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FOREWORD

This report presents a description and final account of the VHSIC program during its
ten years of successfully developing advanced integrated circuit technologies and products for
military systems. The new technologies and the products that VHSIC has produced have
steadily found their way not only into defense systems but also into the commercial industrial
base. They provide the reservoir from which new system capabilities are emerging and a
foundation upon which continual further advances are being made.
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L Over the course of the past decade, the VHSIC program has been active in the
development of new materials, new circuit design concepts, advanced fabrication processes, new
manufacturing cquipment, higher levels of radiation hardening, new data interface standards
and specifications, and improved techniques for built-in-test and maintainability. The VHSIC
Hardware Description Language and other design automation tools have broken through
major integrated circuit complexity barriers and will decrease the cost and the development
time of modern electronic systems. The resulting achievements have helped to produee a new
level of systein design and tabrication --- one that approaches an integrated *concept-to-system®
capability. 27‘//
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The broad scope of technology that VHSIC activities included and the almost universal
application of 1C technology in military systems required an unusual structure and
management strategy for the program.  Although most of the technology work was in the
“research and development” category, the identified goals and near term objectives were to
insert the technology products into systems as soon as possible --- cither as updates to then-
current systems or as enhancements to systems in the design and development phase. In
addition, the applicability of almost all of the technical achicvements of the program to
commercial 1C production meant a continuing high interest on the part of the entire
semiconductor industry in the progress of the program. A corresponding responsibility was
required on the part of the VHSIC program managers to consult with the industry leaders and
be aware of their concerns. Finally, since the technology was (and is) broadly applicable to
the clectronic system requirements of all the military Services, an integrated Department of
Defense management was adopted which involved the participation of technical and contract
managers at the Scrvices” headquarters and technical specialists from many ot the Service
laboratorics.

The resulis of the VHSIC program will continue to be absorbed into industrial practice
and DolD procurement for many years as new 1C production capabilities are achicved and new
systems designs are placed into operation. Continuing developmients in ntegrated system
design techniques will allow a design, simulation, and re-design process that ensures optimuin
performance at low development costs. “Phe evolution of the Qualified Manufacturing 1ine
procedure witl make it possible to produce highly complex 1Cs as military qualified
without incurring excessive qualification costs,
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The legacy of the VHSIC program is a broad spectrum of technological advances, the
enhanced military capabilities, and the maintenance of U.S, leadership in an arca of technology
that is vital to our national well being.

In carrying out its activitics the VIISIC program involved a major portion of the U.S.
semiconductor industry and a considerable number of technical managers and specialists in the
Department of Defense. The success and achievements of the program would not have been
possible without their leadership initiatives and dedicated, enthusiastic efforts.

VA /AN

John M, MacCalium
Director, VHSIC Program Office
ODDDRE/R&AT
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CHAPTER 1

EXECUTIVE SUMMARY

In March 1980, the Department of Defense began the Very High Speed Integrated
Circuits (VHSIC) program to develop advanced silicon integrated circuits.  In September
1990, the VHSIC program ofticially came to an end in terms of starting new activitics. During
the intervening decade, with funding of approximately $918M, VHSIC organized the efforts
of hundreds of engineers, scientists, and managers, and scores of companies in a highly
technical and complex enterprise. For much of that time VHSIC was considered one of the
highest priority technology programs in the Dol) and of vital importance to sustaining the
military supcriority of the United States. This Final Report is an update to and summary of
the Annual Reports for 1986, 1987, and 1988 (References 2.27-2.29).  Together, these four
reports provide an overall documentation of the VIHSIC program.

This report presents the rationale and objectives of the program, the organization and
structure through which it directed its efforts, the results that were achieved from its many
activities, and independent assessments of the impact that it has had on integrated circuit
technology and its use in military systems. Such an assessment by one of the primary initiators
of the VHSIC Program is included at the end of this Exccutive Summary.

VHSIC is our highest priovity technology and we will continue to provide
strong mandagement e phasis in order to achieve the increased military capabilit y
expected from its resulis!

- Richard D. DeLauwer, Under Secretary of Dwefense  for Research and
Fngineering. Statement 1o the Y8th Congress, First Session, Marel 1983,

Background And Program Objectives ~ (Chapter 2)

Prior to 1980, the DoD had spent several years carefully assessing its needs and
deficiencies in integrated circuit technology.  The major deficiency perceived was that the
DoD deployment of military products incorporating state of the art microclectronic technology
wis running ten or more years behind the appearance of that technology in the commercial
market. Worse still, the delay was increasing with time. However, the need for ready access
to this technology had become increasingly vital to the U.S. defense posture as the weapon
svstems being deploved became more and more dependent on electronic subsystems for their
ctfectivencess, for their speed of response, and for their adaptability in rapidly changing battle
environments.




CHAPTER 1/ EXECULTIVE SUMMARY

The goal of the VIISIC program was to correct that deficicncy by giving system
developers and acquisition managers a military qualified microclectronics technology that was
on par with or better than the technology available commercially.

Program Structure - (Chapter 2)

VHSIC presented the DoD with an unusual program concept to define and manage.
The technology of integrated circuits was (and is) broadly applicable to a wide and rapidly
growing variety of uses which were dominated by commercial activity.  The application of
integrated circuits in military equipment was also pervasive throughout the Services, on all
platforms, and in most weapon systems,  The program would therefore have to face the
problems of developing new gencerations of complex integrated circuits in cooperation with
the leaders of the semiconductor industry and then finding effective ways to make them readily
available to the military systems community. ‘The core of VHSIC was the development of a
new level of "high tech” clectronics design and manufacturing which, it was realized even then,
would have strong implications for changes in other indispensable system acquisition activities
such as military qualification procedures.  The management aad structure of the VHSIC
program therefore had to integrate all of these elements into a compatible sct of
comprehensive and interactive activities.

To define and organize the tasks that would have to be carried out, a VHSIC Program
Office (VPO) was established 1in the Office of the Under Sceretary of Defense for Research
and Enginecring (later to become OQUSD for Acquisition) for overall management and
dircction of the program. The Army, Navy, and Air Force cach sct up corresponding offices
to award and administer the contracts. They also provided the detailed, day-to-day technical
management of the program, the technical teams required for program reviews, and the in-
house skills and facilitics for testing the VHSIC products.

Under the coordination of the VHSIC Program Office, a high degree of tri-Scrvice
cooperation and task sharing was achicved. The formulation of programs and the evaluation
of proposals were carried out jointly. Representatives from all the Services and other DoD
components attended the program reviews and provided technical evaluations to the program
managers. This cooperative environment permitted the administrative tasks of letting and
monitoring contracts to be distributed among the Scrvices while the technical tasks were
handled by the Dol> VHSIC community as an organic whole, cach Service coniributing the
expertise of its internal technical staffs and sharing the information gained as the contractors
made progress.

The program was divided into the following distinct activities.

Phase 0: a onc year concept definition cffort to prepare a detailed development plan
to accomplish the technical objectives set out by the VHSIC program office. Emphasis

N
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CHAPTER 1/ EXECUTIVIE: SUMMARY

was put on 1.25 micron minimum feature size and 25 megahertz clock speed. Nine
companies participated in I oa ¢ 0, starting in March 1980.

Phase 1: a primary ctffort, based on the approaches defined in Phase 0, to develop and
produce silicon chips with 1.25 micron minimum feature sizes and 25 MHz clock speed,
and to demonstrate them in subsystem brassboards. Phase 1 contracts were awarded
to Honeywell, Hughes, IBM, Texas Instruments, TRW, and Westinghousc in May 1981.

This phase was later expanded to include a yield enhancement program to increase the
yield or producibility of the VIHSIC chips.

Manufacturing Technology:  the development of better manufacturing tools and
techniques that were needed to make the VHSIC chips producible and affordable,
These projects were defined and funded jointly with the manufacturing technology
programs in the Services.

Design Automation: the development of the design tools, standards, software, and
hardware needed to make the design of large, complex VHSIC chips more cffective
and affordable.

Technology Insertion: the demonstration of VHSIC Phase 1 chips and technology by
inserting them into a broad variety of military systems, both existing systems and others
still in development. In cooperation with the system program offices, VHSIC co-funded
both feasibility studies and demonstrations of hardware in operating systems,

Phase 2: a primary cffort to develop and produce (on a pilot line basis) silicon chips
with 0.5 micron minimum feature size and 100 megahertz clock speed. This phasc
was started after it became clear that development of the 1.25 micron technology and
its transition into manufacturable products could, in fact, be accomplished. The
contractors selected to undertake the snbmicron development tasks were Toneywell,
IBM, and TRW. Contracts were awarded and work began in November 1984.

Phase 3: a broadly bascd collection of scparately funded contracts conducted
concurrently with Phases 1 and 2. These supporting technologies were found necessary
to mect the pregram objectives. Specific efforts were undertaken to deal with techno-
logy apnlications, materials requirements, lithography and fabrication tools, design
software development, packaging, chip qualification, and radiation hardness.

A Mroadmap” of these program activities and the overall program funding profile from
1950 to 1990 are shown in Figures 1.1 and 1.2,




JISHA

deumpecy weidord HISHA

1T 2an3tj

DHINIGEYHNO! L YOI TVND/S 17143 L VI AHYHOOH LI
Hd Al
% 3SVHd 3191 € 3S¥Hd A12Y3
SNOILVHISNOWID | LINSWHSIIAYLSI | INIWeCIIAIA NOILINI43G
SNOILYH1SNOWIT .
ADOTONHD3L l>loou.ohxwmh (| 3NTI0Nd | ADOTIONHOAL | z«ﬁwmmm
ADOTONHOIL NOHOINGNS
NOI LYY LSNCH 3A N NOILYNO LNY NOIS3Aa zo_dwm__ﬂ_\wmo
ASOICNHOTL !
ONIBNLOVINNYH |
IIIIIIIIIIIIII — NOVLYOINBY3 | jnIwHsIay 13 (LNINDO13A30 =
o NOILINIATQ
LNIHIONYHNG TTINA advogssvys | SNITLOT L _>OOI_OZIOm._. HWYHOOHd
3NO 3SVHe L s e T e
r . [ 3SVHd :
1
SIHD MAINNENSIA WILSAS DINDIS s3an 1S
llllllllllllllllllllllllllllll NOILHISN-IHd
NOILHISNI ADOTONHD3L | 3SVHA
1
06 A 68 Ad 88 Ad I8 Ad 98 Ad G8 Ad t8 Ad €8 Ad Z8Ad | 18Ad 08 Ad

dVIN dvOod NVHO04dd JISHA




Miliions {Then year dollars)

$250 -

,Otﬁér

$20G -

Phase 3

$150

-
i

omatio

4
L

Design Au

Phase 2

O
(@]
—
&

trial Base

-
~

indu

5
Z?ﬂ,

g

¥

.

;ﬂ
77
)

Managen.ant/

74

%%

Support

$0 -

81 82 83 84 85 86 87 88 89 90
Fiscal Year

80

VHSIC Funding Profile

Figure 1.2




CHAPTER 1/ EXECUTIVE SUMMARY

Sccurity

The Honse and Scnate Conterence Repori for the 1980 Defense budget, which
authonized the initiad tunding for the VHSIC program, mcluded the fotlowing statement:

The expery of the techaology developed inthis (VHSIC) program would be
controtfed where applicable by the TTAR wnal the siac-of-the-art for such
technology progresses 1o the poing where national security permits its trass fer
to other controls for export”.

This statement represented @ departure trom the exinting administrative controls on
microclectronies. Only those devices speartieally  designed for military application had
previously been coarelled by the TTARD AL dual-use or general purpose devices, even those
vuih to military spectications, were controlled under the Export Admimisttation Regulations
(EAR) of the Department of Ceinmierce,

As the Dercose VHSIC Program otticialiv came 1o un end, ihe VPO no longer
considered 1t necessiay or appropriate to simele o ¢ "VHSTCT devices for special control. The
terms of the Congressional mandate for reicase from 'TAR control were met by the diffusion
of the technology throughout the industry and the subsequent availability of comparable
technology it Eugope and the weatern Paafic.

The VPQ also supported authoiizing the ase of deviess developed under this program
m commetcia! apphications. Such devices would be properly identified as "dual-use” and would
then be subject to the same EAR control as other commercial integrated circuit devices.,

Program Results

The results of the decade of worll conducred by the VHSIC program are summarized
i the remainder of this Pxecative Summany. A chronelogy of some of the more significant
cvents that occurred duning the course of the program are listed in Table 1.1 at the end of this
chapter. More details are deseribed in Chapters 2 through 7 of this report. The most
complete technical accounts and the tullest documentation of results will be found in the
references that are listed 1o Appendic AL Tncluded at appropriate places throughout this
report are individual assessments of the VHSIC program which have been contributed by
people who have been mostly outside of the VHSIC program offices but who have participated
in VHSIC activitics 1o various positions. Fach contribution provides an evaluation, from the
authot’s pessonal perspective, of the inpact that VHSIC has had cither on a company position
with respeat to 1C technology. on DoD applications of 1C technology, or on particular areas
of 1€ technology,




Table 1.2 VHSIC Chips Demonstrated in Phase 1 and Phase 2

Chip Name Equivaient Togic Gites Size 1O
(x1000) (Mils) Pins

Pluse 1 Chips

Honeywell: Pipeline Par Prog 28 311x309 180
Sequencer 27 300x300 180
Arithimetic Unit 18 300x300 180

Hughes: Multiple Channe! Correlator 18 3068x315 148

Single Channel Correlator 20 397x367 148
Signal T'racking Subystem 14 360x360 148
IBM: Complex MultiplierZAdder 37 320x320 240
1.1.: Data Processing Unit 1G 350330 b
Vector Arithm Logic Unit 17 353x365 164
Vector Address Generator 12 301x312 84
Array Controller/Segencer 10 30ix312 84
Deviee Interface Lot 16 3IS0x350 54
Multipath Switch 4 250x265 84
General Butter Unit 10 341312 84
Static RAM 240x264 32
ARW: Window Addressable Memory 11 J10x290 132
Content Addressabie Memory 12 314x272 132
Register Arithm Logic Unit fr “37x330 132
Multiply/Accumulate 8 320x298 132
Address Generator 10 336x285 132
Microcontroller O 346x306 132
Matrix Switch 2 200x200 132
Four Port Mcmory 13 200x313 132
Westinghouse: Static RAM 30 190x310 2
Pipcline Arithmcetic Unit a3 340x350 224
Extended Arithmetic Unit 20 210x350 224
Extended Arithmetic Unit Mult 23 340x350 224
Gieneral Purpose Controller 20 340x350 224

10K Gate Array 10 280x304 224

Phise 2 Chips

Honevwell: Array Processor Unit 32 370x370 270
Array Processor Controtler * 27 370x370 270

Bus Interface Unit 7 19 280%280 180

H3M: Systolic Processor 33 215x218 180
Coufigurable Static RAM 9 215x215 180
Address Generator 24 215x215 180
Bus Interface Unit 15 215x215 180)
Signal Processing Flement 10 151x151 180)
TRW: CPUAX superctap 7 J100/1700 1300x 1600 275

* Personalization or a JUK contigurable gate array
T Personalization of a 35K configurable gate array
Total transistors on chip/number needed o operate fully

sk o
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The direct activities of VHSIC were concentrated in four broad arecas --- design and
design automation, fabrication and manufacturing technology for VHSIC chips, insertion of
VHSIC products into systems, and the transfer of the technology into the broader industrial
community involved in military system development.

Design and_Design Automation: {Chapter 3, Sections 3.1 and 3.2)

Twenty-nine chips for Phase 1 and nine chips for Phase 2 were designed, produced, and
demonstrated during the VHSIC program. They constituted very complete and powerful chip
sets which were capable of performing the wide variety of signal processing functions needed

by military weapon systems and were used experimentally to explore specific system
applications. These chips are listed in Table 1.2.

In order to design chips of such functional complexity and large physical size, the
VHSIC program needed advanced design automation tools. Design standards were also
neecded to make sure that the resulting chips would operate successfully in real system
cnvironments. The VHSIC efforts in this very dynamic and rapidly growing field of technology
have had a strong influence on many of the directions taken in design tool development. The
most visible influence has been the development of the VHSIC Hardware Description
Language (VHDL) which was adopted as a international commercial standard by the IEEE
in December 1988,

The VHDL provides a powerful computer language by which both the hardware
structure and the clectrical behavior of any IC can be described. The VHDL description can
be used in the design process to simulate the performance of the chip and make sure that it
will operate as desired. It can also be used to generate the computer programs for testing the
chip after manufacture, to transfer the design data from one company to another for second
source production, and to provide archival documentation of the chip design in case it needs
to be remanufactured in the future. As a result of its uscefulness in the acquisition and
maintenance of electronic systems, VHDL has been adopted as a DoD requirement for
microcircuit documentation.

"ASIC documentation in VH DL, Digival Application-S pecific Integrated Circuits
(ASICs) designed afier 30 September 1988 shall be documented by means of
structural and behavioral VHSIC Hardware Description Language (VHDL)
descriptions in accordance with TEEE 1076, Behavioral VH DL descriprions shall
describe the inputlout put behavior at a sufficiently detailed level to permit the
beliaviordl description io be wsed within a larger VDL model  for test
generation and fault grading of the containing model.

9




CHAPIER 1/ EXECUTIVE SUMMARY

Fault coverage. Fault coverage shall be reported for the manufacturing-level logic
tests for all digital microcircuits designed after 30 September 1988, Fault
coverage shall be based on the equivalence classes of single, permanent, stuck-ai-
zero and stuck-at-one fadts on all lines of a T1SSS-compatible structural VHDL
model, where the structural model is expressed in terms of gate-level primitives
or simple atomic functions (such as flip-flops)"

DOD MIL-STD-454L, Requirement 64 (Microclectronic Devices)
September 20, 1988

VHSIC also emphasized the need for system level design tools.  The increasing
functional complexity of VHSIC chips was bringing the concept of an “electronic system on
a chip” much closer to realization and so the design of individual chips was no longer isolated
from the design of the overall system. ‘T'he Architectural Design and Assessment System
which was developed under a Phase 3 contract has found widespread use in the design of
optimal system architcectures. The development efforts begun by VHSIC have been continued
In many cases under separate Service sponsorship.

VHSIC required that testing capabilitics be built into the chips so that they could
provide self-generated data on their readiness to operate. This requirement resulted in the
development of very sophisticated built-in test design methodologies that are now in use.

Four standards were developed to provide for the interoperability of VHSIC chips with
cach other and with the other system components. The standards include an electrical
specification for direct interfacing of all VHSIC chips, a parallel interface bus for message
and data communication on a system backplane, a serial test and maintenance bus for sending
and receiving test data signals on the system backplane, and a serial element test and
maintenance bus for test data communication with individual chips on the same circuit board.
These standards are part of a group of data bus and interface standards that were developed
and transferred to the larger industrial (and international) clectronic community for use in the
controlled exchange of data.

Fabrication and Manufacturing Technology: (Chapter 3, Section 3.3)

‘The VHSIC contractors developed technologics for fabricating the complex, large arca,
signal processing chips first with 1.25 micron and then with 0.5 micron feature sizes. They
accomplished this on time schedules which, 1n both cases, produced manutacturing prototype
chips ahead of the time schedules for the production of equivalent commercial chips. Twenty

10




CHAPTER 1/ EXECUTIVE SUMMARY

nine dificrent 1.25 micron chips and nine 0.5 micron chips were designed, fabricated, and
demonstrated. Many new and difficult fabrication problems had to be solved, especially in the
areas of silicon substrate material, finc-iine lithography, multi-layer metalization, and
packaging.

"...most experts agree that withowr VHSIC, semiconductor development inthe U.S.
wouldn't have progressed so quickly toward submicron geometries, even in the
commercial world "

"Among the technical breakthroughs spawned by VHSIC is the use of multiple
layers of metal in advanced semiconductors, now a routine design feature in
high-density 1Cs."

"Whar Did We Get From VHSIC", Electronics, June 1989, p. 97

The first VHSIC chip with 1.25 micron tcchnology was produced in February 1983.
Since that time, the technology has evolved into a full production capability at a large number

of industrial manufacturing lines. A representative list of such companies with their VHSIC
manufacturing capabilities is included in Chapter 7.

The culmination of the manufacturing technology developed in the VHSIC program
was the successful fabrication and operation by the Phase 2 contractors of highly complex,
capable, 100 megahertz, 0.5 micton chips. IBM demonstrated a set of four signal processing
chips in an acoustic beamformer brassboard in December 1988, TRW demonstrated an
operating VHSIC "superchip” in December 1989, and Honeywell is scheduled to demonstrate
a set of three customized gate array chips in a cruisc missile guidance application in
September 1990. The TRW “superchip”, for example, measures 1.5 inch by 1.6 inch and
contains over 4 million transistors. More than one half of the transistors are used as
redundant elements that are automatically switched into operation, if needed, to ensure that
the chip is functioning properly before it leaves the manufacturing line. This design
characteristic also guarantces that the chip will have an extraordinarily extended lifetime in
satellite applications or other unattended opcrations.

After an intensive ctfort on manufacturing yicld enhancement, the various Phase 1
chip types were produced on pilot production lines at yiclds that ranged from under 10%,
which is marginal for production, to over 70% which is high enough to enter confidently into
full scale pioduction,

11




CHAPTER 1/ EXECUTIVE SUMMARY

One of the major requirements of VHSIC was that the chips be operable in severe
radiation environments. In coordination with the Defense Muclear Agency, the VHSIC
program developed fabrication technologies which could, by the end of Phase 2, produce chips

that were fully capable of meeting military radiation hard specifications at very little, if any,
extra cost.

