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ABSTRACT

This paper describes the progress made by the Wright Laboratory Armament
Directorate Instrumentation Branch in developing Subminiature Instrumentation
Technologies. These advancements will be explained relative to the overall scope of
Subminiature Instrumentation efforts. The goal of these efforts is a DoD depot
capability to provide low cost, non-intrusive telemetry instrumentation for any weapon
system.

INTRODUCTION

Current telemetry instrumentation systems are subject to space and weight limitations
for use in bombs, missiles, submunitions, projectiles and other conventional weapons.
Off-the-shelf solutions are not available for installation into these weapon systems in a
rapid, cost effective manner. As a result, custom instrumentation systems have to be
built from the ground up for each application. The costs associated with such a
development are often so prohibitive that no telemetry capability is developed at all.
In the past decade, we have seen a trend toward more complex weapon systems,
containing a greater number of electronic functions in a much smaller volume. Many
of these weapons have the dubious distinction of being untestable since no provision
for test instrumentation was developed while the weapon was being designed. These
acquisitions are renowned for missed schedules and inflated costs, often due to
inconclusive test results and subsequent foundering design. We have learned from
these acquisitions just how vital a built-in-test capability is. The Subminiature
Instrumentation program at the Wright Laboratory Armament Directorate was formed
to develop the technologies necessary to permit an instrumentation capability for
current and future weapon systems stressing rapid development and installation, low
cost, and extremely small size.



REQUIREMENTS

When Subminiature Telemetry was initially conceived in 1986, its applications
covered primarily cluster and submunition tests where a large number of munitions
are dispersed in the air over a target area. As the program progressed, the scope of
requirements grew substantially. Bombs, missiles, dispensers, artillery shells, bullets
and even aircraft skin test applications were amassed from all branches of the DoD.
Additional requirements, many not even weapon related, continued to come in over
the next several years. It became clear that a very generic approach to producing a
wide range of products would be required. Instead of inhibiting our progress, the wide
range of applications became our driving requirement; after all, we would ideally like
to set in place an institution for creating instrumentation solutions for some time to
come.

From here, our program requirements became more evident. Small size meant massive
monolithic integration. A transmission technique would be required to enable
simultaneous reception from up to 100 transmitters thereby permitting operational
testing of multi-munition scenarios. Environmentally hardened components and
packages would be required to survive and operate during gun-launch accelerations,
body vibrations, aerodynamic loading, and widely varying temperatures. Finally, the
end item must be compatible with Inter-Range Instrumentation Group (IRIG)
standards and DoD ground station equipment to the maximum extent.

MODEL PROGRAMS

After a thorough survey of munition telemetry instrumentation requirements, from
both existing and planned systems, six model programs were identified to represent
the electrical, physical, and environmental extremes of the broad base of potential
users. This was done to make the task of defining an architecture easier to handle,
with the knowledge that a large percentage of the remaining customer requirements
would fall between these extremes and, therefore, be satisfied. The programs chosen
are identified in table 1.

Model Analysis

With the cooperation of the respective program offices, each model program was
analyzed in great detail. A thorough understanding of the munition's physical
structure, electrical design, expected level of performance, and performance scenario
were determined. Added to this was a list of measurands necessary for each platform.
Obviously, for the models with existing telemetry systems, most of the measurand
data was easily provided. The others proved more challenging. A summary of the
model analyses is provided in table 2.



Table 1
Model Programs

Model Program Office Scenario Existing TM?

