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Abstract

The purpose of this paper is to review the progress currently being made in the
semiconductor field and how these recent advances can be utilized in digital memory
telemeters for gathering data from various artillery projectiles. Topics to be presented
include:  basic design considerations, high-g packaging techniques, and the high-g
hardening of critical electronic components. In addition, a prototype memory telemeter,
which is under development for ARDC’s 155mm Ballistic Simulator, and the firing data it
has recorded to date will be discussed. Finally, a look at future advances in IC technology
and its impact on digital memory telemeters will be presented.

Introduction

The American military establishment is presently faced with quite a predicament. Its
function is to ensure the safety of the United States and the rest of the free world but the
resources it needs to accomplish this awesome task are in very short supply. As a result,
the military has chosen to develop a relatively small number of very sophisticated and
expensive weapons systems, as opposed to purchasing large numbers of “dumb” systems,
in order to make up for their limited funding and shortage of trained personnel.
Consequently, the need for rigorous field performance tests of these new systems is of
utmost importance. But mass firings of today’s “smart” artillery projectiles, for example,
to generate statistical data is no longer feasible due to the cost of the new sophisticated
rounds. In addition to the cost of the projectile itself there is also the cost of the telemetry
system used to gather the flight and environmental data. A few years ago the obvious, if
not only, approach was the use of an RF telemeter. However, the price for even the
simplest of this type of telemeter may be found to be prohibitive due to the unavoidable
essentials such as transmitters, VCOs, antennas, and the ground station receiving
equipment.



In contrast, due to the rapid advancements currently being made in the semiconductor
field, the digital memory telemeter (TM) will provide a very cost effective alternative to
the RF telemetry systems presently being used. Memory telemeters are relatively simple in
design and as such are much less expensive than their RF counterpart. In addition, they are
self-contained whereas an RF telemeter requires a transmitting antenna which means
additional modification of the test projectile and associated cost. Furthermore, because
they do not contain delicate and costly components such as crystal controlled transmitters
and VCOs, they can be reused many times which further increases their cost effectiveness.
Finally, as a result of the Very High-Speed Integrated Circuits (VHSIC) program, ICs will
become both faster and denser which means future memory telemeters will be able to
perform more functions, be more reliable, and require only a very small area in which to be
housed (a very critical limitation of today’s RF telemetry systems).

The micropower memory telemeter approach was used with success in the past, but with
extreme limitation in data volume and frequency response. In a memory type telemeter
with a given storage capacity there is a trade-off between data volume and frequency
response. That is, the product of scan rate and time duration of coverage is constant. But
now, with the advent of very large-scale integration (VLSI) and the proliferation of large
capacity, low power semiconductor memories, the limitations of the memory telemeter’s
storage capacity can be overcome.

One type of these new memory ICs is the micropower CMOS static random-access
memory which has negligible power consumption in the “HOLD” mode. Presently, static
RAMs are available with storage densities of 64-Kbits on a 28 pin DIP. Using such a
device, a memory telemeter can easily handle a frequency response of 100 KHz. In
addition, these units can be stacked to produce well over half a million bits. Furthermore,
seven bit flash A/D converters are now available with the development of an 8 bit
converter with overflow nearing completion. These new generation of A/D converters have
conversion rates of 15 MHz, low power consumption, and resolution of better than
0.2 percent.

With the availability of these new devices, and the advances currently being made by the
semiconductor industry, it is conceivable that within this decade the digital memory
telemeter concept will respresent a sizable share of the projectile telemeters in use.

Background History

Integrated circuit technology has made possible electronic systems and applications that
were virtually inconceivable on the grounds of cost, size, and reliability a decade ago. The
first generation of small-scale integration (SSI) was introduced in 1965, when three to six
gates were available on chips costing from $10 to $20 each. The 7400 series of logic



elements made its entrance a short time later, with gates and dual flip-flops being the most
advanced elements in the 7400 line.

During the late sixties and early seventies, device technology matured to the extent that
counters, shift registers, and complete ALUs could be put onto a single chip. This second
generation of integration, called medium-scale integration (MSI), caused packages to grow
in size from 14 pins to 16 and 24 pins. The problem was no longer how to squeeze a few
hundred gates onto a chip, but rather finding enough pins to bring the terminals of these
gates out to the real world.

Up until the early seventies, bipolar logic (TTL, DTL, and ECL) dominated the picture.
However, during the early seventies, metal-oxide semiconductor (MOS) technology
developed to the point at which complete control units could be built on one large-scale
integrated (LSI) circuit, and many slow-speed logic designs started using MOS to replace
unnecessarily fast, power-consuming bipolar MSI logic. High-performance applications,
however, were still being implemented with bipolar MSI.