System Insertion: (Chapter 5)

A very substantial portion of the VHSIC management efforts and funding went into
approximately twenty-seven system demonstration projects in which VHSIC chips and boards
were integrated into system hardware so that the benefits and advantages could be realistically
evaluated in a variety of applications. An even larger number of system insertion demonstra-
tions were undertaken independently by system program offices, using the design and
manufacturing capabilitics developed by VHSIC program contractors. The technology
insertion demonstrations, many of which continued beyond the formal close of the VHSIC
program, have shown that VHSIC is highly effective in benefiting the performance, weight,
space, power, and reliability of systems. Some platform systems in development, such as the
LHX helicopter and the ATF fighter, are using electronic subsystems which wouid be
impossible to design and build within the constraints of weight and space imposed by the
platforms without the technology made available by the VHSIC program.

"When the helicopter-borne version of the AT&T-built AN/USY-2 enhanced
modular signal processor enters fleet service in 1995, it will give anti-submarine
Jorces 18 times the power of existing units at hal f the weight”

De fense Science, April 1990, p. 50

Two examples of the successful early insertion of VHSIC technology into systems that
have passed the full scale development stage and are scheduled for production are the
AN/APG-68 airborne radar signal processor by Westinghouse for the F-16 aircraft (scheduled
for 1991 production) and the AN/AYK-14(V) airborne computer by Control Data Corporation
(scheduled for 1990 production). These are described in Scctions 5.3.4 and 5.2.2 respectively.
In particular, the AN/AYK(V) insertion praved that the benefits expected of VHSIC could in
fact be achieved in real systems, as the following table shows.

12




CHAPTER 1/ EXECUTIVE SUMMARY

Previous Version VHSIC Version
Number of chips 13 5
Complexity per chip 4000 gates 35,000 gates
Chips fabricated 51 5
Cost per chip $50,000 $130,000
Total chip cost $2,550,000 $650,000
PCB Iterations 4 1
Check out time 15 months 4 months

Design to brasshoard 42 months 30 months

Another important aspect of the technology insertion cffort involved the use of VHSIC
design and fabrication technology to alleviate the "obsolete parts” problem. Many of the
integrated circuit chips used in military equipments go out of production as time progresses.
This creates a difficult and expensive maintenance or resupply problem. The Air Logistics
Command Center at Sacramento used the VHSIC technology to design circuit boards that
were "form, fit, and function” replacements for equipment in the F-111 aircraft. The result
was much less expensive than procurement of exact replacement parts, an improvement in
reliability, and a much faster design cycle. Although the VHSIC program was neither designed
nor expected to solve the broader aspects of system acquisition problems, it developed a
technology that was available not only for designing and building new, advanced systems but
also was very useful in solving some otherwise intractable problems of resupply and retrofit
for older electronic subsystems.

Technology Transfer: (Chapters 6 and 7)

VHSIC has carried out the task of transferring the technology developed in the contract
programs to the people and organizations that could use it most effectively, in three direct
ways.

First, the contract programs were conducted on a highly interactive, tri-Service basis,
led by a Steering Committee composed of the DoD Program Director and the three Service
Program Directors. The Steering Committee set policy, initiated programs, and evaluated
progress, Formal, semi-annual (sometimes quarterly) technical reviews of each Phase 1 and
Phase 2 contract were attended by technical evaluators from each of the Services. Technical
committees in such areas as lithography, packaging, CAD, and qualification were formed, with
representatives from each of the Services. These committees interacted closely with the
contractors, helped to solve technical and programmatic difficulties, served as advisors to the
Program Offices, and provided liaison with system program managers. The result of this
management structure was a high level of communication, coordination, and cooperation
within VHSIC and between VHSIC and potential system users.
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Second, in order to increase the flow of information to potential users, the Program
Office set up a series of VHSIC Application Workshops to describe the products being
developed and the ways in which they could be applied in systems. Workshops for specialists
in technical areas such as CAD, packaging, and qualification were organized and held at which
information was exchanged, problems defined, and various approaches charted. More than
forty such workshops were conducted in all sections of the U.S.

Third, a number of major conferences were organized, the most prominent of which
were Annual VHSIC Conferences, held from 1982 to 1989. At these, the status of the total
program was presented to a wide spectrum of technical and management attendees from
Government and industry. Two VHSIC Tech Fairs were held at which the wares of most of
the VHSIC contractors were displayed and demonstrated. Technical VHSIC sessions were
organized at the Government Microclectronic Conference (GOMAC) for the years 1978
through 1989.

An important indirect mode of technology transfer activity also took place. The very
existence of the VHSIC program and the visible results of its contract efforts spurred other
companies to initiate independent IC technology development programs with the intention of
remaining current and competitive, Several companies (including Raytheon in Phase 1 and
Harris in Phase 2) cven entered into no-cost contracts with the Government in order mutually
to share information during their development activitics. By the end of the VHSIC program
the list of companies that had gained a VHSIC capability included most of the major 1C
fabrication and/or design houses in the United States.

There were other indirect processes, such as the wide distribution of technicai reports
and the development of DoD requirements documents, by which VHSIC technology diffused
into the electronics industry and into the procedures for the procurement of military
equipment.

The Impact of VHSIC

VHSIC pursued certain specific goals in carrying out its program. ICs with fixed
specifications and clectronic brassboards configured for particular weapon systems were
required to be demonstrated. On the other hand, because of the broad utility of IC
technology, the impact of VHSIC activities and results could be equally broad and, therefore,
difficult to measure. In order to assess the impact correctly one must, therefore, have a clear
understanding of what VHSIC was expected to produce.

The fabrication goals of 1.25 and 0.5 micron feature sizes and the FTR goals of 5x10'!
and 1x101 gz,;lt(:-l'l'//('.ln2 were expected to he within the boundaries of the then-current
development programs of the leading semiconductor companies.  In fact, those were the
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conditions under which the development contracts were let. The expectation was that these
goals would accelerate the emergence of technology that was already under active commercial
development and hasten its application to military designs. In many cases these VHSIC goals
required the contractors to operate at the leading edge of their development efforts, For
example, increased chip functionality required larger chip sizes which in turn required advances
in optical lithography, multilevel chip interconnects, and packaging technology. The reduction
in feature size to 0.5 micron in particular put a heavy emphasis on the development of high
resolution lithography using both electron beams and light optics.

Therefore, the specific chips that were developed during Phases 1 and 2 and used in
application brasshoards were primarily intended to demonstrate that a comprehensive mastery
of the technology which met the stringent VHSIC requirements could indeed be achieved. It
was also hoped that derivatives of these chips would find wide spread system application and,
therefore, be required in increasingly large numbers. They would also be quickly absorbed
into the DoD acquisition process. This indeed did happen in some cases. In other cases the
technology has evolved and diffused more indirectly so that the impact of VHSIC must be
looked for beyond the bounds of the VHSIC hardware itself.

Chapters 2, 3, 5, and 7 of this report include articles on VHSIC that have been
contributed by people who were participants in the program or who have closely followed the
program activity in a particular field of technology. The papers they have written are their
personal views of the impact VISIC has had and include some descriptions of company-
specific case histories by managers involved in VHSIC contracts. The contributed papers also
emphasize that many of the applications of VHSIC, especially in the design automation area,
are ongoing and even accelerating. Therefore the impact of VHSIC in some areas will increase
in tiie.

This Executive Summary concludes with one such assessment by the initial architect of
the VHSIC program in his role as a former Director for Electronic and Physical Sciences in
the Office of the Under Secretary of Defense for Research and Engineering.

The Impact of VHSIC

Leonard R. Weisberg
Vice President, Corporate Research and Engineering
Honeywell, Inc.

The VHSIC program has had a profound impact on Honeywell’s and other
companies’ technology and business strategies, and thus on the United States
defense capabilities. Besides greatly accelerating the use of new technology ICs in
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our military systems, VHSIC provided additional significant advantages including
the VHDL language, high—speed multi—chip packaging, and interoperability
standards. Furthermore, the VHSIC program established, at Honeywell, a source
of highly advanced radiation hard ICs for critical space and strategic applications.

Impact on DoD Systems

In order to maintain the U.S. technology lead, the use of new technology ICs
in military systems had to be accelerated. Highly advanced ICs had to be available
for military use at the same time they became available for the commercial market,
or even earlier. Even though the miiitary portion of the IC market had shrunk to
7%, industry’s attention had to be refocused onto military needs.

To accomplish this, a very different kind of program was needed. VHSIC
was established with strong DoD policy support and unprecedented funding levels
for a broad technology rcsearch and development program. VHSIC focused
attention not only on advancing the IC technology, but also on special military
system requirements including ultra—high speed processors for which the
commercial demand is limited.

The VHSIC program galvanized the semiconductor IC industry into action.
Several of the largest IC manufacturers became contractors or subcontractors in the
VHSIC program including IBM, Motorola, Ti, and National; it is noteworthy that
the last three are presently among the top five producers of military ICs. Similarly,
VHSIC became the focal point of attention among the top military contractors for
electronic systems and subsystems, with Westinghouse, Hughes, TRW, and
Honeywell as main contractors in VHSIC.

The VHSIC technology goals were symbolized by the numbers 1.25 micron
("near—micron") and 0.5 micron ("submicron"). These numbers set new,
demanding goals for the production of military ICs at beothk merchant IC
manufacturers and system developers. Achieving submicron dimensions was no
longer a distant goal, oriented mostly to commercial memory requirements.
Instead, it became a real target whose achievement would ensure a leading business
position for those companies that reached it.

As a result, the VHSIC contractors built up their IC capabilities with
investments estimated at double (or more) the VHSIC funding. For example,
Honeywell invested about $300 million, nearly triple its total VHSIC contract
funding. Even companies that did not have VHSIC contracts feit that they had to
remain competitive and therefore also significantly increased the investment in their
military IC capabilities.

It is our estimate that near—micron and submicron military ICs have become
available to the designers of military systems three to five years earlier than would
have happened without the VHSIC program. Military systems and equipment are
now in development with these advanced ICs, or their direct derivatives, which give
unprecedented performance, size, weight, power and reliability that could not have
been achieved without VHSIC.

There are now over 40 programs in which VHSIC has been or is being
designed into future products. In Honeywell alone, these include the Enhanced
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Modular Signal Processor (the new Navy standard processor), the MK-—50
Advanced Lightweight Torpedo, the Advanced Spaceborne Computer Module, the
Multipurpose Space Computer, and upgrades to Milstar.

Imgact on Technology

Besides meeting the main VHSIC goal of accelerating military IC capabilities
by three to five years, other important capabilities emerged {iom the VHSIC
program of significant importance to industry.

VHSIC Hardware Description Language (VHDL)

The development of VHDL is particularly notable. The VHDL portion of the
VHSIC prograrn was a far—sighted endeavor with an cutstanding payoff. 1t is now
possible to start an IC design at a functional system—level description, proceed
into more and more detailed design levels and end up with a fully documented and
well validated circuit layout ready for fabrication. This is all done under the
control of a computer aided design (CAD) system. It significantly reduces the
time and cost of the design by virtually eliminating the need for major redesign.

VHDL. has been established by the IEEE and accepted by industry as a
standard language for the description of ICs. It will reduce the cost of IC
procurement by providing better documentation of design specifications. It will
make second sourcing much easier, allow designers to mix and match ICs from
different vendors in their designs, and alleviate the perennial problem of
replacement of obsolete IC parts.

Multi—Chip Packaging

It has long been recognized that shrinking the feature sizes on the IC chip
is not a complete solution to the need for increased electronic functionality. The
IC chips themselves need to be more densely packaged in order to increase the
speed of interchip data exchange and achieve further reductions in size and weight.
The development of thin film multi—layer (TFML) multi—chip 1C packaging under
the VHSIC program was again a far—sighted development.

Interoperability Standards

The VHSIC program has helped in the establishment of standards for
interfaces between chips on a board and between boards, and for test and
maintenance buses. As these standards become broadly established and used in
new designs, the circuits developed by different contractors will be able to ocperate
together compatibly and built—in or self test becomes more practical and cost
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effective. The VHSIC standards form the basic foundation of the common module
developments which have become increasingly important in the design of military
avionics systems.

Impact on Honeyweli

The impact of VHSIC on Honeywell is probably similar to those of the other
VHSIC contractors and can be viewed as a typical case history.

By 1980, Honeywell had established a major IC capability oriented mostly
to internal needs. This was not unusual for companies with a major computer
business. Special ICs were required and, before the advent of silicon foundry
companies, total dependence on independent vendors for the development and
delivery of the needed ICs was considered to be too risky. Some very specialized
products were also needed and these could most easily be held as proprietary
products with an internal facility. However, maintenance of such internal facilities
were (and are) expensive and becoming more so as the IC technology rapidly
changed.

When the VHSIC program was first announced, it was recognized that
participation in the program would require a major change in the company's
business strategy for ICs. Winning a VHSIC contract would mean operating under
DoD specifications and restrictions and losing some proprietary advantage. On the
other hand, it would accelerate the technology advances already under way in the
company and would potentially provide a stronger and more responsive capability
for its military business.

To respond to the VHSIC challenge, Honeywell formed a new preogram
organizatio., and a new plan for technology development was put in place. For
example, a program on CAD (computer aided design) underway in one of the
computer divisions was accelerated by nearly two years to meet the VHSIC
program needs. Major corporate investments were made for both new equipment
and facilities. People at all levels worked long and hard on ithe VHSIC program
to make it a success.

One particular result was that Honeywell combined its new VHSIC
technology with ongoing efforts on radiation haid ICs. This provided a ncw
generation of radiation hard memories, gate arrays, and processors with
outstanding performance, size, power, and reliability for space and strategic
applications.

This, VHSIC created in Honeywell both a major new technology capability

and a major new source of supply for military ICs. Without the VHSIC program,
this capability would not exist.

Conclusions

The VHSIC program has had profound effects on military ICs, changing the
industry and advancing the technology and product availability by several years.
The full impact of the VHSIC program may not be seen for a few more years
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during which the many systems now in development are deployed. The VHSIC
program has had a positive and decisive role in making these systems possible.
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Table 1.1 - Major Events, Milestones, and Highlights

DoD letter of instru_tion to the three Services culminating the period of
program concept discussions in DoDD  (July 19)

Program "kick-off" meeting in Do), chaired by Mr. L. R. Weisberg: formation
of Overview Committee and technical working committees for lithography,
fabrication, and DAST (Design, Automation, Software, Test) (August 9)
Extensive organi-ational, policy, and technical meetings within the Government
and with indus’ry to define the program in detail (August 1978 - April 1979)

Mr. L. W. Sumney appointed first VHSIC Program Director

New line items for $12M per Service established in FY80 budget (January)
Formulation of procurement procedures (February - March)

Commerce Business Daily Announcement #117, describing the VHSIC program
(April 15)

REP for Phasc 0 - Program Definition issued (June 22)

REP for Phase 3 issued (November)

Phase 0 awards (9 contracts, $10.5M): (March)
Hughes, Rockwell, GE (Army)
TRW, IBM, Westinghouse (Navy)
T.1., Honeywell, Raythcon (Air Force)
Phase 3 contract awards (April - October)
Phasc 1 RFP issued (September 10)
Phase 0 completed (December)

Phasc 1 contracts {$167M) started (May 1)
Hughes, T.I. (Army)
IBM, TRW (Navy)
Honeywell, Westinghouse (Air Force)
First Annual VHSIC Review and program kick-off mecting (June)

Mr. E. DD. Maynard, Jr. appointcd VHSIC Program Dircctor
Technology Insertion studies begun

Fifteen weapon systems selected for Technology Insertion

First fully functional VHSIC chip - TRW Matrix Switch (Febru: -y)

Nine contracts awarded for Submicron Program Definition

Yicld Enhancement program defined

Manufacturing Technology program defined

VHSIC Hardware Description Language (VHDL) development began with one
year program definition phase (July)
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Yield Enhancement modifications to Phase 1 contiacts executed
Acoustic signal processor using VHSIC chip demonstrated by 1IBM (May)
Integrated Design Autoination System procurement started
VHDL information released from 1TAR control (January)
Phase 2 contract awards (November) to :
IBM (Army)
TRW (Navy)
Honeywell (Air Force)
Additional Technology Insertion candidates selected

Yield Enhancement and ‘lanufacturing Technology programs started
Information on Bus Interface Unit released from ITAR control (August)
Electrooptic  Signal Processor  brassboard demonstrated by  Honeywell
(September)

VHDL Support Environment information released from ITAR  control
(October)

VHSIC TISSS information  “~ased from ITAR control (Junc)

First system demonstration vt VHSIC technology: AMN/ALQ-131 electronic
warfare pod with TRW Phase 1 chips flight tested at Eglin AFB (July)
MIL-STD-1750A computer Frasshoard using VHSIC chips demonstrated by
Texas Instruments (July)

Navy flight demonstration of IBM VIISIC Signal Conditioner for the AN/JYS-
Lir a P-3 amrcraft. (September)

AEBLE-150 clectron beam lithography ma hine delivered to Motorola for use
in the Phase 2 (October)

Demorstration of VHSIC chip set in the Enhanced Position Location and
Reporting System by Hughes  (December)

Twenty nine fully functional VHSIC chip types fabricated with total production
of VHSIC chips over 100,000 (December)

Phase 2 contractons establish chip nteroperability specification

VHSIC version of the F-111 Digital Signal Transfe~ Unit demonstrated in flight
VHSIC chip packaging information released from ITAR control (March)
Navy AN/SRS-1 Combat ID/F system with VHSIC chips demonstrated by Sanders
Associates (Septembey)

VHSIC circuit boards with Honeywell chips demonstrated in Navy AN/UYS-2
Enhanced Modulsr Signal Processor (Septembes)

VHSIC automatic target tracking system with Hughes chips for the M1A1L tank
demonstrated (December)

VHSIC Herdware Description Language (VHIDL) adopted for industry wide
desipn anpuage as TEEE Standard 1070 {Lecomber 10)
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1988 Dr. J. M. MacCallum aprointed VHSIC Program Director

ADAS in‘>rmation relersed from ITAR control (March)

VHDL document«uon mandated by DoD for all new systems (September)
Complex vector procussor module for Advanced Tactical Fighter demonstrated
by Westinghouse (November)

Demonstration of Phase 2 radiation hard 0.5 micron chips in an anti-submarine
warfare beamformer brasshoard by IBM (December)

o Insertion of Phase 2 VHSIC technology into cruise missile advanced guidance
~ unit begun by Honeywell and General Dynamics

o 0 0 0

o

1989 o Demonstration of a fully functional CPUAX superchip designed by TRW and
fabricated by Motorola; running at 12 MHz (December)

1990 o General Dynamics demonstration of Honeywell Phase 2 chips in brassboard of
cruise missile advanced guidance unit (scheduied for September)
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CHAPTER 2

THE VHSIC PROGRAM - HISTORY, STRUCTURE, AND POLICIES

Very High Specd Integrated Circuits (VHSIC) is the name of the program which the
Department of Defense program conducted over a period of more than ten years beginning
in March 1980. Over this period of time, the objective of the program was to develop two
new generations of the silicon integrated circuits for use in DoD weapon systems.

This final report on VHSIC summarizes the background and origins of the program,
its structure, and the contract efforts undertaken to accomplish the program objectives. It
also covers the accomplishments made during this period, the activities of DoD laboratories
in support of the contract efforts, and an assessment of the impact that VHSIC has had on the
technology of the integrated circuit and its use in military equipments,

2.1 Program Origins and Objectives

The defense posture of the United States has been increasingly based upon the concept
of a military force that is technologically superior to any potential adversary. We use
advanced technology, particularly electronic technology, wherever possible to ensure our
ability to defend against numerically greater forces, In any modern ¢lectronic system the
silicon integrated circuit is the basic device for processing signals and it has become
indispensable in the design of modern military weapons. The technology for making the
device is a very demanding one. Complex and expensive equipments are required to produce
it, advanced skills and knowledge are required to use it, and large continuing investments are
required to keep it up-to-date.

During the 1960s, the Dol> was the lcading world force behind the development of
mtegrated circuits (ICs). It supplicd much of the research and development investment and
accounted for over 709 of the user market in the United States, 1t was, therefore, able to
maintain a comfortable lead in the military applications of ICs. During the 1970s, the
commercial exploitations of this new technology grew very rapidly and resulted in a large
expansion of commercial sales. By 1978, even though the Do) use of microcircuits had itsclf
grown substantially, commercial applications represented more than 90% of the total
integrated circuit market sales,

As a result, the IC manufacturers became oriented toward the large commercial
market and less interested in supporting military reguirements. Through law, regulation, and
policy, the DoD’s limited buying power was further diluted by fragmented purchasing patterns
across the industry. The "comfortable lead" of the U.S. in the military applications of 1Cs
began to crode.

The DoD, concerned about this change, spent several years carefully assessing its needs
and deficiencies in this area of technology The major deficiency perceived was that toe often
military microelectronic products did not incorporate the state of the art technology used in
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commercial products. Advances in the semiconductor industry were not focused on military
applications and most chips had to be separately qualified on low volume manufacturing lines
to meet military specifications after their qualification for the commercial market. A gap
resulted between the commercial introduction of advanced technologies and their use in
military systems. Worse still, the delay was increasing with time. By 1980, this time lag had
grown to 10 years or more for many DoD systems.

Using commercial products could not solve the problem because their performance did
not generaily meet military system needs, especially in the environmental areas of temperature
and radiation. Compounding the problem was the fact that weapon systains were becoming
increasingly dependent on electronic subsystems for their effectiveness, speed of respoase and
adaptability to changing battle environments. There was also increasing evidence that Soviet
weapons systems were beginning to use sophisticated integrated circuits,

Based on these considerations, the DoD decided to correct the deficiency by giving
system developers and acquisition managers a military qualified microelectronics technology
that was on par with the technology available commercially. It established the program called
VHSIC, with the objective of being able to design, manufacture, and use silicon ICs in
military systems with statc-of-the-art fabrication technology, i.e. concurrently with commercial
products.

After a number of discussions between Government and industry representatives, the
technical goals of one-half micron feature size and 100 megahertz clocking frequency were
chosen to quantify the desired product.  1C chips combining these two characteristics would
imply the ability to process electronic signal much more effectively than the technology cur-
rent at that time. A figure of merit called the functional throughput rate (FTR) with units
of gate-hertz/em?® was devised, which incorporated chip area, clock speed, and complexity (as
measured by the number of electronic logic gates) into a set of desired attributes. One could
thus characterize the suitability of IC chips for various applications.