AMRAAM ASD/YM, Eglin AFB Air-to-air missile Yes

BKEP ASD/YB, Eglin AFB Runway penetrator No

SFW ASD/YB, Eglin AFB A/C dispensed anti-tank No
seeking submunition

SADARM ARDEC, Picatinny Gun launched anti-tank Yes
Arsenal, NJ seeking submunition

Seek Eagle ASD/SK, Eglin AFB A/C to weapon No
compatibility certification

Table 2
Model Analyses: Abridged Data Compilation

Parameter Units SFW SADARM Seek Eagle AMRAAM BKEP

Power Supply Volts 4,+/-12 N/A N/A N/A NA

Munition Signals
Analog Qty 3 6 0 45 0
Bandwidth kHz 1.5 18.4 --- 0.104 ---

Discrete Qty 8 4 0 32 0
Sample rate Hz 2000 8400 --- 312 ---

Digital Qty 0 1 0 1 0
Bit rate kb/sec --- 355 --- 1700 ---

Sensor Measurements
Analog Qty 0 0 8 0 1
Bandwidth kHz - - 135 - 3



Parameter Units SFW SADARM Seek Eagle AMRAAM BKEP

Mechanical Data
Package Size in 2 10 1 4.2 53

Form Factor --- cube cube planar cube cube

Weight grams 45 1300 TBD 450 200

Antenna --- WA WA PP WA WA1 2

Link Parameters
Link Range km 7.5 7.5 .015 160 7.5

Simultan users Qty 40 6 100 1 16

RX antenna gain dB 38 38 -3 38 38

RX noise figure dB 12 12 15 12 12

All scenarios require 10  Bit Error Rate (BER).-5

1) Wrap-around Patch Antenna
2) Planar Patch

The Link Specification

Figure 1 displays the seven link configurations available to meet the design criteria.
This figure also illustrates the two levels of multiplexing required in our system
concept. The first level is multiplexing data channels, or measurands, within a single
munition. Waveforms 1, 2, 3, and 6 utilize a Pulse Code Modulation (PCM) serial data
format for collecting multiple digitized measurand signals. For low to moderate level
analog signal bandwidths (typically less than 200kHz as is the case for most telemetry
systems) PCM is the technique of choice due to its extreme accuracy, robustness, and
convenience.

The second level of multiplexing deals with transmitting and receiving data from
multiple munitions. There are three such multiple access techniques that were
considered; Time Division Multiple Access (TDMA), Frequency Division Multiple
Access (FDMA), and Code Division Multiple Access (CDMA). Of these three,
TDMA (waveform 6) must be discarded entirely since it requires burst mode packets
of data, any of which could be lost if a particular munition detonated before it
transmitted its packet. TDMA timing complexity is also a large cost driver. FDMA is
the most compatible with IRIG standards, yet has a major drawback in that it requires 



Figure 1: Waveform Trade Study

one RF receiver per transmitter. Clearly use of 100 receivers on the ground is not
feasible. CDMA is attractive for the precise reason that FDMA is not; it transmits
multiple data streams on a single frequency, differentiating them by spread spectrum
codes unique to each munition. One type of CDMA system is of particular interest;
direct sequence (DS), which directly modulates the data stream with a Pseudo-random
Noise (PN) code. With large bandwidths per munition, CDMA-DS requires immense
radiated bandwidths with efficiency compromised. Therefore, the multi-access
technique of choice was FDMA for a low number of simultaneous operators and
CDMA-DS/FDMA for a large number of simultaneous operators. The CDMA/FDMA
“hybrid” technique utilizes 4 center frequencies on which up to 25 munitions may
transmit per frequency. This strategy offers a “mix and match” capability to the
system designer where he may trade bandwidth, CDMA link margin, and ground
station complexity.



Figure 1 also addresses RF modulation techniques best suited for a particular
multi-access technique. The general rule here is that shift keying modulation (either
frequency or phase) is most efficient when used with a digital waveform such as
PCM. Various forms of shift keying exist, each with respective good and bad points.
The right hand block of figure 1 illustrates the performance of these waveforms in
conjunction with several combinations of channel multiplexing and transmitter
multiplexing techniques. The general result is that for an FDMA application,
Frequency Shift Keying (FSK) performs best whereas for a CDMA/FDMA system,
Differential Phase Shift Keying (DPSK) of an Offset-Quadrature direct spread signal
(utilizing a nonmaximal Gold code) works best. Henceforth, the FDMA approach
using FSK modulation will be refered to as FSK mode, and the CDMA/FDMA
approach will be called Spread mode.

