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ABSTRACT

Recent successful testing of a Hardened Subminiature Telemetry and Sensor System (HSTSS)
Field Programmable Gate Array (FPGA) Pulse Code Modulation (PCM) data acquisition solution
provided launch and flight data for a modified tank training round that was launched from a 120mm
smoothbore cannon with acceleration forces in excess of 30,000 times the force of gravity (g). The
electronics board was designed and manufactured at Naval Air Warfare Center (NAWC) to include four
channels of signal conditioning, eight-bit analog-to-digital conversion, and power source regulation.
The Advanced Munitions Concept Branch (AMCB) at the Army Research Laboratory (ARL) integrated
the board within a North Atlantic Treaty Organization (NATO) compatible fuze volume fitted with ARL
patented optical sensors, a Microelectromechanical systems (MEMS) accelerometer, an HSTSS LiMnO2

primary battery, and a commercial off-the-shelf (COTS) transmitter/antenna package. Results include
operational success of the FPGA/PCM  encoder and valuable ballistic and aerodynamic measurements.

INTRODUCTION

During development and diagnostic experiments of military munitions and weapons systems, a
significant need exists for projectile aerodynamic characterization, evaluation of guidance and maneuver
systems, and measures-of-truth for inertial measurement units (IMU). Accurate measurement of
projectile motion via body-fixed sensors can contribute significantly toward the development of
projectiles, rockets, and weapons systems, and to the diagnosis of failures in existing systems. Ground-
based instrumentation systems can provide such measurements, but are generally used for only limited
portions of a projectile flight for reasons of both expense and practicability in application. Onboard
instrumentation would seem a logical candidate for obtaining data throughout a flight, excepting current
expense and reusability, and there are a host of packaging and survivability issues associated with using
such systems in military roles (D'Amico et. al.).  One such difficulty is that arising from g-loads exerted
during impulsive launch and during continuous free-flight roll. Traditional sensors, signal conditioning,
acquisition, and telemetry devices that survive this mechanical loading have had a significant impact on
a wide range of military systems, and therefore, similar qualification of state-of-the-art components
could lead to extremely reliable built-in diagnostics. The Hardened Subminiature Telemetry and Sensor
System program is predicated on such a purpose and the high-g qualification of a field-programmable
gate array as part of a body-fixed PCM-based instrumentation package is one potential solution.
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FPGA-BASED PCM SOLUTION

For this experiment, the bare-die FPGA is
bonded to a prefabricated circuit board and wire-
bonded to gold-plated pads. Voltage regulation,
signal conditioning, clock, programmable con-
troller, and a commercially available surface-
mount eight-bit analog to digital converter are
added to provide a simple stream of data
containing a sync pattern, counter, and four words
of experimental data per frame. The resulting
board is 1.125 inches in diameter. The FPGA is
glob-topped to provide protection for the wire
bonds. The data acquisition system passes bench
tests for amplitude accuracy, noise figure, and data
latency.  The end result is an all-on-one board
design with sensor and unipolar power inputs and a
PCM output suitable for a commercially available
transmitter-antenna package.  The system has been
tested to 10 Mbits/s but is implemented with a
nominal data rate of 500 kbit/s due to transmitter bandwidth. The input sensitivity is adjustable with a
maximum input of 3.5 Volts and the resulting data rate is just under 8.95 kHz  per channel. The total
current draw is 32ma. The potential applications extend to fuze performance, projectile/payload
interaction, aerodynamic characterization, and verification of mechanical integrity.
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FLIGHT TEST DESIGN

A flight test was proposed using an inert 120mm M831 training round. The M831 is routinely
used as a tube warmer during experiments of 120mm developmental projectiles.  Candidate sensors for
the high-g flight test were carefully selected based on the flight characteristics, available package
volume, and the signal conditioning, and transmitter data rate capacity.

An optical sensor suitable for surviving the high-g environment was developed at ARL and U.S.
patent number 5,909,275 was issued in June, 1999 entitled  “G-Hardened Optical Alignment Sensor” to
D. Hepner and M. Hollis of the U.S.
Army Research Laboratory (ARL). The
common name for the current version of
the sensor is a Solar Likeness Indicating
Transducer (SLIT). An exploded
assembly view of the device displays the
sensor cell sides, sensor base, sensor,
reflecting surfaces, obstructing pillar,
and assembly pins. The sensor is
compact, lightweight, and requires no
power. The sensor output is sufficient to
provide an excellent metric by which to
gauge the in-bore and in-flight data
acquisition performance and was
selected as the primary in-flight
observable. A number of these devices installed on a body at known tilt angle and circumferential
location embodies a device called a Solarsonde, " to sense the sun", or more commonly called a
yawsonde.  A spinning projectile fitted with a Solarsonde provides a pulse train, which when combined
with calibration data, provides derived parameters pertaining to the solar attitude and solar roll history.