From the mid-seventies onward, MOS technology has continued to advance. More and
more devices were put onto single chips and more complex functional building blocks
were used due to the limited number of input/output pins on a single package. It should
also be noted that during this same time period bipolar logic was also advancing. This
brings us to the current state of the semiconductor industry with bipolar and MOS
technologies in a heated battle to see which will emerge in first place.

Almost all of the developments in lithography, metal technology, oxide deposition, and
etching apply to either bipolar or MOS circuits. However, with the drive for ever denser
dynamic and static RAMs, more than half of the research for VLSI has been devoted to
MOS.[1] Bipolar devices, though, still have the edge in speed due to the improvements in
the various process areas. Table I shows some performance projections for the
semiconductor industry during the early 1980s as compared with the situation in 1974.

Expectations Of VHSIC & VLSI

No paper concerning the use of digital integrated circuits in present and future electronics
systems would be complete unless it also included a discussion on the Very High-Speed
Integrated Circuits (VHSIC) program which is currently in progress. The VHSIC program
of the U.S. Department of Defense is the most important Federal program since America
launched its space exploration program 25 years ago. Aimed at stimulating and speeding
up the development of IC device technology the program is spread over four phases (see
Table II). To date, over $400 million has been pledged for research and development over
a six year time span.[1] Phase 1 of the VHSIC program, whose contracts were signed



March 7, 1980, is a three-year phase involving six prime contractors. Table III provides a
listing of Phase 1’s contractors, the programs they are involved with, and the technological
goals they are after.

Each of the six major contractors in the VHSIC program is applying one of the competitive
IC technologies, such as NMOS, bulk CMOS, CMOS on SOS, and bipolar, to design and
fabricate chips for applications in a specific system brassboard for each division of the
military. In Phase 1, the contractors are required to obtain a 5 x 10" gate-Hz throughput
rate in chips of 1.25-µm resolution.[3] Throughput capacity, in gate-Hz, is one measure of
the capability VHSIC devices are expected to attain. Adopted by the military, throughput
capacity is defined as follows:

Throughput  =  Number of gates on  X  Chip’s clock
Capacity an IC chip frequency

Currently, microprocessors have throughput capacities on the order of 1010 gate-Hz, while
military systems such as the AIM-54 Phoenix seeker processor and the UYK20 standard
computer have throughput rates of 10" and 1012 gate-Hz, respectively. Weapons systems
are being planned with even higher systems throughput capacities of 1013 gate-Hz and
more. Such rates mean that IC pattern definitions be at least 1-µm in size and smaller,
otherwise, total system weights and power-dissipation levels would be too prohibitive.[4]

A noteworthy point shown in Table III is that there are two parts to the VHSIC Phase 1
program. The first part involves the development of ICs with 1.25-µm line widths while
the second part involves the development of devices with line widths of just 0.5-µm.

As future weapons systems begin employing these new generation of ICs, the memory
telemeter will also benefit. Today, the memory TM is basically a simple system which
converts analog inputs to a digital format which is stored in its semiconductor memory and
then interrogated at a later time. But when the new ICs, such as VHSIC microprocessors,
specialized signal processing chips, and very high-density RAMs, become available
memory telemeters will then have the capability to process information on board the test
projectile and provide data to the engineer in a form that is much easier to work with.
Secondly, these new ICs will be able to process much more complex data and at higher
speeds than is conceivable at this time. Finally, through VHSIC and VLSI, many of the
new breed of chips will employ built-in test and fault-tolerance features which will further
bolster the integrity of the memory telemeter concept.



VLSI

Under Phase 1 of the VHSIC program, IC complexity is typically 20,000 transistors per
chip, but it ranges from about 3000 to well over 100,000.[3] The larger numbers apply to
chips with integrated memory or those which are entirely memory. Nowhere in the
semiconductor industry has VLSI had a greater impact than on memory design is having
dramatic effects on memory telemeter design. By employing these density RAMs, memory
telemeters of the future will be able to monitor many data with a much greater frequency
response and for a longer time duration presently possible.

In 1982, the n-channel MOS 64-Kbit dynamic random-access memory became the
benchmark. Low cost 64-K RAMs are currently available from companies such Fujitsu,
Hitachi, Inmos, Intel, Motorola, Texas Instruments, and many others. “In static RAMs,
CMOS seems to be the path most companies are taking to obtain 64-K densities. Hitachi,
NEC, and Toshiba have developed 64-Kbit static RAMs using 2-µm design rules. RCA,
Harris, National Semiconductor, Integrated Device Technology, and others also have their
sights on a 64-Kbit chip.”[5] Figure 1 shows the difference in size between the 28-pin
Hitachi 8K x 8 static RAM introduced in 1982 and 40-pin Harris RAM Module which
came out in 1981. dust recently, Micron Technology announced the industry’s smallest
64-K dynamic RAM chip. Micron’s latest 64-K DRAM, designated the MT4246A,
measures just 22,000 mil which is half the size of many competitive units on the market.[1]

Meanwhile, as the 64-K dynamic and static RAMs increase in popularity, work continues
at all the major semiconductor factories on a 256-K dynamic RAM. In fact, AT&T has
recently announced that Western Electric, its manufacturing division, will be producing the
256-K RAMS before the end of this year.

