-time buffering 
and re-sorting of the data at the consumer, which enforces a fixed latency to the data but 
maintains order and relative timing relationships between all of the data.  While addressing this 
challenge is not a trivial task, especially as the total data rates processed grow into the multiple 
hundreds of megabits per second range, we have shown that this is achievable in a real-world 
scenario [1]. 
 
The key solution to preventing the variable transport time of a network-centric approach from 
impacting overall data timing accuracy is to provide a distributed high-resolution clock source by 
some means to all of the data acquisition units (DAUs) on the network [2]. 
 
Distribution of timing information in a network-centric data acquisition system is another 
technical challenge that must be addressed by the system designer.  While it is possible to use 
traditional timing distribution approaches such as IRIG-B in a network-centric data acquisition 
system, it defeats one of the driving goals of moving to a network transport in the first place – 
minimizing cabling complexity.  Since IRIG-B uses a dedicated bus architecture, separate 
cabling is required in addition to the cabling necessary to form the network transport between 
devices.  Ideally, the timing information can be transported over the same network carrying the 
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data acquisition information to eliminate the need for this separate cabling.  Figure 1 shows the 
relative cabling complexity differences.  This also removes the requirement for each end node to 
have a hardware interface to support the dedicated timing bus.  Consequently, there are more 
COTS options for end-node hardware, which should reduce overall system complexity and cost. 
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Figure 1.  Complexity Comparison of Dedicated Timing versus Network Timing 

Once the decision is made to use the network to distribute time, the second challenge of timing 
distribution in a network-centric system must be addressed: which time distribution protocol to 
use.  Several protocols, including IETF RFC-1305 Network Time Protocol (NTP), IETF RFC-
2030 Simple Network Time Protocol (SNTP), and IEEE 1588 Precision Time Protocol (PTP), 
are available for this purpose, and each has benefits and tradeoffs that are discussed more in the 
Technologies section later in this paper.  However, independent of the protocol chosen, the 
achievable timing accuracy in distributing time between two endpoints is driven by the amount 
of non-deterministic network transport latency between the two endpoints. Consequently, 
minimizing the variability in these latencies is important to the overall performance of the 
system.  Some system-level techniques for controlling these latencies include: 
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• Designing the network to minimize both average and instantaneous bandwidth saturation 
on individual links and network switches; 

• Minimizing end-node induced delays through careful embedded systems software design; 
• Minimizing end-node induced delays through dedicated timestamping hardware on end-

nodes; 
• Using prioritization of the network packets carrying timing information. 
 

Another challenge to address in developing a network-centric data acquisition system is how to 
build a system that equally supports low and high data rate generators and consumers while 
maintaining network flexibility.  While some devices may be fully equipped with gigabit 
Ethernet and significant processing capability, other nodes, especially small, low-power, 
distributed DAUs, may only be equipped with 10 or 100 Mbps Ethernet and have minimal excess 
processing power.  All of these nodes need to interact effectively on the network, be able to 
receive various portions of the aggregate data on the network, and not be burdened with network 
traffic that is not important to that particular node.  The simplest network addressing approach, 
broadcast, sends data in a single stream that is received by all other nodes on the network.  
Consequently, in a broadcast environment, all nodes see the aggregate total of data generated on 
the network and thus have to have data links and processing capable of handling this rate.  So, if 
one node requires a gigabit link in the network, all nodes require a gigabit link, which can 
become prohibitive.  A unicast approach would send an individual stream of data directly 
between the source and the consumer.  As long as there is only a single consumer in the network, 
then this approach remains efficient, but as additional consumers are added, the burden is placed 
increasingly on the DAUs (that are least able to handle the added load) and the network as a 
whole (since it is carrying a significant amount of duplicated data). 
 
The compromise is to use a multicast transport.  Multicast addressing allows data to be sent to 
one of a reserved range of IP multicast addresses.  Any data sent to a particular multicast IP 
address (also known as a multicast group) can be “subscribed to” by any consumer on the 
network.  When combined with Internet Group Management Protocol (IGMP) Snooping-capable 
network switches, any node on the network only sees the data from the multicast groups to which 
it specifically subscribes.  Consequently, each node only needs a network connection speed and 
processing that is sufficient for the data it plans to send or receive.  DAUs can then use less 
expensive 100 Mbps Ethernet while gigabit links are saved for heavy data consumers. 
 
Besides the technical challenges caused by the fundamental nature of the network transport, 
other practical considerations such as environmental survivability must be considered.  Most 
network components have been developed to address the requirements of mainstream enterprise 
or home networking.  These environments are characterized by statically mounting in a rack or 
on a shelf, sufficient forced air cooling and stable AC power.  Consequently, most COTS 
network equipment has temperature ratings of 0-40 ºC.  For networking technologies to make 
significant contributions to flight test applications, at least some portion of the equipment needs 
to survive the temperature, pressure, vibration, and fluid susceptibility extremes of unpressurized 
flight environments.  This environment has to be addressed with the further constraint of a 
package that meets the size, weight, and EMI requirements of the test article. 
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In recent years, an industrial grade niche within the networking industry has begun to emerge 
driven by the desire to move networks into factory automation, public transit systems, and utility 
systems.  The environmental capabilities of the equipment produced by some of these 
manufacturers are beginning to approximate the needs of the flight test environment.  While 
these improvements do not solve all of the problems, they do provide the system designer with 
the ability to find a workable solution using one or more of the following approaches: 
 

• Careful evaluation of current COTS product specifications; 
• Working with manufacturers to customize existing packaging; 
• Repackaging COTS equipment; 
• Continually evaluating application environmental specifications to ensure they are not 

overly restrictive. 
 
 

TECHNOLOGIES UTILIZED 
 
The sections below describe some of the technologies that SwRI used to implement a large-scale 
network-centric data acquisition system for commercial flight test.  Each of these elements 
provided some of the overall solution to the system needs.  Most of these technologies are 
equally applicable in DoD applications as well, such as the iNET program.  The selection of 
individual technologies and components should be made depending on the specific requirements 
of each particular system. 
 
The network-centric data acquisition system implemented by SwRI takes advantage of standard 
10/100 BASE-T copper Ethernet technology to provide the network transport connection for all 
of the DAUs, allowing for a cost-effective manner of creating the network.  The network also 
incorporated use of 100 BASE-FX fiber Ethernet to transport data across the pressure boundary 
of the airplane.  The fiber serves to provide protection from lightning and other sources of EMI 
from being transmitted from the outside of the pressure vessel to the inside.  The network also 
incorporates 1000 BASE-SX fiber Ethernet into its design in order to support aggregate data 
rates in excess of 100 Mbps. 
 
This network-centric data acquisition system is highly dependent on the use of multicast packets 
built over the User Datagram Protocol (UDP) and Internet Protocol (IP).  A common packet 
format was defined within the UDP datagram to carry all acquired data.  This general packet 
interface provides the scalability to incorporate different types of data within the same distinct 
packet structure to lessen the burden of end-device processing.  The inherent nature of multicast 
network traffic provides for a “one-to-many” approach of forwarding data to the relevant data 
consumers such as the data recorder, telemetry subsystem, and other on-board processing 
subsystems.  When coupled with network switches that implement IGMP Snooping, the 
multicast packets generated by the DAUs are only forwarded to the network devices that 
specifically request the data.  For time synchronization we made use of the emerging IEEE-1588 
Precision Time Protocol (PTP) standard.  Network Time Protocol (NTP) is a proven method of 
network synchronization, but it could not support the time synchronization requirements on our 
end nodes.  PTP is capable of providing sub-microsecond accuracy over a distributed network, 
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which solidified its place in our network-centric data acquisition system [2].  PTP also makes use 
of IP multicast. 
 
In order to telemeter the acquired data from the airplane down to the ground station, SwRI 
developed a subsystem that interfaces both the network and the legacy telemetry system.  This 
subsystem contains both standard and non-standard electrical interfaces to the existing 
equipment.  The large responsibility of this subsystem lies in its ability to translate the packetized 
multicast data from the network to a traditional PCM format data stream that can then be 
delivered to the legacy telemetry system for transmittal to the ground. 
 
Due to the accelerated schedule, efforts were made in order to facilitate rapid prototyping and 
parallel testing amongst the different vendors involved.  Linux was our choice of OS based on a 
balance of capability, cost, and speed of development.  COTS hardware has been used wherever 
possible, taking advantage of existing processors and chassis that meet the ruggedization 
requirements of the typical airborne environment.  Both Intel and PowerPC architectures were 
supported in this system.  For overall system management, we turned to the existing network 
technology of Simple Network Management Protocol (SNMP).  SNMP is the backbone of our 
network management system, which covers device configuration, control, and health and status 
monitoring for all devices.  Network security measures have been taken in order to provide 
secure but flexible access to the network.  These measures include session encryption, access 
control, firewall incorporation, and procedural controls. 
 
 

REAL-WORLD EXPERIENCE AND LESSONS LEARNED 
 
The recent development of a large-scale network-centric data acquisition, recording, and 
telemetry system for use in a commercial flight test application provided a real-world proving-
ground for the emerging capabilities of network-based telemetry systems.  Figure 2 shows a 
conceptual representation of the system implemented.  Like all applications of a technology to a 
new domain, there were a number of expected and unexpected technical challenges to overcome.  
Compounding this challenge was the programmatic challenge of achieving a working system on 
a compressed schedule.  This combination of factors required a flexible systems design approach 
that could balance the needs of formal specification development with the realities of having to 
build portions of the system before all of the details were precisely captured.  SwRI also worked 
to integrate pieces of the system developed by various vendors with portions developed by 
SwRI.  All of these subsystems were highly interdependent with interfaces to other subsystems 
and were all being developed in parallel.  Data acquisition units developed by Teletronics 
Technology Corporation, recorders developed by Ampex Data Systems, IEEE-1588 Ethernet 
switches developed by Westermo OnTime Networks, and IEEE-1588 time code generators 
developed by Symmetricom were all brought together and combined with custom and COTS 
hardware and software developed by SwRI for providing system-level network management, 
interface to existing telemetry components, and interface to existing data processing systems. 
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Figure 2.  Network-Enhanced Data Acquisition and Telemetry System 

 
The end result of this work was a fully integrated system that went from concept to fielded 
production systems in under two and one-half years.  This was the first known production 
deployment of a fully network-enabled data acquisition, recording, and telemetry system in 
commercial flight test. 

 
One of the main concerns raised by the target flight test instrumentation engineers at the start of 
the development was that they did not want to become network or Information Technology (IT) 
experts.  To be effective, they needed a system that allowed them to focus on the flight test 
mission and not the specifics of the network.  This was achieved by structuring user interfaces, 
configuration approaches, and system terminology around the flight test application rather than 
the network.  The network details are largely kept “behind the scenes” by the integrated system-
wide, network management system.  This approach led to a shorter learning curve and path to 
user acceptance. 
 
One of the key lessons learned from developing this system was the importance of planning for 
early interface simulators and efficient means to generate varying configurations.  The interface 
simulators developed in this program continued to grow in importance throughout the program 
and allowed each vendor to develop and test their subsystem in parallel with other subsystem 
vendors.  They also allowed early system-level testing and performance verification that allowed 
the architecture to be validated and evolved early so that issues were found and resolved before 
full system test.  Development of early tools to generate the necessary configuration metadata in 
a consistent and timely manner allowed testing of individual subsystems and the whole system 
before the production test configuration generation system was completed.  The early 
configuration tools also provided a way to help validate the outputs of the production 



8 

configuration generation system once it came on line.  Rapid-prototyping and model-driven 
design approaches were used to cost-effectively develop these tools in the short time available. 
 
Another key lesson that emerged from this effort was that finding network hardware capable of 
handling high-rate multicast data transport was more difficult than originally envisioned.  Most 
of the high-rate multicast processing that is done today is for video streaming applications and 
typically involves high-end network routers that would not meet cost, size, or environmental 
requirements of the flight test system.  Much effort was expended qualifying and quantifying 
performance on various network switches and end systems.  Even once sufficient hardware was 
selected, issues with firmware implementations and bug fixes related to high-rate multicast 
processing had to be worked with various vendors.  It became clear that despite the fact that the 
capabilities of multicast were needed to achieve a high rate system like this, many products were 
fairly immature in this area because multicast transport is not as mainstream as typical unicast 
and broadcast network transport needed for general data transport applications.  Consequently, 
selection of appropriate network components became more critical to overall system 
performance than originally envisioned.   
 
The relative immaturity of the IEEE 1588 standard and, more importantly, the limited number of 
vendors of IEEE-1588 equipment at the start of this program also complicated the system 
development.  The low number of IEEE-1588 equipment vendors minimized the choice in 
selecting network switches.  Also, since these products were relatively new, a number of 
firmware issues were uncovered through system testing and had to be resolved in coordination 
with the vendor.  Basically, what was planned to be a drop in COTS component initially turned 
out to be another subsystem that was under development at the same time as the other pieces in 
the system.  This added additional integration complexity to the system development.  When 
considering inclusion of a new technology into a system, the maturity of the available products 
should be taken into account before making final design decisions.  Time, of course, heals some 
of this, and consequently, the use of IEEE 1588 in a system is much easier today than it was at 
the beginning of this program. 
 
 

FUTURE DIRECTIONS AND CONCLUSIONS 
 
The development of this large-scale system for commercial flight test has shown the real-world 
viability of network-centric approaches to telemetry systems.  The benefits of flexible system 
deployment, reduced cabling complexity, availability of higher data rates, and benefits of the 
reuse of existing IP tools and techniques will continue to push the demand and growth for 
network-centric systems.  Initiatives such as the integrated Network Enhanced Telemetry (iNET) 
program are continuing to put a focus on developing these technologies into day-to-day useful 
capabilities for the various DoD test ranges.  Some of the key future developments in this area 
currently being driven by the iNET program are development of sufficient but flexible 
architectures and standards to allow increased interoperability across various vendors’ equipment 
offerings.  These efforts have the potential to solidify network-centric approaches and make them 
legitimate successors to the venerable IRIG 106 Chapter 4 PCM approaches that have served the 
telemetry community well for decades. 
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As network-centric systems continue to become mainstream in the test and evaluation 
environment, several next steps are likely to evolve naturally from the network basis.  While 
wired network systems are the current prevalent approach within a test article, the growth of 
wireless sensor nodes in other applications will eventually lead to their inclusion in network 
telemetry systems.[3]  This will open up even more flexible ways to instrument test articles.  
Likewise, some other network technologies that have found success in enterprise networks, such 
as power over Ethernet, will eventually appear in network telemetry systems along with 
extensions to existing technologies, such as IEEE 1588 for wireless networks. 
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ABSTRACT 
 

Ubiquitous internet protocol (IP) hardware has reached performance and capability levels that 
allow its use in data collection and real-time processing applications.  Recent development 
experience with IP-based airborne data acquisition systems has shown that the open, pre-existing 
IP tools, standards, and capabilities support this form of distribution and sharing of data quite 
nicely, especially when combined with IP multicast.  Unfortunately, the packet based nature of 
our approach also posed some problems that required special handling to achieve performance 
requirements.  We have developed methods and algorithms for the filtering, selecting, and 
retiming problems associated with packet-based systems and present our approach in this paper.    
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BACKGROUND 
 

While previously a bad choice due to performance, data loss, hardware size, lack of ruggedness, 
etc. IP hardware is now an excellent alternative for implementing real-time data collection and 
processing systems.  In fact, features such as low-cost hardware, tool leveraging from the 
internet domain, precise clock synchronization (e.g. IEEE 1588), gigabit performance, and robust 
cables and connectors demand the consideration of IP approaches as possible implementation 
methods. 
 
We have recently integrated a large airborne instrumentation system and utilized an IP approach.  
The system is capable of sustaining a continuous gigabit network data collection and processing 
rate.  Data passed via IP from sensors such as strain gauges, video monitors, and position 
sensors, is ‘tapped’ off by various IP based clients in the network.  We leverage IP multicast to 
avoid duplicate copies of data flowing through specific branches in the network and thereby 
allowing for scaling across multiple clients.  Thus, a safety analyst might subscribe to a portion 
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of data and show real-time plots with respect to his interest while a performance analyst might be 
looking at some of the same data (combined with other parameters) to see if the aircraft is 
performing correctly.  Further, a bandwidth constrained telemetry link might be selecting further 
data that is of interest to watch from a ground station.  We have found the open, pre-existing IP 
tools, standards, and capabilities support this form of distribution and sharing of data quite 
nicely.    
 

 
Figure 1.  Network-Enhanced Data Acquisition and Telemetry System 

 
 

NEED FOR RETIMING AND REORDERING 
 

Unfortunately, the packet based nature of our approach posed some problems.  In particular, IP 
protocols perform quite poorly if packets are very small.  Thus, a single reading from a strain 
gauge should not be sent alone.  Rather, it should be grouped with other readings.  This can be 
accomplished by either batching multiple readings across time from the same gauge to form a 
single packet, or combing the data with other sensor readings.  It is this forming of packets that 
causes problems.  Consider a live strip chart display showing the strain of a single strain gauge.  
If data is presented on the strip chart as it is received in packets, the chart will burst forward each 
time a packet is received.  Figure 2 shows this gapping based on the packets coming from a 
single sensor source (Data Acquisition Unit “A” (DAU-A) ). Thus, in order to present the data to 
the strip chart in a representative manner, the data must be retimed.  That is, individual data 
items from the packets must be pulled into a stream, delayed, and then be presented to the strip 
chart one at a time based on their original sample rate.  Retiming implies a few things:  
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• Packets must not only include data items, but also must include temporal information 
concerning when the data items occurred.   

• Data items being correlated from two different sources must be synchronized and 
collated back together in time. 

• There must be a global clock standard.  We use IEEE 1588. 
• Reordering of data across different packet sources involves a sorting problem.  If done 

wrong, this could be quite time consuming at gigaabit network rates. 
• Specific data items of interest must be filtered and selected. 

 
 

HOW WE RETIME 
 

Since data is from one source, converting it back from packets into a stream simply requires 
receiving the packets of data, queuing data elements based on their original time, and then at 
some constant delay time after the original data time of each element, forwarding on the data 
elements for real-time display and analysis.  This delay means that data cannot really be live, 
rather, it must incur the maximum time that is used to form larger packets.  For this reason, some 
very low rate data acquisition units may send small packets even though they are less efficient. 
In order to know time of individual data elements, we include the time of the first element in the 
IP packet as header information.  Then, for known data acquisition unit rates, we can calculate 
the time of each of the individual data elements. Figure 3 shows a form of  the queue we use to 
retime the data.  This is basically a priority queue with time being the priority [1].  Time is used 
to release items from the queue for downstream processing (e.g strip charts).  
 

Data Acquisition Unit 
named “A”
(DAU-A){DAU-An+0, DAU-An+1, … }

DAU-An+k+0

DAU-An+k+99
…

…
…

…
.

DAU-An+0

DAU-An+99

…
…

…
…

.

………

Serial live data stream Packets of data

Stripchart

…

Time=n+0

Time=n+100

Time=n+200

Time=n+300

Figure 2. IP network packets will generate time gaps if elements are not retimed. 
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Figure 3. Elements IP network packets are inserted into a time based queue for retiming. 

 
 

HOW WE REORDER 
 

Additionally, we have developed methods and algorithms for the filtering, selecting, and 
retiming problems associated with our packet based approach.  Our IP packets are sent with IP 
multicast thereby allowing multiple clients to subscribe to their flows.  Our filtering and 
selection techniques use a one pass rule based technique to quickly pull items.  Our retiming 
technique uses time-based automatic garbage collection along with a time-based hashing 
function to support the insertion sorting concept required by a priority queue.  This sorting is 
required since data elements from various sources can overlap in time due to the packet creation 
and fill delay.  Figure 4 shows an example of our reordering approach with three data sources. 
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CONCLUSION 
 

In conclusion we see that the current state of the art of IP networks provides an excellent 
framework for the development of real-time data acquisition and telemetry applications.  The 
approach does introduce some problems that must be dealt with, such as packet ordering and 
timing, but there are methods to deal with these problems. 
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Figure 4. Reordering of data elements since packets can supply them out of order. 
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ABSTRACT 
 
In a modern ground control network for space communications, secure peer-to-peer TCP/IP 
network socket connections are typically used to transfer real-time telemetry and command 
frames between satellite operations centers and remote ground stations. Reliable and timely 
reconfiguration of data paths for upcoming pass supports becomes rather complex when many 
spacecraft and ground stations are involved. This paper describes a routing software application 
that was developed to facilitate switching of telemetry and command data paths between 
multiple ground stations and spacecraft command and control systems, and to forward telemetry 
streams to multiple client applications in parallel. Fully automated configuration and monitoring 
of the data flows is accomplished via a remote control interface that is tied into a pass scheduling 
system. The software is part of the SatTrack Suite and currently supports multi-mission flight 
operations, including those of the recently launched THEMIS constellation mission at Space 
Sciences Laboratory, University of California at Berkeley. 
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INTRODUCTION 
 
The Mission Operations Center (MOC) at Space Sciences Laboratory (SSL), University of 
California at Berkeley (UCB) was established in 1999 to support the NASA funded FAST and 
RHESSI Small Explorer Missions. A third mission, CHIPS, was added in 2003.1 While CHIPS 
employs the relatively new Internet-in-space technology for two-way communications, both 
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FAST and RHESSI utilize CCSDS standard packetization with Channel Access Data Units 
(CADUs) on the telemetry baseband channel and Command Link Transmission Units (CLTUs) 
with embedded Telecommand (TC) codeblocks on the command channel.2 Connectivity for 
transfer of telemetry and command data between the satellite command and control workstations 
at the MOC and the frontend processors at the remote ground stations is typically established via 
secure peer-to-peer Transmission Control Protocol / Internet Protocol (TCP/IP) network socket 
connections. One side acts as a network client initiating the connections, while the other side acts 
as a network server, receiving and accepting the connections. Once the connections for telemetry 
and command transfer are established, data flows are activated and two-way communications 
between the MOC and the spacecraft take place for the duration of a pass support. Several layers 
of firewalls are often used to control traffic between secure network segments to prevent that 
ground or space assets are compromised. 
 
When THEMIS – a NASA Medium Explorer constellation mission consisting of five small 
satellites to study magnetospheric events leading to the aurora – was funded in 2003, the MOC at 
UCB/SSL needed to be expanded to accommodate the additional infrastructure required for 
satellite command and control operations.3 It was obvious that a new architecture needed to be 
implemented to manage network connectivity and data flows with a high degree of flexibility, 
reliability and systems automation. The core of the new network topology consists of two 
software applications, FrameRouter and FrameRelay, providing the enhanced capabilities. Both 
programs are remote controlled via a central real-time scheduling system, the Gateway Server. 
FrameRouter, FrameRelay and Gateway Server are tools in the SatTrack Suite.4 
 
 

FRAME ROUTING 
 
FrameRouter can be visualized as the TCP/IP equivalent of a baseband matrix switch, routing 
data from one source to multiple destinations, and is realized as a multi-threaded software 
application. A main thread performs all remote interface and data flow control functions. In 
addition, so-called routing threads are started or terminated upon remote request by the Gateway 
Server. There can be up to 100 routing threads running simultaneously. When a routing thread is 
started, it activates two server (listen) sockets, each associated with a route point (port). One 
route point is designated as the data source and the other as the data destination. The connection 
between two route points is called a route. Only one client can connect to the source port, but up 
to 100 clients can simultaneously connect to the destination port. Data received on the source 
port are forwarded to any client connected to the destination port. Status information on each 
active routing thread, such as Internet Protocol (IP) addresses of connected clients, numbers of 
bytes received and forwarded, and error messages are sent to the Gateway Server for remote 
monitoring, logging and operator paging, in case an error condition occurs.  
 
FrameRelay is a multi-threaded application also and works similar to FrameRouter, except that it 
provides network connectivity with the opposite gender, acting as a network client instead of a 
network server. Upon remote request from the Gateway Server, FrameRelay starts a relay thread 
that opens two client connections – a source and a destination – to two servers on specified ports. 
Any data received from the source connection are relayed to the destination. There can be up to 
100 relay threads running simultaneously. FrameRelay will automatically attempt to reconnect if 
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one of its client connections drops out. One of the purposes of FrameRelay is to link different 
instances of FrameRouter, thereby allowing creation of a larger data distribution network. This 
capability is used for relaying telemetry data from the secure, isolated operations network inside 
the MOC to the less secure SSL Local Area Network (LAN), as described further below. 
 
 

SYSTEM CONFIGURATION 
 
All FrameRouter and FrameRelay configuration is performed via a plain text file that is read by 
the Gateway Server. In this configuration file, each route point is associated with a port number 
for a particular instance of FrameRouter, and is aliased to a textual mnemonic that can 
subsequently be used to submit make or break route requests. In addition, an individual IP 
address or range of IP addresses can be specified to restrict access to any route point. Routes or 
relays can only be established between defined route points. The selection of port numbers is 
completely user configurable. Certain blocks of port numbers may be reserved for the remote 
ground stations to connect to, whereas other blocks may be assigned to spacecraft control 
systems in the MOC. An example of the assignment of blocks of router port numbers for 
different types of data flows is shown in Table 1. Additional blocks of port numbers may be 
defined as necessary. 
 
 

Table 1:  Typical Example of Assignment of Router Port Numbers 

Route Point Type – 
Ground Station Side 

Connect 
Ports 

Data 
Flow 

Direction

Connect 
Ports 

Route Point Type – 
Spacecraft Control System 

Side 
Telemetry Data Sources 11xxx −> 21xxx Telemetry Data Destinations 
Command Data Destinations 12xxx <− 22xxx Command Data Sources 
Control Data Destinations 13xxx <− 23xxx Control Data Sources 
Tracking Data Sources 14xxx −> 24xxx Tracking Data Destinations 
Station Status Block Sources 15xxx −> 25xxx Station Status Block 

Destinations 
Auxiliary Data Sources 16xxx −> 26xxx Auxiliary Data Destinations 

 
 
Figure 1 illustrates how data flows between various elements of the satellite control network are 
established. Remote ground stations and other ground systems elements external to the MOC 
connect from the left side of the figure, while spacecraft command and control workstations plus 
other data processing clients connect from the right side. For each remote ground station a pair of 
telemetry and command ports is dedicated to each supported mission, as indicated by the small 
squares along the left side of the FrameRouter box in the block diagram. For example, the 
primary frontend processor in the Berkeley Ground Station (BGS) connects to the sockets 
labeled TLM_BGS_THEMIS_PTP1 and CMD_BGS_THEMIS_PTP1 for a pass support of one 
of the five THEMIS spacecraft, while other pairs of sockets are used for data flows with RHESSI 
or FAST.1,5,6 Shown on the right side of the block diagram are the spacecraft command and 
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control workstations for THEMIS, RHESSI and FAST. All of these run the Integrated Test and 
Operations System (ITOS).7 Four pairs of telemetry and command routes are shown in an 
activated state, supporting simultaneous passes of  two of the five THEMIS spacecraft (THEMIS 
A and THEMIS C) , RHESSI and FAST via the Berkeley (BGS), Wallops (WGS) and McMurdo 
Ground Station (MGS), respectively. The routing threads are started during the pre-pass set-up 
for a given pass support, allowing the remote ground stations and the command and control 
systems to establish their connections several minutes prior to the scheduled time of spacecraft 
acquisition. 
 
To support on-orbit operations of eight spacecraft, the Berkeley MOC uses a total of 18 ground 
station antennas located at 10 different locations, including those of two commercial ground 
networks.8,9 In addition, the THEMIS missions also utilizes NASA’s Tracking and Data Relay 
Satellite System (TDRSS) to support special operations such as orbit maneuvers. For the latter, 
connectivity for telemetry and command data flows is established via the White Sands Complex 
(WSC). 
 
 

 
 
Figure 1:  Assignment of route point mnemonics associated with ports numbers, and 
illustration of telemetry and command data routing.  
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RELAYING DATA STREAMS 
 
If telemetry streams need to distributed to a larger number of client applications, the network 
topology can be easily expanded by configuring multiple instances of FrameRouter that are  
linked by instances of FrameRelay to relay data streams between various network segments, as is 
shown in Figure 2. Note that FrameRouter MOC is located on the secure operations network, 
while FrameRouter SSL runs on the open SSL LAN. Also note that only the primary ITOS 
system for each spacecraft has command authority. Any additional instances of ITOS on either 
the secure MOC network or on the open SSL LAN are only allowed to receive telemetry data. 
 
Another application that connects to FrameRouter SSL to receive and process real-time telemetry 
data streams from the five THEMIS spacecraft is the Berkeley Trending and Plotting System 
(BTAPS).10 BTAPS decommutates all spacecraft engineering data and stores these in a MySQL 
database.11 Data can subsequently be retrieved for real-time or post-event trending and plotting 
analyses. These tools were invaluable during mission integration and environmental testing. 
 
 

 
 
 

Figure 2:  Linking of FrameRouter MOC and FrameRouter SSL by FrameRelay 
MOC-SSL. All instances of FrameRouter and FrameRelay are controlled remotely and 
configured for pass supports by the Gateway Server. 

 
 

COMMAND LANGUAGE 
 
All instances of FrameRouter and FrameRelay are remote controlled via the Gateway Server 
using a simple command language. To control either application, the user needs to sign on to the 
Gateway Server as a scheduler or a config client. Once connected, the following requests can be 
submitted for controlling routes or polling status from each FrameRouter or FrameRelay: 
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sgs> select router <router name> 
sgs> select relay <relay name> 
sgs> makeroute  <srcPort | srcMnemonic> [−>] <dstPort | dstMnemonic> 
sgs> breakroute  <srcPort | srcMnemonic> [−>] <dstPort | dstMnemonic>    
sgs> breakroute <route ID> 
sgs> makeroutes  facility <facility name> object <object name> 
sgs> breakroutes facility <facility name> object <object name> 
sgs> breakallroutes [router <router name>] 
sgs> showroutes router <router name> 
sgs> showallroutes 
sgs> showroutepoints router <router name> 
sgs> makerelay <srcRouterName> <srcPort> [−>] <dstRouterName> <dstPort> 
sgs> breakrelay <srcRouterName> <srcPort> [−>] <dstRouterName> <dstPort> 
sgs> breakrelay <relay ID> 
sgs> makerelays facility <facility name> object <object name> 
sgs> breakrelays facility <facility name> object <object name> 
sgs> breakallrelays [relay <relay name>] 
sgs> showrelays relay <relay name> 
sgs> showallrelays 
sgs> setaccess <mnemonic | port> <IP address mask> 
 

Make and break requests need to be preceded by at least one select request. Furthermore, certain 
rules need to be followed to successfully make or break routes and relays. For instance, a route 
point must not be part of an already existing route or relay when a new route or relay involving 
the same route point is to be established. The setaccess request can be submitted to the Gateway 
Server to dynamically change the access permissions for a given port on a selected FrameRouter, 
for example to fail-over command authority from one ITOS system to another. A typical 
sequence of commands would be: 
 

myhost%  telnet xxx.xxx.xxx.199 9000 
sgs>  scheduler 
sgs>  select router moc 
sgs>  setaccess 22021 xxx.xxx.xxx.246 
sgs>  quit 
myhost% 

 
 
 

AUTOMATION SUPPORT 
 
There are basically two methods to implement automated operation. The first method is to 
configure the Gateway Server such that routes are automatically made before the scheduled 
times of Acquisition of Signal (AOS) and broken after Loss of Signal (LOS). The second method 
is to incorporate remote commands in ITOS Spacecraft Test and Operations Language (STOL) 
scripts, taking advantage of the FrameRouter and FrameRelay control language described above. 
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In the former case the following sample entries need to be placed into the configuration file of 
the Gateway Server: 
 

Facility: BGS 11M 
Object: RHESSI 
Data route: MOC TLM_BGS_RHESSI_PTP1 −> TLM_RHESSI_ITOS_A 
Data route: MOC CMD_RHESSI_ITOS_A −> CMD_BGS_RHESSI_PTP1 
Data route: SSL TLM_RHESSI_RELAY_A −> TLM_RHESSI_ITOS_A 
Data relay: MOC-SSL MOC TLM_RHESSI_ITOS_A −> SSL TLM_RHESSI_RELAY_A 
Make routes: AOS−180 
Break routes: LOS+60 
Make relays: AOS−120 
Break relays: LOS+30 
Enable route control: yes 

 
In this example, there are two routes specified for router MOC – one each for telemetry and 
command. Also, one route is specified for router SSL. The two routers – MOC and SSL – are 
linked by one relay named MOC-SSL. The times for making and breaking routes and relays are 
specified in seconds relative to the scheduled times of AOS and LOS. If route control is enabled, 
then these routes and relays are controlled by the Gateway Server. With the second method, all 
routes and relays can be made or broken by submitting the following request sequence to the 
Gateway Server from within the secure operations network environment – either interactively 
from a terminal window or out of an ITOS STOL script: 
 

myhost%  telnet xxx.xxx.xxx.199 9000 
sgs>  scheduler 
sgs>  makeroutes facility bgs 11m object rhessi 
... 
sgs>  breakroutes facility bgs 11m object rhessi 
sgs>  quit 
myhost% 

 
 

WEB INTERFACE 
 

A web interface shown in Figure 3 allows viewing the status of the scheduling system, and in 
particular the connect status of any running FrameRouter or FrameRelay application. The Main 
Menu page features hyperlinks to view schedules for individual spacecraft called objects or 
ground stations called facilities. The Route Status page shown in Figure 4 below can be viewed 
by following the corresponding links under Routes and Relays towards the right side of the Main 
Menu. For each FrameRouter and FrameRelay connected to the Gateway Server, any active 
routing or relay threads are listed with their corresponding route points in mnemonic form and 
with their port number. Once a TCP/IP connection on a particular route point is established, the 
IP addresses of the connected hosts will be different from 0.0.0.0 and is shown on a green 
background. Note that there can be only one connection on a source route point, but multiple on 
a destination route point. The number of bytes received and forwarded will be shown also. This 
page is refreshed automatically once every 30 seconds. 
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Figure 3:  Sample web page showing current satellite pass support schedule. 
 
 

SYSTEM REQUIREMENTS 
 
As part of the SatTrack® Suite, FrameRouter, FrameRelay and Gateway Server were written in 
the C programming language.4 Typical hardware requirements are relatively inexpensive Intel 
i686 compatible systems with 2-3 GHz clock speeds and 512 Mbytes of memory running the 
Red Hat Enterprise Linux operating system, or SPARC based platforms by Sun Microsystems 
with SunOS 5.9 or higher.12-15 A software port to Apple Mac OS X is currently underway.16  
 
Regarding overall data transfer performance, higher clock speeds will typically provide better 
throughput, although limitations will likely be imposed by the available bandwidth on the 
network segments to the remote ground stations. Within the 100BASE-T local area network at 
the Berkeley MOC, telemetry frames were successfully distributed in real-time at 4 Mbps to 
multiple telemetry processing systems across a firewall. 
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To provide operational redundancy for a mission critical FrameRouter application, it is advisable 
to install a hot back-up system that can be configured to the same IP address as the primary 
system. If the primary system fails, the back-up system can take over with only minimal loss of 
service time and without requiring any other network reconfiguration. 
 
 

 
 

Figure 4:  Sample web page showing current route and relay status information. IP addresses 
and port numbers have been altered to maintain network security of operational systems. 

 
 

CONCLUSIONS 
 

The frame routing software tools described above have been fully operational at the MOC at 
UCB/SSL since early 2006 and supported approximately 1500 passes for the THEMIS mission 
since its launch on February 17, 2007. Furthermore, the system has been running continuously 
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for longer than 180 days without any software restarts, supporting up to 50 passes daily for all 
missions combined. The software demonstrated its advantages and strengths in performance 
particularly during the THEMIS launch and early orbit campaign when real-time telemetry data 
needed to be distributed to a much larger number of workstations to allow systems and 
subsystems engineers to monitor on-orbit checkout, maneuver operations and science instrument 
deployment of the new satellite constellation. 
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ABSTRACT 

 
At the 2007 iNet Technology Demonstrator multiple vendors are asked to participate to develop 
and evaluate protocols for time synchronization, configuration identification and heterogeneous 
data packet transfer. The iNet initiative from RCC is aimed at focusing and collating telemetry 
network developments within the wider sphere of commercial and military network 
developments. The KAM-500 is an inherently networked data-acquisition system offering 
seamless gateways to many heterogeneous data sources, such as different sensor devices, 
avionics-busses, networks and video sources. This paper offers insights into the impact of traffic 
and network configuration on the performance of heterogeneous data acquisition in a 
homogenous-switched network based a 1588 enabled controller module. 
 

KEY WORDS 
 
iNET, Test Article Segment (TAS), Network, Ethernet, IEEE 1588, Telemetry Network System 
(TmNS). 
 

INTRODUCTION 
 
This paper focuses on the capabilities of the hardware module previously developed by ACRA 
CONTROL that will be supplied to the Technology Demonstration for the iNET program. The 
module addresses the need to program, synchronise and acquire heterogeneous data over a 
homogenous switched network. It integrates seamlessly into the KAM-500 system and is 
intended to support the high levels of interoperability required of the potentially diverse 
components within a Test Article Segment (TAS) environment. 
 
Key to the realisation of this concept is the effective use of a homogenous switched network to 
achieve effective performance in the functions of system configuration, system synchronization 
and system operation. The performance of each of these functions is relatively straightforward to 
analyse in isolation, however integrating their concurrent operation will result in emergent 
behaviour. It is the purpose of this paper to examine the impact of concurrent synchronisation and 
data acquisition over a selection of network configurations and traffic levels. 
 

INET TECHNOLOGY DEMONSTRATOR PROGRAM 
 
The Technology Demonstration for the iNET program is intended to provide a framework 
whereby industry members can contribute their realizations of the current understanding of the 
iNet paradigm. This should allow for standards development through the identification of 
disparate solutions envisaged by the various vendors for the network link, messaging structure 



and meta-modelling concepts, thereby potentially permitting validation of the fundamental 
principles of the iNet program though successful integration of the separately developed solutions 
into a system that can be evaluated in a real FTI environment. 
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Figure 1: Concept for the Technology Demonstrator for the iNet program. 
 
In so doing the Technology Demonstration for the iNET program would have access to the best 
in class technology solutions in developing the roadmap for standardisation and interoperability 
requirements for the TAS network.  
 

INET AND THE KAM-500 SYSTEM 
 
The concept of a Test Article Segment (TAS) based on multiple KAM500 Chassis is shown in 
Figure 2. In the traditional TmNS each chassis features three key interfaces; one each for 
programming, PCM transmission and synchronization. For intra-chassis synchronization at least 
one internal clock maintains time to 1µs (or better) resolution and inter chassis synchronization is 
achieved over the aforementioned synchronization interface. By design all sampling within the 
KAM500 TmNS chassis is isochronous and managed by the chassis controller over the 
backplane. Similarly recorded and/or transmitted data, as well as any asynchronous bus traffic 
that is acquired, is time-stamped with reference to the internal clock which is aligned to the 
second with micro-second resolution. Inter-chassis synchronization maintains controller time 
coherence between two chassis, ensuring the signals sampled by the two chassis, while 
independent, are also sampled isochronously. 



 
Figure 2 Application featuring multiple synchronized, networked  KAM500 chassis 
 
The elements required in taking the step to an IEEE1588 enabled TAS using the KAM-500 Data 
Acquisition System from ACRA CONTROL are indicated in Figure 3. The key-enabling element 
in this architecture is a modular chassis with a digital back plane into which many different types 
of data acquisition module may be inserted. The individual data acquisition modules can vary 
from analog modules to interface to a variety of sensor types (pressure, temperature, strain gauge 
etc.) to bus monitors (Ethernet MILSTD 1553, Firewire etc.) to video modules. These modules 
are all synchronized via the back plane to the controller, which is therefore the only element that 
needs to change to support IEEE 1588 synchronization.. Replacing the existing controller module 
with an Ethernet based controller module, which, as can be seen in Figure 3, is synchronized to 
the rest of the TAS via IEEE 1588, retains all existing system functionality, but allows the three 
interfaces (programming, PCM and synchronization) to be replaced by one. 
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Figure 3: Block Diagram of IEEE1588 enabled digital data acquisition system 



Changing the existing inter chassis synchronization method to allow this data acquisition unit to 
operate in an IEEE1588 enabled Ethernet TAS involves integrating a IEEE1588 protocol block in 
to the controller in place of the existing synchronization functionality. The controller under 
consideration had an existing Ethernet interface for programming and transmission of data, 
therefore the 1588 protocol functionality was the only additional block needed. Implementation 
of the PTP management block is in hardware using FPGAs with message time stamping applied 
at the PHY layer, resulting in minimal protocol stack jitter and improved accuracy. 
 
With just a KAM-500 chassis and a switch/hub in the network this controller can be used to 
realize a synchronized distributed data acquisition system using just the standard Ethernet four-
wires to interconnect units and replace the three TmNS interfaces; programming, PCM 
transmission and synchronization. The latter being achieved via the IEEE 1588 protocol. For the 
controller to act as the IEEE 1588 master and provide the time reference for the other modules 
within the TAS, an accurate independent time source such as a GPS based time card in the 
chassis is available, however this is not the intended first step for the Technology Demonstrator. 
 

PERFORMANCE ANALYSIS 
 
The performance of the system will be affected by a combination of the level of traffic in the 
TAS and the chosen network topology. The use of a 1588-enabled switch in this investigation 
yields no useful information at this is essentially equivalent to the direct connection between a 
chassis and a Grand Master; this will be evaluated as the baseline Timing Error Distribution 
(TED). Of greater interest is the investigation of the use of a single hub/switch with high traffic 
levels from multiple chassis and how this will cause the TED to deteriorate. The deterioration of 
the TED will be evaluated over a number of traffic scenarios. The definition of low and moderate 
traffic is specifically in the context of a cluster of DAUs in a sub-segment of a TAS (for example 
2-3 DAUs located in left wing) as opposed to low/moderate in the context of LAN traffic. 
 
The individual chassis are equipped with an error measurement circuit that determines the 
difference between the PPS signal from the Grand Master and the local time source. This 
information can be embedded in the data transmitted by each chassis to the ground station PC. 
The error data for each chassis can then be evaluated providing a metric for the synchronization 
of the chassis relative to the Grand Master. The relative timestamp information embedded in the 
intra-packet header can also be used to provide information about the relative synchronization of 
the chassis. This information is available at a much higher rate than the 1PPS data, allowing 
higher resolution in the time domain for analysis of the system performance. 
 
 

RESULTS 
 
The baseline synchronization results for the 1588 functionality is shown in Figure 4 (a). It 
represents a histogram of the measured error between the Grand Master PPS signal and the 
chassis PPS signal using a single chassis and a direct connection at 100Mb/s. This distribution 
has a standard deviation of 92ns with an offset of 100ns representing a good lock state. Figure 4 
(b) represents the same measurement through a standard switch. As there is no additional traffic 
in this scenario the result is slightly worse standard deviation. 



 

 
   (a)      (b) 
Figure 4: Baseline TED histograms for direct connection (a) and via a switch (b) 
 
The addition of low DAU traffic levels has little impact on a single chassis. 
 

 
  (a)      (b) 

Figure 5: TED histograms, 1 chassis 1588, low DAU traffic for hub (a) and switch (b) 
 
Moderate traffic with a single chassis also allows the system to maintain a good level of lock. 

 
   (a)      (b) 
Figure 6: TED histograms, 1 chassis 1588, moderate DAU traffic for hub (a) and switch (b) 
 
It is worth noting that when using a switch the introduction of a second chassis to the system 
resulted in severe deterioration of the TED to the point where the chassis synchronization error 
regularly made excursions of the order of 10us. This is clearly unacceptable so the investigations 
of two chassis operation were restricted to a hub. 



 
   (a)       (b) 
Figure 7: TED histograms, 2 chassis with hub, 1588 and low (a) and moderate (b) DAU 
traffic 
 
Figure 7 (a) shows the low DAU traffic TED between two chassis, both synchronized to a grand 
master via IEEE 1588. The standard deviation between chassis is 144ns in this case. 
 

 
   (a)       (b) 
Figure 8: PPS screenshot between chassis and an analog signal sampled by 2 chassis 
 
Despite occasional excursions away from close sync the standard deviation of the TED between 
chassis for the plots shown in Figure 8 (a) is 144ns. The two upper traces are the chassis PPS 
signals, whereas the lower trace is the grand master PPS. The close synchronization of the 
sampling times in the two chassis is indicated in Figure 8 (b) (samples plotted against timestamps 
of the individual packets, red chassis 1, green chassis 2) where they are virtually 
indistinguishable. 



 
CONCLUSION 

 
This paper has examined the integration of an IEEE 1588 enabled controller module into the 
KAM500 system for the purpose of partaking in the iNet Technology Demonstrator program. 
Preliminary evaluation of the performance of the synchronisation function under varied traffic 
levels was performed. The use of a switch appears not to result in serious degradation of the 
synchronisation with only a single DAU transmitting to a ground station or 1588 enabled switch, 
however the introduction of a second DAU to the system results in unacceptable deviations from 
the perfectly synchronised state. Using a hub in this situation performs well with low levels of 
DAU related traffic in both the single DAU and two DAU case. Increasing the level of traffic 
from the DAU(s) to the ground station causes the synchronisation to deteriorate slightly as 
expected, but still maintains very acceptable accuracy levels. 
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ABSTRACT 

 

An rfNET solution based on IEEE 802.11 wireless network is presented to perform one-way 

remote transmission of airborne instrumentation data and multi-channel video images in 

flight test by modifying the wireless network bridge and UDP protocol. Its architecture and 

structure is introduced briefly and the results of ground transmission test and flight 

demonstration transmission are provided. It also points out the major problems of this 

solution for engineering application and their solutions.    
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INTRODUCTION 

 

Remote transmission of airborne instrumentation data and video images in flight test is one 

of the critical techniques researched all the time in flight test community. For decades, the 

American telemetry standard IRIG 106 has been commonly used in the world. Data are 

transmitted in PCM （Pulse Code Modulation）format in S or L band. The technique is 

complex, the equipment used are expensive and the transmission rate is limited, which can 

no longer satisfy the increasing requirement for transmitting instrumentation data and video 

images in flight test.  

 

In resent years, telemetry transmission in flight test is developing toward network with the development of 

wireless communication. The concept of INET (Integrated Network Enhanced Telemetry) was proposed 

and relevant research has been carried out internationally. INET is composed of three major parts: vNET 

(Flight Vehicle Data Acquisition Network), rfNET (RF Telemetry Transmission Network) and gNET 

(Ground Data Network). Among them, vNet and gNET are developing faster while rfNET is still in the 

stage of research and test. 
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An IEEE 802.11 wireless network-based rfNET is presented hare to perform one-way remote 

transmission of airborne instrumentation data and multi-channel video images in flight test by 

modifying the wireless network bridge and UDP protocol. Satisfactory results were achieved 

in both ground transmission test and flight demonstration transmission. 

 

 

WIRELESS NETWORK-BASED RFNET SOLUTION FOR FLIGHT TEST 

 

The rapid development of wireless network has attracted great interests in the international 

telemetry community. The IEEE 802.11b subject has been set up successively for years in the 

International Telemetry Symposium to study and discuss the application of wireless network 

in flight test and satisfactory achievements have been achieved. The findings presented in 

many papers show that wireless network is applicable to the transmission of flight test data 

from some high-speed moving targets such as aircraft..  

  

Based on the current one-way transmission of telemetry data from aircraft to ground in flight 

test, a new concept and its solution are proposed for one-way remote transmission of airborne 

instrumentation data and video images with IEEE 802.11 wireless network equipment and by 

modifying UDP protocol  

 

The wireless network-based rfNET system for flight test is composed of an airborne part and 

a ground part. The airborne part includes a data acquisition unit with network output function, 

an image acquisition unit, a wireless network bridge, a power amplifier and a transmitting 

antenna. The ground part includes a high-gain directional wireless network antenna, a 

wireless network bridge, an exchange and a computer. The block diagram of the solution is 

shown in Fig. 1.  

 

From the viewpoint of computer network system, there is no difference between the solution 

shown in Fig. 1 and a wireless network system. It is a simple point-to-point transmission 

system. Its differences from a wireless network are as follows: Firstly, the wireless network 

bridge and UDP protocol are modified to accomplish true one-way transmission both in 

physical link and transmission protocol. Secondly, a power amplifier (8W) is added behind 

the airborne wireless network bridge and an S-band airborne telemetry transmitting antenna is 

used. A wireless network high-gain directional antenna is used in the ground receiving part to 

ensure the transmission range required in the current IRIG 106 standard. The third point is 

that its operating band can be IRIG 106 L or S band for flight test, or even the future 5G band, 

in stead of the band specified in IEEE 802.11b only. 

 

From the viewpoint of telemetry system, the major difference between the solution shown in 

Fig. 1 and an IRIG 106 telemetry transmission system is that data are no longer in PCM 

format. Neither PCM encoded output is required for the airborne data acquisition unit nor 

expensive PCM synchronizer, demodulator and telemetry front-end equipment are required 

on the ground. The data format complies with the network standard. Flight test data can be 

processed with a general-purpose computer network and proprietary software. Furthermore, it 
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Ethernet 
 

Ethernet 

can perform the remote transmission of airborne instrumentation data and video images from 

multiple channels. 

 

 

 

 

 

 

 

 

 

 

 

           

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

The first point is one-way transmission. It is known that wireless network is bi-directional. 

Even in UDP mode, the receiving end is required to send a request for data transmission and 

the information about the data received to the transmitting end, which is actually 

bi-directional. To perform true one-way transmission, UDP protocol must be modified 

accordingly when the physical link does not support bi-directional transmission.  

 

The solution to this issue is to remove the original receiving function from the transmitting 

end. Because a one-way transmission system is of a 4-layer structure, it is impossible to 

remove the data packet received from the network layer and the application layer according 

to the definitions of OSI network model. So, we have eventually removed the data packet 

from the WLAN drive layer and the hardware layer to accomplish one-way transmission. We 

must mask the transmission function at the receiving end. However, when data is received, 

the hardware layer will automatically generate ACK to advice the transmitting end of it, 

which is against the requirement for one-way transmission. So, we have to mask the ACK 

sending function in the hardware layer. Without ACK, the transmitting end will re-send the 
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data packet continuously. Therefore, the function for re-sending and waiting for ACK timeout 

must be masked in the transmitting end. Also, we have changed the rate at the transmitting 

end. The rate is controlled so that the system sends data packet at a constant rate.  

      

Test and measurement show the modified UDP protocol can perform true one-way 

transmission at a stable data rate. So this problem is solved satisfactorily.  

 

The second point is transmission range. To increase the transmission range and reduce the 

interference from other wireless networks in the vicinity of the test range, a high-gain and 

powerful directional antenna is used in the ground wireless network station and a power 

amplifier (8W) is used in the airborne part so that airborne network data are transmitted 

remotely.  

 

 

METHOD FOR GROUND TEST AND FLIGHT DEMONSTRATION 

AND THEIR RESULTS 

 

A ground test of the solution mentioned above was performed. For the test, the modified 

wireless network bridge, an 8W power amplifier and an S band telemetry transmitting 

antenna (0db gain) were used at the transmitting end to form a vehicle-borne wireless 

network mobile station and simulate aircraft moving nodes. A high-gain directional wireless 

network antenna (24db gain) and a wireless network bridge were used at the receiving end. 

The operating frequency was the wireless network Channel 1 (2412MHz) near S band. 

Transmission was performed with the modified one-way UDP protocol and in point-to-point 

mode. Test and measurement showed that one-way transmission could be accomplished in the 

visual range. The maximum transmission rate was up to 6Mbps. A 24km fixed visual point 

was selected for the test. Firstly, stable transmission of one-channel airborne instrumentation 

data and one-channel image data was accomplished by adjusting the antenna direction. Then, 

the transmission efficiency was recorded and monitored by attenuating the transmitting 

power at the receiving end. The transmission range in flight test was also estimated. The test 

results are given in Table 1.    

 

Table 1 Results of Ground Test 

 

Receiving 

Efficiency 

No Loss of Data Packet 

(No Loss of Image Frame) 

Major Loss of Data Packet 

(No Image Display) 

Transmission 

Contents 

1-Channel data + 1-Channel 

Images 

1-Channel data + 

1-Channel Images 

Transmission 

Rate 

2Mbps 2Mbps 

Transmission 

Power 
8W～8W-12db 8W-13db 

Transmission 

Range 

24km 24km 

 



 

 5

It was estimated with the results of the ground test that the transmission range could be up to 

200km when the aircraft is flying at 10km altitude.  

  

When the ground test is satisfactory, we made a flight demonstration together with other 

flight test tasks. The specific implementation is that the transmitting equipment used on the 

vehicle-borne wireless network mobile station was removed and installed on a test transport 

airplane with a transmitting antenna mounted on the front lower body of the airplane. The 

ground receiving equipment is identical to that used for the ground test. Manual tracking of 

the airplane was made by the test personnel according to the GPS information received 

through telemetering from the test aircraft. The results of the flight demonstration when the 

aircraft was flying at 8000m altitude are shown in Table 2.  

  

Table 2 Results of Flight Demonstration 

 

Receiving 

Efficiency 

No Loss of Data Packet  

 (No Loss of Image Frame) 

Major Loss of Data Packet  

 (No Image Display) 

Transmission 

Contents 

1-Channel data + 1-Channel 

Images 

1-Channel data + 1-Channel 

Images 

Transmission Rate 2Mbps 2Mbps 

Transmission 

Power 

8W 8W 

Transmission 

Range 

202km 208km 

 

The results of the flight demonstration proved that both the transmission rate and the 

transmission range of this solution satisfy the IRIG 106 standard which is commonly used for 

flight test at present.  

 

 

MAJOR PROBLEMS FOR ENGINEERING APPLICATION  

AND THEIR SOLUTIONS 

 

There are some technical problems to be solved for engineering application of the solution 

mentioned above.  

 

The first one is the frequency band to be used. The frequency band (2400 to 2483MHz) 

specified in the wireless network protocol can not be used to perform the high-power remote 

transmission in IEEE 802.11b wireless network protocol. The solution to it is to change the 

frequency of the existing IEEE 802.11b wireless network bridge (card) and the wireless 

network receiving equipment to the S band（2200 to 2400MHz）used currently for flight test. 

S band is adjacent to the frequency band of IEEE 802.11b wireless network. The technique 

for frequency change is matured and easy to accomplish. It can also be changed to the new 

5G band for flight test.    
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The second problem is the tracking of flying target. It can be solved by means of the current 

telemetry automatic tracking or GPS tracking. For a single aircraft, one high-gain directional 

antenna can be used for automatic tracking. For multiple targets, multiple high-gain 

directional antennas can be combined to form a high-gain omni-directional antenna. This 

technique is also relatively matured.  

