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ABSTRACT

The Army development and test community must demonstrate the functionality and
reliability of gun-launched projectiles and munitions systems, especially newer smart
munitions. The best method to satisfy this requirement is to combine existing optical and
tracking systems data with internal data measured with on-board instrumentation (i.e. spin,
pitch, and yaw measurements for standard items and terminal sensor, signal processor, and
guidance/navigation system monitoring for smart munitions). Acquisition of internal data is
usually limited by available space, harsh launch environments, and high associated costs.
A technology development and demonstration effort is underway to provide a new
generation of products for use in this high-g arena. This paper describes the goals,
objectives, and progress of the Hardened Subminiature Telemetry and Sensor System
(HSTSS) program.
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INTRODUCTION

The HSTSS program is a joint effort involving the U.S. Army Yuma Proving Ground
(YPG) and the U.S. Army Research Laboratory's (ARL) Weapons Technology
Directorate. This effort centers on the identification and demonstration of a new generation
of technologies to support airborne, gun-launched munitions test measurements. Army and
OSD Test Technology Development and Demonstration (TTD&D) funding initiated the
program. Central Test and Evaluation Investment Program (CTEIP) and Army Major
Technical Test Instrumentation investment programs presently fund the HSTSS effort in
the Concept Exploration and Definition phase of the acquisition cycle, targeting
Engineering Manufacturing Development (EMD) starting in FY98.



BACKGROUND

Consider the development and testing of a kinetic energy projectile. Here is an extreme
example for the application of on-board instrumentation. The sabot structure must support
the long slender rod during travel down the bore and release the penetrator into free flight
to assure a high probability of first-round hit. If accuracy or lethality deficiencies occur,
what are the means by which test and development engineers identify the root cause? If
recently manufactured ammunition does not initially pass a lot acceptance test, what are
the testing options?

Typical external measurement systems such as target cloth screens, yaw cards, high-speed
video or framing cameras, x-ray cassettes, and radar may not provide sufficient detail
about projectile angular motion and spin. Most of these data are only available at discrete
locations, rather than in a continuous stream. Additionally, the initial motion of the tank
gun and the exhausted propellant gases yield difficult conditions for external measurement
systems at launch where the initial conditions of the projectile are established. Labor-
intensive setups and hand reductions of yaw card and target cloth data can be eliminated
through the use of on-board instrumentation. If the flight history is normal, then the
penetrator slices through the target cloth and yaw cards, leaving neat patterns reflecting the
six-bladed fin set. What if the target cloths reveal anomalous patterns? Our present test
technology leads to “forensic engineering” or guessing at both the problem and the
solution. Lengthy and expensive retesting can occur.

In-flight measurements for high-g systems have not been the rule-of-thumb in the past.
Continuous measurements of munitions attitude, pressure, temperature, and vibration are
examples of critical test data that will guide the successful development and type
classification of new munitions, especially smart munitions. These flight data are extremely
important in view of the reliance on smart munitions and missiles where internal functions
can only be determined through on-board flight instrumentation. These flight data
(gathered in a so-called “cooperative mode”) should then be convolved with the standard
ground based (so-called “noncooperative mode”) data. In-flight measurements for smart
munitions, direct- and indirect-fire munitions, missiles, and rockets can be made routine
and cost effective with the use of new technologies, many of which are leveraged from
Defense Advanced Research Projects Agency (DARPA) investments and commercial-off-
the-shelf (COTS) products.

TECHNOLOGY SUMMARY

The HSTSS program has been developing a new generation of measurement technologies
for projectile and smart munitions testing. This program is unique in that all key aspects of
an airborne measurement system (transmitter, power supply, sensors, electronics, and



packaging) are addressed in one effort. A conceptual HSTSS measurement system,
denoting key subsystems, is shown in a cylindrical piggy-back stack in Figure 1. The stack
of subsystems could be customized to include different measurement capabilities required
of any particular test.

Figure 1. HSTSS Conceptual System

The HSTSS demonstration technologies were based in four areas:  sensors, packaging,
telemetry, and power supplies. Data acquisition, encoding, and other supporting
electronics were confidentially omitted during the TTD&D phase as lower risk
developments. The seemingly restrictive and difficult requirement of high-g survival (and
at times operation during high-g) provides a foundation leading to miniature and
inexpensive technologies. There are a few basic principles to high-g survival—small wires
and connectors, plastic vs. ceramic parts, encapsulation of heavy or unsupported
structures, etc. However, the best design principle for high-g is simply size and mass—
miniature is best. This naturally leads to electronics and sensors that are produced using
practices that are common to integrated circuits. The use of bare IC die and
microelecrtomechanical (MEM) sensors should naturally lead to small and configurable
designs that would lead to high-g survivability. T&E measurement systems are often
unique, both in measurement capability and geometric configuration. Often the need, in
quantity and/or time to implementation, dictates a small scale prototyping operation. The
integration of sensors, conditioning electronics and data acquisition systems, telemetry
devices, and power supplies into a functional measurement system requires adaptable and
configurable technologies.