As for what lies ahead in the field of memory design, a few significant developments are
currently taking place. Presently, five memory chips are being developed under the VHSIC
program. Texas Instruments and Westinghouse, for example, are both working on static
RAMs. The chip by Texas Instruments has an 8K x 9 organization with a 25ns access
time. As for the Westinghouse IC, it will be organized as SK x 8, have a 20ns access time
and consume only 500mw of power. In addition, Motorola and TRW have teamed up to
produce a CMOS four-port memory which is able to read and write simultaneously, thus,
improving read and write times by as much as a factor of four over existing RAMs. The
1K x 4 device, while small, may lead to much larger high-speed RAMs.[6]

The ultimate memory device, the one megabit DRAM, is predicted to become a reality
sometime in 1986 or 1987. The device will probably be fabricated in CMOS or
CMOS/SOS to insure fast operation and low power consumption.



The only area that may delay the development of the 1-Mbit DRAM is submicron
lithography. Somewhere near 0.5 and 0.3 microns physical barriers are met when using
optical lithography to produce semiconductor devices. New processing techniques may be
developed in the near future but if they are not, the new generation of ICs will have to be
produced using electron-beam or X-ray lithography. Although these two techniques show
great promise, as of yet, neither is a high volume production process.[6]

Other devices that will eventually find their way into memory telemeter designs of the
future include the newly introduced 1-Mbit ROM. One example being the D731000
CMOS ROM which is built by NEC Electronic Arrays. Another area that shows promise
for memory TM applications are VLSI microprocessors. Some examples of the VLSI
microprocessors currently available include the Bell Laboratories’ Bellmac 32A, Hewlett-
Packard’s 32-bit VLSI processing chip set, and Intel’s iAPX 432 micromainframe chip set.
Finally, the field of signal processing, and with it memory telemeter design, is feeling the
effects of VLSI with companies such as Hitachi, ITT, and TRW developing chips capable
of processing data 1000 times faster than a general-purpose 16-bit microprocessor and
able to perform the work of about 300,000 transistors.[1]

As for the future, the goal of a million active devices on a chip may be reached sooner than
expected if all the latest improvements in semiconductor processing equipment come
together on the production line. To put impurities exactly where they are wanted on the
chip, the three areas of technology that must be meshed together are lithography, ion
implantation, and etching. In all three, manufacturers are making dramatic strides.
Advances in optical, electron-beam, X-ray, and other systems are paving the way for very-
fine-line lithography, while plasma and reactive ion etching refinements are opening
windows for ion beams to implant just the right doses of impurities.

Technologies Available For Fabricating High Performance ICs

Commercial VLSI is, in the most part, based upon NMOS technology, which is neither the
fastest semiconductor technology nor the lowest in power consumption. In addition, it is
not the most radiation resistant. It is, however, inexpensive and may be useful for
expendable systems. Speed, power, and radiation resistance are all important military
requirements, however. Therefore, the VHSIC program includes several bipolar, CMOS,
CMOS on SOS, and NMOS approaches. Another technology that shows great promise for
fabricating high-speed, low power devices is gallium arsenide (GaAs). GaAs gates are
faster than silicon ones but GaAs digital IC technology is far less mature than silicon
digital technology (see Tables IV and V).



A.  CONVENTIONAL BIPOLAR AND MOS DEVICES

Packing densities of 3000 and more VLSI gates per chip are quickly pushing past
the performance limits of conventional bipolar and MOS-device technologies. High-
density NMOS technology has reaped the initial benefits of many of the advances.
However, as circuits become denser and more complex, power dissipation will limit the
number of NMOS transistors that can be put on a chip. This is where the advances in
CMOS processes will offer circuit performance at NMOS speeds but at typically a fifth to
a tenth the active power and often a hundredth the quiescent power.[1] Additionally, many
of the advanced CMOS processes are compatible with high performance NMOS
processing which enables an optimal mix of technologies on a single chip.