 Also of consideration are error correction coding techniques. Extensive analysis
provided trade-off data for various coding strategies. Coding is necessary, especially
with an FSK or PSK waveform, to protect against fading. The data showed that with
our waveforms of choice, the best performance with least complexity is convolution
encoding with Veterbi decoding, yielding a required Signal-to-Noise (S/N) ratio, or
Eb/No, of 6.7dBm for DPSK and 9.7dBm for FSK.

The Link Budget

The link specification identified the technologies of choice for establishing
transmission links that satisfy all of our system design goals. With this information
and data from table 2 and figure 1, we may compose a link budget to determine the
required transmitter power for each model. These link budgets are shown in table 3.

WAVEFORM DESIGN

The results of the link budget and specification dictated a specific waveform design
which is illustrated in figure 2. The signal path will be described in two sections; the
transmitter and the receiver.



Table 3
Model Program Link Budgets

SFW SADARM Seek Eagle AMRAAM BKEP

TRANSMITTER

Line Losses (dB) 1.0 1.0 1.0 1.0 1.0

Antenna Gain (dBi) -6.0 -12.0 -3.0 -6.0 -6.0

PROPAGATION (dB) -117.2 -117.2 -63.3 -144.1 -117.2

RECEIVER

Antenna Gain (dBi) 35.0 35.0 -3.0 35.0 35.0

Polarization
Losses (dB) -4.0 -4.0 -1.0 -4.0 -4.0

Noise BW (dB-Hz) -46.0 -58.3 -51.3 -62.6 -48.6

Noise Figure (dB) -12.0 -12.0 -15.0 -12.0 -12.0

kT (dBm/Hz) 174.0 174.0 174.0 174.0 174.0

AVAILABLE S/N (dB) 22.8 4.5 36.4 -20.7 22.0

REQUIRED S/N (dB) -6.7 -6.7 -6.7 -10.0 -10.0

SAFETY MARGIN -20.0 -20.0 -20.0 -10.0 -20.0

TRANSMIT PWR
dBm 3.9 23.2 -9.7 40.7 8.0
milliwatt 2.5 166.0 0.1 11700.0 6.3



  



The Transmitter

There are two modes in which the system may operate: FSK or Spread. The FSK
mode is chosen for a single or very low number of simultaneous operators, such as
AMRAAM. Spread mode is chosen when a large number of transmitters must be
accessed simultaneously, an extreme example being Seek Eagle. In either case,
analog, discrete, and digital data are commutated into a single, Pulse Code Modulated
(PCM) serial data stream of variable, selectable bit rates and frame structures. The
commutation procedure uses two multiplexed buses: data and address/control.
Digitized data is gathered via these buses from acquisition cells of 2 types. In the first
type, up to 4 analog signals are amplified, filtered, multiplexed, digitized (eight bits)
and sent to the commutator. In the second type, eight discrete channels or eight bit
parallel data can be conditioned and supplied to the commutator. Serial digital data
can also be commutated using a handshake/buffer interface. The commutator collects
data from the data acquisition cells according to a programmed frame and creates the
single serial data stream. A Convolution Encoder performs a rate = ½, constraint
length = 7 convolution, effectively doubling the serial data rate. This data is
interleaved over 128 blocks of 32 symbols with a 16 symbol sync over each 4096
symbol block. Once interleaved, the data is either differentially encoded and
Offset-Quadrature spread (for Spread mode) or Manchester encoded (for FSK mode).
The spreading stage performs an offset quadrature direct spread on the serial data with
a Gold code sequence of 2048 length and 16 Mchips/sec rate. Figure 3 illustrates the
design of this stage and the characteristics of the resulting waveform. As shown, two
different output taps, one for In-phase the other for Quadrature (I and Q) are selected
from a Gold code generator. The I and Q codes are modulo-2 added to the
differentially encoded bit stream and clocked out at 16 MHZ. Note that the clock for
the Q component flip-flop is delayed one half clock cycle so that it lags the I
component output. The resulting two 16 Msymbol/sec streams are routed to the Phase
Shift Keying (PSK) modulator for up-conversion to RF. In FSK mode, the Manchester
encoder converts the NRZ-L PCM to bi-phase, thus insuring transitions during long
durations of no data; typical of our scenarios. A phase-locked-loop (PLL) synthesizer
generates selectable RF center frequencies for both Spread and FSK modes:

FSK Mode: 2310.5 MHZ to 2389.5 MHZ step 1 MHZ
Spread Mode: 2320.0 MHZ to 2380.0 MHZ step 20 MHZ

When enabled, the FSK modulator adds a voltage offset (in binary) to the center
frequency which the VCO changes to a frequency deviation around the center
frequency. The output is fedback through a divide by two stage to the synthesizer,
completing the PLL. The up-converted output is routed through two RF switches to
the power amplifier, then harmonically filtered and radiated. When in Spread mode, 



Figure 3: Gold Code And Ouadrature Spread Stage

the FSK modulator does not alter the carrier waveform. The PLL functions only to
furnish a center frequency to the PSK modulator. The carrier is split into two signals,
each 90 degrees apart in phase. One of the carrier signals is then balanced modulated
by the “I” waveform from the spreading stage while the other is modulated by the
“Q”. These two waveforms are then mixed by a power combiner and routed to the
power amplifier, harmonic filter and antenna. Two configurations of power amplifiers
are available, 25 mW and 250 mW, and can be selected during system configuration.
Any amount of additional gain can be obtained by “stacking” power amplifier stages
in-line with the existing amps. A family of compatible modules will be developed in
the near future to meet the high transmission power requirements.

Receiver System

The emphasis on keeping our waveform compatible with IRIG standards is well
demonstrated in the receiver system design illustrated in figure 2. Typical 5 meter dish
antennas or low gain, wide beamwidth antennas are used to capture the radiated
signal(s). In Spread mode a standard wideband telemetry receiver is used. The 70



MHZ Intermediate Frequency (IF) and Local Oscillator (LO) are routed from the
receiver to a downconverter which separates the signal into its compound, quadrature
components. I and Q are then digitized at 32 Msps, 6 bit per sample and independently
processed to correlate specific Gold code addresses from the compound signal. Notice
in figure 2 that multiple codes may be correlated simultaneously by simply bussing
the digitized I and Q signals to additional processing cards in parallel. Such a
capability could provide multiple streams of real-time PCM data for recording or
decommutation and analysis. The correlated I and Q signals am DPSK demodulated
into a serial digital stream which is deinterleaved and decoded using a Veterbi process
matched to the convolution encoder in the transmitter. The restored NRZ-L PCM
stream is decommutated using IRIG STD 106 compatible equipment, at which point
the original measurands are available for analysis.

In FSK mode, the same RF receiver is used, with narrower band plug-ins. The
baseband FSK signal is routed to the downconverter which quantizes it for digital
processing. This signal is Manchester decoded, then deinterleaved, Veterbi decoded,
and decommutated using the same hardware used in the Spread mode.

POWER AND SYSTEM CONTROL CONSIDERATIONS

Thus far we have only considered the path of the telemetry data waveform. Control
and power circuits must also be considered to flesh-out the system design. For lack of
space, these circuits will not be discussed. However, the required functions were
designed and breadboarded and form a part of the system as shown in figure 2 in the
Data Controller Cell (DCC) and Power Controller Cell (PCC).

