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Computer-aided engineering/computer-aided design
(CAE/CAD) tools have inthe past and will inthe future
play animportant role inthe design ofAT&T hardware
products. Currently, CAE/CAD tools arebeing used to
decrease overall product time-to-market and increase
product quality, specifically inthe areas ofdesign verifi­
cation and synthesis. Thisissue oftheAT&T Technical
Journal contains papers based onthe topics presented at
theAT&T CAE/CAD symposium, held inMurray Hill,
New Jersey, onOctober 18, 1989. Thispaper discusses
CAE/CAD ingeneral, aswell as itspastand future roles in
AT&T. It also introduces each paper inthisissue and
describes its relationship toadvances inthe field of
CAE/CAD technology.
Introduction

Computer-aided engineering/computer-aided design-eom­
monly known as cAE/CAD-refers to computer toolsusedin the design
portion ofthe product realization process. CAE supports the initiallogi­
caldesignprocesses, such as capturing designintentor analyzing
designfunctions. CAD is used to translate the design intentintoa physi­
calimplementation, such as the geometric layout ofan integrated cir­
cuit (Ic) or printed-wiring board (PWB).

CAE/CAD toolsencompass various design disciplines-mechan­
ical designofspecific hardware partsor assemblies, electrical design
ofcircuits, or software design (where CAE/CAD is morecommonly
referred toas cASE-eomputer-aided software engineering). Thepapers
in this issueofthe AT&TTechnicalJournal refer to CAE/CAD forelectri­
caldesignofcircuits.

Today, the computer is the major toolusedbyelectrical
designers inexecuting their job, and the CAE/CAD tools available to
them are a keydeterminant in howeffective these designers canbe.
The goalsofCAE/CAD development havealways been to improve the
quality, time-to-market, andcostofthe product beingdesigned.
AT&Ts continuing emphasis on these goalsandthe high-leverage



possibilities forCAE/CAD in these areas makeeffective
CAE/CAD evenmore important as we move intothe future.

This issue containsa selection ofpapers from a
recentAT&T CAE/CAD symposium. They were chosen
to givea sense of the current topicsbeingaddressed in
CAE/CAD. In this introductory paperwe present an over­
view ofCAE/CAD, discussingthe breadth ofthe field, some
historyofthe efforts, where weare today, and wherewe
expectto be going in the future.

Elements of Electrical CAE/CAD
Electrical CAE/CAD comprisestwo broad design

disciplines---eomputer-aided engineeringand computer­
aideddesign.

CAE focuses on the designofthe circuit'sjssc­
tion. It has the following major components:
- Design capture. Various inputforms such as truth

tables,schematic diagrams, and structuralor behav­
ioralhardware description languagesare used to cap­
ture the logical design intent.

- Design verification. Analysis and simulation toolsverify
that the designcapturedwill in factexecute the func­
tion that the designer intends.

- Design synthesis. This relatively newfield involves the
automatic creationofdetailed design entitiesfrom
higher-level descriptions-for example, creatinga
gate-level description ofa designfroman RTL (register
transfer language) or state-table description, or from a
behavioral description ofcircuitoperation.

CAD, on the other hand, focuses on the physical
designofelectrical circuits-that is, the mapping ofthe
functional design intent to interconnected physical enti­
ties such as transistors on an integratedcircuit, or pack­
aged components on a printed-wiring board.To accom­
plishthis, CAD:
- Assigns logical-circuit elements to physical devices
- Placesphysical devices on the interconnection

media-for example, standardcellson an IC, or dual
in-line packages (DIPS) on a PWB.

- Routes paths to complete the circuitinterconnection

- Checksthe complete physical designto ensure that it
correctly creates the functional-design intentand can
be manufactured at reasonable costs with high yields.

Two other subfields ofCAE/CAD that do not fiteasily into
the division between CAE andCAD are computer-aided
testing (CAT) and technology CAD (TCAD).

CAT toolsare used to enhancethe creation of
manufacturing tests for electrical products at either the
device, circuitpack, or systemlevel. CAT does notfit
easily intothe CAE/CAD breakdown, becausethe creation
ofmanufacturing tests spans the functional and physical
designprocesses. CAT comprises toolsto:
- Add circuitry to the basiccircuitbeing designed that

makes it easier to test-so-called designfor testability
(DFf) functions!