At the same time, it was realized that these ambitious goals could only be reached
after prolonged development efforts. Therefore, an additional "mid-term” goal of 1.25 micron
feature size and 25 megahertz clock speed was chosen. This goal would be less difficult to
meet but would still represent a significant advance in technical capability. It would also
lessen the risk of the program and, if necessary, provide a decision point midway through the
program on whether to procced or not.

During the preparation of the VHSIC program plans, it was evident that many of the
detailed technologies involved in 1C design, fabrication, and use were sufficiently new that a
supporting research and development effort in these arcas was needed in order to reduce the
risk of reaching the cnd goals. This supporting cffort should also be separate and independent
of the main line of development.

It was also clear from the start of the planning that the wide spectrum of capability in
the U.§. semiconductor industry, and the equally wide technical approaches possible toward
achieving the program goals, would make it impossible for the Government by itself to define
the detailed tasks nccessary fo initiate a full scale development program. The Dol would
nced closc interaction with industiy in putting the prograin intv action. 1t decided to do this
by means of a concept definition phase in which many contractors would be funded to study
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the problems posed by the VHSIC goals and to describe in detail their approach to solving
them.

The following assessment of the impact that VHSIC has had on the semiconductor
industry and the technologies used in it, has been contributed by the first Director of the DoD
VHSIC Program Office. As such he had the initial responsibility for formulating and carrying
out the plans for getting the program started.

The Legacy of VHSIC

Larry W. Sumney
President, Semiconductor Research Corporation
(Former Director, DoD VHSIC Program Office)

introduction

Eight years have passed since my association with the VHSIC program. In
these years, | have continued to work closely with the semiconductor industry of
the U.S. but in an environment not dominated by the strictures of government.
This permits easier decisions, more rapid implementation, and greater cooperation
than is possible in Government programs such as VHSIC, and provides an excellent
technology and management perspective for evaluation of the impacts, products,
and lessons that constitute the legacy of VHSIC.

Quoting from an earlier description of the VHSIC program,1

“Lothe purpose of VHSIC is to apply a constructive bias to the direction of the
defense technical establishment and to the semiconductor conununity so as to
prepare them for a radically altered future, and to increase both the ability and
desire of the industry 1o respond 1o the Nation's defense needs. In the process
of achieving this larger goal, and in order to achieve it, specific VLS chips will
be made, demonstrared, and applied in current vital defense systems. In addition,
DoD management innovations are being tested that will permit more productivity
Sor generic research and technology investments.”

By this goal, VHSIC can only be viewed as a success. Defense technology has
been converted to the VLS| age and semiconductor manufacturers are very
responsive to defense needs. Complex chips have been made and demonstrated,
and management innovations have been applied successfully. As with most major

1 Sumney, LW, "VHSIC A Status Report”, IEEE Spectrum, pp. 34-39, December 1982
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programs, the objectives were defined in different ways by different people. VHSIC
certainly did not succeed in meeting every objective defined for it. 1t has even
been criticized for not meeting objectives that were never defined. But for those
objectives defined either contractually or in policy statements, the return on DoD'’s
investment of funds and hard work has been gratifying and substantial. | will
illustrate with some of the more important ones,

Industry Teaming

At the 1987 VHSIC Tech Fair, Dr. William Perry, a former Undersecretary of
Defense for Research and Engineering, expressed disappointment that VHSIC had
only partially succeeded in integrating the efforts of merchant semiconductor
companies and defense system contractors. | take an opposite view. Inhibited by
competition, the usual adversarial habits of U.S. companies, or perhaps by the
legacy of anti—trust actions, U.S. companies have, for many years, had difficuity
in identifying ways to work together constructively. The team building established
as a requirement of VHSIC at first was forced but, under the severe demands of
the program, developed into strong cooperative relationships. The demonstration
that such cooperation can work in this country has made it easier to implement the
cooperative endeavors required for U.S. industry to effectively compete in
international markets and has provided the pattern for future teaming arrangements
that are now very common. Of course, not every teaming relationship worked and
perhaps not as many were even proposed as we would have liked, but even for
those that did not work, | believe that better understandings developed and overall
benefits have accrued,

VHDL

In 1980, as VHSIC was beginning, the cost of designing a silicon chip was
between $100 and $200 per gate. The design of a 20,000 gate chip could entail an
investment of over $2 million and require over 2 calendar years. These costs were
prohibitive for the broad system applications contemplated by VHSIC planners. It
was even suggested 2 that complexity was advancing to the point that design
might become impossible and that design tools for VLS| did not exist. The
reduction and simplification of complex chip design through the invention of
automatic design tools became a major focus of the VHSIC contractors.

The VHSIC hardware description language {VHDL) is a majcr output of this
design effort. It provides a common computer language which is applicable at
various levels of design as well as in testing, specification, procurement, and
logistics functions, VHDL has become an official IEEE standard (IEEE 1076) and
is now a widely used standard for design.

Robinson, A.L., "Are VLSI Microcireuits Too Hard To Design?’, Scicnee, Vol. 209, p. 258, 1980.

21




CHAPTER 2/ HISTORY, STRUCTURE, AND POLICIES

VHDL is just one of many advances in the design area that resulted from the
VHSIC program. Today, design automation has advanced to where the cost per
gate for some designs is under $1, a two order of magnitude reduction in cost
making VHSIC chip design affordable. A significant portion, but by no means all,
of this improvement is attributable directly to VHSIC. A major contribution to the
U.S. microelectronics industry was made. Computer aided design remains one of
the few strong assets of this vital U.S. industry.

Chips

Many chips were developed by the VHSIC contractors and probably just as
many by companies who chose to develop their own VHSIC capabilities. Some of
these are now being tested, applied, and integrated into systems. Others have not
found application. Many VHSIC chips were developed by companies not funded
by the program but who were spurred by VHSIC to develop their own competitive
technoifogies. The results are a large standardized set of VL SI chips designed and
available for application in military systems. Their actual insertion into military
systems has not been rapid due to the endemic system development cycle for
defense systems that takes ten years and is difficult to change. This is a larger
challenge than the VHSIC program was designed to address.

To cite one example of an outstanding VHSIC chip, the "superchip" developed
by TRW and Motorola in Phase 2 of the program was demonstrated in December
198G, as a proof of concept device at the very state of the art in either defense or
commercial technology. It contains 4 million devices, is capable of 200 million 32—
bit floating point operations per second, consists of 142 macrocells (each one as
complex as a normal chip) that can be externally reconfigured, uses 0.5 micron
CMOS technology, and is designed for use in advanced signal processing
applications. The superchip is the first of the new generation of complex chips
that will set the leading edge of the technology for the next generation of VLSI.
It has created a challenge to which others will respond. It is a direct product of
the VHSIC program.

Computers

At the 1989 IEEE Workstation Symposium, a desktop supercomputer was
demonstrated by the Johns Hopkins Applied Physics Laboratory. Designed for
applications in computer visualization and capable of over 1 million computations
per second, it uses low cost chips in a parailel processing architecture and
represents the current state of the art in workstation technology. It was developed
using VHSIC technology almost exclusively and represents one of the first
commercial applications of VHSIC technology.




CHAPTER 2/ HISTORY, STRUCTURE, AND POLICIES

Lithography

Lithography, the process by which microcircuit patterns are transferred from the
design station to the silicon wafer, is perhaps the most critical of all semiconductor
technologies because of its key role as the pacing technology. VHSIC led in the
development of the vital eleciron—beam machine that writes the patterns on a
mask and assisted in the development of the next generation optical steppers and
X—ray machines that transfer the mask patterns onto the wafers. These tool
development efforts have resulted in the continued availability of critical toals from

| U.S. manufacturers even as the U.S. industry’s share of the world market for
lithography tools has deteriorated badly. Each of these areas are now being
addressed by SEMATECH. Without the VHSIC activities in lithography, there
would most likely be no industrial base in this technology area for SEMATECH to
support.

Commercial VLS| Technology

One of the principal reasons VHSIC was initiated was to leverage the significant
advances of the U.S. commercial industry for military applications. During
VHSIC's lifetime, however, our commercial industry stumbled as it faced
international competition. So, although the impact of VHSIC on U.S. commercial
integrated circuit manufacturers has been discounted because this was neither the
intent nor the thrust of VHSIC, in fact, significant VHSIC resources were directed
to merchant semiconductor manufacturers who found that the VHSIC goals reached
beyond their commercial objectives. It caused them to accelerate the pace of their
technology development. Several years before the VHSIC program started, it was
widely believed that half—micron semiconductor technology would not become
available before the turn of the century. Now, at least partially as a result of the
acceleration of technology development by VHSIC and of the clear annunciation of
VHSIC technology goals, the half—micron technology is on the verge of broad
commercialization.

Conclusions

From the perspective | have, VHSIC is an outstanding success for which the
DoD should take great credit. It has advanced both the defense and commercial
technologies in the U.S. semiconductor industry, made design and fabrication tools
available that would not have otherwise existed at this time, and accelerated IC
developments in the U.S. industry. That it has not solved the major defense
system development cycle challenge nor the competitiveness problems of the U.S.
commercial semiconductor industry is not surprising. It was neither intended,
directed, nor funded to do either. In the context of the actual intentions and goals
of the DoD VHSIC Program, it has been an outstanding success.
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2.2 Program Structure

The program structure that evolved from all of the technical and administrative factors
that had to be considered initially included four major phases. At various later times, certain
areas of activity in these phases became separately identified. The final resulting program
structure is described below. Each program phase was carried ocut by contracts awarded
competitively. For each contract, Appendix B lists the contractor, the contract title and
number, and a reference to the final report if available.

The VHSIC program was structured to address the following generali technical issues.

0 1Cs with greater functionality and higher speed would require a longer, more
complex, and more costly design cycle.

0 Greater functionality would require either larger area chips or smaller feature
sizes (or both) in order to accommodate a larger number of transistors. This
would result in longer chip development time and higher manufacturing costs.

o Military ICs had to meet stringent requirements for radiation hardness, low
power consumption, and high reliability over a wide temperature range. As the
complexity and size of the chips increased so did the difficulty in meeting these
environmental conditions.

0 High reliability, in turn, required the development and use of fault tolerant
desigus and built-in self-test (BIST) circuits in addition to a well disciplined
design and manufacturing technology.

2.2.1 Phase 0 - Concept Definition

Phase 0 began in March 1980 as a nine month cffort during which thc contractors
conducted intensive preliminary technical studies and then defined a detailed development
program to accomplish the technical objectives set out by the VHSIC program office. The
nine companies that participatcd in Phase 0 were General Electric, Honeywell, Hughes, IBM,
Raytheon, Rockwell, Texas Instruments, TRW, and Westinghouse.

As guidance during the Phase O studies, the VHSIC Program Office required that the
first phase of VHSIC technology meet certain minimum specifications which were chosen to
be a reasonable compromise between the ultimately desired chip performance and the
difficulties that were cxpected in developing the necessary technology. The desired

performance was expressed as goals for the contractors to aim at. The specifications are
shown in the table on the following page.
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Phase 1 Chip Requirements

Functional throughput rate 5x10" gate-Hz/cm?

Minimum feature size 1.25 microns

On-chip clock rate 25 MHz

Operating temperature -55°C to +85° C, with operation from -55°C
to +125°C as the goal

Radiation environment 10* rads(Si) total dose with 5x10* rads(Si)

as the goal, plus other radiation
requirements recommended by the
Defense Nuclear Agency

Failure rate 0.006%/1000 hour (goal)

Each of the Phase 0 contractors was required to provide information in the following
areas.

o electronic subsystem candidates for possible implementation as VHSIC
brassboards,

o identification of broadly applicable VHSIC chips required by the
subsystem candidates,

o architecture of the required VHSIC chips and approaches to their
design,

o chip fabrication technology and processing techniques needed to make
VHSIC chips with 1.25 micron and submicron minimum features,

o definition of a packaging approach for both 1.25 micron and submicron
chips,

o computer aided design (CAD) requirements,

o lithographic requirements for the fabrication of 1.25 micron and
submicron devices,

o key processing equipment that needed to be developed,

o existing and/or any proposed facilitics necessary to meet VHSIC design
and fabrication requircments,
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o support environment, such as a higher order language for use in DoD
systems, which would simplify the use of VHSIC,

o approaches to providing increased reliability and testability of VHSIC
devices,

o procedure for making VHSIC products available for sale to all other
DoD contractors and government laboratories,

o procedure for making major equipment developed available to other
DoD contractors and government laboratories, and

o corporate strategy for rapidly introducing VHSIC into DoD systems.

The study programs were completed in December 1980. Based on the work during
the Phase 0 contracts, each company submitted a proposal to the Government for Phase 1,
emphasizing the development of 1.25 micron technology and a brassboard which would
demonstrate thie advantages of its application in systems. Final technical reports for each of
the Phasc O contracts are listed as References 2.1-2.9.

2.2.2 Phase 1

In May 1981, Phase 1 started with major emphasis on the development and pilot
production of silicon chips with 1.25 micron minimum feature sizes, their demonstration in
subsystem brasshoards, and a minor exploratory effort on submicron technology. The two
technical development efforts were separately designated as Phase la for the 1.25 micron
technology development, and Phase 1b for the submicron technology feasibility study. The
Phase 1 contracts were awarded to six major companies, or teams, with expertise in weapon
systems development and scmiconductor manufacturing. The contractors were Honeywell,
Hughes Aircraft, IBM, Texas Instruments, TRW, and Westinghouse. The detailed contract
requirements are given in Reference 2.10 and the final reports are References 2.11-2.15.

Phasc la

The goal of Phase la was to develop the necessary processes, tools, and design
cnvironments for tiie production of 1.25 micron signal processing chip sets that would perform
reliably in severe military environments, be affordable, and be usable in a wide varicty of
applications. This goal supported the key DoD objective of significantly reducing the delay
in getting advanced semiconductor technology into ficlded military systems. The technical
requirements for the 1C chips developed in Phase 1 were the samc as thosc listed above for

Phase 0 (Concept Definition).
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Phase 1b

The goal of Phase 1b was to develop a 0.5 micron VHSIC technology and to fabricate
test chips which demonstrated that the design and manufacture of VHSIC chips on a pilot
production basis would be feasible during Phase 2. In attempting to meet 0.5 micron goals,
all critical problems were to be identified and specific methods of approach for their solution
were to be addressed. The technology developments needed in order to meet the VHSIC end
goals of 10" gate-Hzcm? FTR with a minimum on-chip clock rate of 100 MHz were to be
accomplished in Phase 1b.

In order to overcome the increasing limitations of conventional optical lithography of
pattern features in the submicron range, a separate additional contract was awarded to
Hughes Aircraft for the development of an electron beam lithography machine capable of
patterning 0.5 micron circuits suitable for use in large scale manufacturing operations.

The specific tasks to which all of the Phase 1 contractors were committed were grouped
into four principal areas and summarized as follows.

Chip_technology and fabrication

o Develop a 1.25 micron baseline process o fzabricate VHSIC circuits.

o Establish a pilot production line to supply the projected number of VHSIC
chips nceded.

o Supply chip packages which meet the military environmental conditions, as well

as the performance requirements such as speed, input/output connections, and
power dissipation.

Design. architecture, software, and test

o Develop an architectural approach and design methodology which supports the
VHSIC performance requirements.

o Provide softwarc development systems at a high order language level, preferably
using Ada.

o Include provisions for on-chip sclf test and fault tolerance at the chip or module
level.

(9]
(8]
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o Define the CAD tools necded to support the full spectrum of the design process
from architectural specification to physical chip interconnection and layout.

o Develop a simulation methodology to validate circuit, chip, and subsystem
designs and to project performance accurately before fabrication.

Chip and subsystem design

o Carry out a detailed system analysis to define the VHSIC subsystem design
requircments.

o Develop specifications for the VHSIC modules, chips, and functional macrocells.

o Design and layout the VHSIC chips and modules needed for the brassboard,
including provision for testability and fault tolerance.

o Demonstrate the completed brassboard in simulated operational conditions.

Technology transfer

o Provide an effective plan for making chips, design services, equipment, and
software available to other DoD contractors.

o Establish a plan for developing a second source of supply for chips.

o Prepare a plan for insertion of the VHSIC technology into DoD systems,

| B5)
[
i

Phase 1 Yield Enhancement

In order to demonstrate the advantages of VHSIC technology in technology insertion
projects a substantial supply of chips was nceded. Because new fabrication techniques were
used in the VHSIC pilot lines, the chips initially produced on the lines were sufficicntly
expensive to discourage large scale use. The goal of the yield enhancement (YE) program was
to ensure the supply and affordability of the VHSIC chips by increasing the pilot line
production yield and by establishing a more disciplined production environment. The causes
of low yield nceded to be identified and corrected.

Industrial experience shows that the chip yield for a giver, . ocess increases as the
amount of product processed through the line increases. This is the "learning curve”
phenomenon normally encountered in all production line systems. Therefore, a substantial
amount of wafer processing was onc of the requirements of the YE program. Progress in
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achicving improved yield was measured by periodically starting the fabrication of three
consccutive lots of wafers that were collectively called a Yield Verification Run (YVR). Each
contractor had a goal for yickt which the pilot line should achieve by the end of the program.

2.2.4 Phase 1 Technology lnsertion

“Technology Inscrtion” is the term used to describe the application of the products
developed under the VHSIC program to the design and acquisition of systems. Technology
insertion constituted one of the basic gouls of the VHSIC program. Since hardware insertion
necessarily involves the linking of "high tech” with operational military systems, it was also onc
of the more difficult problems that confronted the VHSIC program managers.

‘The VHSIC program approazch tor meeting this challenge was to support a substantial
rumber of system hardware inscrtion projects. The projects supported the use of VHSIC
chips in both existing. ticlded systeras and others still under development. In cooperation with
system program offices VHSIC co-funded both feasibility studies and hardware insertion into
operating systems to demonstrate that VHSIC worked and that its use was beneficial. The
benefits became manifest in different ways depending on the application --- increase
performance, increased reliability, enhanced maintainability, reduced acquisition costs, less
weight and space, or reduced life cycle costs. At least twenty-seven major system insertion
efforts were undertaken in which the use of VISIC technology demoiistrated the potential for
improved system perfornimee. In some cases such as the Army’s Firefinder radars and the
joint Navw/Air Foree HF/EHE communications terminal, the projected saving i system life
cycle costs approached the total cost of the VHSIC program.

There were also a number of independent insertion programs in the systems
applications arca.  They used the advanced VHSIC microelectronic hardware in system
developments but, since they were not direetly funded by the VIISIC Program Oftice, they are
not described in this report.

Collectively, these VHSIC technology insertion efforts reflected the growing activity by
DD contractors and by the commercial electronics industry in introducing VHSIC products
and technology into military systemns,

2.2.5 Phase 2 Submicrometer Technology Development

The Phase 2 submicion goal was to develop a second genceration of silicon chips
characterized by (.5 micron feature sizes and a clock frequency of 100 MHz. Phase 2 was
preceded by another progran definition study (Phuse 0°) similar to Phase 0, in which detailed
approaches 1o the 0.5 micron goal were developed and proposed by nine contractor teams
headed by Harris, Honeywell, Hughes, ITBM, RCA, Texas Instruments, TRW, Westinghousc,
and Western Electric,

The mne Phase 07 contractors finished their study programs in January 1984 and
submitted proposals in response to the REP issued for Phase 2. The final reports for Phase
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0" are hsted as References 2.16-2.24. The Phase 2 contracts were awarded in October 1984 to
Honeywell, IBM, and TRW to begin the technology development and demonstration of the
second VHSIC generation. This IC technology had to meet, among otlier requirements, the
following specifications.

Feature size 0.5 micren
Functional throughput rate 10" gate-Hz/em?
On-chip clock rate 100 MHz
FFailure rate 0.000%/1000 hours
Radiation (tota) dose) 5x10* rad(Si)
Electromagnetic pulsc -
Risc time 0.27 microseconds
Width 7.1 microscconds
Fall time 7.1 microseconds
Amplitude S00 volts
Source impedance 100 ohms
Built-in fault detection >95% coverage single "stuck-at” faults
>75% coverage CMOS "stuck-open” faults
Interoperabiljty PI bus and TM or ETM bus

Electrical Interface Specification

The specitic developme: ts to which the contractors were committed in Phase 2 were
grouped into five major task areas:

Process Technology

o Process development

¢ Materials

o Lithography and resists

o Modcling, scaling, simulation

o Process test chips and test structures
o Intermediate test vehicle

o VHSIC chip fabrication

o Pilot line

o  Chip manufacturing techniques

Packaging

o Single chip
o Multichip
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o Board/module packages
Design

Hierarchical design svstem

Design simulation and verification
Design methodology

Testability

Chip design and layout

o CcC 0o C

Applications

Major brassboard

Chip definitions and brassboard module architecture
VHSIC chip design

Software development

Life cycle cost factors

Brassboard module fabrication

C 00 0 O 0

Technology transfer/business strategy

Interoperability standards
Availability

Second source

External demonstration

o O C

2.2.6 Phase 3 and Other Supporting Technologics

In addition to the primary chip developaent efforts in Phase 1 and Phase 2, the VHSIC
program included other funded contracts for the development of supporting technologies. In
contrast to Phases 1 and 2, which were large, comprehensive, multi-technology programs, these
projects were more sharply focused on the areas of key technologies, equipment, and design
tools needed to transform VHSIC technology into a readily usable industrial capability. These
activities were collectively called Phase 3 of the VHSIC preogram.

The initial Phase 3 program consisted of 59 projects or tasks (carly Phase 3), most ot
which began in 1980. They were carried out by 50 performing organizations which included
both large and small industrial contractors, universitics, rescarch instituies, and threc
government laboratorics. Additional contracts were awarded during the period 1982-1988 (late
Phase 3). The technical categorics covered by the projects included (1) architecture studies
(devices and systems), (2) high resolution lithography, (3) design automation, (4) matcrials
preparation and characterization, (§) device technology, (6) advanced packaging technology,
(7) reliability, (8) radiation hardening, (9) testing, and (10) standardization. The more
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significant results achieved in the Phase 3 projects are discussed in the pertinent sections of
Chapter 3. Technical summaries of most of the early projects can be found in the VHSIC
Briefs (Phase 3 Projects), References 2.25 and 226. Appendix B also lists separately the
project titles, performing organizations, contract rumbers and DTIC numbers of final reports
for the early projects.