COMPONENT TECHNOLOGY SELECTION

The microelectronic component technologies specified to implement each subsystem
were determined through foundry product trade studies. Once again, our emphasis was
to keep costs low, minimize interface complexity, and maintain our targeted
reliability. Due to limited space, the specifics of each component were not included.
To summarize, CMOS, BICMOS, and GaAs are the monolithic circuit technologies
used to implement most of the system. An AT-cut crystal is being used as the
oscillator and microstrip patch technologies will be used for antennas.

PACKAGING DESIGN

Figure 4 demonstrates a means for keeping our telemetry system adaptable while
achieving great packaging densities. The primary element of the system is the
Multichip module (MCM), containing all of the waveform and control circuits in a



single, high density package. Each of the die are mounted unpackaged to the substrate
and either flip-chip or wire bonded to achieve the greatest density. The substrate of the
MCM may easily be divided into 2 or more MCMs or constructed in most any shape
that the weapon requires so that it may fill any available space. The Integrated Sensor
Cells mount on or in the body to be measured and electrically interface to the MCM
via 34 AWG wire harnesses which in-turn terminate on an extremely dense
microminiature connector. If higher densities are required and mechanical coupling of
the substrate is not a problem, unpackaged sensors may be mounted directly to the
MCM substrate. The microminiature connector also provides an off-munitions
interface for mission programming, and activation/deactivation lines. The antenna of
choice is interfaced through a 50 ohm miniature coax. The power, whether supplied by
battery or munition, is routed to the MCM by way of a 4 conductor harness.

Figure 4: Baseline Package Partitioning

Low Temperature Co-Fired Ceramic was determined to be the best Multi-Chip
Module technology available for our application. The Low Temperature Co-Fired
Ceramic process uses conventional thick film production tools to deposit metal lines
and solder dots on a soft tape ceramic to make multi-layered circuit interconnects. All
the layers are then fired simultaneously at low heat (often with components in place to
be reflow soldered) to form a single ceramic package. LTCC offers good high
frequency operation and conducted/radiated isolation and is naturally sealed for
hermeticity. Once fired, however, ceramic is brittle and requires a metal backing plate
to isolate high-level shocks. For this effort, we are pursuing a LTCC multilayered



substrate in a aluminum silicon carbide package. This combination has been shown in
lab and gun-launch tests, to withstand severe shocks while maintaining a good match
of coefficients of thermal expansion. Low production cost (since well established
thick-film processes are used) and design flexibility make this combination the most
attractive approach.

CONTINUED DEVELOPMENT

Encryption Capability

From the start, we realized the importance of trying to include encryption functions
into the library of Subminiature Telemetry Macrocells. We also realized the challenge
of building an embedded COMSEC system and key generator device in such small
packages. Luckily, the National Security Agency solved one of our problems; they
developed a CMOS key generator, the KGV-69, fully compatible with SECRET
COMSEC standards and which will easily meet our size and function goals. We have
scheduled additional development of this device to further reduce power requirements
so that it is fully compatible with our system. The challenge of a TEMPEST design
also presented itself. Throughout the electrical and package design, TEMPEST
concerns were raised, so that if we wished to add an embedded COMSEC capability,
we could do so without redesigning the system. This was successfully done.

Prototype Fabrication and Qualification Testing

With detailed schematics of each component completed, the entire system was
breadboarded to verify functionality. In general, the link performed well within our
budget in both FSK and Spread modes. Detailed results of these efforts are available
(Ref 9). Chip layouts are currently being designed for each component from the
schematics generated for the breadboard. Foundry runs for these chips are expected to
be complete by April 92. In the meantime, we have identified two platforms to qualify
the chip-set on: BKEP and Seek Eagle (both model programs). The BKEP platform
will demonstrate the FSK mode system in single and multi drop scenarios. The Seek
Eagle platform will demonstrate the Spread mode operation with four transmitters.
Configurations, packages, and test plans for each one of these platforms is being
developed so that when the chips are completed, systems can be assembled, integrated
with each platform, and flight tested. Flight tests will be completed by December 92.
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