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THE POINT
OF NO RETURN.

When you put a Fujitsu ASIC to
work, you can rest assured it will
work the way it should. And keep on
doing its job for a very long time

to come. In fact,when you look at
our performance record over the
years,you'll be hard pressed to find
any field failures at all.

This is no empty promise.
Product reliability has been a way
of life for us for more than 15
years.




That's why we always take a and final test, including 100% AC (Call our Hot Line today at
conservative approach to the testing at frequency. So nothing (800) 556-1234, Ext. 82; in California
design process. Giving you realistic  is left to chance. (800) 441-2345. Look into ASICs
worst case specs that no produc- To us, reliability in the fieldis ~ you can send out the door. Never to
tion device will exceed. everything. And when you remem-  return again.

Guaranteeing a minimum 90%  ber weve taken over 8,000 ASIC
utilization of all gates.And giving  devices from design through mass
you a simulation-to-production production, you can see thatwell  CIRCLE NUMBER 1
correlation of 99%. give you a level of confidence no one

Its also why we control every ~ else can offer. Tosrrsy FUJITSU
stepof the production process.From  So count on parts that have . MICROELECTRONICS. INC.
design to wafer fab to assembly longer life expectancies. Technology That Works.
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VHDL shows its real worth
in behavioral descriptions

of hardware
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DO YOU HAVE WHAT
[T TAKES TO MAKE IT
BIG IN ASICS?

Not long ago, designing
ASICs wasn't even
part of your job.
Now its the
part everyones
counting on.

Thats where
Daisy comes in.

Daisy CAE tools
are used by more
ASIC designers than
any other CAE workstations.

Because from schematic
creation through post-layout

V7" Daisy53%

Zycad 1%

Simulation accelerator market share. Source:
Prime Data, 1985 and 1986 unit shipments.

simulation, Daisy has what
it takes to keep ASICs on time
and on budget.

For example, our
MegaLOGICIAN™ simulation

accelerator is seamlessly inte-
grated with the sche-
matic, so you can locate
and correct design
problems interactively.
That means faster

debugging and more

time to improve

the quality of your

no other accelerator
is as well supported,

with more than 170 design
kits supplied by 70 different
vendors. So you can build pro-
ductivity instead of libraries.
Which may explain why
more MegaLOGICIANS are
in use today than all other
accelerators combined.
Speaking of combining, you

© 1988, Daisy Systems Corporation. MegaLOGICIAN is a trademark of Daisy Systems Corporation.

*Based on minimum 10x performance improvement compared to 32-bit workstations. Source for design kit estimates: VLSI Systems Design’s Semicustom Design Guide, 1987.



v
can share a MegaLOGICIAN /DEAD ¢gate designs

with a network of our 386- END

based desktop workstations,
for a high-powered low cost
ASIC design environment.

And that’s just the beginning.

With our library of more
than 4,500 system-
level components
you can include your ASIC in
complete “real world” system
simulations to ensure that
your designs will be ready for
production, instead of revision.

All of which makes Daisy
today’s choice for no-sweat
ASIC success.

But what about tomorrow?

(ate counts are on the rise.
If your tools run out of steam
at 5,000 gates, so could your
future.

No problem.

Our ASIC design tools
glide through 20,000-

without even
breathing hard.

In fact, new design kits
already support arrays of
over 100,000 gates.

So you'll never have
to worry about hitting a
dead-end.

But don't take our
word for it, listen to what

Rockwell and other industry
leaders have to say. For a free
copy of “Making It Big In
ASICs” call Daisy at 1(800)
556-1234, Ext. 32. In California,
1(800) 441-2345, Ext. 32.

European Headquarters:
Paris, France (1) 45 37 00 12.
Regional Offices:

England (256) 464061;

West Germany
(89) 92-69060;
Italy (39) 637251
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It Was the Best of Times,
It Was the Worst of Times

Universal standards

are a miust

for the der'gn Ithough it was over 100 years ago when Charles Dickens began A Tale of Two

Cities with It was the best of times, it was the worst of times ’ to describe the

automation industry

conditions in London and Paris just before the French Revolution, the same statement
describes the financial and mental state of today’s electronic design automation industry.