- Automatically create tests forcircuitry and simulate
whether tests will uncover manufacturing defects in
the circuitry

- Transform tests intoformats that can be used by man-
ufacturing tests.

TCAD toolsare used to model the verybasicelectrical
phenomena ofcircuits andinterconnections, as well as the
actualphysical manufacturing processesused to create
circuitelements. These are mostnotably, but notexclu­
sively, the processes involved in creatingsemiconductors.
Byaccurately modeling these processesand then deriv­
ing "compact models" that can be used in other CAE/CAD
designandverification tools, the outputofthe TCAD tools
forms the technological backbone ofthe CAE/CAD. For
example, MOTIS, an AT&TMOS timing simulator, is much
more accuratethan its competitors and, hence,gives
designersa muchhigher probability ofcreatingdesigns
that are "correct the first time." This is due in largepart
to the basic timing model in MOTIS, which is drawn
directly from TCAD simulations ofthe AT&T manufactur­
ingand circuitelementcreationprocesses.

Evolution
Today, a broadrange ofCAE/CAD toolsare used

byallmajor electronic productsmanufacturers. In fact,
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Panel 1. Acronyms and Terms

CAE/CAD tools representwell overa billion dollar a year
business in the commercial marketplace. Muchoftheir
broadening use in the commercial markethas occurred
overthe last ten years,although the field has been devel­
oping foralmostthirtyyears.Mostearlywork in the CAE/
CAD field wasdeveloped by largeelectronics manufac­
turers-such as AT&T, IBM, RCA, and Siemens- princi­
pally for internal use.Atthe time, only largefirms could
afford the technological investment andcomputing hard­
ware necessary.

Much ofthe early CAE/CAD work predated the
integrated circuit andfocused either on the physical
design ofcircuit packswith discretecomponents or the
design ofdiscrete wiring for largeframes ofequipment.
It concentrated on passively capturing andplotting physi­
caldata (for example, digitizing hand-drawn PWB layouts)
or on managing largefiles ofdiscrete wiring data.

The 1970s introduced the minicomputer and,
with it,widespread capabilities for interactive graphics,
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AGSIM
ASIC
CAD
CAE
DIP
OFM
OFT
FPGA
IC
MARS

MOTIS
PLD
PWB
RTL

TCAD

accelerated goodcircuit simulator
application-specific integrated circuit
computer-aided design
computer-aided engineering
dualin-line package
designformanufacturability
designfor testability
field-programmable gate array
integrated circuit
microprogrammable accelerator for rapid

simulations
metal-oxide semiconductor timing simulator
programmable logic device
printed wiring board
register-transfer language, the earliesthigh­

level language forspecifying a design
technology computer-aided design

which wereapplied to bothPWBs and the newICmarket.
The initial systemsofthis era werenotmuchmorethan
slightly interactive digitizers. Assuch,significant manual
effort wasstill requiredto checkthe design intent, nor­
mally ina paperschematic, against the PWB or IClayout.

PWB CAD systemsquickly evolved that were capa­
bleofstoringinformation aboutdesign intent, comparing
it to the design submitted, andanalyzing it forviolations
duringdesign. In this way, a "correct-by-construction"
mode became possible, at least in terms ofelectrical con­
nectivity. Because ofitsgreater complexity both in the
structureofdesign intentandthe geometries neededto
realize it,IC design could notoperatein the samecorrect­
by-construction modeat that time. Instead, it developed
sophisticated capabilities indesign-rule checking to
ensure that the physical designcorrectly embodied the
logical intentanddidnotviolate tolerance requirements
ofthe IC manufacturing process.

Owing to the high costofcomputers, most
CAE/CAD workconcentrated on CAD. Dedicated groups
that could afford dedicated computer resourcesused
CAD forphysical design tasks.With the advent ofwork­
stations in the 1980s, however, computational power and
powerful interactive graphics weremadeavailable to the
individual engineer. The focus startedto switch to CAE,
which could create tools to supportthe individual
engineer's circuit design functions.