In general, MOS device performance is being pushed dramatically by the latest processing
tools. Texas Instruments reports using electron-beam lithographic equipment and dry
etching to fabricate a 4-Kbit MOS static RAM with 1.25-µm features on a 4000-mil2 chip.
Channel lengths are 1-µm and access time is 22 ns. All the specs go well beyond the
production version of the RAM which features 50 ns access time, 2.5-µm gate lengths, and
20,000-mil2 chip area.[1][4]

CMOS technology is also being affected by the submicrometer push. For example,
Honeywell has demonstrated a CMOS transistor with effective sub-um channel lengths
using its N-well ICMOS (Inverse CMOS) process. This process allows PMOS FETs to be
fabricated in an N-well region, and NMOS FETs in a P-well region. The same process has
been used to demonstrate CMOS circuits with propagation delays of just 2 ns, and even
this is expected to be cut to 1 ns with 1.25-µm geometries.[1][4]

At the same time, bipolar transistors are performing better because of improvements in the
various process areas. High-speed emitter-coupled logic (ECL) circuits are getting even
faster as new structures, such as walled emitters or lateral base contacts, combine with
1-µm lithography to reduce transistor sizes, improve packing density, and thus cut gate
delays to 100 ps.[1]

Motorola, for example, has been able to shrink its bipolar transistors using a mixture of
scaling and new structures. In addition, Motorola recently announced the production of the
industry’s fastest RAM. The MC10H145 is a bipolar 64-bit ECL RAM with an address
access time of 3ns (typical) and 6 ns (maximum).[1] Its high speed is achieved through
new circuit designs as well as advanced processing techniques.

it should further be noted that other bipolar logic forms such as integrated injection logic
(I2 L), Schottky transistor logic (STL), and integrated Schottky logic (ISL) are also
benefiting from the lithography and process improvements.



B.  CMOS/SOS DEVICES

CMOS/SOS ICs are emerging as excellent candidates for VLSI and military
applications. SOS, silicon-on-sapphire, technology combines MOS technology with the
use of a sapphire substrate. A thin single-crystal silicon film is formed on the substrate by
epitaxial growth. Such a technology offers several advantages such as: microwatt/gate
power dissipation, less than 1-ns gate delays, high packing densities, high realiability
without the latchup or burnout problems common to bulk MOS devices, and it is inherently
radiation-hardened. In addition, CMOS/SOS devices are easy to design into a circuit.

Figure 2 illustrates the cross-section of a typical CMOS/SOS device, while Table VI
compares CMOS/SOS with the other conventional technologies. From a military
standpoint, CMOS/SOS appears to be an excellent prospect for future defense electronics
systems.

Recently, Hewlett-Packard’s Computer System Division has developed a three-chip set
implemented in CMOS/SOS that can perform 64-bit floating-point calculations. Using
4-µm design rules, each chip dissipates about 400mW and is estimated to be 20 to 30
times faster than comparable commercially available processors.[1][7] Also, Toshiba has
developed the fastest 16-bit CMOS/SOS parallel multiplier/accumulator chip available.
“The chip performs a 16-by-16-bit multiplication and accumulation in 60 ns with a power
dissipation of 65 mW.”[8] Finally, one of the most complex CMOS/SOS devices has been
developed by Rockwell. Its Viterbi error-corrector chip contains 8188 CMOS/SOS
transistors, eight 8-bit adders, and four 8-bit comparators on a 124 x 184-mil chip. The
2-um device has a 50-Mbit/s clock rate through 27 logic levels and dissipates 200 mW at
6 V.[4]

Even though CMOS/SOS seems to be an almost ideal technology, some problems have yet
to be solved. The major problems being the relatively high-leakage currents at the silicon-
sapphire interface and the high costs of manufacturing, polishing, and cutting the sapphire
material.

C.  GaAs DEVICES

Although gallium arsenide (GaAs) programs are not part of the VHSIC program,
research and development in GaAs devices is currently being performed at many
government and industrial labs. What makes the use of GaAs so promising is that it:  can
operate at clock rates in the tens of GHz, dissipates microwatts of power per gate, has
low-noise characteristics at high frequencies, can operate at relatively higher temperatures
than conventional silicon ICs, and is radiation-hardened. Places in which GaAs devices
would readily be welcomed include their use in:  phased-array radars, satellite



communications systems, computer CPUs, memory pack telemetry systems, and
microwave instrumentation.

There are few, if any, experts that believe GaAs will replace silicon for the bulk of logic
functions although for analog functions like microwave power amps, GaAs has made
tremendous strides. However, there are a few special areas where silicon or other types of
ICs can not even come close in performance. For example, preprocessors, which require
very high operating speeds, would greatly benefit from using GaAs ICs.