Microelectromechanical systems (MEMS) sen-
sors have been combined with optical sensors within a
NATO compatible fuze volume as an aid in the
determination of ballistic and aerodynamic performance
of munitions (Davis and Hepner).   For the current
application, an Analog Devices ADXL-150 was
selected as a candidate sensor combining proven high-g
survivability, power supply compatibility, and a
measurement range compatible with the axial force
expected during in-flight M831 deceleration.
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An intermediate voltage regulation was required to prevent over-voltage damage to the onboard
regulator. The HSTSS program supplied a LiMn02 primary battery (Burke et. al.) The battery was
monitored through a simple voltage divider on one of the analog-to-digital (a/d) channels. Preliminary
laboratory qualification of the system with the optical and accelerometer sensors provided significant
confidence in the signal conditioning, conversion, encoding, telemeter, reception, and real-time
decommutation of the sensor data. A powerful, portable data acquisition system including telemetry
receiver, PCM decommutation, and a/d cards was developed to support the experiments.
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A NATO compatible fuze volume is a well established and convenient ARL designed carrier
encompassing an available internal volume of 8 cubic inches.  The primary battery, connector, and the
transmitter package account for almost 75% of the volume, with 1.56 cubic inches remaining for the
sensors and encoder. Both fuzes were assembled and potted with Sycast 1090 in one day. An aluminum
adapter was machined to replace the spike of the M831, accept standard fuze threads, and match mass
properties of other experimental projectiles fired using the same experimental facility and weapon.

The finished product, Diagnostic Fuze 1999 (DFUZE1999), represents the first high-g NATO
compatible monitoring device capable of aerodynamic characterization using PCM. The forward portion
of fuze is covered with a RF-
transparent radome fitted with a
ceramic tip as an insulator for
elevated in-flight temperature.
Visible to the fuze exterior, the
optical sensors are purposely
misaligned with respect to the roll
axis of a spinning fuze. The
assembled unit is calibrated on an
ARL automated two degree-of-
freedom calibration table to
determine each optical sensor
circumferential location and tilt
angle.
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HIGH-G EXPERIMENTAL FIRING

On August 27, 1999, preparations were
completed for firing two modified M831
training rounds fitted with DFUZE1999 at
Yuma Proving Ground, Arizona. To maximize
the probability of successful capture,  the
various telemetry equipment used to complete
S-band RF link were rigorously tested and
calibrated prior to the FPGA/PCM flight
experiment. Side-by-side comparisons were
completed on a antennae, RF pre-amps, RF
cabling, and multiple sets of telemetry
receivers. Independent primary and back-up
data collection systems were utilized to
evaluate the performance of the diagnostic
fuzes and the various receiving station
configurations.

The fuzes were fitted with the primary
battery several minutes before the gun loading
process. Final acquisition checks were com-
pleted and data synchronization verification
continued throughout the loading process.
While in-bore, attention was primarily focused
on the battery voltage.  The battery can supply
continuous power for up to thirty minutes. The
projectiles were fired well within the allotted
time from the 120mm smoothbore tube. Launch
accelerations exceeded 30,000 g's with a
velocity at muzzle exit exceeding 1050 meters
per second.

Just after muzzle exit, canted fins
provide the roll required for the optical sensors.
The telemetry data was displayed live allowing
real-time verification of acquisition and in-
flight monitoring of all data channels. Both
fuzes provided data during in-bore, through
flight, until impact. Onsite plotted data verified
both flights as successful. Recovery efforts
produced the projectiles intact within an hour of
the second launch. The encoders were intact
and functional with minor damage to the
forward-mounted antenna/transmitter package.
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SUPPORT DATA

Data collected to support the telemetry data included firing pulse, IRIG-B timing, and received
signal strength from two telemetry receivers. Fire pulse not only provides the electrical impulse for
weapon firing, but also aids ground-based instrumentation timing. IRIG-B provides the common time
base to correlate body-fixed telemetry and ground-based measurements including receiver Automatic
Gain Control (AGC), radar, and photography.  The IRIG-B 1kHz carrier is also useful for qualifying
telemetry station digitizers and can aid the determination of latency between data sources. The data were
immediately archived and all of the plotted graphics shown within this text were available in the format
displayed within six minutes of impact.

Calibrated AGC data is a measure of the received signal strength at the receiver input. The
characteristic decay of signal strength is largely a function of distance-squared, though transmit and
receive antenna patterns also play a large role in measured signal strength. Lastly, multi-path effects can
cause cancellation due to out-of-phase wave arrival at the receiving antenna.  The in-bore signal strength
is largely a function of receiving antenna location in the near-fields of the in-bore transmitter and
receiving antennae. Antenna #1 provided ample signal strength for live decommutation. Antenna #2 was
positioned for downrange reception and did not exhibit optimum signal strength suitable for live
decommutation until after muzzle exit.
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Calibrated and time correlated AGC data can be used to verify temporary loss of signal strength
due to ionization of gases at muzzle exit. The live bit synchronization (bit-sync) showed less than 20 ms
dropout during this interval. Further downrange, and of notable interest, the transmitting antenna, with
two nulls per revolution, provides an indicator of roll rate with respect to the receiving antenna.