Capturing schematics wasthe keyelement in
the initial work, mostimportantly to feed the correct-by­
construction layout tools or design-rule checkers. Very
quickly afterthat,however, significant effort turnedto
design-verification tools. In particular, emphasis was
placed on developing simulation tools forthe ICenviron­
ment,wherenoviable breadboarding (i.e., building a
prototype from discrete components) or labdebugging
techniques existed to reducethe numberofiterations
neededfora successful design. These efforts indesign
verification wereverysuccessful, with initial success
rates forICdesign risingsignificantly.
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Current Efforts
In the mid-1980s AT&T initiated CAE/CAD efforts

with three major objectives: system-level CAE, the inte­
grationofCAE/CAD intoa totalcomputer integrated man­
ufacture (CIM) environment, and the integration ofcom­
mercial toolsintothe AT&T CAE/CAD environment.

In system-level CAE, an integrated CAE environ­
mentcreates the functional designofan entiresystem,
including the device, board, andsystemlevel. Basically,
someofthe design techniques developed and success­
fully applied at the device levelare applied at the sys­
tem level, in particularto the simultaneous design of
application-specific integrated circuits (ASICS) and
boards. To dothis, effort has focused on two areas:
- System-level design veri./ication-The concept ofusing

simulation and analysis toolsto debuga design before
it is actually committed to hardware. Akeypartofthis
is notjust simulating anASIC by itself, but simulating it
in its eventual boardenvironment before the device has
been created. These steps significantly increase the
chancesthat the ASIC and the boardwill be right the first
time. This technique is proving effective, with right-the­
first-time ASICs risingfrom 50to 90percentforprojects
that used systemsimulation. The board-level debugging
intervals havebeen dropping dramatically, inone case
from an estimated ten monthsto one month.

- Synthesis-The ideaofspecifying the properties that
youwanta device to have (e.g., the sizeofthe mem­
oryand the numberofbytesper word), rather than
specifying the gates or transistors it will contain.
Using a high-level language, youcanthen compile the
specification forapplication invarious technologies.
The analogy to a compiler in software development is
veryapt,both in terms ofthe productivity gainsand its
ease ofuse.Withtoday's widening use ofprogram­
mable devices such as programmable logic devices
(PLD) andfield-programmable gate arrays (FPGAs),
along with the standardoptions ofgate arraysor stan­
dard celldevices, the importance ofhaving high-

productivity design-eapture techniques suchas syn­
thesis becomes significant. These techniques will have
evenmoreapplicability as timing optimization contin­
ues to be incorporated.

Incorporating CAE/CAD into a total CIM environ­
mentincreases the opportunity to minimize boththe man­
ufacturing ramp-up interval and the costin the design
environment. For example, in the 1970s the specification
ofagreed-upon design dataformats formanufacturing
PWBs reducedthe interval between receiving dataand
beginning manufacture from weeksto hours.The cur­
rent thrust is motivated by the desire to achieve the
samegoalsforthe morecomplex taskofthe assembly
factory. To meet these goals, weare concentrating our
efforts in the areas of:
- Electronic design-data transfer-This effort has

focused on the specification ofagreed-upon design
dataformats (for example, boarddescription data,
stocklists, common component libraries, test data,
etc.) andelectronic transfermechanisms. Byusing
these tools, manufacturing information systems can
quickly receive and processdesigndata.

- Design formanufacturability (DFM)-DFM 2 has
emphasized the development ofelectronic design-rule
specifications, audits, andcommunications mechan­
isms. Asa result, manufacturing considerations canbe
incorporated intothe initial design, rather than being
identified and repaired in the factory.

- Design fortestabilityl-DFT, a special caseofDFM,
ensures that designsare testable in the manufacturing
environment. It typically uses audits and automatic cir­
cuitenhancements extensively to improve testability.

The third major objective inAT&T CAD/CAE is
the effective integration ofcommercial tools. Early
CAE/CAD tools werecreatedby largecompanies suchas
AT&T and IBM fortheir own use.Their internal
CAE/CAD groupsofnecessity became "full-line suppliers."
Today, however, healthy commercial sourcesofCAE/CAD
exist, so it no longermakeseither financial or technical
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sense to continue the roleofa full-line supplier.
Developing an appropriate functional and struc­

turalplan for such integration has notbeen easy. It has
raisedmany questions, among them:
- In which key technical areas should wemaintain

leadership to supportour underlying physical technol­
ogyefforts? For example, losing expertise incertain
aspectsone CAD would severely damage our ability to
enhance our basicICtechnology.

- Inwhich keyareas shouldwemaintain somecontrol
to supportAT&Ts vertical integration? Ourfactory
interfaces forelectronic designtransferare a strategic
asset that we needto maintain.