Since GaAs has a higher electron mobility as compared to silicon, clock rates of up to
10 GHz are possible for monolithic GaAs devices and rates of up to 40 GHz can be
attained for discrete GaAs metal-semiconductor field-effect transistors (MESFETs). The
fastest rates possible for monolithic silicon devices is 1 GHz. Furthermore, GaAs is better
suited for integrated optics than is silicon. Optical devices such as laser diodes can be
integrated on the same chip with logic devices, making the integrated structures more
compatible with fiber-optic elements.[1][4]

Today, companies such a Hughes Aircraft, Lockheed, Rockwell, Texas Instruments,
Musashino Electrical Communication Labs, and Fujitsu are working on GaAs devices.
Items such as ALUs, ring-counters, multiplexers, multipliers, and RF amplifiers are
currently being fabricated from GaAs devices. Additionally, at the International Solid-State
Circuits Conference (Feb. 23-25), Fujitsu unveiled its 1-K static RAM built using GaAs
MESFETs (see Fig. 3).

Fujitsu’s designers used tungsten silicide for the gate contacts, gold-germanium for the
source-drain contacts, titanium-gold for the other first-level interconnections and titanium-
gold for the second-level interconnections. The RAM uses 2-µm design rules and occupies
an area of 3 by 2 mm. With over 7000 transistors, the RAM has an access time of just 4 ns
and dissipates slightly more than 50 mW.[9]

Although the newly emerging GaAs devices look like the key to future advances in
electronics, especially when logic-gate speeds in laboratory GaAs ICs have been under
100 ps, these devices still have some serious problems. The majore drawback to using
GaAs is its high material cost, which is 20 to 30 times more than for silicon. In addition,
since GaAs is basically unstable, it must be carefully qualified in-house since there are few
high-quality suppliers available.[1]

Logic Arrays

An area of IC technology that has experienced rapid growth in recent years and shows
much promise for future use in memory telemeters is the field of logic arrays (also known



as gate arrays or macrocell arrays). Logic arrays typically consist of groups of identical
transistors fabricated into small clusters known as cells. The user can then custom connect
the individual circuit elements in order to obtain a specific logic function with the final one
or two layers of metal interconnections. Since all wafers are designed with identical
diffusion steps, the unmetallized wafers of logic functions can be stockpiled unitl they are
required for a particular job.

User selection of the logic functions is very similar to choosing TTL or CMOS SSI or MSI
integrated circuits from an ordinary data book. In most instances, the logic functions
available are identical to their SSI/MSI counterparts. Another advantage to using logic
arrays is that single transistors on the array may be connected in order to meet specific
requirements. Hence, not only can gates, flip-flops, counters and other digital circuits be
formed, but analog circuits such as op amps, VCOs, A/D, D/A converters and many others
can be constructed.

Logic arrays should have a pronounced effect on memory telemeter design by greatly
reducing:  the IC package count, the turn-around times for custom IC designs, and finally
the costs associated with developing a custom chip. For instance, the use of memory
telemeters could be greatly enhanced by using logic arrays in order to decrease system size
and thereby allow memory TMs to be used in projectiles with very limited internal volume.
A 2000-gate logic array, for example, could easily replace 25 to 50 TTL or CMOS ICs,
depending upong the complexity.[10] In addition, logic arrays require lower power (which
means smaller capacity batteries can be used), operate at higher speeds, and offer a much
higher degree of reliability than their discrete IC counterparts.

An important requirement of any telemetry system, whether it be memory pack or RF, is
that it can be easily designed, fabricated, and quickly modified in order to obtain whatever
data is needed about a certain test item. When a projectile experiences a failure in the
field, telemetry data, in order to explain the failure and offer a cure, is quickly requested.
This means that the TM system must be flexible enough to handle unforeseen requirements
such as changes in the number of data channels, frequency response, and input signal
levels. If a full custom chip were required, the one to three year turn-around time would be
too prohibitive. By using logic arrays, however, turn-around time can be reduced to as
little as 10 to 12 weeks.

As far as costs are concerned, going the full custom route could cost anywhere from
$100K to $500K but with logic arrays the cost will run from $5K to $50K depending upon
the complexity.[11] Another interesting feature about using logic arrays is that due to the
advances being made in computer-aided design and engineering the average systems
engineer, with little or no training in semiconductor design, can implement logic functions
consisting of several thousand gates. In most instances, the user need only supply the logic



array vendor with a logic diagram and test data. Thus, the time, error, and cost of manual
procedures can be avoided.

Today, logic arrays are becoming increasingly dense as companies such as Sperry
Computer Sytems and Mitsubishi Ltd work toward producing a 10,000-gate array with
delay times of 3-5 ns. Other compnies offering logic arrays include:  AMD, Fairchild,
Harris Hitachi, Motorola, Raytheon, RCA, and many others. Furthermore, the high-speed
potential of GaAs is coming closer to practicality as Honeywell Inc and the University of
Minnesota team up to develop a 504-gate array with a 64-bit on-chip static RAM and gate
delays of only 100 ps.[12]

The Memory Telemeter

The memory TM built at ARDC is a micropower digital electronic device which acquires
and stores data in memory at a remote location until recovery and interrogation. It is
especially useful in artillery projectile instrumentation, where hardwired instrumentation
can not be considered. It is a self-contained, shock resistant, relatively light weight
package, usually a cylinder, which may be located in any part of the projectile. Required
shell modifications are minimal, thus the aerodynamic characteristics of the round are
virtually unaltered.