2.2,7 Design Automation

Because of the great complexity of the 1C designs that were to be fabricated, it was
realized in planning for the VHSIC program that design automation would be a critical
clement in its success. This indeed turned out to be an accurate forecast of the needs of the
semiconductor industry.  Accordingly. the Phase 1 tasks included varying efforts in the
development and application of design automation tools. 1t was hoped that these tools woulc
be used not only by the contractors that devcloped them but that the entire DoD community
would begin to make use of these software packages. For several reasons, this did not happen.
Chief among them were (1) the VHSIC tools for the most part did not comprise a complete
set in themselves but rather were used in conjunction with other proprietary and commercial
packages in each company, a mix that was changing continually and (2) users began to demand
software of commercial quality that was adequately supported, maintained, and updated.

Prior to Phase 2, the Government planned the development of an integrated design
automation system (IDAS) that would overcome the problems mentioned above. A Request
For Proposals was issucd and proposals were reccived and evaluated. However, during the
evaluation phase it became increasingly evident that a program to develop a comprehensive
sel of design tools that would be useful at the many necessary levels of design, and to provide
the sephisticated data bases and user interfaces that would be required, was not feasible at that
time.  The projected cost of such a program was beyond the funds available and the
probability of developing the technology within the VHSIC program time schedule was very
Jow. Furthermore, industrial activity in design automation was in a dynamic state and growing
rapidly in response to diverse commercial design needs and to the rapid advances in the
fabrication of large complex chips. It appeared very likely that commercial developments in
the design automation arca would be able to meet most of the needs of the entire chip design
community, Dol as well as commercial.

A reassessment of the entire design automation area indicated that the VHSIC program
would be better advised to focus attention on efforts that would meet specific Do needs and
which could be leveraged on commercial developments for maximum effectiveness. A f'hase
1 subcontract from TRW with the Sperry Corporation to develop a mulli-leve]l design
simulator had shown the feasibility of such a tool and gave rcnewed emphasis to the
importance of a specific common language in which to express designs. Previously, a VHSIC-
sponsored workshop in the summer of 1981 had produced a prototype specification for such
a hardware description language (11DL). In July 1983, a contract was awarded to Intermetrics,
with [BM and Texas Instruments as tcam members, to develop a VHSIC HDL language which
became known as VHDL, plus a simulatos and other associated tools. This activity, now
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successfully concluded, has enabled the Gove:rnment to exert enormous leverage by having
VHDL established as an industry standard by the IEEE. After the development of VHDL was
underway and its importance and utility recognized, other contracts were also funded to make

use of it for efficient design, documentaticn and management of VHSIC hardware and soft-
ware.

"WHSIC helped bring on the computer-aided design revolution, [and] accelerate
the emergence of sur fuce-mounted package technology and on-chip testability .."

"What Did We Get From VHSIC", Electronics, June 1989, p.97

A second fruiiful effort was the development of design automation at the systems level,
an arca in which there was practically nothing available at the start of the VHSIC program
and in which DoD had critical needs. A number of contracts of this type were funded. One
of the most successful was the Architectural Design and Assessment System (ADAS) developed
by the Research Triangle Institutc. This software system can be used to assess various
hardware/software tradeoffs very carly in the design stage of a data system and thus ensure
greater responsiveness of a proposed design to system requirements. ADAS, along with several
other VHSIC-sponsored systern design developments have become fully supported commercial
products.

2.2.8 VHSIC Manufacturing Technology Program
- Joseph A. Key, Army LABCOM

The ViSIC manufacturing technology program (VHSIC-MT) was undertaken as a
bridge between ibe Phase 1 and Phase 3 development programs and the production of chips
and circuits to be usad in military systems. It was intended to serve both those systems
identified through the VHSIC Technology Insertion program and, subsequently, all systems
utilizing VHSIC-like circuitry. The other major cffort aimed at production capabilitics was
the Yield Enhancement Program described earlier. Both programs cvolved from two joint
Industry/DoD workshops on manufacturing technology problems conducted in 1981 and 1982,
that identified and defined the improvements required to enable production of affordable chips
and circuits in the quantities 1equired for carly utilization. One of the recommendations from
the workshops was that the production program be divided into two parts: one concerning
solution of specific problems being experienced on the pilot lines of the six Phasc 1 contractors
(Yicld Enhancement), and the other concerning generic problems likely to be encountered by
any manufacturer involved in VHSIC production (Manufacturing ‘Technology).
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The VHSIC-MT program was divided into the following four major technology
categorics or thrust arcas and was supported mostly with funding external to the VHSIC
budget.

Production and testing
Lithography

Materials and processes
Packaging

The manufacturing technology program was developed and coordinated as a VHSIC
program with each Service taking responsibility for technologies in which it had particular
expertise and interest. In the packaging area, the Army assumed responsibility for most of the
first level interconnect and package production efforts; the Air Force established programs on
production processes concerning second level packaging and attendant issues (packaged chip
to printed wiring board); and the Navy developed third level interconnection technologics
(printed wiring board or module to system), in addition to addressing some first level
approaches not covered by the Army.

Most of the contractual programs began in 1985, for a nominal three year time period.
‘The Air Force developed an integrated, comprehensive packaging effort which was started in
1986 and was composed of three concurrent technology tasks followed by an integration task.

23 Program Management

The DoD recognized that the VHSIC program had to address both technical and
management problems. The primary technical task would be to develop the technology to
design and manufacture military specific 1Cs. A the same time, there were problems involving
the management of the requirements of each of the Scivices, the transition from development
of the technology to its insertion in systems, and providing a level of data security and control
that would prevent compromisc of the program and its goals. In 1978, the DoD adopted a
management plan which would:

o establish the VHSIC Program Office within the Office of the Secretary
of Defense supported by similar offices in the Army, Navy, and Air
Force,

o develop an industrial contracting program for two new generations of
advanced integrated circuits specifically designed to meet military
system needs and provide the capability to support long term use of the
circuits,
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o initiate an aggressive program to insert this technology into systems in
such a way that it would minimize the financial and schedule risks to
the weapon system developer,

o provide leadership and guidance for the semiconductor industry to
develop a VHSIC production capability that would continue to meet
specific military nceds while complementing the commercial goals of
semiconductor manufacturers,

o operate the program under the International Traffic in Arms Regula-
tions (ITAR) to ensure adequate security control.

The VHSIC Program Gffice was established in the Office of the Under Secretary of
Defense for Research and Engineering whose functions have since become part of the Office
of the Under Secretary of Defense for Acquisition. In order to ensure the widest possible
dissemination to the three Services of information and data about the technology as it was
being developed by the contractors and to promote the early insertion of the technology into
the various weapons systems of the Services, it was decided from the outset to make VHSIC
a truly joint Tri-service program. Accordingly, the VHSIC Program Director was assisted by
Program Dircctors from each of the Services. All the development contracts were let through
the Services and each of the Service Program Directors was directly responsible for the
administrative and technical management of the contracts in that Service.

Under the management of the VHSIC Program Office, current information about the
program was made readily available to the entire DoD community. This was done by
conducting frequent, periodic tri-Service reviews of each major development contract. Each
of the Services sent technical managers and specialists to these reviews which were attended
by as many as 75 DoD representatives. Annual VHSIC Conferences were held in the years
1982-1989. At these conferences, all of the VHSIC program activities and results were
presented to industry and Government representatives, with emphasis directed toward system
application of VHSIC technology. The VHSIC Program Office also published, for unlimited
public distribution, Annual Reports of the VHSIC Program in 1986, 1987, and 1988
(References 2.27-2.29). Technical specialists held workshops on specific topics, and over 35
advanced training sessions on how to use VHSIC technology were conducted over the period
1984 through 1988. Joint Service committees were established to develop standards in
appropriate areas. In the case of VHDL (the VHSIC Hardware Description Language),
VHSIC program personnel supported and finally secured its adoption as a world wide IEEE
standard. (See, e.g., Sections 3.1.3, 6.2, and 6.3.)

A steady transfer of VHSIC information and products took place to weapon system
developers and to the 1C industry at large. In response to the technical impetus established
by the VHSIC contract programs and to the nceds of the DoD of which VHSIC made them
aware, many companics outside of the VHSIC funded efforts have developed design and
manufacturing facilitics for the production of VHSIC chips. (sece Chapter 7).
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During the course of the program, various policy directives were issued by QUSD as
well as the Service Secretaries to encourage the adoption of VHSIC technology, to modify
existing MIL-STDs and to promulgate new ones as required. See References 2.30 and 2.31.

24  Funding

A roadmap of the relation between the various portions of the VHSIC program and
the funding allocated to each of the various parts is shown in Figure 2.1 and Table 2.1. A
chart of the funding profiles over the ten year program period is shown in Chapter 1,
Figure 1.2,

2.5 Security - James J. Hower: Eagle Rescarch Group, Inc.
2.5.1 History of VHSIC Security Measures

In the late 1970s and early 1980s, when the VHSIC program was first formulated,
intelligence reports were warning of the erosion of the U.S. technological lead over the
Soviets. One of the primary reasons given for the erosion of our technological advantage was
the "hemorrhaging of U.S. technology" to the Soviet Union via both legal and illegal means.
Congress was in the process of passing a new Export Administration Act which would
mandate the development of the Military Critica! Technologies List (MCTL), because
members of the Congress and the Defense Department considered the licensing system of the
Department of Commerce Export Administration Regulations (EAR) to be inadequate for
properly protecting critical technology. It was thought that critical technology could better
be controlled by the State Department under the International Traffic in Arms Regulations
(ITAR).

As a result of these considerations, the House and Senate Conference Report for the
1980 Defense budget, which authorized the initial funding for the VHSIC program, stated:

"The export of the technology developed in this (VHSIC) program would be
controlled where applicable by the ITAR until the state-of-the-art for such
technology progresses 1o the point where national security permits its transfer to
other controls for export”,

This statement was significant not just because it was the first time that the control
structure for a technology development was specifically mandated by Congress, but more
importantly becausc it represented a departure from the existing control structure for
microelectronics in general. Only those devices specifically designed for military application
had previously been controlled by the ITAR. All dual-use or general purpose devices, even
those built to military specifications, were controlled under the EAR. Moreover, all
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CHAPTER 2 / HISTORY, STRUCTURE, AND POLICIES

production equipment for dual-use and military devices was, and stil is, subject to EAR
control.

One of the first actions of the VHSIC Program Office (VPO) to comply with the
Congressional mandate was to draft a change to the ITAR that would bring VHSIC devices
under ITAR control. The proposed entry, which was to be added to Category XI, was
forwarded to the Department of State by the Under Secretary of Defense for Policy (referred
to hereafter as Policy) in December 1981. This entry read as follows:

"(d) Very High S peed Integrated Circuit (VHSIC) semi-conductor devices that are
specifically designed for military applications and which have a high-speed
signal and image processing capability with an operational parameter greater
than 10" gate-hertzlem® for an individual semiconductor device.”

This entry was officially included in the revision of the ITAR which was published in
December of 1984.

In 1984, there was a disagreement within the DoD over how to implement the
Congressional mandate regarding the security controls for VHSIC. The technical side
represented by the Under Secretary of Defense for Research and Engineering (R&E) generally
favored minimum controls in order to foster technology transfer within the U.S. and with close
allies, while Policy recommended that the appropriate response to the Congressional mandate
was to classify the entire VHSIC program. While this action would ensure program security,
R&E felt that it would create serious problems for the program managers in both the DoD
and industry, as well as drive the program costs up sharply. For these reasons the VHSIC
Program Office (VPO) considered it to be unacceptable. This classification issue therefore
became an area of major disagreement within the OSD.

Efforts to reach agreement on the classification issue and other VHSIC security
measures continued within Defense without a consensus. As the discussions became protracted
over an excessive period of time, Policy submitted its position to the Secretary of Defense for
approval. By this time, the Secretary of Defense had given primary responsibility for all
export control and technology transfer issues to Policy. The Secretary approved the Policy
position, and promulgated VHSIC security guidelines. While Policy set about to implement
the guidelines, R&E and some industry representatives advised the Secretary of the negative
impact of these security guidelines. In an effort to make this more workable, the VPO
prepared and submitted a VHSIC Classification Instruction (DODI 5210.75). Under this
Instruction, a VHSIC device would derive its classification from the system in which it was
uscd. The combination of this guideline coupled with industry pressure from the highest levels
finally convinced Policy to agree to investigate and consider the use of industrial practices to
protect VHSIC technology.

While a VHSIC cortractor panel was established to develop alternatives to
classification, Policy and R&E drafted a joint memorandum initiating a certification
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requirement for VHSIC-related contractors. The International Technology Transfer (1T%)
subpanel was directed to further evaluate VHSIC controls.

In an unrelated action, DOD Directive 5230.25, "Withholding of Unclassified Technical
Data From Public Disclosure”, went into effect. This Dirsctive is based on 10 USC Section
140c, as added by P.L. 98-94, "Department of Defense Authorization Act, 1984", which allows
unclassified technical data under the control of a Defense element to be withheld from release
to the public if it contains critical technology related to military or space applications.
Certification procedures for contractors were included.

A second Directive, DODD 5230.24, "Distribution Statements on Technical
Documents”, went into effect at approximately the same time. This Directive provided
guidance regarding the marking of documents restricted from public release under DODD
5230.25. The VHSIC Program Office directed that all VHSIC documents 1estricted by DODD
5230.25 would be marked with Distribution Statement X in order to ensure maximum possible
availability to Defense contractors.

During the ensuing months, the VPO and its Policy counterparts in Defense
Technology Security Administration (DTSA) attempted to reach agreement on a VHSIC
Technology Security Instruction. DTSA had submitted the proposed alternative of the
industry panel for review by the Industrial Security Office within Defense. The industry
document was rewritten by the Industrial Security Office into appropriate control language.
The resulting Instruction, DODI 5230.26, "Very High Speed Integrated Circuit (VHSIC)
Technology Security Program”, imposed controls on unclassificd information that were parallel
to thosc required to protect classified information. A far more sophisticated certification
procedure than was required by 5230.25 was also included. In spite of numerous negative
comments, this Instruction, dated March 17, 1986, was officially released in April 1986.

The VPO directed the VHSIC Program Managers to comply with this Instruction and
took the necessary action to have the requirements of this Instruction included as an interim
rule in the DFAR. Nonetheless, few Defense contracts involving VHSIC were written or
modified in accordance with this Instruction.

Witthi the Security Instruction in place, attention was turned to the development of a
VHSIC export policy. The VPO prepared and submitted a series of release matrices
emphasizing sharing with our allies for Policy consideration. In June of 1986, agreement was
reached and Policy drafted the export policy, based on the release matrix. DTSA forwarded
the first draft to the VPO in October 1986. A final coordinated VHSIC export policy was
issued on October 13, 1987.

A related security problem during the latter part of 1988 was the development of an
export policy for radiation hardened devices. The VPO was instrumental in quickly developing
a policy on such devices that was acceptable to both industry and Government. This policy
document was promulgated by DTSA in April 1989.

During 1989 and 1990, the VPO worked with DTSA toward the cancellation of DODI
5230.26, subject to modification of DODD 5230.25 to include specific reference to VHSIC
technology.
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2.5.2 Additional Security Decisions

VHSIC was not just a program restricted to a few Defense contractors. It was the hope
and intent of thc Congress and the VPO to recognize and encourage industry-wide
participation. Products from every company that was able to design and produce devices that
met VHSIC specifications were in fact tested, verified, and subsequently qualified for VHSIC
insertion initiatives.

In the course of the program, it was periodically necessary for the VPO to provide
specific policy on security regarding some element of the overall program. A summary of the
key determinations regarding VHSIC technology are listed below.

Date Subject or Action

February 1981 Briefing of all program participants on I'TAR controls

January 23, 1984 Release from ITAR control of VHSIC Hardware
Description Language (VHDL) information

March 8, 1984 Release from I'TAR control of VHSIC chip packaging
information
August 5, 1985 Release from ITAR control of BIU data

October 15, 1985 Release from ITAR control of VHDL support
environment information

June 15, 1986 Release from ITAR control of VHSIC TISSS information
June 21, 1987 Definition of what constitutes a VHSIC device

December 8, 1987 Release from ITAR control of VHSIC chip packaging
information

March 10, 1988 Public release of ADAS information

By the end of the program the VPO no longer considered it nccessary or appropriate
to single out "VHSIC" devices for special control. The diffusion of the technology throughout
the industry and the availability of comparable technology in Europe and the western Pacific
had met the terms of the Congressional mandate for release from ITAR control,
Consideration was given to generalizing the ITAR entry to read "electronic devices specifically
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designed for military application" and deleting the gate-hertz/cm? performance parameter
referenced in the ITAR. The VPO supported the authorization of devices developed uader
VHSIC for use in commercial applications. Under this situation the result would be that a
"VHSIC" device used commercially would be propetly identified as a "dual-use” device and
then be subject to the same EAR control as any other commercial VLSI device.
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CHAPTER 3

DEVELOPMENT TASKS

The goals for VISIC chip production were 5: .+r.+lized by the values of their minimum
feature size --- 1.25 micron for Phase 1 and 0.5 micion for Phase 2. However, the complete
specifications for VHSIC chips set limits for many other parameters such as functional
throughput rate, radiation hardness, reliability, and temperature environment (see Chapter 2
for Phase 1 and Phase 2 requirements). In addition, the program called for a variety of
important but less well defined requirements. Interoperability of VHSIC chips was needed
between themselves and with other chips and electronic subsystems. Design methodologies
were desired which were more fully automated and which inciuded built-in (i.e. on-chip)
testing. Packages for chips of these sizes, speed, and I/0 count did not exist. New procedures
would have to be devised for testing and qualifying the chips for military use. If procurement
for production systems was c¢xpected, then second sources had to be developed.

Work in all of these areas of hardware and software technology became the
development tasks that occupied the VHSIC contractors and the VHSIC Program Office for
the duration of the program.

This chapter describes in considerable detail the activities and the results of the
development efforts down to the level of individual contracts. Further details are provided in
the references that are listed in each section. For readers not needing this level of detail, the
introductory paragraphs at the beginning of cach numbered section provide a summary or
discussion of the relevant issues.

KN Design

Although it was cvident at the start of VHSIC that chip design and fabrication
capability were equally important to the final success of the program, it was not clear which
particular design activitics should be supported by the Government. Obviously, the functional
design had to be included, but were there generic features critical for DoD) applications that
had to be part of all designs? Were there design standards that should be implemented in
order to ensure manufacturability at rcasonable cost, reliability, and adequate life cycle
support? Were existing design tools capable of doing the job?

The direction of the design effort evolved during the course of the program. During
Phase 1, stress was placed on design-for-test to ensure that fabricated chips worked reliably
and that they performed the functions for which they had been designed. In addition, design
tool development was supported.

in the Phasc 2 period, it was i.alized that Government supported standards
development (rather than tool improvement) were activities that could have great industry-
wide impact while at the same time meeting specific Do needs. In the case of a hardware
description language, the VHSIC program not only created a standard (VHDL) but also
demonstrated its use with a simulator and associated tools.  Similarly, standards for the
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interoperability of the Phase 2 chips were developed and used in their design. Greater
emphasis was also placed on the inferactions between the design of individual chips and the
overall system specification and opcration.

The following assessment of the impact of VHSIC on the procedures and tools for
system level design has been included because it emphasizes the significant conceptual changes
in approach that VHSIC promoted in its design automation developments.

The Impact of VHSIC on System Level Design

Robert M. Rolfe
Institute for Defense Analyses

Introduction

The advent of the VHSIC program focused attenticn on the concept of "a
system on a chip" and thereby brought to the forefront the following problems that
until then had not been adequately addressed by chip designers.

o WMaking full use of the tremendous number of transistors (or gates)
available to the designer in a VHSIC microcircuit can lead to lengthy
design time and very high design cost.

o The hkigh cost of large, complex, application specific chips makes any
incremental change to older systems expensive and therefore discouraging
unless significant needed system: capabilities are added.

o Quality assurance and testing of the chip are no longer independent of
the sysiem integration process but must now involve system level
specifications,

o System design requirements for software, maintenance, and life cycle
reliability must also now be considered at the chip level,

These problems argue that the design of the chip architecture must
incorporate the necessary test strategy to remove latent manufacturing defects as
well as a test strategy for design verification to remove latent design defects. One
can ask how one provides a design that is capable of identifying manufacturing
defects in a structure containing millions of interconnects and active elements
through an interface with only a few hundred electrical signal ports (namely, the
chip periphery pads).

The VHSIC Hardware Description Language (VHDL), described in detail
in Section 3.1.3, is the hub around which many specific tools have been created to
address these problems. It supports model—based specifications which can be used
for simulation and other analyses.
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. A comprehensive implementation of the 1C design process must consider a

1 host of specific issues if it is to be effective in meeting functional and physical
requirements that will surely get even more complex and more difficult in the
future. Severa! of the most important are discussed below.

Design Methodology

Hardware /Software Trade—Qff Analyses

One of the first issues that must be resolved in a complex system design is
the allocation of various system functions between hardware and software.
Premature binding of the system architecture to a specific solution may decrease
system performance, adaptability, and maintainability. Incorrect aliocation of
system functions to hardware or software will delay system deveiopment and age
the design solution unnecessarily. Under the VHSIC program several software
tools were developed to support analyses of proposed allocations. ADAS (the
Architectural Design and Assessment System) and the JRS Automated VHDL/
Microcode Compiler, described in Section 3.1.4 address these issues. ADAS
provides a capability not only to analyze but also to refine the system architecture
while the JRS tool provides a path to reusable macrocells of a silicon compiler
leading to actual layout of the chip. The latter capabilities can greatly increase
design efficiency and quality since the silicon compiler macrocells will have been
prechecked for functional accuracy.

