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ABSTRACT

The Department of Defense (DoD) anticipated the eventual sell off of a portion of the
Aeronautical Mobile Telemetry (AMT) frequency spectrum (from 1755-1780 and 2155-2180
MHz), prompting the telemetry (TM) community to start designing and testing systems capable
of operating in a portion of the C-Band spectrum (4400-4940 MHz and 5091-5150 MHz) several
years ago. On December 17, 2014 the NAVY targets office at White Sands Missile Range
(WSMR) launched the first in a series of C-band and S-band instrumented Orion vehicles to
provide RF transmitted data products for ground system collection and in-depth analysis. This
paper presents the first C-band Transmitter Experimental (CTrEX) high-dynamic, spinning
vehicle test at WSMR and summarizes the initial findings along with a path forward for future
CTrEX rocket tests.

CTrEX Introduction

Historically, the DoD telemetry spectrum was allocated as lower L-Band (1435 MHz — 1535
MHz), upper L-Band (1710 MHz — 1850 MHz) and S-Band (2200 MHz — 2300MHz, 2310 MHz
- 2390 MHz). However, in 1993 the DoD controlled RF spectrum began to be valued for more
than its usefulness in the test range community as a transmission medium for missile and Aircraft
telemetry. The National Telecommunications and Information Administration (NTIA) and
Federal Communications Commission (FCC) perceives the available DoD spectrum as being
more valuable if it is used by commercial users. With this stance in mind, the DoD has given up
much of the upper L band and some of the S-band spectrum. This has pushed the telemetry
community to work within limited spectrum ranges and augmentation is necessary to compensate
for current and anticipated losses. Part of the C-band spectrum (4400 MHz — 4940 MHz, 5091
MHz - 5150 MHz) has been allocated for telemetry use as a result of the loss of the L and S —
band frequency spectrum (1525 MHz — 1535 MHz, 1710 MHz — 1780 MHz, 2290 MHz — 2360
MHz).

DoD test support elements foresee that operating in higher frequency bands comes with
additional challenges that need to be addressed. Testing is required to understand and mitigate
any problems encountered when operating in a new spectral band. A number of these issues are
outlined in the Tri-Service C-band Roadmap Study (TSCRS) document. The telemetry
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community within the DoD has begun to study the move to these new bands and what needs to
be accomplished in terms of testing and incentivizing commercial interests. This in turn has led
to testing to assess current equipment and capabilities. Edwards Air Force Base (EAFB) has
tested with transmitters aboard various aircrafts, China Lake has utilized an air to air missile, and
other Test Ranges have used lab environments.

Although these test results were valuable and successful, they did not test the performance of C-
band tracking systems on high-dynamic, spinning targets. There are unique problems associated
with missile and rocket tracking that require specific tests to evaluate system performance. It is
extremely important to verify efficacy of the higher frequencies with respect to utilizing current
technologies in antennas (transmitting and receiving) as the telemetry bands are reduced and
higher frequency bands are opened to DoD test range use.

The CTrEX test was orchestrated as a collaborative effort between the Navy, WSMR (Army),
the Missile Defense Agency (MDA) and a Tri-Service support team consisting of EAFB, Naval
Air Station Patuxent River (PAX), Corona, and National Aeronautics Space Agency (NASA).

CTrEX Synopsis

The purpose of the CTrEX experiment was to test and compare the performance of a telemetry
data stream radiated at C-Band with the equivalent data stream radiated at S-Band from
transmitters aboard a spin-stabilized, high-dynamic rocket. The test focused on evaluating the
auto-tracking performance and data link quality of the various telemetry receiving ground
stations between the C-Band and S-Band data links.

The test was comprised of utilizing a single stage Orion rocket and a separating recoverable
payload containing various experiments, including the CTrEX test articles. Due to the expense of
instrumentation replacement and the probable need for additional flights, a recovery system was
a requirement for the vehicle. A parachute was attached to the aft portion of the instrumentation
section and configured for deployment upon atmosphere re-entry. This configuration facilitates
re-use for future testing, while realizing cost savings.

Analysis of the transmitting systems includes comparing the power output/consumption of C-
Band transmitters in comparison to S-Band transmitters, analyzing the effects or differences in
antenna patterns being transmitted from the rocket’s wrap-around antennas in C-Band and S-
Band, and any interference caused by other instrumentation (C-Band Radar Beacon) aboard the
rocket.