 

The third problem is the data loss for some high maneuverable and high-speed moving nodes 

such as fighters. This problem has been solved by rational combination and configuration of 

multiple transmitting antennas for telemetry data transmission in S band, which can be used 

in this solution.  

 

The last problem is the security of data transmission which has also been solved in the 

application of wireless network. The security of data meets the requirement for the 

transmission of flight test data.  

 

 

CONCLUSIONS 

 

The wireless network-based rfNET concept and technical solution for flight test are 

completely feasible through ground test and flight demonstration. It is not difficult to solve 

the problems for engineering application. This solution gives a new way for remote 

transmission of instrumentation data and video images in flight test and changes the current 

telemetry transmission mode with IRIG 106 standard and in PCM data format. It simplifies 

the equipment used for the transmission of airborne instrumentation data and images, thus 

lowering the cost. It is especially suitable for the transmission of airborne instrumentation 

data and images in large transport airplanes and aircraft with existing network data systems. 

 

Also, it should be pointed out that network technology is an integral strategic guide. The 

ground telemetry data processing system has been implemented in network and the airborne 

instrumentation system is developing towards network. It is also an inevitable trend for the 

transmission of airborne instrumentation data and video images to the ground by network. 

INET enjoys a promising prospective.   
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ABSTRACT 
 
Since the 1970s PCM/FM has been the dominant modulation scheme used for RF telemetry. 
However more stringent spectrum availability as well as increasing data rates means that 
more advanced transmission methods are required to keep pace with industry demands. 
ARTM Tier-I and Tier-II are examples of how the PCM/FM link can be enhanced. However 
these techniques require a significant increase in the complexity of the receiver/detector for 
optimal recovery. 
 
This paper focuses on a quantitative approach to improving the rate and quality of data using 
existing PCM/FM links. In particular ACRA CONTROL and BAE SYSTEMS set themselves 
the goal of revisiting the pre-modulation filter, diversity combiner and bit-sync. By 
implementing programmable adaptive hardware, it was possible to explore the various 
tradeoffs offered by modifying pulse shapes and spectral occupancy, inclusion of forward 
error correction and smart source selection. This papers looks at the improvements achieved 
at each phase of the evaluation. 
 
KEYWORDS: PCM/FM, Spectral Efficiency, Forward Error Correction, Best Source 
Selection. 
 

1 INTRODUCTION 
As flight test instrumentation becomes more sophisticated it has become increasingly 
desirable to have a high quality, high speed telemetry link between the aircraft and the ground 
monitoring station. PCM/FM has been the primary modulation scheme used for such links for 
over 30 years, mainly due to its simplicity and reliability. Due to the longevity of PCM/FM, 
most airborne telemetry facilities have invested significant capital in equipment specifically 
for use with this standard. 
 
It is only in recent years that new modulation techniques (such as the ARTM Tier-I and Tier-
II schemes) have been proposed in a standardized form with the goal of improving the 
spectral efficiency of these telemetry links. Although these modulation methods do 
accomplish this goal, optimal implementations require significantly more complex 
modulators, demodulators and detection schemes than those for PCM/FM as well as typically 
requiring longer lock times.  
 
As part of discussions between BAE SYSTEMS and ACRA CONTROL, a proposal was 
made to evaluate ways to modify the traditional PCM/FM link to improve link quality and/or 
throughput. The intention is to compare the improved implementation against a Tier-I 
demodulator in terms of bit error rate, spectral efficiency, synchronization/lock time and 
tolerance of signal distortions such as frequency selective multipath. This paper describes the 
first phase of investigations in which the PCM/FM improvements were developed and 
evaluated. 



2 TEST HARDWARE 
The techniques and experiments described in this paper were tested on hardware developed 
by ACRA CONTROL. The two main components used in the hardware tests are described 
below. 

2.1 Programmable Pre-modulation Filter  
The ENC/106 is a module for the KAM-500 data-acquisition system that integrates a versatile 
PCM encoder with a programmable pre-modulation filter (PMF). Under normal 
circumstances the PMF is programmed to implement a 6th-order linear phase (Bessel) filter.  
 
In addition to allowing variable bit rates and output amplitudes the PMF also facilitates 
changing the filter type used. This means pulse-shaping filters that are difficult or impossible 
to generate using analog circuitry (such as Gaussian, sinc and root-raised cosine) are 
straightforward to implement in the ENC/106. 
 

2.2 Programmable Bit Synchronizer 
The all-digital programmable bit synchronizer is part of a PCI bitsync/decomm board called 
the GTS/DEC/003 and its structure is shown below. 
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Figure 1 : Structure of the programmable bit synchronizer 
 

The key to the flexibility of the bitsync is the programmable matched filter. As with the PMF 
described above, the matched filter can facilitate any pulse shape up to eight symbols wide. In 
the same way, the pulse-shape inter-symbol interference (ISI) equalization can be tailored 
according the severity of the ISI in the chosen pulse shape. In addition the bitsync is 
implemented in a modular fashion, allowing multiple channels to be accommodated with 
relative ease. 

3 LINK IMPROVEMENTS 
This section describes the techniques that were used for improving the PCM/FM link. 

3.1 Smart Source Selection 
Many PCM/FM links include some form of transmit or receive diversity. Diversity is a 
method of improving link quality by transmitting or receiving two or more versions of a 
signal and adaptively combining or selecting the best signal so that the resultant bit error rate 
is lower than for any one version of the signal alone. There are a variety of schemes for 
separating the diversity signals including spatial diversity, frequency diversity and 
polarization diversity. 



In PCM/FM systems diversity combining is often performed at the IF frequency based on 
relative noise power in the received signals – this is known as pre-detection diversity 
combining. Other forms attempt to weight two or more demodulated streams of data at 
baseband frequencies (called post-detection combining) or use metrics such as lost sync 
words or baseband noise level to dynamically switch between streams (called best source or 
best data selection). For this paper we use a form of source correlation called maximum ratio 
combining (MRC) as shown below.  
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Figure 2 : Structure of the MRC module 
 
A dual channel bitsync is used to recover soft symbol values from two diversity streams of 
baseband samples. The independent symbol streams are then synchronized in time by 
applying an adaptive delay to one stream. This stream synchronization operates on a 
continuous basis such that if the path delay for one of the streams changes the system remains 
in lock. Soft bit values for each received symbol are then combined using a maximal ratio 
technique to provide a single soft symbol on which bit decisions are made.  
 
The MRC scheme has the advantage of being highly integrated, decreasing the system cost 
and complexity. The system is also very robust and is currently capable of synchronizing data 
streams that are separated by up to 256 bits. In addition, the combined soft symbol estimates 
can be used directly in a forward error correction (FEC) decoder, thus enabling both link 
improvement techniques to be used simultaneously. 

3.2 Pulse Shaping 
A typical PCM/FM transmitter assembly consists of a PCM encoder, pre-modulation filter, 
FM transmitter and transmit antenna. A pre-modulation filter may be thought of as component 
that accepts a sequence of impulses generated from the data stream and filters these impulses 
for the purpose of spectral containment after modulation. 
 
Traditional pre-modulation filters are implemented using analog components and as such are 
limited to a specific characteristic and data rate. However implementing an all-digital pre-
modulation filter as described in section 2.1 provides a greater degree of integration, thus 
saving on space and equipment costs. This type of filter has the capability of handling 
multiple data rates and variable output amplitude. Moreover the digital nature of the filter 
allows selection of virtually any pulse-shape. The following pulse shapes are examined in this 
paper: 
 
 
 
 



• PCM/FM 6th-order Bessel Filter (also known as ARTM Tier-0) 
o This filter type accepts antipodal impulses from the set {+1, -1} and has a 

raised cosine impulse response. 
 

• Binary Root-Raised Cosine pulses (BRRC) 
o This filter type accepts antipodal impulses from the set {+1, -1} and has a 

root-raised cosine impulse response. 
 

• Quaternary Root-Raised Cosine (QRRC) 
o This filter type accepts impulses from the set {+3, +1, -1, -3} and has a root-

raised cosine impulse response (as for BRRC). Thus a pair of bits are 
combined to make a single symbol. 

o Encoding of symbols from bits uses a grey coding scheme. This means that a 
symbol error is most likely to result in only a single bit error. 

 
 
The major advantage of the root-raised cosine pulse shapes is that when filtered by the same 
shape (as in the matched filter of a bit synchronizer) there is no inter-symbol interference 
(ISI) at multiples of the symbol period from the ideal sampling point. This fact removes the 
requirement for ISI equalization that is necessary for other pulse shapes. An example of each 
of the pulse shapes used is shown below, with average pulse amplitudes normalized to 
equalize bit energy. 
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Figure 3 : Pulse shapes for Tier-0, BRRC and QRRC showing each possible pulse variation. 



3.3 Forward Error Correction (FEC) 
There are a variety of FEC codes in use in wireless communications systems today, including 
many variants of convolutional codes, turbo codes and low density parity check (LDPC) 
codes. All of these techniques rely on adding some redundancy to a stream of data so that the 
receiver can detect and correct a proportion of the errors that occur during transmission. 
 
The code used for this paper is a half-rate convolutional code with k=7 which is widely used 
in telemetry products today. This code type has the advantage of using a very simple encoder 
(thus reducing airborne hardware complexity) and is a streaming code so that no framing is 
required. This allows resynchronization to occur rapidly after a reception outage. 

4 RESULTS AND ANALYSIS 

4.1 Pulse Shape Analysis 
An identical sequence of bits filtered by the three pulse shapes is shown in Figure 4 below. 
The amplitudes are normalized to equalize the bit energy for each pulse type. 
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Figure 4 : Sequences of filtered data for Tier-0, BRRC and QRRC filter types. 
  
Note that because the QRRC pulses have four levels, two bits are encoded for each symbol. 
This means that for a given transmission bit rate, the symbol rate for QRRC pulses is half that 
for Tier-0 or BRRC pulse shaping. Conversely, it is possible to double the transmission bit 
rate for QRRC by making the symbol rate equal to that of the binary signalling methods. This 
is the approach we shall use for the remainder of the paper. 
 
The principle advantage of QRRC pulse shaping is that the transmitted bit rate can be doubled 
without increasing the spectral occupancy. In order to demonstrate this a simulated plot of 
Tier-0, BRRC and QRRC modulation for a 4 Msymbol/s data stream is shown in Figure 5 
below. For Tier-0 and BRRC this equates to a 4 Mb/s data rate. For QRRC, the data rate is 8 
Mb/s. 
 
Note that is was necessary to tailor the modulation index in order to achieve an optimal 
combination of bandwidth and peak power for both BRRC and QRRC. This is a 
straightforward task with a programmable pre-modulation filter that has variable output 
amplitude. 
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Figure 5 : PCM/FM modulated RF spectra for Tier-0, BRRC and QRRC modulation types. 
Note that the raw bit rate for QRRC is double that of the other pulse shapes. 

 
Measured 99% bandwidths for the spectral plots are as follows: 

• Tier-0:   4.51 MHz 
• BRRC:  4.01 MHz 
• QRRC:  4.49 MHz 

Note that spectral occupancy is roughly the same for Tier-0 and QRRC modulation types 
(although the peak power is somewhat higher for the latter), even though the raw bit rate for 
QRRC is double that of the other two pulse shapes. 

4.2 BER Results 
In order to evaluate the link improvements introduced in previous sections a series of tests 
was performed across a range of noise conditions. Software was developed on a PC platform 
to generate simulator data with additive white Gaussian noise (AWGN). This data was 
sampled and streamed into the bitsync on the board, bypassing the frontend ADC. 
decommutated frames were sent to PC memory and checked for errors in software.  
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Figure 6 : GTS/DEC/003 showing simulator data paths 



4.2.1 Tier-0 and BRRC with MRC 
The plot below shows the BER performance of the bitsync for Tier-0 and BRRC pulse shapes 
with and without maximal ratio combining. The bit rate in each case was 4 Mb/s. 
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Figure 7 : BER performance for Tier-0 and BRRC pulse shapes with and without MRC 

 
It is observed that performance of the Tier-0 and BRRC pulse shapes are both within 0.1 dB 
of binary theory in the absence of MRC. With MRC, the performance is improved by between 
2.5 dB and 3 dB. Note that the MRC improvement exists down to and Eb/No of 1 dB, 
demonstrating that the MRC stream synchronization functions well even in very noisy 
conditions. 
 



4.2.2 QRRC with MRC 
The plot below shows the BER performance of the QRRC pulse shape with and without 
maximal ratio combining. The bit rate for this pulse shape was 8 Mb/s, even though the 
spectral occupancy is the same as for the 4 Mb/s Tier-0 and BRRC pulse shapes in the 
previous section. 
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Figure 8 : BER performance for QRRC pulse shape with and without MRC 

 
 
As predicted by M-ary PAM theory the Quaternary RRC pulse shape incurs a degradation of 
just over 4 dB. However using MRC more than halves this degradation to just under 2dB at a 
bit error probability of 10-6. Note however that in contrast to the binary pulse shapes (Tier-0 
and BRRC above), the BER performance converges at lower values of Eb/No. This reflects the 
difficulty in synchronizing the two data streams. 
 
Note that although the BER performance is degraded somewhat, QRRC pulse shaping allows 
twice the data to be transmitted for the same degree of RF spectral efficiency. Thus QRRC 
pulse shaping is ideal for relatively low noise environments where there already exists a large 
RF link budget excess. 



4.2.3 QRRC with MRC and CFEC 
The plot below shows the BER performance with a combination of maximal ratio combining 
and convolutional forward error correction. In this set of simulations a half-rate convolutional 
code was used to encode the data. Although the raw data rate remained at 8 Mb/s, the net 
information rate was 4 Mb/s due to the encoding overhead. 
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Figure 9 : BER plots for QRRC pulse shaping with MRC and CFEC. 

 
It is observed that by using QRRC to double the raw bit rate and then using the additional 
throughput for forward error correction, BER performance can be improved by more that 3 
dB at a bit error probability of 10-6. This improvement is increased to 6 dB when using 
maximal ratio combining. It should be noted however that these improvements are not 
consistent down to low Eb/No values, again due to the difficulty of synchronizing the two 
streams when they contain a large proportion of bit errors. 



5 FURTHER WORK 
The results shown in this paper represent the first phase in an evaluation of PCM/FM link 
improvement techniques. In order to quantify these improvements in context, future work will 
include series of comparisons against ACRA CONTROL’s ARTM Tier-I demodulator in the 
following areas: 
 

• BER Performance 
• Spectral Occupancy 
• Link budget requirements 
• Resynchronization time & link availability 
• Performance with distortion (e.g. multipath fading) 
 

6 CONCLUSIONS 
This paper illustrates a number of techniques designed to improve the PCM/FM link. Using a 
combination of a quaternary root-raised cosine pulse shape, maximal ratio combining and 
forward error correction it is possible to vary aspects of throughput and bit error rate 
performance according to the operating environment.  
 
A summary of the system setup may be described as follows: 

• Identical Infrastructure 
The RF link can use the same transmitter, the same receiver and the same antenna 
setup both on the aircraft and at the groundstation. 

• Identical RF Spectrum 
As illustrated in section 4.1 the spectral occupancy of the QRRC pulse shape is 
slightly less than that of Tier-0 pulse shaping for double the raw bit rate. 

• Inherently Interoperable 
The bitsync and pre-modulation filter used were designed for Tier-0 pulse shaping 
and remain unchanged for BRRC and QRRC except for new filtering coefficients. 
Thus the hardware remains inherently backward-compatible with Tier-0 operation. 

 
A system operator may use QRRC pulse shaping and choose from the following operating 
scenarios: 

a) Data rate remains the same 
- A BER improvement of 3 dB is achieved for a bit error probability of 10-6, or 6 dB 
in the case that MRC is used. 
- This scenario is useful for noise-prone environments 
 

b) Data rate is doubled 
- A degradation of 4 dB is observed, reduced to 2 dB when MRC is used. 
- This operating scenario is useful for low-noise environments where spectral 
occupancy and data rate must be optimized. 
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ABSTRACT 
 
Data recorded during multipath channel sounding experiments, conducted off the coast of Pt. 
Mugu Naval Air Station at 8.0 GHz was used to model the multipath interference at SHF band 
over water. The modeling results show that a three ray model consisting of line-of-sight 
propagation and two reflected propagation paths is a good fit for the measured channel frequency 
responses. The properties of the multipath reflections are determined by geometry and sea state. 
For calm seas, the first reflection is a large amplitude short-delay reflection whereas for rough 
seas, the first reflection has a smaller amplitude and longer delay. The second reflection has a 
smaller amplitude and larger delay when the sea is calm. 
 
 

INTRODUCTION 
 
Multipath propagation occurs when multiple transmission paths exist between a transmitter and a 
receiver. In most cases involving aeronautical telemetry, electromagnetic propagation from 
transmitter to receiver consists of a line-of-sight propagation path and a number of reflections. 
For air-to-ground applications, the propagation paths due to reflections are caused by “ground 
bounces” which occur when the elevation angle is low enough for the main lobe of the receiving 
antenna to “see” the ground. Channel sounding experiments conducted at L- and S-band at 
Edwards AFB have shown that two reflected paths is sufficient to capture most of the 
characteristics of multipath propagation over land [1] – [3]. 
 
This paper describes the results of channel sounding experiments conducted in the SHF band (8 
GHz) over water. The purpose of the experiments was to test the accuracy of the “over-land” 
model for the “over-water” scenario and to test the performance of aeronautical telemetry links 
in the SHF band. We show that the multipath interference in scenario is well modeled by a line-
of-sight propagation path and two reflected paths. The first reflected path is large amplitude, 
short-delay reflection and the second reflected path is smaller amplitude, longer-delay reflection. 
While these results are similar to the channel modeling results over land, some differences were 
observed. These differences are due largely to the differences in the way a dry lake bed and the 
ocean reflect and scatter an incident electromagnetic wavefront. The data strongly suggest that 
sea state plays an important role in determining the statistical properties. 
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THE MULTIPATH PROPAGATION CHANNEL 
 
The multipath propagation environment is modelled as a linear time-invariant system whose 
complex-valued baseband equivalent impulse response is 

( ) ( ) ( ) ( )221100
~~~~ τδτδτδ −Γ+−Γ+−Γ= tttth .                              (1) 

The impulse response consists of three propagation paths, each with complex-valued amplitude 
Γi (this models the gain and phase shift of the propagation path) and delay iτ~  for i = 0, 1, 2. 
While the model includes three paths, it is easy to extend the model to fewer or more propagation 
paths. The most common scenario in aeronautical telemetry includes line-of-sight propagation. 
This is feature is accounted for by designating the propagation path ( )00

~τδ −Γ t  as the line-of-
sight propagation path. For practical reasons, only the delays relative to line-of-sight propagation 
are of interest. For this reason, the impulse response (1) is re-written as 

( ) ( )
( ) ( )( ) ( )( )
( ) ( ) ( )11110

0220110

0
~~~~

~~

τδτδδ
ττδττδδ

τ

−Γ+−Γ+Γ=
−−Γ+−−Γ+Γ=

+=

ttt
ttt

thth
                       (2) 

where 011
~~ τττ −= and 022

~~ τττ −= . The multipath channel model is the impulse response (2). The 
parameters of the multipath model are the constants Γ0, Γ1, Γ2, τ1 and τ2. 
Let s(t) be the complex-valued baseband equivalent of the transmitted channel sounding signal. 
The received signal is 

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )twtststs

twthtstr
+−Γ+−Γ+Γ=

+∗=

22110 ττ
                               (3) 

where * is the convolution operator and w(t) is additive white Gaussian noise. With the model 
(2) in place, the goal of channel sounding is to estimate the channel model parameters Γ0, Γ1, Γ2, 
τ1 and τ2 from the samples of r(t). This process is described in the next section. 
 
 

CHANNEL SOUNDING EXPERIMENTS 
 
Experimental Configuration 
 
The experimental configuration is illustrated in. Figure 1. A channel sounding signal was 
transmitted from an airborne transmitter housed in the Beachcraft C-12 airplane. The signal was 
received by a 4-foot parabolic reflector antenna located at the main telemetry site at Laguna Peak 
at Point Mugu Naval Air Station, California, USA. The received signal was amplified, down-
converted to a 70 MHz IF signal and sampled at a rate of 100 Msamples/sec. The samples were 
stored on hard-disk drives and shipped to the BYU Telemetry Laboratory for post processing and 
analysis. 
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Figure 1: A block diagram of the experimental configuration. 
 
Additional information was also provided. This information included video recordings (on DVD) 
of the IF spectrum recorded from the spectrum analyzer with GPS time overlay, time-space-
position-information (TSPI) files, and a list of “significant events” identified by subject matter 
specialists conducting the experiments. 
 
Data Processing 
 
Let r(nT) represent the samples of the complex-valued baseband equivalent signal r(t) where 1/T 
= 100 Msamples/sec is the sample rate. Under the assumption that the multipath channel really is 
given by (2), the relationship (3) may be used to describe the samples as follows:   

( ) ( ) ( ) ( )22110 ττ −Γ+−Γ+Γ= nTsnTsnTsnTr .                                (4) 

The DTFT of the samples is 
( ) ( ) ( ) ( )

[ ] ( )ωωτωτ

ωωτωωτωω

jTjTj

jTjjTjjj

eSee

eSeeSeeSeR
/

2
/

10

/
2

/
10

21

21

−−

−−

Γ+Γ+Γ=

Γ+Γ+Γ=
                      (5) 

where ( )ωjeS  is the DTFT of the sequence s(nT). Since the delay of the line-of-sight signal is not 
being estimated, the magnitude-squared of the relationship (5) is used: 

( ) ( )22/
2

/
10

2
21 ωωτωτω jTjTjj eSeeeR −− Γ+Γ+Γ=                               (6) 
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This relationship forms the basis of the algorithm for estimating the channel model parameters. 
This algorithm is outlined as follows: 

1. Estimate ( )2ωjeR from the samples r(nT) using the standard periodogram averaging 

approach [4]. The estimator is based on the length-L DFT which produces samples of 

( )2ωjeR  denoted ( )2/2 LkjeR π for k = 0,1,…,L−1. 

2. Form the ratio ( ) ( )2/22/2 LkjLkj eSeR ππ using stored samples of the transmitted channel 

sounding signal. 

3. Determine the set of parameters { }21210 ,,,, ττΓΓΓ  that minimize the squared error (in dB) 
between the ratio computed in step 2 and the model 

( ) 2/
2

/
10

2
model

21 TjTjj eeeH ωτωτω −− Γ+Γ+Γ=                                (7) 

This minimization is given by  
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where K is the set of indexes for which ( )2/2 LkjeS π is non-zero. The dB criterion was used to 

apply equal weight to the modelling error for those values of k for which the model is small 
and for those values of k for which model is large. 
 

Careful examination of the spectrum analyzer video suggested that the channel was 
approximately stationary for 100 msec. For this reason, each one-second interval associated with 
a significant event was partitioned into ten non-overlapping segments 100 msec in duration. Each 

segment consisted of 10,000,000 samples. ( )2ωjeR was estimated using a length-10000 FFT and 

the channel model parameters for each segment were estimated using the procedure outlined 
above. The channel sounding signal consisted of 200 equal power tones spaced precisely 100 
kHz apart, distributed symmetrically around the carrier frequency (8 GHz) as described in [5].  
 
 
Flight Profiles 
 

The channel sounding experiments were conducted in June 2006. The experiments were labeled 
“Flight 97” and “Flight 98” by the subject matter specialists. A summary of the flight parameters 
is listed in Table 1. Maps of the two flight paths are illustrated in Figure 2. The flight paths were 
straight and level “out and back” approaches. In this way, the elevation angle decreased as the 
aircraft travelled further from shore. 
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For Flight 97, the weather was typical for its location and time of year. The aircraft flew above 
patchy clouds and a residual “marine layer” fog. The sea was not calm due to a storm off the 
west coast of Mexico. Data from buoys near San Nicholas Island indicated significant swells of 8 
feet and average swells ranging from 5 to 6 feet. The average wave period was 11 to 18 seconds. 
In general, the sea state became calmer closer to shore. The sea state for Flight 98 was calmer. 

 

Table 1: Summary of experiments. 
 

Flight Date Altitude Carrier 
Frequency 

Receiver 
Location Antenna Diameter

97 20 June 
2006 

2500 ft. 
AMSL 8.000 GHz Laguna Peak 

(Pt. Mugu) 4 ft. 

98 22 June 
2006 

2500 ft. 
AMSL 8.000 GHz Laguna Peak 

(Pt. Mugu) 4 ft. 

 

Figure 2: Flight path showing the locations of multipath events captured in the data: Flight 97 (left) and 
Flight 98 (right). 
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EXPERIMENTAL RESULTS 

 
The received IF signal was sampled continuously and the data was stored. With the help of 
subject matter specialists at 412th TW, Edwards AFB, the 18 most dramatic multipath events 
were identified and analyzed. The locations of these 18 events for each flight are marked on the 
maps shown in Figure 2. 
 
Modeling results using both a two-ray model (a line-of-sight propagation path plus one multipath 
propagation path) and a three-ray model (a line-of-sight propagation path plus two multipath 
propagation paths) showed that the three-ray model adequately captures the properties of the 
multipath interference. Due to space limitations, plots of the modeling results demonstrating this 
fact are not included. The interested reader is referred to [5]. This result is consistent with the 
findings at L- and S-bands at Edwards AFB [1] – [3]. The properties of the first and second 
multipath reflections are summarized in the following. 
 
 
Properties of the First Multipath Reflection 
 
The statistical properties of the first multipath reflection are summarized in Figure 3 for Flights 
97 and 98. The delay τ1 is determined by the geometry formed by the airborne transmitter, the 
receiver, and the sea surface (reflecting media). The differences between Flights 97 and 98 are 
explained by the differences in locations of the airborne transmitter corresponding to the 
multipath events that were analyzed. 
 
The mean value of the relative magnitude of the first multipath reflection, 01 ΓΓ , is 0.52 for 
Flight 97, 0.68 for Flight 98, and 0.60 for the combined data set. The magnitude is relatively 
large which suggests the presence of a strong, specular reflection or “bounce” off the ocean 
surface. Electromagnetic propagation theory predicts such an occurrence and that its magnitude 
increases as elevation angle decreases. The locations of the airborne transmitter for the multipath 
events investigated produced a sufficiently low elevation angle so that the main lobe of the 
receive antenna illuminated the ocean surface.  
 
The relative magnitudes were higher for Flight 98 than for Flight 97. This is largely explained by 
differences sea state. In Flight 97, the sea was rough. This roughness scattered the incident 
electromagnetic wavefront in many directions. As a result, the electromagnetic energy arriving at 
the receive antenna was reduced. In Flight 98, the sea was much calmer. Consequently, the 
situation was more like that modeled by a flat, smooth reflecting surface that produces a strong 
specular reflection. 
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Figure 3: Statistical summary of the first multipath reflection: Flight 97 (left), Flight 98 (right). 
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 Figure 4: Statistical summary of the second multipath reflection: Flight 97 (left), Flight 98 (right) 
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Properties of the Second Multipath Reflection 
 
The statistical properties of the second multipath reflection are summarized in Figure 4 for 
Flights 97 and 98. These plots show substantially more variation in the magnitude and delay of 
the second multipath reflection relative to the first multipath reflection. This is to be expected 
because there are no terrain features to produce a second multipath reflection. Rather, this 
reflection is represents the sum of many diffuse reflections (caused by the uneven sea surface) 
that produce scattered energy that arrives within the main lobe of the receive antenna. As a 
consequence, the amplitude and delay of the second reflection are random variables whose 
statistical properties are strongly dependent on sea state. 
 
The mean value of the delay τ2 is 119.5 ns for Flight 97, 174.5 ns for Flight 98, and 147 ns for 
the combined data set. The delay is significantly smaller for Flight 97 (rough sea) than for Flight 
98 (calm sea). When the sea is rough, the swells and waves provide many opportunities for 
reflections to occur. The rough sea produces a second reflection whose properties are closer to 
those of the first reflection than is the case with a calm sea.  
 
One of the commonly used statistics for the delays in random multipath propagation is the power 
delay profile [6].  The power delay profile ( )τP  is a density function that measures the received 
power as a function of delay. The important features of the power delay profile are the mean 
excess delay eτ , the RMS delay spread τσ , and the maximum excess delay max,eτ  defined by  

 

( )

( ) ( )
( ){ }dB 30|maxmax.e

2

e

−>=

−=

=

∫
∫

τττ

ττττσ

ττττ

τ

P

dP

dP

e                                                 (9) 

These parameters quantify the multipath and form a general baseline for comparing this 
environment with other wideband multipath environments. It should be pointed out that we are 
only including the second multipath reflection in the power delay profiles presented here. Thus,  
( )τP  is a measure of the received power due to the second multipath reflection as a function of 

the delay 2τ . 
 
The power delay profiles can be estimated from the model parameters by forming a histogram. 
We have N pairs of model parameters ( )202 ,/ τΓΓ  denoted 

( ) ( ) ( )NN ,2,22,22,21,21,2 ,,,,,, τττ ΓΓΓ K , 
where the delays are in the interval ( ]max,0 τ  where 

 { }N,22,21,2max ,,,max ττττ K= .                                               (10) 

The delay axis is partitioned into M equal-width bins of width M/maxτ with the k-th partition 
defined by the partition boundaries ( ]kk ττ ,1−  where Mkk /maxττ = for Mk ,,1,0 K= . Define 
( )kI  to be the set of indices for which the delays are in partition k: 
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 ( ) { }kikikI τττ ≤<= − ,21 .                                                    (11) 

Using these partitions, the power delay profile is estimated using 

 ( ) ( )
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Based on the estimates of the power delay profile, the estimates for the mean excess delay, the 
RMS delay spread, and the maximum excess delay are 
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The power delay profile estimates for Flight 97, for Flight 98 are shown in Figure 5. The power 
delay profile for Flight 98 is “flatter” than the power delay profile for Flight 97. This suggests 
that when the sea is rough, short delay reflections contribute more to the second ray than longer 
delay reflections. The dominant contributions are relatively close to the point where the first 
reflection occurred. In contrast, the reflections that arrive within the main lobe of the receive 
antenna can be produced in a wide variety of locations when the seas are calm. The statistics 
derived from the power delay profile are summarized in Table 2. The mean excess delay, delay 
spread, and maximum delay are larger for Flight 98 than for Flight 97. 
 

Table 2: Statistical summary of the power delay profiles for Flights 97 and 98. 
 

 Fight 97 
(2,500 ft) 

Flight 98 
(2,500 ft) 

Combined data from 
Flight 97 and Flight 98 

   eτ           54 ns         69 ns 57 ns 
   tσ           20 ns         31 ns 25 ns 
   ,maxeτ         199 ns       283 ns               248 ns 
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The mean value of the relative magnitude of the second multipath reflection, 02 ΓΓ , is 0.09 for 
Flight 97, 0.06 for Flight 98, and 0.07 for the combined data set. The magnitude of the second 
multipath reflection is larger for Flight 97 (when the sea was rough) than for Flight 98 (when the 
sea was calm). The difference was much more pronounced in many of the data records as 
described in [7] . 
 
The top plots of Figure 4 shows a strong inverse correlation between the relative magnitude 

02 / ΓΓ  and the delay 2τ . The nature of this inverse relationship (based on the composite data 
from Flights 97 and 98) is illustrated in Figure 6. It shows that for small delays, the relationship 
between the magnitude and delay is  

 0178.0
20

2 1~
τΓ

Γ
 (14) 

while for larger delays, the relationship is  

 004.0
20

2 1~
τΓ

Γ
. (15) 

 
 

CONCLUSIONS 
 
The modeling results show that a three ray model consisting of line-of-sight propagation and two 
reflected propagation paths is a good fit for the measured channel frequency responses. The 
properties of the multipath reflections are determined by geometry and sea state. For calm seas, 
the first reflection is a large amplitude short-delay reflection whose average relative magnitude 
0.68. For rough seas, the first reflection has a mean magnitude of 0.52. The delay of the first 
reflection is determined by geometry. The second reflection is more random and has a smaller 
amplitude and larger delay when the sea is calm. For calm seas, the mean magnitude is 0.06 
while for rough seas the mean magnitude is 0.09. The delay of the second multipath reflection is 
characterized by the power delay profile. The mean excess delay for calm seas is 69 ns and for 
rough seas is 54 ns; the RMS delay spread is 31 ns for calm seas and 20 ns for rough seas; the 
maximum excess delay for calm seas is 283 ns and for rough seas is 199 ns. 
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Figure 5: Power delay profile for the second multipath reflection: Flight 97 (left), Flight 98 (right). 
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Figure 6: Linear regression analysis of the modeling results for the second multipath reflection based on the 
combined data from Flights 97 and 98. 
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ABSTRACT 
 

An increasing number of flight research and airborne science experiments now contain network-
ready systems that could benefit from a high-rate bidirectional air-to-ground network link.  A 
prototype system, the High-Rate Wireless Airborne Network Demonstration, was developed 
from commercial off-the-shelf components while leveraging the existing telemetry infrastructure 
on the Western Aeronautical Test Range.  This approach resulted in a cost-effective, long-range, 
line-of-sight network link over the S and the L frequency bands using both frequency modulation 
and shaped-offset quadrature phase-shift keying modulation.  This paper discusses system 
configuration and the flight test results. 
 

 
KEY WORDS 

 
HiWAND, Airborne Internet, SOQPSK, LAN, WAN 

 
 

INTRODUCTION 
 
Flight research and testing has traditionally featured instrumenting a flight vehicle with a wide 
variety of sensors and telemetering the measured data to a single mission control center.  
Typically, a highly-specialized system designed for the sole task of multiplexing data from 
sensors or other slave systems and generating a pulse code modulation (PCM) output is utilized 
on the aircraft for providing this data downlink.  Today, research and airborne science aircraft 
are becoming more heavily integrated with network-ready systems and sensors that are 
inherently capable of high-speed bidirectional communications.  The goal of the High-Rate 
Wireless Airborne Network Demonstration (HiWAND) testing was to utilize existing 
commercial off-the-shelf (COTS) equipment to provide a high-speed bidirectional network 
communication link between the aircraft and ground assets identical to that of a wide area 
network (WAN). 
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OBJECTIVES 
 

1. Demonstrate that existing IRIG-1061 telemetry hardware can support high-rate Internet 
protocol (IP) based bidirectional communications over existing telemetry (TM) bands  

2. Use Advanced Range Telemetry (ARTM) Tier I shaped-offset quadrature phase-shift keying 
(SOQPSK2) modulation for double the bandwidth efficiency of PCM/FM 

3. Quantify overall system performance 
• Data throughput – Conduct file transfer protocol (FTP) file transfers and transmission 

control protocol (TCP) and user datagram protocol (UDP) throughput tests. 
• Packet loss – Conduct ping tests and transmit UDP packets at various bit rates up to the 

TM link rate to measure the packets lost 
• Packet round-trip time – Conduct ping tests to measure the round-trip time of packets of 

various sizes to within 1 millisecond.   
• Repeatability – Evaluate system performance at the same flight conditions multiple 

times. 
4. Evaluate system performance at 5 Mbps and 10 Mbps TM link rates 
 
 

SUCCESS CRITERIA 
 
For the purpose of distinguishing between merely transmitting and receiving network data and 
demonstrating that the system is a viable option to support future flight test programs, the 
following success criteria were defined. 
 
1. Distance:  Demonstrate an operational bidirectional link to a range of at least 150 miles 
2. Throughput:  Achieve at least 4.5 Mbps data throughput at or beyond the distance criteria. 
 
 

EXPERIMENT IMPLEMENTATION 
 

HiWAND utilized a TinyRouterTM (TR) (RAD Data Communications, Inc., Mahwah, New 
Jersey) to provide the interface between ground and aircraft IP-based systems, and the telemetry 
systems as shown in Figure 1.  The TR is a miniature IP router with a local area network (LAN) 
interface compatible with the IEEE 802.3 (wired Ethernet) standards on a standard RJ-45 
connector.  HiWAND configured the WAN interface for high-level data-link control (HDLC) 
protocol over a half-duplex link.  The main reason the HDLC protocol was chosen for the WAN 
interface was that HDLC allows for the generation of a constant bit stream from packetized data 
by inserting fill bytes (0x7E) during data null periods.  It should be noted that this is inherently 
different than generating a PCM bit stream according to a fixed frame format.  For proper 
SOQPSK modulation and bit synchronization, the HDLC data was randomized prior to TM 
transmission.  HiWAND used a small field-programmable gate array (FPGA) board to 
randomize and de-randomize the HDLC data. 
 
The ground TM uplink/downlink system was located at the Aeronautical Tracking Facility 
(ATF) within the Western Aeronautical Test Range3 (WATR) and used a 7-meter reflector.  A 
standard pulse code modulation/frequency modulation (PCM/FM) transmitter was used to 
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transmit, or uplink, on upper L-band frequencies for all flights.  A PCM/FM receiver with either 
a separate SOQPSK demodulator or a bit synchronizer was used to receive data on S-band or 
lower L-band frequencies, depending upon the aircraft configuration for a particular flight.   
 
The TM uplink/downlink system on the airplane (a Beechcraft 200 Super KingAir) (Hawker 
Beechcraft Corporation, Wichita, Kansas) used two separate omni-directional blade antennae on 
the lower surface of the wings near the fuselage.  All flights used a 19-inch rack-mounted 
PCM/FM receiver and bit synchronizer to receive data on upper L-band frequencies.  Different 
transmitters were tested while troubleshooting a downlink problem encountered during the initial 
five flights.  The downlink transmitter types tested were: 5-Watt S-band SOQPSK, 5-Watt L-
band PCM/FM, and 10-Watt S-band PCM/FM.  The first six of a total of seven flights were 
configured for both an uplink and downlink rate of 5 Mbps.  The last flight was configured for an 
uplink rate of 5 Mbps and a downlink rate of 10 Mbps.  The overall system configurations are 
presented in Figure 1, including both SOQPSK and PCM/FM downlink configurations 1 and 2, 
respectively. 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 1.  The High-Rate Wireless Airborne Network Demonstration flight-test configurations. 
 
 

FLIGHT CONDITIONS AND MANEUVERS 
 

All flights were conducted under the following conditions within the normal Super KingAir 
flight regime: 

 
Altitude    25,000 – 35,000 feet 
True Airspeed  250 knots 
Maneuvering  Straight & Level 
Flight Duration 2 - 3 hours 
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FLIGHT SUMMARIES 
 

Seven flights were conducted over 18.7 hours of flight time.  A description of each flight 
configuration and results is presented below. 
 
Flight 1 (09/21/05): The SOQPSK transmitter was used for downlink.  Ground preflight tests 
measured the system operating at full performance (approaching 5-Mbps throughput).  Data 
dropouts and inversions were noted while the airplane was taxiing and were not eliminated when 
the airplane became airborne.  Data inversions were corrected manually through the demodulator 
at the ATF.  The data inversions led to low throughput measurements, aborted tests, and high 
packet losses. 
 
Flight 2 (09/22/05): The SOQPSK demodulator at the ATF was suspected as having contributed 
to the data dropouts and inversions experienced during Flight 1. The demodulator was replaced 
before Flight 2; however, there was no measured improvement. 
 
Flight 3 (09/28/05): Because the data dropouts and inversions appeared predominantly in the 
downlink, the SOQPSK transmitter was replaced with an L-band PCM/FM transmitter and 
premodulation filter.  This reconfiguration eliminated the data inversions, but the throughput still 
suffered substantially.  During Flight 3, it was noted that the throughput increased with 
decreasing range, as shown in Figure 2.  It was also noted that within a range of 35 miles, 
throughput approached the 5-Mbps limit. 
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Figure 2.  Flight 3 FTP transfer with decreasing range. 
 
Flight 4 (09/29/05): In order to characterize the system, the testing range for Flight 4 was 
restricted to 35 miles from the ATF.  By testing within this limited range, the system throughput 
was greater than 4.5 Mbps and had few lost packets.  It was also noted during Flight 4 that the 
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deviation of the radio frequency (RF) spectrum was insufficient.  The incorrect deviation was 
attributed to using an airborne transmitter that was configured for a much lower data rate. 
 
Flight 5 (10/11/05): The 5-Watt transmitter having incorrect deviation was replaced with a 10-
Watt S-band transmitter having proper deviation.  The higher power and correct deviation did 
not improve the testing range noticeably.  Flight 5 attempted to extend the 35-mile testing range, 
but was unsuccessful.  Throughput remained low and packet losses were high, however, 
relatively large fluctuations in the downlink data rate on the bit synchronizers were noted at the 
ATF.  The system was reviewed and it was determined that there could be a problem with using 
the clock from the bit synchronizer to drive both the transmit and the receive input clocks on the 
TR.  A new firmware version was loaded to the FPGA board to use an onboard crystal oscillator 
for the transmit clock and the bit synchronizer clock for the receive clock.  This also allowed the 
transmit rate and receive rate to be independent of each other. 
 
Flight 6 (10/19/05): Flight 6 successfully demonstrated a minimum of 4.5 Mbps throughput to a 
range of 150 miles with minimal packet loss. 
 
Flight 7 (10/28/05): The original SOQPSK downlink transmitter was reinstalled.  The uplink 
data rate was set to the usual 5 Mbps and the downlink was increased to 10 Mbps.  Packet round-
trip time as well as the downlink throughput was improved, and packet loss remained minimal.  
The range was extended to 160 miles, only losing connection when the aircraft was beyond line-
of-sight with respect to the ATF.  Whereas Figure 2 depicts a single downlink FTP transfer, 
Figure 3 depicts the end of an uplink test, a non-test period and, a downlink FTP transfer.  
Comparing these figures shows that a significant performance improvement was achieved from 
Flight 3 to Flight 7.  After correcting the data-clocking problem and reverting to SOQPSK for 
downlink, the same 190-MB FTP transfer resulted in more than twice the throughput. 
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Table 1 provides a summary of each flight configuration. 
 

Table 1. Flight configurations summary. 
 

Flight 
# 

Uplink 
Transmitter 

Uplink 
Bit Rate 

Downlink 
Transmitter 

Downlink
Bit Rate 

FPGA Clock Sources for 
TinyRouterTM 

1 
PCM/FM     
(L-Band) 5Mbps 

5-Watt SOQPSK 
(S-Band) 5Mbps 

Receive = Bit synchronizer 
Transmit = Bit synchronizer 

2 
PCM/FM     
(L-Band) 5Mbps 

5-Watt SOQPSK 
(S-Band) 5Mbps 

Receive = Bit synchronizer 
Transmit = Bit synchronizer 

3 
PCM/FM     
(L-Band) 5Mbps 

5-Watt PCM/FM 
(L-Band) 5Mbps 

Receive = Bit synchronizer 
Transmit = Bit synchronizer 

4 
PCM/FM     
(L-Band) 5Mbps 

5-Watt PCM/FM 
(L-Band) 5Mbps 

Receive = Bit synchronizer 
Transmit = Bit synchronizer 

5 
PCM/FM     
(L-Band) 5Mbps 

10-Watt PCM/FM
(S-Band) 5Mbps 

Receive = Bit synchronizer 
Transmit = Bit synchronizer 

6 
PCM/FM     
(L-Band) 5Mbps 

10-Watt PCM/FM
(S-Band) 5Mbps 

Receive = Bit synchronizer 
Transmit = Internal Oscillator 

7 
PCM/FM     
(L-Band) 5Mbps 

5-Watt SOQPSK 
(S-Band) 10Mbps 

Receive = Bit synchronizer 
Transmit = Internal Oscillator 

 
 

SYSTEM PERFORMANCE 
 
Data throughput 
 
The FTP throughput is shown for each flight in Figure 4.  The downlink problem is clearly 
visible on Flights 1 through 3, and because FTP uses the TCP protocol and requires some bi-
directional communication, the downlink problem also resulted in poor FTP uplink performance.  
The throughput measurements above 4.5 Mbps in Flight 3 occurred within the 35 mile range as 
did all of the Flight 4 measurements.  Although the downlink problem remained during Flight 5, 
some throughput measurements were high and corresponded to small file transfers of between 1 
Megabyte (MB) and 37.5 MB for diagnostic purposes.  Larger file transfers of between 37.5 MB 
and 375 MB were used on all other flights.  Flights 6 and 7 were the first flights to fully meet the 
success criteria.  Downlink throughput was much increased during Flight 7 by utilizing SOQPSK 
modulation at 10 Mbps. 
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Figure 4.  FTP throughput vs. flight number. 

 
Figure 5 shows the throughput for each flight as measured by Iperf4, a network performance 
testing tool.  Iperf enables the evaluation of both TCP and UDP transmissions.  Both TCP and 
UDP downlink throughput suffered on Flights 1 and 2.  The high throughput on Flights 3 and 4 
is attributed to all Iperf tests being conducted within the 35 mile range.  One Iperf test was 
conducted on Flight 5; the majority of that flight used large FTP transfers for troubleshooting.  
UDP downlink throughput approached the bandwidth of 10 Mbps and was measured at a 
maximum of 9.4 Mbps during Flight 7. 
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Figure 5.  Iperf-measured UDP and TCP throughput vs. flight number. 
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Packet loss 
 
Two methods were used to measure packet loss: ping tests which required the round trip of 
packets, and Iperf UDP tests which required only a one way trip of packets.    Ping tests occurred 
at a 1 Hz rate and utilized packets from 32 bytes to 10240 bytes.  Iperf tests occurred at the TM 
link rate and utilized packets from 8000 bytes to 32000 bytes.  Because the larger packets were 
more susceptible to loss from a single bit error, Iperf packet loss results are generally higher. 
 
The percentage of pings lost is shown for each flight, as well as the baseline ground test, in 
Figure 6.  No pings were lost during the baseline.  Ping tests were conducted only within the 35 
mile range for Flights 3 and 4.  It was not until Flights 6 and 7 that the system matched the 
baseline ground performance at a range of up to 160 miles.  
 
 

0

5

10

15

20

25

0 1 2 3 4 5 6 7

Flight #

Pi
ng

s 
Lo

st
 (%

)

Ground Test

Figure 6.  Pings lost vs. flight number. 
 
 

8 



 

Figure 7 shows Iperf-measured UDP packet losses for each flight.  It is important to note that a 
single bit error will cause an entire packet to be discarded.  If packet size is large and bit errors 
are randomly located in the data, a low bit error rate (BER) can cause a high packet loss.  For 
example, in Flight 7 three packets were lost out of a total of 157, which is a 2 percent packet 
loss.  This relatively high packet loss, however, could be caused by a bit error rate (BER) as low 
as 7.3E-8, still assuming that a single bit error caused a packet loss.  Implementing forward error 
correction (FEC) algorithms could be beneficial for use in applications in which data 
retransmission is impossible and data loss is unacceptable. 
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Packet round-trip time 
 
Ping tests were conducted for all flights to determine packet round trip time, and the ground 
checkout was used as a baseline.  The ground checkout was conducted between the ATF and the 
aircraft, which was parked 1.7 miles away and in line of sight.  One important result to note in 
Figure 8 is that for large packets of data (10240 bytes), the round-trip time was reduced by more 
than 5 milliseconds when using the 10 Mbps SOQPSK downlink transmitter during Flight 7. 
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Flight 7 successfully demonstrated the HiWAND link out to a range of 160 miles at an altitude 
of 35,000 feet.  The link was lost only when the aircraft went beyond line of sight from the ATF.  
Tall mountains of the Sierra Nevada mountain range, particularly Olancha Peak, prevented 
testing of the link to the point at which the aircraft was over the horizon.  The demonstrated 160-
mile range was used to generate the HiWAND area of coverage shown in Figure 9.  The actual 
area of coverage depends on terrain and obstructions to line-of-sight positioning. 
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Figure 9.  The High-Rate Wireless Airborne Network Demonstration area of coverage. 

 
ADDITIONAL ACCOMPLISHMENTS 

 
• Degraded aircraft UHF communications were augmented by text messaging capabilities 

provided by the HiWAND link and software. 
• Data transfer included both the downlink and uplink of live video 
• Test points were remotely initiated from both the ground and aircraft 
• Remote Desktop Sharing with encryption was enabled on the dual-homed ground 

computer and allowed for the following: 
 Remote control of the ground computer from the aircraft 
 Web surfing, which was used to download weather information and satellite imagery 
 Sending and receiving E-mail on the aircraft 
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CONCLUSIONS 
 
As demonstrated by the High-Rate Wireless Airborne Network Demonstration flight tests, 
commercial off-the-shelf network equipment can be integrated with existing aircraft and test 
range assets to provide a high-data-rate bidirectional network connection for flight research and 
airborne science purposes.  For a range exceeding 150 miles, TCP throughput of 4.8 Mbps and 
UDP throughput of 4.9 Mbps were achieved using PCM/FM modulation over a 5 Mbps TM link.  
In another configuration, SOQPSK modulation was implemented for the downlink.  Because of 
the improved bandwidth efficiency of SOQPSK compared to PCM/FM, the downlink rate was 
increased to 10 Mbps.  In this configuration, TCP throughput of 7.2 Mbps and UDP throughput 
of 9.4 Mbps were achieved. 
 
 

FUTURE WORK 
 
Such a system could also be used in simplex mode if solely a unidirectional uplink or downlink 
capability was required.  It should also be noted that it would be a fairly simple task to configure 
the system so that the aircraft is one of many nodes on the Internet; to stream multicast data to 
multiple destinations around the world; and to allow for remote control, reconfiguration, and 
reprogramming of airborne systems.  The system could also be easily integrated with a satellite 
communications system to enable high-speed over-the-horizon network communications.  Future 
work will involve miniaturization of the receiver and packaging with the transmitter to create a 
small form factor airborne Advanced Range Telemetry Tier I transceiver that can be used in 
conjunction with the TinyRouterTM.  The new system will enable networking of uninhabited 
aerial vehicles and high-performance jet aircraft with ground and space assets.  
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ABSTRACT 
 
This paper introduces a frequency scan/following scan twoway carrier acquisition method for 
USB and its following scan slope decision algorithm. Some measures are used to improve 
twoway acquisition speed such as selecting initiation direction and returning to zero in the 
shortest path, which can be implemented by software. Theoretic analysis, mathematical 
expression, design method and experiment results are provided. Practical engineering 
application shows the twoway acquisition using this new method has many advantages such 
as fast speed, low cost and programmability. The method has been used in Chinese USB 
system widely. 
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INTRODUCTION 
 

For space TT&C system, fast and reliable target acquisition is a critical challenge. During 
system acquisition, the forward and return carrier acquisition and locking, so called twoway 
acquisition, is a key problem. In past TT&C system, it was decided that if twoway acquisition 
was achieved depending on the two locked indicators from carrier phase lock loops in uplink 
and downlink. In this case, the locked indicator from transponder onboard spacecraft was sent 
to ground station via telemetry channel, resulted in longer transmission time and lower 
reliability. A frequency scan acquisition operation mode on ground was used in Chinese 
united carrier TT&C system, wherein the corresponding twoway acquisition decision method, 
uplink/downlink frequency following scan decision, is used. By this method, after phase 
locked receiver is locked, its VCO following scan waveform is compared with transmitter 
frequency scan waveform to decide whether they are similar. This following scan waveform 
decision method takes longer time for decision and provides lower S/N for following scan 



decision signals, therefore has some effects on its acquisition probability and false alarm 
probability.  
 
At present a new twoway acquisition method, i.e. following scan slope decision method, is 
proposed. By this approach, the modulator in uplink and carrier receiver in downlink are both 
digitalized at first, and then the calculated frequency code changing slope of Digital Control 
Oscillator (DCO) of digital carrier PLL is compared with the known setting value of uplink 
frequency scan slope in order to decide if the following scan is implemented, which can be 
performed by software after digitalized. Because of fast following scan slope calculation and 
appropriate algorithm selected to filter the desired signals to improve their S/N, fast twoway 
acquisition can be implemented with high acquisition probability. The functional block 
diagram for twoway acquisition is shown in Figure 1. 
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Figure 1 Frequency Scan/Following Scan Twoway Acquisition Block Diagram 
 
 

TWOWAY ACQUISITION CRITERION 
 
In this twoway acquisition mode, the twoway acquisition criterion is selected as: (1) For 
automatic twoway acquisition, either following scan decision or two-locked bi-decision is 
selected; (2) For manual twoway acquisition, tri-decision, i.e. following scan indicator light/ 
two-locked indicator light/following scan voltage indicator decision, is used to ensure reliable 
twoway acquisition.  
 
After twoway acquisition is completed, the uplink and downlink frequency shall meet the 
following relationship: 

ud mff =                                    (1)  



Where  is downlink frequency, fdf u is uplink frequency, and m is coherent turnaround ratio, 

all of which are known.  
 
When the third order digital carrier loop is used in ground receiver, for linear scan 

frequency , DCO scans following with downlink frequency without steady-state error, then  uf&

uDDCO fmff &&& ==                                 (2) 

 

The item on the right of the above equation is a known constant, when the calculated  

meets the above equation, the following scan is decided. But in practice, interference n(t) is 

presented in : 

DCOf&

DCOf&

DCOf& )(tnfm u += &                               (3) 

 
Where n(t) includes: (1) interference caused by signal phase noise, nT(t); (2) interference 
caused by receiver thermal noise, nR(t); (3) digital quantized noise, nD(t); and (4) effect from 
objective Doppler frequency changing rate, nd(t).  
 
In twoway acquisition decision, the signal-to-interference ratio(S/N) is decided by the first 
item(signal) and the second item(interference) on the right of the Eq.(3), where S is slope of 
frequency scan signals, N is frequency fluctuation noise. The higher S/N, the larger 
acquisition probability and the smaller false alarm probability. S/N is relevant to frequency 

scan slope  and algorithm of . The faster frequency scan speed, the higher S/N. uf& DCOf&

 
 

FOLLOWING SCAN SLOPE ALGORITHM 
 
For linear frequency scan signals, as shown in Figure 2, f(t) is a triangular wave frequency 

scan signal, its scan speed is . The frequency scan oscillator is digitalized; so its linear 

accuracy and reliability can be very high. C(t) is a sampling signal, which samples 

continuously without interval and its sampling time is 

f&

TTTT === L321 . It is measured as 

followings: 

(1) During each sampling period T, the mean measured frequencies are nn fffff ,,,, 1321 −L  

(2) Because of linear scan, its frequency scan slope is  

T
ff

T
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T
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== L&                                     (4) 
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Figure 2 Allan Variance Calculations for Linear Frequency Scan 
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Eq.(7) shows a meaningful result that the frequency scan slope of linear frequency scan signal 

equal to the product of Allan variance multiplied by ⎟⎟
⎠

⎞
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2 f
T

. So if the Allan variance 

 is measured, the scan rate  is measured, where the T and  are known. Following 

advantages are provided by this method: 

)(2 Tysσ a 0f

(1) Remove the effect of Doppler frequency shift. When the object moves at uniform speed, 
assuming Doppler frequency shift is fd, then it can obtained from Eq.(6) that 
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It can be seen that the value of Allan variance is not changed. In addition, for slow frequency 



component, adjacent sampling values are subtracted, so most of its effect is eliminated. 
 