Information Reuse

The VHSIC software products enable reuse of engineering information reuse
duvring and after the process of designing the system. These products include
VHDL and its descriptions of standard component models and test program sets.
Engineering information reuse in a controlled process enhances concurrency of the
system design process which shortens the design time while providing higher
quality. VHSIC has also developed a specification framework for engineering
information systems (EIS} to support access to shared information for tools and
users. EIS is discussed below.

Product and Process Qualification

Using qualification or acceptance tests of a product chip after the

manufacturing process to provide quality assurance ignores the tremendous impact

: of early engineering design decisions on the product quality and maintainability that
& is uitimately achievable. Qualification of the design as well as the manufacturing
process reduces qualification costs when amortized over a quantity of products and
praduct types produced through the qualified processes and, at the same time, it
increases the product quality., The VHSIC program focused on developrnent and
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manufacturing process qualification with the Qualified Manufacturing Lines (QML)
concept (Section 3.2.3}. This concept has the potential for not only reducing "red
tape" but also for ultimately improving product guality by not constraining design
and manufacturing process solutions. It shifts the focus to pre—assured design and
manufacturing quality versus “testea—in" quality.

Built—in _Test and Maintenance

System test and maintenance have become one of the most important issues
when designing highly complex systems comprised of highly complex chips. In
contrast to other issues where the correct design methodology allows many
different possible implemantations, test and maintenance require standardization
by specification at the hardware interface level to permit chips designed by different
organizations and at different times to be used together in systems. The VHSIC
program has developed a number of new system architectural features to facilitate
the integration of complex chips into systems and to provide for their test and
maintenance. (For details see Sections 3.1.1)

The standard for a powerful, general purpose backplane bus, the Pl bus, has
been developed by VHSIC for data communications across local backplanes. This
standard is being used for the most recent tactical aircraft avionics programs.

Built—in test technoiogy was mandated as part of the original VHSIC
requirements, and the contractors have developed a number of enhanced techniques
Lo accomplish it. Examples include leve! sensitive scan design (LSSD) and other
scan design techniques to fully automate detail tests of the chip structure used in
manufacturing and maintenance.

The architecture and specification for a test and maintenance { TM) bus were
developed by VHSIC to support built—in test (B1T) for electronic subsystems. The
BIT architecture integrates the built—in element test and maintenance (ETM) bus
of a single VHSIC microcircuit with the subsystem TM bus. VHSIC-—based
electronic subsystems which use these integrated test buses can be expected to be
self—diagnosing for most of the anticipated fault modes. This self—diagnosis

includes identification to the faulty component even in a two level maintenance
strategy.

Computer Aided Test

The VHSIC program has developed an approach to a methodology for
testing VHSIC class microcircuits. The essential element of this approach is to
develop and validate a language which allows the capture of the product and test
specifications which, in turn, are linked to a set of standard test methods (e.g.
MIL—STD—883) for VHSIC class microcircuits. By separating product and test
specifications from the implementation of test programs, VHSIC developed test
standards that enable innovative computer aided test tools and extensive reuse of
product descriptions over the product life cycle.
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This capability was demonstrated in the VHSIC Tester Independent Support
Software System (TI1SSS) discussed in Section 3.2.2, An extension to the TISSS,
the Line Replaceable Module (LRM), is currently being developed for the Advanced
Tactical Fighter (ATF) and the Joint Integrated Avionics Working Group (JIAWG).
The JIAWG goal is to use simulatable product and test specifications for common
modules across DoD weapons platforms.

Engineering_Information Management

Any design as complex as a VHSIC based microcircuit system requires large
design teams with concurrent access to product description information over the
development cycle. The VHSIC Engineering Information System (EIS) has
addressed this need by defining a generic set of standards for computer aided
engineering and design environments (Section 3.1.4). The basic EIS provides life
cycle support of any well described product and has demonstrated this for design
and layout information modeling.

Standards and Practices

The VHSIC program has had a strong impact on commercial electrical
product standards activities within the 1EEE and the Electronics Industry
Association (EIA). VHSIC provided strawman standards for the Design
Automation Standards Subcommittee of the IEEE including IEEE 1076 VHDL and
{IFEE WAVES (Waveform and Vector Exchange Specification). The VHSIC Phase
2 test and measurement bus (TM bus) was provided to the IEEE test bus
standards committee. The EIA has drafted standards to use the IEEE VHDL for
the specification of digital products and set out to develop guidelines for use of
VHDL for the specification of standard industrial components. If approved, this
guideline will become EIA 567.

The IEEE 1076 VHDL standard has been accepted for use in the commercial
CAD industry even faster than in DoD (see the contributed paper in Section 7.2).

Major commercial system developers have adopted it, and the marketplace now
has a growing base of available computer aided engineering vendors supplying IEEE
1076 VHDL products.

The VHSIC program advanced the concept of virtual test of products based
on simulatable specifications and designs. This fact not only shortens design
intervals, but effectively removes a large category of latent design defects before
prototype or breadboard fabrication. The feasibility shown by the VHDIL. simulator
built as part of the VHDL contract with Intermetrics encouraged the CAE industry
to develop system level and design phase simulators. Today, many commercial
simulators are available for the VHSIC developed VHDL. Some of these simulators
will even allow detailed VHDL descriptions of complete processing systems to host
software development before the physical prototype is available. This capability
enables design teams to practice concurrent engineering for software on custom
hardware platforms.
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The following are some specific activities in standards and practices ihat
have taken place both in industry and in the Department of Defense.

o The Design Automation Standards Subcommittee of the |EEE has
recently indicated it will develop a product and test specification language
standard with strawman input initially derived from the VHSIC TISSS.
Use of this strawman l!anguage already has demonstrated large

engineering productivity improvements in the development of VHSIC
qualification test programs.

o The Computer Aided Acquisition and Logistics System (CALS)
specification references the |EEE 1076 VHDL for digital electronic
products behavior description in MIL—STD—1840. |EEE 1076 VHDL is
the only standard language for hardware behavior functionality. CALS
delivery of VHDL electronic product descriptions that emulate product
behavior and interface specifications will be exploited for many decades.

o The VHSIC program has developed a standard data item description
(DID) by which procurement contracts in the DoD can define the
electronic media delivery of hardware descriptions. MIL—-STD—454 was
extended to include VHDL and TISSS descriptions for microcircuits that
must conform to DoD Requirement 64.

o The VHSIC TISSS product and test specification model is to be extended
by the ATF program to support the full scale development (FSD)
acquisition statement of work (SOW) by specifying requirements for
delivery of simulatable specifications. The USAF Modular Avionics
Support Architecture (MASA) plans to adopt tailored versions of the
JIAWG simulatable specification requirements.

o Specifications of digital subsystems for reprocurement should be greatly
improved by the VHSIC developed product and test specification and
hardware description standards. Reprocurement is a critical issue in the
DoD for long lived, routinely operated, space systems and complex
weapons platforms.

o The ASCM (Advanced Spaceborne Computer Module) follow—on to the
GVSC (Generic VHSIC Spaceborne Computer) is to be a standard
module, consisting of many subassemblies, for spaceborne processing.
The GVSC program beta tested the VHSIC TISSS standards for product
and test specification standards.

Long Term Systems Design Issues

The VHSIC program has identified opportunitiae to improve design of
systems in the future. in particular, the EIS has identified the need to develop
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better information modeling concepts, methods, and tools. Although the
integration of product data across the organization has been addressed for well
cooperating engineering information systems, weakly coupled systems under
autonomous control still pose an important challenge; most of our existing
operational and maintenance support systems operate in this manner.

The VHSIC program has made great strides in built—in test (BIT) for digital
microcircuits and tightly coupled subsystems, yet much effort must be made to
fully integrate test architecture across systems. Accurate BIT remains a problem
because VHSIC BIT solves the problem for only a small spectrum of electronic and
mechanical systems.

Powerful BIT architectures create the need for significantly advanced
automatic test pattern generation (ATPG) tools for manufacturing and product
support. The ATPG tools have hardly kept pace with system design tool progress.
VHSIC has attempted to address this with standard test architectures, test
interfaces, and product description languages. Yet, much work remains in
developing product description models that allow system designers to describe test
architecture for the full spectrum of electronic and mechanical technologies used in
a modern weapon system.

3.1.1 Built-In Test/ Built-In Self Test (BIT/BIST)

Complex digital systems consist of a hierarchy of chips, cards, and racks. At each level,
tests must be performed to ensure that components work reliably in accordance with their
design specifications and are free of any logic errors and timing problems. In addition to tests
of this structural organization, tests must also be performed at different times during the life
cycle of the various components: after manufacturing, at system start-up, and during on-line
or off-line operation.

In order to meet these diverse testing requirements, special hardware must be
incorporated into chip and card designs to render the components testable down to levels at
which faults can be isolated (Built-In Test). For a chip, this is the gate level. The techniques
for producing such testaiic desigas requires a conrchensive implementation methodology
usually referred to as design-for-test (DFT). While Built-In Test requires external test vectors,
components with Built-In Self Test capability can generate their own test vectors and report
their status to the outside world. Such capability is important for quick response, on-line
operation testing, or to decide whether redundant elements are needed to be activated in fault
tolerant designs.

During Phase 1, design techniques were developed, documented, and demonstrated
which provided increased reliability and testability of chip performance through the inclusion
of on-chip testing and fault tolcrant designs. The details are to be found in References 2.11-
2.15. Phase 2 extended this work to encompass standards for chip-to-chip and card-to-card
communication (Section 3.1.2). TRW used BIST to improve fabrication yield on its
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"superchip” to acceptal le levels by connecting enough working macrocells together to form a
functional chip. The Phase 2 work is described below.

Honeywell

The Honeywell approach to BIT/BIST was to include presettable sequential "flip-flops”
(FFs) in all chip designs in such a way that all combinational logic and sequential element
portions of the circuit would be testable. Loading a value to one FF causes the propagation
of that value to another FF where the value can be captured and scanned out. This technique
is very similar to IBM’s level sensitive scan design (LSSD) technique and became the basis of
Honeywell’s standard design-for-test procedure.

To ensure defect free components and boards, Honeywell included both internal and
boundary scan in its Phase 2 chips. With internal scan, all of the normal functional flip-flops
within the design are replaced with scannable registers, i.e. registers whose setting can be
sensed. Serial access to the internal registers, combined with computer generated test patterns,
gave greater than 98% coverage of single stuck-at faults within the components. To implement
boundary scan, scannable flip-flops were placed at each I/O pin to allow direct cerial access
to the chip I/O. This boundary scan approach, visible only during board test, provided
thorough testing of interchip connections at the board level.

To meet the need for high coverage self-test, Honcywell implemented two approaches
to pseudo-random self-test. The primary approach was to replace all registers in the design
with registers known as Built-In Logic Block Observers (BILBOs) which support normal
functional mode, test reset, test serial shift, parallel pseudo-random test pattern generation,
and parallel signature analysis. By using BILBO registers throughout the design, parallel test
patterns can be applied to the chip at full chip speed. In addition to this parallel approach,
scrially loaded pseudo-random test patterns are also supported to allow a cost/coverage
comparison of these two approaches.

Honeywell chips included the element test and maintenance (ETM) bus (the chip level
test bus) as the standard interface to the BIT circuitry to allow either pseudo-random pattern
generation on the chip or deterministic patterns to be scanned in. Pseudo-random techniques
allow high fault coverage testing of the internal circuitry of an IC.

A hierarchical maintenance system was designed with two levels of test interface, a chip
level interface (ETM-bus) and a backplane or board level test maintenance interface (TM-
Bus). Individual Honeywell chips include an ETM interface. They can be connected to a
Honeywell Test Interface Unit (TIU) for communication of chip test information to a system
test controller. The TiU device was fabricated, packaged, tested, and documented in VHDL.
An applications board will be developed as a VHSIC add-on task. The TIUs connected to the
TM-Bus can provide the system test controller with diagnostic information.
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IBM

The IBM design methodology for built-in test was to use level sensitive scan design
(LSSD) coupled to the standard ETM bus interface. LSSD ensures that all sequential
clements can be set to arbitrary values from an external interface. This allows the complexity
of the test generation to be reduced to that for a combinational circuit. The LSSD latches can
be set to known values with external test vectors or by using internal linear feedback shift
registers to generate pscudo-random patterns for built-in self-test. Pscudo-random patterns
generated on chip can transfer data to the LSSD latches at a much higher rate than patterns
externally scanned in. BIST stuck-at fault coverage was 59.4% for the AC chip, 90% for the
CSR chip, 54.6% for the SP chip, and 78% for the VBIU chip. For IBM, BIST can test only
that logic bounded on both sides by an LSSD latch so that the logic between the LSS latches
and the /O pins remains untested.  This is tested by a "boundary scan" procedure that
supplements the BIST. These two test procedures used together produced a combined fault
coverage of greater than 97% for all chip types.

The system level BIS'T design used a hierarchical test bus architecture in which all chips
contain ETM Bus interfaces. These chips are connected to a diagnostic maintenance device
(DXMD) that contains the interface to the module level TM Bus. The DXMD was not
tabricated for the VHSIC Phase 2 program. The TM-Bus can connect to IBM’s “availability
management system” for system level diagnostics and testing.

IRW

TRW’s BIST approach was to partition a superchip into three sections: logic
macrocells, interconnections between logic macrocells, and RAM arrays. The BIST system
first tests the logic macrocells, then uses working macrocells to test interconnections between
macrocells, and finally uses the working logic macrocells and interconnections to test the
memory arrays, A scrial test bus, the Logic Macrocell Test Bus (LMT Bus), provides
communication between the central test processor and the local test hardware resident in the
macrocells and supports testing at full chip speed.

Figure 3.1 illustrates the BIST system. ‘The superchip BIST system minimizes the
hardware located in the test node of macrocells uader test and the size of the test bus, Test
pattern generation and timing control hardware are located in the central test controller. The
LMT Bus consists of four multiple-drop lines with pipelined repeaters, ‘This test bus supports
at-speed  logic macrocell, interconnect, and memory test with a simple protocol, thus
minimizing bus interface hardware in the macrocell test node, the Logic Macrocell Test Slave
(LMTS). All bus transactions are controlled by the Logic Macrocell ‘Test Master (LMTM) in
the central test controller.

The LMT master provides the capability to generate the LMT Bus packets necessary
to control LM slaves for macrocell verification, configuration, and maintenance. A varicety
of control and data streams, including pscudo-raidoin patterns, walking 1's and 0%, and solid
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0’s and 1’s, can be generated with minimal external control. The LMT master can control
many other test busses including the ETM Bus and commercial scan registers,

The LMT slave responds to LMT Bus commands in order to exercise real-time control
over macrocell operation and perform at-speed compression of test results into an accessible
signature. It also provides half rate and quarter rate clocks for the macrocell. Each logic
macrocell contains an LMT slave.

3.1.2  Interoperability Standards

Although several projects used Phase 1 chips from different vendors on the same board,
it was realized that the interoperability between new VHSIC chips (both 1.25 and 0.5 micron)
from different vendors would be greatly enhanced if standards were established to specify their
electrical, data path, and test bus interfaces.

Accordingly, the VHSIC Phase 2 Statement of Work, issued in 1984, stated the
following requirements for interoperability:

"INTEROPERABILITY STANDARDS:

Inter facelInteroperability Standards shail be established by agreement among all
VHSIC Phase 2 Submicron contractors and the Government COT Rs 1o assure that
all chips developed under the VHSIC Phase 2 Submicron Program are
interoperable, both electrically and physically. Standard voltage level(s) shall
ve established and wiilized for all chips and inputlout put levels shall be equivalent
Sor all chip inter faces, whether contained in a single or mudti-chip package. A
VHSIC hal f-micron Bus Inter face Unit (BIU) chip shall be developed to facilitate
module interoperability with a Standard Interconnect System Bus. The BIU and
any other VHSIC chips developed under this Phase 2 VHSIC Submicron
Program shall inter fuce directly to a Standard System Maintenance Bus to be
defined by agreement among all the VHSIC Phase 2 Submicron contractors and
the Government COT Rs. All these Standards shall be documented and delivered.”

In accordance with this paragraph, a tri-Service Interoperability Committee negotiated
four standards with the Phase 2 contractors (Reference 3.1). These were (1) electrical
interface standards, (2) the parallel interface bus (PI-Bus), (3) the test and maintenance bus
(TM-Bus), and (4) the clement test and maintenance bus (ETM-Bus). The standards exist as
copyrighted documents to prevent the propagation or publication of unauthorized changes, but
they may be copied without modification. They are "open” standards, and may be used by
anyone. The following is a description of each and its current status,
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Electrical Interface Specification (Version 2.4, January 1988

This standard provides interoperability between all Phase 2 chips, new Phase 1 chips,
and standard TTL-1/O chips. Its purpose is to ensure the operation of VHSIC Phase 2 ICs
from various vendors on the same board.

To permit the use of the Phase 1 chips and Phase 2 chips on the same board, new
Phase 1 chips should comply with the Electrical Interface Specification, except that they will
utilize a maximum 25 MHz for the SYSCLK signal frequency, and the DFNCLK signal will
be operated at 1/4 of the SYSCLK frequency. Since both Phase 1 and Phase 2 chips operate
at a maximum 25 MHz chip I/O at the package edge, this will provide direct interfacing.
Redesign of original Phase 1 chips are expected to meet this specification also. It will ensure
that chips which use the name "VHSIC" will enhance rather than detract from the "-ilities" of
future DoD systems.

For existing printed circuit boards, the maximum I/O rate presently supported is 25
MHz. This limit is imposed by the physics of the board level interconnects. In the future, if
impedance matched lines are used, higher I/O rates will be feasible. Both Honeywell and IBM
have demonstrated that 50 MHz communications are achievable between ICs with impedance
controlled lines on a multichip carrier. In addition, the Laser Pantography effort at Lawrence
Livermore National Laboratory has constructed "Silicon PC Boards" with propagation
velocities of 23 cm/ns as part of its VHSIC Phase 3 effort (Section 3.3.4).

Parallel Interface Bus (Version 2.2, March 15 1988)

The PI-Bus standard specifies the backplane parallel interconnection between
VHSIC-based subsystem boards. Unlike microcomputer busses such as the VME, MultiBus,
or FutureBus, the PI-Bus has no separate set of lines for addresses. This bus is meant to be
a communications medium for systems to exchange messages or buffers of information, and
not for CPUs to retrieve individual words from a memory. The bus provides a choice of 16-
or 32-bit wide data paths, in either an "error detection” or a "single error correct, double error
detect (SECDED) mode". All three VHSIC Phase 2 contractors have chosen to implement
a 16-bit, error detection version of the BIU as a PI-Bus interface for their demonstration
modules. IBM has over 1200 fully tested chips available. Honeywell has at least one fully
functional part, and has packaged parts undergoing life testing, while TRW/Motorola has
about 2700 functional BIUs which passed wafer probe. The bipolar drivers for the backplane
arc now available on the commercial market from Signetics. The PI-Bus is a standard
interface on the Air Force Common Signal Processor (CSP) and called out in SDI technology
programs such as the Advanced Spaceborne Computer Module (ASCM). It has been chosen
by the Joint Integrated Avionics Working Group (JJAWG) as the backplane control bus for
the ATA/ATF/ATH common avionics package. They will use a 16 bit error correcting version
in & dual bus configuration, along with a dual TM-Bus, a MIL-STD-1553B serial bus, and a
Flioh Speed Data Bus. The Air Force ATFE and the Army ATH (or LHX) ate each in the
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Demounstration/Validation phase with two competing contractor teams. By the ATF/ATA/LHX
Commonality Memorandum of Agreement between the Services, the Navy is committed to a
P31 program to use the JIAWG specifications, and all three Services arc committed to using
the JIAWG avionics specifications/standards in deliveries after 1997. It also should be noted
that the SAE-9 HINT committee, which was tasked to define a new parallel backplane bus,
has sclected the PI-Bus as the candidate for a new standard.

Test and Maintenance Bus (Version 3.0, November 1987)

The TM-Bus provides a serial backplane interconnection for the same 32 module set
serviced by the PI-Bus by using four interconnect lines: Clock, Master Data, Control, and
Stave Data. The TM-Bus is used by the Phase 2 VHSIC contractors on their demonstration
brasshoards. In addition, it is being quoted as the maintenance interface for several VHSIC
contractors insertion efforts, and will be used by the ATA/ATF/ATH as explained in the
P1-Bus section. The TM-Bus is being incorporated into draft standard IEEE 1149.5.

Eicment Test and Maintenance Bus (Version 3.0, November 1987)

The ETM-Bus standard provides the electrical and protocol definitions for a
synchronous serial bus. This standard allows the designer to use chips from various VHSIC
manufacturers on the same board and connect them to a common maintenance controller,
which in turn receives its control and instructions via a backplane TM-Bus. A single
controller can thus be used to test a board in both field and depot maintenance operations.

Because of interaction between the VHSIC ETM Bus group and the Joint Test Action
(JTAG) working group, the proposed IEEE P1149.1 standard IC test bus proposed by JTAG
came to be quite similar to the VHSIC ETM Bus. Honeywell has even designed a bus
controller chip which will work with either bus although some differences remain between the
two busses. The likelihood of wide acceptance of the P1149.1 bus in the commercial market
makes it rcasonable to expect it to supersede the ETM-Bus, even for military systems.

Maintenance of the VHSIC Bus Standards

Soon after the VHSIC bus standards were first proposed, a group at the Naval Ocean
Svstems Center encoded the Pl- and TM-Busses in SIMSCRIPT and simulated them for
different message types and load conditions.  Several inconsistencies in the protocols, as well
as ambiguitics in the specification documents were discovered and corrected.

In 1988, wher VHDL had become an IEEE standard, the VHSIC Interoperability
Committee decrded that the bus standards should be rewritten as VHDL descriptions to allow
tests of the standards to be made in the widely available VEHDI . environment. In addition, i
would also allow a designer to actually use a simulation model for a VHSIC bus with the

o
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simulation of his system in order to evaluate which busses (16-bit, 32-bit, etc.) best fit the
design requirements.