Analysis of the ground systems consisted of comparing performance of trackers at C-Band’s
tighter beam-width versus S-Band performance, analyzing multipath effects on C-Band systems
versus S-Band systems, and evaluating overall data quality from the two bands.

The Orion sounding rocket vehicle used for this test transmitted a 10-Watt signal at 5125.5 MHz
(mid-C band) and at 2251.5 MHz (mid-S band). Both signals were modulated by an NRZ-L data
stream originating from a common 2'' PRN generating source set to 10 Megabits per second.



The vehicle transmitters were of common origin, as were the 360° vehicle conformal wrap
antennas. The common data stream and the PCM modulation provided well understood and
validated methodologies for later data analysis. This modulation format has been historically
used for the majority of range missile tests DoD wide and provides a valid starting point for
analysis.

Other onboard systems provided inertial measurements, GPS position, and magnetometer
measurements. These were transmitted on a separate 10-Watt S-band transmitter at 2215.5 MHz
for additional truth data. This data was collected for post test data analysis of vehicle attitude,
along with antenna pattern analysis, and definitive position data. In addition, a video link was
transmitted using a 10-Watt transmitter at 2279.5 MHz. Transponders were transmitting in the
C-Band at 5690 MHz and 5760 MHz via button antennas on the surface of the vehicle body.
Figure 1 illustrates the antenna configuration on the CTrEX missile.
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RF-1(2215.5 MHz): House Keeping Link

RF-2 (2251.5 MHz): PRN S-Band 10MBps Link

RF-3 (2279.5 MHz):  Experimental Link 10MBps (NASA)
RF-4 (5125.5 MHz): PRN C-Band 10MBps Link

L-Band antennas were used to receive GPS satellite data for internal
IMU and GPS equipment

Figure 1: CTrEX Missile Antenna Configuration

Ground Instrumentation was the primary focus of the Range support side of the test. Ground
instrumentation was fielded in an arrangement to assure common geometric tracking with respect
to the launch point and flight trajectory, and to provide maximal stress to the RF and
electromechanical servo systems. The ground system data collection included seven varying
capability Telemetry tracking systems.

All ground systems were sited, set up, and calibrated utilizing a C-12 aircraft. A similar C-
Band/S-Band transmitter arrangement used on the ORION vehicle was installed on the C-12. Of
the seven ground systems, two of them, a 2.7 meter system (WSMR-4) and a 7.3 meter system
(WSMR-2), were legacy L and S band (only) tracking and receiving systems. Each served as a
baseline measurement system. It was also known from previous testing that the WSMR-2 system
was capable of tracking at the expected rates of the ORION. The two modified C-Band systems
being tested are the same as the baseline systems in size and manufacturer, with Cassegrain
modifications to the feed to accommodate the additional C band capability. These systems were
modified and not designed initially to support C-Band.
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Comparisons between the two paired systems are considered critical to the generation of
pertinent and validated decision capability in considering this modification path. Additional
participation came from multi frequency capable systems from invited test ranges. Some were
modified from earlier S band systems (EAFB), and some designed from the ground up as tri-
band tracking systems (PAX, and Corona). See Figure 2.

SYSTEM AGENCY DISH SIZE (m) FEED TYPE NOTES
WSMR-1 MDA 73 (Land S) E-Scan prime focus Converted tri-band
C-Band Cassegrain E-Scan system
WSMR-2 WSMR 73 (L and S) E-Scan prime focus Baseline SyStgm fordaia
comparison
WSMR- 3 WSMR 27 (Land S) E-Scan prime focus Converted tri-band
C-Band Cassegrain E-Scan system
WSMR-4 WSMR 27 (L and S) E-Scan prime focus Basehne system for dala
comparison
PAX (Orbit) NAVAIR 3 L, S, and C band cavity tr-band feed | p, o o i test system

prime focus

Purpose built dual

Corona (Ktech Electromechanically steered direct

Array) NSWe CD Planar Array reception array frequ::;y;ﬁﬁ,m for
EAFB Edwards AFB 27 Con-scan prime focus L& S Converted tri-band
(C-Band) Cassegrain system

Figure 2: CTrEX Systems and Configurations

Several of the ground telemetry systems were under development and as such, the test was seen
as an acceptance test for those systems. The idea of maintaining something of a level playing
field for all participants was viewed by the community as important to the successful
engagement of participants and commercial interests.

The test location chosen was approximately two miles from the launcher, a location that is
normally a primary tracking support area for research rocket firings. The facility at this location
is capable of serving most infrastructure needs for the various systems. See Figure 3.