(2) Among all variances, the measure time of Allan variance is the shortest. So the above 
calculation can be completed in short time, significantly reduced twoway acquisition time. 
 

(3) For the effect caused by signal phase noise , this method relate the short term 

stability with S/N of following scan decision convenient for engineering design and 
measurement. Their relationship is derived as follows: the beacon signals transmitted by 
spacecraft are locked by carrier PLL in ground receiver before twoway acquisition process 

beginning. Its short term stability 

)(tnT

)(TynTσ  is one of main reasons resulting in false alarm, 

and is used to design decision threshold. When the twoway acquisition process initiated, the 
scan frequency signal is transmitted from ground station to make transponder and ground 

receiver scanning follow it. The following scan signal is , then )(2 Tysσ
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(4) For receiver noise , the method realize filtering of )(TRn

)2/()]2/([sin)( 2 TTH ωω=ω  to improve S/N of following scan decision signals. The 

characteristics of )(ωH  is shown in Figure 3. 
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Figure 3 Frequency Domain Characteristics of Allan Variance 

 
The phase noise spectrum density caused by receiver noise, which is assumed Additive Gauss 

White Noise, is , where PsPNS /)( 0=ωϕ s/N0 is ratio of signal noise to power spectrum 

density of received signals, the Allan variance of frequency fluctuation noise is  
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Where, Lω  is the PLL bandwidth. Then S/N of following scan decision signal is obtained 

by: 
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The total noise power is . In practice, the )( 22
ynRynT σσ + ynRσ ＞＞ ynTσ ，the digital 

quantized noise  can be ignored. Eq.(10) can be calculated by computer and is 

illustrated by Figure 2. In engineering application, the above algorithm can be simplified to 
further simplify design and shorten calculation time. Because positive and negative frequency 

scan rates existed, 

)(TnD

1−− nn ff  is taken for calculation. Because of n(t), two thresholds, 

 and , are designed to reduce false alarm, as shown in Figure 4. When '
oH "

oH

"
0H >> a '

0H , following scan is decided. Narrower intervals between two thresholds, 

smaller error acquisition probability, but smaller the acquisition probability also. To ensure 
reliable twoway acquisition, error acquisition probability shall be reduced as possible. The 
effect of n(t) should be accounted for interval between two thresholds. For the objects with 

high acceleration, the main effect comes from nd, i.e. , where 

 is a known value. For the objects with low acceleration, the effect of n

dd naHnaH −≈+≈ '
0

"
0 ,

ufma &= R(t) shall be 

considered. The rectangular pulse in Figure 3 is the signal by which the following scan is 
decided. After returned to zero, the twoway acquisition is kept by the other circuit. Both the 
above calculation and decision can be implemented by software, therefore the hard decision 
device can be omitted to obtain economic benefit.  
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Figure 4 Two Thresholds Decision Waveform Diagram 
 

 
TWOWAY ACQUISITION PROCESS 

 
Without considering the time delay for space transmission, the twoway acquisition process is 
shown in Figure 5. 
 
In the figure, tangle guide is the time when the object is aimed at after angle guided; tbeacon acquisition 
is the time when the beacon from transponder is acquired by ground carrier loop after the 
ground antenna aimed at object; TF is the time for FFT guiding and PLL capturing; tangle 

acquisition is the time when the tracked object is acquired by angle tracking system, TA is the 
time for angle acquisition; t0 is the time scan starting, the corresponding frequency is center 
transmit frequency f0 of ground station; t1 is the time when the signal is acquired by ground 
carrier loop, Tf is the time when the scan frequency is acquired, 
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where fs is center receive frequency of transponder PLL, which includes frequency instability 

and inaccuracy of transponder VCXO and object’s Doppler frequency fd;  is frequency 

scan rate; t

f&

2 is the time when the following scan is completed and frequency scan is stopped. 
TD=t2-t1 is following scan decision time; t3 is the starting time of return-to-zero scan frequency, 
and TS＝t3-t2 is the time when the frequency scan is paused to avoid all PLLs losing lock 
caused by frequency change rate stepping when the direction of return-to-zero scan frequency 
changed from positive to negative; t4 is the time when return-to-zero is completed; TW＝t4-t3 is 
the return-to-zero time. To ensure PLL tracking normally, original frequency scan rate, which 
could be in reverse direction, shall return to zero at a uniform speed during TW period. No 
frequency skip shall be allowed at return-to-zero point; otherwise the frequency lock shall be 
lost instantaneously. From the figure, one can obtained that TW＝（t2-t1）＋（t1-t0）＝TD＋



Tf, twoway acquisition time TDD is （t4-t0），TDD＝2Tf+2TD+TS+Tdelay＋Tpropagation，where Tdelay 
is the circuit delay, Tpropagation is radio wave propagation time. 
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Figure 5 Twoway Acquisition Process Chart 
 
In above twoway acquisition frequency scan figures, to fasten the twoway acquisition speed, 
following measures are taken:  
(1) Direction selection when scan initiated: when the scan is initiated, the frequency scan 
direction is selected to moving to fs value. If moving to reverse direction, more T/2 time shall 
be taken. 
(2) Return-to-zero at uniform speed in a shortest path: in order to save time, the return-to-zero 
direction shall move to f0, this is the shortest path for return-to-zero at original speed. 
 
In this design, DDS device is used to implement frequency scan. It is programmable, and can 
implement following functions by software: 
(1)When the scan is initiated, the scan direction shall be selected according to preset Doppler 
frequency;  
(2) During return-to-zero, the direction shall be selected basing on the positive or negative of 



the difference between frequency at scan stopping time and center frequency f0; 
(3) The scan shall be paused for 100ms during scan stopping and then the return-to-zero 
frequency scan is performed;  
(4)Because of its high short term and long term stabilities, DDS can act as a part of frequency 
source. So return-to-zero can be implemented by making the DDS frequency uniformly 
returning to center frequency. In addition, if the frequency is swept by DDS, it shall provide 
high linearity and highly accurate slope for scan frequency, and can be programmed to control 
accurately scan frequency initiated point, stopping point, speed and range. This is in favor of 
following scan slope calculation and fast twoway acquisition. It can be seen that the frequency 
scan using DDS and digital carrier loop are the base of this method.  
 

CONCLUSION 
 
The method proposed in this paper has been applied in Chinese USB system successfully. Its 
following scan decision time is 200ms. Compared with traditional methods, automatic 
twoway acquisition time is as short as their 1/4, system acquisition time is 1/2.5. By using 
software, some benefits can be obtained such as simplified hardware, improved reliability and 
reduced cost. 
  
Both theoretical analysis and engineering application show that this method is a new twoway 
acquisition method with fast speed, high reliability and low cost.  
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ABSTRACT 

 

Networked based technologies (i.e. TCP/IP) have come to play an important role in the evolution 

of telemetry post processing services.  A paramount issue when using networking to access/move 

telemetry data is security.  In past years papers have focused on individual security technologies 

and how they could be used to secure telemetry data.  This paper will review currently available 

network based security technologies, update readers on enhancements, and discuss their 

appropriate uses in the various phases of telemetry post-processing and analysis activities.   
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INTRODUCTION 

 

Securing data flowing over TCP/IP networks has been a critical issue.  Today there are five 

security protocols most commonly used to protect data flowing over TCP/IP networks.  

Specifically: 

 

• Transport Layer Security (TLS) – Formally known as Secure Sockets Layer (SSL) this is 

probably the most commonly used security protocol.  The protocol runs on top of the 

TCP/IP protocol.  It can facilitate secured and authenticated client/server interactions. 

 

• Secure Internet Protocol (IPSec) – IPSec operates at the TCP/IP level, it facilitates secure 

network entity (packet) communication.  Because it only operates at the packet level, 

application level data is typically not protected. 

 

• Secure Multi-Purpose E-mail Extensions (S/MIME) – S/MIME is most often used to 

protect e-mail transactions.  The protocol provides for data encryption and authentication.  

It can also be used outside of e-mail applications to secure data. 
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• Wireless Security (802.11x) - This has received a lot of attention in recent years because 

original implementations were done insecurely (Wired Equivalent Privacy, WEP) and 

had many vulnerabilities.  Later versions (Wired Protected Access, WPA, WPA2) have 

been implemented more robustly.  It facilitates data privacy and authentication over 

wireless networks. 

 

 

• Web Services Security – The popularity of the web spawned a new set of protocols 

specifically oriented to securing transaction data being encapsulated utilizing XML 

schemas (more specifically the Simple Object Access Protocol, SOAP),  Two security 

standards have been defined to protect XML based transactions; namely, XML Digital 

Signature and XML Encryption  

 

BACKGROUND 

 

Computer security is accomplished with a set of mathematical operations from a field known as 

cryptography [1].  Cryptographic keys are used with computational algorithms (known as 

ciphers) to encrypt (disguise) and decrypt (un-disguise) data. A key which is used to both encrypt 

and decrypt data is known as a symmetric key and they are used with symmetric ciphers (e.g. 

DES).  There are also dual asymmetric key algorithms in which key pairs can be generated with 

the following property: one key can be used to encrypt data, and only the other corresponding 

key can be used to decrypt the data. One of these keys is typically known as a public key, the 

other as a private key. The most famous dual asymmetric key algorithm is known as the RSA 

algorithm [2]. RSA are the initials of the last names of the people who invented the algorithm. 

(Rivest, Shamir, and Adleman).  A hash function (e.g. SHA-1) is a mathematical function that 

returns a unique set of bits given an input.  A digital signature involves hashing a value and 

encrypting it with a private key.  The public key can then be used to decrypt the hash value---

demonstrating that the person with the private key was the one who originally encrypted the 

hash.  Validating a digital signature is known as an authentication operation. 

 

IDENTITY 

 

Authentication is an important issue when interacting with remote entities that one cannot see. 

On the Internet identity is most often established and validated using what is known as an X.509 

v3 [3] certificate.  The certificate is simply a collection of information identifying someone or 

something.  So it would contain data like name, e-mail address, etc.  To make sure the certificate 

cannot be altered it is digitally signed by what is known as a Certificate Authority (CA).  The CA 

uses dual asymmetric keys in its business operation.  It creates a certificate (after using “out of 

band” means to confirm the identity of the certificate requestor), then it uses its private key to 

sign the certificate.  When a third party encounters the certificate (for example when it is used in 

TLS or S/MIME) it can use the CA’s public key to verify the certificate.  Assuring that there is 

sufficient infrastructure for all recognized CAs to have their public keys readily available has 

always been an issue in the use of dual asymmetric keys to establish identity.  The most famous 

CA today is VeriSign.  There are also smaller companies which provide similar services 
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KEY MANAGEMENT 

 

The most important aspect of cryptographic services is cryptographic key management-----

whether the key is a symmetric key or a dual asymmetric key.  Key management implies 

protecting the key so that it cannot be used in an unauthorized manner.  Since cryptographic keys 

protect important information (identity data, financial transactions, national security secrets) this 

is an important aspect of security.  In its most robust form, key management implies ensuring 

that the bits that make up the cryptographic key cannot be observed by third party entities 

(processes, people, etc) in any way.  This usually restricts the key use to computing 

environments that have very rigorous security certifications (e.g.NIST FIPS 140-2 Level 1-4 

[4]).  These environments essentially make it very difficult for key material to “leak” outside the 

process space using the key.  Cryptographic keys should never be stored in the clear.  They are 

usually stored encrypted by other cryptographic keys.  In their simplest form, the other 

cryptographic keys can be derived by hashing pass-phrases.  In more robust environments it may 

take several people (each with a portion of the encrypting key bits) to derive a key encryption 

key. 

 

TLS 

 

Transport Layer Security (TLS) and its predecessor Secure Sockets Layer (SSL) is probably the 

most commonly used security protocol. On the OSI stack TLS operates at layer 4.  SSL 1.0 was 

originally proposed and implemented by Netscape.  More robust versions were deployed (SSL 

2.0, SSL 3.0) in later years.  SSL 3.0 and TLS 1.1 [5] are fairly similar, TLS is an officially 

adopted IETF open standard.   TLS enables TCP/IP connected applications to not only 

communicate in a secure fashion (data is encrypted between client and server), but also enables 

client and server entities to authenticate one another.  After client/server entity authentication, 

the rest of the protocol centers on exchange of keying material that enables client and server 

entities to derive the same bulk encryption key.   

 

Important aspects of the protocol are that encryption is generally done using symmetric ciphers; 

dual asymmetric cipher use is only done at the beginning of the protocol to exchange keying 

material.  There are five important steps in TLS key derivation: 

 

1. Client contacts server, indicates TLS version it supports, suggests ciphers, asks for server 

identification (X.509 certificate). 

2. Server responds with certificate, ciphers that will be used, and might ask for the client 

certificate. 

3. Client uses server dual asymmetric public key to encrypt random data, server decrypts 

that data with its private dual asymmetric key. 

4. Server then sends some random data to client (doesn’t have t be encrypted). 

5. Client and server use the same hash functions on the random data to generate the same 

symmetric session key 

 

Thus, client and server entities can use TLS to both authenticate one another and also insure 

confidentiality in their data communications. 
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IPSec 

 

Secure Internet Protocol or IPSec [6] operates at Layer 3 in the OSI stack model.  It uses the 

same cryptographic elements as TLS, but in a slightly different fashion to delivery a transport 

security product. IPSec is mandatory for IPv6 an optional for IPv4.  Most IPSec implementations 

today are done under IPv4.  IPSec has two modes of operation.  In transport mode only the 

payload of the packet is encrypted.  The IP header is not touched.  In Tunnel Mode, the entire 

packed is encrypted and so the encrypted packet must be encapsulated into a new IP packet in 

order to facilitate proper routing.  Either mode can create a Virtual Private Network (VPN) and 

this is the most typical use of IPSec.  The modes of operation will not work unless there is 

agreement on types of cryptographic algorithms and keys used.  This is achieved via the so 

called security association.  A security association can be thought of as simply an agreement of 

algorithms and keys to be used in a particular path.  Each packet will then have a related security 

association based on its destination address.  Key exchange is actually carried out in user space 

via the IKE/ISAKMP protocols/ 

 

Two new headers (operating directly on top of IP) have been created to deliver the security 

functionality.  The first header known as the Authentication Header (AH) offers connectionless 

integrity and data origin authentication.  It can also guard against replay attack by utilizing a 

technique known as sliding window.  The second header, known as the Encapsulation Security 

Payload (ESP) offers integrity, authenticity, and confidentiality with encryption only and 

authentication only modes also available. So, IPSec can be used to insure packet traffic payloads 

are not modified in transit (integrity), payload content is not revealed in transit (privacy), packet 

data is not being replayed, and networking nodes are authenticated. 

 

S/MIME 

 

Secure Multi-Purpose E-mail Extensions was originally developed by RSA Data Security Inc., 

but has since been handed over to the IETF and is now part of their Cryptographic Message 

Syntax protocol [7].  S/MIME originally brought together a secure data encapsulation standard 

known as PKCS-7 [8] and an IETF standard for sending typed data in e-mail (MIME [9])  

PKCS-7 is basically a format specifying how data may be protected in a self contained package 

(data blob).  The format specifies encryption and authentication.  That is, one is able to 

authenticate who actually created the data blob as well as protect the data inside it.  The details 

of the format are beyond the scope of this paper.  However, it is important to note that S/MIME 

is an example of a security protocol that operates at higher application layer.  In the OSI model 

that is layers 5-7.  Not surprisingly (because of the MIME involvement), the most common use 

of S/MIME today is in e-mail.  Many e-mail applications today support S/MIME (e.g. Microsoft 

Outlook, etc.).  However S/MIME is not limited in use to e-mail applications.  It can be used by 

applications needing to transport sensitive data in a self contained manner.  The advantage over 

TLS is that the data is actually protected in the application layer.  When TLS is used by an 

application, by the time data gets to the application layer it is already decrypted and in the clear. 
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WS-Security 

 

A “web service” is defined to be computer-to-computer application interactions within or 

between enterprises utilizing platform independence and programming language neutrality 

concepts.  The web service model uses XML, HTTP and SOAP to link applications together.  A 

key requirement of web services is that they be secure. There are seven proposed Web Service 

specifications to achieve this.  WS-Security [10]  specifies how XML signatures [11] and XML 

encryption [12] maybe used to secure web services. 

 

The XML digital signature can be applied to an entire XML document, multiple XML 

documents, non-XML documents, specific elements in an XML document or element content 

portions of an XML document. XML signatures can even contain other XML signatures.  The 

XML signature itself maybe stored separate from the data the signature is over (detached 

signature), or in the same XML file (enveloped signature).  The primary signature elements 

include 

 

• <Signature> -- The XML signature element. 

 

• <SignatureValue> -- The cryptographic signature. 

 

• <SignedInfo> -- The data that was signed.  Will typically contain <Reference> elements 

that contain a digest of the data, digest algorithm and a URI to where the data can be 

found. URI’s may refer to non-XML content.  Reference elements may also specify 

transforms to be performed on data before they are digested.  Canonicalization transforms 

exist that insure simple variations in syntax (e.g.whitespace) will not prevent “identical” 

texts from “digesting” differently. 

 

The XML encryption facility, like the signature capability, can also be applied to an entire XML 

document, multiple XML documents, non-XML documents, specific elements in an XML 

document or element content portions.  The primary encryption element is the <EncryptedData> 

element.  This element will replace an element that is encrypted.  The <EncryptedData> element 

may include a type attribute that describes the MIME type of the element or element content that 

was encrypted.  The <EncryptedData> element also defines the algorithm that is used for 

encryption.  User defined properties may also be associated with an encrypted element.  Other 

encryption elements include 

 

• <CipherData> -- Stores result of encryption operation. 

 

• <CipherValue> -- Contains actual encrypted data. 

 

• <CipherReference> --- URI reference to encrypted data stored at another location. 

 

It should be noted that XML encryption and XML signature standards make use of lower level 

PKCS-7 constructs. 
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WIRELESS SECURITY 
 

The 802.11x  [13] standard implies two modes of operation.  The first is peer to peer mode (also 

known as “ad hoc” mode) in which wireless nodes directly communicate.  The second,  requires 

two pieces of equipment to operate: the wireless node and an Access Point (AP) which acts like a 

hub between the wireless systems and a wired network (Figure 1).  This mode of operation (also 

known as “infrastructure” mode) is the more familiar client/server infrastructure where the hub 

acts as bridge to the wired network.   

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  A simple 802.11x network architecture 

 

802.11x SECURITY ISSUES 

 

Before utilizing the AP, the wireless client and the AP must establish a relationship known as an 

association.   This is actually a process in which the client goes through three phases with respect 

to the AP:  

 

• Unauthenticated and unassociated – not connected. 

 

• Authenticated and unassociated – A client can listen to identify access points within 

range or actually send out specific requests to find an access point.  Information is 

exchanged (known as management frames).  There are two types of authentication open 

system authentication in which anyone is authenticated, or Shared Key authentication, 

which uses a classic challenge/response paradigm. 

 

• Authenticated and associated – After being authenticated the client sends an association 

request frame; then after receiving the association response frame the client is on the 

wireless network. 

 

In its initial form, privacy was achieved by use of Wired Equivalent Privacy (WEP) [14].  This 

had many vulnerabilities including the use of the RC4 cipher. Keys could be deduced by hackers 

employing known techniques.  In addition WEP used a CRC for integrity that was insecure (one 

could actually alter a payload and update the CRC without having to know the RC4 key).  The 

introduction of Wired Protected Access (WPA) by the Wi-Fi Alliance began to make things 

better.  They introduced a Message Integrity Code (MIC) algorithm named “Michael” that would 

protect the payload from alteration. The MIC also used a frame counter to prevent replay attacks. 

Wireless Station 1 

Wireless Station 1 

Access Point     

(AP) 

(wired) IP Network 
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In addition a new key management algorithm known as the Temporal Key Integrity Protocol 

(TKIP) which dynamically changed keys in the system was also introduced.  Later WPA2 [15] 

was deployed which implements the mandatory elements of the 802.11i standard including use 

of a new AES based cipher algorithm known as CCMP.  CCMP is considered fully secure by 

most crypto-analysts. 

 

TELEMETRY APPLICATION AREAS 

  

Each of the security protocols discussed has application to telemetry post processing and analysis 

network environments.  In environments where an organization does not want to burden users 

with key management and client authentication issues, IPSec can be utilized to secure network 

segments that are utilized for telemetry reduction and analysis activities. 

 

Table 1 Security Protocol Use for Telemetry Post Processing Applications 

 

Security Protocol Potential Telemetry Post 

Processing Use 

TLS Secure data links and also 

concerned about 

authenticating clients 

IPSec Secure data links, not too 

concerned about access 

control of data 

S/MIME Concerned about privacy of 

data ad access of data on 

client workstation 

WS-Security Concerned about privacy of 

data and access of data on 

client workstations or by 

other WS-Security  sensible 

applications 

WEP/EAP Concerned about securing 

wireless network link. 

 

 

Data will be secured as it moves point to point in the network infrastructure; however, on the 

actual machine the data ends up on the data will not be secured as it is processed by the analysis 

applications on those machines.  If data access control is a concern and reduced data is housed on 

a centralized server, an organization might want to use TLS.  Client authentication could be 

enabled requiring analysts to present their X.509 certificates before they could access data.  Of 

course, when the data was actually moved to the analyst’s client workstation it would also be 

encrypted in transit.  But, again, once data reached the client workstation it would remain 

unencrypted.  If data security at the client workstation was an issue, S/MIME or WS Security 

technologies could be utilized to insure that data remained encrypted at rest (in a PKCS-7 

“blob”) on the analyst’s client workstation.  Since both S/MIME and WS Security have 

authentication notions, client authentication could also be supported utilizing these standards.  
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Additionally S/MIME and WS-Security lend themselves to be utilized by other post processing 

applications that may need to handle and access secured telemetry data. Finally, in circumstances 

where wired networks are not practical 802.11.x could be utilized to set up wireless networks in 

areas where data analysis might need to take place (perhaps at a field test location).  If there is 

concern about the underlying wireless security protocol being used (WEP, EAP), one could use a 

higher level protocol (e.g. TLS) on-top of the wireless security protocol to make data security 

more robust.  Table 1 summarizes the discussed uses of the security protocols. 

 

SUMMARY 

 

Five security protocols have emerged as the security protocols of choice to use in a networked 

computer environment: TLS, IPSec, S/MIME, WS-Security, and WEP/EAP).  Each has 

application use in telemetry post processing and analysis environments.  All protocols are 

capable of utilizing cryptographic techniques that have proven to be very robust.  A key 

differentiating factor between the protocols is the OSI layer they operate at.  Some operate at a 

link layers (e.g. IPSec) others work at an application level (S/MIME) and one needs to be aware 

that if data needs to be secured on the client workstation accessing data, then a protocol like 

S/MIME should be considered.  It is important to use these security protocols inside the company 

firewalls because studies still show that up to 80 percent of all data breaches occur from sources 

inside the organization. 
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ABSTRACT 
 
This paper discusses the methodology, requirements, tests, and implementation plan for the live 
demonstration of the Enhanced Flight Termination System (EFTS) using a missile program at 
two locations in Florida: Eglin Air Force Base (AFB) and Tyndall AFB.  The demonstration 
included the integration of EFTS Flight Termination Receivers (FTRs) onto the missile and the 
integration of EFTS-program-developed transmitter assets with the mission control system at 
Eglin and Tyndall AFBs.  The initial test stages included ground testing and captive-carry flights, 
followed by a launch in which EFTS was designated as the primary flight termination system for 
the launch. 
 
KEY WORDS: Enhanced Flight Termination System, Flight termination, Flight Termination 
Receiver, EFTS, Range demonstration 
 
 

INTRODUCTION 
 
The purpose of the Enhanced Flight Termination System (EFTS) program is to develop the 
next-generation Flight Termination System (FTS) for Department of Defense (DoD) and 
National Aeronautics and Space Administration (NASA) ranges.  The EFTS program was 
created after an inadvertent activation that caused the termination and loss of a $45-million 
Global Hawk (Northrop Grumman Corporation, Los Angeles, California) in 1999.  Another 
inadvertent activation that caused termination and loss of a $40-million Strategic Target System, 
launched by the United States Army, in Alaska in 2001 provided further incentive to develop the 
system. 
 
A two-year (2000 – 2002) EFTS feasibility study preceded the development, beginning in 2004, 
of range and vehicle standards-compliant EFTS equipment.  The development of EFTS airborne 
equipment, namely the EFTS Flight Termination Receiver (FTR), began in 2004.  The EFTS 
ground equipment development began in 2005; the ground equipment consisted of the Encoder, 
Monitor, and Triple Data Encryption Standard (DES) Unit (TDU).  The ground equipment was 
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developed to be the standard used on multiple ranges.  The EFTS feasibility study revealed that 
most ranges have unique transmitter architectures.  Thus, the development of the interface to 
generate the EFTS message (what is described as a command controller later in this paper) was 
left to each range to develop.  A common range interface was not developed by the EFTS 
program. 
 
The EFTS development was completed in 2007, when qualification testing concluded and was 
approved by the Government.  To demonstrate the capabilities of the EFTS in operational 
scenarios, range testing using EFTS was performed in July 2007.  The demonstration made use 
of two L-3 Cincinnati Electronics (L-3 CE) (Cincinnati, Ohio) EFTS FTRs, packaged inside a 
Raytheon Company (Waltham, Massachusetts) Non-Developmental Item-Airborne 
Instrumentation Unit (NDI-AIU) test and telemetry package.  The EFTS FTRs replaced the 
existing Inter-Range Instrumentation Group (IRIG) FTRs without modifying the NDI-AIU 
telemetry package or the vehicle.  The flight demonstrations included one captive-carry flight of 
an Advanced Medium Range Air-to-Air Missile (AMRAAM) (Raytheon Company) AIM-120-B 
Integrated Test Vehicle (ITV) on an F-15 airplane and a subsequent live-fire of the AMRAAM 
AIM-120-B Air-to-Air Vehicle (AAV).  A future live-fire demonstration with the AAV is 
scheduled to occur in August 2007.   
 

EFTS DEMONSTRATION AND RESULTS 
 
This paper discusses the methodology, requirements, tests, and implementation plan for the 
EFTS demonstration.  Demonstration scheduling necessitates presenting the final results and 
lessons learned at the 2007 International Telemetering Conference (ITC). 
 
Demonstration Goals and Purpose 
 
The function of an FTS is to protect the public from potentially hazardous test and launch 
vehicles that stray from nominal mission parameters and threaten the public’s safety and 
property.  As with most public safety communities, the flight termination community builds on 
existing designs and experience to provide a heritage of proven safety approaches, and has an 
excellent history of performance.   
 
The EFTS program felt that, for the EFTS system to achieve wide adoption on United States 
ranges, operational experience should be gained by demonstrating the system at an operational 
range with an existing flight program.  This resulting technical and operational experience is 
being documented in the EFTS Flight Demonstration Test Report, as well as in this paper.  This 
legacy of experience will provide the EFTS with an operational heritage that will instill 
confidence in potential system users.  The EFTS demonstration actively exercised standard FTS 
functions to validate the performance of the EFTS system in an operational environment. 
 
Vehicle and Range Selection 
 
From the inception of the EFTS, the EFTS program has been actively communicating the 
capabilities of the system to potential programs, ranges, and vendors by holding user community 
forums and Technical Interchange Meetings (TIMs), and by presenting at conferences.  The 
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EFTS program has consistently presented its progress to the Range Commander’s Council 
(RCC) Range Safety Group (RSG).  The EFTS program has kept the FTS community decision 
makers informed during the EFTS development and has actively solicited their advice.  In return, 
the EFTS program has received support from active test ranges that employ flight termination 
systems.  
 
A potential user of the system, the AMRAAM System Program Office (SPO) was open to 
supporting the demonstration because of the potential long-term benefits of the EFTS to the war 
fighter.  Some potential benefits to adoption of the EFTS are these: (1) the EFTS system 
provides a user feature that enables the telemetry transmitter power to be adjusted and may 
extend mission times and transmitter lifetimes; (2) the EFTS FTRs are field-programmable, 
minimizing required spares and increasing system availability times; (3) the EFTS data link has a 
dramatically increased FTR addressing space over RCC-compliant IRIG systems, resulting in the 
ability to communicate with more vehicles per mission than the current IRIG system; (4) 
designed hardware compatibility between the existing IRIG system and the EFTS system limits 
the required modifications to the vehicle, range, or mission operations; (5) digital receivers may 
require less retesting for shelf life than would IRIG tone-based receivers; and (6) the EFTS 
provides additional security against inadvertent activation. 
 
Eglin AFB was selected as the host range for the EFTS demonstration because of the active 
participation of the Air Force Air Armament Command (AAC) at Eglin AFB in the EFTS 
program and because of the AAC support for AMRAAM missions.  Eglin AFB also supports 
AMRAAM missions originating from Tyndall AFB, which is near Eglin AFB on the Florida 
panhandle.  
 
During the first half of 2006, the EFTS program coordinated with various groups to develop the 
necessary interfaces between the range and the EFTS components.  To accomplish this, the 
EFTS program relied heavily on Interface Control Documents (ICDs) and person-to-person 
communications. 
 
To interface with the ground equipment, the EFTS program plan was to integrate the L-3 
CE-developed components with the existing equipment at the transmit and monitor sites.   
 
Technical Requirements and Implementation - Transmitter System 
 
The EFTS system was inserted into the transmitter site at a point between tone control and tone 
generator, by rerouting at the baseband input to the range exciter, as shown in Figure 1.  An 
EFTS encoder and TDU, developed by L-3 CE, would be used to generate the EFTS command 
message with an EFTS Command Controller (CC) to act as the interface between the range and 
the L-3 CE equipment. 
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Figure 1. Integrating the Enhanced Flight Termination System into existing range infrastructure. 
 
The CC was developed by the EFTS program for the EFTS demonstration and is not an 
operational system.  As described in the “Introduction” section above, operational CCs were left 
to each individual range to develop.  The purpose of the CC is to translate the tones at the output 
of the tone-control interface and map the tones to the required interface of the EFTS encoder.  
The CC was developed to interface with the 20 control-tone signals, in which each EFTS 
command was mapped to the presence of certain tones and the absence of certain tones at the 
interface.  A command priority scheme was developed to arbitrate multiple commands to the 
same vehicle; only the highest priority command is sent.  Up to 10 vehicles can be concurrently 
supported by the CC. Figure 2 shows the EFTS CC. 
 

 
 

Figure 2. The Enhanced Flight Termination System Command Controller. 
 

In order to provide flexibility during the demonstration, the CC was field-programmable to allow 
tone selection to be performed at the test site.  Because the 20 control lines in the existing system 
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use an opto-isolated interface, the CC also implemented an opto-isolated interface.  This allowed 
the CC and the existing system to be connected with a “Y” cable without interference between 
the two systems.  The chassis of the CC was developed to house two independent CCs in a 1 
Rack Unit (RU) (1.75”) 19” rack mount configuration. 
 
The development of the CC required the development of several other test devices.  A range 
interface test box was developed to emulate the range control interface at Eglin AFB, because no 
spare interfaces would be available for the development.  The test box was essentially 10 
switches, each of which was tied to two tone commands of the 10-command output from the tone 
controller.  Configuration software was also developed for this system. 
 
The development of the EFTS equipment by L-3 CE was not complete at this time; L-3 CE had 
passed the Critical Design Review (CDR) phase of development but had not yet passed 
qualification and acceptance testing, and the CC interface was neither stabilized nor complete.  
Because the EFTS program had a short schedule within which to implement the EFTS system for 
the EFTS demonstration, an encoder simulator was developed to accurately represent the 
documented EFTS encoder-to-CC interface.  This concurrent development had the added benefit 
of an independent developer from L-3 CE’s staff who began actively reviewing and using the 
interface.  This independent development method resulted in several key changes to the interface 
prior to formal testing of the unit by L-3 CE.  In June 2006, the CC and L-3 CE Encoder with 
TDU communicated with each other on the first attempt during an integration test.  No 
modifications were required to the interface as a result of the testing, and L-3 CE was able to 
proceed immediately to acceptance testing. Figure 3 shows the EFTS encoder. 
 

 
 

Figure 3. The L-3 Cincinnati Electronics Enhanced Flight Termination System Encoder with the 
Triple Data Encryption Standard Unit inserted. 

 
Technical Requirements and Implementation - Monitor System 
 
The EFTS demonstration would require independent monitoring and archiving of the transmitted 
signal.  L-3 CE developed an EFTS radio frequency (RF) Monitor capable of decoding the RF 
signal, but no system was developed to archive or display the signals.  This was because the 
EFTS monitor provided a standard serial interface, thus the EFTS program would be able to 
borrow and use a standard telemetry decommutator and display system to view the data, and a 
standard serial recorder to archive it.  The EFTS program could not acquire the resources, 
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however, so L-3 CE developed a Monitor/Recorder for the demonstration.  The application 
interfaces to the Monitor with an RS-422 card and cable.  Figure 4 shows the EFTS monitor. 

 

 
 
Figure 4. The L-3 Cincinnati Electronics Enhanced Flight Termination System Monitor with the 

Triple Data Encryption Standard Unit inserted. 
 

Technical Requirements and Implementation - Flight Termination Receiver 
 
The EFTS program coordinated with Raytheon Company, the manufacturer of the AMRAAM 
missile and the NDI-AIU, which is the test package that contained the FTR.  After a review of 
the technical compatibility of the two systems, the determination was made that only a slight 
modification to the interface connector of the FTR would be required to integrate it into the test 
package.  After a detailed analysis by the EFTS program and L-3 CE, it was determined that the 
required changes to the FTR would be permanent, and would have no impact on the program 
schedule.  The FTR was then physically inserted into an existing test package to ensure fit and 
connector compatibility.  
 
In order to test the FTR without an encoder, the program provided Raytheon Company with an 
EFTS Baseband Output Signal Simulator (BOSS).  The BOSS was developed to provide an 
EFTS source to vendors for FTRs.  For the demonstration, a status display was developed to 
view the information from the serial configuration port of the FTR and all of the signals on the 
inputs and outputs of the FTR.  Figure 5 shows the EFTS FTR. 

 

 
 

Figure 5. The L-3 Cincinnati Electronics Enhanced Flight Termination System Flight 
Termination Receiver. 
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Security Key Requirements and the National Security Agency 
 
The TDUs and FTRs were loaded using Data Transfer Devices (DTDs); the DTDs used keys 
obtained from the National Security Agency (NSA) using standard channels for key distribution.  
This provided EFTS program members with experience in obtaining and handling keys at both 
Eglin and Edwards AFBs. 
 
Initial System Integration and Testing 
 
The EFTS program integrated and tested all available equipment at Edwards AFB in the autumn 
of 2006.  This integration included testing of the complete transmitter system with NSA-
generated keys on both the transmitter and receiver side.  The system was tested closed-loop and 
the results of this integration testing were positive. 
 
The test setup was as follows:  the CC was connected to the encoder, with a TDU in the encoder.  
From the encoder, the baseband went to an exciter, which modulated the signal to the desired 
levels (frequency and power).  The output of the exciter, instead of being transmitted, went 
directly into the monitor and the EFTS Flight Termination Receiver (EFTR).  Using laptop 
computers connected to the encoder, CC, monitor, and EFTR, the EFTS program was able to 
verify the functionality of EFTS commands in a closed-loop laboratory environment.  As well, 
the tests were able to validate the requirements for sensitivity and frequency ranges. 
 
L-3 CE provided configuration applications for use during the EFTS demonstration.  The 
applications are engineering support applications and are not meant for widespread distribution 
or operational use.  They are engineering tools to aid development that L-3 CE provided as 
unsupported.  Therefore, while functionally capable, these engineering tools led the EFTS 
program to determine the need for a potential long-term “enterprise-wide” application capable of 
configuring and monitoring all components in the system.  
 
During the testing at Edwards AFB, the EFTS program successfully tested each EFTS command.  
The encoder, monitor, EFTR, and CC, all functioned as expected.  There was only one anomaly 
during the testing:  the TDU failed on one occasion because of hot-swapping TDUs.  The 
analysis by L-3 CE of the failed TDU showed that there was a resistor problem, which has since 
been corrected.  The resistor problem caused the TDU to fail upon excessive hot-swapping.  
With the resistor problem fixed, the TDUs can be hot-swapped without any concern. 
 
The testing resolved several integration issues and provided the EFTS program with confidence 
in the system.  After documenting the connection and interfaces, the system was shipped to Eglin 
AFB for integration with the Eglin AFB transmitter system. 
 
Flight Termination Receiver System Integration Testing at Raytheon Company 
 
The EFTS program and L-3 CE visited Raytheon Company in the autumn of 2006 and supported 
integration testing between the FTR and the NDI-AIU.  This testing was a success, and the EFTS 
program provided EFTS training to the Raytheon Company team. 
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After this testing and training was complete, and several EFTS FTRs were available for testing, 
the combined NDI-AIU EFTS FTR functional performance validation tests were conducted.  The 
tests were conducted at Raytheon Company and the unit passed with success. 
 
Transmitter System Integration at Eglin Air Force Base - A3 Site 
 
Eglin AFB has two sites with the same system setup for FTS transmission: the A3 site in Fort 
Walton Beach and the D3 site in a remote location near Fort San Blas.  The D3 site is a busy 
operational site that conducts missions on a daily basis.  Because the A3 site was closer to the 
Eglin AFB main base, the initial integration tests were conducted at the A3 site.  These tests 
integrated the EFTS system into the range exactly as determined during the requirement phase.  
The EFTS program provided EFTS training to the A3 site staff. 
 
After connecting the EFTS equipment to the A3 site range infrastructure, the EFTS program was 
able to successfully test the EFTS commands by sending them from the CC into the encoder; 
and, the EFTS program viewed and verified that the commands were displayed correctly on the 
monitor.  Unlike the testing that was performed at Edwards AFB, these commands were sent via 
open loop and were successfully captured and verified by the EFTS monitor. 
 
Captive-Carry Integrated Test Vehicle Flight Termination Receiver NDI-AIU Build-Up 
 
While the EFTS program conducted tests with the equipment L-3 CE had already delivered to 
Edwards AFB, L-3 CE continued with qualification testing on the EFTR.  The qualification 
testing included but was not limited to the following:  environmental tests (such as storage 
temperature, bench handling shock), random/transportation vibration test, fungus resistance, salt 
fog test, fine sand test, temperature cycling tests, temperature/humidity test, temperature/altitude 
test, operating random vibration test (captive-carry buffet and non-buffet), operating acceleration 
test, operating pyrotechnic shock test, operating random vibration (free-flight) test, explosive 
atmosphere test, electromagnetic interference tests, and many more.  Three EFTR test units 
underwent qualification testing.  Qualification testing was completed successfully with minimal 
failures.  All failures were analyzed, all problems were fixed, and each failed FTR was retested 
to ensure each unit passed qualification testing. 
 
Near the end of the qualification testing, in preparation for the range testing and live-fire 
demonstration, the EFTS program was gearing up to test the EFTR on the AMRAAM.  With the 
support of Raytheon Company, the EFTS program was able to build up the AMRAAM with two 
EFTRs.  Because the EFTRs were developed with the same form and fit as the existing IRIG 
FTRs, Raytheon Company was able to use the EFTRs as drop-in replacements in the AMRAAM 
for the IRIG FTRs, in the AMRAAM NDI-AIU.  This allowed for a relatively quick integration 
of EFTS into the AMRAAM. 
 
Ground Mount Testing with Integrated Test Vehicle NDI-AIU 
 
When the built-up NDI-AIU with the EFTS FTR arrived at Eglin AFB, it was tested on 13 June 
2007 with the Eglin AFB-developed Portable EFTS Test System (PETS).  The PETS is a 
portable EFTS signal generator.  The PETS uses an L-3 CE-provided TDU for encryption, and 
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an external function generator for modulation.  The PETS allows all EFTS functions to be 
exercised in the FTR, which demonstrated its adherence to the specification.  During this testing, 
there were several anomalies in the FTR wireless configuration function.  The anomalies have 
been recorded; they will be fixed in future versions of the unit. 
 
Once the NDI-AIU was tested with the PETS, it was tested receiving a signal from the EFTS 
ground transmitter at the A3 site.  This was open-loop testing that validated the performance of 
the system end-to-end. 
 
Ground System Integration at Eglin Air Force Base - D3 Site 
 
After the system was successfully tested with the NDI-AIU from the A3 site, the final integration 
of the components into two portable transit cases was completed on 20 June 2007.  The transmit 
equipment (CCs, Encoders, TDUs, and controlling PC) were put into one case, and the monitor 
equipment (Monitors and controlling PCs) were put into the other.  The equipment was then 
transferred to the D3 site. 
 
The D3 site ground infrastructure was identical to the A3 site ground infrastructure; thus, 
integrating the EFTS equipment into the D3 site infrastructure was accomplished in one day.  
Testing the equipment at the D3 site was similar to the A3 site testing.  The EFTS program 
provided EFTS training to the D3 site staff. 
 
Captive-Carry Integrated Test Vehicle Demonstration 
 
The EFTS testing with the captive-carry ITV was a success.  The EFTS program was able to 
successfully transmit EFTS commands, open-loop, using the EFTS-developed equipment in 
conjunction with the transmitter systems at Tyndall AFB.  While flying, the ITV successfully 
received and acted upon each of the EFTS commands correctly.   
 
On Monday, 25 June 2007, the system was successfully Ground Mount tested with a 
Captive-Carry AMRAAM ITV on the flight line at Tyndall AFB using the PETS with an 
EFTS-developed TDU.  This test involved powering up the ITV missile using ground power, 
placing the PETS approximately 24 inches away from the ITV test article, transmitting encrypted 
EFTS commands, and verifying that the commands were received correctly by checking with the 
Tyndall AFB telemetry (TM) personnel.  The TM parameters were viewed on strip charts that 
were used for recording the TM data received from the ITV.  The operator, who was transmitting 
encrypted EFTS commands, validated in real-time that the TM being received was what was 
being transmitted. 
 
During the Ground Mount testing, the PETS generated the encrypted EFTS commands, which 
were sent to a function generator connected to an antenna to transmit to the ITV.  The following 
are commands that were sent: Check Channel; Monitor; Arm; Terminate; Command Counter 
Clear; Wireless Configuration Enable to Configuration 1; and Wireless Configuration Commit to 
Configuration 1. 
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On Tuesday, 26 June 2007, the program successfully pretested the captive-carry ITV on an 
airborne F-15 airplane, with the Tyndall AFB transmitter systems.  On Wednesday, 27 June 
2007, the captive-carry ITV was successfully tested on the airborne F-15 airplane. 
 
The encrypted EFTS commands sent on Tuesday and Wednesday were identical.  Wednesday’s 
commands included two additional command messages at the beginning, to ensure that the EFTS 
receivers on the captive-carry ITV were in the proper configuration. On both days, all EFTS 
commands that were sent from the CC appeared correctly on the EFTS monitoring software. 
 
The commands that were sent to the captive-carry ITV were the following:  Carrier ON (not a 
command); Check Channel; Wireless Enable to Configuration 1; Wireless Commit to 
Configuration 1; Monitor; Arm; Terminate (Fire); Arm + Terminate Sequence (Auto-destruct 
sequence); Default; Test; Wireless Enable to Configuration 0; and Wireless Commit to 
Configuration 0.  Parentheses include other terminology that is used for the listed command. 
 
As stated previously, all commands were sent via the encrypted EFTS format.  All commands 
were seen correctly on both the EFTS monitor software and the Tyndall AFB TM strip charts. 
 
The TM parameters that were recorded on the strip charts showed the following signals coming 
down from the captive-carry ITV:  Failsafe Monitor; Automatic Gain Control (AGC) Signal 
Strength; Pulsed Command; Receiver Status Telemetry Output (RSTO); Check Channel; 
Monitor; Arm; and Terminate (Fire).  The signals seen were recorded for both receivers that 
were on the captive-carry ITV. 
 
Captive-Carry and Live-Fire Demonstration 
 
At the time of the writing of this paper, the EFTS live-fire demonstration had not yet occurred.  
The live-fire is scheduled for August 2007, and the results will be reported at the 2007 
International Telemetering Conference in October 2007. 
 
 

CONCLUSION 
 

Testing of the EFTS to date has been very successful. The EFTS program has successfully tested 
each EFTS developed component in a laboratory environment.  After the laboratory testing, the 
EFTS program was able to successfully test each EFTS developed component in a real-time 
mission environment.   
 
The final results and lessons learned from all testing involving the live-fire demonstration will be 
documented and reported at the 2007 International Telemetering Conference in October 2007. 
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ABSTRACT 

 

Wallops Flight Facility is NASA’s principal site for management and implementation of 

suborbital research programs.  Recently, WFF resumed its successful satellite-launching history 

without sacrificing its culture of being low-cost and responsive.  Part of what made this possible 

is the GPS radiosonde.  During recent successful Minotaur I launches, this tiny instrument 

provided upper-air observations that were used in six categories of analysis necessary for such 

launches: toxics, blast, winds aloft, debris, weather and forecasting, and post-flight.  In addition, 

the GPS radiosonde has reduced costs associated with Wind Weighting at Wallops, and is used 

in numerous range research projects. 
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INTRODUCTION 

 

Historically, to be capable of launching satellites into orbit, a range has needed an enormous 

amount of meteorological instrumentation and support.  For example, according to its 

“Meteorological Overview,” the Eastern Range (ER) “Meteorology super system represents one 

of the largest concentrations of meteorological instrumentation in the world.”
1
 

 

Meanwhile, NASA’s Wallops Flight Facility (WFF, or “Wallops”) in recent years has been in 

the business of providing low-cost, responsive access to space.  Its meteorological 

instrumentation and support have been appropriately sized for its role as NASA’s principal 

facility for management and implementation of suborbital and small orbital research programs. 

 

For the successful December 16, 2006, launch of a U.S. Air Force Minotaur I, which carried the 

Air Force Research Laboratory’s TacSat-2 satellite and NASA’s GeneSat-1 microsatellite into 

orbit from Wallops, additional day-of-launch upper-air capability was required.  Wallops Flight 

Facility was selected as the launch site a mere seven months before the launch.  Four months 

later, on April 24, 2007, a second Minotaur I was successfully launched from Wallops, placing 



 - 2 - 

into orbit the Defense Department’s Missile Defense Agency’s (MDA) Near Field Infrared 

Experiment (NFIRE) satellite. 

 

In a paper about meteorological services provided to the ER, Harms et al. state that “The upper-

air system is possibly the most critical single weather system on the ER.  The high cost of space 

vehicles and payloads demands careful monitoring and evaluation of vehicle loading caused by 

in-flight winds.”
2
 

 

Satisfying the new upper-air requirements for the Wallops Minotaur I launches was 

accomplished through the acquisition, installation, and integration of new GPS meteorological 

processing systems.  Ranges such as Wallops and the Kodiak Launch Complex
3,4

 have found that 

such systems provide a remarkably cost-effective way to enhance upper-air observational 

capabilities.  Both of these ranges formerly used Lockheed Martin Sippican wide-band W-

9000/Mark II/IIA Meteorological Processing Systems.  Because of requirements for the 

capability to receive multiple simultaneous data streams, both ranges have now invested in new 

LMS6 GPS radiosondes and LMG6 narrow-band, multi-receiver Differential GPS (DGPS) 

ground stations from the same vendor (Figure 1).  Compared to the older Automated 

Meteorological Profiling System (AMPS) used at the ER, the new systems are very inexpensive 

and exceedingly portable.  LMS6 GPS radiosondes weigh 235 grams, or slightly over 8 ounces, 

including battery, dereeler, and cord. 

 

 

 
 

 
 

Figure 1.  GPS Radiosonde (LMS6), left, and 

GPS Upper Air Sounding System (LMG6) 

(GPS Dual Receiver Ground Station and Laptop), 

above 

 

 

Technically, a radiosonde is a small instrument which, as it is carried aloft by a meteorological 

balloon, measures atmospheric thermodynamic properties and transmits them on a 403-MHz 

carrier to a ground-station receiver for processing.  If the instrument also measures wind speeds 

and directions, it is called a rawinsonde.  However, radiosonde is commonly used in place of 

rawinsonde.  Such systems use the GPS L1 frequency band and the C/A code.  Precise wind 

velocity measurement is enabled by a signal processing strategy that uses measured Doppler 
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shifts caused by the relative movement between the radiosonde and GPS satellites.  In addition, 

precisely-surveyed local DGPS antennas near the ground-station antenna systems allow the 

LMG6 meteorological processing systems to use differential techniques to increase position 

accuracy. 

The thermodynamic and wind profile data provided by these radiosondes were used for four 

important, basic purposes during the Minotaur I countdowns: Range Safety; vehicle loads and 

steering analyses, forecasting the weather; and evaluating the Minotaur I weather Launch 

Commit Criteria.  Furthermore, in addition to supporting Minotaur I launch operations, GPS 

radiosondes have reduced costs associated with the Wallops Wind Weighting of unguided 

sounding rockets,
5
 and are also used in range research efforts such as ozone and hurricane 

studies. 

This paper describes the process used to make the new GPS radiosondes, ground stations, and 

system computers an integral part of Wallops launch support capabilities.  Included are 

discussions on the analysis and design of the necessary upper-air data products, the analysis and 

design of data paths necessary to deliver those products, and the development of new Minotaur I 

day-of-launch software to make those products available via those paths.  Also discussed are 

other range applications of GPS radiosonde data. 

 

 

DAY-OF-LAUNCH UPPER-AIR OBSERVATIONS REQUIREMENTS  

FOR MINOTAUR I 
 

The Minotaur I launch vehicle was developed for the USAF Rocket Systems Launch Program by 

Orbital Sciences Corporation (OSC).  It is a four-stage vehicle with solid rocket motors. The 

lower two stages are refurbished Minuteman II ICBMs and the upper two stages are similar to 

those flown on OSC’s Pegasus air-launched vehicle.   Previous to TacSat-2, there had been five 

Minotaur I launches, all from Vandenberg Air Force Base and all successful.
6,7 

Orbital’s Program Requirements Documents specified day-of-launch releases of standard high-

altitude weather balloons at T-8, T-6, T-4, T-2.5, T-1.5, T-1.25, T-1, T-0.5, and T-0 hours, where 

T represents Time of launch.  (Also required were historical weather balloon data, to be used for 

tasks such as predicting the probability of launch, but historical data are another topic.)  Each 

balloon was to loft a radiosonde that would transmit, during its ascent, data to be used for winds 

aloft analyses.  The balloons were required to reach at least 50,000 or 60,000 feet, preferably 

higher.  For pre-flight analyses, Orbital entered wind speed and direction, as a function of 

altitude, into 6 Degrees Of Freedom (6DOF) simulation software.  (The “6DOF” refers to the 

modeling of six types of launch vehicle motion: movement in the three-dimensional positional 

directions x, y, and z, and movement in the rotational modes yaw, pitch, and roll.)  This modeling 

allowed Orbital to see how its vehicle would react to the measured conditions.  In addition, 

specific thermodynamic data were required, to provide higher-fidelity modeling for post-flight 

analyses.  For every 5,000 feet of ascent, a cumulative upper-air data file was to be created.  

Each such file was to be uploaded to a web site, and an e-mail message was to be sent notifying 

Orbital as soon as each file was available on that web site. The Orbital-required variables, as well 

as those of other customers, are indicated in Table 1. 
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CUSTOMER: � 

DATA: � 

Orbital 

Sciences 

Corp. 

WFF 

Weather 

Office 

Range Safety 

Flight Safety 

Group 

Range Safety 

Risk Analysis 

Center 

Range Safety 

Risk Analysis 

Center 

Orbital 

Sciences 

Corp. 

Altitude � � � � � � 

Wind Speed � � � � � � 

Wind Direction � � � � � � 

Temperature  �  � � � 

Pressure  �  � � � 

Air Density      � 

Speed of Sound      � 

Relative Humidity    � �  

Dew Point  �  � �  

ANALYSIS: � Winds Aloft 
Weather & 

Forecasting 

Drift 

 (Worst-case 

Debris) 

Toxic Risk 

Distance 

Focusing 

Overpressure 

Post-flight 

 

Table 1.  Minotaur I Upper-Air Customers, Requirements, and Analyses 

  

Meanwhile, to ensure environmental safety for mission workers, spectators, and the general 

public, toxic plume prediction models “must be applied to large heated sources of toxic 

emissions such as nominal launch clouds, catastrophic failures which result in either a 

conflagration or deflagration, and inadvertent ignition of rocket propellants.”
8
  Blast damage 

assessment is a second environmental safety consideration; Distance Focusing Overpressure 

(DFO) is a phenomenon in which, under certain atmospheric conditions, the sound from an 

explosion can be sufficiently concentrated in certain areas, possibly several miles from the 

launch pad, to blow out windows and create hazards such as those from flying shards of glass.  

Experts from the 45
th

 Space Wing of the Air Force, from the Safety and Mission Assurance 

Directorate of Kennedy Space Center, and from ACTA, Inc., (a company that provides risk 

analysis and risk management services), provided support and training as WFF worked toward 

building its own Risk Assessment Center (RAC) in which to perform the required toxics and 

blast analyses. 

 

The RAC analyses required the data indicated in Table 1 for altitudes from the surface up to 

10,000 feet and also from the surface up to 20,000 feet for a number of balloon releases prior to 

the launch.  Figure 2 shows a slide from a RAC briefing depicting a situation 1.5 hours before 

the TacSat-2 launch.  The colors represent population densities, with green indicating the lowest 

density.  This slide shows the predicted toxic plume blowing out to sea and not affecting 

populated areas, should a catastrophic launch abort occur.   
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Figure 2.  Slide From TacSat-2 T-1.5 Hour RAC Briefing 

 

Orbital had already conducted debris analyses on the Minotaur I, but to augment that work, 

Wallops Range Safety personnel selected pieces of debris judged to be typical of pieces that 

would travel farthest in the event of a catastrophic abort (explosion) after launch, given the wind 

speeds and directions encountered at various points along the trajectory.  The drift analysis part 

of the Wallops Wind Weighting software, using GPS-radiosonde-measured wind velocities, was 

then used to determine impact points of the selected pieces of debris, thus giving the Flight 

Safety Group a better idea of the extent of debris dispersion, should the vehicle explode or need 

to be destroyed, at different altitudes along its trajectory.   