The distinct advantages of a memory pack as compared to an RF telemeter are as
follows:

1. Simplicity.

2. Transmitter and antenna are not required.

3. Reusability.

4. Simple logistics.

5. Smaller volume and weight.

6. Faster deliveries.

7. Lower cost.

The memory telemeter concept uses basic digital design, implemented mostly by standard
off-the-shelf electronic components. While a transmitter and antenna cost thousands of
dollars, the most expensive component in a memory package is the storage device,



$250.00 per megabit at current prices. The utilization of all nondelicate components and
rugged packaging allow the reuse of the TM many times thus, reducing unit cost to a
fraction of that of a conventional “one shot” telemeter.

Logistics throughout field tests are simple, the data is interrogated and recorded on
magnetic tape by means of a light-weight portable instrument. In comparison, the
monitoring of an RF telemeter requires one or more heavily instrumented vans, operated
by several technicians.

The composit result of the above features is a small and rugged, light-weight telemeter
which is capable of measuring and recording high frequency data for a reasonably low cost
and which requires minimal or no modification to the projectile.

Packaging

The projectile telemeter must not only be able to survive but it also has to function
(acquire, process, and store data) under the stress of high-shock environments. Packaging,
therefore, is of major concern. Consideration must be given to the following areas:

1. Expected environment (i.e.:  shock spectrum, orientation, magnitude, and duration
of the forces).

2. Overall component layout.

3. Optimum packing density.

4. Special protection requirement of individual components.

5. Space available within the projectile.

Packaging begins at component layout. Depending upon the type, shape, and weight of a
component and on the force distribution within the package, the location of various parts
must follow certain guidelines. For example, since electrolytes in batteries tend to migrate
when subjected to sustained acceleration, it is advisable to locate the cells as close to the
center of rotation as possible in order that radial acceleration is minimal. Also, batteries
and other high-density components should be positioned so as not to exert extraneous
forces on other fragile items. In addition, some capacitors change their value drastically if
they are not properly aligned with the setback force vector. Should this and the ensuing
instantaneous voltage change (spike) occur, any or all of the digital chips may change their
state thus rendering all data meaningless.



An area that deserves extra special consideration is the hardening of integrated circuits.
For example, ceramic ICs with loose wire bonds will experience partial or total failures as
a result of the wires breaking during the high-shock environment. In order to prevent this
from happening, it is necessary to make sure that the wires are supported. Research
presently being conducted at ARDC has enabled us to come up with two methods of hi-g
hardening ceramic ICs and hybrid packages.

The first method involves totally encapsulating the area around the die with a suitable
potting compound. An important point is to use a potting with a coefficient of linear
thermal expansion similar to that of the ceramic material used in the IC itself, otherwise,
wire breakage could result as the potting and chip expand and contract at different rates.

The other approach, that has seen much success in the hardening of hybrid circuits for
projectile environments, is to employ a parylene conformal coating. The principal benefits
to using parylene is that it impressively increases the pull strength of wire and lead bonds,
face bonded chips, and conductor bridges. In addition, it exhibits good thermal stability
properties, has high dielectric characteristics, and acts to immobilize loose solder and wire
particles left over from manufacture.

Another way that components with high natural frequencies can be protected is to
mechanically decouple them from the metal telemeter housing in order to attenuate the
excitation forces and thus prevent destructive oscillations from occurring. This can be done
in a variety of ways but the two most common procedures are to employ either shock
absorbing brackets to support and isolate components or to use pads of flexible epoxy to
cushion items.

As far as the telemeter housing is concerned, the general shape of the telemeter package is
usually cylindrical with a diameter limited to two inches (see Figure 4). Because of the
relatively small diameter, using the conventional printed circuit boards (rectangular or disc
shaped) is not practical since they must be stacked which results in numerous
interconnections and a large percentage of lost space. Hence, the flexible printed circuit
board technique gives the best results since it provides the highest density without the need
for any interconnections.

The “flex-board” is a plyable printed circuit board. ICs and other larger components are
layed out in columns so that plyability is enhanced in the direction of roll. A housing, with
a two inch outside diameter, may adopt a “flex-board” with a 700 degree roll or double
layer. In the center, there is still ample room to accommodate batteries or other bulky
components.