Figure 3: Layout of Systems Supporting CTrEX



CTrEX Pre-Launch Events

In preparation for the CTrEX launch, preliminary tests were conducted on identical transmitters
to ensure proper functionality and increase confidence of achieving expected outcomes. These
tests included laboratory bench tests, bore sight testing and equipping a ground vehicle with
transmitters to perform preliminary tracking tests. After successful preliminary testing, the
following sequence of activities were performed before the CTrEX Hot firing:

* 20 Nov2014: Army Air C-12 calibration exploration flight
* 10 Dec 2014: Army Air C-12 calibration flight

* 13 Dec 2014: Orion Vehicle horizontal and vertical checks
* 15 Dec 2014: CTrEX dress Rehearsal

The Army Air C-12 aircraft was utilized twice to ensure all instrumentation was configured and
ready for the test effort. All systems participated in the C-12 evaluation flights except for the
Corona flat panel array, which was not yet transported to the site. All systems in the evaluation
flight checked 100% mission ready for test participation. The Army Air C-12 transmitting
equipment included a suitcase containing the tested transmitters radiating the same C-Band and
S-Band signals used for the CTrEX Hot launch. The S-Band antenna was a 1/4A monopole
located mid-belly pan and the C-Band antenna was a button type located aft belly pan. Multiple
racetracks were executed, each one with different parameters stressing different test objectives.
The antenna system performance parameters collected included Automatic Gain Control (AGCs)
measurements, Antenna Control Unit (ACU) activity logs, and recorded telemetry data. Aboard
the C-12, a GPS system recorded position data that was used as truth data to assess accuracy of
ground tracking systems. The ACU logs consisted of pointing angles, time, signal strength
measurements, axial velocities and accelerations, tracking modes and tracking error
measurements. These recordings were used in system performance analysis to ensure the ground
systems could track a flying object successfully. The vertical and horizontal checks during the
Dress Rehearsal verified the systems’ readiness to support the CTrEX.

CTrEX Flight

The CTrEX Hot flight launched at the scheduled time and followed a nominal trajectory.
Substantial amounts of data were collected (estimated in excess of gigabytes), and data analysis
continues at this time. The results section of this paper will be discussed during the presentation
at the International Telemetry Conference (ITC) and will focus on comparing the WSMR S and
C band systems. The baseline systems (WSMR-2 and WSMR-4) tracking in S-Band only
achieved very close to 100% data recovery. Actual percentage data recovered remains under
analysis, but preliminary observations suggest a number above 98% PRN code recovery. The C-
Band data was also recovered at a high percentage level, but is expected to be less than the S-
Band data recovered by the baseline systems.



CTrEX Findings

>

This CTrEX effort was key in developing the footprint for the CTrEX Test Bed, which
consists of incorporating C-12 calibration flights, bore site testing, flight simulation analysis,
and post data analysis procedures. By incorporating a recoverable rocket payload, costs are
minimized allowing for more affordable rocket tests.

Multipath at C-Band is far more critical than multi-path at S-Band, particularly in the launch
arena (multi-path mapping or investigation is required). Mitigation efforts should include
transmitter power level decrease to provide only the effective required power and/or select
the location for the tracker more carefully.

The C-Band feeds were impacted more by saturation than the L/S-Band feeds. This
saturation created a problem when trying to distinguish between side and main lobes when
scanning for signal pre-launch. Additionally, the narrower beam-width at C-Band increases
the risk of losing track at launch.

Fallback options will need to be in place to help re-acquire lost targets. Accurate and timely
slave data and using the multi-path clipping feature become more important in C-Band
because of the narrowness of the beam width.

A good bore sight will be very important when supporting C-Band since the tracking error
gradient will need to be checked, and possibly changed, periodically. This is due to the fact
that supporting a larger range of frequencies requires the gradient values to change on a case
by case basis. Operators typically do not change these error gradient values in S-Band.
Additional C-Band testing is needed in order to obtain more valuable information to better
characterize C-Band telemetry systems.

Summary

This CTrEX test event was a success due to the amount of valuable test information gathered.
System capabilities, and limitations, of the current C-band telemetry technology were identified.
The current telemetry C-Band technology is mature enough to be able to track C-Band emitting
vehicles, however this test proved that inherent limitations exist as some C-Band trackers
struggled with tracking off the launcher, while their S-Band counterparts did not. The CTrEX
test established the foundation to implement a test bed at WSMR which will continue to serve as
an aid for future tests, enabling continued assessment of C-Band tracking systems performance.