 

The final upper-air observations requirements for the Minotaur I launches came from the 

meteorologists in the Wallops Weather Office.  They required altitude, wind speed and direction, 

temperature, pressure, and dew point data, in the standard message format used by the World 

Meteorological Organization and the National Weather Service, for ingestion into their LEADS 

(Leading Environmental Analysis & Display System) network.  The Weather Office routinely 

uses GPS radiosonde data in this way, but the dense balloon schedule during the Minotaur I 

countdowns allowed greater precision in the meteorologists’ weather analyses and forecasting. 
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One might wonder about the merits of other observing systems compared to GPS radiosondes.  

But as the National Weather Service states, “At the present time, there is no single observing 

system (e.g., satellites and ground-based remote sensors) that can match the vertical data 

resolution (about 30 meters or less) and height coverage (more than 30 km) obtained with 

radiosondes.”
9
 

 

 

DEVELOPMENT OF DAY-OF-LAUNCH SOFTWARE 

 

All groups needing upper-air meteorological data agreed to use Orbital’s schedule for day-of-

launch releases of GPS weather balloons.  (The RAC analyses needed data from only a subset of 

these releases.)  Since Orbital’s schedule specified that there would already be five GPS 

radiosondes being tracked simultaneously at T-0, as is depicted in Figure 3, it was helpful to 

have no additional balloons required by other groups. 

 

 
 

Figure 3.  Balloon/GPS Radiosonde release timeline; 5 balloons aloft at T-0:00 

 

The software that allowed the Wind Weighting system to ingest GPS radiosonde data had 

previously been written, tested, and certified; therefore, no additional software needed to be 

written for the drift (worst-case pieces of debris) analyses.  Likewise, Lockheed Martin Sippican 

has always supported the standard message format needed by LEADS in the Weather Office, so 

the Wallops Meteorological Operations (“MetOps”) group could simply configure the LMG6 

software to format the data in that way.  Consequently, no additional code needed to be written 

for the countdown weather analyses and forecasting. 

 

Thus, the new software required for the Minotaur I launches was that code needed to produce 

data for Orbital and the Risk Assessment Center, to provide input for the four remaining 
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analyses: winds aloft, toxics, blast, and post-flight.  An agreement was worked out by which 

exactly the same files could be used for all four of these analyses.  The files were to contain the 

union of all needed upper-air data parameters: the set consisting of altitude, wind direction, wind 

speed, temperature, pressure, air density, speed of sound, relative humidity, and dew point.  A 

file-naming convention acceptable to both groups was also worked out. 

 

In addition, both Orbital and the RAC analysts agreed to accept data reported at the same vertical 

(altitude) interval: that of the GPS radiosondes themselves.  These instruments measure and 

report up to 28 thermodynamic and physical properties each second.  (Spare channels allow 

integration of custom sensors.)  The meteorological balloons are inflated to achieve a rise rate of 

about 1000 feet per minute, or 16 2/3 feet per second.  This means that the radiosondes transmit 

data every 16 to 17 feet as they rise through the atmosphere.  ACTA provided a FORTRAN 

program that read the 1Hz (one-second) GPS radiosonde files and generated two output formats: 

one that could be used as input for the program BLASTDFO, and the other that could be used as 

input for the programs REEDM (Rocket Exhaust Effluent Diffusion Model) and LATRA 

(Launch Area Toxic Risk Analysis). 

 

All of this cooperation was extremely helpful from a Wallops Software Engineering point of 

view, for it meant that if a cumulative file containing the once-every-second values of the 

required variables were written out for every GPS radiosonde (balloon) as it rose above every 

5,000-foot increment, all remaining upper-air analysis needs would be satisfied.  It was a simple 

matter to write a C++ application that ingested the GPS radiosonde data and wrote out the 5,000-

foot files as described above.  Let us refer to these files as the “5K” files.   

 

 

NETWORK CONSIDERATIONS 

 

Determining data paths was more difficult. There were two types of data path to consider: (1) the 

path from GPS radiosondes to the computers in the Range Control Center (RCC) that would 

write out the 5K files, and (2) the path from those computers to the users of the processed data.  

Prior work to build the data path from the GPS radiosondes to the Wind Weighting PCs in the 

RCC made deciding on the first path easy: just use that same (Wind Weighting) path to bring 

data to the RCC PCs designated to create the 5K upper-air files mentioned above.  (Let us call 

these RCC computers the “5K computers”.)  

 

That path started with the LMS6 GPS radiosonde transmitting data to the receivers located in the 

balloon-inflation facility near the launch pads on Wallops Island, adjacent to the Atlantic Ocean, 

as depicted in Figure 4.  The raw data were then passed over fiber to the LMG6 GPS ground 

station system computers located in the MetOps office on the main base, about five miles away.  

The LEADS files were transferred by key (disk-on-key) from the LMG6 computers (which are 

on the Range Mission Network, a closed, secure, high-speed LAN) to the LEADS system at 

MetOps, and thus made available to the Weather Office (about a mile away) via the separate 

LEADS network. 

 

The LMG6 system computers located in MetOps also format the GPS radiosonde data into an 

output message format consisting of one-second, real-time records.  These were already being 
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inserted into TCP (Transmission Control Protocol) network buffers and sent over the Range 

Mission Network to the RCC for Wind Weighting.  It was an easy decision to use those same 

GPS network buffers for the remaining four types of upper-air analyses.  This concluded the 

determination of the Category 1 data path from the GPS radiosondes to the RCC 5K computers. 
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The path from the 5K computers in the RCC to the people needing the 5K files was much more 

difficult to construct.  The reason is that those users required that the data be e-mailed to them or 

uploaded to web sites that they could access.  However, the closed, secure Range Mission 

Network cannot be connected to the “outside world” of e-mail and web sites in any way that 

might allow a security breach.  A straightforward way to solve this problem would be to transfer 

the data by key or CD from computers in the RCC to an external computer that had access to the 

outside world.  However, when there are several radiosondes in the air at the same time, each 

producing a file for every 5,000 feet it ascends, new files are created every minute or two, 

making hand transfer difficult. 

 

This problem of transferring data from high-security to lower-security environments, without 

risking the systems on the high-security side, is a common one, but solutions are often expensive, 

inflexible, and cumbersome.  What was needed for the Minotaur I launches was a low-cost, 

configurable solution that could be rapidly developed using off-the-shelf hardware.  WFF’s 

“Secure Data Gateway”
10

 was designed by a NENS Network Engineer using two ordinary 

servers: an “inside” one on the closed, secure Range Mission Network side, and the other 

“outside” one on the “open network,” or Internet, side.  Installed in each server was a readily-

available 16-port asynchronous serial interface that supports 921.6 kilobits per second.  By 

disabling handshaking and removing all but the necessary transmit, receive, and signal ground 

functions, one-way serial connections were created from the closed-side computer to the open-

side system. 

 

On the RCC 5K computers, the 5K files were written to “hot” directories, from which they were 

automatically sent out through the Secure Data Gateway.  The 5K files were then uploaded, by 

scripts (software), to a WFF web site for publishing data, and e-mail messages containing the 

web link to that particular 5K file were sent, also automatically, to the customers needing that 

file. 

 

This concluded the determination of the Category 2 data path from the 5K computers in the RCC 

to the users of the 5K files, who had required that the data be e-mailed or uploaded to a web site.  

However, the networks and servers used for Internet e-mail and web hosting do not fall under the 

same high-availability requirements as do the NASA networks, assets, and systems designated 

mission-critical, nor do those publicly-used networks and servers come with around-the-clock 

technical support or stringent return-to-service agreements.  In fact, during the TacSat-2 

countdown, one of the Goddard Space Flight Center e-mail servers went down, making it 

impossible for the Range Safety Officer to access his e-mail account, by which he was to receive 

the “Toxic and DFO Dispersion Modeling Products” from the RAC.  This was one step beyond 

the extent of the data paths discussed in this paper, but it does illustrate the risks involved in 

relying on non-mission-critical systems and networks during missions, and the need for 

contingency plans, should links to the outside world of e-mail and web sites fail. 

 

Two backup strategies were devised for the 5K files, because the users of those files were 

physically in two very different places.  Those doing toxics and blast analyses were in the Risk 

Assessment Center, which is in the same building as, and very close to, the RCC, so the 

contingency plan, should their access to the Internet be lost (or should the Secure Data Gateway 

fail), was simply to take them the needed data on keys. 
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However, the Orbital engineers were five miles away from the RCC; they were in Blockhouse 3 

on Wallops Island.  The contingency approach for them was to install a dedicated system in 

Blockhouse 3, connected to the Range Mission Network, and configured as a data destination 

similar to the “inside” server of Secure Data Gateway.  That is, all 5K files were directly written 

to that dedicated system by the 5K computer in the RCC.  If Orbital’s access to the open network 

were lost, all the files would be right there for them in Blockhouse 3. 

 

 

TESTING AND RESULTS 

 

There were many categories of engineering tasks and associated testing that ultimately made the 

GPS radiosonde data usable in so many ways during the Minotaur I launches.  These tasks and 

tests actually began several years ago, and include the selection and implementation of LEADS; 

the building of the high-speed Range Mission Network; the upgrading of the Wallops Wind 

Weighting system to ingest real-time Ethernet (radar and) GPS data; and the selection and 

arduous acceptance testing of the new LMG6/LMS6 Meteorological Processing Systems.  

(Wallops has flown close to 250 of these radiosondes.)  In the months just prior to the Minotaur I 

launches, the 5K C++ software was designed, written, and tested, the Secure Data Gateway was 

created and its scripts were written and tested; and all data paths and contingency plans were 

determined, implemented, and tested extensively. 

 

Ultimately, for TacSat-2 and NFIRE, a total of 35 GPS radiosondes were flown during 

simulated, scrubbed, and successful launch attempts.  For all of those flights, the 5K C++ 

software performed flawlessly. 

 

An appropriate summary of the results of the 35 radiosonde flights has two parts, because the 

definition of flight success depends upon the ultimate use made of the data.  From the point of 

view of Orbital Sciences Corporation, which used the information for 6DOF simulations (winds 

aloft and post-flight analyses), data were required to be reported at least every 1,000 feet for up 

to a minimum of 50,000 feet for some balloons and 60,000 feet for others.  By this definition of 

success, there was a 94% success rate.  Out of 35 total balloons released during simulated, 

scrubbed, and successful Minotaur I launch attempts, two did not completely meet Orbital’s 

requirements.  One failed to reach the required minimum altitude because of radiosonde failure 

at 46,000 feet, but was so close to doing so that a backup balloon was not requested.  In the other 

case, the radiosonde experienced a rare GPS reset, and did not start reporting data until it was 

above 2,000 feet – it then continued to over 123,000 feet – but because the next balloon was 

already scheduled to be released 15 minutes later, a backup balloon was not requested.  Taking 

these caveats into consideration, Wallops was able to meet, and in most cases far exceed, 100% 

of Orbital’s mandatory upper-air observation requirements. 

 

The RAC analysts needed data up to only 20,000 feet, which all balloons far exceeded, but they 

also needed near-surface information.  During simulated, scrubbed, and successful Minotaur I 

launch attempts, there was a 91% success rate from the viewpoint of those doing toxics and blast 

analyses; of the 35 radiosondes, three failed to start reporting data within the first 100 feet.  A 

backup balloon replaced the near-surface data for one of the three, a scheduled balloon 15 
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minutes later replaced those data for the second, and the third was not in the subset of balloons 

(T-6, T-4, T-2.5, and T-1.5 hours) on which the RAC analyses ultimately were reported.  These 

mitigations or circumstances allowed Wallops to meet 100% of the upper-air observation 

requirements for toxics and blast analyses. 

 

 

OTHER RANGE APPLICATIONS OF GPS RADIOSONDE DATA 

 

Wallops Flight Facility has mobile assets that enable researchers to launch rockets around the 

world in order to conduct their science where it occurs.  Small GPS systems and antennas are 

vastly less expensive to ship to remote sites than are the big radar vans and dishes historically 

used to track balloons for the Wind Weighting of unguided vehicles.  The GPS systems also 

require fewer operators and are easier to use.  GPS soundings can be used when radar use is 

restricted by visibility (fog or snow), RF silence, or RF avoidance, or when the radars are 

occupied with payload checks, or when low-level radar tracking appears to be noisy or 

questionable.  Tracking of multiple simultaneous weather balloons lofting GPS radiosondes, all 

contributing to the same wind table as they rise, reduces the time needed for Wind Weighting 

and increases the freshness of the data.  (Tracking of multiple balloons by multiple radars is 

possible, but would not be cost-effective.)  GPS radiosondes, as used in Wind Weighting, have 

performed an important mission assurance role by improving the chances of launching and 

reducing the burden on range radar operations.
5
   

 

In addition to being used for launch support, GPS radiosondes are playing an important role in 

research.  Wallops meteorologist Frank Schmidlin, of the Upper Air Instrumentation Research 

Projects, Observational Science Branch, is widely acknowledged as the country’s leading expert 

on radiosondes and upper air meteorology.  He is a member of the US delegation to the World 

Meteorological Organization, which is the United Nations organization that oversees the world’s 

weather balloon launch network.  In papers too numerous to list, Mr. Schmidlin describes use of 

GPS radiosondes to study the dynamics and structure of the atmosphere, to learn about ozone 

loss processes, to verify that satellite observations of the ozone layer are accurate from space, 

and to collect upper-air measurements used to study hurricane development, tracking, 

intensification, and landfall impacts.   

 

GPS radiosondes are increasingly being used around the world. A few examples are: Mr. 

Schmidlin’s most recent hurricane research conducted at Cape Verde, off the western coast of 

Africa; WFF use of GPS radiosondes to Wind Weight during a campaign of rocket launches in 

Alaska this past winter; their use in support of high altitude Arctic research programs throughout 

the year at Andoya Rocket Range in Andenes, Norway; and use of GPS radiosonde equipment at 

Shuttle Transatlantic Abort Landing Sites in Spain and Morocco. 

 

 

CONCLUSION 

 

NASA Wallops Flight Facility recently demonstrated its rapid response capabilities with two 

successful launches of U.S. Air Force Minotaur I rockets.  Satisfying the new day-of-launch 

upper-air requirements for these launches was accomplished through the acquisition of multi-
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receiver GPS meteorological processing systems.  A model has been presented in which the new 

GPS radiosondes, ground stations, and system computers were made an integral part of Wallops 

launch support capabilities.  Used around the world for weather analysis, research, and launch 

support, these tiny, versatile instruments are truly mighty midgets of the modern range.     
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ABSTRACT 
 
For the final evaluation of a GPS attitude determination algorithm, it was determined its true 
performance in terms of its accuracy, reliability and dynamic response. To accomplish that, a 
flight test campaign was carried out to validate the attitude determination algorithm. In this 
phase, the measured aircraft attitude was compared to a reference attitude, to allow the 
determination of the errors. The system was built using non-dedicated THALES Z-FX airborne 
GPS receivers and a complete Flight Tests Instrumentation (FTI) System. Each GPS receiver 
operates synchronized with its internal time base. The FTI measurements are synchronized to an 
IRIG-B time base. All time bases have their own random walk characteristic. To avoid C/A code 
ambiguity, when its internal time base approaches ±1ms error from the GPS time, its clock is 
then corrected causing time and phase observables discontinuities. A multiple time base 
synchronization process was developed to correlate GPS and FTI data. The results are presented 
and the residual errors were considered acceptable. These data allowed the determination of the 
performance and accuracy of the GPS attitude determination algorithm. The tests profiles are 
fully compliant with the Federal Aviation Administration (FAA) Advisory Circular (AC) 25-7A. 
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INTRODUCTION 
 
The aircraft attitude is the angular relationship between the aircraft body reference system SB and 
the local vertical reference system SR, that can be expressed by the Euler angles: θ (pitch), φ 
(roll), and ψ (yaw). The measurement transformation from SR to SB is achieved by three 
sequential rotations over the Euler angles, for instance the sequence: [θ φ ψ]. It is then possible to 
express a transformation matrix ( ), from SR to SB [1] as: R
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 Where cθ ≡ cos(θ), sθ ≡ sin(θ), cφ ≡ cos(φ), sφ ≡ sin(φ), cψ ≡ cos(ψ), and sψ ≡ sin(ψ). 
 
The GPS attitude determination algorithm uses two baselines (a1, a2) plus a computed baseline 
(a3) to define SG a GPS Cartesian coordinate system, (xG, yG, zG), fixed on the aircraft body, 
through the installation of three antennas (Ant1; Ant2; and Ant3) [2]. 
Given an aircraft attitude, it is possible to express the relationship between siR, a unit vector in the 
direction of the ith GPS satellite in SR, and Φjj, the projection of siR on the baseline aj [3], as: 
 

iRGjji
RT sLa=Φ

R

RL

 (2) 
 
 Where: L is the Transformation Matrix from SG to SR. G

 
Considering that there may be errors in the measured Euler angles (θm φm ψm), eq. 3 is not 
satisfied. So, it is possible to define a cost function (ρ) [4], which is dependent of the 
transformation matrix ( ): G
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Where k is a given coefficient, n is the number of satellites in track, and pi is a fixed weight value 
attributed to the ith satellite. The attitude determination algorithm, using least square techniques, 
searches the transformation matrix ( ) that minimizes ρ. The estimation of the z-axis 
measurement is given by: 

GL

22
213 1 iii Φ−Φ−=Φ  (4) 

 
THE GPS ATTITUDE DETERMINATION ALGORITM (GADA) 

 
When the aircraft is maneuvering, for a given attitude the angle formed by the ith satellite line of 
sight (LOSi) and the GPS antenna array horizontal plane (HAP) could be negative (i.e. LOSi is 
below HAP) while the signal received from this satellite is still tracked by the receiver. When 
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this condition occurs, known published GPS attitude determination algorithm attitude output (e.g. 
REQUEST) diverges from its true value, because eq. 5 computed measurement has a wrong sign.  
 
Then, to minimize the attitude errors build up due to this effect [5], a novel GPS attitude 
determination algorithm (GADA) was developed and evaluated against a traditional GPS attitude 
determination algorithms. 
 
To evaluate GADA’s performance an attitude reference, provided by a Flight Tests 
Instrumentation (FTI), was integrated in the Test Aircraft. The FTI System (Figure 01) was 
composed by an Airborne PCM data acquisition System, a PCM Tape Recorder, an IRIG-B Time 
Base [6] and a set of Transducers.  
 
Due to equipment availability, it was used a set of independent GPS receivers. For system 
simplicity, all GPS Observables required for GADA (i.e. Phase, GPS Time, Pseudorange and 
Ephemeris) were merged into the PCM data stream through a RS232 interface (Figure 02). 
 
This architecture caused some synchronization constraints as follows: 
 

1. For each GPS receiver, its time base is not synchronized with the true GPS time. Time 
correction occurs only when the time difference reaches 1ms; 

2. FTI Time Base (IRIG-B) is not synchronized with the true GPS time; 
3. FTI data acquisition uses PCM protocol, so the knowledge of the exact sample time of 

all measurement, provided by the transducers, is known based on the IRIG Time; 
4. GPS observables are merged into the PCM stream, through an asynchronous channel 

(RS-232). In this case, sample location into the PCM format, does not reflects the 
sampling time.  

PCM Data
Acquisition System

Airborne
Tape Recorder

04 GPS
Receivers

IRIG-B / GPS
Time Base

02 Pendulums
(πx πy)

Gyro Unit
(θ, φ, ψ)

Rate Gyro
(P, Q, R)

02 Accelerometers
(Nx, Ny)

Accelerometer (Nz)  

Figure 01 - FTI Installed on the Test Bed  Figure 02 - FTI Block Diagram 
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All these constraints combined together, jeopardize the GPS attitude determination, as well the 
evaluation of GADA’s Static and Dynamic performance. To overcome these issues, it was 
developed a synchronization process that works along with a data correction algorithm. This tool 
was customized to address specific issues related to: 
 

1. The GPS receivers; and 
2. The FTI measurements. 

 
GPS RECEIVERS SYNCHRONIZATION 

 
A GPS receiver, computes the raw pseudorange and phase measurements of all in-view satellites 
synchronized with a 1ms time-tick (i.e. receiver epoch rate), which is generated by the receiver 
internal clock reference (tri). Very high accuracy applications, such as attitude determination, 
seek for true geometric range  (eq.5) between the jth Satellite Vehicle ( ) and the ith 
GPS Receiver (

)(tRSVj
Rxi SVj

Rxi ). 
 

SVj
SVj
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SVj
Rxi ttvtR ε+−= ).()(  (5) 

 
Where: 

rit  is the GPS time that the signal was received by Rxi (s); 
SVj
tt  is the GPS time that the signal was transmitted by SVj (s); 

v  is the mean propagation speed between  and SVj Rxi  (m/s); and 

SVjε  is the pseudorange uncertainty (m). 
 
Considering that tri and  are not synchronized with the GPS time, the measured pseudorange 
( ) and phase data contains errors (eq. 6). 

SVj
tt

SVj
RxiP

 
SVj

SVj
Rxi

SVj
Rxi

SVj
Rxi ttvtRtP ε+∆−∆+= ).()()(  (6) 

Where: 

  is the ith receiver clock error (s); and Rxit∆
  is the jth satellite clock error (s); SVjt∆

The satellite clock error contains two components [7]: the satellite clock drift ( ) and the 
relativistic effects ( ) and its given by: 
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A 2nd degree polynomial models the satellite clock drift (eq. 8). Its coefficients (ao, a1 and a2) and 
validity period (T ) are transmitted embedded into the ephemeris data. SVj
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Where: 

  is the GPS speed of light, 2.99792458 x 108 (m/s); c
 
The relativistic error (eq. 9) is caused by the relative dynamics between the satellite and the 
receiver [8]. Its minimization algorithm, should know the receiver and the satellite position, as 
well its orbital parameters. 
 

)sen(... i
SVj
rel fAeFt =∆  (9) 

 
Where: 

 F  equals to -4,442807633 x 10-10 (s/m1/2); 
  is eccentricity of the orbit (dimensionless); e
 A  is the semi major axis (m); and 
  is the true orbit anomaly (semicircles); if

 
If the pseudorange and phase errors are negligible, the receiver clock error (∆ ) and the user 
position ( ) can be estimated by a set of equations of at least four in-view satellites, 
given by: 
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Where: 

  are respectively the estimated x, y and z position of the jth satellite (m). SVjSVjSVj zyx ,,

 
Considering that v is also unknown, a new model for the pseudorange is employed considering 
that the electromagnetic signal travels at constant speed (c). Thus: 
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Where: 
 

SVj
SVjRxiI ,  is the ionosphere delay between SVj and Rxi (m); 

SVj
RxiT  is the troposphere propagation delay between SVj and Rxi (m); 

SVjRxid ,  is the receiver code error Rxi (m); 
SVj

SVjRxid ,  is the satellite code error SVj (m); e 
SVj
RxiM  is the multipath error (m). 
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To minimize these errors, a differential GPS technique computes the single (eq. 13) and double 
(eq. 14) differences [9], where a baseline is formed between a base and a rover GPS receiver.  
 
Considering a short baseline length (e.g. 100km), most of the propagation effects can be modeled 
as systematic errors to both receivers (base and rover) and can be minimized. 
 

2121212121 RxRx
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Where: 

21 RxRxt ,∆  is the receiver clock error between Rx1 and Rx2 (s); 
SVj

RxRxM 21,  is the SVj multipath difference between Rx1 and Rx2 (m); and 
εRx1,Rx2 is the single difference uncertainty between Rx1 and Rx2 (m). 
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Where: 

SVrSVj
RxRxM ,

, 21  is the multipath residual error from SVj and SVr to respectively Rx1 and Rx2 (m); 
SVrSVj
RxRx

,
, 21ε  is the double difference uncertainty between Rx1 and Rx2 (m). 

 
A typical GPS receiver uses a linear simplification of eq. 11 [11], to compute its clock error and 
interactively feedback such results, to refine its time and user position solutions. In fact, some 
receivers, such as the one used in this work, corrects its internal clock only when  reaches 
±1ms threshold (Figure 2), avoiding C/A code ambiguity. 

Rxit∆

 
Phase measurements offers better accuracy as compared to pseudorange, so when a receiver has a 
clock jump (±1ms), the resulting phase double difference contains discontinuities and are 
unusable for applications such as attitude determination (Figure3). 
 

Figure 03 - GPS Receiver Clock Offset Figure 04 - Clock Jump Effect 
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Considering no relativistic errors, using the measured ephemeris, phase and pseudorange for all 
in-view satellites and the receiver computed position and time estimations, the receiver 
synchronization algorithm performs the following steps: 
 

1. Computes the satellite position, satellite to user geometry and the relativistic error; 
2. Computes corrected user position and clock error; 
3. Correct pseudorange and phase measurements; 
4. Returns to step 1 until algorithm convergence; and 
5. Computes single and double differences; 

 
Upon the convergence of this algorithm, it can be found the correct GPS time (T ), when each 
receiver performed its measurement (eq. 14). 

GPSi

 
RxiRxiGPSi ttT ∆−=  (14)

 
In this case, the pseudorange ( ) and phase measurements ( ), provided by the receivers 
that form the antenna array are taken at a known GPS time ( ), but they are not necessary 
synchronized to each other nor to the GPS epoch, because each receiver has its own time 
correction factor ( ). 
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To correlate measured phase and pseudorange back to the original reference time ( t ), which is 
synchronized with GPS epoch, it was used an interpolation process (eq. 15). 
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Now the problem is that the terms  and Φ  depends of the relative dynamics between the 
satellite and the user. To estimate the relative trajectory it was used the ephemeris data and the 
user position, speed and acceleration data provided by the GPS receiver. 

SVj
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Figure 05 - Phase Interpolation Evaluation Figure 06 - Live Data Results 
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The evaluation of the interpolation used a simulation that compared true live data with simulated 
and corrected data acquired by a fixed baseline. The simulation results were considered 
satisfactory (Figure 05) and the process was used for real live data (Figure 06). 
 

FTI AND GPS DATA SYNCHRONIZATION 
 
To allow the evaluation of GADA’s static and dynamic performance, FTI attitude reference data 
(θ, φ and ψ) should be compared with the GADA’s computed attitude solution (θG, φG and ψG). 
 
FTI data is measured by an airborne PCM data acquisition system (DAS), that formats sampled 
data into a synchronous format, so it is possible to know the exact sample time for each 
parameter, using as reference the IRIG-B time base ( ). FTIt
 
GPS embedded data (including ) is transmitted to the PCM DAS through an asynchronous 
RS-232 interface, so the exact IRIG-B sampling time ( t ) of the GPS observables is not known. 

Rxit

FTI

 
To synchronize FTI with the GPS all characters received at the RS-232 input buffer was stamped 
with IRIG-B time.  
 
Considering negligible the delay between the GPS sampling to the output of the first RS232 
character (i.e. $ string), it was possible to compare the stamped IRIG-B time of the received $ 
string with the corrected GPS sample time (i.e. ) for all receivers. GPSiT
 
Using this process, it was noticed that the IRIG-B drift was not negligible (Figure 7), so a 2nd 
order polynomial calibration curve was used, to synchronize the IRIG-B time base to the GPS 
reference time. Using this process, the remaining residuals were considered acceptable (Figure8). 
 

Figure 07 - Time Drift Between GPS and IRIG-B Figure 08 - Live Data Results 
 
With the knowledge of the time drift between FTI and GPS it was possible to interpolate FTI 
measurement, mainly the FTI attitude, to the GPS sampling time and compare with GADA’s 
solution to determine its errors. 
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CONCLUSIONS 
 
The synchronization process between the time bases of an array of independent GPS receivers to 
a PCM FTI IRIG-B time base was developed and tested.  
 
The usage of this methodology enables the interpolation of data, acquired at different sample 
time, to a unique reference time, allowing the correlation of measurement taken from different 
sources, and in particular, the evaluation of a novel GPS attitude determination algorithm 
(GADA) static and dynamic performance. 
 
As example, for the capture of longitudinal attitude maneuver (Figure 09), it was possible to 
compute the attitude dynamic errors (Figure 10) and using the results to build a dynamic error 
model [12]. 
 

Figure 09 - Capture of Longitudinal Attitude Figure 10 - θ Dynamic Error 
 
Future works should investigate the: 

a) Behavior of the methodology with different GPS receivers; 
b) The usage of other GPS data acquisition protocols for the FTI (e.g. USB); and 
c) The usage of a GPS IRIG-B time base for the FTI system. 
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ABSTRACT 
 

The Joint Advanced Missile Instrumentation (JAMI) Program’s main thrust has 
been the integration of Global Positioning System (GPS) tracking technology into the 
Department of Defense (DoD) Missile Test Ranges.  This technology could be used for 
Time, Space, Position, and Information (TSPI), Flight Termination (FTS), or End Game 
Scoring purposes.  However the Program’s main goal is to develop Proof-of-Concept 
components only.  Transitioning Missile technology developed by the Government to 
Private Industry, so that it can be economically mass produced, has been quite a 
challenge.  Traditionally, private industry has had to bid on proposals without much 
detailed information on how these components have been designed and fabricated.  
These unknown risks, Non-Recurring Engineering (NRE) and Missile Flight Qualification 
costs, routinely have significantly increased the price of these procurement contracts.  
In order so that the Fleet can economically utilize these components in the field, 
Cooperative Research and Development Agreements (CRADA) between the 
Government and Private Industry have been used to successfully transition Government 
developed technology to mass production.  They can eliminate the NRE and flight 
qualification costs to provide for an economical and low risk method of providing the 
Fleet with the latest advances in GPS Tracking Technology.  This paper will discuss 
how this is currently being accomplished in the development of a conformal wraparound 
instrumentation antenna for a five-inch diameter Missile Telemetry (TM) Section. 
 
 

KEY WORDS 
 
Global Positioning System (GPS); Time, Space, and Position Information (TSPI); Flight 
Termination, Missile Telemetry, Cooperative Research and Development Agreement 
(CRADA). 
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BACKGROUND 
 

JAMI is a Central Test and Evaluation Investment Program (CTEIP) sponsored 
by the Office of the Secretary of Defense (OSD).  CTEIP’s main charter is to develop 
Proof-of-Concept products that can eventually be transitioned to the field.  JAMI is 
tasked with developing a suite of GPS and FTS components that are approved for use 
in any weapons system currently fielded.  The list of components includes GPS based 
devices for Time, Space, & Position Information (TSPI); Range Safety; and End Game 
Scoring applications. The purpose of the AIM-9X TM development effort is to 
demonstrate the use of all of these capabilities in a single package for a small diameter 
missile that can be tracked on a Government Missile Test Range.      
 
The design requirements are to: 
 

1) Provide data analysts with missile telemetry data that is compatible with the 
current telemetry systems.  

2) Provide GPS based tracking for TSPI and Range Safety purposes. 
3) Provide facilities to implement an approved flight termination system for the 

AIM-9X missile at a later date.   
 
Design objectives include: 
 

1) Improve bandwidth efficiency by implementing SO-QPSK modulation 
techniques. 

2) Provide field-selectability of frequencies from 2200.5 MHz to 2289.5 MHz. 
3) Provide post flight trajectory analysis capability for End-Game Scoring. 
 

TRI-BAND ANTENNA 
Developed in-house by the Weapons Instrumentation Division at Pt. Mugu, the 

AIM-9X/JAMI TM system employs a single-piece, conformal wrap-around antenna that 
contains three separate antenna systems: a TM transmit antenna, a GPS receive 
antenna, and a FTS receive antenna. 
 

The FTS antenna has two separate feeds - one for the primary flight termination 
receiver (FTR) and another for the secondary FTR.  The Wilkinson Power Divider is 
incorporated within the antenna substrate, which eliminates the need for an externally 
mounted one.  Likewise, a Notch Filter is also contained within the Feed Network Board 
to prevent the TM output signal from the transmitter from coupling into the GPS 
Receiver.  The Limiter & Low Noise Amplifier for the GPS Receiver are active devices 
embedded within the antenna substrate as a space saving measure, which receives its 
power from a DC bias voltage applied to the RF signal input to the receiver. 
 
 

ANTENNA DEVELOPMENT CHALLENGES 
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Due to the tight radius of curvature (5”) and thickness of the antenna (0.150”), 
single antenna boards have cracked during the lamination process.  As a result, initially 
a six antenna-board stack has been implemented (i.e. a stack of thinner boards had to 
be used instead of one thick board) for the JAMI Effort.  In addition, to accommodate 
the narrow bandwidth of the FTS antenna, stiff RT/Duroid 6002 material had to be used 
instead of more pliable RT/Duroid® 5870 material.  Traditionally the 5870 material had 
been used for GPS and TM applications due to its ease of conformability to missile 
shapes.  However the dielectric constant (which affects the operating frequency of an 
antenna) has been known to be relatively unstable over temperature.  Since the FTS 
antenna has such narrow bandwidth (because of its low operating frequency), the 6002 
material needs to be used for its stable dielectric properties.  When the prototype 
JAMI/AIM-9X antennas were constructed for both the JAMI Configuration #7 Flight and 
JAMI/AIM-9X Captive Carry Flight, a special tool had to be constructed to install the stiff 
antenna onto the Telemeter Housing.  It should be noted that this installation procedure 
would be cumbersome in a production environment.   
 

In addition to the stiffness issues, the current Proof-of-Concept JAMI antenna design 
has the following shortcomings.   

•••• The TM antenna elements have to be manually tuned. 

•••• The existing bandwidth (65 MHz) does not satisfy the required TM bandwidth (90 
MHz).   

•••• The locations of the four antenna connectors, the antenna element feeds, and 
the FTS antenna shorting-wires are extremely difficult to solder reliably.   

•••• During the Captive Carry Flight, one of the antenna ports failed.  The failure was 
traced to a cold solder joint, and the vibration of the captive carry flight more than 
likely caused the failure.   

 
 

MITIGATION 
 

In order to minimize the impact of the demise of the one-piece antenna design, a 
Creative Research and Development Agreement (CRADA) has been established with 
TECOM Industries to split the existing one-piece tri-band JAMI antenna into two-pieces 
(GPS/TM and FTS).  The CRADA has been approved by both NAWC-WD and TECOM 
Industries.  The Agreement establishes a means for NAWC-WD to transition the design 
of the antennas (GPS/TM and FTS) for the AN/DKT-89 Telemeter to TECOM for 
production purposes.  Under the agreement, NAWC-WD would provide the design 
expertise and TECOM would provide the manufacturing processes expertise.  Both 
parties would share in the development and design qualification duties.  After the 
completion of the CRADA, the government will have a qualified source for the 
procurement of these antennas.  This should save the government money, since 
TECOM is able to competitively price the antennas due to the fact that most of the risk 
of development (no NRE required) and qualification has been eliminated by the use of 
the CRADA.   
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CURRENT EFFORTS 
 

The lessons learned from the Captive Carry Flight will be implemented in the new 
version of the antenna.  The splitting of the antenna allows for ease of installation of the 
connectors since they would be located at the forward edge of the antenna.  The 
number of antenna boards required would decrease.  The axial length would decrease 
causing a reduction in the force needed to install the antenna onto the housing.  The TM 
elements have been simulated to achieve a larger bandwidth.  Rivets will be added to 
securely attach the contact between the antenna connector and antenna board.  This is 
the same method that has successfully been used on several Army projectiles that are 
launched with much higher launch shock levels.  In addition, the feeds on the antenna 
board will provide for better connection reliability. 

CRADA Meetings are being held on an on-going basis.  There still is one main 
issue that needs to be resolved before the antenna can be mass produced.  The issue 
is whether or not the amplifier and limiter should be installed directly onto the substrate 
of the antenna or if a drop-in board, that contains these components, should be used.  
The drop-in board may streamline the production of the antenna; however there still are 
possible mechanical issues with attachment (i.e. during vibration).  A study is currently 
being conducted to address all of the advantages and disadvantages of the two 
approaches. 
 
 

SUMMARY AND FUTURE PLANS 
 
 The current developmental status of the conformal wraparound instrumentation 
antenna to provide TM & GPS tracking capability to the AIM-9X Missile has been 
discussed.  The use of a CRADA should provide for a smooth transition from 
development to production of the antenna.  If this is successful, the same strategy will 
be used for the FTS antenna as well.   
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ABSTRACT 

 

Despite the inherent resistance to narrowband signal interference afforded by GPS spread 

spectrum modulation, the low level of GPS signals makes them susceptible to narrowband 

interference. This paper discusses the application of a pre-correlation adaptive temporal filter 

for stationary and nonstationary narrowband interference suppression. Various adaptive 

algorithms are studied and implemented. Comparison of the convergence and tracking 

behavior of various algorithms is made. 
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I.  INTRODUCTION 

 

As GPS becomes an essential element of the civil infrastructure in the areas of aviation, 

ground transportation, communications, and power distribution, its vulnerability to 

interference must be addressed. Unintentional interference typically takes the form of a 

narrowband signal. Despite the inherent resistance to interference afforded by GPS spread 

spectrum modulation, the low level of GPS signals makes them susceptible to narrowband 

interference.  

 

This paper discusses the application of a pre-correlation adaptive temporal filter for stationary 

and nonstationary narrowband interference suppression. Various adaptive algorithms are 

studied and implemented. Comparison of the convergence and tracking behavior of various 

algorithms is made. 
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II.  PREVIOUS WORK 

 

 To mitigate narrowband interference, several hardware and software function have been 

applied in GPS receiver designs. Figure 1 illustrates the generic digital GPS receiver block 

diagram with five numbered areas where the RFI mitigation techniques can be applied. The 

interference suppression techniques can be divided into pre-correlation and post-correlation 

techniques. The techniques associated with each of these numbered functions will be 

described below[1]. 

 

1. Adaptive A/D conversion technique 

 

The first technique is adaptive A/D conversion. According to Amoroso the adaptive A/D 

converter moves the quantization levels towards the peak of the CW interference thereby 

preventing capture of the A/D converter by CW interference. This technique will improve the 

interference threshold by 6 dB[2], but it is still insufficient in hostile environments. 

 

2. Front-End Filtering Techniques 

 

The second technique is front-end filtering. Front-end filtering protects the GPS receiver 

from high-powered transmitters that are out of band with respect to the GPS L-band spectrum 

allocations. A sharp cut-off notch filter is often used when the interference is known and out 

of band.  Performance penalties result from placing a passive filter between the antenna and 

the preamp, which will increase the noise figure and will not suppress the interference in pass 

band. 

 

3. Code/Carrier Tracking Loop Techniques 

 

The third technique is enhancement of the code and carrier tracking loops. This technique 

involves the use of internal aiding enhancements, external navigation aiding enhancements, 

closed carrier tracking loop aiding and open carrier tracking loop aiding. 

 

4. Adaptive antenna array 
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The forth technique is implemented at the antenna area, where adaptive antenna arrays can be 

used to mitigate narrowband and broadband interference. The antenna pattern is adapted in 

such a way so as to steer nulls in the direction of interfering sources, which is called a 

controlled reception pattern antenna (CRPA). The disadvantage is the high real estate and the 

complex RF electronics required to control the phase of the antenna array[3]. 

 

5. Adaptive temporal filter  

 

The fifth technique is adaptive temporal filter, which is usually implemented as a tapped 

delay line whose weights are updated using an adaptive algorithm. The ATF is used as a 

linear predictor to predict the interference in the received GPS signal from its past samples. 

More about ATF will be discussed in section III. 

 

 

III.  ADAPTIVE TEMPOTAL FILTERS  

 

A lot of literature exists on the cancellation of narrowband interference in GPS receiver using 

adaptive temporal filters. The feature common among all the adaptive filter structure is filter 

weights that are adapted according to some cost function. In this work the cost function is the 

mean square error (MSE). The algorithm used to determine filter weights is known as an 

adaptation algorithm. Based on the adaptive filtering approach, the algorithm can be 

categorized as least mean squares (LMS) algorithm, transform domain based LMS (TDLMS) 

algorithm, gradient adaptive lattice (GAL) with joint process estimation and recursive least 

squares (RLS) algorithm. 

 

1. Least mean squares (LMS) algorithm 

 

In the LMS algorithm[4], an instantaneous estimate of the gradient of the cost function J is 

made and the weights are updated in the direction opposite to the direction of the gradient. 

The weight update equation is given as  

))(()()( kJkw1kw
∧

∇−=+ µ                      （1） 

where µ  is the step size parameter which controls the rate of convergence and ))(( kJ
∧

∇  is 

the instantaneous estimate of the gradient of the cost function. The gradient vector estimate is 

calculated from the estimated values of cross-correlation vector )()( kdkup =

∧

 and input 

correlation matrix )()( kukuR
T

=

∧

. The gradient estimate is then given as  

)()()]()()()[()())(( kekukwkukdkupkwRkJ
T

−=−−=−=∇

∧∧∧

.         （2） 

 

2. Transform domain based LMS (TDLMS) algorithm 
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This algorithm attempts to de-correlate the inputs by preprocessing them with a 

transformation that is independent of the input signal. As shown in figure 2 the algorithm is 

composed of three stages. 

 

 

First, the tapped delay inputs are preprocessed by DFT or DCT. The transformed signals are 

normalized by the square root of their power. The resulting signals are then input to an 

adaptive linear combiner whose weights are adjusted using the LMS algorithm. 

 

The algorithms steps are given below[4]: 

 

a. Transformation of input signal vector 

)()( kTukv =                           （3） 

where transform T is the DFT or DCT. 

 

b. Power normalization 

ε+= )(/)()( kPkvks iii   i =0 to N-1                 （4） 

)()()()( ks11kPkP
2

iii αα −+−=  i =0 to N-1              （5） 

 

c. LMS filtering 

)()()()( kwkskdke −=                        （6） 

)()()()( kskekw1kw µ+=+                        （7） 
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Figure 2 Transform domain LMS block diagram 
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3. Gradient adaptive lattice (GAL) with joint process estimation 

 

As shown in figure 3, a multistage lattice filter consists of M-1 stages which is referred to as 

the predictor order. Each stage has the appearance of a lattice, hence the name lattice as the 

structural descriptor. Because the backward prediction errors are uncorrelated, the use of 

backward prediction errors for the joint estimation of the desired process results in faster 

convergence compared to the transversal structure[4].  

 

The m
th

 stage of the lattice predictor is described by a pair of input-output relations: 

)()()( 1nbknfnf 1mm1mm −+=
−−

                    （8） 

)()()( nfk1nbnb 1mm1mm −−
+−=                    （9） 

 

4. Recursive least squares (RLS) algorithm 

 

This algorithm implements recursively an exact least square solution. The wiener solution is 

given by PRW
1−

=  where R is the input signal correlation matrix and P is the 

cross-correlation between desired signal and the input signal. At each time step RLS 

estimates R and P based on all past data and updates the weight vector using the matrix 

inversion lemma[4]. 

 

While the RLS algorithm has the advantage of a fast convergence rate and low sensitivity to 

input eigenvalue spread, it has the disadvantage of being computationally tintensive. The 

numerical robustness of the RLS algorithm can be improved by using QR based 

decomposition of the inverse correlation matrix. Lattice based RLS have better numerical 

robustness and less computational complexity than the standard RLS. 

 

 

IV.  Application of ATF for narrowband mitigation in GPS receiver 
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As shown in figure 4, ATF is implemented as a linear predictor to cancel narrowband 

interfering signal from the down-converted and sampled received GPS signal, which can be 

modeled as: 

)()()()( KIkNkSkR ++=                       （10） 

where )(kS  is the GPS signal, )(kN  is the receiver thermal noise, and )(kI  is the 

narrowband interference at the output of the A/D converter in GPS receiver. 

 

In adaptive filtering nomenclature, )( DkR −  is the input signal, )(kI
∧

 is the output signal, 

and )(kR  is the desired signal. The delay D  is the de-correlation parameter. This delay 

should be just enough to de-correlate the GPS signal, while still maintaining a high 

correlation between the interference samples, so that interference can be accurately predicted 

and canceled. 

 

The effectiveness of the various algorithms in removing the interference can be measured by 

the improvement in the post-correlation SNR. Three stationary CW interferences at 1MHz, 

2MHz, and 0.123MHz were present with their power levels varied from 0 dB above thermal 

noise level to 20 dB above thermal noise level. The GPS signal is 18 dB below thermal noise 

level. The filter order was 10. Ideally a filter order 6 would be sufficient to remove three tone 

interferences. A higher filer order was used to make the notches in the frequency domain 

narrower for better interference cancellation and at the same time removing only a small 

portion of the GPS signal. 

 

The performance of the orthogonalizing algorithms is approximately 0.5-2dB better than the 

LMS algorithm for stationary multi-tone CW interference cancellation, with the lattice based 

RLS performing the best. The interference to signal power ration of 18 dB corresponds to 

interference to thermal noise power ration of 0 dB since the signal is 18 dB below the thermal 

Z
-D Adaptive temporal 

filter
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R(k-D) )(kI
∧

)()( kNkS
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+  

Figure 4 ATF used in GPS 
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noise power. At this low level of INR, the prediction of the interference is not accurate 

enough for the LMS and TDLMS algorithms, thereby resulting in inaccurate interference 

cancellation. But the GAL and lattice based RLS provide an improvement in SNR. The lattice 

based RLS combines the fast convergence advantage of an RLS algorithm thereby giving 

improved performance. As the interference power increase, the prediction improves resulting 

in better interference cancellation and increase in SNR. 

 

As the interference power increase, the conditioning of the input correlation matrix 

deteriorates and the eigen-spread increases. In this case the LMS algorithm converges very 

slowly and hence does not remove the interference, resulting in degraded post correlation 

SNR at higher interference power levels. On the other hand the orthogonalizing algorithms 

are insensitive to eigen-spread, hence their post-correlation SNR shows an improvement with 

increasing interference level. 

 

Except for the post-correlation SNR improvement, significant tracking improvement is 

achieved by implementing an adaptive temporal filter for notching out narrowband 

interference. This is especially true at high level of interference. The lattice based algorithms 

perform best. 

 

 

V .  Summary 

 

This paper has discussed the implementation of various adaptive algorithms for narrowband 

interference cancellation. The use of orthogonalizing algorithms, i.e. the transform domain 

based LMS, gradient adaptive lattice (GAL), and lattice based least squares provided 

significant improvement in post-correlation SNR as compared to the LMS algorithm. The 

transform domain based LMS and gradient lattice based algorithms perform almost as well as 

standard RLS and do not have robustness problems. The lattice based RLS showed the best 

performance in a narrowband interference environment in terms of convergence speed and 

tracking. The computational complexity of the lattice based RLS is order of magnitude 

greater than the transform domain based LMS and GAL. With the tremendous leap in the 

processing power of the VLSI chips, it is feasible to implement the lattice RLS algorithms in 

real time. The GPS receiver performance would be greatly enhanced in a complex 

interference environment. 
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Abstract 
 
Typical telemetry transmitter designs have focused on analog-circuit implementations, which suffer 
limitations when required to support multi-mode and multi-rate capabilities. In this paper, we introduce a 
transmitter design (and associated techniques) that employ an all-digital baseband line-up that utilizes 
only one single-rate clock. Thus, keeping the analog hardware to a minimum and providing the maximum 
possible flexibility through digital programmability, in order to efficiently support multi-mode (i.e., 
various modulation schemes) and multi-rate (i.e., various bit-rates) capabilities. The telemetry standard is 
defined in the IRIG 106-04 specification document published by the Range Commanders Council (RCC) 
government telemetry group [1]. The Telemetry standard supports several modulation schemes all of 
which fall under the general modulation family of continuous phase modulation (CPM). Out of such a 
family of modulation schemes, the work presented in this paper focuses on two modulation schemes as 
examples, namely, SOQPSK and the PCM/FM. However, this does not limit the scope of the ideas and 
techniques proposed in this paper. We present various design techniques as well as implementation 
considerations. We also present actual measured results using a test-bed and a synthesizer IC that have 
been developed in our laboratories. Finally, we compare the measured results with simulations in order to 
validate the performance of our implemented design. 

1 TRANSMITTER ARCHITECTURE 

In Figure 1, a general block diagram of the M/A-COM Telemetry transmitter is shown. As seen, the 
architecture employs an all-digital base-band processing line-up that utilizes only one single-rate clock. 
Thus, keeping the analog hardware to a minimum and providing the maximum possible flexibility through 
digital programmability, in order to efficiently support multi-mode (i.e., various modulation schemes) and 
multi-rate (i.e., various bit-rates) capabilities. 
 

 
 
Figure 1: General Block Diagram of M/A-COM Multi-Mode Multi-Rate Telemetry Transmitter. 
 
The IRIG standard [1] specifies the characteristics of the PCM/FM and SOQPSK waveforms. The 
PCM/FM signal is typically generated by filtering a NRZ (non-return-to-zero) signal and then frequency 
modulating a voltage controlled oscillator (VCO). An example of the pre-modulation filter is a multi-pole 

                                                 
1 Some of this material is based upon work supported by the Army Contracting Agency- Southern Region- Yuma under Contract 
No. W9124R-05-D-0201. Any opinions, findings and conclusions or recommendations expressed in this material are those of the 
authors and do not necessarily reflect the views of the Army Contracting Agency. 
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Bessel filter with a 3 dB cutoff frequency of 0.7 times the bit rate. The 99% power bandwidth (double-
sided) of a signal generated this way is 1.16R where R is the bit rate. The 99.9% power bandwidth is 
2.03R. 
 
The SOQPSK waveform is defined in terms of the impulse response of a frequency impulse shaping filter 
function defined in equations (1) to (3). The function n(t) is a modified spectral raised cosine filter with 
parameters roll-off factor ρ of 0.70 and time scaling factor B of 1.25. The function w(t) is a time domain 
windowing function that limits the duration of g(t). The constants T1 and T2 have values of 1.5 and 0.50 
respectively.  
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The motivation for the use of the SOQPSK waveform is the reduction of the occupied bandwidth from 
that of the PCM/FM waveform. The 99% Power Bandwidth of the SOQPSK waveform is 0.78R 
(compared to 1.16R for PCM/FM). The 99.9% power bandwidth is 0.98R (compared to 2.03R for 
PCM/FM). This waveform essentially reduces the 99.9% occupied bandwidth by ½. The goal of our effort 
is to implement the two modulation modes (PCM/FM and SOQPSK) in digital hardware in order to 
eliminate the need for multiple analog filters and extra hardware to support both the PCM/FM and 
SOQPSK waveforms. The highest supported data rate is 20 Mbps which results in 20 million samples 
being generated every second. The bandwidth of the PCM/FM waveform is wider than that of the 
SOQPSK waveform at the same data rate. The single-sided 99% power bandwidth of the PCM/FM 
waveform at 20 Mbps is 11.6 MHz. By the Nyquist criterion the minimum sampling frequency is 23.2 
MHz.  The sampling rate was rounded up to 40 MHz, a integer multiple of the lowest data rate of 625 
Mbps. Note that the double-sided 99.9% power bandwidth is 2.03R which equates to 40.6 MHz for a data 
rate of 20 Mbps. By the Nyquist criterion, the minimum sampling rate must be 40.6 MHz. The output is 
under-sampled considering the 99.9% power bandwidth; the ratio being 1.97 instead of the required 2.0. 

2 IMPLEMENTATION CONSIDERATIONS 

In order to support the data rates from 625 kbps to 20 Mbps with a fixed DAC clock rate and 
reconstruction filter, the sample generation rate for each waveform must be increased up to 40 Msps. This 
is accomplished via multi-rate DSP interpolation techniques. 
 
Two frequency modulators were considered: the Agilent E4438 ESG Series Vector Signal Generator for 
testing the baseband processing, and the BASSIC1 fractional frequency synthesizer being developed by 
M/A-COM. The ESG provides a direct-coupled input, frequency modulator with a programmable 
sensitivity. The BASSIC1 is driven via high point injection. It has a fixed sensitivity of about 21 
MHz/volt. The ESG offers an advantage over the BASSIC1 in that a fixed voltage applied to the ESG will 
translate the carrier away from the programmed center frequency. Since the BASSIC1 is driven using 
high-pass injection a DC signal is blocked; the input is AC coupled. 
 
The normal mode of operation for the system includes a frequency modulator with a fixed sensitivity. As 
the data rate is changed from 20 Mbps to 625 kbps the maximum magnitude of the modulating signal 
must be reduced for proper frequency deviation. This is not a problem for the SOQPSK waveform since 
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this adjustment is inherent in the specification of the waveform. On the other hand the maximum 
magnitude of the PCM /FM waveform is constant for all bit rates. When transmitting the PCM/FM 
waveform, the magnitude of the baseband signal must be adjusted depending on the data rate. The 
dynamic range of the baseband signal is a linear function of the data rate; fewer DAC bits are used at the 
lower data rates resulting in more quantization noise. 
 
A mode was added to control the dynamic range as a function of the bit rate. The SOQPSK Processor is 
capable of providing additional gain to the SOQPSK signal so that the signal dynamic range is nearly 
equal for all data rates. For the PCM/FM signal the forced reduction in dynamic range can be disabled. 
The dynamic range is constant for all supported data rates. This allows the use of a frequency modulator 
with a programmable sensitivity. 

3 PERFORMANCE RESULTS 

Figure 2 is a plot of the power spectral density of the PCM/FM transmission using our digital 
algorithms/line-up for the base-band processing and an Agilent ESG instrument as the RF frequency 
modulator. The power spectrum compares well to the simulation spectrum. Also, Figure 3 shows the 
power spectral density of the SOQPSK transmission. 
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Figure 2: PCM/FM Power Spectral Density. 
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Figure 3: SOQPSK Power Spectral Density. 

4 FUTURE WORK 

This system has been demonstrated at the 2006 International Telemetering Conference held in San Diego, 
CA. Significant interest has developed. Currently several opportunities are being addressed. One goal is to 
implement this system in an Application Specific Integrated Circuit (ASIC) for use on air craft and 
munitions. Another goal is to expand on this system by including a receiver. 

References 
[1] IRIG Standard 106-04 (Part I), Published by the Secretariat Range Commanders Council (RCC), 

U.S. Army White Sands Missile Range, New Mexico, U.S.A. (http://jcs.mil/RCC), May 2004. 