This concept has been used for many years and has proven realiable in the M454 program.
Figures 5, and 6 show a typical flexible PC board and housing. The housing serves as a
container for the telemeter elements and also as an interface between the test vehicle and
the TM. Usually, it is made of aluminum because of its light weight but it must also be
strong enough to resist deformation from the high-shock environments. Once the
components have been placed on the PC board, the board is bench tested, rolled, slipped
into the TM housing, and then the unit is totally encapsulated with potting. The potting
serves not only as a mechanical support but also as a low pass shock filter.

Air Gun TM

ARDC’s 155mm Ballistic Simulator gas gun is being utilized as a means of shock testing
items with light or moderate weight for a cost which is a small fraction of the price for
actual field test firings. At present, the gun is not instrumented and environmental
parameters are mostly determined analytically. The confidence in the test results, and the
meaningful use of the system in general would greatly improve if some major parameters
such as setback linear acceleration, deceleration, displacement and radial acceleration vs
time were established and measured. In addition, the measurement of some test item
functions is also desirable. With these thoughts in mind, the development of a digital
memory telemeter for the gas gun was initiated in early 1983.

The ultimate goal is a versatile, programmable telemeter which measures and computes all
in-flight parameters and, in addition, monitors a number of payload functions some of
which require high frequency response, such as strain pressure, vibration, etc. The unit will
have a large memory bank, several scan rates, and a signal conditioner, all of which are
programmable to the customer’s specifications. For instance, units of storage blocks may
be used individually as several slow data channels, they may be “stacked” to cover a few
moderately fast channels or finally, they can be configured as one super fast data channel.
Modular configuration will also be considered so that volume and weight may be
decreased if data requirements are light.

At present, the effort is concentrated on the measurement of the linear acceleration and
deceleration of the gas gun projectile (fixture).

The majority of the components, including the batteries, have been qualified in the high-
shock environment. The high-g characteristics of the flash A/D and the CMOS RAM were
unknown and had to be tested for performance under stress.

A basic A/D memory circuit was designed for the purpose of component testing. First, the
circuitry was potted in wax and fired for survivability. It successfully survived an
estimated setback of 12 kilo-g. Next the memory was loaded with data and fired in the rail



gun at 8 kilo-g. The test again proved to be a success as the stored data remained
unaltered.

During the next phase of testing, a simple sawtooth generator was designed and
incorporated into the package in order to check the converter and the RAM for functional
performance during the stress of high-shock environments. The signal generator was
turned on during setback at the level of 90 g and was disabled when the memory was
loaded. The duration of coverage was approximately 50 msec. Again, the test results
indicated complete success. At this point the use of a transducer became feasible.

A piezoelectric accelerometer/charge amplifier module was used. Designed for a different
project, the specifications of this transducer were not the best suited for this application
but it was considered reliable and very simple to use. A prototype memory TM was then
designed to measure the setback acceleration. It consisted of the accelerometer, flash A/D
converter, CMOS static RAM, clock, address generator, and logic control circuitry,
including power switching and a delayed arming circuit. The circuit board and housing are
shown in Figure 7.

The step by step operational sequence of this unit is as follows:

1. Address generator and memory are cleared.

2. Arming circuit is enabled (it inhibits “start scan” trigger mechanism for the
duration of preparation activities, thus preventing possible false, premature
activation).

3. At the end of the delay period, the circuit is armed and awaiting firing.

4. A low shock level (90 g) initiates processing: the accelerometer signal is
digitized and stored in the RAM at the present clock rate of 50 KHz. When the
memory is full, the clock is disabled, data is locked into the RAM, and power to
the analog circuitry is turned off. The telemeter is then ready for interrogation.

The prototype telemeter was fired at levels up to 13.8 kilo-g setback force. TM data for a
3.0 kilo-g firing is shown in Figure 8 (the scale is 5 msec x 400 g per division). The
acceleration curve agrees with theoretically computed values, and it definitely proves the
feasibility of the digital memory concept in projectile, hi-g telemetry.



Conclusion

Through the tremendous advances currently being made in the field of semiconductor
technology, the digital memory telemeter has become a viable approach to obtaining
in-flight data from numerous artillery projectiles. As was shown, the memory TM is
simpler, smaller, and much less expensive than its RF counterpart. At present, the memory
telemetry system being used at ARDC employs the 64-Kbit static RAM. This system has
been test fired many times at levels close to 14 kilo-g and has produced excellent quality
acceleration and deceleration data utilizing the 155mm Ballistic Simulator Test Facility.

The application of the memory telemeter concept should continue to proliferate as more
and more advanced VLSI digital ICs are introduced. The work currently being performed
under the VHSIC program should further increase the utility of the memory pack systems.