A team at the Science Applications International Corporation was contracted to write
the bus specifications and test environment for both the PI- and TM-Busses in VHDL. The
project was successfully completed in May 1990, and the entire system was demonstrated at the
Naval Research Laboratory.

Copies of the VHDL PI- and TM-Bus specifications are available for computer
downloading from the Naval Research Laboratory, Code 5305. A modified version that agrees
with the Joint Integrated Avionics Working Group backplane specifications is expected to be
available in the future.

3.1.3 VHSIC Hardware Design Language (VHDL)

Like many programs, the VHSIC Hardware Description Language (VHDL) was born
out of necessity. By 1978, at the inception of the VHSIC program, DoD was already
experiencing an unmanageable situation with parts obsolescence. Early VHSIC studies
forecast that by 1990 about 80% of non-memory components in DoD systems would be
Application Specific Integrated Circuits (ASICs). Additionally, the average lifetime of a scmi-
conductor fabrication process was projected to be shortened to about two years. With the
average system development cycle for DoD systems being 7-10 years, DoD was assured of
parts obsolescence before a system was fielded.

The use of a Hardware Description Language (HDL) was viewed as the solution to the
problem. By capturing the function of the device, as well as its hierarchical structure, a
technology independent documentation would be created that could be used as a procurement
specification to build new devices that performed the same function as the old one, but would
be constructed in the prevailing technology. In addition, the HDL would produce a simulation
model of the device that could be used to simulate at board, subsystem, and system levels.
Thus for the first time DoD could also have the benefit of accurately knowing the
performance of systems before construction.

While the obvious solution to the problem was the use of an HDL, in late 1979 and
1980 there were no commercial HDLs available. HDLs were in use in universities and custom
computer aided design environments within large corporations.

Dold VIHSIC program personncl believed that an industry standard hardware
deseription language (HDL) was needed.  In late 1979 through 1980, surveys of HDL
technology were made. 'The conclusion was that while there were many HDLs in existence,
all were either too limited in scope or proprictary. Thus, in the summer of 1981, the VHSIC
office sponsored a workshop at Woods Hole, MA, gathering together language experts from
industry, academia, and government, to define the requirements for a hardware description
Foneanee, 'This workshop produced documentation that was used to generate a specification
b o HEDYLL

In July 1983, o contract was awarded to Intermetrics, teamed with IBM and Texas
Lottnmente 1o develop o VHSIC "hardware description language, simulator, and other
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associated tools (Reference 3.2). The resulting VHDL version 7.2 was released in August
1985.

In December 1985, VHDL 7.2 was submitted to the IEEE as a candidate hardware
description language standard.  As a result, the 1EEE crecated the VHDL Analysis and
Standardization Group to standardize the language. The VHSIC Hardware Description
Language (VHDL) became IEEE Standard 1076 in December 1987 and ANSI/IEEE 1076 in
October 1988,

Since that time, the VHDL technolegy has been successfully transitioned to industry,
academia, and government. About 50 Computer Aided Engineering tool suppliers have
VHDL oriented products either on the market or in development. The IEEE and Electionic
Industries Association are developing additional standards and practices based on VHDL. it
is in production use within many companies and it is currently cstimated that there are
upwards of 1000 sites with VHDL capability.

In 1988, a VHDL Users Group was established first as an independent organization
and, since June 1989, as a Technical Users Group under the IEXE Computer Society. There
are currently about 800 members of the users group. More than 50 universities have VHDL
activities ranging from rescarch in areas such as design synthesis and formal verification, to
using the language as 2 teaching aid in the design classes at junior level and above.

The Gaverninent has a wide variety of VHDL activities underway. VHDL was added
as reqguired documentation undes MIL STD 454 Requirement 64 as of September 1988. A
Data Item Description to cover VHDL documentation under contract, was developed by a tri-
Service working yroup aid became effective as DI-EGDS-80811 in May 198Y. 1n cooperation
with industry, t: . government has agreed to establish validation procedures and certification
processes for VHDL models.  This capability is expected to be on line by October 1990.
Additionally, work is currently underway to place VHDL. documentation requirements into
MIL STD 1840 and usage guidclines into MIL Handbook 59 under thc Computer Aided
Acquisition and Logistics System (CALS) and to certify VHDL as a Federal Information
Processing Standard (FIPS) in conjunction with the National Institute of Standards and
Technology. The FIPS requirement covers systems through components, and extends the
requirement to all government agencies.

Internationally, significant efforts with VHDL are underway in many coundiries,
including Canada, England, France, Germany, Isracl, Italy, Japan, Korea, and Sweden.

VHIL Language Definition and Developmeint

The definition and development of VHDL was the cornerstone of the VHSIC design
automation program, and was carricd out under a ¢ -act with Intermetrics, Inc.
Implementation of software started in August 1984, and <. .aued into 1988, The software
tool sct developed included an analyzer, design library manager, reverse analyzer, and
simulator.  In September 1987, « VHDL language version for IEEE standardization was
released, and, on December 10, 1987, the VHDDL was approved as IEEE Standard 1076.
Adoption of VHDL as an IELE standard was a major VHSIC milestone, a step that ensures
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thar VHSIC designs documented in the VHDL will be readily transportable throughout the
commercial and military IC design communities. The VHDL IEEE 1076 software (analyzer,
design library manager, and fully interactive simulator) was delivered during 1988. Software
is now production quality and resident on VAX/VMS and Berkeley UNIX on Sun
workstations. An EDIF interface was added in 1990,

A VHDL ncwsletter is available from Intermetrics which regularly publishes
information related to VHDL.

VHDL Independent Validation and Verification (IV&V)

The purpose of the IV&V effort was to test the VHDL software in actual use in the
ficld.  The primary contract for this effort was awarded to the United Technologics
Microelectronics Center in Angust 1983, The work was divided into two parts. The contractor
performed an initial test of the VHDL software and then acted as a focal point for secondary
testing at "beta” sites.  User comments from the beta test sites were incorporated into the
IEEE 1076 version of the VHDL software. The contract was completed during 1988 and this
part of the program concluded successfully with VHHDL as a production tool.

Joint 1).S./Canadian_Rchost

Under the Joint U.S./Canadian program started in July 1987, the VIIDL tools were
adapted for use with high performance workstations. The U.S. provided the VHDL software,
graphics interface, EDIF interface, validation tests, and technical consultation. The Canadian
contractor, Bell Northern Research (BNR), installed the VHDL soiiwarc on various high-
cud workstations and integrated some of its own design tools into that VHDL environment.
The tools were ported to an APOLLO 4500 serics platform and beta testing began in March
1990 for commercial release in June 1990. A DEC PMAX port was completed in May 1990,
and beta testing began in July. Significant improvements to simulation cfficiency were made
by BNR. By using a diffcrent algorithm for cvent que management, a simulation speed
improvement of 50 to 100% was achicved from the vession 1.5 to version 2.1 of the
Intermetrics tool set. BNR has also developed an EMACS based editor for VHDL that is
available through the Canadian University Network.  Additionally, work is progressing to
integiate the VHDL. system into the Cadence framework. The joint program is due to be
completed in 1992

3.1.4  Design Tools

At the very conception of the VHSIC program it was realized that in order to design
chips of the required functional complexity, it would be necessary to employ computer aided
design to a much greater extent than was curreat at the time, Furth:rmore, the high cost and

05




CHAPTER 3/ DEVELOPMENT TASKS

lengthy turn-around time of chip fabrication made it almost a necessity that designs be correct
the first time.

In 1980, chip design was a compartmentalized process performed by separate
individuals (or groups) using mostly manual methods. An integrated design methodology was
nceded which would utilize a sct of automated design tools that would work together. At that
time, among the six Phase 1 contractors, only IBM possessed an adequatc CAD capability.

During Phasc 1, the contractors were tasked to develop integrated CAD systems with
which to design VHSIC chips. However, as described in Section 2.2.7, this approach was not
practical and subsequently, much more focused goals for the VHSIC design tools pro&x‘m*
were formulated. They were three-fold:

o to provide advanced design tools to support the designer using the VHDL,

o to develop system level advanced design tools, and

0 to develop a comprehensive framework in which the design tools and design data
could operate.

VHDL Insertion Tools

Workstations/Interfaces:  The purpose of this cffort was to develop terminals with
interfaces which assist the designer using VHDL.

Gould (via subcontractor Vista Technologics) developed a prototype generic
workstation intertace for VIIDL using a SUN 3 workstation, which automated the
generation of VIHDL coue 2ad checked for internal consistency. The work was
completed successfully, and tne final software was delivered in December 1987 to the
Army at Ft. Monmouth ard the Navy at the Naval Research Laboratory for evaluation.
The new VHDL workbznch allows a designer to input schematic diagrams and have
VHDL structural descriptions compiled in real time. If functional descriptions arc
desired, the system provides “hand holding” by means of a syntax directed editor. The
uscr can create VHDL code even with Timited knowledge of the language. This system
is a designer’s entry into VHDL, ‘T'he technology embodied in this program is being
commercialized by Vista Technologices, and Vista is under subcontract to Intermetrics
on the Canadian Rehost contract (Section 3.1.3) to provide a graphics interface to the
Intermetrics tool set.

Integration_ol VIIDL, _and ADAS: The goal of this contract was to intcgrate the
Architectural Design and Assessment System (AIDAS), developed by the Research
Triangle Institute, with VHDL in such a way that system designs may be captured
(hicrarchically) with ADAS and archived in VHDL, thereby enhancing the ADAS tool
set. To support this ceffort, extensive modifications to the ADAS graph cditor, data
base, and simulator were carried out, The net result was an integrated design system
wiicht took advantage of the modeiing and simuiation capabilities of both ADAS and
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VHDL. Using these tools, designers can capture and simuiate their designs at several
levels of abstraction.

During 1988, implementation of the modifications to ADAS to support the
VHDL interface was completed. The original interface was built around VHDL
Version 7.2, After VHDL was standardized by the IEEE in December 1987, the
interface was modified to support the new VHDL standard.

The AIDAS simulator was also extensively modified under this contract. The
modifications reduced the need to use functional simulation to mode! complex systems.
The contract was completed in September 1988, and the results of the contract work
were delivered to the Government. See References 3.3 and 3.4 for further details.

Synthesis Tools: The purpose of these efforts was to develop software techniques which
would derive chip design data automatically from a VHDL behavioral description.

Honeywell deveioped a tool called V-Synth which determines a useful chip
architecture from input that ts algorithmic in nature and contains an implied structure.
The output is an architectural description of a microprogrammed device in VHDL and
the microcode to drive the device. Honeywell delivered a prototype of the software in
June 1987 and ti ¢ final version in November 1987, In 1988, Honeywell upgraded the
VHDL Synthesis System under the VHSIC Phase 2 contract to be compatible with the
1EEE Standard VIHDL. The register transfer fevel VHDL behavioral description of
the Phase 2 BTU chip destge was synthesived using V-Synth, The generated microcode
required 31 words of 40 bits each. The contract was completed in September 1989 and
the software and final technical report were delivered. Sce Reference 3.5 for further
details.

JRS Research developed an Automated VHDL/Microcode Compiler Synthesis
and Design System (AMSDS) which synthesizes a microprogrammed processor
architecture from an Ada program and a VHDL description of chips. Output from
the program is a VHDL description of the processor and optimized microcode for the
Processor.

Sperry (now Unisys) was under contract to interface the VHDL analyzer to the
MIXSIM intcractive simulator. The contract was completed in May 1987 and the
VHDL intcractive simulator was delivered to Government laboratories for test,

Silicon Compiler Interfaces: Rescarch Triangle Institute, Silicon Compiler Systems,
and E-Systems completed the development and demonstration of the VHSIC Silicon
Compiler (VSC). This cffort involved the integration of ADAS, GENESIL and VHDL.
Using the VSC, engineers can capture and model designs from the system to the
transistor level. Designers can then use GENESIL as a fabrication mechanism for new
integrated circuits identified during the design process.  Information is transmitted
among the tolls in the VSC with special purpose interfaces which provide the desired
capabilitics. Major capabilitics include:
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o the representation of GENESIL objects in ADAS such that designers can
cvaluate the performance and functionality of a proposed chip design in the
context of the overall system,

o the ability to partition a hardware hierarchy based on its estimated area and
power dissipation, and

o the generation of VHDL functional models from GENESIL which can be
incorporated into the hierarchical VHDL models produced by ADAS.

As part of the contract, E-Systems used the VSC tools to develop and simulate
an image processing system. Part of the system included the development of a special
purpose ASIC which performed the core calculations required for the imaging
application. The simulation was done in VHDL Version 7.2

The initial version of the VSC used VHDL Version 7.2. After the IEEE
standardized VDHL, the VSC tools were converted to the 1076 standard. The contract
was completed in Scptember 1988 and the results were delivered to the Government.

The CMOS interface effort by National Semiconductor complemented this by
making it possible to produce the chip designed with the GENESIL compiler on the
National Semiconductor CMOS VHSIC pilot line. This provided an experimental
demons‘ration that the hardware output corresponds with the input design
specifications. Scc References 3.6 through 3.11 for further details.

VHDL Models: As part of its effort in the development of systems design tools
reported above, JRS improved the comprehensiveness of VHDL modeling to include
complex behavioral models, detailed physical attributes, and a greater variety of devices,
JRS produced, analyzed, and simulated VHDL 1076 models of the TRW, TI, and
Honeywell Phase 1 VHSIC chips.

System Design Tools

Under this program, advanced design tools were developed aimed at making the higher
(system) level of the design process more automated and more efficient. The efforts in this
arca provided a variety of tools in fields such as design verification, design for test, advanced
system synthesis, and life cycle cost modeling. Several contracts were awarded to universitics
in order to deveiop advanced concepts in this subject area and, at the same time, introduce
VHDL into the academic community. Work on this part of the program began in September
1986.  All work has been completed.

VDL Annotation Language (VAL) (Stanford University: The VHDL Annotation
Language (VAL is a lanyuage extension of VHDL which allows designs to be specified
as annotations to VHDL. Hardware behavior is defined by simple abstract
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specifications and the behavior is related to more detaited architectural descriptions in
VHDL. VAL augments VHDL by supporting powerful constructs for timing and
abstraction, and simpler constructs for parallelism. It also provides some basic
constructs for expressing correspondence between VAL specifications and VHDL
architectures. VAL annotations are used to check consistency between VAL
specifications and VHDL architectures during simulation. The contract was completed,

and the VAL preprocessor is available through Stanford University. For further details
see References 3.12-3.14.

Automated VHDL Microcode Computer Synthesis and Design System (JRS Research
Laboratories): The project goals were to provide an integrated set of high level design
automation/CAD tools for hardware/software design of high performance embedded
computers for DoD applications. Included in the tool set are (1) an Ada to microcode
compilation system that is automatically retargetable from VHDL, (2) an automated
system that synthesizes designs described in VHDL from specifications written in Ada,
and (3) links to external tools including silicon compilers.

JRS has been actively pursuing the development of this technology for the past
nine years, including its association with the VHSIC Program since 1984. Versions of
Ada to microcode compilers for four VHSIC Phase 1 processors were developed along
with VHDL models of the chips. A functional prototype of the AMSDS was delivered
to the VHSIC program offices of the three Services in June 1987, with additional
relcases through March 1990.

Highlights of the program are automatic compiler generation from a VHDL
model of a processor, processor synthesis from application programs in Ada and C to
a VHDL processor model, and a VHDL interface to the Seattle Silicon compiler. See
References 3.15 and 3,16 for further details.

Advanced Design AutoMation (ADAM)_System (University of Southern California):
Prototype design tools were developed to allow a designer to specify requirements for
a design in VHDL and produce a registei transfer level description. A user interface
was designed to provide the capability of entering design information into ADAM by
writing descriptions in either VHDL or a natural language (i.c. English-like), A
synthesis subsystem takes a behavior specification of the design and creates a register
transfer level data path and a schedule of operations to be performed so that the data
flow can be pipelined. An object oriented database manages the information for the
system. License agreements from the University of Southern California have been
obtained for distribution of the software to universities and industrial research
laboratories within the United States, for research purposes only.  All tasks were
completed in the spring of 1990. For details sce References 3.17 through 3.23.

Hicrarchical Design for Testability (Research Triangle Institute): Utilization of the
Test Enginecr’s Assistant (TEA) system methodology and computer-aided design
(CAD) tools enables design and test of digital hardware to occur in parallel with system
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functional design and results in systems that are maintainable at a lower life cycle cost.
TEA provides a methodology and a supporting CAD system that ull.ws the system
designer to meet testability requirements. This is accomplished by supporting design
for testability and built-in test (BIT) techniques at all levels of design abstraction.
TEA interfaces directly to ADAS tools and through ADAS to VHDL.

RTI developed five tools in 1988. The Design for Testability Guideline Checker
identifies untestable structures and recommends alternatives that are more testable.
BIT Recommendation divides a board into ambiguity groups (AGs) for fault isolation
testing and recommends a class of BIT techniques for each AG. BIT Overhead
Summary calculates thc approximate hardware overhead (i.e., test points, BIT support
modules, and additional I/0O) associated with the implementation of a particular board
level BIT technique. BIT Placement Recommendation generates a new schematic of
the board with a sample implementation of the given technique. System Summary
itemizes the incremental hardware overhead attributable to added testability. The
contract was completed in December 1988, See References 3.24-3.29 for further details.

Analog Design with VHDL (Dartmouth University): This effort explored the use of
the VHDL linkage port to escape to other styles of design.  An object oriented system
based on Prolog was constructed, and rules to allow the design of different filter types
were generated.  The contract was completed in 1989 and prototype software and

technical report were delivered to the government. Sce Reference 3.30 for further
details.

Object Oriented Chip Design Using VDL (Rensselaer Polytechnic Institute): An
advanced design tool was developed that uses a novel way of producing a design. The
designer has available a set of components, or building blocks, in a library from which
he can build a chip. These blocks are keyed like jigsaw puzzle pieces so that the design
process is analogous to putting a jigsaw puzzle together. As the design progresses, the
VHDL description and the chip physical layout are produced automatically. The
research was completed in 1989,

Artificial Intelligence for VHSIC Systems Design (AIVD) (RTI / OCTY): An
advanced design tool was developed that uses a novel way of producing a design by
working at the systems level. The designer has available a set of components, or
building blocks from which he can build a chip, or in the gencral case, an electronic
system. ‘The user interacts with the system through an object oriented interface which
permits access to components in an object oriented data base (the ROSE database
developed at RPI). ‘The system consists of an editor, the design library, a search
engine, and a tool for insertion and extraction of designs expressed in VHDL. As the
design progresses, the VIHIDL description is produced automatically. The contra it was
completed in 1989. Sce References 3.31 and 3.32 for further details.
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Engineering Information System (EIS)

Requirements and Goals: An engineering automation system requires a framework
within which hardware and software information can be managed from the inception
of a design through its complete life cycle. The EIS allows data to reside in a
heterogeneous hardware environment while presenting a homogeneous view of the data
to the designer. The EIS program is being executed against a requirements document
cotapiled by the Institute for Defense Analyses based on a series of industry,
government, and academic workshops held in the mid-1980s. The prime contractor,
Honeywell, began work in June 1987 and is due to finish in January 1961,

The main goal of the EIS program is to develop a set of specifications as
strawman standards for tool and data interoperability. These candidate standards arc
being introduced into the commercial standardization process with the intent that a
broad base of support will carry them into general use. Secondary goals of the EIS
program are to demonstrate the feasibility and usefulness of these framework standards
via prototypes and enginecring demonstrations.

EIS will significantly enhance the payoff of prior VHSIC successes by increasing
the utility of the VIHSIC computer aided design and test teols and by lowering the cost
of designing and inserting VHSIC chips. In addition, EIS is highly synergistic with the
VHDL and TISSS programs (Sections 3.1.3 and 3.2.2).

Approach: In order to supply the necessary functionality, a broad set of services is
necessary. The specifications for these services were determined by:

o adopting an existing standard for a necessary service when one was availabie.

o extending an existing standard o provide necessary services when the need could
be met in such a way, and

o developing a new candidate standard in arcas where no standardization has
occurred, or where an existing standard clearly was not meeting the needs of the
EIS community.

The implemented approach for developing new standards is responsive to the
EIS objectives to permit the maximum use of existing technology and to preserve
migration paths tor vendors of products in related areas to meet the EIS specifications,
EIS allows users to incorporate existing tools and databases so that the valuc of
previous investments is retained.

Figurc 3.2 shows the resulting conceptual nature of the EIS, wherein there is
a set of general purpose framework scervices which operate against domain specific
models. The basic paradigm is object-oriented, which aliows the data management
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services to access other data organizations easily. The EIS has developed one domain
specific model for digital 1C design.

Results, Accomplishments, and Conclusions: The specification phase resulted in a
three-volume document (Reference 3.33) which compiled the feature approaches,
language-independent service interfaces, and the information model to support digital
1C design. This material was widely reviewed throughout industry and received positive
evaluations. Incremental builds of these specifications have shown their feasibility and
usefulness. EIS is the ouly comprehensive specification of a general purpose
engineering framework available today.

The EIS program has had a substantial impact on the development of standards
in the CAD community. Within a year of the program outset, the CAD Framework
Initiative (CF1) was formed. CFI is a consortium of over 50 companies addressing the
same basic scope as the EIS specifications.

The EIS program has supported the CFI in providing strawman candidate
standards and in defining CAD interoperability. To date, the CFI has adopted several
EIS positions and used other EIS specifications as baselines for CFI subcommittecs.

The EIS prototyping phase began in October 1989. The purpose of the
prototypes is to establish validity of the specifications, determine feasibility of
implementation, demonstrate that EIS cai be built on existing software and adapt to
existing tools, and to provide a vchicle for application demonstrations (EIS in actual
use).

Build One of the prototypes, which has been completed, implements the high
level object management services suitable for supporting CAD tool attachment and
data interoperability on a local network. In addition, Build One validated the basic
object/function invocation model. A user manual for the prototypes will be available
in January 1991 from Honeywell (Reference 3.34).