 1 

BENEFITS AND TECHNIQUES FOR INCREASED POWER 

EFFICIENCY IN MODERN TELEMETRY TRANSMITTERS 
 

 

Don Bozarth 

Greg Horcher 
L-3 Communications – Telemetry East, Bristol Pa 

 

 

 

 

ABSTRACT 

 

With recent developments in telemetry transmitter technologies, significantly greater DC to RF 

power efficiencies can be achieved. These new high efficiency transmitter designs may impact 

overall system design trade-offs by reducing the system size and weight requirements for 

batteries, heat sinks, and cabling. Furthermore, these fully DC isolated, next generation ARTM 

Tier 0, I and II enabled devices offer unique options to the platform designer in EMI/EMC 

control and system design. Advanced manufacturing techniques coupled with adaptive 

microprocessor control promises enhanced functionality, improved performance and reduced 

unit costs.   

 

The paper presents the performance of a new, high efficiency, telemetry transmitter topology and 

the possible system benefits involved with the application of this advanced transmitter 

technology within modern and legacy telemetry platforms. Specific sub-assembly circuit design 

techniques will be discussed and compared with prior design approaches. 

 

 

KEYWORDS 

 

Transmitter, PCM/FM, SOQPSK, Efficient 

 

 

INTRODUCTION 

 

It has long been the desire of system designer for more efficient transmitter designs.  Recent 

transmitter technology advances have enabled higher DC to RF efficient transmitters.  Higher 

efficiency yields less power consumption, heat generation, reduced system weight, and longer 

battery life.  Along with higher efficiency, greater flexibility can be given to system designers in 

terms of power control and EMI/EMC design.  L-3 TE has developed a new line of highly 

efficient transmitters that provides increased flexibility for system designers. 

 

This paper details L-3 ST3000 and ST4000 transmitter architecture, compares power 

consumption with prior design approaches, describes benefits of power control and EMI/EMC 

flexibility.   
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LEGACY ARCHITECTURE  

 

Previous transmitter architectures consisted of an exciter, RF pallet, and linear regulator power 

supply.  With this topology, transmitter packaging was minimized, however power consumption 

suffered due to inefficient voltage regulation techniques.  Legacy transmitter designs are 

basically constant current input devices. When the input DC voltage is above the nominal input 

level transmitter power consumption increases and when voltage is below nominal power 

consumption decreases.  Typical internal support voltages of 5V and 12V were also linearly 

regulated from the prime 28V.  Power not converted to RF was directly dissipated into heat.  

These linear regulator’s inefficiencies drove system designers to include large heat sinks to 

remove wasted power from the transmitter, significantly increasing platform size and weight.  

Many transmitter architectures have been conceived and implemented in and attempt to 

ameliorate this critical system power consumption problem. This problem has also become more 

severe for the telemetry transmitter designer as analog and digital components have shifted from, 

relatively high, 5V supply voltages to 3.3V, 2.5V, 1.8V and 1.2V technologies.  Use of linear 

regulator technologies also limited the choice of suitable RF power devices to those optimized 

for use below the minimum input DC voltage. 

 

These legacy architectures also limited the ability of system designers to select reference grounds 

since linear regulation was typically implemented with a common chassis and primary ground.  

System designers that wished to isolate the ground references often used isolation plates, floating 

internal circuitry or a separate isolated DC supply.  The anodized metal isolation plates were 

susceptible to damage that would degrade its isolation properties. These plates also caused an 

additional mechanical thermal interface that increased transmitter base plate temperatures 

reducing reliability.  Separated DC supplies added increased system complexity, cabling, size, 

and weight.  Independently isolated status and control / communication lines were rarely 

achieved. 

 

These transmitter designs also provided fixed output RF power levels.  Each transmitter were 

designed for a defined output power reducing flexibility and requiring multiple internal designs 

and qualifications.  



 3 

 

ST3000 AND ST4000 ARCHITECTURE 

 

The ST3000 and ST4000 unique internal architecture uses a proprietary technology to achieve 

high efficiencies and provide the system designer unprecedented flexibility.  The ST3000 is an 

ARTM Tier 0 (PCM/FM) transmitter and the ST4000 transmitter is capable of supporting 

ARTM Tier 0 (PCM/FM), I (SOQPSK) and II (multi-h CPM) modulations.  

 

    

The basic building block assemblies of ST3000 and ST4000 transmitters are:  a RF exciter/ 

modulator, a RF power amplifier and a miniaturized integrated isolated switching power supply.  

The RF power amplifier and the switching power supply sections are common to both products. 

Modulation techniques are dependent on the style of exciter selected. 

 

 The inclusion of this high density, high reliability switchmode supply in a standard 2 by 3 inch 

footprint, enables several major design advantages: 

 

 

Flexibility 

 

The integrated isolated switching power supply accepts input prime power from +22VDC to 

greater than +34V DC and efficiently generates all required internal voltages. These internal 

voltages may be selected by the transmitter designer to enable the use of any suitable internal 

semiconductor device regardless of its input voltage requirements without sacrificing efficiency. 

This feature is particularly useful in supplying VDD voltages that are either much higher than the 

prime input voltage – i.e. HPA devices, or voltages much lower than the prime input voltage – 

i.e. FPGA devices. 

 

Power Control 

 

The ST3000 and ST4000 transmitters also feature adjustable output power control from 2-watts 

to 10-watts in 0.5dB steps or can be factory set to a desired level.  This adjustable power control 

gives system designers the ability to use one transmitter to cover 2-watt to 10-watt needs while 

eliminating the need for separate qualifications. This approach can also reduce procurement lead 

times by consolidating transmitter variations to a single part number.  Another application of this 

power adjustment can also be used to adaptively change RF output levels dependent on 

operational / environmental conditions during live use, reducing or increasing RF output power 

versus range or location. The internal switchmode power supply again assists in maintaining 

peak efficiency at all output powers by adjusting internal supply and bias voltages depending on 

programmed RF output requirements. 
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Isolation / EMI 

 

Due to the use of the switching power supply and discrete opto-isolators, both the ST3000 and 

ST4000 transmitters are completely DC isolated from chassis ground.  Communication through 

separate, isolated RS232 or RS422 can be referenced to primary return, chassis ground, or fully 

isolated. An isolated modulation return can also be provided.  If isolation is not desired, the 

transmitter can easily be internally configured to provide common ground. These grounding 

options give the telemetry system designer total flexibility when considering the EMI/EMC/ 

TEMPEST performance of the platform of interest.  

 

 

 

Power Consumption 

 

Lastly, the power consumption profile of this new line of telemetry transmitters differs 

dramatically from legacy designs. As seen in the figure below, the ST3010’s power consumption 

remains essentially constant regardless of the input voltage. The conventional transmitter design 

dissipates large amounts when the input voltage source is high and only approaches the 

ST3010’s efficiencies at low DC input levels. Furthermore, the switching supply allows for 

greater input voltage range since there are no linear regulator drop out limitations. 
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So, what are the thermal effects of this power savings?   

 

–ST810 transmitter is constant current at 2.7amps typ. 

• At 34Vin power to heat is 91.8watt-10wattsRF = 81.8watts typ 

• At 28Vin power to heat is 75.6watt-10wattsRF = 65.6watts typ 

• At 24Vin power to heat is 64.8watt-10wattsRF = 54.8watts typ 

 

–ST3010 is constant power.  

• At 34Vin current is 1.1amps.  Power to heat is 37.4watts-10WRF=27.4watts typ 

• At 28Vin current is 1.3amps.  Power to heat is 36.4watts-10WRF=26.4watts typ 

• At 24Vin current is 1.6amps.  Power to heat is 38.4watts-10WRF= 28.4watts typ 
 

-ST3010 thermal saving 

• At 34Vin;  81.8watts -  27.4watts = 54.4watts 

• At 28Vin;  65.6watts -  26.4watts = 39.2watts 

• At 24Vin;  54.8watts -  28.4watts = 26.4watts 
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CONCLUSION 

 

By using advance design architecture the ST3000 and ST4000 transmitters are clearly more 

efficient than legacy products.  Increased efficiency provides the system designer with greater 

overall system performance by reducing total system volume, weight, power and battery 

requirements.  These reductions may also result in longer operational durations, increased flight 

distances and increased standby capabilities. The ST3000 and ST4000 increase system design 

flexibility by providing configurable grounding schemes.  
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ABSTRACT 

Meeting the filtering requirements for telemetry transmitters and receivers can be challenging.  
Telemetry systems use filters to eliminate unwanted spurious or mixing products.  The use of 
tunable microwave filters for both L and S Band can improve filter selectivity and provide low 
insertion losses in the filter passband.  Along with meeting specifications, these microwave 
filters with the ability to tune an octave, reduce size and cost by the reduction of multiple, fixed-
frequency filters.  As size, weight and power are often a concern with aeronautical telemetry 
systems, this paper will demonstrate that microstrip tunable filters can be small in size and use 
minimal power. 

Telemetry transmitters are subject to difficult spurious emission and interference specifications 
and require selective filters to eliminate spurious signals before the final amplification.  
Telemetry receivers on the other hand are subject to intense Image and Local Oscillator (LO) 
rejection requirements and demand low insertion loss for front-end filtering. Low insertion loss 
filtering before the Low Noise Amplifier (LNA) circuit limits degradation to the system noise 
figure (NF).  By using different filter topologies and state-of-the-art, high-Q varactor diodes, 
tunable microwave filters can be optimized for two different functions.  The two functions 
emphasize either low insertion loss or selectivity.  An important design consideration with 
tunable filters, when compared to typical fixed frequency filters, is the degraded intermodulation 
performance. This is largely due to the non-linear behavior of the varactor diodes. 

This paper describes the benefits and limitations of microwave tunable filter architectures 
suitable for both aeronautical telemetry transmitters and telemetry receivers. Information on the 
computer modeling of varactor diodes will be covered as a critical part of the design. Potential 
design considerations for microwave tunable filters will also be covered. Through the use of 
simulation software and filter prototypes, this paper presents dramatically improved filter 
performance applicable to telemetry transmitters and receivers. 

KEYWORDS 

Tunable, L Band, S Band, microstrip filter, varactor 
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INTRODUCTION 

Technical advancements in telemetry require higher performance in smaller packages.  This 
constraint has encouraged filter designers to explore the viability of tunable filters at L Band and 
S Band for aeronautical telemetry applications.  

The use of tunable microwave filters for L and S band provides many benefits for telemetry 
transmitters and receivers operating under the challenging physical and electrical requirements 
inherent in telemetry applications. This paper indicates notable improvement is achieved by the 
careful design and implementation of microwave tunable filters. 

FILTERS FOR TELEMETRY APPLICATIONS 

Filters are used extensively in the design of aeronautical telemetry transmitters and receivers.  
The electrical and physical characteristics of the filter are driven by the specific functionality 
required. At the most basic levels of understanding, filters are desired to completely attenuate 
unwanted signals while passing wanted signals completely unchanged. Ideally, all filters would 
have zero insertion loss and infinite selectivity. 

As ideal filters are not readily available, and because the two principle filter characteristics of 
insertion loss and selectivity are naturally conflicting, filters often favor one characteristic over 
the other.  The design of tunable microwave filters provides some interesting options regarding 
insertion loss and selectivity, particularly when compared to fixed frequency filters. The 
advantages to tunable microwave filters are clearly evident in telemetry systems that support 
many channels over a wide frequency band, such as the IRIG-106 defined L and S bands. 

The tunable filters discussed in this paper are limited to relatively broadband filter applications 
such as those addressing spurious emissions and not for close-in spectral mask requirements. 
Both low insertion loss and high selectivity tunable filters are presented. 

L AND S BAND TUNABLE FILTERS 

L and S telemetry bands, from 1400 MHz to 2400 MHz, cover a frequency range where filter 
design using lumped element components starts to become impractical. At the higher frequencies 
of L and S band, the parasitic capacitance and inductance of lumped element components 
becomes significant.  An attractive alternative is filter design using distributed elements, utilizing 
common microwave design techniques such as microstrip and stripline. Distributed element filter 
design develops inductance and capacitance through the physical shape of a signal trace and its 
orientation to a close proximity ground.  Tunable microwave filter designs employing both 
lumped elements and distributed elements are presented.  

Figure 1 plainly shows the different physical structures for microstrip and stripline, which are 
readily utilized in modern printed circuit boards (PCB). Stripline requires a multilayered PCB 
while microstrip needs only a double-sided PCB. Tunable microwave filters using microstrip and 
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stripline techniques are very rugged and well suited for the severe operational environments of 
aeronautical telemetry systems. 

 

 
 
Figure 1: 50 ohm Trace for both Microstrip and Stripline (courtesy of AppCAD software, 

Agilent Technologies) 

Benefits of Tunable Telemetry Filters 

Some potential benefits of tunable microwave filters are:  

• Selectivity – the bandwidth of the tuned filter can be optimized to pass the widest 
instantaneous signal; the filter passband does not need to be wide enough to cover all 
possible frequency channels for that particular telemetry band.  

• Low insertion loss – a tunable filter can be optimized for low insertion loss yet still 
provide necessary filtering. Comparable performance from fixed frequency filters 
requires switching in multiple filters to provide low loss filtering over a telemetry band. 

• Smaller size - fewer filter poles are needed to achieve the equivalent filtering rejection of 
undesired signals. This has particular appeal to system designs using frequency 
multiplication, where the frequency relationship between the unwanted multiplication 
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products and the desired harmonic are completely predictable. This also permits the use 
of higher order frequency multiplication while simultaneously covering a broad 
frequency range, even to the point where several harmonics are within range of the 
tunable filter and only the desired is selected. The equivalent functionality using fixed 
frequency filters would require switching in different filters, at the cost of size. 

Potential Concerns of Tunable Filters 

As with most engineering designs, there are tradeoffs to consider when utilizing tunable filters 
for telemetry applications. Some of the potential limitations are: 

• Distortion – Tuning for tunable microwave filters is achieved almost exclusively through 
the use of varactor diodes. As varactor diodes are inherently non-linear devices, distortion 
increases as the Radio Frequency (RF) power level into the tunable filter increases. 
Distortion performance, which is formally specified as intermodulation requirements 
such as 1 dB compression point (P1dB) or Third-Order Intercept Point (IP3), can be 
lessened through proven design techniques.  

• Control of Tuning – a method is required to control the tuning of the filter. This may not 
be inconsequential, especially for systems without digital control circuitry already in the 
system. Typical tuning control is a voltage bias applied across a varactor diode. The 
precision of the tuning bias required is highly dependent on the narrowness of the tuned 
filter. 

 
Varactor Modeling 
 
A crucial component of the tunable microwave filters is the tuning element. The tuning element 
is usually a varactor diode. All tunable filter designs considered here use varactor diodes as the 
tuning element.  A varactor diode has a variable capacitance that is inversely proportional to the 
voltage applied across the diode.  An applied bias voltage causes the depletion region to change, 
which alters the capacitance. Varactor diodes operate in a reverse biased configuration so little or 
no current flows through the component; hence the varactor diode uses minimal additional 
power.   
 
A spice model of a varactor diode is shown in Figure 2, along with the equations defining the 
relationship between capacitance and applied voltage. 
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Ls= 0.068 
M = .46 
VR = 22 
Cp = 0.15 
X = (1+ (VR/.6)) ^M 
Cv = (2.45/X) + Cp 

 
 

Figure 2: Spice Model for Varactor Diode 

 
Symbol definitions: Ls = the specific series inductance (manufacturer supplied) 
   M = constant also provided by the manufacturer 
   VR = the voltage applied from the cathode to the anode 
   Cp = package capacitance 
   X = value for interim calculation 
   Cv = total resulting capacitance 
 
 
Capacitance versus bias voltage was plotted for a simulated varactor mathematically modeled by 
the equations and constants of Figure 2. The resulting plot is shown in Figure 3.  Note the very 
non-linear shape of the curve. Further, witness the reduced change in capacitance with higher 
voltage, which is ultimately limited by the parasitic capacitance of the diode package. In this 
simulation, the capacitance approaches but does not reach 0.5 pF at the highest bias voltages. 
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Figure 3: Capacitance vs Bias Voltage of Varactor Diode Model 
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A design concern for tunable microwave filters is the distortion which occurs. As mentioned 
previously, this distortion is the result of the non-linear characteristics of the varactor diode. A 
proven technique for reducing this effect is to place varactor diodes in series and effectively 
distribute the RF voltage swings across two diodes. Since each diode experiences only one-half 
the RF swing, distortion effects now occur at higher RF input levels. A common practice is to 
use four varactor diodes in a series/parallel configuration, as shown in Figure 4. The resulting 
total capacitance is equal to one varactor but with better distortion performance. The IP3 of a 
filter was measured with only one varactor for each tuning element and then with a circuit 
similar to Figure 4 replacing the single varactor. The IP3 improved from +4.7 dBm to +11.6 
dBm. 

 
Figure 4: Using Varactor Diodes in Series and Parallel Configuration for Distortion 

Reduction 

Design Considerations for L and S Band Tunable Filters 

A tunable microwave filter was designed and simulated using Genesys software from Eagleware. 
The bias on the varactor diode was stepped and the response plotted. This three-pole filter was 
synthesized as a tapped-combline filter with varactor diodes added to adjust the electrical length 
of the resonant structures. The layout and the swept filter response are shown in Figure 5. The 
simulated filter response shows good insertion loss performance from 1.9 GHz to 2.5 GHz.  

The prototype board for this tunable filter design was measured. Figure 6 shows several filter 
responses as the varactor bias was adjusted. The measured insertion loss did not equal the 
simulation but the tuning range did match the simulation. The most likely explanation for 
insertion loss differences is that a more sophisticated model of the varactor quality factor (Q) is 
needed; a model that reflects the change in Q versus frequency and tuning bias. 
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Figure 5: Microstrip Tunable Filter Layout and Simulation Covering 1.9 GHz to 2.5 GHz 

 

 
Figure 6: Measured Filter Response for 3 Pole Prototype Filter 

A second, tunable microwave filter using lumped elements was designed, simulated and built. 
The layout and measured response is shown in Figure 7. Requiring less than a square inch of 
board area, this very compact filter design has impressive performance. This tunable filter design 
was optimized for selectivity with much less concern for insertion loss. 
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Figure 7: Layout and Measured Response of Lumped Element Tunable Filter Optimized 
for Selectivity 

 

CONCLUSION 

Benefits of L and S Band tunable filters include dramatically improved filtering performance, 
especially across broad frequency bands like L and S Band.  Tunable microwave filters can save 
space by taking the place of multiple fixed frequency filters. A design concern for the tunable 
filters is distortion due to the varactor diodes, but proven techniques exist to lessen the effect.  

The use of tunable microwave filters for L and S Band provides many benefits for telemetry 
transmitters and receivers operating under the challenging physical and electrical requirements 
inherent in telemetry applications. 
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ABSTRACT 
 
Modern telemetry systems using state of the art field programmable gate arrays (FPGAs) and 
signal processing components require lower voltage supplies to support various CMOS core 
geometries while still needing multiple higher voltage rails to support legacy interfaces.  
Addressing these power supply requirements efficiently requires switching power supply 
topologies that if left unchecked can generate high input surge currents and high levels of 
detrimental noise for both the sensitive analog signal processing circuitry and the power supply 
input source. 
 
This paper focuses on the design considerations and tradeoffs associated with implementing an 
efficient telemetry encoder power supply while mitigating the resulting noise effects typically 
associated with switching power supplies. This noise can negatively affect the power supply 
input source and the linear signal processing circuitry within the telemetry encoder. 
 
 

INTRODUCTION 
 
The continuing evolution of modern telemetry systems places many demands that drive the need 
for the development of a new multi-output power supply.  Customer driven system level 
telemetry encoder requirements specifying functionality and power consumption influence and 
guide the possible power supply implementation options that may help satisfy the overall power 
constraints.  Manufacturing processes and thus parts availability then direct the specific voltage 
output requirements for telemetry encoder’s power supply subsystem.   
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As with any evolving product the trend is usually to expand functionality, add new features and 
capabilities, while support for maintaining the legacy functionality is slow to wither away albeit 
with the same or lower power requirements.  For example, one key aspect of telemetry encoder 
systems that complicates the design as compared to many commercial and consumer applications 
is the requirement to provide higher voltage analog interfaces for legacy sensors, while also 
providing multiple voltages for the numerous silicon geometries of modern digital and mixed-
signal electronic components that are required due to added functionality or parts obsolescence 
issues.   
 
 

GENERAL DESIGN REQUIREMENTS 

Many of the requirements for a telemetry encoder power supply are industry driven and have 
specific standards written to address the normal requirements, such as the nominal input voltage 
range (MIL-STD-704).  Many other aspects are also standards driven such as, input EMI filtering 
(MIL-STD-461) and over/reverse voltage protection (MIL-STD-704).  Examples of requirements 
the customer may impose might be related to environmental conditions, or inrush current 
limitations.  Some indirect requirements affecting the power supply design are the total encoder 
size, weight restrictions, and of course overall system functionality given the power constraints.  
Finally, there may be specific manufacturer driven requirements like the supply rails required, 
sequencing constraints, load regulation, ripple and noise limitations.  Table 1 summarizes some 
key requirements for a telemetry encoder power supply. 
 

Source  Requirement 
Industry 
Standards 

• 
• 
• 
• 
• 

Input voltage range 
Input EMI filtering 
Surge voltage protection 
Transient voltage protection 
Reverse voltage protection 

Customer • 
• 
• 
• 
• 
• 
• 
• 
• 
• 

Under voltage protection 
Input surge current/soft-start needs 
Power stabilization time 
Input dropout characteristics    
Isolation levels 
Back voltage 
Environmental constraints 
Excitation requirements – indirect implications 
Size and weight restrictions - indirect implications 
Maximum allowed input power – indirect implications 

Manufacturer • 
• 
• 
• 
• 
• 
• 
• 
• 
• 

Supply voltages required 
Maximum and minimum current per supply 
Peak power output 
Continuous power output 
Thermal mounting methods 
Supply sequencing constraints 
Input regulation 
Load regulation 
Load short and over voltage protection 
Ripple and noise limitations 

Table 1:  Telemetry Encoder Power Supply Requirements 
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IMPLEMENTATION 
 
The availability of small, multiple output MIL-STD-704/461 compliant power supplies and DC-
DC converters are limited and while the voltages supplied address the needs of older telemetry 
encoder systems they provide a far from complete power supply solution for a modern telemetry 
encoder.  The efficiency of the standard DC-DC converter available is well beneath the 
capabilities of modern technologies (~75% typical).  A custom design may attain better (~85%) 
efficiency under high load conditions.   
 
On the other hand, building the complete power supply subsystem from scratch requires 
additional development cost and time for hardware development and standard compliance 
testing.  Therefore, the L-3 Communications PCM330E telemetry encoder’s power supply 
module (PSM310) development focused on utilizing an off the shelf isolated multiple output 
DC-DC converter while efficiently generating the additional required supply rails using effective 
noise mitigation techniques to counteract the negative aspects of switching regulation methods.   
   
Architecture 
 
At the input side of the power supply subsystem, soft-start, under voltage and reverse input 
protection must be present since the DC-DC converter doesn’t include these functions.  
Additionally, the surge voltage and transient suppression must be added for the additional 
circuitry required for the soft-start and under voltage functions.  EMI filtering is included in the 
DC-DC converter, but additional filtering is included at the input of the DC-DC converter to help 
with switching transients from the post secondary switching regulators. 
 
The multiple output DC-DC converters provide three outputs, two of which are high voltage 
bipolar supplies of +/-15V supporting the analog interfaces at lower currents and one is a 
relatively high current +5V supply.  With the need to generate multiple additional lower voltage 
supplies, switching regulation methods must be utilized for the higher power outputs in order to 
maintain reasonable power efficiency.   
 
For example, with the 90nm silicon geometries the core voltage required is 1.2V which would 
translate to an ideal efficiency of 24% if using linear regulation methods, while switching 
regulation methods can typically achieve better than 85% efficiency.  Since the field 
programmable gate arrays (FPGAs) core voltage typically requires a relatively high current and a 
telemetry encoder may include several FPGAs it would be unthinkable to use linear regulators 
for this supply rail.  Similarly, the other digital supplies should use switching regulators to 
maximize the efficiency since the loading is generally significant.  Figure 1 below shows the 
block diagram of the developed telemetry encoder power supply module. 
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Figure 1:  Telemetry Encoder Power Supply Module (PSM310) 
 

NOISE AND RIPPLE MITIGATION TECHNIQUES 
 
Switching power supplies are notorious for generating conducted and radiated noise.  A power 
supply subsystem responsible for powering sensitive analog sensor interfaces must take all 
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reasonable steps to minimize the noise from the switching supplies.  The PSM310 power supply 
module utilizes six key methods for mitigating switching power supply noise. 
 
Synchronized Multi-Phase Switching 
 
Synchronized multi-phase switching power supply regulators were utilized to reduce input 
current ripple loading.  By strictly offsetting each switching regulator by 120 degrees, the peak-
to-peak ripple current loading is greatly reduced.  For example, if three switchers had equivalent 
efficiencies, power loading and were running asynchronously the ideal input current would range 
from 0 amps to 3 times the peak input current required for any single switcher.  But when 
synchronized on non-overlapping phases the peak input current  is reduced to that of a single 
switcher.  Reducing the peak-to-peak ripple current not only minimizes switching induced noise, 
but also lowers the size of required input capacitor for equivalent filtering.  
 
Optimized Load Balancing 
 
In order to gain the most benefit from synchronized multi-phase switching methods, careful 
attention to load power balancing should be considered.  It is important to remember that it is the 
power to the post secondary switching regulators that must be optimized and not the load 
currents.   
 
Spread Spectrum Modulation 
 
Spread spectrum modulation of switcher synchronizing clock is also helpful in reducing the 
observed noise from a switching power supply.  Neglecting the change in input current 
requirements verses switching frequency, the peak instantaneous current inputs will not change.  
But the since measurements are integrated over a limited resolution bandwidth the spectral 
spreading will reduce the measured level of the noise proportionately as given in equation (1) 
below.   
 
Attenuation (dB) = 10 · Log10 ( Fspreadbw / Fmbw)    (1) 
 
where Fspreadbw = bandwidth of the spectral spreading in Hz 
 Fmbw = measurement bandwidth in Hz 
 
High Frequency Switching 
 
Spectral occupancy telemetry sensor information is typically limited to frequencies below 
100kHz;  therefore, high frequency switchers that put noise components out of the regular signal 
processing areas of interest enable direct filtering of the signal to remove any switching power 
supply noise components.  For example, if the switching frequency is 1MHz and the highest 
signal of interest is 100kHz, there is full decade of spectrum separation between the signal of 
interest and the main switching noise component which allows for easy filtering of the sensor 
signal should it become significantly corrupted.  Additionally, keeping the switching frequency 
high eases the filtering because smaller capacitances and inductances and thus smaller footprints 
provide effective filtering. 
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Components 
 
A step-down regulator’s ripple current is inversely proportional to the value of the inductance 
and having lower ripple current lowers core losses of the inductor and equivalent series 
resistance (ESR) losses in the regulators output capacitors.  Therefore, it is important to optimize 
this inductor value given the size restrictions to maximize the supply’s efficiency.  The inductor 
ripple current is given by formula (2) below. 
 
�IL  = [ Vout / ( Fsw · L ) ] · [ 1 – ( Vout / Vin ) ]    (2) 
 
where Vout = regulator output voltage 

Fsw = switching frequency in Hz 
L =  step-down regulator inductance 
Vin = regulator input voltage 

 
The inductor optimization also reduces the power supply ripple because the current through the 
output capacitors ESR is converted directly into a ripple voltage.  Having a lower ripple current 
also allows for a smaller load capacitance for the same level of ripple.  Care must be taken to not 
just use the largest value and size of inductor the design will tolerate because larger valued 
inductors in the same family and size package from a vendor will have larger ESR losses that 
may nullify and even degrade the benefits from lowering the inductors core losses and the output 
capacitors ESR losses.  Another issue with increasing the inductor value relates the method of 
regulation the switching regulator uses.  Some switching regulators require a minimal amount of 
ripple current in order to maintain stability.  Even if the output voltage seems stable, care must 
be taken to look closely at the output because this instability may manifest itself as a low level 
oscillation. 
 
When choosing the inductor it is also of the utmost importance to insure that inductor will not 
come close to saturating.  As an inductor approaches saturation, the effective inductance can 
decrease rapidly which causes spikes in the switching current.  These higher transient current 
levels increase both conducted and radiated noise.  Whether the inductor is saturating or not, the 
radiated noise can be reduced by using a magnetically shielded inductor.   
 
As mentioned previously the output voltage ripple of the switcher is directly proportional to the 
ripple current times the ESR of the output capacitors; therefore, type of capacitor is a critical 
choice when minimizing the output ripple.  For buck or step-down switching regulators using 
capacitor dielectric formulation such as X5R and X7R will minimize the ESR, but still maintain 
relatively good value stability over temperature.  The output ripple is also inversely proportional 
to the value of the output capacitor as given in formula (3) below. 
 
�Vout � �IL · [ ESR + 1 / ( 8 · Fsw · Cout ) ]    (3) 
 
where �IL = inductor ripple current in amps 

ESR = equivalent series resistance of the total output capacitance 
Fsw = switching frequency in Hz 
Cout =  total output capacitance 
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The step-down regulator also requires a low ESR input capacitor rated for the maximum RMS 
current in order to filter the trapezoidal wave current input waveform.  Without this local input 
capacitance it is possible to generate very high levels of switching noise induced by this current 
waveform which eludes to the importance of the switching power supplies layout.  
 
Layout 
 
The circuit topology, operating parameters and every component can be optimized correctly, but 
if the layout is poor the performance and even stability can be destroyed.  There are numerous 
books, application notes and articles written that deal with the subject of noise reduction 
techniques relating to a circuit’s layout, but a short list of some key guidelines are given below 
for quick reference.  Generally, a good step-down switching regulator layout will optimize the 
following given their application constraints: 
 

• Utilize ground and power planes if possible 
 – Using a ground plane will reduce radiated noise, ground loop errors 
 

• Minimize parasitic inductance of capacitors 
– Using multiple vias connecting to planes with the shortest current loop and connecting 
the ground terminals to same layer floods 
 

• Minimize the additional routing inductance when connecting the inductor 
 – Use as wide and short of traces possible when routing to and from the inductor, the 
parasitic inductance is inversely proportional to the width and thickness of the trace 
 

• Make copper planes and traces as thick as possible 
– 1 ounce copper will help reduce resistive losses and provide better thermal 
management compared to utilizing ½ ounce copper 
 

• Minimize routing areas of all circuitry especially the synchronous switch, inductor and 
output capacitor loop and place the input capacitor close to the power switch sourcing 
current to the inductor 

– Placing the related components tightly and in the correct orientation to minimize area 
and conduction loops will reduce both external noise pick-up and radiation outside the 
circuit 
 

• Isolate and minimize coupling to the sensitive feedback voltage and compensation nodes 
from the inductor and other high current traces 

– Noise coupling on the feedback voltage and compensation nodes can ruin the 
regulation characteristics, routing the traces on the opposite side of the board as the 
inductor will help isolate these sensitive nodes by having a ground plane for improved 
isolation., If signals must overlap without a ground plane, route at right angles to 
minimize magnetic field pick-up.  Low impedance guard traces around high impedance 
sensitive nodes may reduce noise pick-up. 

 

• Shield switching elements 
– Electrostatic and magnetic shielding reduce radiated noise, for example using a copper 
shield box over a circuit to reduce high frequency radiation or using a high-permeability 
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magnetic material like Mumetal to constrain low frequency magnetic fields.  
Magnetically shielded inductors are localized example of magnetic shielding. 
 

• Flood all unused areas with ground connected copper 
 – After routing flood the open areas with ground connected copper insuring that the 
flooded areas have multiple via connections to the ground plane at a reasonable spacing 
to insure good high frequency bypassing operation  
 

• Place the components so that the direction of the current loops are common for the two 
switching states to eliminate magnetic field reversal 

 – A switching regulator maintains two operating states, one where the a synchronous 
switch or diode switch conducts energy stored in the inductor and one when energy is 
delivered from the input source to inductor through another switch.  The components 
comprising these two current loops should be placed so the conduction directions are the 
same during each of their on states.  For example, layout 1 on the left  in Figure 2 shows 
a placement where both states have clockwise current loops, while layout 2 on the right 
would cause an opposing counter-clockwise current loop when energy is supplied by the 
inductor.  Magnetic field reversal will change the polarity of the induced noise during 
each state making the peak-to-peak noise larger. 

 

 
Figure 2: Functionally Illustrative Example Layouts 
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CONCLUSIONS 

 
Telemetry encoder power subsystems have many industry, customer and manufacturer driven 
requirements that guide the basic design, but the need for a power efficient telemetry encoder has 
several implications that require special considerations that could previously be ignored when 
linear regulation methods dominated telemetry encoder power supply subsystems.   
 
Power efficiency requirements generally rule out the use of linear regulation methods for 
supplying digital processing components, especially those voltages required for modern 90nm 
silicon geometries.  Therefore, switching power supply topologies must be utilized and their 
noise implications dealt with accordingly.  Several power supply noise mitigation methods were 
presented, such as multi-phase staggered synchronous clocking that have been effectively 
implemented in the L-3 Communications PCM330E telemetry encoder.   
 
New power supply options are continually developing that may favor new or previously rejected 
implementation methods or at least ease the implementation with higher levels of integration.  
For example, miniature modularized point-of-load converters or multiple output low voltage DC-
DC converter solutions tailored for digital requirements.  
 
Future research may be directed toward the development of a more efficient isolated DC-DC 
converter solution that meets the strict space limitations and environmental conditions needed in 
telemetry encoder applications.  Currently available DC-DC converters that meet the size 
constraints typically only exhibit ~75% efficiency while commercial DC-DC converters exhibit 
efficiencies above 90%.  Furthermore, there is ample opportunity for additional functional 
integration and optimization if the isolated DC-DC converter function is taken out of its black 
box. 
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ABSTRACT 
 

Robust adaptive beamforming using worst-case performance optimization is developed in recent 
years. It had good performance against array response errors, but it cannot reject strong 
interferences. In this paper, we propose a scheme for robust adaptive beamforming with broad 
nulls to reject strong interferences. We add a quadratic constraint to suppress the power of the 
array response over a spatial region of the interferences. The optimal weighting vector is then 
obtained by minimizing the power of the array output subject to quadratic constrains on the 
desired signal and interferences, respectively. We derive the formulations for the optimization 
problem and solve it efficiently using Newton recursive algorithm. Numerical examples are 
presented to compare the performances of the robust adaptive beamforming with no null 
constrains, sharp nulls and broad nulls. The results show its powerful ability to reject strong 
interferences. 
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1. INTRODUCTION 
 

Adaptive beamforming is a spatial filter approach for signal processing. It is used to enhance a 
desired signal while suppressing the noise and interferences at the output of a sensor array. It is 
likely that it will be widely used in radar, wireless communications and other fields [1]. 
Traditional adaptive beamforming depends on the exact knowledge of array response to the 
desired signal. It is very sensitive to the array error. In practical systems, the performance is 



known to degrade greatly due to the mismatch between assumptions and actual array responses. 
Performance degradation can also be caused by small sample size even if the array responses are 
exactly known. So, the robustness of the beamforming algorithm against array errors is a key 
research point. 
 
In the past decades, many robust adaptive beamforming algorithms have been proposed [2, 3, 4, 
5, 6]. Robust adaptive beamforming using worst-case performance optimization, which is 
theoretically rigorous, is one of the most promising techniques [7, 8]. It defines uncertainty sets 
for the presumed steering vector and estimated covariance matrix. When the worst-case 
performance is optimized, good performance of the beamformer is preserved as long as the 
actual steering vector and covariance matrix are in the uncertainty sets. But when there are strong 
interferences, its performance will degrade severely. A simple way to suppress strong 
interferences is adding a set of linear constrains to form sharp nulls in the direction of 
interferences. When the knowledge of array response on interferences is not exact, the 
performance improvement is limited. So, robust adaptive beamforming with broad nulls may be 
a good choice [9, 10]. 
 
In this paper, we propose a scheme for robust adaptive beamforming with broad nulls to reject 
strong interferences. We add a quadratic constraint to suppress the power of the array response 
over a spatial region of the interferences. The optimal weighting vector is then obtained by 
minimizing the power of the array output subject to quadratic constrains on the desired signal 
and interferences, respectively. 
 
The paper is organized as follows. In Section 2, robust adaptive beamforming using worst-case 
performance optimization is introduced. In Section 3, the proposed robust adaptive beamforming 
with broad nulls is presented. The optimization problem is derived and then solved using Newton 
recursive algorithm. Some numerical techniques for Newton recursive algorithm are also 
presented. In Section 4, numerical examples are given to demonstrate its performance. The 
performances of the robust adaptive beamforming with no null constrains, sharp nulls and broad 
nulls are compared. And finally, in Section 5, conclusions are presented. 

 
 

2. ROBUST ADAPTIVE BEAMFORMING USING WORST-CASE PERFORMANCE 
OPTIMIZATION 

 
For an array with M sensors, the output of the narrowband beamformer is given by 

( ) ( )y k k= Hw x  (1) 

where w is the M*1 complex weighting vector of the beamformer, x(k) is the M*1 array 
observation vector, and (·)H is the Hermitian transpose. The array observation vector is given by 

( ) ( ) ( ) ( )k k k k= + +x s i n  (2) 



where s(k), i(k), and n(k) are the desired signal, interferences, and sensor noise respectively. 
For the array output, the signal-to-interferences-plus-noise (SINR) is given by 

s

i n+

=
H

H

w R w
SINR

w R w
 (3) 

where  

{ }( ) ( )s k k= ⋅ HR E s s  (4) 

and 

( ) ( ){ }( ) ( ) ( ) ( )i n k k k k+ = + ⋅ + HR E i n i n  (5) 

The optimal weighting vector is the vector that maximizes the SINR of the array output. So the 
beamforming problem can be expressed as 

arg max arg maxs s
opt

i n+

= =
H H

H Hw w

w R w w R w
w

w R w w Rw
 (6) 

where  

s i n+= +R R R  (7) 

This approach is usually referred to as Minimum Variance Distortionless Response beamforming. 
The solution to (7) is given by 

{ }1
opt sρ −=w R R  (8) 

where ( )ρ ⋅ is the operator that gets the principal eigenvector of a matrix. 

 
In fact, we can only get the presumed signal and training data covariance matrices. There is 
always a mismatch between the presumed and actual covariance matrices. So, we can get 

1
ˆ

s s= + ΔR R  (9) 

2
ˆ= + ΔR R  (10) 

Where sR  and ˆ
sR  represent the actual and presumed signal covariance matrices respectively. 

 and  represent the actual and presumed training data covariance matrices respectively. R R̂ 1Δ  

and  represent the uncertainty of signal and training data covariance matrices respectively. 

Usually  and  are limited as follows 

2Δ

1 2Δ Δ

1 εΔ ≤  (11) 



2 γΔ ≤  (12) 

where ⋅  denotes the Frobenius norm. In order to provide robustness against covariance 

mismatch, the worst-case performance is optimized. It can be expressed as 
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It can be rewritten as 

( )
( )
ˆ
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ˆ

s ε

γ

−

+

H

Hw

w R I w

w R I w
 (14) 

The solution to (14) is 

( ) ( ){ }1ˆ ˆ
opt sρ γ ε

−
= + −w R I R I  (15) 

 
 

3. ROBUST ADAPTIVE BEAMFORMING WITH BROAD NULLS 
 

3.1. Formulation derivation 
 

The robust adaptive beamforming using worst-case performance optimization is expressed as 
(14). It is equivalent to a constrained optimization problem 

( ) ( )ˆ ˆmin ,  . . 1ss tγ ε+ − =H H

w
w R I w w R I w  (16) 

Because the estimated training data covariance matrix is not ideal, and the there are no special 
constrains on the interferences, the beamformer has little ability to suppress strong interferences. 
Here, to form broad nulls in the interferences’ directions, we integrate the power response of the 
array over the spatial region of the interferences, it is expressed as 

( ) ( )2

1 2

k
k

k
k

L

k
d

θ
θ

θ
θ

ρ θ θ
Δ

+

Δ
−=

= ∑∫ H Hw a a w θ  (17) 

where ( )θa  is the array steering vector in the direction θ , , 1,2,k k Lθ =  is the direction of the 

interference, and kθΔ  is the corresponding null width to the interference direction. 

 
It can be rewritten as  

ρ = Hw Gw  (18) 

where  
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We then constraint the quantity ρ  to be equal to a small positive quantity 2δ , that is 

2δ=Hw Gw  (20) 
where 2δ  presents the mean null depth over the spatial region of interferences. 
Then the robust adaptive beamforming problem can be expressed as following constrained 
optimization problem, 

( ) ( )
2

ˆ ˆmin ,  . . 1

                                      

ss tγ ε

δ

+ − =
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H H
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w R I w w R I w

w Gw
 (21) 

 
3.2. Newton recursive algorithm 
 
Using Lagrange multiplier method, we can convert (21) to an unconstrained optimization 
problem 

( ) ( ) ( )( ) ( )2

, ,
ˆ ˆmin ( , , ), , , 1 sf f

λ μ
λ μ λ μ γ λ ε μ δ= + + − − + −H H

w
w w w R I w w R I w w GwH  (22) 

So, the beamforming vector satisfies the following equations 
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 (23) 

The nonlinear equations (23) can be efficiently solved by Newton recursive algorithm. 
 

We let , and then Newton recursive formulation is given by , ,λ μ⎡= ⎣
HH H Hz w
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Therefore, the Newton recursive algorithm can be summarized as follows: 

1) Initialize , [ ]0 1,0, ,0= Hw 0 0λ = , 0 0μ =  

2) For k=1,2… 



compute  and ( 1kf −∇ z ) ( )( ) 12
1kf

−

−∇ z ; 

compute ; 

if residual error 

( )( ) ( )12
1 1k k k kf fα

−

− −= − ∇ ⋅∇z z z z 1−

( ) 2
610kf

M
−∇

≤
z , then stop; 

else go on; 
 
3.3. Numerical techniques 
 
It seems that matrix inversion should be carried out once per iteration. In fact, we only have to 
solve the following linear equations instead. 

Ax = b  (26) 

where , and . (2
1kf −= ∇A z )

1k k

( )1kf −= ∇b z

Then Newton recursive formulation is expressed as 

,0 1α α−= − < ≤z z x  (27) 

Numerical techniques for solving the linear equations (26) will be presented in the following. 
Matrix A can be factorized as A=QR, where Q is a unitary matrix, and R is an upper triangle 
matrix. Then equations (26) can be rewritten as 

HRx = Q b  (28) 
when A is non-singular, R is non-singular. Equations (28) can be quickly solved using 
back-substitution.  
During the iteration steps of Newton recursive algorithm, matrix A may be almost singular. At 
this time, linear equations (26) have many solutions. We can do column-swap operations on 
upper triangle matrix R, so as to 

11 12⎛ ⎞
=⎜ ⎟

⎝ ⎠

R R
RP

0 0
 (29) 

where P is a column-swap matrix, which satisfies =TPP I , and is a non-singular upper 

triangle matrix. 
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The least square solution to (30b) is 
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Then the solution to (26) is given by  

(1
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Especially, let =y 0 , we get a basic solution expressed as 

1
11 1
−⎛

= ⎜
⎝ ⎠

R c
x P

0
⎞
⎟  (33) 

Using these numerical techniques, the computation complexity can be reduced to O(M2) per 
iterations. 

 
 

4. NUMERICAL EXAMPLES 
 

Newton recursive formulations have been derived for robust adaptive beamforming with broad 
nulls. In this section, numerical examples are given to demonstrate its performance. We assume a 
uniform linear array with M=10 omni-directional elements spaced half-wavelength apart. In the 
simulations, there are two signals impinging on the array, one is the desired signal and the other 
is interference. They come from the directions of 00 and 300, respectively. The presumed 
directions of arrival of the desired signal and interference are 20 and 320, with a look direction 
mismatch of 20, respectively. The null width of the broad null is 5θΔ = to make sure that the 
actual direction of the interference is in the region of the null. The factor α  in the Newton 
recursive algorithm is 0.1α = which can be selected to be a little larger so that the algorithm may 
converge faster.  The interference-to-noise ratio is set to be 30db, and the diagonal loading 

factors for signal and training data covariance matrices are 3ε = and 230 nγ σ= , respectively.  

 
Firstly, we demonstrate the convergence performance of the Newton recursive algorithms for 
robust adaptive beamforming with broad nulls when the signal-to-noise ratio is 0db, and the 
sample size is N=512. Fig. 1 and 2 display the residual error and output SINR of the beamformer 
versus the iteration index, respectively. Fig. 3 shows the final array pattern when the algorithm 
has converged.  
 
Secondly, Fig. 4 shows the output SINR of the beamformer versus input SNR at a single sensor 
with the sample size N=512. The performances of robust adaptive beamforming with no null 
constrains, sharp nulls and broad nulls are compared. 
 



Finally, the output SINR of the beamformer versus sample size is shown in Fig. 5 with the input 
SNR=0db at a single sensor. The performances of robust adaptive beamforming with no null 
constrains, sharp nulls and broad nulls are also compared. 
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Fig. 1 Residual error versus iteration index 
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Fig. 2 Output SINR versus iteration index 
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Fig. 3 the final array pattern 
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Fig. 4 Output SINR versus input SNR 
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Fig. 5 Output SINR versus sample size 

 
 

5. CONCLUSIONS 
 

Robust adaptive beamforming using worst-case performance optimization is a theoretically 
rigorous method. Many papers have demonstrated its good performance under the condition of 
arbitrary array response errors and small sample size. In this paper, we propose a scheme with 
broad nulls to improve its performance when there are strong interferences. It can be expressed 
as an optimization problem with two quadratic constrains on the desired signal and interferences. 
It is efficiently solved using Newton recursive algorithm. When some numerical techniques are 
used, the computation complexity can be reduced to O(M2) per iteration. Numerical examples 
are presented to compare the performances of the robust adaptive beamforming with no null 
constrains, sharp nulls and broad nulls. The results show the powerful ability of the proposed 
scheme to reject strong interferences. 
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ABSTRACT 
 

This paper focuses on the transceiver design using BOC signal in the telemetry field, 
including the transmitter and receiver.  The transmitter is similar as that using BPSK except 
from the sub-carrier modulation.  But the receiver design is totally different because the 
BOC signal has different performance.  The acquisition methods of BOC signal have been 
discussed such as the single-side BPSK-like, double-sides BPSK-like and hybrid processing 
methods, which can restrain side-peak and eliminate ambiguities.  The three acquisition 
process principles and their performances include arithmetic complexity are described, 
compared and simulated using MATLAB.   
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I.  INTRODUCTION 
 

Binary offset carrier (BOC) modulation was considered for the European Navigation Satellite 
System (Galileo) and the modernized GPS.  Compared with the traditional BPSK 
modulation, the BOC modulation has a lower inherent tracking noise, and better multipath 
and narrow-band interference mitigation performance.  In this paper, BOC modulation is 
introduced into the telemetry transceiver design to improve the performance in data 
transmission for the telemetry.   
 
The BOC signal has auto-correlation function with multiple peaks because of the sub-carrier.  
The nature of the BOC signals lead to potential acquisition and tracking ambiguities.  If the 
receiver locked on the error peak, the data demodulation results will not be correct.  
Therefore, new acquisition and tracking methods should be considered to avoid false locking 
onto a side peak when the BOC signal is processed. 
 
Traditional acquisition method of BOC signal has the problem that the main peak and the 
side-peak are ambiguous.  In order to deal with the problem, the single-side BPSK-like, 
double-sides BPSK-like [3] and hybrid processing [4] acquisition methods can be used to 
restrain side-peak and eliminate ambiguities.  In this paper, the three acquisition method 
principles and their performances include arithmetic complexity are described, compared and 
simulated using MATLAB.   
 

This paper is organized as follows, the second part gives the modulation principles and 
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auto-correlation function of the BOC signal following the introduction in section one.  Some 
acquisition models which can eliminate the side-peak of BOC signal are given in the third 
part.  In the fourth part, the performances of the three acquisition methods are compared.  
The compared results indicate that the different acquisition methods have different 
advantages in arithmetic complexity, acquisition time and the ability of against noise.  The 
final section gives the conclusion for this paper.   

 
 

II. BOC MODULATION FOR THE TRANSMITTER 
 
The transmitter based on the BOC modulation is shown as in Figure 1.  The telemetry data 
is spread with psuedo random codes firstly, and then a square offset carrier with frequency 

sf  is multiplied before the sinsoidal wave is modulated [1].  The frequency of sub-carrier 
is cas fmf ⋅= , the rate of spreading code is cac fnf ⋅= , the caf  is defined as the basic 
psuedo random code rate and can be configured for the transmitter.  So the ),( cs ffBOC  
can be defined as BOC(m,n).  The BOC signal can be represented as equation (1) 

)2cos())2(sin()()()( tftfsigntPRNtdAts cs ππ ⋅⋅⋅⋅=               (1) 

where A is the signal amplitude, PRN(t) is the psuedo random code with code rate caf .  
 

 
Fig. 1  The telemetry transmitter based on the BOC modulation 

 
Because of the sub-carrier, the auto-correlation function for BOC(m,n) signal has multiple 
peaks[2].  The number of side peaks is increasing as the growing as the ratio of m/n, as 
well as the value of side peak near to the main peak is increasing.  For example, the 
auto-correlation function of BOC(1,1) is expressed in equation (2).  It has changing points 
at -1, -0.5, 0, 0.5,1 chip.    
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The multiple peaks bring difficulties on the acquisition and tracking of BOC signal.  There 
are some special methods used to deal with the problem, i.e. to restrain side peak and avoid 
the fault lock onto a side peak. 
 
 

III. BOC SIGNAL ACQUISITION ARITHMETIC FOR THE RECEIVER 
 
The acquisition method of the traditional hardware receiver is time domain based with huge 
computation burden.  But the FFT based acquisition methods can reduce the quantity of 
calculation and improve the signal acquisition speed.  The following three algorithm are 
based on FFT.   
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(1) BPSK-Like double-sides acquisition algorithm 
The power spectrum density (PSD) of BOC signal can be regarded as that the traditional 
BPSK signal’s PSD is moved sf  up and down by the center carrier frequency of carrier.  
So we can use the spreading code PRN as the local code instead of the equalized BOC code.  
The local carrier should be changed into cf ± sf  instead of the cf , and the local 
intermediate frequency carrier is sIF ff ± .  The value IFf  is the numeric intermediate 
frequency as well as the local central carrier frequency.  The acquisition model is shown in 
Fig. 2. 

 

 
 

Fig. 2  BPSK-like acquisition model 
 
According to the acquisition model, the output value H of the inspected implementation is in 
equation (3), 

22
downup HHH +=                                       (3)  

where, 
)}(*.{ prnupup LconjYIFFTH =                                   (4) 

))(*.( prndowndown LconjYIFFTH =                                (5) 
})({ )(2 tffsfj

up
IFetrFFTY Δ++= π

                                  (6) 
})({ )(2 tffsfj

down
IFetrFFTY Δ+−= π

                                 (7) 
)}({ tPRNFFTLprn =                                         (8) 

)(tr  is the BOC signal at the receiver end, fΔ  is the step of Doppler frequency searching, 
)(Lconj  is the conjugate of L ,  .* is the dot multiplication of vector.   

 
(2) BPSK-like single sideband acquisition algorithm 
The main idea of this acquisition method is similar as the first method based on the BPSK 
PSD’s shift.  But the first one has complex architecture with energy saving.  This method 
shown in Fig. 3 has a simple architecture. 
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Fig. 3  BPSK-like single sideband acquisition architecture 
 
(3) The hybrid processing acquisition algorithm [4] 
This method is proposed based on the character of the auto-correlation function of the 
BOC(1,1) and the mutual correlation function of the  BOC(1,1) and the spreading code 
PRN(t).   
 
It is clear that the new function (9) can eliminate the side peak of the BOC auto-correlation 
function. 

},{},{)( 22 PRNBOCRBOCBOCRR syn −=τ                            (9) 
The function },{ BAR  is the mutual correlation function of A and B.  The hybrid 
processing acquisition architecture is shown in Fig. 3.  

 
Fig. 3 The hybrid processing acquisition architecture 

 
The output H is shown in equation (10), 

2
/

2
/ prnbocbocboc HHH −=                              (10) 

where, 
)}(*.{/ bocbocboc LconjYIFFTH =                             (11) 
))(*.(/ prnprnboc LconjYIFFTH =                             (12) 

})({ )(2 tffj IFetrFFTY Δ+= π                                 (13) 
)}({ tBOCFFTLboc =                                    (14) 
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)}({ tPRNFFTLprn =                                    (15) 
 
 

IV.  PERFORMANCE ANALYSIS OF BOC SIGNAL ACQUISITION 
 
According to the abovementioned three methods, we set the BOC signal’s initial code delay 
as 150chip, the initial doppler is 1200Hz.  The value 41 is the total steps of the doppler 
frequency search with 500 Hz interval from -10KHz to 10KHz. The sampling number of the 
data is N.  Table 1 shows the complexity result for the three algorithms with multiplication 
number.  The acquisition time is obtained based on 4ms BOC data processing on 2.4 GHz 
CPU and Windows XP platform.  BPSK-like single sideband acquisition algorithm is much 
fast than the other two as it processes only single sideband signal. 
 

Table 1  Algorithms complexity result 
Algorithms The multiplication number ( acquisition time ) 
BPSK-like double 
sideband 

NNNNN
22 log

2
41*)4)4(log

2
4( ++  (10s) 

BPSK-like single 
sideband 

NNNNN
22 log

2
41*)2)2(log

2
2( ++ (5s) 

Hybrid processing N
N

NN
N

22 log
2

*241*)3)3(log
2

3
( ++  (8s) 

 
According to the acquisition architecture, their performance such as energy loss, noise 
restrain and the maximum of H(k) are shown in Table 2.  The hybrid processing algorithm 
has no energy loss and can have better performance under lower SNR.  That is, its 
maximum H(k) is largest for the signal acquisition among the three algorithms.   
 

Table 2  BOC signal acquisition performances  
Algorithms Loss of energy The lowest SNR Maximum of H(k) 
BPSK-like double 
sideband 

1.2~1.5db -26dB 5402.15 

BPSK-like single 
sideband 

3db -26dB 2970.44 

Hybrdi processing Non-loss -28dB 6302.26 
 
 

V.  CONCLUSION 
 
BOC signal has better performance including the frequency efficiency and multi-path 
mitigation, which can be used in the telemetry transceiver.  In this paper, the transmitter and 
receiver design based on BOC signal in the telemetry application are proposed.  And the 
BOC signal generation, the BOC signal acquisition algorithms are discussed in detail.  The 
performance for the different acquisition method are analyzed from the point of view 
computation complexity, energy loss, noise restrain etc.  These analyses can be provided for 
the practical application scenario in telemetry field.   
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WELCOME

COME JOIN US FOR “TELEMETRY EXPLORATION”

DoD Notice
The Department of Defense
finds this event meets the
minimum regulatory standards
for attendance by DoD
employees.  This finding does
not constitute a blanket
approval or endorsement for
attendance.  Individual DoD
component commands or
organizations are responsible
for approving attendance of
their DoD employees based on
mission requirements and DoD
regulations.