The new high-performance chips fabricated in CMOS/SOS and eventually GaAs will mean
system performance inconceivable a few short years ago. By employing these new ICs,
future memory telemeters will not only be able to just store transducer information but they
will also have the capability to process information in-flight. In addition, many channels of
high-speed data will be able to be processed and stored in very high-density memory chips
for interrogation at some later time. Also, systems will shrink dramatically in size through
the use of VLSI circuits and logic arrays which will further increase their popularity.
Furthermore, since these devices will dissipate only microwatts of power per gate, smaller
power supplies can be used. Lastly, memory TMs will become extremely reliable as built-
in test and fault-tolerance features are added to the individual chips themselves.

Thus, the memory telemeter should see widespread usage in the next few years. Today,
conventional bipolar and MOS devices will be employed in the systems until the next
generation of super chips become available.
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Table I.  LSI AND VLSI INTEGRATED CIRCUIT PERFORMANCE. (2)

Industry Capability

Integrated Circuit
1974
(LSI)

Early 1980s
(VLSI)

Random-access memory
Serial memory
(Random) logic
Digital correlator
Rf analog circuits (bipolar)
Secure code generator
Sensor mosaics (CCD)

Minicomputer CPU (bipolar)
Performance
   Clock rate (maximum) (MHz)
   Transistor bandwidth (Ghz)
   Speed-power product (pJ)
Complexity
   Chip Size (maximum) (mil)
   Device area (maximum) (mil2)
   Transistors per chip (maximum)

2,048 bits
30,000 bits (CCD)
500 gates
64 bits
-
32 bits
100-by-100
   elements
10 chips at 5 MHz

300
1
3-10

250
2-5
5,000

64,000 bits
5 X 106 bits (CCD)
10,000 gates
2,048 bits
S-band rf circuits
1,024 bits
1,000-by-1,000
   elements
1 chip at 50 MHz

2,000
6
0.1-1

500
0.1-0.3
200,000



Table II.  VHSIC PROGRAM STRUCTURE. (3)

Goals Budget

Phase 0
   March-November 1980

Develop detailed concepts and plans
Nine contractors

$10.5 million

Phase I
   May 1981-April 1984

Design, develop, and pilot-produce
  1 1/4-micrometer chips with a 5 x 10"
  gate-Hz/cm2 functional throughput rate
Develop subsystem brassboards
Develop submicrometer chip technology
Six contractors

$167.8 million

Phase II
   1984-86

Demonstrate Phase I brassboards in
  actual military applications
Develop and pilot-produce submicrometer
  chips with 1013 gate-Hz/cm2 functional
  throughput rate

$75 million

Phase III
   1980-86

Provide Innovative R&D in support of
 program goals with some 60 comtractors

$60 million



Table III.  VHSIC PHASE 1 CONTRACTORS AND PROGRAMS. (4)



Table IV.  SUMMARY OF IC PROPERTIES. (4)



Table V.  DEVICE PERFORMANCE PROJECTIONS (1985-1990) FOR 0.5- µm
MINIMUM FEATURE SIZE. (4)

Silicon
CMOS CMOS/SOS

Gallium
arsenide

Speed Projec-
   tions: Logic ICs
   (0.5 µm)
   CCDs (0.5 µm)
   Transistors
   (0.5 µm)
Electro-optics:
   FET-laser
   integration
High-temperature
   operation

100 ps
500 MHz

8 Ghz

No (indirect)

200EC

50 ps
No

16 Ghz

No (indirect)

200EC

15 ps
2 Ghz

50 Ghz

Yes (direct)

350EC

Figure 2.  CROSS SECTION OF A CMOS/SOS STRUCTURE. (4)



Table VI.  COMPARISON OF IC PROCESSES. (4)

Integrated-circuit
process

Power
consumption Speed

Family
availability

Radiation
hardness

Remarks

Bipolar TTL
ECL
NMOS

PMOS
CMOS
CMOS/SOS

Poor
Very poor
Poor

Good
Very good
Very good

Good
Very good
Good

Poor
Very poor
Good

Excellent
Poor
Excellent

Poor
Good
Good

Very good
Excellent
Poor

Fair
Good
Good

Most emphasis
on single-
chip microcom-
puters

Bulk-hardened
Hardened
process,
AFWAL/RCA
chip set

Figure 3.  CROSS SECTION OF A GaAs STRUCTURE FUJITSU IS USING TO
FABRICATE ITS 1-KBIT STATIC RAM. (9)



Figure 4.  TELEMETER HOUSING

Figure 5.  FLEXIBLE P.C. BOARD UNROLLED AND ROLLED.



Figure 6.  FLEXIBLE P.C. BOARD AND HOUSING.

Figure 7.  MEMORY TELEMETER CIRCUIT BOARD AND HOUSING.



Figure 8.  MEMORY TELEMETER ACCELERATION DATA.