The EIS Program held a scries of open workshops, the most recent being in
November 1989. The next open workshop is scheduled for early in FY1991. A
newsletter is published monthly and distributed to a mailing list of 2500 individuals in
the US and abroad.
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3.2 Test and Life Cycle Support

This section brings together the various VHSIC activities relating to the very important
areas of test and evaluation of the performance and radiation hardness of VHSIC chips, the
qualification procedurcs to insure reliability, and ncw maintenance concepts needed for

VHSIC.

3.2.1 Test and Evaluation

In-lHouse Test and Evaluation of VHSIC Chip Performance

Army (ETDL): The Reliability, Testability, and Quality Assurance Branch of the
LLABCOM ETDL tested and evaluated the following VHSIC chips. The characteristics
of each chip arec described in Section 3.4.

Correlator (Hughes) - Parametric measurements were verified on both the correlator

wafer test structures and a packaged device. Functional tests were not
performed due to device tester limitations. All work was performed between
May 1984 and December 1985,

Static Random Access Memory (SRAM) (Texas Instruments) - Electrical performance

verification tests of the SRAM in a DIP package were performed using a
non-pipelined mode in a joint effort by ETDL and the Rome Air Development
Center (RADC). Results of dc tests were in agreement with TT test data. Ac
test data, however, showed failures in access time and functional operation at
elevated temperature. ETDL performed essential electrical characterization on
105 SRAM sampiles in the L.CC package including dc and ac parametric tests
in both non-pipeline and pipeline modes. Of these, 95 devices were shipped with
test data to Hughes for use in the VHSIC Firefinder upgrade program. ETDL
coordinated preparation of a detailed specification in Military Drawing Format
by T1 for the SRAM device. All work was performed between September 1984
and October 1987.

Multiport Switch (MPS) (Texas Instruments) - Electrical performance tests were

performed at ETDL and Tf. ETDL coordinated preparation of a detailed
specification in Military Drawing Format by TT for the MPS device. All work
was performed between December 1984 and July 1987.

Static Random Access Memory (SRAM) (Westinghouse) - The chip set was produced

jointly by Westinghouse and National Scmiconductor. Electrical performance
verification tests were performed at ETDL over the full range of military
temperature. Functional and parametric test data were in good agreement with
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manufacturer’s test data. All work was performed between August 1985 and
November 1985.

Arithmetic Element Controller (AEC) (Hughes) - The AEC device was designed by
Hughes and manufactured by LS1 Logic for use in the VHSIC Signal Processor
(VSP) module in the VHSIC/Firefinder upgrade. Electrical performance
verification, functional, and parametric tests were performed at ETDL over the
full military temperature range. Test results showed satistactory performance
and maximum data rates of 33 MHz at 25°C, 34 MHz at -55°C, and 26 MHz
at 125°C. All work was pcrformed between February 1984 and March 1989.

Signal Processing Element (SPE) (IBM) - Electrical performance verification tests at
ETDL showed functional failure at -55°C, and maximum data rates of 22 MHz
at 25°C and 26 MHz at 125°C. Failure at low tempecrature was due to the
presence of clectrical noise in the PGA package that increased as temperature
decreased. Improved functional performance in the PGA package can be
obtaincd with careful test fixturing and installation. In tests performed at ETDL
and I1BM, the SPE device in the PGA package did not function successfully at
specified frequency and threshold voltage. However, IBM did achieve
satisfactory performance of the SPE chip when used in a comparatively noise
free muitichip package. Other problems included a static power supply current
(IDD) that exceeded the design specification, and a design problem in the
on-chip-monitor (OCM) alleviated by use of a resct sequence in the data input
at start-up to release the data bus. IBM reviewed all of these problems to
determine corrective action.  All work was performed between June 1988 and
December 1989.

Bus Interface Unit (VBIU) (IBM) - Performance tests at ETDL included parametric
and functional. Functional verification at the 50 MHz data rate was not
achicved due to a noisy test fixture. Tests were performed at data rates of 36
Mllz at -55°C, 34 MIIz at 25°C, and 33 Mllz at 125°C.  All work was
performed between December 1988 and Sceptember 1989,

Air_Force (RADC): Over the duration of the VHSIC program the Microelectronics
Reliability Division at the Rome Air Development Center performed detailed tests and
evaluations of several VHSIC devices. The RADC test tacility houses the enhanced
VHSIC automated microcircuit clectrical test system, the Tester Independent Support
Software System ('118SS) central host computer, and VLSI design workstations. A brief
chronology of the electrical testing performed by RADC is described in the following
paragraphs.

During FY87, RADC developed test programs and performed characterization
testing on four ViiSIC device types: the Honeywell Sequencer, the Texas Tisti tinciis
72k SRAM, Westinghouse/Nationai 16k and 64k SRAMs, and the 1BM SPE chip.
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Results of th2 memory device characterizations were documented in a joint AF/Army
report (RADC-TM-86-5) and were also presented in a technical paper at the 1985
Government Microcircuit Applications Conference (GOMAC). See Reference 3.35.
Several device performance deficiencies were noted during the testing and were
reported directly to the manufacturers to facilitate corrective actions. All device testing
was documented in report form and forwarded to the Army, Navy, and Air Force
VHSIC program offices.

In FY88, test program development and device characterization focused on the
Intel VHSIC-like static RAM, MIL-M-38510/613. This was the first VHSIC or VHSIC-
like device to receive military qualification status. The characterization included all ac,
de, and functional tests included in the specification along with plots of various
operating characteristics and a mini-life test on a sample device. The testing performed
on the samples obtained by RADC indicated that the devices were able to meet all
specification limits by wide margins and show good long term reliability potential.
Results of the characterization were reported in RADC-TM-89-18.

RADC also investigated samples of TRW’s CMOS 1028-bit Dual Static Shift
Register. This device was fabricated using TRW’s VHSIC CMOS process. Testing
at TRW indicated that the device exhibited high supply currents when certain bits were
stored in the shift register. This was confirmed by testing at RADC, and corrective
actions were suggested to TRW in order to climinate the problem.

Navy (NOSC and NRL): In 1986, functional tests were performed at the Naval Ocean
Systems Center (NOSC) on Phase 1 CMAC and SPE chips from IBM, CAM and
WAM chips from TRW, a 16k SRAM from National Semiconductor, and an FPMAK
chip from Raythcon. The IBM, National, and Raytheon parts passed the functional
tests over the frequency range 1-25 MHz at rooru temperature. The TRW parts were
functional at 1 MHz, but defects in the tester adapter board prevented testing at higher
clock speeds.

NOSC also performed parametric tests on Phase 1 test chips from IBM, TRW,
Motorola, and Honeywell. Measurements included transistor parameters, contact
resistance, and resistivity.

In 1987, thc Naval Rescarch Laboratory desinged a sidclobe canceller that
incorporated TRW’s MAC chip and two personalizations of the Motorola V6000 gate
array. The system ran as designed at speeds up to 19 MH~ with simulated data.

In-ITouse Test of VIDL Phase 2 Chip Descriptions

Navy (NRL ) As part of the acceptance procedure for deliverables, the Naval Research
Laboratoiy (Code 5305) was tasked to test and accept the VHDL chip descriptions
delivered on the Phase 2 contracts.

The descriptions delivered by IBM contained non-standard, VHDL ANSI/iEEE-
1076 code; therefore, simulations were not run.
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VHDL deseriptions of the TRW macros were found to be in error after testing
a packaged 1PRAM for functionality on a Daisy PMX system. NRL corrected the
Intermetrics VHDL model of the I1IP"RAM and also wrote a correct set of test vectors.
The model and the actual part were then found to give identical results when running
the same set of test vectors.

Flectromagnetic Effects (EME)

Electromagnetic Etfeets (EME) include upset and damage from radiated and conducted
sources such as electrumagnetic pulse (EMP), electromagnetic interference (EMI), radio
frequency interference {REL). hiah power miciowaves (HPM), clectrostatic discharge (ESD),
and lightaing. The EME Subcommittee of the VHSIC Qualifice - -y Committee investigated
the problems associated with establishing standards for testing and accepting VHSIC devices
for military systemis,  Results were presented in the EME Subcommittee report, Reference
3.5,

IBM Work on Blectiomaenctic Eflects (EME): The 1BM VIISIC Phase 2 Final
; Technice! Report (Reference 3.45) states that (a) protection against clectromagnetic
pulse (FMP) is a system problem and cannot be resolved at the chip level, and (b) IBM
has demonstrated clectrostatic discharge (ESD) protection exceeding 800V (humian
body mode) on packaged VHSIC chips.  After Phase 2, work continued on ESD
protection. New IBM designs were manufactured and evaluated using the VHSIC
Phase 2 process. ‘These new designs offered negligible performance degradation and
voovided protection level capability of up to 4000 volts.

Jest und BEvaluation of VHSIC Chip Rudiaton_Hardness

VHISIC ¢hips are sequired to operae in envisonments which subject them o
nucicar and space radiation threats: towal dose (11)) eftects newmron damage; ic -
1ate for apset and latchup (LU); jonizing Tevel for survivability; and single event upsct (ScU)
aororinced by alpha particles, protons, and heavy jons. In Section 3.3.2 {1BM) and Scction
333, several of the process improvenenss to cphance radiation hardness are described. The
preseil section gives the results of the radiation hardness tests on Phase 1 chips. Details of
the test procedures are given in the 1957 VHSIC Aanual Report (Reference 2,28, Scction
VoL The sesults of the radiation tests for 1BM Phase 2 chips are givess o S8 3.3.2
‘The test chips that were used to demonstiz te the radiation hardenie - ach. o m the
NA VHSIC Extension-To-Space program are histed in the tollowr » 0 bie
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Contractor Technology Test Chip Radiztion Test *
Westinghouse/NSC  CMOS 10k gate array/64k SRAM All
Motorola CMOS Discrete transistors D

IBM NMOS - CMOS Macro II test chip TD/SEU
Hughus CMOS/SOS Test structures TD,SEU
Harris/GE/RCA CMOS/50S 64k SRAM .. Al
Honeywell Bipolar SEU test chip ~ SEU

TI STL ACS chip LU

TRW Bipolar Macrocell test chip LU

* TD = total dose; SEU = singlc event upset; LU = latchup

Westinghouse: The SAFE implant used by Westinghouse in hardening its gate arrays
was also used with the 64k SRAM, but the recessed n' change was not implemented
initially duc to the magnitude of the layout changes that would have been required.
A scheme to incorporate the recessed n' design into the SRAM was developed by
National Scmiconductor Corporation in a subsequent IRAD program. Without the
fully recessed n*, the SRAM demonstrated a total dose hardncess capability between 100
and 200 kilorads, With the recessed n” iraplemented, the 64k SRAM was hard to 1
megarad. The 10k gate array fabricated at Westinghouse was also hard to 1 megarad.

The use of p o p' epitaxial substrates ciiminated dose rate induced latch up
and led to i improvement in the dose rate upset threshold from 1x10° 1adss to
between 7x10% and 1x10° radsis.  Meavy ion SEU tests showed that the SRAM's
projected error rate was reduced from 1x107 to 5x10°® upscts/hit-day by the epitaxial
substrate, and then to less than Sx10°7 upsets/bit-day by incorporating cross-coupled
resistors i the SRAM memory cell. These values are based on room temperature
operation at 3.0 volts. At 5.0 volts, the SRAM improved to less than 1x107 upscts/bit-
day, while the gate array with no SEU hardening was characterized by an error rate
ot 5x107 upsets/bit-day.

IBM:  Following the VHSIC Phuse 1 program, IBM transitioned their radiation
hardening activities to a 1.25 micron bulk CMOS process. This technology had been
mstalled as part of their strategy 10 produce submizron CMOS under VHSIC Phase 2.
CMOS also became the TBM 125 micron technology and has benefited from the
radiation hurdening activities during the VHSIC Phase 2 and GVSC pregrams. The
IBM Phase 1 CMOS technology is hard to 1 megarad total dose and 1x10” rads/s dose
rate upset threshold: less than 10 upsetsbit-day SEU is wvailable; and it has no
latchup. IBM has rroduced 61K SRAMs with this technology and s developing a 250k
SRAM.
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Hughes Aircraft Corporation: CMOS/SOS correlator chips produced by Hughes during
the regular Phase 1 program met or exceeded space hardness levels, especially in the
areas of dose rate upset and latchup, where the use of SOS offers intrinsic advantages.
In total dose testing, the correlator remained functional up to doses of 2 to 3 megarads,
but leakage currents became significant at several hundred khilorads.

Harris/lGE/RCA:  Total dosc tests have shown that the CMOS/SOS 64k SRAM
functionality i1s maintained to several tens of megarads. However, further work is
needed to reduce standby current which becomes significant and saturates after
approximately 100 krads. Dose rate upset hardness has been demonstrated to more
than 2x10" rads/s, while SEU testing with heavy ions under normal bias conditions
~ produced no upsets at effective linear energy transfers up to 250 MceV/(mg/em?), which
makes it effectively immune to cosmic ray upset.
At the present time, Harris is fabricating the 64k SRAM along with 1.25 micron
gate arrays and custom chips in the CMOS/SOS process. Thus, 2 spectrum of radiation
hard SGS chips is currently available.

TRW: Content Addressable Memory (CAM) chips were processed along with a test
chip containing about 200 special structures for studying latchup effects. Process lots
included standard bulk, 7 micron, 10 micron, and 15 micron epitaxial starting wafers.
CAMs manufactured on 7 micron epitaxial substrates cxhibited no latchup responses
at dose rates up to 2x10" rads/s with supply voltages as high as 7 volts. PISCES
modeling, coupled with bench characterization of the test structures, revealed that the
7 micron thickness was optimum for preventing latchup in ‘TRW’s triple diffused
bipolar process. These substrates eliminated latchup without decreasing manufacturing
yicld or periormance.

3.2.2 Test Technology

TATA

dbhe Tester Tndependent Support Software System (TIS5S)

The TISSS is a system for the automated generation and maintenance of electrical
specitications and test programs for digital microcircuits. The use of the TISSS requires the
chip designer to address, at a very carly stage in the design, the question of how the desired
functionality captured in the design is to be tested. “The lack of coordination between the
tunctional specifications and the specifications for test was becoming a serious problem with
the advent of increasing chip complexity.  Furthermore, the preparation of test vectors was
requiring a laree offort and had o be targeted o a particular tester.

Toe systein ncludes a database-centered software support system that s independent
of both the computer aided design aud test environments and information representation
e

ARIRTLITY for teot vectorAvaveform data and teqt k:ﬁ(-(‘ifi(‘}llinn informition to uccomplish is

Ve
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automation goals. Thesc languages are currently undergoing standardization within the IEEE
design and test communities,

The capability provided by TISSS cnables the user to develop and maintain complex,
device design and test information in a standardized, transportable computer-accessible format
that can be used to automatically generate test vectors for the device into the data format
appropriate to the tester being used. The Government use of TISSS significantly reduces the
time required to insert advanced technology microelectronics into operational systems. In
addition, the device data stored in the database can be used for reprocurement of devices no
longer being manufactured.

Full scale development of TISSS was begun by the Harris Corporation in September
1985 and software development and initial application to the Generic VHSIC Spaceborne
Computer (GVSC) microcircuits was completed during 1989-1990. This iniiial use of TISSS
was for the generation of eclectrical test specifications and test programs for the GVSC
microcircuits developed by the Air Foree Space Technology Center (AFSTC). During this
demonstration and application, the GVSC contractors, Honeywell and [BM, utilized TISSS
software installed at their sites for the gencration and capture of electrical test specifications
for their respective GVSC microcircuits. They also translated test vector information to the
TISSS Vector Language (1'VL) for submission to the TISSS data base. After this information
was generated and captured, it was then sent to the Rome Air Development Center for audit
using the TISSS located there. After auditing, the information was used to automatically
generate test programs for all of the GVSC microcircuits. The use of TISSS reduced the time
needed to gencerate these complex GVSC test programs from an estimated one man-year to
two man-weeks, The test programs were generaied using the newly completed TISSS Teradyne
3953 postprocessor.

Following the successful demonstration and application of TiSSS in the GVSC
Program, AFSTC required that the TISSS methedology be used in microcircuit development
work to be performed by the Advanced Spaceborne Computer Module (ASCM) Program.
Under this program, TISSS will also be applicd to support design and test information capture
and automatic test program generation for digital boards developed by the ASCM Program.

In 1990, the TISSS program will complete the development of a generic postprocessor
that will greatly enhance industry acceptance of the TISSS data standards and practices. The
generic postprocessor will reduce the time and cost associated with customizing the TISSS
postprocessor to work with new target miciocircuit and printed circuit board testers. The

In addition to the TISSS applications to digital nicrocircuits, T'ISSS is currently
undergoing extensions to support digital line replaccable modules (LRMs) targeted for next
generation aireraft platforms, such as the Advanced Tactical Fighter (ATE). The TISSS
extension development is currently supported by the ATEF Program Office. The TISSS will be
demonstrated during the summer of 1990 with applications to LRMs targeted for the ATF.
The demonstration will consist of the capture of design and test information for Integrated
Communication Navigation Tdentification Avionics (ICNIA) LRMs and auditing of the
informatior using ‘TISSS. After automatic auditing by TISSS, the information will be used to
automatically generate test programs for two target testers, one located at RADC and the
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other at the Sacramento Air Logistics Center. This demonstration will show the functionality
of TISSS as applied to digital LRMs and also the feasibility of the capture and use of design
and test information for LRM production, integration, certification, and life cycle support.

The TISSS information standards used are the VHSIC Hardware Description Language,
discussed in Section 3.1.3 of this report, the TISSS Vector Language (1'VL), and the Test
Description Language (TDL).  VHDL was standardized by the IEEE as ANSI/IEEE
1076-1987. The TISSS TVL is currently undergoing IEEE standardization and will be called
the Waveform and Vector Exchange Specification {(WAVES). The Test Description Language
(IDLY 1s beginning TEEE standardization and will be called the Test Specification Language
('TSL). The successful standardization of these representations will fulfill the VHSIC goal of
defining the information languages for representing and easily interchanging for use all
information necessarv for microcircuit design, manufacture, test, inscrtion, and life cycle
support. See References 3.37-3.41 for additional information on TISSS.

Microcircuit Testers

The Rome Air Development Center {(RADC) is the lead organization responsible for
the ecncration of specifications for qualification testing of integrated circuits used by DoD.
Accordingly, they have been concerned with the capability of available testers for testing
VHSIC-class devices.

At the start of the VHSIC program it was clear that existing microcircuit testers would
not be capable of adequately assessing the quality of Phase 1 VHSIC chips. For example, a
good portion of the carliest electrical testing on VHSIC Phase 1 memory devices was
performed on a Tektronix S-3270 automated tester. The S-3270 had the capability of testing
devices with up to 64 /O pins at speeds up to 20 MHz. However, it did not have the

transitioned to a GenRad GR-18 capable of testing devices with up to 288 pins and clock rates
up to 40 MHz with patterns of up to 250k test vectors.

RADC surveyed the tester manufacturers and it was apparent that even next generation
test equipment would not have the necessary performance for characterizing Phase 2 VHSIC
devices.  Therefore, a contract was initiated with GenRad to develop a VHSIC-class
microcircuit tester in 1984,

However, GenRad decided not to continue in the tester business, In fulfillment of their
contract, however, they did deliver and install at RADC a ‘Teradyne J953 tester which met
RADC’s requirements that it be capable of testing 100% of VHSIC Phase 1 devices and
approximately 85% of VHSIC Phase 2 devices. It is capable of uncompromised testing of
devices with up to 250 1/0 pins at data rates up to 50 MHz. By multiplexing adjacent pins,
the J953 can test devices with clock rates up to 100 MHz. The J953 can place timing edges
with an accuracy of 500 ps and apply patterns to the device of up 10 4M vectors. The test
head has very low capacitance (30 pl) which lends itself to accurate waveform reproduction.

Of cqual importance with the hardware, is the capability of the software that can be
used with any test system. A TISSS postprocessor for the J953 makes it possible to generate
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entire test programs for complex devices in a few weeks instead of the several months that had
been required in the past.

3.2.3 Retiability and Qualification
Introduction

The reliability of integrated circuits has always been a serious issue for the
semiconductor industry. Military requirements have further necessitated the establishment of
qualifying procedures and standards, in order for parts to be used in DoD systems. However,
as devices of increasing complexity, requiring new and complicated fabrication processes are
designed and built, the problem of assuring their reliability becomes more difficult. The cost
of qualifying parts becomes an important consideration that in turn depends on their demand.

The VHSIC program attempted to address these problems with a three-fold approach.
The first encouraged Phase 1 chip suppliers to demonstrate the use of the existing qualification
procedures. These procedures are:

o the certification of the production line (fabrication, assembly, and test procedures)
in accordance with MIL-STD-976 to assure a controlled manufacturing process,

o characterization and documentation of of the device in a dated specification (called
a "slash sheet”) in accordance with MIL-STD-38510, and

o testing of a designated production lot in accordance with MIL-STD-38510 and MI1L-
STD-883C procedures.

Devices which satisfy these requitements are put on a Qualified Parts List (QPL). The
status of these procedures as of December 1988 are given in the 1988 VHSIC Annual Report
(Reference 2.29). More recent additions to the QPL are given below.