The support information provides the basis for time correlating the telemetry data to ground-
based instrumentation and quantitative measure of the telemeter performance. The AGC data can then
serve as a metric for data confidence by supplying independent weighting values for curve fit functions
derived from analysis models. Finally, during post-flight analysis, the AGC data can be used in the
verification of telemetry link analysis.

TELEMETERED DATA

The ultimate objective of a capable telemetry
station is to acquire, display, and archive all available
data in real-time from fire pulse to impact. The
critical data for this experiment included the raw
PCM stream, digitized live, from the receiver output
and the real-time decommutation, display, and
archival of body-fixed sensor data. The high-speed
digitizer was primarily added to verify the
FPGA/PCM operation during the in-bore, high-g,
environment for the sole purpose of acquiring all
available raw receiver data even if the PCM bit-sync
hardware failed to synchronize to the transmitted
signal. Acquisition was initiated approximately one
second before the fire pulse and a total of three seconds of data were acquired. Soon after launch, the
data clearly shows a typical transmitted PCM data stream. Over 3 million digital words were acquired,
extracted, scaled, and displayed within two minutes of impact including all data words, counter, frame
sync, IRIG-B timing, and frame status using an ARL software routine developed for rapid signal
extraction from PCM binary archives. During post-flight processing, the digitized PCM data was found
to contain short segments of signal data at muzzle exit that can be extracted via software techniques.
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 HSTSS battery performance data was acquired on
channel four. It provided ample power for the duration of
the experiment from munition loading until impact.
Within frame bit errors are evident and correlate well
with diminished signal strength evident in AGC data.

Optical sensor data were collected on data
channels one and three, consisting of a long pulse train of
consecutive sensor alignments with the sun. Normally,
the optical sensor data is further processed to provide
angular motion histories within six minutes after impact.
The resulting temporal history of critical data points are
utilized in conjunction with the actual calibration values
for the location and tilt angles of the optical sensors to
derive a measure of the angle between the roll axis of the
body and the solar vector.  A measure of the body roll
position with respect to the sun can also be derived.
While the process and derived outputs are beyond the
purpose and scope of this text, the solar angle
measurement benefits greatly from time-synchronized
data acquisition, such as PCM, as the derived parameters
predominately rely on the determination of the sensor
alignment times. Typical accuracy in solar angle is 0.05
degrees with roll rate errors less than 0.01 Hz.

The ADXL-150 was powered by the encoder board and was acquired on channel two. The
accelerometer provided significant data even during the in-bore acceleration.  First movement was
detected, and muzzle exit was correlated in time to the AGC loss-of-signal at muzzle exit. The
accelerometer was mainly utilized to provide a measure of the in-flight axial acceleration, which is
dominated by the drag force.  The sensor data indicates significant variation in the axial force common
to artillery applications, including mechanical vibration, angular motion, Mach number transitions, and
aerodynamic buffeting. Within frame bit-errors are evident after 18 seconds and correlate well to low
AGC.  Deceleration data of this nature can be indirectly compared to ground-based radar data.
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CONCLUSIONS
The FPGA/PCM experiment demonstrated 100% operational success of an FPGA/PCM in-flight

data acquisition system during in-bore, through 30,000+ g launch, and during flight. The integration of
ARL patented optical sensors and a MEMS accelerometer provided valuable body-fixed inertial and
ballistic measurements for a modified M831 training round. Materials and procedures for a NATO
compatible fuze configuration were qualified at high-g, and high velocity (1080 m/s). A rapid packaging
capability was demonstrated for artillery fuze applications. Advanced in-field data acquisition and
archival solutions were demonstrated allowing rapid display and graphical output of PCM data.

RECOMMENDATIONS
The NATO compatible diagnostic fuze continues to have significant impact on the development

and diagnostics of munitions and weapon systems. The DFUZE1999 prototype design was immediately
forwarded for small-scale production as a diagnostic tool for advanced munitions and weapons systems
for existing Army and Navy programs. Development efforts continue for a Diagnostic Fuze-2000
(DFUZE2000) which will add an additional axial measure of the in-bore high-g acceleration. Diagnostic
Fuze 2001 (DFUZE2001) would include optical and magnetic sensors, and MEMS accelerometers for
in-flight measurements and upgrades for in-bore capability such as high-g tri-axial acceleration with
signal delay capability. Similar body-fixed instrumentation systems could be fitted to large numbers and
varieties of training rounds useful for personnel and weapons systems evaluation. Finally, continuing
advances in portable telemetry acquisition systems will aid real-time analysis of launch and flight data.
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