Jim Harris
2007 General Chairman

NASA, DFRC
Edwards, CA

Bob Downing
2007 Co-Technical Chairman

Arcata Associates, Inc.
Edwards, CA

2

Gold Sponsors

Wideband Systems, Inc.

Wyle 

L-3 Communications

ACRA CONTROL

Silver Sponsors

Symvionics, Inc.

M/A-COM, Inc.

Herley Industries

Arcata Associates, Inc.

Tha
nk

You
to All ITC Volunteers!

ITC continues to be run by an all-volunteer organizing committee without whom the
conference would never come to pass.  The Board of the International Foundation for
Telemetering wishes to thank all ITC volunteers, and the companies who sponsor them,
for their generous contributions to making this forum the premier event it has been for
the past 43 years.

On behalf of the entire ITC organizing committee, we cordially invite you to attend the
43rd International Telemetering Conference being held in Las Vegas, NV.

The world of telemetry will be facing some interesting challenges in the next decade,
including: shrinking spectrum, network enhanced telemetry, packet-based IP
architectures, IP-based telemetry, frequency bandwidth real estate, intelligent sensor
networks, advances in modulation and coding, and convergence of other industries/
technologies with telemetry.  In ITC/USA 2007 we will be exploring these challenges, in
keeping with our theme of “Answering Tomorrow’s Telemetry Challenges”.  One
of the many challenges facing the telemetry industry is meeting the needs of the nation’s
space exploration initiative.  Our keynote speaker in the opening session, Mr. Skip
Hatfield, is the program manager of the Orion (Crew Exploration Vehicle) Program and
will be providing interesting insight into this high profile space program.

To kick off the conference, we are having an outer space-themed Icebreaker on Monday
night.  This should be a fun way to start the conference and we encourage all to arrive
early to take part.  Also, be sure to attend the Reception on Tuesday night in the exhibit
halls for a showcase of state-of-the-art telemetry exhibits and presentations.

This year we’ll have the usual features:  Short Courses; a Technical Program; and exhibit
halls covering two ballrooms.  There are a dozen Short Course favorites being offered
this year.  There is a full Technical Program with 27 different sessions including 3 special
sessions.  To round out the conference, we are excited to have Dr. Firouz Naderi,
Associate Director of Jet Propulsion Laboratory (JPL), as our luncheon speaker to give
us the “Behind the Scene Story of Landing on Mars”.

We would like to thank our event sponsors, whom we gratefully acknowledge below and
thank them for their generosity.  As this is the premier telemetry conference; we encourage
all telemetry professionals to attend and to consider being a participant for next year.

See you in Vegas! — Jim, Bob, Mike & Tammy
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Mike Scardello
2007 Co-Technical Chairman

Spiral Technology
Lancaster, CA

Tammy Knott
2007 Executive Coordinator

CSC
Lexington Park, MD
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Special sessions consist of late-breaking technical presentations and will not have material in the Proceedings.
Times and locations subject to change.  Consult on-site program for latest information.

Mo
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Short Courses Halls

TIME

9:00 AM
to

5:00 PM

Adv.
Modulation
Techniques

Basics of
Signals &
Modulation

Intermediate 
Concepts

Principles of
TM Ground
Station
Antennas 

Basic
Telemetry
Networks

IRIG 106-05
Chapter 10,
Recording
Standard 

Basic
Systems

Engineering

Multiple-Input
Multiple-Output

(MIMO) 

Performance
-Based
Sensors

Image
Compression
with JPEG

2000

Introduction
to GPS

Fundamentals
of Microwaves

& RF
SETUP

6:30 PM
to

8:30 PM

ITC/USA 2007 Icebreaker:  Out of this World!
>Location: Top of the Riv

CLOSED

TU
ES

DA
Y, 

OC
T. 

23

8:00 AM 

Opening Ceremony  >Location:  Grande Ballroom C & D

Academia Telemetry Projects &
Skip Hatfield - “Orion, NASA’s Next Generation of Flight”

CLOSED

11:00 AM Exhibits Are Open from 11:00 AM to 7:00 PM

OPEN
11:00
AM
to

7:00 
PM

1:30 PM
to 

4:30 PM
Technical 
Sessions:

1.
Telemetry in
Extreme

Environments

2.
CTEIP Projects
(iNET/TENA)

3.
Networks,
Systems &
Applications 

4.
Link

Protocols &
Performance

5.
Instrumentation

6.
Data

Processing
&

Management

7.
Imaging,
Video &
Modeling

5:00 PM Reception  >Location:  Exhibit Halls  (5:00 PM – 7:00 PM)

W
ED

NE
SD

AY
, O

CT
. 2

4

8:00 AM Exhibits Are Open from 8:00 AM to 11:45 AM OPEN
8:00
AM
to

11:45 
AM

8:30 AM
to

11:30 AM

Technical
Sessions:

8.
Multiple-Input
Multiple-Output

(MIMO)

9.
RCC-TMoIP

10.
Data

Acquisition &
Sensors

11.
Modulation
& Coding
(Session 1)

12.
Meta Data -

XML Applications
(Session 1)

13.
Telemetry
Systems &

Architectures

14.
Chapter 10/
Onboard
Recording

12:00 PM

Conference Luncheon  >Location:  Top of the Riv
“BEHIND THE SCENE: STORY OF THE LANDING ON MARS”

Dr. Firouz Naderi, Associate Director of NASA’s 
Jet Propulsion Laboratory (JPL) for Project Formulation and Strategy

CLOSED

2:00 PM Exhibits Are Open from 2:00 to 6:00 PM / Exhibitor Feedback Meeting 4:30 PM to 5:30 PM >Capri 107
OPEN
2:00 
PM
to

6:00 
PM

2:30 PM
to 

5:30 PM
Technical Sessions:

15.
iNET

16.
Sensor

Networks/Data
Acquisition

17.
Modulation
& Coding
(Session 2)

18.
Meta Data -

XML Applications
(Session 2)

19.
Telemetry
Subsystems

20.
Global

Range/Range
Applications

Exhibits Are Open until 6:00 PM 

TH
UR

SD
AY

, O
CT

. 2
5

8:00 AM Exhibits Are Open from 8:00 AM to 12:00 PM

OPEN
8:00 
AM
to

12:00
PM

8:30 AM 
to 

11:30 AM

Technical
Sessions:

21.
Receivers &
Antennas 

22.
RCC-TG

23.
Network &
Transport
Protocols

24.
TM Data
Links

25.
Range Safety,
Security, &
(E)FTS

26.
Time-Space
Positioning/

GPS

27.
RF Design/
Transmitters

Exhibits Are Open Until 12:00 PM

I
T

C
/U

S
A

 
2
0
0
7

Special

Session
Special

Session

Special

Session
Special

Session

Special

Session
Special

Session

Free!
All Welcome!

Free!
All Welcome!

CONFERENCE AT A GLANCE
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EVENT GUIDE DATE TIME

Registration Sunday, October 21 4:00pm–6:30pm

Monday, October 22 7:30am–6:00pm

Tuesday, October 23 7:00am–6:30pm

Wednesday, October 24 7:30am–11:45am / 2:00pm–6:00pm

Thursday, October 25 8:00am–10:00am

Short Courses Monday, October 22 9:00am–5:00pm
(See page 6 for complete short course information.) 

Exhibition Hours Tuesday, October 23 11:00am–7:00pm

Wednesday, October 24 8:00am–11:45am / 2:00pm–6:00pm

Thursday, October 25 8:00am–12:00pm

Technical Sessions Tuesday, October 23 1:30pm–4:30pm

Wednesday, October 24 8:30am–11:30am / 2:30pm–5:30pm

Thursday, October 25 8:30am–11:30am

Special Events
Golf Tournament Monday, October 22 8:00am–3:00pm

Icebreaker Monday, October 22 6:30pm–8:30pm

Opening Ceremony &
Keynote Speaker Tuesday, October 23 8:00am–11:30am

Reception Tuesday, October 23 5:00pm–7:00pm

Conference Luncheon Wednesday, October 24 12:00pm–2:00pm

Spouse & Guest Activities 
Welcome & Breakfast Monday, October 22 8:30am–9:30am

Creative Cooking School Monday, October 22 9:30am–3:15pm

Hoover Dam & 
Ethel M's Chocolate Factory Tour Tuesday, October 23 8:00am–4:30pm

Secret Garden and Dolphin Habitat Tour Wednesday, October 24 1:30pm–4:45pm

No other venue provides the depth of coverage on the telemetry industry you’ll get from
ITC.  With a focus on overcoming the many challenges facing the industry in the next decade
and with hundreds of technical presenters and exhibitors on hand, you’re sure to get the most
comprehensive and up-to-date information in one place at one time.  We’re kicking the
conference off with an “Out of this World” Icebreaker on Monday night.  We continue the fun
with a Reception Tuesday evening that keeps the exhibition halls open an extra hour.  We will
cap our special events with a conference luncheon on Wednesday that offers one of the best
views in town.

CONFERENCE
PLANNER

CONFERENCE PLANNER

Calendar subject to slight modifications.  Consult on-site program for latest information.

Free!

Free!

Free!
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ITC/USA’07 GUEST SPEAKERS
GUEST SPEAKERS

OPENING CEREMONY:  ACADEMIA TELEMETRY PROJECTS
>Tuesday, October 23, 2007  8:00am – 11:30am | Grande Ballroom C & D

CONFERENCE LUNCHEON
>Wednesday, October 24, 2007
12:00pm – 2:00pm | Top of the Riv
Relax during lunch as you hear anecdotes
and stories about NASA’s latest landing on
the red planet. 

BEHIND THE SCENE: 
STORY OF THE LANDING
ON MARS

Luncheon Speaker:
Dr. Firouz Naderi

Associate Director of NASA’s Jet
Propulsion Laboratory (JPL) for
Project Formulation and Strategy.

Dr. Naderi has been with JPL
for 25 years, a career which spans pro-
gram and project management for satel-
lite communications systems, earth
remote sensing observatories, astrophys-
ical observatories and planetary systems.
He led the Mars Exploration Program at
JPL for five years — a period that saw
successful launch of three missions to
Mars including the much heralded twin
Mars rovers Spirit and Opportunity.  This
continuing program has the goal of deter-
mining if Mars is, or if it ever was, a habi-
tat for life.  Dr. Naderi is the recipient of
a number of individual awards, including
NASA’s highest award the Distinguished
Service Medal.  Other awards include the
Technology Hall of Fame medal, the
Liberal Prize in 2004 and the Ellis Island
Medal of Honor in 2005.

>Tuesday, October 23
Session 1. Telemetry in Extreme
Environments
Eric Prescott, BAE Systems

Session 2. CTEIP Projects 
(iNET / TENA)
Ray Faulstich, CSC Range and Engineering
Services

Session 3. Networks, Systems
& Applications
Paul Zetocha, Kirtland AFB 

Session 4. Link Protocols &
Performance
Filberto Macias, White Sands Missile Range

Session 5. Instrumentation
Brian Keating, NAWC-AD Pax River

Session 6. Data Processing &
Management
Richard Hansen, AFFTC - Edwards AFB

Session 7. Imaging, Video &
Modeling
Jesus Benitez, White Sands Missile Range

>Thursday, October 25
Session 21. Receivers &
Antennas
Mike Frevert, Lockheed Martin
Aeronautics

Session 22. RCC-TG
Ron Pozmantier, AFFTC-Edwards, AFB

Session 23. Network &
Transport Protocols
Thomas Grace, NAWC-AD Pax River

Session 24. TM DataLinks
Darryl Burkes, NASA - Dryden Flight
Research Center

Session 25. Range Safety,
Security, & (E)FTS
Rodger Charroux, The Aerospace Corp.

Session 26. Time-Space
Positioning / GPS
Kevin Crawford, NASA/Marshall Space
Flight Center

Session 27. RF Design /
Transmitters
Tim Gatton, Wyle 

Session 8. Multiple-Input
Multiple-Output
Terry Hill, Quasonix

Session 9. RCC-TMoIP
Brian Eslinger, Tybrin Corporation

Session 10.  Data
Acquisition & Sensors
John Welker, AFFTC - Edwards AFB

Session 11. Modulation &
Coding 
Robert W. Selbrede, JT3, Edwards
AFB

Session 12. Meta Data -
XML Applications 
Lee Eccles, Boeing Corporation

Session 13.  Telemetry
Systems & Architectures
Archie Moore, Spiral Technology

Session 14. Chapter 10 /
Onboard Recording
Jaime Reyes, 
White Sands Missile Range

Session 15. iNET 
Daniel S Skelley, iNET Chief Architect
– NAVAIR

Session 16. Sensor Networks
/ Data Acquisition
Charles H. Jones, PhD, AFFTC -
Edwards AFB 

Session 17. Modulation &
Coding
Robert W. Selbrede, JT3 - Edwards
AFB

Session 18. Meta Data - 
XML Applications
Lance Self, Kirtland AFB

Session 19. Telemetry
Subsystems
James W. Yates, L-3 Communications
Telemetry-West

Session 20.  Global Range /
Range Applications
Alfonso Moncibaiz Jr., 
White Sands Missile Range

>Wednesday, October 24

ITC/USA 2007 TECHNICAL SESSIONS AND SESSION CHAIRS

Join us at the Opening Ceremony for a discussion of Project Orion.  Project Manager
Skip Hatfield will describe current status and plans for the spacecraft that will
replace the Space Shuttle for missions to earth orbit, the moon, Mars, and beyond.
Caris A. (Skip) Hatfield 
Skip Hatfield is responsible for the development, production, and sustaining
engineering of the Crew Exploration Vehicle, NASA’s next-generation human
space transportation vehicle.

Skip has over 25 years of experience in the aerospace industry, including 15
years as a program/project manager for military and space systems and holds a Bachelor of
Mechanical Engineering degree from The John Hopkins University.  He has worked on mili-
tary radar systems for the F-16, B-1, and DIVADS air defense system; the Navy Vertical
Launch System; and the Freedom and International Space Station Programs.  The projects he
has managed include military electronic safe & arm systems, major elements and systems of
the International Space Station such as the inboard truss segments, cargo carriers and flight
support equipment, the Station-Shuttle Power Transfer System, the EXPRESS/External
Logistics Carrier, and the ISS robotics system. 

In his previous assignment as the ISS Program Integration Manager, Skip worked with the
space agencies of Russia, Europe, Japan, Canada, Italy, and Brazil to achieve the technical and
policy agreements resulting in a final technical configuration, Space Shuttle flight manifest
needed to complete the facility prior to retirement, and a launch transportation plan to sup-
port this complex multi-national program.

One of the primary focuses of the ITC is to raise funds to support scholarships, fellowships, and
academic programs in telemetry-related subjects at five universities.  As a part of the opening
ceremony this year, we have invited a representative from each university to give a brief presentation
describing the projects which are supported by these funds.  The university presenters are:

Brigham Young University  . . . . . . . . . . . . . . . . . . . . . .Michael Rice
New Mexico State University  . . . . . . . . . . . . . . . . . . . .Steve Horan
The University of Arizona  . . . . . . . . . . . . . . . . . . . . . .Michael Marcellin
The University of California - Santa Barbara  . . . . . . . . .Ronald Iltis
The University of Missouri - Rolla  . . . . . . . . . . . . . . . .Kurt Kosbar

KEYNOTE ADDRESS: 
ORION — NASA’S NEXT GENERATION OF FLIGHT
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Short Course Who Should
Attend? Description Instructor

Advanced Modulation
Techniques

Technical 
personnel with
some telemetry 

background

Explores modulation techniques currently employed or proposed for telemetry.  Material covers
the legacy PCM/FM waveform, SOQPSK, and Multi-h CPM.  Demodulation techniques for these
waveforms are also addressed, with particular emphasis on synchronization techniques and
performance.

Mr. Terry Hill, 
Quasonix, LLC

Basics of Signals &
Modulation

Beginning 
technical 
personnel 

The course will cover basic concepts necessary to understanding the data communications
process within the telemetry system.  This will include signal descriptions, the Pulse Code
Modulation (PCM) process, concepts of analog and digital modulation and demodulation, and
signal bandwidth representations.  Emphasis will be on graphical representations with minimal
mathematical requirements.

Dr. Stephen
Horan, 

New Mexico State
University

Intermediate 
Concepts

Experienced
telemetry 

users

It includes a discussion of technology topics covering the entire system from Nyquist through
computers, RAID, and Chapter 10 airborne and ground recorders. It includes a discussion on
technology covering the entire system — from signal conditioners to recorders, workstations, and
software.  Specific topics include systemic implementations of Nyquist and its hidden impacts,
recorder architectures, RAID implementations (DAS, NAS, SAN) and performance issues of Windows
and Unix system architectures, Range Communications, and the use of the new Chapter 10 data
formats, with a review of how the new iNET architecture will impact the ranges through 2025.

Mr. Tim Gatton, 
Wyle 

Principles of TM Ground
Station Antennas

Beginning teleme-
try professionals

Provides insight into various RF feeds and optics, positioners, the controller, and other elements of
a telemetry tracking ground station.

Mr. George R.
Blake

Basic Telemetry
Networks

Technical 
personnel

Participants will gain an understanding of network models, applicable network technology, design
issues associated with telemetry networks, and end-to-end telemetry applications.  Two models
for computer communications networks (the Open Systems Interconnection [OSI] reference
model and the Internet reference model) will be reviewed briefly and their applicability as models
for telemetry networks will be discussed, followed by an overview of current networking
technologies that show promise for use in telemetry networks.

Mr. Thomas Grace
and Mr. John

Roach,
NAWCAD/iNET 

IRIG 106-05 Chapter 10,
Onboard Solid State
Recording Standard

Technical 
personnel

Offers an in-depth tutorial presentation of the new IRIG 106-05 Chapter 10 standard for airborne
flight test recorders, with recording and playback systems available for students to use and
operate. The instructors wrote the standard and played key roles in its development.

Mr. Al Berard, Eglin
AFB & Mr. Mark
Buckley, EMC

Basic Systems 
Engineering

Beginning 
telemetry 

professionals

This course studies end-to-end telemetry systems with their signal and noise characteristics. It
concentrates on analysis of data streams for efficient transfers over the communication link. Sampling,
filtering, commutation, and RF link characteristics are studied. Line Coding (NRZ-L, BIΦ-L, etc.) with
their spectral (Fourier) characteristics, bandwidth and filtering requirements are analyzed.  Benefits of
using source coding for data transmission is explained. Modulation techniques such as AM, PCM/FM
(CFSK), BPSK and QPSK are analyzed; their Eb/N0 and BER performance characteristics compared.

Mr. Hal Altan,
Honeywell,

Clearwater Space
Division

Multiple-Input 
Multiple-Output (MIMO)

Technical 
personnel

Provides an introduction to basic MIMO concepts, techniques and performance analysis.  Traditional
diversity techniques are reviewed and compared to MIMO systems.  Common MIMO channel
models are reviewed and the performance of systems which use these models are described.

Dr. Kurt Kosbar,
UMR and

Dr. Adam Panagos,
Dynetics, Inc. 

Performance-Based
Sensors

Telemetry 
test 

engineers

Is intended for engineers, program managers and technicians who want a better understanding of
transducer characteristics and specifications. It is presented from the viewpoint of a user rather
than from that of a manufacturer.  Participants will learn how to interpret transducer
specifications, define necessary performance characteristics for specific applications, and how to
select the best transducer for their applications.

Mr. Jon Wilson, 
The Dynamic

Consultant, LLC

Image Compression
with JPEG 2000

Technical 
personnel

Provides a half-day overview of image compression fundamentals, followed by a half-day overview
of JPEG 2000.  Compression fundamentals to be covered include: entropy, Huffman coding,
context coding, adaptive coding, discrete cosine transform (DCT), and wavelet transform.  The
overview of JPEG 2000 will focus on features and functionality, as well as the underlying
algorithms.  Numerous examples and demos will be included.

Dr. Michael W.
Marcellin, 

University of
Arizona

Introduction
to GPS

Beginning 
technical 
personnel

This course will provide a fundamental understanding of GPS architecture, navigation message,
tightly coupled strapdown processing, differential GPS, inertial-guided GPS systems, and data
analysis to validate navigation accuracy.  Discussions include GPS technology road map with the
integration of M-code, carrier smoothing code, and integer ambiguity.

Mr. Karl Horton, 
DRS Training &

Control Systems

Fundamentals of
Microwaves and RF

Technical 
personnel

This course takes the student through basic principles such as the microwave spectrum, wave
propagation, transmission lines, standing waves, Smith charts, antennas, components, and subsystems.
Also, discusses the design of a microwave system and trade parameters impacting performance. 

Mr. Mark
McWhorter,
Lumistar, Inc.

*Short course certificates provided upon request.  

SHORT COURSES
>MONDAY, OCTOBER 22, 2007 | 9:00AM–5:00PM
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* For complete short course descriptions, please go to www.telemetry.org.
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>WEDNESDAY, OCTOBER 24, 2007
Conference Luncheon 12:00pm–2:00pm
“Behind the Scene: Story of the Landing on Mars” >Top of the Riv

Relax during lunch as you hear anecdotes and stories about
NASA’s latest landing on the red planet by Dr. Firouz Naderi,
Associate Director of NASA’s Jet Propulsion Laboratory (JPL).
Tickets: $20.00/person.

>TUESDAY, OCTOBER 23, 2007
Opening Ceremony & Keynote Speaker        8:00am–11:30am

Answering Tomorrow’s Telemetry Challenges >Grande Ballroom C & D

In keeping with this years theme, we are honored to have Skip Hatfield,
Program Manager for NASA’s Orion Project, as our Opening Ceremony
Keynote Speaker.  Also see the awards ceremony for ITC 2007 best papers and
presentations by our Partner Universities on their TM-related projects.  A light
continental breakfast will be served at 7:30am and the program will begin
promptly at 8:00am.

Reception 5:00pm–7:00pm

Sample appetizers & technology together! >Exhibit Halls

This not-to-be-missed reception allows you to sample great food while enjoying
a taste of the industry’s very latest innovations.  This year’s reception will include
a large raffle with many must-have premium prizes.  Attendees will use entry
cards to gather special color-coded stamps from the exhibit booths that will
qualify them for each drawing.  The more color-coded stamps gathered, the
greater the value of the prize.  Attendees must be present during the drawing to
win.  All conference attendees are welcome!! 

>MONDAY, OCTOBER 22, 2007
Annual Golf Tournament 8:00am–3:00pm

>Las Vegas Country Club

This year’s tournament gets off to a shotgun start at 8:00am at the
Las Vegas Country Club on Joe Brown Drive.  Price includes cart,
green fees, practice facilities, refreshments, and lunch.  $150.00 per
person — register online at www.telemetry.org or contact Mike
Gaines at 949.689.0731 or 877.867.9783, Ext. 634.  Cut-off date is

October 5, 2007.  Reservation with accompanying check.

Icebreaker 6:30pm–8:30pm

Out of this World! >Top of the Riv

This year the Icebreaker will be “Out of this world!” Come join
us for complimentary hors d’oeuvres and one of the best views
of the Strip.  Everyone is welcome to this event — a great way
to renew old acquaintances and make new contacts.

>Monday, October 22, 2007
Welcome 8:30am–9:30am

Come get to know one another
and enjoy a continental breakfast 

before the day’s activities!

Creative Cooking 
School 9:30am–3:15pm

Come and develop your
creative cooking talents.
Prepare a multi-course
meal with the chef and
enjoy your creation!
Cost: $60.00/person

>Tuesday, October 23, 2007

Hoover Dam & Ethel M's Chocolate
Factory Tour 8:00am–4:30pm

Your first stop will be the magnificent
Hoover Dam.  Come and experience the
excitement of this man-made wonder with
unsurpassed views that will create memories
of a lifetime.  Then enjoy a tour of Ethel M’s
luscious Chocolate Factory and indulge in
some sweet samples!  Lunch included.
Cost: $35.00/person.

SPECIAL EVENTS
TE C H N I C A L CO N F E R E N C E EV E N T S SPOUSES & GUEST ACTIVITIES

The sights, sounds, and yes, smells of Las Vegas
await as we take you around town...

>Wednesday, October 24, 2007

Secret Garden and Dolphin Habitat Tour
1:30pm–4:45pm

Guests may experience a
unique opportunity to
learn about the dolphin
birthing process as they
watch video footage of a
dolphin’s birth. Guests

are also invited to learn about Siegfried &
Roy’s conservation of rare white tigers and
lions while visiting the habitat.
Cost:  $10.00/person. 

Sign up online to secure your spot on
each of our fun-filled tours.  Just go to
www.telemetry.org.  Or you can sign
up directly at the conference
registration desk.
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Free!
All Welcome!

Free!
All Welcome!

Free!
All Welcome!

Spouse/Guest

lounge located  in

Capri 106.  Open

Monday-Thursday

Seating for Wednesday’s luncheon is limited, so buy your
ticket(s) early.  Online purchase is available through October
19, 2007 — just go to www.telemetry.org.  Or you can buy
your tickets on-site at the registration desk starting Sunday,
October 21 at 4:00pm.
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ABOUT ITC/USA 2007

Background

The International Telemetering Conference/USA (ITC/USA) is an annual forum
and technical exhibition sponsored by the International Foundation for
Telemetering (IFT), a non-profit corporation dedicated to serving the technical
and professional interests of the telemetering community, including the
establishment and support of scholastic telemetry programs at five universities.
The 3½-day conference consists of technical presentations, tutorials, and short
courses arranged in concurrent sessions and complemented by a technical
exhibition area that features latest-technology product demos and displays from
more than 100 industry suppliers.

The unique relationship between the manufacturing community and users in both
government and industry has produced yearly conferences that have led to
continued advancements of the telemetering and instrumentation
systems/equipment we rely on today, as well as the continuing education of
telemetering professionals worldwide.

Who Should Attend?

If you are involved with any kind of aerospace, vehicular, biomedical,
meteorological, or industrial telemetry applications, then you belong at ITC/USA
2007.  This premier forum brings together customers, suppliers, academics, and the
engineering community to discuss how technology is revolutionizing the field.

Why Attend?
> Unprecedented opportunity to network with the industry’s leading experts

and innovators
> Robust technical program covering the latest policies, trends, constraints, and

breakthroughs shaping the industry
> Expert commentary from keynote speakers
>Wide selection of short courses to keep you on top of technology

developments

Why Exhibit?
> Extremely affordable way to reach the telemetry industry’s movers and

shakers
> Captive audience of over 2,000 telemetry engineers, scientists, and

management personnel
> Outstanding opportunity to stay abreast of the competition and get new ideas

to expand your product base
> Highly targeted direct mail opportunities to conference attendees

An acclaimed international technical symposium for 43 years
running, ITC remains the world’s most comprehensive telemetry
event.  With everything from in-depth technical short courses
and technical briefs presented by real-world experts to world-
class speakers and cutting-edge exhibits, this show has
something for everyone in the industry.  Don’t miss out!

ABOUT
ITC/USA 2007

ITC_ConfPlanner2007_Final_Aug16:itc_prospectus2004_july16_v5_updated.qxd 8/18/2007 5:07 PM Page 8
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ITC/USA 2007 EXHIBITOR LIST (AS OF AUGUST 13, 2007)

ACRA CONTROL . . . . . . . . . . . . . . . . . . . . . . . .720

Acroamatics, Inc.  . . . . . . . . . . . . . . . . . . . . . . . .1016

Adtron Corporation  . . . . . . . . . . . . . . . . . . . . . .428

AIM-USA, Inc. . . . . . . . . . . . . . . . . . . . . . . . . . . .1309

Ampex Data Systems 

Corporation . . . . . . . . . . . . . . . . . . . . . . . . . . . .1002

Antenna Research  . . . . . . . . . . . . . . . . . . . . . . . .323

Apogee Labs, Inc.  . . . . . . . . . . . . . . . . . . . . . . . . .902

Apollotek, Ltd.  . . . . . . . . . . . . . . . . . . . . . . . . . .1102

Arcata Associates.  . . . . . . . . . . . . . . . . . . . . . . .1207

ARINC  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1319

Astro-Med, Inc.  . . . . . . . . . . . . . . . . . . . . . . . . . .910

Avtec Systems  . . . . . . . . . . . . . . . . . . . . . . . . . . .907

Big Crow Program Office  . . . . . . . . . . . . . . . . . .920

BiTMICRO Networks, Inc.  . . . . . . . . . . . . . . . . .905

Brandywine Communications  . . . . . . . . . . . . . . .222

CALCULEX, Inc.  . . . . . . . . . . . . . . . . . . . . . . . .1020

Canadian Flight Test Centre . . . . . . . . . . . . . . . . .411

Consultative Committee for 

Space Data Standards/NASA JPL . . . . . . . . . . . . .307

Cobham DES, Kevlin Division  . . . . . . . . . . . . . . .924

Curtiss-Wright Controls

Embedded Computing  . . . . . . . . . . . . . . . . . . . . .621

Delta Digital Video . . . . . . . . . . . . . . . . . . . . . . .1110

Dewetron Inc.  . . . . . . . . . . . . . . . . . . . . . . . . . .1009

Digital Design Corporation . . . . . . . . . . . . . . . . .518

Dynetics  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .824

EADS North America Defense

Test and Services  . . . . . . . . . . . . . . . . . . . . . . . .1202

EDO Antenna Products  . . . . . . . . . . . . . . . . . . . .324

EMC Corporation  . . . . . . . . . . . . . . . . . . . . . . . .816

Endevco.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1201

Enerdyne Technologies, Inc..  . . . . . . . . . . . . . . . .823

Ericsson Federal Inc.  . . . . . . . . . . . . . . . . . . . . .1005

ESE  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .820

Eurilogic .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .524

Evertz Microsystems, Ltd.  . . . . . . . . . . . . . . . . .1109

GDP Space Systems . . . . . . . . . . . . . . . . . . . . . .1112

Gray Laboratories, Inc.  . . . . . . . . . . . . . . . . . . .1012

Haigh-Farr, Inc.  . . . . . . . . . . . . . . . . . . . . . . . . . . .724

Herley Industries  . . . . . . . . . . . . . . . . . . . . . . . .1120

iNET Program  . . . . . . . . . . . . . . . . . . . . . . . . . . .413

Instrumentation Technology Systems  . . . . . . . .1113

International Test & Evaluation Association  . . . .423

JDA Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . .316

L-3 Communications  . . . . . . . . . . . . . .702, 802-812

Lumistar, LLC  . . . . . . . . . . . . . . . . . . . . . . . . . .12161

M/A-COM, Inc. . . . . . . . . . . . . . . . . . . . . .416, 10011

Measurement Specialties  . . . . . . . . . . . . . . . . . .1111

MFG / Ratech Inc.  . . . . . . . . . . . . . . . . . . . . . . .1101

Microwave Innovations  . . . . . . . . . . . . . . . . . . .1013

Miltec, A Ducommun Company.  . . . . . . . . . . . . .425

Mu-Del Electronics, Inc. . . . . . . . . . . . . . . . . . . .1108

mWAVE Industries, LLC.  . . . . . . . . . . . . . . . . . .1209

NASA Dryden Flight Research Center . . . . . . .1301

NASA Wallops Flight Facility  . . . . . . . . . . . . . . .1305

NAVAIR Ranges  . . . . . . . . . . . . . . . . . . . . . . . . . .301

NetAcquire Corporation  . . . . . . . . . . . . . . . . . .916

New Mexico State University  . . . . . . . . . . . . . . .427

NuWaves Engineering.  . . . . . . . . . . . . . . . . . . . . .617

Orbit Communication Systems, Inc.  . . . . . . . . . .122

Orbital Network Engineering, .  . . . . . . . . . . . . . .216

Orion Systems  . . . . . . . . . . . . . . . . . . . . . . . . . . .822

oTnip.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .523

PCB Piezotronics, Inc.  . . . . . . . . . . . . . . . . . . . .1313

Photo-Sonics, Inc.  . . . . . . . . . . . . . . . . . . . . . . . .623

Precision Filters, Inc.  . . . . . . . . . . . . . . . . . . . . .1220

Quad Tron, Inc. . . . . . . . . . . . . . . . . . . . . . . . . . . .901

Quasonix, LLC  . . . . . . . . . . . . . . . . . . . . . . . . . . .516

Quintron Systems, Inc. . . . . . . . . . . . . . . . . . . . . .903

Range Commanders Council . . . . . . . . . . . . . . . .528

Reach Technologies, Inc. . . . . . . . . . . . . . . . . . . .1014

Red Rapids  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1010

Rotating Precision Mechanisms Inc  . . . . . . . . . . .609

RT Logic  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1210

RTI.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1211

Saab Avitronics  . . . . . . . . . . . . . . . . . . . . . . . . . . .613

Satellite Services B.V.  . . . . . . . . . . . . . . . . . . . . . .424

SeaSpace Corporation  . . . . . . . . . . . . . . . . . . . . .726

Semflex, Inc.  . . . . . . . . . . . . . . . . . . . . . . . . . . . .1107

Sierra Video Systems  . . . . . . . . . . . . . . . . . . . . . .328

Society of Flight Test Engineers.  . . . . . . . . . . . . .514

Southwest Research Institute  . . . . . . . . . . . . . . .510

Spectracom Corporation  . . . . . . . . . . . . . . . . . .522

Spiral Technology  . . . . . . . . . . . . . . . . . . . . . . . . .322

Summation Research, Inc.  . . . . . . . . . . . . . . . . . .422

Summit Instruments, Inc.  . . . . . . . . . . . . . . . . . . .327

Symmetricom.  . . . . . . . . . . . . . . . . . . . . . . . . . . .312

Symvionics, Inc..  . . . . . . . . . . . . . . . . . . . . . . . . . .716

Sypris Data Systems . . . . . . . . . . . . . . . . . . . . . . .212

System Planning Corporation. . . . . . . . . . . . . . .1203

Systems Engineering and Management 

Company  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .923

TCS, Inc.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .525

TECOM Industries, Inc.  . . . . . . . . . . . . . . . . . . .1023

Teletronics Technology Corporation  . . . . . . . . . . .402

TelTron Telemetry Systems.  . . . . . . . . . . . . . . . .1001

Terawave Communications  . . . . . . . . . . . . . . . .1104

TRAK Microwave.  . . . . . . . . . . . . . . . . . . . . . . . .921

Trompeter Electronics  . . . . . . . . . . . . . . . . . . . .1105

Ulyssix Technologies, Inc.  . . . . . . . . . . . . . . . . . . .911

Universal Switching 

Corporation . . . . . . . . . . . . . . . . . . . . . . . . . . . .1116

US Army White Sands Missile Range . . . . . . . . . .303

ViaSat, Inc.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .625

VMETRO  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1213

Wideband Systems, Inc.  . . . . . . . . . . . . . . . . . . . .412

WV Communications, Inc..  . . . . . . . . . . . . . . . . .908

Wyle  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .302

Zodiac Data Systems.  . . . . . . . . . . . . . . . . . . . . .502

Company Name  . . . . . . . . . . . . . . . . . . . .Booth Company Name  . . . . . . . . . . . . . . . . . . . .Booth Company Name  . . . . . . . . . . . . . . . . . . . .Booth

= Gold Sponsorship

= Silver Sponsorship

ITC_ConfPlanner2007_Final_Aug16:itc_prospectus2004_july16_v5_updated.qxd 8/18/2007 5:07 PM Page 9



I
T

C
/U

S
A

 
2
0
0
7

HOTEL INFORMATION

10

HOTEL INFORMATION
Event Location
ITC/USA 2007 will take place at the Riviera Hotel & Convention Center
in Las Vegas, NV.  Located right on the famous Las Vegas Strip just 20
minutes from McCarran International Airport, the Riviera is an all-in-
one convention destination, offering convention services, dining, enter-
tainment, and hotel accommodations — all under one roof.  Most ITC
events, including short courses, technical sessions, and exhibits, will
occur in the Convention Center area of the hotel property.  Other
events, including the ITC icebreaker and conference luncheon, will be
clearly marked with signs.  The Riviera is located at 2901 Las Vegas
Boulevard, south of Sahara Avenue and north of Desert Inn Road.  Free
parking is adjacent to the Convention Center.

Hotel Reservations
ITC/USA 2007 encourages all attendees and exhibitors to stay at the
Riviera during the conference.  Doing so, justifies our free use of con-
vention space during the conference, which in turn allows us to offer
free “exhibits only” admittance and a “regular” technical registration
charge that is far lower than other major technical conferences.

Care has been taken to reserve a block of rooms at special rates for
attendees — please specify that you will be attending the conference
when booking your reservation.  The cut-off date to reserve under the
room block is September 19, 2007.  After that, rooms will be sold on a
space-available basis.

Room block cut-off: September 19, 2007

Reservations via Web: www.telemetry.org

Reservations via phone: 1.800.634.6753 / please cite “International
Telemetering Conference” when making reservations 

Reservation Policy: The credit card number you submit when
reserving a room will immediately be charged for the first night’s stay
plus 9% sales tax.

Cancellation Policy: There is a $14.99 cancellation fee that applies
anytime you cancel the reservation.  Your entire advance deposit will be
forfeited if this reservation is not cancelled prior to 12 noon (Pacific
Time) 2 days prior to your arrival date. 

Energy surcharge: A $3.81 surcharge will be added per room 
per night.

If you need to reserve more than one room, establish master billing, or
have any questions, please contact Riviera Hotel Room Reservations at
1.800.634.6753. For more information on the hotel’s policies, please
visit their website at http://www.rivierahotel.com/roomsandreserva-
tions.html.

Riviera Hotel
 & 

Convention C
enter

Reserve now to 
ensure the best selecti

on!

eWIRELESS ACCESS!
For your convenience, the
Riviera offers wireless access in
the lodging rooms at the rate of
$9.95 per 24-hour period.  There
will also be an Internet Café for
personal use by attendees within
the Exhibit Halls.  Please consult
the Exhibitor Packet for Internet
access at Exhibitor Booth Spaces.

ICE

Now Skating!

NEWTHIS YEAR:
Grab-n-Go Food Cart!
There will be a Grab-
n-Go food cart in the
Royale Registration
area with beverages,
breakfast pastries,
light lunch selections
and snacks for quick
and easy purchase!

NEW!
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ITC’07 Exhibitors:  Please register your show personnel, guests, and sales representatives on the web!

Regular
Provides access to all exhibit areas, technical sessions and includes a DVD of
the Technical Proceedings.

$175

Regular with 
Short Course

Provides access to all exhibit areas/technical sessions and one Monday short
course.  Includes a DVD of the Technical Proceedings.

$425

Author/
Session Chair

For those individuals whose technical paper has been published in ITC 2007
Technical Proceedings and/or individuals who will be chairing a technical
session.  Includes access to all exhibit areas/technical sessions and a DVD of
the Technical Proceedings.

No Charge

Author/Session
Chair with
Short Course

For those individuals whose technical paper has been published in ITC 2007
Technical Proceedings and/or individuals who will be chairing a technical
session and want to take one Monday short course.  Includes access to all
exhibit areas/technical sessions and a DVD of the Technical Proceedings.

$425

Active Duty
Military

For individuals on active military duty.  Provides access to all exhibit areas,
technical sessions and includes a DVD of the Technical Proceedings.

$10

Active Duty
Military with
Short Course

For those individuals on active duty.  Provides access to all exhibit areas,
technical sessions, one Monday short course and includes a DVD of the
Technical Proceedings.

$260

Student
For full-time students.  Provides access to all exhibit areas, technical sessions
and includes a DVD of the Technical Proceedings.

$10

Student with
Short Course

For full-time students.  Provides access to all exhibit areas, technical sessions,
one Monday short course and includes a DVD of the Technical Proceedings.

$260

Exhibits Only
Pass

Provides access to all exhibit areas and includes a DVD of the Technical
Proceedings.

No Charge 

Exhibitor 
Booth Staff

For those individuals working at their company’s booth.  Provides access to all
exhibit areas, technical sessions, and includes a DVD of the Proceedings.

No Charge 

Manufacturer’s
Representative

For those individuals working at a booth their company represents.  Provides
access to all exhibit areas and includes a DVD of the Technical Proceedings.

No Charge 

Spouse Provides access to all exhibit areas. No Charge

Conference
Luncheon

Ticket allows admittance to Conference Luncheon. $20

ITC/USA 2007 
REGISTRATION POLICIES

Online Registration Deadline
Don’t wait… 
go to www.telemetry.org.
Online registration ends
October 19, 2007.
Substitutions
Substitutions are allowed.  Please
e-mail requests to: itc@zianet.com.
Cancellations
Refunds will be accepted only for
cancellations received before
October 12, 2007.
Badging Info
Badges for anyone that registers
online will be available for pickup
at the ITC registration desk
beginning Sunday, October 21,
2007 at 4:00pm.

2 Easy Ways 
to Register!

Online: G o  t o  
w w w . t e l e m e t r y . o r g
a n d  c l i c k  o n  t h e
registration link.  This is
your quickest and easiest
option!

In Person: If you don’t
register by October 19,
2007, you’ll need to register
at the conference.  On-site
registration begins Sunday,
October 21 at 4:00 p.m.

1

2

CONFERENCE REGISTRATIONTYPES

>

www.telemetry.org

To Register, Go Online

NOTE:  Space for short courses is limited.  Acceptance is on a 
first-come, first-payment basis.  Early online registration is highly recommended.
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WELCOME WELCOME

CONFERENCE LOGISTICS
Most ITC conference events will occur in the
Convention Center of the Riviera.  Other
events, including the ITC Icebreaker and
luncheon, will be clearly marked with signs.
The Riviera is located at: 2901 Las Vegas
Blvd. South, Las Vegas, NV, 89109.
Tel: 702-734-5110 / 800-634-3420.

Badging — Badges are required for admit-
tance to conference short courses, exhibit
halls, and technical sessions and must be
obtained at the ITC'07 Registration Desk upon
check-in.

Luncheon  — Tickets are required for the
ITC’07 conference luncheon and can be
purchased for $20 at the Registration Desk.

Wireless Access — Free wireless Internet
access will be available throughout the exhibit
areas compliments of ITC.  For your
convenience, the Riviera additionally offers
wireless access from its guest rooms at a fee of
$9.95 per 24-hour period.

Authors & Speakers — All Technical Session
speakers must check in at the Author/Session
Chair Information Desk located in the
registration area at least 24 hours prior to
their scheduled presentation time.  Speakers

are encouraged to use Capri 105 during
regular conference hours to familiarize
themselves with the presentation equipment
and to practice their presentations. 

Business Center — The Riviera’s Business
Center is adjacent to the Registration Desk
and offers a full range of business services,
including photocopying, faxing, word process-
ing, Internet access, computer printing, notary
service, interpreters, office supplies, shipping &
shipping material, bulk printing, etc.  The phone
number is 702-794-9500; the fax number is
702-794-9663.  Office hours: 7:00 a.m. to 
6:00 p.m., Monday through Friday and
8:00 a.m. to 5:00 p.m., Saturday and Sunday.

EVENT GUIDE

Registration Hours
Sun. 10/21 4:00pm–6:30pm
Mon. 10/22 7:00am–6:00pm
Tues. 10/23 7:00am–6:30pm
Wed. 10/24 7:30am–11:45am / 2:00pm–6:00pm
Thur. 10/25 8:00am–10:00am

Short Courses
Mon. 10/22 9:00am–5:00pm (see pg. 6 for complete short course info)

Exhibition Hours
Tues. 10/23 11:00am–7:00pm
Wed. 10/24 8:00am–11:45am / 2:00pm–6:00pm
Thur. 10/25 8:00am–12:00pm

Technical Sessions
Tues. 10/23 1:30pm–4:30pm
Wed. 10/24 8:30am–11:30am / 2:30pm–5:30pm
Thur. 10/25 8:30am–11:30am

Special Events
Golf Tournament Mon. 10/22 8:00am–3:00pm
Icebreaker Mon. 10/22 6:30pm–8:30pm
Opening Ceremony
& Keynote Speaker Tues. 10/23 8:00am–11:00am
Reception Tues. 10/23 5:00pm–7:00pm
Conference Luncheon Wed. 10/24 12:00pm–2:00pm

Spouse & Guest Activities
Welcome & Breakfast Mon. 10/22 8:30am–9:30am
Creative Cooking School Mon. 10/22 9:30am–2:30pm
Hoover Dam & 
Ethel M’s Chocolate Factory Tour Tues. 10/23 8:00am–4:30pm
Secret Garden & 
Dolphin Habitat Tour Wed. 10/24 1:00pm–5:00pm

DAY PLANNER AGENDA

> MONDAY, OCTOBER 22
8:00am–6:00pm Exhibits Setup
8:00am–3:00pm Golf Tournament
9:00am–5:00pm Short Courses
6:30pm–8:30pm Icebreaker 

>TUESDAY, OCTOBER 23
6:30am–8:30am Speaker/Staff Breakfast
7:30am–8:00am Pre-Opening Ceremony

Continental Breakfast
8:00am–8:15am Opening Comments
8:15am–8:30am Awards Presentation
8:30am–9:45am Academia Telemetry Project

Presentations
9:45am–11:00am Keynote Speaker —

Caris A. (Skip) Hatfield
11:00am–7:00pm Exhibits Open
1:30pm–4:30pm Technical Sessions
5:00pm–7:00pm Reception

> WEDNESDAY, OCTOBER 24
6:30am–8:30am Speaker/Staff Breakfast
8:00am–11:45am Exhibits Open
8:30am–11:30am Technical Sessions
11:45am–2:00pm Exhibits Closed
12:00pm–2:00pm Conference Luncheon

Behind the scene: Story of the
landing on Mars —
Dr. Firouz Naderi, NASA

2:00pm–6:00pm Exhibits Open
2:30pm–5:30pm Technical Sessions
4:30pm–5:30pm ITC’07 Exhibitor Feedback Meeting

> THURSDAY, OCTOBER 25
6:30am–8:30am Speaker/Staff Breakfast
8:00am–12:00pm Exhibits Open
8:30am–11:30am Technical Sessions
12:00pm Conference Concludes
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On behalf of the International Foundation for
Telemetering (IFT), it is my pleasure to welcome
you to the 2007 International Telemetering
Conference.  This year's ITC committee, led by
the General Chairman, Jim Harris, and the
Technical Program Co-Chairs, Bob Downing and
Mike Scardello, has again assembled an
outstanding technical and social program.  The
year after year dedication, innovation, and
professionalism of the all-volunteer team is the
prime reason the ITC continues to meet the
needs of the telemetry community and the
telemetry industry.

This year’s program continues to provide diverse
opportunities to you, the attendees.  There are

timely short courses which include the fundamentals for the new
telemetry engineer and new technology courses for the experienced
individual who is interested in the emerging applications.  The technical
program is well-integrated with many interesting new concepts being
presented.  And the technical exhibits continue to grow.  Each exhibitor
has a wealth of new technology available to apply to your particular or
unique needs.  Make the most of the opportunities at your fingertips.

The IFT commitment to the science and applications of telemetry
continues to move forward.  The goal of our academic programs has been
to promote the art and science within academia by establishing
telemetry-focused programs at five major universities: New Mexico State
University, the University of Arizona, Brigham Young University, the
University of Missouri-Rolla, and the University of California at Santa
Barbara.  We are pleased with both the results at the individual
universities and with the synergistic relationship that have developed
between them — all in the name of telemetry technology innovation.

The IFT exists solely to serve the telemetry
industry and you, the telemetry professional.
To this end, we continue to solicit your
comments on how we can better serve
your needs.  Contact one of us at the ITC
or through the ‘telemetry.org’ web site.

While attending the ITC take the time to
renew friendships, meet new colleagues, and
renew your enthusiasm for telemetry and its
applications.  The ITC working committee has
provided the opportunity to do so…take advantage of it!

— Norm Lantz

DoD Notice
The Department of Defense finds this event meets the minimum
regulatory standards for attendance by DoD employees.  This finding does
not constitute a blanket approval or endorsement for attendance.
Individual DoD component commands or organizations are responsible
for approving attendance of their DoD employees based on mission
requirements and DoD regulations.

Norm Lantz
Board President

International Foundation
for Telemetering
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On behalf of the entire ITC organizing
committee, we welcome you to the 43rd
International Telemetering Conference.

The world of telemetry will be facing
some interesting challenges in the next
decade, including: shrinking spectrum,
network enhanced telemetry, packet-
based IP architectures, IP-based
telemetry, frequency bandwidth real
estate, intelligent sensor networks,
advances in modulation and coding, and
convergence of other industries/
technologies with telemetry.  In ITC/USA
2007 we explore these challenges, in
keeping with our theme of “Answering
Tomorrow’s Telemetry Challenges”.  

Our keynote speaker, Mr. Skip Hatfield,
opens the conference program with a
discussion of Project Orion. He will
describe current status and plans for the
spacecraft that will replace the Space
Shuttle for missions to earth orbit, the
moon, Mars, and beyond.

To kick off the conference, we are having
an outer-space themed Icebreaker on
Monday night.  This should be a fun way
to start the conference and we
encourage all to arrive early to take part.  

This year's technical program is an
exciting one. This year we offer 27
different technical sessions including 3
special sessions. Additionally, there are 12
short course favorites. To round out the
conference, we are excited to have Dr.
Firouz Naderi from the Jet Propulsion

Laboratory (JPL) as our
luncheon speaker to
give us the “Behind
the Scene Story of
the Landing on
Mars”. 

As this is the premier telemetry conference; we
encourage all telemetry professionals to attend and

to consider being a participant for next year.

— Jim, Bob, Mike & Tammy

WELCOME
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WELCOME TO

ITC/USA 2007!

Jim Harris
2007 General Chairman

NASA, DFRC
Edwards, CA

Bob Downing
2007 Co-Technical Chairman

Arcata Associates, Inc.
Edwards, CA

Mike Scardello
2007 Co-Technical Chairman

Spiral Technology
Lancaster, CA

Tammy Knott
2007 Executive Coordinator

CSC
Lexington Park, MD
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I N S T R U M E N T A T I O N S O L U T I O N S
F O R T H E R E A L W O R L D

IN S TRUMENTAT I ON SO LUT I ON S
FOR THE REA L WORLD

When your program requires accuracy in extreme

environments, look to ACRA CONTROL. Our products
offer the highest performance airborne data acquisition

technology at the lowest cost of ownership in the

world today.

We support leading-edge development programs

with the world's major aerospace players including:

• Northop Grumman: B-2, UCAS-D and Global Hawk
• Boeing: Delta-II,AH-64 Apache and F/A-18
• Lockheed Martin: C-130J, JCM and F-16
• EADS:A380,A400M and Typhoon

ACRA CONTROL delivers total system end-to-end solutions:
• Network in the air: iNET KAM-500 with IEEE-1588 PTP
synchronization to <300ns

• Spectrally efficient telemetry link: multi-mode transmitters
from our partners Quasonix

• Ground station: GTS-500 receiver,
digital demod / bit-sync / decom with FEC

and smart source selection

• Network on the ground: IADS telemetry
control room display and analysis sofware

from our partners Symvionics

www.acracontrol.com

Visit us at b o o t h 7 2 0 to

see live iNET, video and IADS demos,

and a chance to win our daily

iPod Shuffle raffle!



TECHNICAL CONFERENCE
EVENTS
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>MONDAY, OCTOBER 22, 2007
Annual Golf Tournament

8:00am–3:00pm    >Las Vegas Country Club

This year’s tournament gets off to a shotgun start at
8:00am at the Las Vegas Country Club on Joe Brown
Drive. Price includes cart, green fees, practice facilities,
refreshments, and lunch.  $150.00 per person. 

Icebreaker Out of this World!
6:30pm–8:30pm    >Top of the Riv

This year the Icebreaker will be “Out of this world!”  Come join
us for complimentary hors d’oeuvres and one of the

best views of the Strip.  Everyone is welcome to
this event — a great way to renew old
acquaintances and make new contacts. 

Free Food!
All Welcome!

>TUESDAY, OCTOBER 23, 2007
Opening Ceremony & Keynote Speaker
8:00am–11:00am >Grande Ballroom C & D
Answering Tomorrow’s Telemetry Challenges
In keeping with this years theme, we are honored to have Skip
Hatfield, Program Manager for NASA’s Orion Project, as our
Opening Ceremony Keynote Speaker.  Also see the awards
ceremony for ITC 2007 best papers and presentations by our
Partner Universities on their TM-related projects.  A light
continental breakfast will be served at 7:30am and the program
will begin promptly at 8:00am

Reception
5:00pm–7:00pm   >Exhibit Halls
This not-to-be-missed reception allows you to sample great
food while enjoying a taste of the industry’s very latest
innovations.  This year’s reception will include a large raffle with
many must-have premium prizes.  Attendees will use entry cards
to gather special color-coded stamps from the exhibit booths
that will qualify them for each drawing.  Attendees must be
present during the drawing to win (see page 12 for more
details).  All conference attendees are welcome!!

Free Food!
All Welcome!

>WEDNESDAY, OCTOBER 24, 2007
Conference Luncheon
“Behind the Scene: Story of the Landing on Mars”
12:00pm–2:00pm   >Top of the Riv

Relax during lunch as you hear anecdotes and stories about
NASA’s latest landing on the red planet by Dr. Firouz Naderi,
Associate Director of NASA’s Jet Propulsion Laboratory (JPL).
Tickets:  $20.00/person. (available at Registration).



>WEDNESDAY, OCTOBER 24, 2007 
Secret Garden and Dolphin Habitat Tour
1:00pm–5:00pm

Guests may experience a unique
opportunity to learn about the
dolphin birthing process as they
watch video footage of a dolphin’s
birth. Guests are also invited to learn
about Siegfried & Roy’s conservation
of rare white tigers and lions while

visiting the habitat.  Cost:  $10.00/person. 
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SPOUSE & GUEST
ACTIVITIES

>MONDAY, OCTOBER 22, 2007
Welcome
8:30am–9:30am

Come get to know one another and enjoy a continental
breakfast before the day’s activities!

CreativeCooking School
9:30am–2:30pm

Come and develop your creative
cooking talents. Prepare a multi-
course meal with the chef and enjoy
your creation!  Cost: $60.00/person

>TUESDAY, OCTOBER 23, 2007
Hoover Dam & Ethel M's 
Chocolate Factory Tour 8:00am–4:30pm

Your first stop will be the
magnificent Hoover Dam.  Come
and experience the excitement of
this man-made wonder
with unsurpassed views
that will create
memories of a lifetime.
Then enjoy a tour of
Ethel M’s luscious

Chocolate Factory and indulge in some sweet
samples!  Lunch included.  Cost: $35.00/person.