- Which functional areas in the design processshould
weemphasize to give the AT&T designera technical
advantage, both today and in the future? Objective
analysis ofour major strengths,including those in
research, are helping us answer this question.

- How dowediscontinue our efforts incertain areas in
such a way that the basisofcustomerprocesses, data,
andexpertise in those areas is not disrupted? There
are literally billions ofbytesofdataandhundredsof
staffyears oftraining invested in the current tools.
Managing that investment formaximum return will
notbe an easytask.

- Whatis the mosteffective way to integrate commer­
cialtools, both forease ofuse and costofintegration?
Numerous competing methodsexist: usinga com­
mercial toolas a base, usingour tools as the base,
usingthe newly evolving datatransmittal andframe­
work standards, or usingvendorframework stan­
dards.There is noclearwinner at this time.

Now that we understand the questions, weare
making progressto resolve them as wecontinue to
acquire moretoolsfrom our vendors.

Future Directions
To understand the future directions forCAE/CAD,

we mustfirst understand the basicforces that drive cus­
tomers. Some ofthem-product quality, product cost,
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designerproductivity, and support ofevolving device and
interconnection technologies-remain constant andcru­
cial. Others-in particular, product time-to-market-are
becoming evenmoreimportant. Productintroduction
intervals have been cut in halfin recentyears; neverthe­
less, theyneed to be cut again in halfor to a thirdto
remain competitive. AT&Ts newvision ofits business
bringsother forces intoplayas well. Wemustoptimize
our efforts inCAE/CAD in order to take advantage ofthe
opportunities available inglobal design andmanufacture.

To supportthese driving forces, webelieve the
key technical efforts in the nextfive yearswill be in the
following areas:
- Development ofdesign frameworks and standards­

"Framework" is a relatively recent termthat denotes
the structure (databases, user interfaces, process man­
agement, file management, etc.) intowhich CAE/CAD
functions fit. The concept ofa framework is an excel­
lentone but is still relatively immature. AT&T is well
positioned, both technically and in the correctstan­
dards bodies, to make a strong contribution inthisarea.

- High-speed design-Asdesignsget faster, electrical
effects that havebeen ignored in the past,or at least
handled only at the device level, will become impor­
tant at the boardlevel andhigher. Wewill be able to
take advantage ofthe strongtechnical expertise we
have developed at the device level to deliver solutions
for the boarddesigner.

- Synthesis-Today's efforts in synthesis are only the
beginning ofthis technology. New efforts in optimiza­
tionand the incorporation oftiming constraints and
testability will broaden the use ofthis technology.
Designers are constantly making tradeoffs between
time andcost. Optimizing a lower-cost design increases
the time-to-market, whereas designing a highercost,
but readily available, product usingoff-the-shelf com­
ponents increases the product cost. The ability to syn­
thesize and resynthesize in different technologies will
allow product developers flexibility in time-to-market
versusproduct cost. It will also enable themto change



technologies easilyas the productmatures.
- Simulation-We haveonlybegun to harvest the

benefitsofsimulation and other design-verification
techniques.There are twoobvious extensionswith
veryhigh payoffs for the future.We will be able to
specify designs withhigh-level functional modelsso
that distributeddesigns (mostspecifically, globally
distributeddesign) can be integratedlogically long
beforephysical integrationis possible. We will alsobe
able to debug embedded software on highlyobserv­
able,controllable simulation modelsrather than with
in-eircuit emulators.

- Design for testability--Current OFTtechniques for res
are becominggenerallyavailable and easier to use,
and the payoff for similartechniques at the board and
systemlevelis at least as high. Standardssuch as
Boundary Scan (a low-eost method ofdetermining
whether allPWB connections havebeen made) appear
to be able to return significant capital and labor sav­
ings in manufacture, and perhaps also in field instal­
lationand repair.

- Architectural tools-Initial decisionsabout product
architecture haveby far the greatest effecton overall
product costandquality. Yetin the past,few computer
toolswere available to help in the decision process.
Continuing effortsin research, such as partitioning,
protocol evaluation andvalidation, and throughput
analysis are addressing these issues, however, and
bringing these ideasto production will be a major goal
in the comingyears.

Inllll.I.....
The papers presented in this issue ofthe AT&T

TechnicalJournal describeCAE/CAD tools that are
improving designverification and synthesis ofelectronic
designs for circuits.