The sccond approach was to support the development of improved test methous,
reliability prediction models, and software tools. Early contracts are listed in Appendix B
(Early Phase 3 Projects, Scction 8). Contracts completed after 1986 are listed in Section 3.2
of Appendix B. Two of these are discussed below: Reliability Assessment of Gate Arrays and
Reliability Prediction Modeling. The TISSS project has already been discussed in Section
322

The long term approach was to develop a sct of generic qualification procedures that
take advantage of test arcas on the VHSIC chip, separate test chips, and scparate test wafers
to control and document the extremely complex fabrication process. The design procedures
are also subject to certification.  Manufacturers whose fabrication, design and control
procedures meet the requirements have their facility placed on the Qualified Manufacturers
List (OML).
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Reliability Assessment of Gate Arrays (GTE)

This project by General Telephone and Electrouics focused on the generic qualification
of gate arrays and the reliability of representative products. The final technical report
(Reference 3.42) contains the contractor’s resulls of step-stress, life tests, and failure analysis
done on CMOS standard evaluation circuits. The current military specifications for gate array
devices require a Standard Evaluation Circuit (SEC) to be used to assess the quality and
reliability of a manufacturer’s gate array family. The concept behind the SEC is to run
exhaustive reliability tests and characterize the electrical parameters of one device which
represents the design rules and macroceii library of a particular technology and array family.
Subscquent designs in the same family would not require the life tests and qualification screens
specified for all QPL dewvices.

This program defined the recommended circuitry for CMOS and ECL SECs. To
evaluate the effectivencss of current military requirements, the SECs of two manufacturers
were tested. The SECs were clectrically characterized and the results summarized. Reliability,
step-stress, and life testing was done on a CMOS SEC to validate current test methods. The
failure mechanisms studicd were electromigration, hot electron effects, and dielectric
breakdown. The program concluded that current high temperature life testing and burn-in
testing are adequatce to detect any electromigration and dielectric breakdown problems. The
program recommended dynamic low temperature life testing of SECs and dynamic low
temperature burn-in of production devices to monitor hot clectron cftects in CMOS devices.
Also, a list of desirable features for computer aided design (CAD) tools was developed.

Reliability Prediction Modeling

T Rescarch Institute (ITTRI) and Honeywell SSED were teamed under Contract
F30602-86-C-0261 to RADC/RBRA to develop a reliability prediction model for fielded CMOS
VHSIC and VHSIC-like devices. Since little or no field reliability data was available, an
approach was taken that uscd mcthods which deviated from the traditional statistical analysis
of ficld failure rate data. Two models for predicting failure rates for VHSIC and VHSIC-
like CMOS microcircuits were developed: a detailed model and a short form model.

The detailed model is based on the characteristics of specific failure modes, manufactrer
specific information such as defect density, wearout performance, and key application data
such as temperature and operating time. The short form model is @ condensed version of the
detailed model and docs not require manufacturer specific information, but uses easily
accessible information.  The penalty in using the short model is its lower precision and
accuracy relative to the detailed model.

The models account for both time dependent and defect-related failure mechanisms.
A data base was built containing the life test, burn-in, and environmental test results from a
varicty of manufacturers. Much of the data contained in this data base was used in the
quantification of early life failure rates for various specific failure mechanisms. Therefore, the
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detailed model, in predicting defect-related early life failure rates, yields an industry wide
representative failure rate. The use of actual defect densities, if properly measured, will result
in predicted reliability values which are more precise and accurate than conventional regression
type prediction models.

It was also determined in this study that it is these defect-related mechanisms that drive
failure rate in the part’s useful life. Wearout mechanisms were also modeled which will
provide an approximate end of lifetime as a function of the part’s design rules and its
particular application.

The model addresses three time-dependent mechanisms: electromigration, time-
dependent dielectric breakdown, and hot carricr effects. The model has factors for chip area,
defect density, and/or minimum feature size so that changes in technology can readily be
factored in. It has a correction factor to modify the model as VHSIC field experience becomes
available and to modify the model for a particular fabrication process based on the availability
of high quality life tests. The model can also utilize test pattern data from manufacturers in
conjunction with the Yield Enhancement and Generic Qualification programs. There is a
package factor which considers the number of package pins and includes the following package
types: pin grid arrays, chip carriers, and dual-in-linc packages. It also has factors for
EOS/ESD and whether or not the device is on the QPL/QML.

The detailed model was validated with life test data that was available on 1.0 and 1.25
micron feature size devices from three separate manufacturing processes and both models were
proposed for inclusion in MIL-HDBK-217 "Reliability Prediction of Electronic Equipment.”
The final report, (Reference 3.43) was circulated via an extensive mailing list. The models
were well received and should prove to be very useful DoD/industry tools.

Qualification Procedures

As the VHSIC chips were being designed, developed, and produced, it became
increasingly clear that the QPL procedures for qualifying them for military use were not
ctfective and would become even less so as time progressed. Because of their functionol
complexity, the chips were much more application-specific than the standard logic or standard
microprocessor chips uscd in the past. In addition, the dense, fine-line features of the chips
made standard optical inspection and electrical testing ineffective in screening out the faulty
or marginal ones. Finally, the cost of qualifying a specific part was sufficiently high that
qualification was undertaken only if the part were assured of use in a large procurement. The
current status of QPL is given below and the alternative Qualified Manufacturers List (QML)
procedures are discussed.

Qualified Parts_List (QPL): The present status of manufacturing line and chip
qualification, conducted under the Defense Electronic Supply Center { DESC) Qualified
Yarts List (QPL) guidelines, is described below.,
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Westinghouse

o A 1.25 micron (0.9 eff) CMOS 5 V gate array line was certified under
MIL-STD-976 and MIL-M-38510, effective December 20, 1989.
Included in this certification is the gate array design system, in
accordance with the “"generic" gate array certification/qualification
method of MIL-M-38510/608.

o The Parametric Monitor (PM) design was approved January 12, 1989
by RADC and DESC.

o A Standard Evaluation Circuit (SEC) was approved on May 31, 1989
by RADC and DESC. This will serve as the qualification test vehicle,
per MIL-M-38510/608 for a gate array family. The family consists of
54k, 28k, 20k and 3k gate arrays.

|
2

o 620 SPEs were qualified to MIL-M-38510, ctfective June 1990.

Qualificd Manufacturers List (QML): The goal of the QML program is to develop
standards more appropriate for qualifying VHSIC chips than the traditional procedures.
The new standards are based on establishing qualified manufacturing lines that can
produce fully qualified parts without the costly testing of each individual part.
Surrogate devices are used for controlling the process and revealing quality problems.
CAD tools are fuily integrated into the cestification procedure and chip families and
packaging techniques which apply to more than one device are dealt with generically.
This process of "generic" qualification for military products also depends on tight
control of the manufacturing process in order to assure that the quality and reliability
of the product, once established, remain within required limits.

QML is a long term cffort that is expected to continue beyond the VHSIC
program . A joint DoD/Semiconductor Industry Association statement announcing this
new strategy for military microcircuit manufacturing and procurement was released in
February 1989, Ten major semiconductor companies participated in the refinement of
the requirements originally developed under a VHSIC contract. These were AT&T,
Harris Semiconductor (3 locations), 1BM, Intel, LSI Logic, National Semiconductor,
Texas Instruments, and VLSI Technologies. The result of this cffort, MIL-1-38535
"General Specifications for Integrated Circuits (Microcircuits) Manufacturing”, was
issucd on December 18, 1989,  These companies are now in various stages of
preparation for certification validation reviews based on the MIL-1-38535 requirements.
Certification validation reviews were conducted at Al& 1l and Intel. The AT&T
(Allentown Pa) 1.25 micron CMOS process was certified on December 19, 1989, and

83




CHAPTER 3/ DEVELLOPMENT TASKS

full AT&T qualification was completed during the first quarter 1990. Similarly, Intel
certified their 1.0 micron CMOS process in February 1990 and received full
qualification shortly thereafter.

Efforts to include linear devices and GaAs technology into the QML concept are
continuing. Through the MIMIC program, industry working groups have been
established to address the QML requirements for GaAs circuits. Customer generated
designs will be addressed in future updates to MIL-1-38535.

0.5 Micron OML: A 24 month modification to the IBM Phase 2 contract was awarded
on June 1, 1988 to extend the QML procedures to 0.5 micron technology. The
objectives were to (1) develop and implement statistical process control (SPC)
techniques; (2) design and implzment process control monitors and standar evaluation
circuits as in-line process monitors and reliability indicators; (3) develop a reliability
prediction model; (4) validate the model Ithrough testing; and (5) certify and qualify
the 0.5 micron CMOS process for inclusion on a qualified manufacturers list.

IBM has implemented a statisticai process control program, as per JEDC
Publication 19. A VHSIC/VLSI reliability model was completed and released to the
Phase 2 program office. The screening and life test results for both the 1.0 micron and
0.5 micron CMOS signal processing clement (SPE) chips matched the model
predictions.

'»
[N
=

Maintenance Concepts for VHSIC

Honcywell performed a study of the impact that advanced microelectronics technology
will have on the development of appropriate maintenance concepts. This study identified and
characterized the maintainability and diagnostic problems that might occur in advanced
microelectronic systcms.  The guidelines are uscful for specifying realistic maintenance
requirements and for designing systems to meet those requirements. The guidelines aie written
for the system, module, and chip levels of assembly and generally provide options for the
designer to choose which are most appropriate to the task. They were developed with the
knowledge that VHSIC characteristics, such as built-in-test, might mitigate the problem.

System level guidelines include a discussion of maintainability as a primary svstem
requirement, equal in importance to the mission requircments of that system. Diagnostic
information management, packaging, fault diagnosis techniques, and VHSIC-1 and VHSIC-
2 maintainability features are discussed.

Module level guidelines cover the clectrical and mechanical characteristics associated
witle the maintenance features and the use of built-in test and automatic test equipment. The
role of the module level diagnosties as a link between chip and system processes is stressed.

Chip level guidelines focus on metheds used in the design of chips to implement a
hicrarchy of maintenance diagnosis throughout the system.

Particular insight i provided into the weehniques of good design for maintenance and

the tradeoff between the level of maintainability achicvable and its associated cost. Several
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appendices, which contain detailed examples of diagnostic technigues, are included in the final
report for this project (Reference 3.44).
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33 Chip Fabrication

The following assessment of the impact of VHSIC on fabrication technology has been
contributed by one of the program managers intimately involved in the development of the
Phase 2 VHSIC "superchips” which successfully pushed the prototype production of high
density, large arca, onc-half micron silicon fabrication technology to its limits,

The Impact of VHSIC on Fabrication Technology

Charles S. Meyer
Motorola

My involvement with the VHSIC Program started at its beginning in 1979,
| helped prepare our Phase O proposal with teammates TRW and Sperry Univac,
and | continued to work on the Program throughout Phase 1. | rejoined the
TRW /Motorola effort as Motorola’s Program Manager during the last two years
of Phase 2 when it returned to our Advanced Products Research and Development
Laboratory (APRDL).

What has becn the impact of VHSIC on microcircuit fabrication technology?
It is my opinion that it has served as a significant accelerating factor in our
progression to successively denser integrated circuit generations.

The thrust of VHSIC technology was intended by the Government to be
ieading—edge in nature but firmly positioned in the mainstream of projected
integrated circuit fabrication trends. This was true in Motorola's case because
process/device development at both the 1.25 micron (Phase 1) and 0.5 micron
(Phase 2) CMOS technology levels was planned and would have occurred without
VHSIC. Even with VHSIC, Motorola paid for the process development activities
itself. However, the Program provided us with the opportunity and funding to
exercise these processes on real circuits eartier than would have otherwise been the
case and to do this with schedule demands that forced the hard decisions necessary
for yield enhancement.

An example from our Phase 1 experience was the use of polycide (the gate
electrode material comprised of a sandwich of a polysilicon and low resistance
silicide). We had developed the polycide process module and used it on 2
prototype commercial memory chip before employing it on our VHSIC circuit. The
VHSIC design, in turn, arrived somewhat ahead of a commercial microprocessor
part that was also scheduled to use polycide. This microprocessor’s topography
was closer to that of the VHSIC circuit than the memory and thus we got a jump
start on exercising the polycide module in a "logic" process. Both circuits
benefitted, 1 think, from subsequently being run in parallel.

tn the case of Phase 2, we have concluded that the presence of VHSIC in
APRDL accelerated our progress on 0.5 micron technoiogy by aimost a year., We
had to redirect our internal resources to meeting the incredibly challenging demands
involved in assembling a 0.5 micron, salicided—transistor, triple--level--metal
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techneleogy and successfully using it to fabricate 1.5 x 1.6 inch dice. Motorola's
planned purchase of a high numerical aperture stepper had to be expedited and
mastery of the equipment was accelerated by the need to perform optical stitching.
Again, although this developmental work was funded by our company, the VHSIC
time schedules forced us to "make way" sconer for this generaticn of technology
and also provided the circuit vehicles to exercise it and measure progress. This 0.5
micron technology is being transferred to TRW under a separate contract for
continued application to the Government projects.

From a more global perspective, apart from the hardware aspects, | feel that
VHSIC has accomplished another imporiant mission by facilitating the interaction
between semiconductor technologists and military electronic equipment designers,
As a result of this program, each has a better understanding of the other's
capabilities and limitations. It is my expectation that success in future applications
will show this to have been a major benefit of VHSIC.

331 125 Micron (Phase 1 and Yield Enhancement)

Introduction

The six contractors used several different fabrication technologies and each had different
baseline processes. Thus, although there were some common problems. for the most part each
contractor had to overcome a different set of obstacles. In every case, these processing
difficultics were overcome and chips were successfully produced.

The fabrication goal of the VHSIC program was to develep a process which could
produce complex 1.25 micron chips at a 10% or greater packaged yield so as to be affordable
for use in military equipment. The process was to be well characterized and controlled so as
to produce consistent yields.  The chips were required to be very reliable in the hostile
cnvironments expericnced in battleficld conditions,

For many of the Phase 1 chips, these targets could not be reached initially. Therefore,
4 Yield Enhancement effort was undertaken as an addition to cach of the Phase 1 contracts.
The goal was to center the process parameters to maximize yield and reproducibility. A target
vilue for the yield of packaged chips was set at 109.. The yield inhibitors had to be identified
and corrected by changing the manufacturing process. Progress toward the stated goal was
measured by periodically running three consecutive lots nominally consisting of 20 wafers each.
These three lots were collectively termed a Yicld Verification Run (YVR). Yicld at various
points in the process was measured and compared to interim goals. The yield inhibitors were
identified and listed i their importance to yield loss. This deternaned the areas on which the
work concentrated during the next period. Summanies for cach contractor’s vield enhancement
program are included below, Further details can be found in Reterence 2.27.
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Honeywell

Honeywell used an advanced digital bipolar (ADR 111} fabrication process throughout
the Phase 1 and Yiceld Enhancement programs. It is based on diclectric isolation, an jon
implanted buried collector layer with sheet resistance 3 to 5 times lower than the original
polysilicon buried layer process, and three layers of metalization for interconnections.

Maintaining a secmi-planar oxide dielectric process greatly improved the integrity of the
metal interconnection layers. Metalization coverage over "steps” in the underlaying insulator
layer was enhanced by sloping the walls of the vias with a well controlled etching process.
Buried-layer to buricd-layer current leakage was reduced by modifying the KOH etch depth
and by routincly monitoring the autodoping from the hkeavily doped buried layer. The
standard dielectric process was replaced by a bias sputtered quartz process to improve
planarization for better metal step coverage and to reduce metal streamers during the eteh
cycles,

A serious problem manifested itself in the form of severe crystal defects in the ensitter
structure of the bipolar device after the emitter anneal. These defects were traced to an effect
by the ion implanter. The problem was climinated by replacing the arsenic pentafluoride
source gas with arsine source gas.

Variations in metal line width resulted from retlections from the surfaces during mask
alignment.  An anti-reflective coating of polyimide/dye was develoned to solve this problem.
This process also helped to reduce particle cortamination and o .mprove the cyele time.

All of these process improvements led to a defect density i the VHSIC pilot line low
cnough to allow the fabrication of fully functional brassboard chips. However, even though
the process could produce fully functional chips, the vield was below the target package yield
of 10%.

At the beginning of the Yield Enhancement effort (1984) the major yield inhibitors
were, in order of decreasing severity:

Collector-to-emitter "pipes”
Schottky diode leakage
Paricuiaies in the equipment environment

‘4 I\) -

By April 1986, the corresponding list was:

1. Particulates

2. Handhng/edge defects
Ao Interfaver metal shorts
30 Metal “streamers”

5.

Pipes

As can be scen. two years of concentrated ettort on the problem ot pipes pushed it to the

bottom of the hist, ASwith most of the !‘thlc'n\\_ the Pi;\('\ were never totallv climoneaed hot
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reduced in density to a point that permitted significant yield improvements. The inhibitors
were attacked one at a time until all were under control.

The manifestation of the pipe problem was collector-emitter (C-E) leakage. It
dominated the inhibitor list for the first year of the program. The causcs ranged from silicon
suface roughness, after the KOH etch, to metallic contamination from the stainless steel
spinner chucks and tweezers. Changing the KOH process, modifying the pre-epitaxial wafer
scrub, and substituting delrin for the stainless steel resulted in a yield increase from 2% to
28%. Since a pre-epitaxial brush scrub left scratches on the wafers, a high pressure scrub was
instituted to lower the defect density. Changing from intrinsic to extrinsic gettering also played
a significant role in decreasing the density of pipes.

The problem with Schottky diode leakage was not the absolute value of leakage current
but its variability. The problem was traced to the dry etch process. Process-induced
flucrocarbon and metallic contamination, along with lattice damage, became worse during
over-etching. To solve this problem, over-etch was reduced from 25% to 10% and the tooling
in the etcher was coated to reduce alkali metal contamination. Changes to the palladium
sputter deposit process were also instituted, which further reduced metallic contamination and
limited lattice damage to the rear surface region. A subsequent dry etch of 50 A of silicon
removed the problem of leakage variability.

The particulate problems remain on-going ones that are solved by constant attention
to wafer handling, periodic maintenance, and upgrading of equipment or procedures. The
solutions are evolutionary.

The final Honeywell ADB J1I process was shown to be capable and stable. Although
not all of the problems encountered along the way were totally understood or eliminated, in
every case a solution was implemented that allowed the processing to continue and the
program objectives to be achieved (Reference 2.11).

The sequencer chip was used as the vehicle for the YVRs. The best lot in 1985 had a
14% probe yield. After several process improvements and simplifications were made in early
1986, the best probe yield achieved was 25%. The last YVR was on a scquencer redesigned
in current mode logic technology, processed on 6-inch wafers at the Colorado Springs facility
in 1987.

Hughes

The baseline process used 3-inch diameter silicon-on-sapphire (SOS) wafers. This
starting material was an intrinsic silicon film. 0.5 micron thick, with a (100) surface orientation
grown on a sapphire substrate. The device fabrication process flow is shown in Figure 3.3.
After patterning, the silicon islands were defined by reactive ion etching to give an almost
vertical edge profile.

The p- and n-channel regions were sclectively implanted with both shallow and deep
implants to provide the targeted MOS transistor threshold voltage, reduce back-channel
leakages, and increase punch-throngh voltage. A 400 A radiation hard, wet-gate oxide was
then grown at 850°C. This was followed by depositing 2500 A of polysilicon, which was then
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doped with phosphorous using POCI,. A 3000 A thick film of tantalum silicide was deposited
on top of the polysilicon and annealed at 850 °C in an argon atmosphere. This provided a
resistivity of approximately 3 ohms per square for gate interconnects.

A single layer photoresist process was used to define uniform gate linewidths. The
tantalum silicide gate layer was etched, then the p- and n-channel source-drain regions were
selectively implanted with a thin layer of aluminum. Low pressure chemical vapor deposition
(LPCVD) oxide was then deposited and annealed to provide isolation between the metal and
gate interconnect layers. Annealing was performed at a low temperature to minimize the
lateral diffusion of impurities under the gate region.

The contact regions were patterned and defined by dry plasma etching, followed by
plasma ashing in oxygen to remove any polymer formed in the contact regions.
Aluminum/silicon metal was sputtered on the wafers, patterned on a photo aligner, and etched
before cleaning and annealing. The final process step (not shown in Figure 3.3) consisted of
a standard protective glass deposition followed by patterning and <tching to clear the bonding
pads (Reference 2.12).

Eight Yield Verification Runs were processed on the correlator chip and subjected to
extensive in-process and test analysis to monitor the progress of the yield enhancement
program. Three key factors were used 1o measure the yield: the percentage of wafers that
survived fabrication (throughput), electrical parameter characterization of test structures on
a wafer (parametric), and functional wafer probe yield (functional). Although the throughput
vicld 1mproved from three scrapped lots in 1985 to no scrapped lots in 1986, both the
parametric and functional yizlds were highly erratic and uncorrelated. The best lot had a
functional yield of 12%. During the course of the program, two test chips were used to
measure metal and polycide bridging, continuity failures, gate shorts, and open contacts.
Several process and manufacturing improvements were made (Reference 2.12).

1B
During Phase 1, IBM transferred a 1.25 micron, n-channel, metal oxide, silicon
(NMOS) process that was under development at the IBM Burlington, VT Laboratory to the

Federal Systems Division manufacturing/pilot line facility in Manassas, VA. The basic fcaturcs
of this process were as follows:

o rccessed oxide (ROX) for isolation between field effect transistor (FET) devices,

o insulated gate FET devices, provided in a menu of three different threshold voltage
levels, to optimize circuit density, speed, and power (This enabled fabrication of
devices operating in three different modes: enhancement, regular depletion, and
weak depletion.),

o low resistance polysilicide for gate electrodes and short wiring runs, and

0o two levels of clectromigration-resistant metal wiring (aluminum-copper silicon) for
intracircuit and global signal/power conncctions.
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During the early phase of the project (October 1982 to June 1983), two major yield
detractors were identified: contact resistance and erratic adhesion of the WSi, polysilicide
layer. The contact resistance problem was found to be caused by an unwanted polymer layer
formed from the CF,-H, gas mixture used in the reactive ion etch (RIE) process that occurred
at low SiO, etch rates. The etch rate was increased by an optimal choice of power density,
mass flow rate, and H, concentration during RIE. The etch rate was also found to be sensitive
to the number of product wafers in a batch as the aluminum cathode was consumed. The
problem was solved by incorporating an organic material as a cathode coating and
subsequently optimizing the process parameters.

The major cause of the erratic WSi, adhesion was identified as the POCI; technique
used to dope the polysilicon layer. It resulted in the production of an interface SiO, layer
during the W