VI VA LA S VE G A S. . .
The sights, sounds, and yes, smells of Las Vegas await as we
take you around town......

* To sign up, go to the Registration Desk.

Free!
All Welcome!

Spouse/Guest

lounge located  in

Capri 106.  Open

Monday-Thursday



Course
Advanced Modulation Techniques
Technical personnel with some telemetry background
Explores modulation techniques currently employed or proposed for
telemetry.  Material covers the legacy PCM/FM waveform, SOQPSK, and
Multi-h CPM.  Demodulation techniques for these waveforms are also
addressed, with particular emphasis on synchronization techniques and
performance.
Mr. Terry Hill, Quasonix, LLC

Basics of Signals and Modulation
Beginning technical personnel
This course will cover basic concepts necessary to understanding the data
communications process within the telemetry system.  This will include
signal descriptions, the Pulse Code Modulation (PCM) process, concepts of
analog and digital modulation and demodulation, and signal bandwidth
representations.  Emphasis will be on graphical representations with minimal
mathematical requirements.

Dr. Stephen Horan, New Mexico State University

Intermediate Concepts
Experienced telemetry users
Discusses technology covering the entire system – from signal conditioners
to recorders, workstations, and software.  Specific topics include systemic
implementations of Nyquist and its hidden impacts, recorder architectures
(both hardware and software), RAID implementations (DAS, NAS, SAN) and
performance issues, Windows and Unix system architectures, 429/1553 data
packets, Range Communications, and the use of the new Chapter 10 Data
formats with a cursory review of how the new iNET architecture will
impact the ranges through 2025.

Mr. Tim Gatton, Wyle 

Principles of Telemetry Ground Station 
Antennas, Positioners, and Controllers 
Beginning telemetry professionals
Provides insight into various RF feeds and optics, positioners, the controller,
and other elements of a telemetry tracking ground station.
Mr. George R. Blake

Basic Telemetry Networks 
Technical personnel
This course provides an introduction to telemetry networks. Participants
will gain an understanding of network models, applicable network
technology, design issues associated with telemetry networks, and end-to-
end telemetry applications.  Two models for computer communications
networks (the Open Systems Interconnection (OSI) reference model and
the Internet reference model) will be reviewed briefly and their applicability
as models for telemetry networks will be discussed. This will be followed by
an overview of current networking technologies that show promise for use
in telemetry networks.  In addition, accepted techniques for designing
overall networks in which portions of the network must operate in
multiple, diverse physical environments and provide different levels of
performance will be presented.  Finally, issues in evolving current telemetry
systems to use networking technology will be discussed.

Thomas Grace and John Roach, NAWCAD/iNET

IRIG 106-05 Chapter 10, Onboard 
Solid State Recording Standard
Technical personnel
Offers an in-depth tutorial presentation of the new IRIG 106-05 Chapter 10
standard for airborne flight test recorders, with recording and playback
systems available for students to use and operate.  The workshop leaders
wrote the standard and played key roles in its development. 

Mr. Al Berard, Eglin Air Force Base and Mr. Mark Buckley

*Short course certificates provided upon request.

SHORT COURSES
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> MONDAY, OCTOBER 22, 2007 • 9:00AM–5:00PM

Course
Basic Systems Engineering
Beginning telemetry professionals
This course studies end-to-end telemetry systems with their signal and noise
characteristics. It concentrates on analysis of data streams for efficient
transfers over the communication link. Sampling, filtering, commutation, and
RF link characteristics are studied. Line Coding (NRZ-L, BIO-L, etc.) with
their spectral (Fourier) characteristics, bandwidth and filtering requirements
are analyzed. Benefits of using source coding for data transmission is
explained (randomization, Forward Error Correction (FEC), Block coding,
Convolutional coding, Turbo Coding concepts are covered). Modulation
techniques such as AM, PCM/FM (CFSK), BPSK and QPSK are analyzed; their
Eb/N0 and BER performance characteristics are compared.

Mr. Hal Altan, Honeywell, Clearwater Space Division

Intro to Multiple-Input Multiple-Output 
(MIMO) Communication Systems
Technical personnel
Provides an introduction to basic MIMO concepts, techniques and
performance analysis.  Traditional diversity techniques are reviewed and
compared to MIMO systems.  Common MIMO channel models are reviewed
and the performance of systems which use these models are described.

Dr. Kurt Kosbar, University of Missouri-Rolla and Dr. Adam Panagos,
Dynetics, Inc.

Performance-Based Sensor Selection
Telemetry test engineers
Is intended for engineers, program managers and technicians who want a
better understanding of transducer characteristics and specifications. It is
presented from the viewpoint of a user who also has experience marketing
transducers, rather than from that of a manufacturer. Participants will learn
how to interpret transducer specifications, define necessary performance
characteristics for specific applications, and how to select the best transducer
for their applications.

Mr. Jon Wilson, The Dynamic Consultant, LLC

Image Compression with JPEG 2000
Technical personnel
Provides a half-day overview of image compression fundamentals, followed by
a half-day overview of JPEG 2000.  Compression fundamentals to be covered
include: entropy, Huffman coding, context coding, adaptive coding, discrete
cosine transform (DCT), and wavelet transform.  JPEG 2000 is the latest ISO
standard for image compression.  It is being adopted in many applications
including medical imaging, wide area persistent surveillance, and digital cinema,
to name a few.  The overview of JPEG 2000 will focus on features and
functionality, as well as the underlying algorithms.  Numerous examples and
demos will be included.

Dr. Michael W. Marcellin, University of Arizona

Introduction to GPS
Beginning technical personnel
This course will provide a fundamental understanding of GPS architecture,
navigation message, tightly coupled strapdown processing, differential GPS,
inertial-guided GPS systems, and data analysis to validate navigation accuracy.
Discussions include GPS technology road map with the integration of M-
code, carrier smoothing code, and integer ambiguity.

Mr. Karl Horton, DRS Training & Control Systems

Fundamentals of Microwaves and RF
Technical personnel
Takes the student through basic principles, such as the microwave spectrum,
wave propagation, transmission lines, standing waves, Smith charts, antennas,
components, and subsystems.  Also, discusses the design of a microwave
system and trade parameters impacting performance.
Mr. Mark McWhorter, Lumistar, Inc. 7
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OPENING
CEREMONY

TUESDAY’S OPENING SESSION
8:00am – 11:00am | Grande Ballroom C & D 

ACADEMIATELEMETRY PROJECTS
One of the primary focuses of the ITC is to raise funds to support
scholarships, fellowships, and academic programs in telemetry-
related subjects at five universities.  As a part of the opening
ceremony this year, a representative from each university will give
a brief presentation describing the projects which are supported
by these funds.  The university presenters are:

Brigham Young University  . . . . . . . . . . . . . . .Michael Rice

New Mexico State University  . . . . . . . . . . . . .Steve Horan

The University of Arizona . . . . . . . . . . . . . . . .Michael Marcellin

The University of California - Santa Barbara  . .Ronald Iltis

The University of Missouri - Rolla  . . . . . . . . . .Kurt Kosbar

Project Manager Skip Hatfield will describe
current status and plans for the spacecraft that
will replace the Space Shuttle for missions to
earth orbit, the moon, Mars, and beyond.

Caris A. (Skip) Hatfield 
Skip Hatfield is responsible for the
development, production, and sustaining
engineering of the Crew Exploration Vehicle,
NASA’s next-generation human space transportation vehicle.

Skip has over 25 years of experience in the aerospace industry,
including 15 years as a program/project manager for military
and space systems and holds a Bachelor of Mechanical
Engineering degree from The John Hopkins University.  He has
worked on military radar systems for the F-16, B-1, and
DIVADS air defense system; the Navy Vertical Launch System;
and the Freedom and International Space Station Programs.
The projects he has managed include military electronic safe &
arm systems, major elements and systems of the International
Space Station such as the inboard truss segments, cargo
carriers and flight support equipment, the Station-Shuttle
Power Transfer System, the EXPRESS/External Logistics
Carrier, and the ISS robotics system. 

In his previous assignment as the ISS Program Integration
Manager, Skip worked with the space agencies of Russia,
Europe, Japan, Canada, Italy, and Brazil to achieve the technical
and policy agreements resulting in a final technical
configuration, Space Shuttle flight manifest needed to complete
the facility prior to retirement, and a launch transportation plan
to support this complex multi-national program.

KEYNOTE ADDRESS: 
ORION — NASA’S NEXT GENERATION OF FLIGHT
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CONFERENCE
LUNCHEON

CONFERENCE LUNCHEON

>Wednesday, October 24, 2007
12:00pm – 2:00pm | Top of  the Riv

Behind the Scene:
Story of the Landing on Mars

Luncheon Speaker:

Dr. Firouz Naderi
Associate Director of NASA’s 
Jet Propulsion Laboratory (JPL) 
for Project Formulation and Strategy.

Dr. Naderi has spent most of the last
decade managing NASA programs in
pursuit of a most fundamental question — are we
alone in the universe?  The contribution our
civilization makes to answering this question, he
says, will be the legacy for which we will be
remembered even centuries from now after
transient issues of today are long forgotten.  

Dr. Naderi led the Mars Exploration Program at
JPL for five years — a period that saw successful
launch of three missions to Mars including the
much heralded twin Mars rovers Spirit and
Opportunity.  This continuing program has the goal
of determining if Mars is, or if it ever was, a habitat
for life.  Prior to becoming the head of the Mars
program he spent four years as the program
manager of the Origins Program NASA’s ambitious
plan to search for other Earths around other Suns.

Dr. Naderi, who received his Ph.D. from the
University of Southern California (USC), has been
with JPL for 25 years, a career which spans
program and project management for satellite
communications systems, Earth remote sensing
observatories, astrophysical observatories, and
planetary systems. 

Dr. Naderi is the recipient of a number of
individual awards, including NASA’s highest award
the Distinguished Service Medal.  He has also
received NASA’s Outstanding Leadership Medal
and the Technology Hall of Fame medal.  Other
awards include the Liberal Prize in 2004 and the
Ellis Island Medal of Honor in 2005.



WARMTHANKS TO OUR SPONSORS. . .
ITC’07 gratefully acknowledges the generous

contributions of the following industry leaders:

Gold Sponsors:

Silver Sponsors:
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EXHIBITOR SHOWCASE

Come see our gold sponsors 
at their main events:

> Tuesday, Oct. 23 through Thursday, Oct. 25

Wideband Systems:
Product Showcase
Location: Booth 412
See:  Advanced telemetry
recorders for a wide range of applications 

> Tuesday, October 23 — Hospitality Suites

Wyle:  Hospitality Suite
Location: Monte Carlo Tower –
Suite 2909
Time: 7:00 p.m. 

L-3 Communications:
Hospitality Suite
Location: Top of the Riviera
(24th Floor, North Ballroom)
Theme: 
Retro meets Disco Inferno – The 1960s & ’70s 
Time: 7:00–10:00 p.m.

ACRA CONTROL:
Hospitality Suite
Location: Monaco Tower, 
Suite 6407
Time: 7:00–10:00 p.m.
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RECEPTION

EXHIBIT HALL RECEPTION
& RAFFLE

>Tuesday, October 23, 2007
5:00-7:00pm

Join us in the exhibit halls for 
free food and great networking

opportunities!

Grande Ballroom

Collect stamps in the raffle zones:



13

RAFFLE

Don't Miss The Free Prizes!
Raffle Drawing at 6:30pm
This year’s reception in the exhibit halls on Tuesday evening
will feature a prize drawing with lots of valuable prizes.
There is no entry fee.  Your raffle entry will involve visiting
exhibitor booths in as many different “Zones” as you can
and collecting colored stamps.  The exhibit areas will be
divided into zones by color and your goal should be to col-
lect as many different colors of stamps as you can during
the reception.

Your entry ticket for the raffle will be attached to the badge
that you receive as part of the conference registration.
Many of the most valuable prizes will be limited to entries
having all or nearly all of the colored stamps for different
zones.  Stamps can only be collected during the reception
and the drawing will begin at 6:30pm.

Be sure to arrive at the start of the reception and get a
quick start on collecting the stamps.

YOU MUST BE PRESENT TO WIN!

Royale Pavilion
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ACRA CONTROL Booth 720
Hollywood, MD Web: www.acracontrol.com
ACRA CONTROL designs and manufactures small, rugged, airborne data acquisition sys-
tems for extreme environments. Applications include Flight Test, Operational Load
Monitoring, Health and Usage Monitoring, and Launch Vehicle Instrumentation. Customers
include BAE Systems, Boeing, EADS, Lockheed Martin, NASA, NAWC, Northrop Grumman
and the DOD. Programs include J-UCAS, BQM-74, Airbus A380, B-2B, F-16, Eurofighter,
JSOW, and 747ST.

Acroamatics, Inc. Booth 1124
Goleta, CA Web: www.acroamatics.com
Acroamatics provides telemetry solutions, systems, cards, bit synchronizers, decommuta-
tors, real-time processing, simulation, software, and system integration.

Adtron Corporation Booth 428
Phoenix, AZ Web: www.adtron.com
Adtron Corporation designs and manufactures solid state disks for high capacity and
high performance telemetry applications.

Aeroflex Booth 1206
Wichita, KS Web: www.aeroflex.com
Aeroflex is a multi-faceted company that designs, develops, and manufactures test and
measurement products.

AIM-USA Booth 1309
Omaha, NE Web: www.aim-online.com
AIM-USA designs and manufactures Avionics Interface Modules and Analyzers for Fibre
Channel, MIL-STD-1553, ARINC-429, ARINC-664/AFDX, and GigaBit Ethernet applications.
AIM-USA features powerful Databus Analyzer/Visualizer software that can support single
or multiple Avionics Bus streams. AIM-USA also features ARINC-615 dataloader Software
for Ethernet and ARINC-664.

Ampex Data Systems Booth 1002
Morrison, CO Web: www.ampexdata.com
AMPEX designs and manufactures high-speed, high-capacity digital data recorders for
Flight Test, Telemetry, Ruggedized/Airborne, and Ground storage systems. The product line
features Network-based and Chapter 10 recording options with Solid State and
Hermetically-Sealed storage media technologies. Come see the New MiniR700 Solid State
Recorder.

Antenna Research Associates, Inc. (ARA) Booth 323
Pembroke, MA Web: www.ara-inc.com
Antenna Sales and Test Range Facilities.

Apogee Labs, Inc. Booth 902
North Wales, PA Web: www.apogeelabs.com
Entering their 15th year as a premier provider of modular Telemetry, Communications,
Recording, Test & Measurement, and Signal Conversion, Distribution, and Switching prod-
ucts. The new Data Node Appliance products are small Telemetry-over-IP data nodes
that are designed to meet the new IRIG TM-over-IP standards. Featuring a new addition
to our Interfacer product line . . the Model 2873. 

Apollotek Booth 1102
Sunbury on Thames, Middlesex, England Web: www.apollotek-usa.com
Designer and Manufacturer of a wide range of Airborne and Ground Telemetry
Instrumentation hardware and software products and systems including Modular PCM
Encoders, Solid State Recorders, Video Compression Systems, Telemetry and Video
Transmitters, USB powered Receivers, Diversity Combiners, Bit Synchronisers,
Decommutators, Simulators and the Apollotek GDSmate Telemetry Environment Software
package.

EXHIBITORS



Arcata Associates, Inc. Booth 1207
Las Vegas, NV Web: www.arcataassoc.com
Engineering and I.T. services company with over 27 years experience.

Argon ST Booth 1208
Fairfax, VA Web: www.argonst.com
Argon ST is a rapidly growing systems engineering and development company providing
full-service C4ISR (command, control, communications, computers, intelligence, surveillance,
and reconnaissance) solutions to a wide range of customers. Argon ST systems support a
full range of military and strategic units including surface and sub-surface, airborne,
and land-based platforms serving defense, homeland security, and international customer
needs. Argon ST, Inc. will be displaying their new Compact Telemetry Receiver (CTR).

ARINC Booth 1319
Annapolis, MD Web: www.arinc.com
The leading provider of transportation communications and systems engineering solutions
for five major industries: aviation, airports, defense, government, and transportation.

Astro-Med, Inc. Booth 910
West Warwick, RI Web: www.astro-med.com
Astro-Med is exhibiting a wide variety of telemetry recording products, including the
Everest Recorder-Workstation, the Real-Chart NP Strip Chart Recorder and VDiS Visual
Display Software for the PC. Astro-Med is also exhibiting its line of portable data acqui-
sition recorders for mobile applications, including the new Dash 32HF 32-channel
portable data recorder.

Avtec Systems, Inc. Booth 907
Chantilly, VA Web: www.avtec.com
Avtec Systems, a wholly owned subsidary of CVG, Inc, provides integrated systems for
Mission Control, Testing and Operations. Products include Front-End Processors, Receivers,
Modulators and Multiplexers.

BAE Systems Booth 1204
Fort Walton Beach, FL Web: www.bae-ioms.com
BAE Systems is a systems design, integration and services company. BAE Systems
provides telemetry system overhauls, upgrades, engineering services and depot support to
US and foreign government test ranges.

Big Crow Program Office Booth 920
Kirtland AFB, NM
The Big Crow Program Office is a world leader in providing custom telemetry support
– both airborne and deployable ground stations.

BiTMICRO Networks, Inc. Booth 905
Fremont, CA Web: www.bitmicro.com
BiTMICRO Networks supplies rugged high-performance non-volatile solid-state flash disk
and network storage solutions. E-Disk® Solid State Drives are offered with SCSI, IDE/ATA,
Fibre Channel, VME interfaces in 2.5" and 3.5" hard drive footprints and 3U / 6U
board configurations. The E-Disk® SSD solutions are ideal for mission-critical applications
in the military and enterprise industries.  

Brandywine Communications Booth 222
Tustin, CA Web: www.brandywinecomm.com
Time and frequency solutions.

CALCULEX, Inc. Booth 1020
Las Cruces, NM Web: www.calculex.com
CALCULEX designs and manufactures state of the art electronics for military, aerospace
and commercial markets.  CALCULEX solid state recorders are used worldwide in mission
critical applications including the USAF F-15 operational fleet, US NAVAIR flight testing
at Pax River, 46th Test Wing at Eglin AFB and reconnaissance programs at
Recon/Optical and ELOP.
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Canadian Flight Test Centre Booth 411
Cold Lake, Alberta Web: www.forces.gc.ca/aete/default_e.asp
Aerospace Engineering Test & Evaluation and Primrose Lake Evaluation Range with Time
Space Position Information System.

CCSDS / NASA JPL Booth 307
Pasadena, CA Web: www.ccsds.org
CCSDS is the world's premier standards development forum for solving common space
data system problems and providing interoperability and cross-support among the major
space agencies. These "Recommendations for Space Data Systems" are being used in
most new space missions and are implemented in a multitude of commercial products.

Cobham DES, Kevlin Division Booth 924
Methuen, MA Web: www.kevlin.com
Manufacturer of waveguide and coaxial Rotary Joints for ground, airborne, and space
applications.

Curtiss-Wright Controls Booth 621
Huber Heights, OH Web: www.cwcembedded.com
Curtiss-Wright Embedded Computing is the industry’s most comprehensive source for
embedded solutions including Processing, Subsystems, Data Communications, DSP, and
Video & Graphics to fully integrated custom systems.

Delta Digital Video Booth 1110
Horsham, PA Web: www.delta-info.com/ddv
Delta Digital Video is a division of Delta Information Systems, Inc.  Delta designs and
manufactures video compression and scan conversion products.  Delta’s video compres-
sion products are based on industry standards, including H.264, MPEG-4, and MPEG-2.
Our scan converter line includes stroke-to-video and video format converters.  These
products are designed to meet the unique needs of the telemetry community, offering a
special emphasis on performance and packaging.  Delta works with end-users, prime
contractors, and OEMs.  Please visit our booth for a first-hand look at our newest 
technology and to discuss your particular requirement.

Dewetron, Inc. Booth 1009
Wakefield, RI Web: www.dewamerica.com
Data acquisition system, both portable and rack-mounting, which can record hundreds of
parameters simultaneously from analogsignals (all types), digital (TTL and discrete), PCM
data from spacecraft and aircraft, video (RS170, NTSC, PAL, and digital), GPS and IRIG
interfaces, and many other sources.

Digital Design Corporation Booth 518
Arlington Heights, IL Web: www.digidescorp.com
Digital Design Corporation designs and develops custom electronic military products for
Telemetry, Video/Data Recording, Processors/Peripherals/Control, Communications/DSP,
Wireless Video, and Video/Image Enhancement.  Digital Design is a craftsman organiza-
tion which provides custom chip (FPGA, ASICS), board, and system engineering design
services and products.

Dynetics Booth 824
Huntsville, AL Web: www.dynetics.com
Dynetics manufactures Telemetry and modular instrumentation systems.

EADS North America Defense Test & Services Booth 1202
Irvine, CA Web: www.eads-nadefense.com
Electronic test instruments, systems, and software.

EDO Antenna Products Booth 324
Amityville, NY Web: www.edocorp.com
EDO Antenna Products is a leading designer and manufacturer of Antennas for Launch-
Vehicle, Missile, and Satellite applications. Our product-line has recently grown to include
the former Condor Systems and Watkins-Johnson Antenna Products.
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EMC Corporation Booth 816
Irvine, CA Web: www.emc.com
EMC is the world leader in Information Lifecycle Management solutions for enterprise
information storage architectures, providing custom systems integration support for hard-
ware & software, and specializing in telemetry, instrumentation, data storage, and multi-
level security technologies. EMC provides ground & airborne solutions (such as ILIAD,
Odyssey, WebQLS), and advanced data system architectures for the MRTFB, DoD, NASA,
and for US Intelligence Agencies.

Endevco Booth 1201
San Juan Capistrano, CA Web: www.endevco.com
ENDEVCO Corporation, a Meggitt group company, is a leading designer and manufacturer
of dynamic instrumentation for vibration, shock and pressure measurement.

Enerdyne Technologies, Inc. Booth 823
El Cajon, CA Web: www.enerdyne.com
Enerdyne is the leading provider of digital video data link systems for airborne and
other mobile platforms within the defense and intelligence communities.

Ericsson Federal, Inc. Booth 1005
Vienna, VA Web: www.ericsson.com/us/government
As a trusted partner of the U.S. federal government, intelligence communities, and mili-
tary services, Ericsson Federal is a proven communications solutions leader.  Ericsson
delivers wireless and wireline products, services and solutions in areas such as Military-
Grade networking, tactical communications, collaboration, transport/transmission, surveil-
lance, facility design & construction, and classified/unclassified professional services.

ESE Booth 820
El Segundo, CA Web: www.ese-web.com
For more than 35 years ESE has been providing accurate and cost effective timing equip-
ment. GPS based time code Generators for timing and position applications. A variety of
LED displays, time code Translators, PC based Reader cards. Standard rack mount and
desk top enclosures as well as rugged enclosures for airborne and ground mobile use.

EURILOGIC Booth 524
Montescot, France Web: www.eurilogic.fr
EURILOGIC is a French company specialized in industrial engineering. EURILOGIC provides
solutions for the design, development, implementation and maintenance of industrial
facilities. In telemetry field, EURILOGIC is a leading company in Europe and Asia, provid-
ing telemetry groundstations, multisource systems, networked test range, and analysis
systems managing chapter 10 and HEIM formats.

European Telemetry Conference (ETC) 2008 Booth 1205
Richmond, Surrey, United Kingdom Web: www.aerospacetesting.com     
European Telemetry Conference (ETC) 2008 meeting takes place from April 14 to 17,
2008 at the New Munich Trade Fair Center, Munich, Germany. ETC represents the leading
European conference in 2008 for the exchange of information in the fields of
Telemetry, Test-Instrumentation and Telecontrol. Co-locating with Aerospace Testing, Design
& Manufacturing 2008 (Europe’s largest event for the aerospace testing industries, with
Telemetry a ‘key’ focus), the combined events present a unique attraction for European
& International attendees.

Evertz Microsystems, Ltd Booth 1109
Burlington, Ontario, Canada Web: www.evertz.com
Evertz Microsystems designs & manufactures communication equipment for TV/Film,Fiber
Optic, Data and RF Applications.
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GDP Space Systems Booth 1112
Horsham, PA Web: www.gdpspace.com
GDP Space Systems designs and manufactures ground-based telemetry and communications
equipment. GDP provides products and services to support tracking and control as well as
processing and acquisition of data. Products include Bit Synchronizers, Decommu-tators,
Simulators, Data Link Testers, Receivers, Modulators and Demodulators for SGLS, PSK and
PM. Take note of our new Multi-Channel PCM Bit Synchronizer/Best Source Selector, our
Data Link Test Sets, as well as our SGLS Modem and SGLS Ranging Processor.

GMV Booth 926
Rockville, MD Web: www.gmv.com
GMV is one of the leading suppliers of satellite ground system software in the world,
and is the global leader in satellite flight dynamics for all types of satellite missions
(LEO, MEO, GEO, HEEO and interplanetary). GMV has been providing satellite ground sys-
tem software to satellite manufacturers, commercial operators, and Space Institutions
around the world for over 22 years.

Gray Laboratories, Inc. Booth 1012
Norcross, GA Web: www.graylabs.com
High speed digital communications: Rf Modulators, De-Modulators, and Test Equipment.

Gulfstream Aerospace Booth 1021
Savannah, GA Web: www.gulfstream.com
Designs, develops, manufactures, markets, services and supports the world’s most techno-
logically advanced business-jet aircraft. Gulfstream has produced some 1,600 aircraft for
customers around the world since 1958.

Haigh-Farr, Inc. Booth 724
Bedford, NH Web: www.haigh-farr.com
Haigh-Farr specializes in the design and manufacture of conformal, flight-body antennas
utilized on high-performance, aerospace vehicles in defense, space and commercial indus-
tries worldwide. Haigh-Farr pioneered the Wraparound™ antenna which is a thin, confor-
mal, single or multi-channel antenna solution.  Other Haigh-Farr products include
conformal Omnislot™, Flexislot™ and GPS antennas, along with classic Button and Blade
styles.

Herley Industries Booth 1120
Lancaster, PA Web: www.herley.com
Herley Industries is a leader in the design and manufacture of airborne instrumentation
and ground systems. Our products include: PCM Encoders, Telemetry Transmitters,
Instrumentation Support Modules, Transponders, Fixed and Mobile Telemetry Systems,
Command and Control Systems, Range Safety and Flight Termination Systems and
Microwave Components.

HYPTRA Booth 326
Orsay, France Web: www.hyptra.com
Design and Manufacture of Ground tracking stations dedicated for telemetry applica-
tions.

iNET Program Office Booth 413
Patuxent River, MD
Integrated Network Enhanced Telemetry (iNET), a CETIP sponsored project, is focused on
using emergent network technology to enhance traditional telemetry.

InfoBase Publishers, Inc. Booth 1222
South Riding, VA Web: www.dacis.com
InfoBase provides the Defense/Aerospace Competitive Intelligence Service (DACIS), a com-
prehensive online source of information on global defense and aerospace companies and
programs, as well as DoD budget and industry mergers and acquisition activity. With
simple, intuitive, yet powerful search features, InfoBase puts the complex world of
defense commerce at your fingertips.
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Taking the Expected Out of Expectations

NOW HIRING FOR A WIDE RANGE OF OPPORTUNITIES

Test Lab Engineer – Structure

Test Lab Engineer– Systems

Flight Test Instrumentation Engineer

And More

Gulfstream designs, develops, manufactures, markets, 
services and supports the world’s most technologically
advanced business-jet aircraft. With the right people and 
right ideas, we will continue to be  The World Standard®

in business aviation.

At Gulfstream, headquartered in Savannah, Georgia, you’ll 
work with the highest quality professionals in the world, in 
an organization committed to the corporate values of pride,
respect, teamwork, business excellence and entrepreneurial
spirit. Gulfstream is an equal opportunity employer and is
committed to diversity in our workplace.

FOR A COMPLETE LISTING OF ALL OPEN POSITIONS

Apply online at:  www.gulfstreamcareers.com  
Or send resumé to: kathleen.pfeiffer@gulfstream.com



Instrumentation Technology Systems Booth 1113
Northridge, CA Web: www.itsamerica.com
Manufacture of Video Instrumentation and Timing Systems since 1978.  Products include
Video Insertion, Video Data Encoding/Decoding, Video Synchronizers, Time Code Readers &
Generators. GPS Receivers, Time Code Displays and Camera Control Systems. Stand-alone,
and board level products are available including models for laboratory, harsh environ-
ment and airborne/vehicle mounting.

Instrumented Sensor Technology, Inc. Booth 1321
Okemos, MI Web: www.isthq.com
Worldwide leader in providing portable data recorders for dynamic measurements...
shock, vibration, strain, angular rates, force, temperature, humidity... transportation moni-
toring, package shipments, high-value monitoring, flight test, crash test, and more.

Integral Systems, Inc. Booth 1210
Lanham, MD Web: www.integ.com
Integral Systems, Inc. and its subsidiaries, SAT, NewPoint Technologies, and RTLogic, build
hardware and software products for satellite ground systems command and control, sig-
nal processing, integration and test, and payload data processing. EPOCH IPS (Integrated
Product Suite) is the company’s core command and control software product suite that
is used throughout the world to operate fleets of GEO and LEO satellites. 

International Test & Evaluation Association Booth 423
Fairfax, VA Web: www.itea.org
The International Test and Evaluation Association (ITEA), is a not-for-profit educational
organization founded in 1980 to further the exchange of technical information in the
field of test and evaluation. Its members include professionals from industry, govern-
ment, and academia, who are involved in the development and application of policy
and techniques used to assess the effectiveness, reliability, and safety of new and exist-
ing systems and products.

JDA Systems Booth 316
Concord, CA Web: www.jdasystems.com
JDA Systems, a recognized leader in IRIG 106 Chapter 10 technologies, supplies portable
and rack mounted ground support systems for data recording and real-time processing,
analysis, display and distribution. Other products include tracking antennas, receivers, bit
syncs, decoms and VuSoft and CMDP software.

L-3 Communications Booths 702 / 802-812
New York, NY Web: www.L-3Com.com
L-3 Communications offers comprehensive COTS and custom solutions for the full
spectrum of telemetry requirements — from airborne and space telemetry compo-
nents through complete ground systems and tracking antenna stations.  The L-3
businesses showcased at ITC’07 include: Cincinnati Electronics, Communication Systems-
East, Datron Advanced Technologies, ESSCO, Nova Engineering, and Telemetry & RF
Products.

L-3 Cincinnati Electronics
Mason, OH Web: www.cinele.com
Leadership in the design and production of innovative infrared sensors, hybrid micro-
electronics and cryogenics for autonomous guidance, situational awareness, threat warn-
ing and targeting. The business also specializes in the design, development and
production of avionics and communications products for missiles, launch vehicles and
spacecraft.

L-3 Communication Systems-East
Camden, NJ Web: www.L-3com.com/CS-East
Designs, develops, produces and integrates communications systems and support equipment
for space, ground and naval applications, including C4I systems and products; integrated
Navy communications systems; space communications and recording systems; communica-
tions, security and information systems; signals intelligence systems; commercial medical
archive systems; and unattended ground-sensor systems.
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L-3 Datron Advanced Technologies
Simi Valley, CA Web: www.L-3com.com/datron
Datron Advanced Technologies provides fixed site and mobile antennas for telemetry,
TT&C, satellite communications and RSS ground stations. Airborne products are used for
commercial as well as military applications. Datron’s Comm-on-the-Move (COTM) systems
serve the evolving Ku/Ka-Band mobile communication markets and its state-of-the-art
satellite tracking systems meet the toughest environmental and reliability requirements.

L-3 ESSCO
Concord, MA Web: www.L-3com.com/essco
Design, manufacture, installation and testing of ground-based, shipboard and airborne
radomes, composite reflectors and precision antenna systems. With an OSHA-qualified
field service organization, manufacturing facilities in the USA and Ireland and ISO
9001:2000 certification, ESSCO supplies and installs radomes (space frame, sandwich and
solid laminate) and antenna products for military and commercial SATCOM, air traffic
control, radar, phased array, communications, radio astronomy and remote sensing  mar-
kets worldwide.

L-3 Nova Engineering
Cincinnati, OH Web: www.L-3Com.com/nova
Development and deployment of key enabling technologies such as mobile wireless net-
works, software-defined radios and advanced waveforms, including orthogonal frequency-
division multiplexing (OFDM), one of the standards utilized by the U.S. Government’s
Joint Tactical Radio System (JTRS) program. Nova offers engineering services plus unique
commercial-off-the-shelf products, including mobile ad hoc networking routers, flight test
telemetry equipment and sensor communications systems.

L-3 Telemetry & RF Products
San Diego, CA Web: www.L-3com.com/telemetry
Custom flight hardware and systems solutions for missile telemetry/flight termination
and spacecraft telemetry, tracking and control (TT&C), and unmanned vehicle communi-
cation/data links. Preeminent supplier of airborne telemetry products and systems for
the aircraft and missile flight test, airborne telemetry, and ground receiver markets.
Leading supplier of high power Amplifiers, HF/Microwave Radios, Intelligence Receivers,
and Satellite Command & Control Software products.

Lumistar, Inc. Booth 1216
Carlsbad, CA Web: www.lumi-star.com
Ground Telemetry Products: Receivers, Combiners, Decommutators, Bit Syncronizers, Test
Transmitters, Simulators, Software.

Malibu Research Associates, Inc. Booth 1116
Camarillo, CA Web: www.maliburesearch.com
Malibu Research Associates, Inc. telemetry product line includes a series of planocentric
driven pedestals (EL/AZ & X/Y configurations) that will handle reflectors up to 7-meters
in diameter. MRA has a series of antenna control units, with analog and digital inter-
faces, and can supply both conically scanning and electronic scanning (SCM) feeds that
will cover the complete L&S frequency band. Systems can be supplied as ground-based,
transportable, mobile or shipboard (gyro stabilized). Systems can be supplied with
options such as acquisition-aid antennas, camera systems and single mode or multi
mode fiber-optic interfaces.

Measurement Specialties Inc. Booth 1111
Hampton, VA Web: www.meas-spec.com
Designer and manufacturer of sensors and sensor-based systems.  Pressure, Position,
Vibration, Humidity, Photo Optics.  AS9100 Certified.

MFG Galileo Composites Booth 1101
Thousand Oaks, CA Web: www.mfgratech.com
MFG Galileo Composites designs and fabricates all-composite, spherical sandwich-wall
radomes. A wide selection of standard sizes (12' - 80') is available for economy and
rapid delivery. 90,000 sq/ft CAD/CAM-equipped factory. For product or ordering 
information, please call Clint Lackey at (775) 352-6704.
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Microwave Innovations Booth 1013
Newtown, PA Web: www.mwaveinnov.com
Microwave Innovations is a provider of telemetry transmitters and receivers and related
RF products/systems.

Miltec, A Ducommun Company Booth 425
Huntsville, AL Web: www.mil-tec.com
Miltec and Ducommun Technologies provide a full range of services and products to
support development, integration, test, and manufacturing of missiles, space, aircraft, and
communication systems.

Mountain Optech, Inc. Booth 922
Longmont, CO Web: www.mountainoptech.com
Mountain Optech, Inc. specializes in providing cost effective COTS based rugged data
storage solutions to commercial and military markets. Rugged products include Sealed
Hard Drives, RAID, JBOD, Magneto Optical, CD/DVD, Solid State, and Custom Chassis. 

Mu-Del Electronics, Inc. Booth 1108
Manassas, VA Web: www.mu-del.com
Mu-Del Electronics, Inc. is a small company that was formed in 1967 that specializes in
the RF world.  We manufacture RF Multicoupler, Up and Down Frequency Converters, RF
Switching Distribution Systems and Radar Frequency Generators.  These products work in
the frequency range of 1 KHz to 40.0 GHz.  They can either be rack mounted or in
small weatherproof chassis.

mWAVE Industries, LLC. Booth 1209
Gorham, ME Web: www.mwavellc.com
mWAVE Industries, LLC designs and manufactures standard and custom antenna products
for commercial and government applications spanning the scientific, defense, and
academic communities.  mWAVE offers reflector antennas and feeds including conscan
and monopulse. Additional products include microstrip arrays, horns, helices, sectors, and
omnidirectional antennas. mWAVE also supports independent test programs.

NASA Dryden Flight Research Center Booth 1301
Edwards AFB, CA Web: www.nasa.gov/centers/dryden/home/index
The National Aeronautics and Space Administration (NASA) Dryden Flight Research Center
(DFRC) located at Edwards Air Force Base, California, is NASA’s primary installation pro-
viding range instrumentation and data processing systems to monitor and control
Dryden’s flight research test activities.

NASA Wallops Flight Facility Booth 23
Wallops Island, VA Web: www.wff.nasa.gov/code840
The NASA Wallops Flight Facility enables flexible, low-cost space access, in-flight science,
and technology research. The facility provides fixed and mobile telemetry, radar, photo-
optical, range control center and command instrumentation. 

NAVAIR Ranges Booth 301
Point Mugu, CA Web: www.navair.navy.mil/ranges
The NAVAIR Range Department operates major test ranges and facilities on the east and
west coasts of the United States. These large, unencroached tracts of land, sea, and air
space provide a variety of terrain, including desert, mountain, littoral, and open ocean.
NAVAIR develops, operates, manages, and sustains these interoperable air, land, and sea
ranges, range instrumentation, and associated facilities; provides air vehicle and weapons
systems modification and instrumentation; and schedules and controls air land, and sea
space and associated range operating areas.

NetAcquire Corporation Booth 916
Kirkland, WA Web: www.netacquire.com
NetAcquire Corporation offers real-time telemetry and data acquisition products. Their
proven COTS architecture creates a cost-effective environment for any mix of I/O signal,
data format, and real-time data processing. Products include a range of network-centric
distributed solutions that support low-latency, deterministic system operation common in
airborne avionics and aerospace applications.
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New Mexico State University Booth 427
Las Cruces, NM Web: www.telemetry.nmsu.edu
The Telemetry Center at New Mexico State University offers academic and research pro-
grams in telemetering, telecommunications, and signal processing.  The Telemetry Center
is part of the Klipsch School of Electrical and Computer Engineering at NMSU. The
department offers BS, MS, and PhD degrees in the academic program. Research programs
have been conducted with NASA, Sandia National Laboratory, the National Science
Foundation, the Department of Defense, and commercial companies.

NMSU - Physical Science Laboratory Booths 224
Las Cruces, NM Web: www.psl.nmsu.edu
PSL is a research organization with over 60 years experience in support of various
aerospace programs.  This support has fostered a unique end-to-end test and develop-
ment support capability that has included development and implementation of advanced
hardware and techniques for telemetry, command/control, and antenna systems. 

NuWaves Engineering Booth 617 
Middletown, OH Web: www.nuwaves-ltd.com
NuWaves is a premier supplier of RF Systems, Products, and Engineering Services
designed to customer requirements. NuWaves is an RF power-house with the singular
mission of delivering unsurpassed RF Engineering Design Services.

Orbit Communication Systems, Inc. Booth 122
City Of Industry, CA Web: www.orbit-cs.com
Orbit is a leading developer and manufacturer of cutting-edge tracking solutions. We
offer high-performance, rugged and reliable tracking & telemetry systems to suit your
needs. Orbit’s fixed and portable telemetry tracking solutions target a broad range of
applications installed on maritime, airborne (including UAVs) and ground platforms.

Orion Systems Booth 822
Huntingdon Valley, PA Web: www.orionsystemsinc.net
Orion Systems Incorporated designs and manufactures non-blocking digital voice switch
and conference systems. These systems are used in 24/7 environments for Range
Communications, air-to-ground, and ground-to-ground applications.

PCB Piezotronics Inc. Booth 1313
Depew, NY Web: www.pcb.com
PCB Piezotronics manufactures a complete range of accelerometers, microphones,
pressure sensors, force sensors, and torque transducers utilizing ICP®, piezoelectric,
capacitive, strain gage, piezoresistive, TEDS, and MEMS sensing technologies.

Photo-Sonics Inc. / IMC Booth 623
Burbank, CA Web: www.photosonics.com
Photo-Sonics is world leader in the manufacture and distribution of high speed photo-
graphic and range instrumentation. We supply test ranges and the military with high
speed film and digital cameras, ultra high speed ballistic cameras, lens intensifiers,
tracking mounts, timing instrumentation and motion analysis software.

Precise Time and Frequency Inc. Booth 228
Peabody, MA Web: www.www.ptfinc.com 
Precise Time and Frequency, Inc. provides a wide range of time and frequency products
including GPS, NTP, Distribution, Rb and Quartz instruments.

Precision Filters, Inc. Booth 1220
Ithaca, NY Web: www.pfinc.com
Precision Filters’ thirty plus years as a global provider of instrumentation for test meas-
urements leads to an unsurpassed and complete family of analog signal conditioning/fil-
tering systems, signal switching systems, and compact mini-active filter modules.



Quad Tron, Inc. Booth 901
Feasterville, PA Web: www.quadtron.com
Quad Tron has over 20 years in the development, design, and manufacturing of Micro-
miniaturized Telemetry Systems and Components. Standard products include High and
Low Level VCO's, FM/FM Systems, Programmable Signal Conditioning and PCM Encoders.
The 2002 PCM Data Acquisition System is modular, distributed and CAIS compatible. The
NEW “MODULAR MICRO” Series, Distributed PCM Encoder System is one of the smallest
in the industry.

Quasonix Booth 516
West Chester, OH Web: www.quasonix.com
Quasonix provides high performance communications and telemetry systems.  We lead
the industry in spectrally efficient modulations, including SOQPSK and Multi-h CPM. Our
flight-qualified six-cubic-inch transmitters occupy one-half to one-third the bandwidth
PCM/FM, and our high-performance trellis demodulators and receivers provide 3.5 to 5
dB gain over conventional detectors.

Quintron Systems Booth 903
Santa Maria, CA Web: www.quintron.com
Quintron provides state-of-the-art Mission Voice Conference Switches.  Our products
support mission-critical Command and Control operations around the world, with
selected versions providing US Government Agency approvals.  Our new VoIP system
provides true client-server architecture, an industry first, with multiple circuit access
over low-bandwidth IP connections. 

Range Commanders Council Booth 528
Edwards AFB, CA Web: www.wsmrc2vger.wsmr.army.mil/rcc
The Range Commanders Council was organized to preserve and enhance the efficiency
and effectiveness of member ranges, thereby increasing their research and development,
operational test and evaluation, and training and readiness capabilities. The scope of the
Range Commanders Council is to: resolve common problems, discuss common range mat-
ters in an organized forum, exchange information thereby minimizing duplication, con-
duct joint investigations pertaining to research, design, development, procurement, and
testing, coordinate major or special procurement actions, develop operational test proce-
dures and standards for present and future range use, and encourage the reutilization
and transfer of excess technical systems and equipment.

Reach Technologies, Inc. Booth 1014
Victoria, British Columbia, Canada Web: www.reachtest.com
Reach Technologies design and manufacture both low and high spreed Bit Error Rate
Testers, Network Telemetry Links, Data Recorders/Reproducers, Telemetry Interfaces, and
Telemetry Switches.

Real-Time Innovations (RTI) Booth 1211
Santa Clara, CA Web: www.rti.com
RTI works with its customers to develop and integrate the world's most demanding
real-time applications. RTI takes the risk out of distributed application development and
system integration by providing expertise in real-time communications coupled with the
highest performance messaging middleware. The company's software and services are
leveraged in a range of industries.

Red Rapids Booth 1010
Richardson, TX Web: www.redrapids.com
Red Rapids offers a catalog of signal acquisition and generation hardware products that
are targeted at high performance communication systems.

Redstone Technical Test Center (RTTC) Booth 1223
Redstone Arsenal, AL Web: www.RTTC.Army.mil 
RTTC is a Telemetry & Data Management Test Branch.
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Rotating Precision Mechanisms Inc. Booth 609
Northridge, CA Web: www.rpm-psi.com
RPM has delivered a vast array of over 1600 varying size COTS and NDI Antenna,
Optical and Sensor Positioning Sub-System, System and Control solutions to meet
Telemetry, ATC, Radar, TT&C, Test /Instrumentation, EW and UAV requirements over the
past 32 years for prime system integrators, Government and Military users. 

RT Logic, Inc. Booth 1212
San Diego, CA Web: www.rtlogic.com
RT Logic designs, develops, and delivers innovative signal processing systems for the
space and military communications industry.  Our Telemetrix® product line covers the
full spectrum of RF-to-Data requirements and is used for satellite test, launch vehicle
telemetry, on-orbit satellite control, as well as Satellite Communications (SATCOM), air-
borne communications, and spectrum monitoring/interference detection.

Saab Avitronics Booth 613
Jarfalla, Sweden Web: www.saabgroup.com
Saab Avitronics offers airborne recording systems for all applications avionics and EMW
systems.

Satellite Services BV Booth 424
Katwijk aan zee, ZH Web: www.satserv.nl
Satellite Services BV is specialized in the development of Telemetry and Telecommand
systems for TT&C and EO data processing applications.

SeaSpace Corporation Booth 726
Poway, CA Web: www.seaspace.com
SeaSpace is a leading supplier of tracking antenna systems for satellite communications
and telemetry applications, providing a suite of best-value solutions exhibiting high per-
formance:price ratios. Our products include 2- and 3-axis pedestals with autotrack
antennas ranging in sizes from 1.0 – 7.3m in diameter operating at frequencies up to
30 GHz. 

Semflex Booth 1107
Thousand Oaks, CA Web: www.semflex.com
Semflex designs and manufactures high performance microwave flexible coaxial cable and
custom cable assemblies for the military/aerospace, commercial application and test
instrumentation markets.  The company also manufactures custom connectors, adapters,
phase trimmers and other components to meet special interconnect requirements.
Semflex Inc. is ISO9001/2000 registered, and also meets the requirements of MIL-I-45208.

Sierra Video Systems Booth 328
Nevada City, CA Web: www.sierravideo.com
Manufacturer of analog, digital, and HD routers and signal processors for use in teleme-
try, data, video and audio signal management.

Society of Flight Test Engineers Booth 514
Lancaster, CA Web: www.sfte.org
The Society of Flight Test Engineers is a fraternity of engineers, whose principal profes-
sional interest is the flight testing of aircraft and missiles. The objective of the Society
is the advancement of flight test engineering throughout the aircraft industry by provid-
ing technical and fraternal communication among individuals, both domestic and inter-
national, in the allied engineering fields of test operations, analysis, instrumentation and
data systems.



Southwest Research Institute Booth 510
San Antonio, TX Web: www.swri.org
Southwest Research Institute is an independent, nonprofit, applied engineering and physi-
cal sciences research and development organization using multidisciplinary approaches to
problem solving. The Institute occupies 1,200 acres and provides nearly two million
square feet of laboratories, test facilities, workshops, and offices for more than 3,000
employees who perform contract work for industry and government clients. We are cur-
rently developing real-time network-centric solutions for airborne and space applications,
and have extensive experience with standards such as IPv6, IEEE-1588, iNET, CCSDS,
CORBA, TENA, and Spacewire.

Spectracom Corporation Booth 522
Rochester, NY Web: www.spectracomcorp.com
Synchronizing Critical Operations – it’s what we do. Spectracom supports mission-critical
systems with precise and reliable time and frequency synchronization. New products to
meet your needs include: PCIe and bus-level timing boards, software drivers, SAASM-capa-
ble network time servers for IPv6, and an expanded line of GPS Clocks. We  develop
custom solutions.

Spiral Technology, Inc. Booth 322
Lancaster, CA Web: www.spiraltechinc.com
Spiral Technology, Inc. is an employee/veteran owned small business that provides R&D,
T&E, and A&A services to Government/Commercial customers. The Systems Engineering &
Integration arm of Spiral is a developer and user of R&D/T&E facilities/systems. Spiral is
also well known for its Open Telemetry Interactive Setup (OTIS„§) suite of telemetry
support software based upon the IRIG TMATS & XML standards.

Summation Research, Inc. Booth 422
Melbourne, FL Web: www.summationresearch.com
Summation Research, Inc. (SRI) provides high performance satellite, range and flight
ground segment products including Multi-Mission Receivers, Demodulator/Decoders, Bit
Syncs, Frequency Converters, and SGLS/USB signal processors. This year SRI announces the
SE-4250 series of RF Exciter and Telemetry Signal Simulators, including Satellite and
ARTM waveforms supporting up to 100 Mbps.

Summit Instruments, Inc. Booth 327
Akron, OH Web: www.summitinstruments.com
Summit Instruments Inc. provides electronic test and measurement solutions and inertial
sensors for demanding industrial, military, aerospace, and research applications.

Symmetricom Booth 312
Beverly, MA Web: www.symmttm.com
PERFECT TIMING. IT’S OUR BUSINESS. Our XLi SAASM Time & Frequency Receiver is the
world’s most powerful, accurate & versatile SAASM based GPS receiver and is compliant
w/ Joint Chiefs of Staff SAASM mandate that is effective October 1, 2006. Our product
breadth, precision and expertise in GPS and time code is unmatched.

Symvionics, Inc. Booth 716
Palmdale, CA Web: www.symvionics.com
IADS provides test engineers with the enhanced data processing, management, and dis-
play capabilities necessary to perform safety critical analysis in near real-time during a
real-time mission. IADS increases the engineer's confidence in making clearance decisions
by providing enhanced analysis and display capabilities. IADS allows the engineer to
achieve this confidence level by providing real-time displays and simultaneous near real-
time processing of both time domain and frequency domain analysis. Real-time data
and results created in near real-time may be compared to predicted data on worksta-
tions to enhance the user's confidence in making point-to-point clearance decisions.

Sypris Data Systems Booth 212
San Dimas, CA Web: www.syprisdatasystems.com
Sypris Data Systems designs, manufactures and supports high-performance data acquis-
tion and storage systems for governments and industries worldwide. 
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Note: ITC will be providing complimentary
wireless access in lounge areas for casual use by

conference attendees.  Please be advised that connectivity
may be intermittent and that bandwidth will be limited. 
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Systel, Inc. Booth 523
Sugar Land, TX Web: www.systelusa.com
Systel, Inc. is a rugged custom designer and system integrator of industrial computers
and displays.

System Planning Corporation Booth 1203
Arlington, VA Web: www.sysplan.com
System Planning Corporation is an OEM supplier of Flight Termination Systems. 

Systems Engineering & Management
Company (SEMCO) Booth 923
Vista, CA Web: www.semco.com
SEMCO is the industry leader in PC-based telemetry solutions. Whether the application
calls for a full "turn-key" system or support of a customer-designed telemetry data
acquisition and processing system, SEMCO’s PC-based receivers and peripheral products
provide the most cost effective solution available anywhere, without sacrificing system
performance.

TCI International, Inc. Booth 22
Fremont, CA Web: www.tcibr.com
TCI International, Inc. provides radio frequency spectrum monitoring, direction finding,
and signal collection (COMINT) solutions to civilian government, military and intelligence
agencies, as well as antennas for military communications and high-power radio broad-
casting. TCI is headquartered in Fremont, CA and is a wholly owned subsidiary of SPX
Corporation.

TCS, Inc. Booth 525
Chatsworth, CA Web: www.tcs.la
Manufacturer of Telemetry tracking antenna systems of different types and various sizes
with fiber control. Specializes in upgrades to the existing antenna systems with state-of-
the-art Antenna Control Unit, ACU-M1. Custom designer of intelligent antenna systems
with latest technology. 

TECOM Industries, Inc. Booth 1023
Thousand Oaks, CA Web: www.tecom-ind.com
TECOM Industries, Inc. is an industry leader in the manufacture of Antennas and
Antenna Positioning Systems for Military, SATCOM and Commercial applications.  TECOM
antennas and antenna systems range from 500 MHz to 40 GHz and are utilized for
SIGINT, Data Link, Direction Finding, SATCOM, and Electronic Warfare applications.

Teletronics Technology Corp. Booth 402
Newtown, PA Web: www.ttcdas.com
Teletronics Technology Corporation designs and manufactures a wide range of distributed
and iNet-ready networked data acquisition, telemetry and recording products and sys-
tems.  Our equipment is used extensively in military, commercial, industrial and aero-
space programs.  Our focus at ITC 2007 is to demonstrate our fully integrated family
of advanced products such as single board PC products, ground support, ground station
transmitters (PCM/FM & SOQPSK) recording products (Serial PCM recorders and chapter
10 compliant), radar recording systems, and iNet-ready network-based data acquisition
products featuring our line of airborne qualified gigabit network switches with IEEE-
1588 time distribution capability. 

TelTron Telemetry Booth 1001
Huntsville, AL Web: www.teltron-systems.com
TelTron builds premier telemetry ground stations meeting a wide range of requirements.  

Terawave Communications Booth 1104
Hayward, CA Web: www.terawave.com
Manufacturer of telecommunications products.  Multiplexing and transport of telemetry,
video, TDM, and data services.



33

EXHIBITORS

TRAK Microwave Booth 921
Tampa, FL Web: www.trak.com
TRAK Microwave is a major designer and manufacturer of GPS Time & Frequency
Systems and Modules for defense and commercial applications worldwide. Our products
include Precise Timing Synchronization, Time Code Generation, Frequency Distribution and
GPS Clocks (C/A code tracking/P(Y) SAASM capable versions). TRAK is ISO 9001:2000 and
AS9100:2004 registered.  

Trompeter Booth 1105
Thousand Oaks, CA Web: www.trompeter.com
Trompeter is a best-in-class producer of RF interconnect products, including RF connectors,
cross-connects, patching, cable assemblies and related tools for coaxial, twinax, and triax
applications markets worldwide. Trompeter is ISO9001/2000 registered, and also meets the
requirements of MIL-I-45208. For product information and ordering call 800-982-2629.

Tyco Electronics M/A-COM Booth 416
Lowell, MA Web: www.macom.com
Tyco Electronics' M/A-COM business is a leading supplier of radio frequency, microwave
and millimeter wave integrated circuits, components, sub-systems and IP based Wireless
Private Networks to the telecommunications, automotive and defense-related industries.
Our innovative telemetry products include rugged, compact encoders, transmitters, mod-
ules and data links plus high performance antennas and coaxial cables.

Ulyssix Technologies, Inc. Booth 911
Frederick, MD Web: www.ulyssix.com
Ulyssix’s DSP based telemetry products include high-speed digital bit/frame synchroniz-
ers, PCM decommutators, simulators, IRIG Time Readers, FM/FM and FM/PCM baseband
demodulators, modulators/calibrators with new client/server telemetry software suite and
Linux capability. All products use the latest FPGA technology which is reconfigurable at
your site. Come to booth 911 to get your eagle.