Several of the papers describe design-verification
tools. M.S.Toth describes makcal, a programthat helps
a designer writea programto controlan analogcircuit
simulator. Designverification oflargeVeryLarge-Scale

Integrated (VLSI) circuitsaccountsfor a sizable part of
design time.Simulators verify a designat various levels
ofabstraction. Afast,accuratesimulatorenablesthe
designer to introduce a higher-quality productintothe
marketplace earlier than otherwisepossible. In their
paper,P.Agrawal, C.H. Hao, and M.Remillard describe
a logicsimulatorimplemented using the microprogram­
mableacceleratorfor rapidsimulations (MARS) multi­
computer. The accelerated goodcircuitsimulator (AGSlM)
logicsimulatorhas been integratedintothe production
CAD system at AT&T BellLaboratories. This paper
presents the relevantfeatures ofthe MARS architecture,
and the detailsofthe AGSlM logicsimulator.

Advances in simulation havecontributed to the
successful design oflarge electronic systems.J. Bier­
bauer et al.explorehowsystemsimulation usingMIDAS
enables newdesigns to be brought to the marketplace in
less time,at lowercost, and withhigher operating
speeds and better reliability.

Multichip modules, wafer-scale integration, and
three-dimensional connections are the latest solutions to
building faster computers. Unfortunately, these newtech­
nologies will compound the problemsinVLSl testing.With­
out a systematic approach, testingevena singleVLSl chip
couldbe difficult. In her paper,E.Wu describesPESr
(pseudo-Exhaustive Self-Test), a Built-In Self-Test (srsr)
design methodology that addresses the VLSl testing prob­
lem. In their paper,K-T.Cheng and V. D.Agrawal pre­
sent three approachesto designingsequentialmachines
that are capable ofgenerating tests. In the first approach,
they develop a partialscan methodin whichscanflip­
flops (one-bit memories) are selectedto break up the
cyclic structure ofthe sequentialcircuit. In the second
approach, a novel state assignmentmethodresults in
reduced feedback or pipeline-like structure.The third
approach, alsoapplicable to finite-state machines,
embeds a suitably designedtest machinein the given
specification before synthesis.

One paper in this issue describes toolsthat pro­
videintegrateddesignenvironments. Anincremental
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CAD library has been developed that provides run-time
facilities to link, unlink, execute, and listfunctions. Atthe
heart ofthe library is an incremental loaderthat helps
designersand users customize their basictool fortheir
designenvironment. Developers ofthis enabling technol­
ogyare]. L Schmidt, T.]. Kowalski, and D.S.Smull,
who relatehowfourCAD toolshavebenefited from using
a library offunctions and designsforsimulating C-Ian­
guagemodels; modifying andenhancing graphical-user
interfaces; extending command languages; and rapidly
testingnewfunctionality.

I. O.Coplien's paperdescribes a system­
development environment that permits users to specify,
prototype, simulate, develop, and document a complex
digital system. ISHMAEL can manage the simultaneous
evolution ofa system'ssoftware andhardware. Usersof
ISHMAEL can develop faithful models ofsystemperfor­
mance that simulate the interaction ofhardware and soft­
ware at anylevel ofdetail. Theycan iteratehardware and
software designsduringa simulation, which permits real­
isticevaluation ofdesigntradeoffs and implementation
alternatives early in a system's lifecycleand, thus,
reducessystemcosts. ISHMAEL'S integrated, graphical
interface provides several views ofthe application being
developed: a high-level or a detailed (schematic) hard­
wareview, and the application-user's view.

The remaining paperin this issuedescribes CAE/
CAD tools that improve synthesis. P.A Subrahmanyam
discusses specification and automated synthesis tech-
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niquesfordesigning systemswith interacting asynchro­
nousandsynchronous components. These specification
andsynthesis techniques allow individual process imple­
mentation to be either synchronous, asynchronous, or
combinational. Adesignercanimprove design quality by
synergistically exploiting the advantages ofboththe syn­
chronous andasynchronous designstylesina system,
andby supporting experimentation with tradeoffs in
granularity and implementation strategies.

Summary
CAE/CAD tools continue to play an important role

in the design ofAT&T hardware products. Currently,
CAE/CAD tools are improving designverification andsyn­
thesis. Futureefforts in these andother areaswill helpto
decrease the timeit takes to bringa product to market
while increasing product quality.
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