SENSORS

HSTSS has focused on highly miniature sensors, many of which are leveraged from the
DARPA MEM programs. The MEM sensor is produced by etching processes that were
derived from the microelectronics industry.



A commercially available $30 air-bag accelerometer from Analog Devices is a surface
micromachined silicon device integrated with electronics into a single package. This
accelerometer has been flight tested as a drag sensor on a 2.75-inch rocket [1]. The in-
flight accelerations, when integrated within a trajectory code, provided a consistent
comparison with radar data as shown in Figure 2 [2]. The device, when unpowered, has
survived ground test accelerations of 60,000 g’s. Since an internal calibration and turn-on
cycle consumes only 2 to 3 milliseconds, this device should survive a gun-launch in an
unpowered mode then be powered up subsequent to muzzle exit to provide a down range
sensor capability.

Figure 2. Comparison of Measured (ADXL50) and Calculated Axial Force

A MEM sensor development program by the Charles Stark Draper Laboratories and
Rockwell Autonetics is providing the ability to measure angular accelerations with a
silicon gyroscope. This sensor has survived accelerations common to guns when
unpowered. Integration of the conditioning electronics with the sensor die is presently
underway. Initial applications of this gyro will be in the automotive industry for automatic
braking systems. The HSTSS program has been cited as a Technology Reinvestment
Program consortia partner with the Rockwell/Draper team in a recently funded DARPA
program. This effort will be leveraged by the HSTSS program to merge the low-g
technology into high-g applications and products.

The Rockwell/Draper team is also responsible for several designs of a bulk-machined
MEM accelerometer. Under a recent DARPA contract leveraged by HSTSS, several high-
g accelerometer systems have been demonstrated. First, a single-axis 100,000-g
accelerometer is intended to integrate in-bore acceleration and provide muzzle velocity.
Other accelerometers are designed to survive this high shock and then accurately measure
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axial and cross-axis accelerations up to 100 g’s. These sensor die will be integrated with
conditioning electronics to provide a wide range of performance.

Munitions spin for aerodynamic stability or accuracy, but the presence of spin can disrupt
the tracking of angular rate sensors and linear accelerometers whose output is integrated
into velocity and position data. An inertial spin sensor technology from Sensor
Applications that utilizes a material whose resistance changes in the presence of a
magnetic field has been evaluated and tested for HSTSS application.  As this element is
rotated across the earth’s magnetic flux lines, the change in resistance can be amplified
and conditioned to produce spin data. The raw die is less than 0.1 inch in length and is
currently being integrated with post conditioning circuitry into a shock resistant plastic
package. Unpowered, these sensors have survived airgun testing of 110,000 g’s [3]. When
flight tested in a 155-mm artillery projectile, the fully-powered sensors survived a
12,000-g launch. Figure 3 shows spin sensor data compared to “standard” yawsonde data.
Accuracies better than 0.1 percent are achievable with this sensor.

Figure 3. Spin Sensor Compared to Yawsonde Data
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POWER SOURCES

HSTSS is developing and testing several power cell technologies for high-g use. Solid
polymer electrolyte, lithium-ion power cells from Ultralife Batteries (UK) have been under
evaluation [4]. These solid-state polymer batteries (nominal 4 V) are rechargeable,
lightweight, physically flexible, and environmentally friendly. Cells can be made to
conform to almost any user shape or configuration. They can be layered together and
connected in parallel and/or series to provide a complete battery system. Ultralife is under
contract to modify its commercial cells for the gun-launched environment. Single-cell
configurations have survived shock accelerations of more than of 110,000 g’s and
centrifugal tests at 300 rev/sec, yielding radial accelerations of 24,000 g’s. Research,
sponsored by DARPA, is currently being performed to increase the energy density and
temperature performance of the cells. Primary power cells, also available from Ultralife,
offer similar form factor characteristics with even higher energy density and are currently
being evaluated for high-g applications.

HIGH DENSITY PACKAGING

Multilayer printed circuit board technology is the most common format for high-density
packaging of electronic components and circuits. Higher density packaging techniques
exist, but they involve long and costly design and manufacturing processes. Two
commercially available multi-chip-modules (MCM) technologies have been under
evaluation as packaging alternatives [5]. Both of these MCM technologies are electrically
programmable and allow for the direct placement of raw die onto a premanufactured
substrate. One substrate technology by PICO Systems uses an antifuse technology and is
silicon based. Circuit connections within the substrate are programmed by disabling the
antifuses to produce internal circuit paths or vias. The die are then attached by normal wire
bonding techniques to the substrate. A PICO Systems MCM package has been flight
tested at an acceleration level of 20,000 g’s with both analog and digital components as
part of the measurement system.