Universal Switching Booth 1016
Burbank, CA Web: www.uswi.com
As a manufacturer of state-of-the-art programmable switching equipment, they are the
leader in cost effective switching solutions. They will be featuring working demonstration
equipment covering a wide range of products including scalable and fixed switching 
systems, VXI modules, and their advanced remote control GUI package with GPIB, Serial
or Ethernet control. The product line spans DC to 40GHZ and switching from 1x2 to
1024x1024.

U.S. Army White Sands Missile Range Booth 303
White Sands Missile Range, NM Web: www.wsmr.army.mil
White Sands Missile Range (WSMR) provides broad spectrum and high quality testing
and evaluation, data collection and analysis, instrumentation development, modeling and
simulation, research, assessment, and other technical services to all Branches of DoD,
other government agencies, US companies, and foreign allies. The large land mass, con-
trolled airspace and conventional munitions, unmanned systems, distributed testing, coun-
termeasures, space systems and sensors, directed energy, high and low altitude missile
systems testing, explosives testing, ground and aerial targets, and low observable preci-
sion strikes insure future force readiness.

ViaSat, Inc. Booth 625
Duluth, GA Web: www.viasat.com
ViaSat Antenna Systems is a manufacturer of high-performance “RF to Bits” tracking
antenna systems.

VMETRO Booth 1213
Houston, TX Web: www.vmetro.com
Products include PowerPC/FPGA Digital Signal Processing, FPGA I/O Modules, Data
Recorders, Rugged Storage and Bus Analyzers.
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Wideband Systems, Inc. Booth 412
Silver Spring, MD Web: www.wideband-sys.com
Wideband Systems manufactures high-performance telemetry recorders leading the indus-
try in wideband analog pre-d and digital post-d recording technology. Our robust/reli-
able, disk-based recorders with integrated time-synchronized multiplexers support a
variety of signal interfaces (analog, digital PCM, video, 1553, RS232, Ethernet, etc.) and
aggregate data rates (240 Mb/sec to 1600+ Mb/sec). Compatible with both IRIG 106
Chapter 10 and WSI native formats, these versatile recorders are widely deployed sup-
porting diverse and demanding requirements such as 14-track analog recorder replace-
ment, and direct IF recording.

WV Communications, Inc. Booth 908
Newbury Park, CA Web: www.wv-comm.com
WV Communications was established in 1997 by a group of engineering and manufac-
turing associates that collectively have more then 150 years of experience in the
design, development, manufacturing, and system integration of RF and Microwave commu-
nication equipment. This equipment consists of innovative, high technology, quality elec-
tronic hardware, software and sub-systems for both Military and Commercial applications
that is installed and operational Worldwide. WV Communications prides itself on being
highly responsive to each customers needs and requirements, from proposal to quick
deliveries with the most competitive pricing in the industry, while providing a high
quality product with unparalleled customer support and service.

Wyle Booth 302
California, MD Web: www.wyletds.com
Wyle's Telemetry and Data Systems provides seamless telemetry receiving, recording,
and data mining solutions for test and evaluation. Our products range from turnkey
systems to component-based software and hardware. We offer a full suite of high-
performance products for test configuration, RF receiving, real time processing, dynamic
visualization, data product generation, data mining, data management, and data dis-
semination. Wyle TDS has supplied thousands of systems over twenty-five years to test
ranges and major programs on six continents.

Zodiac Data Systems Booth 502
Alpharetta, GA Web: www.zds-us.com
Zodiac Data Systems, Inc. is a technology leader and an all-in-one solution provider in
the fields of data acquisition and telemetry. The company is comprised of three
Divisions, Heim Data, Enertec and IN-SNEC and is a subsidiary of the Zodiac US
Corporation. Zodiac is a global company with interests in the aerospace, marine,
telecommunications, electronics and information technology markets.

We want ITC to improve every year.  To
make that happen we need your

feedback.  To help you tell us about the
conference we have a link on the

www.telemetry.org web page which
takes you to a short survey regarding the

ITC 2007.  Please spend a few minutes
and fill out the survey.  It is a big help to

us as we prepare for ITC 2008.

THANK YOU!

SURVEY SAYS...
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COMMITTEE SPONSORS

Thank you...
ITC continues to be organized and

managed by an all volunteer organizing
committee which is responsible for all aspects
of the conference.  This volunteer staff and the
support of their respective employers make the
ITC happen.  The IFT would like to thank the

staff and their companies for their
generosity and support of the ITC

conference.

EDWARDS AIR FORCE BASE
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TECHNICAL SESSIONS

ITC/USA 2007

Technical
Sessions

>TUESDAY, OCTOBER 23RD, 1:30PM – 4:30PM

SESSION 1 – Telemetry in Extreme Environments 
Chair: Eric Prescott, BAE Systems Capri 111

1:30pm “Calculating Aerodynamic Coefficients for a
NASA Apollo Body Using Telemetry Data from
Free Flight Range Testing”
T. Gordon Brown, Timothy Vong, U.S. Army Research 
Laboratory, Ben Topper, Data Matrix Solutions 07-01-01

The U.S. Army Research Laboratory (ARL), in partnership with the National
Aeronautics and Space Administration (NASA) Langley Research Center (LaRC),
has performed a free-flight experiment with telemetry (TM) instrumented sub-
scaled reentry vehicle in order to determine its aerodynamic coefficients.

2:00pm “Soft Recovery Recording System for Interior
and Exterior Ballistics Characterization” 
Mauricio Guevara, Boris Flyash, Army Research
Development and Engineering Center 07-01-02

The challenge for the Precision Munition Instrumentation Division (PMID) was to
develop a Telemetry System to record the interior and exterior ballistics of a
M831 TP-T projectile, which will be used as a carrier for soft recovery testing of
IMUs and GNUs.

2:30pm “High-G Telemetry System for Tank Munitions”
Boris Flyash, Boleslav Steve Platovskiy, 
Army Research Development and Engineering Center 07-01-03    

The High-G Telemetry System for Tank Munitions was designed for and used on
the Tank Projectile Course Correction Project.

3:00pm “Measurement of In-Flight Motion
Characteristics of a High-G Launched Flare-
Stabilized Projectile with On-Board Telemetry”
T. Gordon Brown, Ed Bukowski, Mark Ilg, U.S. Army
Research Laboratory, Fred Brandon, Dynamic Science 07-01-04    

This report describes the design of a telemetry system used to measure in-flight
motion suitable for extracting aerodynamic coefficients over a large range of Mach
numbers.
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SESSION 2 – CTEIP Projects (iNET / TENA) 
Chair: Ray Faulstich, CSC Range and Engineering Services Capri 112/113

1:30pm “The Test and Training Enabling Architecture,
TENA, an Important Component in Joint Mission
Environment Test Capability (JMETC) Successes”
Gene Hudgins, TENA Software Development Activity (SDA) 07-02-01

The Joint Mission Environment Test Capability (JMETC) is a distributed live, virtual,
and constructive (LVC) testing capability developed to support the acquisition
community and to demonstrate Net-Ready Key Performance Parameters (KPP)
requirements in a customer-specific Joint Mission Environment (JME).

2:00pm “Vehicle Network Technology Demonstration” 
Thomas Grace, Dave Hodack, 
Naval Air Systems Command - Patuxent River 07-02-02

This paper describes one objective of the iNET project, which is standardization
and interoperability.

2:30pm “Operator Interfaces for Controlling the Serial
Streaming Telemetry Channel via a Command
and Control Link”
Daniel T. Laird, AFFTC, Edwards AFB 07-02-03       

This paper discusses the uses of a command and control link for reconfiguring
and querying the SST Tx and Rx during flight and or preflight using a remote GUI
built on commercial software applications, operating over specific standard
network protocols.

3:00pm “Optimal Configuration for Nodes in Mixed
Cellular and Ad Hoc Network for iNET”
Olusola Babalola, Dr. Richard Dean (Advisor),
Morgan State University 07-02-04       

We present architecture for the proposed MANET Cellular Mixture Network
(MCMN) and some performance analysis to characterize the network.

3:30pm “Quality of Service parameters within a Mixed
Network for an iNET Environment”
Antwan Chaney, Dr. Richard Dean (Advisor),
Morgan State University 07-02-05       

This paper will show a comparison of the three QoS levels (best effort, assured,
and premium services) that the network provides and investigate QoS
performance of the Mixed Network in the iNET environment.

SESSION 3 – Networks, Systems & Applications
Chair: Paul Zetocha, Kirtland AFB Capri 114/115

1:30pm “Long Term Vehicle Health Monitoring”
Doug Cridland, Chris Dehmelt, 
L-3 Communications Telemetry-East 07-03-01       

This paper will discuss the system considerations and the benefits of a smart
sensor based system and how pieces can be transitioned from flight qualification
to long-term vehicle health monitoring in production vehicles.

2:00pm “Evaluation of Ubiquitous Use of Wireless
Sensor Network Technology in Data Acquisition
and Telemetry Applications”
Joshua D. Kenney, Chris J. Cunningham, 
and Ben A. Abbott, Ph.D., Southwest Research Institute 07-03-02       

Although Ethernet’s wireless counterpart, IEEE 802.11 (Wi-Fi), has recently
enjoyed similar success delivering data to the masses, its industrial use in widely-
distributed data acquisition until now has been limited.

TECHNICAL SESSIONS
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2:30pm “Management of a Network-Based Flight Test
System”
Michael S. Moore, Evan T. Grim, Ganesh U. Kamat,
Myron L. Moodie, Southwest Research Institute 07-03-03

This paper describes the issues that must be addressed for managing network-
based flight test systems and describes a network management approach that
was developed and employed to manage a large-scale network-based flight test
system.

3:00pm “The Effect of Network Centric Operations in
Telemetry for Air Force Flight Test and
Evaluation”
Eunice E. Santos, Virginia Polytechnic Institute & State University,
Charles H. Jones, Charles Harris, AFFTC, Edwards AFB 07-03-04

This paper discusses how aspects of telemetry can be effectively incorporated and
modeled as a component within network-centric operations and warfare
paradigms.

3:30pm “Net-Centrifying the Gould TA6000 Oscillograph”
Juan Guadiana, Jesus Benitez, Dwight Tiqui,
White Sands Missile Range 07-03-05

This paper’s topic is the conversion of the hardware and a discussion on software
issues.

SESSION 4 – Link Protocols & Performance
Chair:  Filberto Macias, White Sands Missile Range Capri 116

1:30pm “Low Density Parity Check Codes for Telemetry
Applications”
Bob Hayes, L-3 Communications Cincinnati Electronics 07-04-01    

This paper presents a brief overview of LDPC coding and decoding.

2:00pm “Diversity Branch Selection in Real World
Application”
Richard Formeister, Teletronics Technology Corporation 07-04-02    

Multi-path propagation continues to be the dominant channel impairment in
many aeronautical mobile telemetry applications.  Avoidance and diversity
techniques continue to be the only practical means to combat this problem.

2:30pm “TCP Performance Enhancement over Iridium”
Leigh Torgerson, Joseph Hutcherson, James W. McKelvey,
CalTech Jet Propulsion Laboratory 07-04-03    

In support of iNET maturation, NASA-JPL has collaborated with NASA-Dryden to
develop, test and demonstrate an over-the-horizon vehicle-to-ground networking
capability, using Iridium as the vehicle-to-ground communications link for relaying
critical vehicle telemetry. 

3:00pm “Performance Comparison of SOQPSK Detectors:
Coherent vs. Non-coherent”
Tom Bruns, L-3 Communications Nova Engineering 07-04-04    

This paper examines the performance of a non-coherent SOQPSK detector which
significantly improves the signal acquisition times without impacting BER
performance in the AWGN environment.

TECHNICAL SESSIONS
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SESSION 5 – Instrumentation 
Chair:  Brian Keating, NAWC-AD Pax River Royale 207/208

1:30pm “The Evaluation and Integration of an
Instrumentation and Telemetry System with
SOQPSK Modulation and Control Integrated with
Avionics Displays”
John Wegener, Robert N. Zettwoch, Michael C. Roche,
The Boeing Company 07-05-01       

This paper describes the integration activities associated with the instrumentation
and telemetry system developed for the EA-18G Flight Test program, including
bench integration, avionics integration, and aircraft ground and flight checkout. 

2:00pm “Architectural Considerations for a Variable Bit
Rate Data Acquisition Telemetry Encoder”
Jeff Lee, L-3 Communications Telemetry-West 07-05-02       

This paper focuses on the requirements, design considerations and tradeoffs
associated with differing architectural topologies for implementing a variable bit
rate encoder and the resulting implications on the encoder systems data
acquisition units.

2:30pm “Overview of an Integrated Instrumentation
Data System Used by the F-35 Lightning II
Flight Test Program”
Doug Vu, Lockheed Martin Aeronautics Co,
Albert Berdugo, Teletronics Technology Corporation 07-05-03

This paper will describe the hardware and software components used by the JSF
flight test program to provide an integrated instrumentation data system.

3:00pm “The Architecture of Aircraft Instrumentation
Networks”
John Roach, Teletronics Technology Corporation 07-05-04       

This paper describes the high-level design of a modular architecture for an aircraft
instrumentation network.

SESSION 6 – Data Processing & Management
Chair:  Richard Hansen, AFFTC - Edwards AFB Royale 209/210

1:30pm “Using Excel Macros for Charting”
Bryan Kelly, Honeywell Aerospace 07-06-01

This paper introduces a set of macros that automate the importing of antenna
data into Excel and charting that data.

2:00pm “Achieving Portability for Legacy Software 
Using Java”
D. Kelly Cooper, TYBRIN Corporation 07-06-02 

This paper outlines a phased strategy for migrating platform specific applications
to be platform independent while reusing the robust, existing algorithms.

2:30pm “Range Safety Case Study: Western Range
Centralized Telemetry Processing System 
(WP CTPS), a Large Distributed Ground System”
Jonathan Mather, L-3 Communications Telemetry-West, 
Nancy Shaw, Lockheed Martin Corporation 07-06-03

This paper presents a case study for the Western Range Centralized Telemetry
Processing Subsystem.
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3:00pm “Design of a Mission Data Storage and Retrieval
System for NASA Dryden Flight Research
Center”
Jessica Lux, NASA Dryden Flight Research Center,
Bob Downing, Jack Sheldon, Arcata Associates 07-06-04    

This report discusses the post-mission segment of the WINGS architecture, a
system for the near- and long-term storage and distribution of mission data for
flight projects at DFRC, providing the user with intelligent access to data.

3:30pm “Instrumentation and Data Processing
Efficiencies Employed on the P-8A Poseidon
System Development and Demonstration
Program”
Dawn M. Galloway, Christian H. Winkelmann,
The Boeing Company 07-06-05   

The strategy for the design of the instrumentation and data processing
architecture was to create a common system that could be used for data
acquisition and processing for all seven test articles and used for both flight and
ground testing.

SESSION 7 – Imaging, Video & Modeling
Chair:  Robert Sakahara, NASA – 
Dryden Flight Research Center Royale 211/212

1:30pm “IDAPS CAD-Based Store Separation Analysis 
of Deployable Surfaces”
Mike Paulick, TYBRIN Corporation 07-07-01    

This paper describes a prototype capability that is being developed for assessing
fin and wing deployment angles using a CAD-based image matching technique to
calculate a trajectory of a store separation event.

2:00pm “Scalable Low Complexity Coder for High
Resolution Airborne Video”
Hariharan G. Lalgudi , Michael W. Marcellin (Advisor),
Ali Bilgin,  University of Arizona,  Mariappan S. Nadar, 
Siemens Corporate Research 07-07-02    

This paper presents a scalable low complexity coder (SLCC) that possesses many
desirable features of JPEG2000, yet having high throughput.

2:30pm “Modeling of the Plasma Formation Due to
Laser Irradience During Directed-Energy
Testing”
Saravanakanthan Rajendran, Michael Keida, Iain D. Boyd,
University of Michigan, Charles H. Jones, Brian Mork,
AFFTC Edwards AFB 07-07-03    

In this paper, a numerical model has been developed to describe the laser
induced ablation of metal surfaces. 

9:30am “Network Design Considerations in Telemetry
Systems”
Andy Grebe, Wayne Klein, Apogee Labs, Inc. SS-09-03

This paper is intended to outline needed considerations when planning or
implementing a network design in Telemetry Systems.

TECHNICAL SESSIONS
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EXHIBITORSTECHNICAL SESSIONS

>WEDNESDAY, OCTOBER 24 • 8:30AM–11:30AM

SESSION 8 – Multiple Input Multiple Output (MIMO)
Chair:  Terry Hill, Quasonix Capri 111

8:30am “Performance of Unitary Space Time Codes
Generated by Givens Rotation Matrices in
Multiple-Input, Multiple-Output Communication
Channels”
Seth Stanley, Kurt Kosbar (Advisor), University of Missouri 07-08-01

This paper investigates the performance of GRM codes over a wider range of
SNR, to determine their usefulness in MIMO applications of interest to the
telemetry community. 

9:00am “Modeling Channel Estimation Error in
Continuously Varying MIMO Channels”
Christopher Potter, Kurt Kosbar (Advisor),
University of Missouri 7-08-02

In this work a new analytical expression for the channel estimation error of a
multiple input multiple output (MIMO) system is obtained when the wireless
medium is continuously changing in the temporal domain. 

9:30am “An Optimum Detector for Space-Time Trellis
Coded Differential MSK”
Xiaoyu Dang, Michael Rice (Advisor),
Brigham Young University 07-08-03

In this paper a novel optimum transmitting and detecting structure for STTC-MSK
is proposed.  

10:00am “A High-Accuracy and Low-Complexity Carrier-
Offset-Frequency Estimator”
Joseph Palmer, Michael Rice (Advisor),
Brigham Young University 07-08-04

The paper argues that a periodic training sequence structure, combined with the
new estimator, allows for a high-accuracy and low complexity CFO compensator.

SESSION 9 – RCC-TMoIP (Special Session)
Chair:  Brian Eslinger, TYBRIN Corporation Capri 112/113
Note: Special sessions are not included on the DVD

The RCC TTG initiated task TT-49 to generate a standard for the transport
of serial streaming telemetry over the Internet Protocol (IP).  An ad hoc
committee was activated comprised of Range and vendor participation to
develop this standard. 

8:30am “Range Commander's Council (RCC)
Telecommunications and Timing Group (TTG)
Update on TM Over IP Standard Development”
Brian Eslinger, Bob Kovach, TYBRIN Corporation SS-09-01

This paper will address the progress of the standard, the use of commercial
standards, and the benefits to the ranges.

9:00am “Evolving Range and DISA Networks Using
Pseudo Wire”
Joseph Merritt, Avtec Systems, Inc. SS-09-02

Pseudo Wire protocol encapsulation provides the means for extending telemetry,
data, voice, and video services in native formats over Ethernet, IP, and MPLS
networks in a reliable way that delivers greater operational efficiency and a
smooth migration to a single converged network.
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SESSION 10 – Data Acquisition & Sensors
Chair:  John Welker, AFFTC - Edwards AFB Capri 114/115

8:30am “Development, Evaluation and Implementation
of a Surface-Mount, High-G Accelerator”
Philip J. Peregino, Edward F. Bukowski,
US Army Research Laboratory 07-10-01    

A contract was developed for Endevco to repackage the die and to develop a tri-
axial version with the repackaged die. The newly developed accelerometers were
tested and evaluated by the U.S. Army Research Laboratory. 

9:00am “A Next Generation Aircraft Power Monitoring
System”
Hy Grossman, Teletronics Technology Corporation 07-10-02  

This paper describes the methods employed on a single signal-conditioning card in
order to provide detailed information about the power quality of a three-phase
aircraft power source.

9:30am “Fibre Channel Bus Monitoring with Airborne
Data Multiplexer / Recorder System”
Albert Berdugo, Eric Pesciotta, 
TeletronicsTechnology Corporation 07-10-03

This paper discusses the concept, merits, and implementation of fibre channel bus
monitoring in modern data acquisition systems.

10:00am “Thermocouple Measurements without
Customized Electronics””
Paul Wanis, L-3 Communications Telemetry & RF Products 07-10-04    

This paper describes some of these techniques and their performance tradeoff for
a more flexible solution that uses standard analog data acquisition channels
already available as part of the encoder circuitry.

10:30am “Technology Convergence: Observations on
Transitional Approaches For Data Acquisition In
a TCP/IP Environment”
Malcolm Weir, Ampex Data Systems, Inc. 07-10-05

This paper discusses how IRIG 106 Chapter 10 recording techniques could be
employed in a network-centric environment, while maintaining as many of the
strengths of the traditional approach.

SESSION 11 – Modulation & Coding (Session 1)
Chair:  Robert W. Selbrede, JT3, Edwards AFB Capri 116

8:30am “Adaptive Modulation for Cognitive Radio”
Gaurav Sharma, Kurt Kosbar (Advisor), 
University of Missouri-Rolla 07-11-01

This paper highlights how some mathematical models of adaptive modulation
discussed extensively in many research papers and textbooks can be used in
Cognitive Radios as well.

9:00am “Differential Encoding Revealed: An Explanation
of the Tier-1 Differential Encoding in IRIG 106”
Michael Rice, Brigham Young University 07-11-02 

This paper shows that the differential encoding rule results from encoding 
bit-by-bit transitions in the phase trajectory of an offset QPSK modulated carrier. 

TECHNICAL SESSIONS
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9:30am “On Reduced Complexity Techniques for
Bandwidth Efficient Continuous Phase
Modulations in Serially Concatenated Coded
Systems”
Dileep Kumaraswamy, Dr Erik Perrins (Advisor)
University of Kansas 07-11-03

In this paper, we present reduced complexity approaches to sub-optimally decode
SCC PCM/FM by mainly two approaches—1) Frequency pulse truncation and 2)
Decision feedback.

10:00am “Comparison of Non-coherent Detectors for
SOQPSK and GMSK in Phase Noise Channels” 
Afzal Syed, Dr Erik Perrins (Advisor), University of Kansas 07-11-04

In this paper, we develop reduced complexity non-coherent detectors for SOQPSK
and GMSK; and discuss a phase noise model.

10:30am “Symbol Timing Recovery for SOQPSK 
modulation”
Prashanth Chandran, Dr Erik Perrins (Advisor),
University of Kansas 07-11-05

Shaped offset quadrature phase shift keying (SOQPSK) is a highly bandwidth
efficient modulation technique used widely in military and aeronautical telemetry
standards.

11:00am “Multiple Bit Differential Detection of SOQPSK
with Diversity Reception” 
Madhusudhan Ramakrishnan, Dr Erik Perrins (Advisor),
University of Kansas 07-11-06

In this paper, we consider multiple bit differential detection (MBDD) of
differentially encoded shaped offset quadrature phase-shift keying (SOQPSK) over
slow fading channels, especially Rayleigh fading channels.

SESSION 12 – Meta Data - XML Applications (Session 1)
Chair:  Lee Eccles, Boeing Corporation Royale 207/208

8:30am “IHAL-Based Instrumentation Configuration
Management Tools”
John Hamilton, Ronald Fernandes, Paul Koola, Knowledge Based
Systems, Charles H. Jones, AFFTC Edwards AFB 07-12-01

The Instrumentation Hardware Abstraction Language (IHAL) has been developed
to be a neutral language that is focused on the description and control of
instrumentation systems and networks. 

9:00am “Applications of a Hardware Specification for
Instrumentation Metadata” 
John Hamilton, Ronald Fernandes, Mike Graul, Knowledge Based
Systems, Charles H. Jones, AFFTC Edwards AFB 07-12-02

This paper discusses the benefits of maintaining a neutral-format hardware
specification along with the telemetry metadata specification.

9:30am “Integrating Engineering Unit Conversions and
Sensor Calibration Into Instrumentation Setup
Software”
Benjamin Kupferschmidt, Teletronics Technology 
Corporation 07-12-03

This paper describes the flow of data through an integrated airborne
instrumentation setup application that allows sensors and measurements to be
defined, acquired, calibrated and converted from raw counts to engineering units.
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10:00am “Towards Fully Automated Instrumentation Test
Support”
Charles H. Jones, AFFTC Edwards AFB 07-12-04

This paper outlines the current status, current projects, and some missing pieces in
the journey towards a fully automated scenario.

10:30am “Metadata Modeling for Airborne Data
Acquisition Systems”
Benjamin Kupferschmidt, Eric Pesciotta, 
Teletronics Technology Corporation 07-12-05

This paper discusses the concept, merits, and possible solutions for a standard
measurement metadata model.

11:00am “XML Meta-Data Experiments”
Gilles K/Bidy, L-3 Communications Telemetry-West 07-12-06

This paper presents findings from various experiments to import and export
existing telemetry configuration information to XML based on the new Meta-data
model. In addition, this paper will discuss the possible conversions to and from the
existing IRIG TMATS standard.

SESSION 13 – Telemetry Systems & Architectures
Chair:  Archie Moore, Spiral Technology Royale 209/210

8:30am “Stopping Launch Pad Delays, Launch Failures,
Satellite Infant Mortalities and On Orbit
Satellite Failures Using Telemetry Prognostic
Technology”
Len Losik, Failure Analysis 07-13-01

Telemetry Prognostics or proactive diagnostics is the prediction of an upcoming
failure and the calculation of remaining usable life for the failing system based on
information available in system telemetry.

9:00am “The Micro-Instrumentation Package: A Solution
to Lightweight Ballooning”
Jill Juneau, NASA – Columbia Scientific Balloon Facility 07-13-02

The Columbia Scientific Balloon Facility (CSBF) in Palestine, Texas launches high-
altitude scientific payloads on balloon vehicles. These balloons can be as large as
60 million cubic feet, reach a float altitude of 160,000 feet, carry a payload of up
to 8,000 pounds, and stay at float for over a month.

9:30am “Design and Construction of an Optical
Telemetry System”
Chris Acon, Nisha George, Scott Kimbrell, Dan Pivonka,
Clarence Rowland, W. Buck Schulze, Dr. Erik Spjut
(Faculty Advisor), Harvey Mudd College 07-13-03

The Edwards Air Force Base Undergraduate Clinic Team at Harvey Mudd College
designed, built and tested a laser-based telemetry system for use on test aircraft
at the EAFB Flight Test Center.

SESSION 14 – Chapter 10 / On-board Recording
Chair:  Jaime Reyes, White Sands Missile Range Royale 211/212

8:30am “IRIG-106 Chapter 10 Recorder with Built-In
Data Filtering Mechanism”
Albert Berdugo, Teletronics Technology Corporation,
Louis Natale, Lockheed Martin Aeronautics Co. 07-14-01

This paper describes the data filtering used on the F-22 Program for the 
MIL-STD-1553 buses and the FOTR bus as part of the IRIG-106 Chapter 10
Multiplexer/Recorder System. 
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9:00am “Overview of F-22 Upgraded Instrumentation
System”
Louis Natale, Lockheed Martin Aeronautics Company,
Albert Berdugo, Teletronics Technology Corporation 07-14-02

This paper describes the evolutionary process to design two independent
distributed data acquisition and recording systems handling data with different
classification levels.

9:30am “The Use of an IRIG-106 Chapter 10 Recorder as
a Telemetry System”
Albert Berdugo, Teletronics Technology Corporation 07-14-03    

This paper discusses several applications in which the IRIG-106 Chapter 10
recorder can be used as a telemetry system.

10:00am “A Roadmap to Standardizing the IRIG 106
Chapter 10 Compliant Data Filtering and
Overwriting Software Process”
Alfredo Berard, Dennis Manning, Jeong Min Kim,
Air Armament Center - Eglin AFB 07-14-04

This paper describes a roadmap to standardizing the process to produce this
software process, Data Overwriting and Filtering Application (DOFA).

10:30am “IRIG 106 Chapter 10 Recorder Validation”
Paul Ferrill, Avionics Test and Analysis Corp.,
Mike Golackson, 412th Test Wing / ENI, Edwards AFB 07-14-05       

This paper will describe the methodology and tools used to perform a thorough
testing process to ensure compliance with the IRIG 106-07 standard.

11:00am “Design trade-offs for Real-time Chapter 10
Reproduction”
Bob Tompkins, Gilles K/Bidy,
L-3 Communications Telemetry-West 07-14-06       

This paper presents an analysis of various methods to address the reproduction of
recorded Chapter 10 data in real-time.

>WEDNESDAY, OCTOBER 24 • 2:30PM–5:30PM

SESSION 15 – iNET (Special Session)
Chair:  Daniel S. Skelley, iNET Chief Architect – NAVAIR Capri 112/113
Note: Special sessions are not included on the DVD

Sponsored by the Central Test and Evaluation Program (CTEIP), the
integrated Network Enhanced (iNET) Project is developing an architecture
for network enhancing traditional telemetry. This architecture will be
implemented via a set of standards; allowing multiple vendors hardware to
interoperate within a single iNET System. The standards development
process, just begun by the iNET Team, will be the focus of this session.
Topics to be covered include; the process, community involvement, and
types/quantities of standards being developed.

SESSION 16 – Sensor Networks / Data Acquisition
Chair:  Charles H. Jones, PhD, AFFTC - Edwards AFB Capri 114/115

2:30pm “The Sum-Rate Capacity of a Cognitive Multiple
Access Sensor Network”
Adam Panagos, Dynetic Inc., Kurt Kosbar, 
University of Missouri - Rolla 07-16-01

This paper investigates the sum-rate capacity of a cognitive multiple access (MAC)
sensor network. 
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3:00pm “A Common Solution to Custom Network
Applications”
Jennifer Yin, Chris Dehmelt, 
L-3 Communications Telemetry-East 07-16-02

This paper presents the approach that was recently employed for the
development of a network interface module that can be quickly reconfigured to
address the changing requirements of network applications.  

3:30pm “Wireless Sensor System for Airborne
Applications”
Steve Pellarin, Teletronics Technology Corporation,
Steven Musteric Eglin Air Force Base 07-16-03

This paper describes the current status of the Advanced Subminiature Telemetry
System (ASMT) Initial Test Capability Project.

4:00pm “Network-Based Distributed Data Acquisition
and Recording for Small Systems”
John Hildin, Teletronics Technology Corporation 07-16-04

The paper will also show how a smaller system can deliver on this promise
without sacrificing performance and functionality.

SESSION 17 – Modulation & Coding (Session 2)
Chair:  Robert W. Selbrede, JT3 - Edwards AFB Capri 116

2:30pm “Iterative Decoding and Sparse Channel
Estimation for and Underwater Acoustic
Telemetry Modem”
Ronald A. Iltis, University of California at Santa Barbara 07-17-01

Recently, iterative decoding and estimation using Low Density Parity Check (LDPC)
codes has been pursued for terrestrial RF communications. Here, we seek to
combine LDPC coding with Kalman-filter channel estimation for the AquaNode
DSSS modem.

3:00pm “Simplified 2-State Detectors for SOQPSK-TG
and SOQPSK-MIL”
Balachandra Kumaraswamy, Dr. Erik Perrins (Advisor),
University of Kansas 07-17-02

This paper shows that the state complexity can be cut in half relative to previous
approaches—from 4 states down to 2—with asymptotically optimum performance.

3:30pm “A Hardware Platform for Cognitive Radio”
Jason Pratt (Student) and Kurt Kosbar (Advisor),
University of Missouri 07-17-03

This paper will give a brief introduction of cognitive radio networks, and describe a
hardware platform designed at the IFT/UMR Telemetry Learning Center.

4:00pm “Turbo-Coded APSK for Telemetry”
Christopher Shaw, Michael Rice, Brigham Young University 07-17-04

This paper considers the use of Amplitude-Phase Shift Keying (APSK) for a
telemetry system.

4:30pm “Serially Concatenated High Rate Convolutional
Codes with Continuous Phase Modulation”
Kanagaraj PorurDamodaran, Dr. Erik Perrins (Advisor),
University of Kansas 07-17-05

We propose serially concatenated convolutional codes with continuous phase
modulation for aeronautical telemetry. Such a Concatenated code has an outer
encoder whose code words are permuted by an Interleaver, and a modulation,
which is viewed as a code and takes the interleaved words as its input and
produces the modulated signal.
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5:00pm “The Implementation of an Irregular Viterbi
Trellis Decoder”
Christopher Lavin, Michael Rice (Advisor),
Brigham Young University 07-17-06

This paper explores the architectural challenges of such a trellis and presents a
solution using a modified systolic array allowing the trellis to be realized in
hardware.

SESSION 18 – Meta Data - XML Applications (Session 2) 
Chair:  Lance Self, Kirtland AFB Royale 207/208

2:30pm “AJAX: A New Twist on Existing Technologies”
Mike Gilorma, Apogee Labs 07-18-01

This paper describes how AJAX enabled applications are different from classic
web applications and shows the advantages and disadvantages from both client
and server sides of an AJAX enabled application. 

3:00pm “Design of a Configuration and Management
Tool For Instrumentation Networks”
John Roach, Teletronics Technology Corporation 07-18-02

This paper describes the high-level design of a modular and multi-platform ICMS
and its use within the measurement-centric aircraft instrumentation network
architecture.  

3:30pm “Unleashing the Power of XML”
Diarmuid Corry, ACRA CONTROL 07-18-03

The paper describes simple cost effective tools for generating XML through an
intuitive GUI, validating XML information against a schema and transforming
XML into useful reports.

4:00pm “Measurement-Centric Data Model for
Instrumentation Configuration”
William Malatesta, Naval Air Systems Command - Pax River, 
Clay Fink, John Hopkins University Applied Physics 
Laboratory 07-18-04

This paper describes an ongoing effort to develop a measurement-centric data
model of airborne data acquisition systems.

4:30pm “Meta-Data Versioning”
Greg Adamski, L-3 Communications Telemetry-West 07-18-05

This paper focuses on a flexible approach to allow access to current and past
versions of multiple test article configurations.

SESSION 19 – Telemetry Subsystems 
Chair:  James W. Yates, L-3 Communications Telemetry-West Royale 209/210

2:30pm “A More Efficient Tracking System for the
Santiago Satellite Tracking Station”
Eduardo Díaz Ramírez, Universidad De Chile 07-19-01

Given the pointing accuracy requirements for tracking S-Band satellites, a new
tracking system has been developed for some antennas at the Santiago Tracking
Station.

3:00pm “Development of an Unmanned Airborne
Telemetry Tracking and Relay System”
Tam Pho, Henry D. Wysong, Aerocross Systems, Inc. 07-19-02    

Aerocross Systems, Inc. is developing a low-cost unmanned airborne telemetry
relay system for the Air Armament Center’s 46th Test Wing to demonstrate a
capability to augment existing Test Range.



3:30pm “Plasma Density Reduction using
Electromagnetic E×B Field During Reentry
Flight”
Minkwan Kim, Michael Keidar, Iain D. Boyd, University of
Michigan, David Morris, ElectroDynamic Applications Inc. 07-19-03

In this paper, we propose an electromagnetic field configuration as a method to
allow communication through the plasma layer.

4:00pm “A Flexible Switching Architecture for Diverse
Signal Types”
Brian Gery, Apogee Labs Inc. 07-19-04    

A novel architecture for diverse signal switching hardware is presented that
addresses the changing requirements of modern telemetry systems.

4:30pm “Evaluation of Commercial-Off-The-Self Lithium
Batteries for Use in Ballistic Telemetry
Systems”
Edward F. Bukowski, US Army Research Laboratory 07-19-05   

The overall objective of this paper is to provide ballistic telemetry systems
engineers and designers with multiple low cost, readily available alternatives to
traditional custom made power sources. 

5:00pm “Data Display Interchangeability for
Heterogeneous Platforms”
Robert W. Ross, Gilles K/Bidy, 
L-3 Communications Telemetry-West 07-19-06

This paper addresses the need for data display and analysis software that can run
on all platforms in a heterogeneous environment. 

SESSION 20 – Global Range / Range Applications
Chair:  Alfonso Moncibaiz, White Sands Missile Range Royale 211/212

2:30pm “Fixed Range Development”
Robert Reid, Naval Undersea Warfare Center 07-20-01

In FY07 the Naval Undersea Warfare Center in Newport Rhode Island began the
development of 2 major undersea training range replacements programs.

3:00pm “Telemetry Systems Sustainment”
Michael L. Trimble, John E. Wells, Timothy J. Wurth, 
NuWaves Engineering 07-20-02

The purpose of this paper is to present two successful system sustainment efforts
with different approaches to serve as models for preserving the current level of
training range capabilities until the next generation of telemetry systems are
deployed.  

3:30pm “Ground Support for the Space-Based Range
Flight Demonstration 2”
Darryl Burkes, NASA - Dryden Flight Research Center 07-20-03

The primary objective of the NASA Space-Based Range Demonstration and
Certification program was to develop and demonstrate space-based range
capabilities. 
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>THURSDAY, OCTOBER 25 • 8:30AM–11:30AM

SESSION 21 – Receivers & Antennas
Chair:  Mike Frevert, Lockheed Martin Aeronautics Capri 111

8:30am “Mobile Ground Tracking Station Design
Modifications and Placement Preparation for
Crowded Airspace”
Hal Altan, Honeywell International 07-21-01

This paper discusses, implemented design changes to an S-band antenna system
to reduce the in-band interfering power, calculation of the effects from nearby
interferers, analysis of the environment during placement of the mobile ground
system.

9:00am “Low Cost Rapid-Response Embedded Antenna
Design for US Army 60mm Mortars ”
G. Katulka, R. Hall, P. Peregino, P. Muller, U.S. Army 
Research Laboratory, N. Hundley, Dynamic Sciences Inc.,
R. McGee Data Matrix Solutions 07-21-02

This paper describes the antenna design and performance characteristics required
for a telemetry-based onboard diagnostic system for the development of precision
guided 60mm mortars.

9:30am “Performance Characterization of Multi-Band
Antennas for Aeronautical Telemetry”
Kip Temple, AFFTC, Bob Selbrede, JT3, Bob Jefferis, 
TYBRIN Corporation 07-21-03

This paper will baseline the performance of common, single band telemetry blade
antennas in two telemetry bands and compare that performance to two differing
multi-band antenna designs.

10:00am “Fast Acquisition Algorithm for Hybrid DS/FH
Receiver”
Zhang Bo, Yang Dongkai, Zhang Qishan, Beihang University, 
Ren Yixun, Shanghai Space Flight TT&C 
and Telecommunication Institute 07-21-04

This paper introduced a fast scanning and waiting acquisition method for a DS/FH
receiver used in the telemetry field.  

SESSION 22 – 2007 Updates to the RCC Telemetry
Standards - IRIG 106-07 (Special Session)
Chair:  Ron Pozmantier, AFFTC- Edwards, AFB Capri 112/113
Note: Special sessions are not included on the DVD

Updates to the Chapter 10 Recording standards, Chapter 9 Telemetry
Attributes Standard (TMATS) including the move to XML language and
Data Display Definition Standards, RF standards updates and Vehicular
Instrumentation and Transducer updates will be discussed.
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SESSION 23 – Network & Transport Protocols
Chair:  Thomas Grace, NAWC-AD Pax River Capri 114/115

8:30am “NETGEN: A Model-Driven Tool for Rapid
Prototyping and Simulation of Network-Centric
Flight Test Systems”
Jeremy C. Price, Michael S. Moore, Ph.D., 
Southwest Research Institute 07-23-01

When network-centric flight test system components are developed concurrently, it
is necessary to produce relevant simulated network traffic for exercising the
network devices and other processing subsystems prior to system integration.  

9:00am “Development of a Network-Centric Data
Acquisition, Recording, and Telemetry System” 
Myron L. Moodie, Todd Newton, Ben Abbott, 
Southwest Research Institute 07-23-02

This paper describes the major issues that must be addressed when designing
and implementing real-time networking applications.

9:30am “Reordering Packet Based Data in Real-Time
Data Acquisition Systems”
Stephen Kilpatrick, Galen Rasche, Chris Cunningham,
Myron Moodie, Ben Abbott, Southwest Research Institute 07-23-03

We have developed methods and algorithms for the filtering, selecting, and
retiming problems associated with packet-based systems and present our
approach in this paper.

10:00am “Telemetry and Command Frame Routing in a
Multi-Mission Environment”
Manfred Bester, Bester Tracking Systems, Brett Stroozas, 
Stroozas FlightOps 07-23-04

This paper describes a routing software application that was developed to
facilitate switching of telemetry and command data paths between multiple
ground stations and spacecraft command and control systems, and to forward
telemetry streams to multiple client applications in parallel. 

10:30am “Evaluating IEEE 1588 in a Homogeneous
Switched Network Test Article Segment” 
Sinbad Wilmot, Diarmuid Corry, ACRA CONTROL 07-23-05

This paper offers insights into the impact of traffic and network configuration on
the performance of heterogeneous data acquisition in a homogenous-switched
network based a 1588 enabled controller module.

11:00am “A Wireless Network-Based rfNET Solution for
Flight Test”
Fan Xuming, Bai Xiaoxian, Zhao Baoqiang, 
Chinese Flight Test Establishment 07-23-06

This paper presents the rfNET architecture and structure is introduced briefly and
the results of ground transmission test and flight demonstration transmission.

SESSION 24 – TM Data Links
Chair:  Darryl Burkes, NASA - Dryden Flight Research Center Capri 116

8:30am “Enhancing the PCM/FM Link without 
the Math” 
Colm Fewer, Sinbad Wilmot, ACRA CONTROL 07-24-01    

This paper focuses on a quantitative approach to improving the rate and quality
of data using existing PCM/FM links.
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9:00am “A Wideband Channel Model for SHF-Band
Telemetry Over Water”
Michael Rice, Qiang Lei, Brigham Young University 07-24-02

Data recorded during multi-path channel sounding experiments, conducted off the
coast of Pt. Mugu Naval Air Station at 8.0 GHz was used to model the multi-path
interference at SHF band over water.

10:00am “High-Rate Wireless Airborne Network
Demonstration (HiWAND) Flight Test Results”
Russ Franz, NASA Dryden Flight Research Center 07-24-03

This paper discusses system configuration and the flight test results of the High-
Rate Wireless Airborne Network Demonstration.

10:30am “A Frequency Scan/Following Two Way Carrier
Acquisition Method for USB System”
Liu Jiaxing, Yang Hongjun, Southwest China Institute
of Electronic Technology 07-24-04

This paper introduces a frequency scan/following scan two-way carrier acquisition
method for USB and its following scan slope decision algorithm.

SESSION 25 – Range Safety, Security, & (E)FTS
Chair:  Rodger Charroux, The Aerospace Corporation Royale 207/208

8:30am “An Update on Network-Based Security
Technologies Applicable to Telemetry Post-
Processing and Analysis Activities”
Jeff Kalibjian, Hewlett-Packard Corporation 07-25-01     

This paper will review currently available network based security technologies,
update readers on enhancements, and discuss their appropriate uses in the
various phases of telemetry post-processing and analysis activities.

9:00am “Enhanced Flight Termination System Flight
Demonstration and Results”
David Tow, NASA - Dryden Flight Research Center, 
Dennis Arce, Bourne Technologies 07-25-02

This paper discusses the methodology, requirements, tests, and implementation
plan for the live demonstration of the Enhanced Flight Termination System (EFTS)
using a missile program at two locations in Florida: Eglin Air Force Base (AFB) and
Tyndall AFB.

SESSION 26 – Time-Space Positioning / GPS
Chair:  Kevin Crawford, NASA/Marshall Space Flight Center Royale 209/210

8:30am “GPS Radiosonde: Mighty Midget of the Modern
Range”
Linda May, Honeywell Technology Solutions, Inc. 07-26-01     

This tiny instrument provided upper-air observations that were used in six
categories of analysis necessary for such launches: toxics, blast, winds aloft, debris,
weather and forecasting, and post-flight.

9:00am “Multiple Time Based Synchronization Process
Applied to the Flight Tests Campaign of a GPS
Attitude Determination Algorithm”
Nelson Paiva Oliveira Leite, PhD., CTA-GEEV, 
Fernando Walter, PhD., ITA-IEET, São José dos Campos, 
SP, BRAZIL 07-26-02

For the final evaluation of a GPS attitude determination algorithm, it was
determined its true performance in terms of its accuracy, reliability and dynamic
response.
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9:30am “Using Cooperative Research and Development
Agreements (CRADA) to Reduce the Transition
to Production Risk of a Missile Telemetry
Section”
Scott R. Kujiraoka, NAVAIR - Pt. Mugu, 
Russell G. Fielder, NAVAIR - China Lake 07-26-03

This paper will discuss how this is currently being accomplished in the
development of a conformal wraparound instrumentation antenna for a five-inch
diameter Missile Telemetry (TM) Section. 

10:00am “Study on GPS Receiver Algorithms for
Suppression of Narrowband Interference”
Hu Yongkang, Zhang Qishan, Kou Yanhong, 
Yang Dongkai, Beihang University 07-26-04

This paper discusses the application of a pre-correlation adaptive temporal filter
for stationary and non-stationary narrowband interference suppression. 

SESSION 27 – RF Design / Transmitters
Chair:  Tim Gatton, Wyle Royale 211/212

8:30am “Design and Performance of a Multi-Mode
Multi-Rate Telemetry Transmitter”
Walid K. M. Ahmed, Harald Wougk, Tyco Electronics
Wireless Systems (M/A-COM) 07-27-01

This paper introduces a transmitter design (and associated techniques) that
employ an all-digital baseband line-up that utilizes only one single-rate clock.  

9:00am “Benefits and Techniques for Increased Power
Efficiency in Modern Telemetry Transmitters” 
Don Bozarth, Greg Horcher, 
L-3 Communications Telemetry-East 07-27-02

The paper presents the performance of a new, high efficiency, telemetry
transmitter topology and the possible system benefits involved with the application
of this advanced transmitter technology within modern and legacy telemetry
platforms.

9:30am “L and S Band Tunable Filters Provide Dramatic
Improvements in Telemetry Systems”
Timothy Wurth, Jason Rodzinak, NuWaves Engineering 07-27-03

This paper describes the benefits and limitations of microwave tunable filter
architectures suitable for both aeronautical telemetry transmitters and telemetry
receivers.

10:00am “Low-Noise Switching Power Supply
Considerations for Telemetry Encoder
Applications”
Jeff Lee, Missy Steppler, 
L-3 Communications Telemetry-West 07-27-04

This paper focuses on the design considerations and various tradeoffs associated
with some of the different possible architectural topologies for implementing an
efficient telemetry encoder power supply while mitigating the resulting noise
effects typically associated with switching power supplies.
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10:30am “Robust Adaptive Beamforming with Broad
Nulls” 
He Yu-dong, Tsinghua University & China Academy of Engineering
Physics, Shao Bei-bei, Tsinghua University, Zhou Jie, 
Yang Xiang-hua, Zhou Bang-hua, China Academy of 
Engineering Physics 07-27-05

This paper proposes a scheme for robust adaptive beamforming with broad nulls
to reject strong interferences.

11:00am “Telemetry Transceiver Design Using BOC
Signal”
Yang Dongkai, Du Li, Zhang Qishan, Beihang University 07-27-06

This paper focuses on the transceiver design using BOC signal in the telemetry
field, including the transmitter and receiver.
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In telemetry applications, increasingly
intelligent and networked, sensor data
must be transmitted through TM links
which are spectrally efficient, robust,
secure, networked, and tolerant of (if
not compatible with) COTS solutions.
Collecting the data is only half the
challenge, since it is useless unless it
can be stored, archived, indexed,

analyzed and interpreted.
The technical advances in

the storage and analysis area have
been matched with a corresponding
increase in the volume, and types of
date to be analyzed. Recognizing that
all these problems are interrelated,
ITC/USA 2008 will provide telemetry
professionals an opportunity to learn
about and contribute to advances in
all areas of TM system design.

>Showcase Your Work.

>Shape the Future.

>Network with Your Peers.
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CALL FOR PAPERS

Abstracts are due by March 14, 2008.

For more information, go to www.telemetry.org.
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The countdown is on to ITC’08!

Mark your calendar today:

OCTOBER 27–30, 2008
TOWN & COUNTRY RESORT & CONVENTION CENTER

SAN DIEGO, CA, USA

ITC/USA 2008
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 • ITC 2007 Gold Sponsor •
Booth 412

Telemetry Recorders
High-Performance Disk-Based Recorders

Solid-State Recorders
14-Track Analog Recorder Replacement

Removable Media, Built-in Mux, & Plug-in IFs:
Digital PCM (40 Mbps), Analog (200 Msps), 

Video, 1553, RS-232, Ethernet, …
IRIG 106 Ch10 & WSI Native Formats

Archive & Custom Solutions

DRS2100E – 220/440 Mbps  3U Rackmount

DRS3100E – 800 Mbps  3U Rackmount

DRS3300E – 1600 Mbps  5U Rackmount

www.wideband-sys.com
2409 Linden Lane  •  Silver Spring, MD

301-588-8840
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WHO WE ARE . . .
>> A conference by and for the telemetering

community

>> A conference with a continued record of success
since our start in 1965

The International Telemetering Conference/USA (ITC/USA) is an
annual forum and technical exhibition sponsored by the International
Foundation for Telemetering (IFT), a non-profit corporation
dedicated to serving the technical and professional interests of the
telemetering community. The conference is held in the fall of each
year and consists of three and one-half days of technical
presentations, tutorials, and short courses arranged in several
concurrent sessions. In addition, a technical exhibit staffed by both
manufacturers and users displays the latest advancements in
equipment and services. Exhibitors staff their booths with
professional sales engineers and other technical personnel to ensure
that an appropriate level of technical expertise is available to the
attendee.

Each year, the IFT-appointed General Chair and Technical Program
Chair develop the conference based on their perspectives and
experience. They, in turn, assemble a staff to handle the various
functions of the conference program. The entire staff is composed
of volunteers, sponsored by their parent organizations, who are
active in the industry or are involved in test and evaluation and
instrumentation systems.

The unique relationship, which began in 1965, between the
manufacturing community and the users in both government and
industry has produced yearly conferences that have led to the
continued advancements in telemetering and instrumentation
systems and equipment we rely on today, as well as the continuing
education of telemetering professionals worldwide.

>
10101010101010101010101101010101010101010101010101010101010



WHAT WE DO . . .
>> Provide a forum for the exchange of ideas 

and information

>> Educate with short courses and tutorials

>> Publish technical papers

We provide a forum for the exchange of information and education.
Our technical program consists of approximately 100 technical
paper presentations logically grouped into several concurrent
sessions. All papers are screened prior to acceptance to maintain
high technical standards and relevance to the industry. Sessions and
presentations are timed for the convenience of the attendee.

In addition to the paper presentations, we offer several short
courses on subjects of interest to the community. Past courses, for
example, have included Telemetering Basics for engineers just
entering the field and non-technical members of the community, as
well as courses such as Telemetering System Design and Application
of Global Positioning System Capabilities for the advanced engineer.

Every conference includes several speakers who open the event and
address the luncheons. Each speaker is a recognized expert in his
field and discusses a topic of interest to the community. Past
speakers have included various Department of Defense
undersecretaries, NASA administrators, university presidents,
technical directors, corporate CEOs, and astronauts.

>
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TECHNICAL EXHIBITION . . .
>> 200+ booths staffed with sales and 

engineering specialists

>> Over 125 exhibitors per conference

A technical exhibition is an integral part of each conference. The
primary goal of our exhibits committee is to ensure an efficiently
organized and well-managed exhibit area. Committee members
enroll the exhibitors, assign spaces, appoint an exhibits management
company to set up the booths, receive and deliver the exhibitors’
equipment and displays, and attend to the needs of both the
exhibitors and the attendees. Each conference includes a meeting
between the exhibitors, ITC exhibits staff, and the responsible IFT
director to ensure that we are meeting the needs of all concerned.
Continued coordination with the telemetering community has
resulted in the number of exhibitors exceeding 125, and the number
of booths has increased to over 200 spaces.

For nominal charges, exhibitors can have their booth(s) carpeted and
furnished to their specifications. Electrical power and telephone
services are also available. In addition, each exhibitor receives a copy
of the Technical Proceedings on a DVD and a pass to attend the
technical sessions at no charge. A complete list of attendees,
including all exhibitor personnel, is distributed to each exhibitor at
the close of the conference.

A separate publication is available, which outlines the responsibilities
of the exhibitors and the ITC.

>
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EDUCATION . . .
>> Individual scholarships

>> Monetary grants

>> Establishment of programs

>> Technical coordination

An integral part of the IFT philosophy is active participation in
education. Residual funds from each conference are channeled into
programs at several universities in the U.S. We were a major force
in the establishment of a Master’s Program with an emphasis in
telemetering in the Electrical and Computer Engineering
Department at New Mexico State University. Since that beginning,
we have added programs at the University of Arizona, Brigham Young
University, the University of Missouri-Rolla, and the University of
California at Santa Barbara.

The grants from IFT to the universities help fund numerous diverse
endeavors in the telemetering field. These funds support
development of curricula and programs in telemetry, lab equipment
purchases, specific projects, professorships, graduate assistantships,
scholarships, and student travel to the ITC. Each year, the conference
sponsors a student paper contest and awards prizes to the best
papers in both the undergraduate and graduate categories.

The IFT also sponsors the Telemetering Standards Coordinating
Committee (TSCC) and the International Consortium for Telemetry
Spectrum (ICTS). The TSCC is comprised of members of both gov-

ernment and industry and
serves to review and 
recommend proposed stan-
dards affecting the teleme-
tering community. The
ICTS is an international
committee that serves to
keep its members and the
appropriate members of
the international communi-
ty aware of potential
impacts on the telemetry
spectrum.

>

Gone... but not forgotten.
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Judd Strock, a telemetry pioneer



BENEFITS TOYOU,THE EXHIBITOR . . .
>> A professionally-managed environment to showcase your products

and services

– We have earned our reputation as a well-managed, highly technical conference.

>> Promotion and advertisement of your participation in the
conference

– We direct mail to our mailing list and advertise in appropriate periodicals several
times a year.

>> Domestic and international attendance

– Typically, non-U.S. attendees number in the mid-100's with over 25 countries
represented.

>> Reach more potential customers per advertising dollar

– Our attendance exceeds 2,200 engineers, scientists, and management personnel.

>> See your competition

– Learn what you have to do to keep ahead in product development.

>> Get new ideas to expand your product base

– Listen to attendees describe their particular requirements and compare their needs
with available technology.

SO WHY WAIT? 
VISIT WWW.TELEMETRY.ORG

TO FIND OUT MORE ON

ATTENDING/EXHIBITING AT ITC!

>
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International Foundation
for Telemetering

5959 Topanga Canyon Blvd., Suite 150
Woodland Hills, CA 91367
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