A second vendor, the Microelectronics Computer Technology Corporation, offers a rapid
prototyping technology that utilizes a laser customization tool, creating custom circuitry on
a generic thin film substrate. As before, the die are attached to the MCM using standard
wire bonding methods. These substrates offer a wide variety of geometrically flexible
shapes and high packing densities. Bare substrates from MCC have survived laboratory
shock testing in excess of 30,000 g’s.

Both of these technologies are cost effective as low-volume (several hundred units), high-
density MCM schemes. In both cases, the substrates are premanufactured and stocked.
They do not require lengthy fabrication/assembly procedures, or expensive masking or



clean room processes. Electrical characterization was conducted on these two substrate
technologies. Measurements for cross-talk and frequency response were made [6].
Conclusions as to a “best” substrate should be reserved on the basis of design/fabrication
time, cost, and higher shock survivability. Each technology has distinct advantages.

TRANSMITTER

Multiple solutions to the data transmission problem are being studied. Technical, “legal,”
and fiscal factors each contribute to the resolution of this issue. Existing range
infrastructure and frequency allocations support the use of IRIG compatible telemetry
systems. The high-g and small size requirements generally eliminate existing IRIG
compatible solutions. Previous work investigated promising alternatives [7,8]. Further
investigation into additional beneficial solutions is being pursued.

The portable communications industry is rapidly developing new devices and products.
Wireless communication systems, local area networks, cellular phones, and mobile links
are common at frequencies not permitted on test ranges. Existing commercial
communications technologies are being studied for application at L- and S-band
frequencies. Preliminary evaluations indicate these technologies can be made compatible
with the IRIG standards of frequency allocation, stability, and bandwidth. Link budgets
and analyses are underway to complete this preliminary survey.

The adaptation of high frequency (1 to 10 Ghz) variactor-tuned oscillators configured as a
telemetry band transmitter is yet another technology under study. These devices have been
biased to form a low cost FM transmitter, and bench tests are being conducted to
investigate frequency stability, power, and bandwidth. This application is a potential low
budget ($300 with gain block) solution for very small and simple transmitter requirements.

TEST SUMMARY

Testing of candidate technologies for application in the HSTSS scenario focused primarily
on the launch and flight condition operation/survivability. Risk reduction in the TTD&D
and CED phases of the program concentrated on downselecting to technologies which
showed promise of success in the high-g and high-spin environments. Survivability
performance criteria for a given device were developed to ascertain the benefits of
continued product development. In general, test articles were subjected to shock, spin,
high-g acceleration, and flight condition tests.

An impact shock test machine is used to screen potential devices for use in high-g
telemetry applications. The shock pulse duration are typically on the order of 5 to 10
microseconds for decelerations in the 20,000- to 30,000-g range. It should be noted that



normal gun launch accelerations have durations of several milliseconds. Spin testing is
accomplished with an air-cooled cantilever roll-drive mechanism. Roll rates on the order of
300 Hz are achieved. A 4-inch helium-driven gun at ARL-Adelphi is used for setback
acceleration simulations. A mitigator controls and shapes deceleration forces in the
30,000- to 100,000-g range at impact. The Arnold Engineering Development Center,
3.3 -inch two-stage light-gas gun provides high-g (>100,000-g achievable) setback
accelerations. This gun achieves its acceleration forces during the launch cycle. Flight
tests, using specially modified projectiles and currently available telemetry components,
have been conducted at the ARL Transonic Range. The fully instrumented projectiles
carried candidate technology devices and achieved launch accelerations near 20,000 g’s
and spin rates near 50 Hz for the 30-second flights.

PROGRAM DIRECTION

HSTSS began as a series of technology demonstrations exploring the viability of
developing routine flight instrumentation for gun-launched projectiles. Early developmental
successes lead to the formation of a program proposal and plan. Service requirements are
captured in an Operational Requirements Document. Cost benefit and life cycle analyses
are currently in process. Detailed performance criteria and EMD contractual requirements
are the planned output of systems level engineering studies. Estimated EMD contract
award is envisioned for early FY98.

Systems engineering will develop a recommended acquisition strategy; however,  many of
the HSTSS technology developments will produce independently functional devices, such
as transmitters, batteries, and sensors, and these items must be available in small quantities
and reasonable prices for DOD contractors and Government users. The T&E responsibility
for tactical weapons systems rests with the Government. As such, the Government must
retain rights to unique HSTSS devices and processes. Since the private sector may not
choose to continue to maintain HSTSS knowledge or capability, then the Government must
maintain the ability to design, fabricate, and use HSTSS-based flight measurement
systems.

CONCLUSION

The HSTSS philosophy is a multi-faceted approach, but this is required if modern
technologies are to be infused into the munitions testing sequence in a routine and
affordable fashion. The broad-based approach of transmitter, sensor, power supply, data
acquisition, and packaging technologies has been demonstrated in the TTD&D phase and
must be continued through the acquisition cycle.
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