This month the Design Automation Conference will celebrate its 25th anniversary. The
design automation industry grew rapidly during these years, with the electronics segment
blossoming at the start of this decade. Unfortunately, not all the players fared well. The
losers included not only small vendors, but also industry giants that stumbled badly and
whose efforts were eventually acquired whole, carved up into small pieces, or simply
abandoned. But all is not lost: some vendors showed a remarkable ability to avoid the
potholes on the road to success; some finally got their act together; and some were revived
after successful mergers.

What caused the problems? Perhaps some industry leaders were like the royalty of

Dickens’s novel; they were too busy enjoying the best of times to realize their customers’

needs and moods were changing. When many of the original CAE/CAD products were
introduced, the IC designers—overwhelmed by the exploding complexity of [Cs—were
desperate for help, even from high-priced, user-unfriendly tools that were often late and
didn’t perform as promised. They did, however, help designers in their time of need.

But the tides changed; the early successes of the CAE/CAD tool vendors brought out new
ventures in droves; every company went its own way, with different interfaces, operating
systems, and computing platforms; and the growth of the IC design automation market
faltered. The anticipated large-scale move of design automation tools into the much
bigger system engineering market didn’t materialize.

Nevertheless, it can be the best of times again if industry leaders look beyond their own
palaces and make a serious effort to provide systems engineers with the universal standards

they desparately need.

~

ROLAND WITTENBERG
EXECUTIVE EDITOR
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There Will Still Be a Few Uses
for Conventional ECL ASICs.

Cold facts: now the highest-density ECL logic array runs at a
cool 1/10 the gate power of competing devices.

Raytheon’s ASIC design expertise
and proprietary technology make
conventional ECL arrays too hot to
handle. The superior performance of
the new CGA70E18 and CGA40E12:
the ECL logic array family with the
highest density and the lowest power
requirement now available.

O Superior performance: 300 pS
delay and 300 uW (typical gate) power
dissipation deliver the industry’s low-
est speed-power product: <0.1 pJ.
Toggle frequency 1.2 GHz (typical).

[J Highest density:
CGA70EI8 — 12540 equivalent gates
CGA40EI12 — 8001 equivalent gates

O Lowest power: Industry’s smallest
bipolar transistors result in power dis-
sipation that is a fraction of conven-
tional ECL at comparable propagation
delays. Typical chip power dissipation
of 3W to SW.

[0 Et cetera: Interface TTL, ECL
(10K, 10KH, 100K), ETL. Customer
access to proven, fully integrated
CAD system. Commercial and mili-
tary operating ranges.

CIRCLE NUMBER 2

Call Raytheon for access to the right
ECL technology. We’re not blowing
any smoke, and neither should your
system’s performance.

Raytheon Company
Semiconductor Division

350 Ellis Street

Mountain View, CA 94039-7016
(415) 966-7716

Access to the right technology

Raytheon



DESIGN AUTOMATION
CONFERENCE '88

June 12—16
Anaheim Convention Center
Anaheim, Calif.

D AC '88, sponsored by the
IEEE Computer Society

and the Association for Com-
puting Machinery, is devoted

solely to the field of design:

automation. This year’s con-
ference will offer tutorials,
panel discussions, and techni-
cal presentations. General ses-
sion topics will include design
for testability, VHDL in use,
timing verification, parallel
simulation, high-level synthe-
sis, placement algorithms, lay-
out compaction, logic synthe-
sis and optimization, physical
design verification, fault simu-
lation, and micro-architecture
synthesis. For more informa-
tion, contact Pat Pistilli, MP
Associates Inc., 7490 Club-
house Road, Suite 102, Boul-
der, Colo. 80301. (303) 530-
4333, ®

INTERNATIONAL WORKSHOP
ON VLSI FOR
ARTIFICIAL INTELLIGENCE

July 20-22
University of Oxford
Oxford, England

his workshop will provide

a forum where AI experts
and VLSI system designers can
come to discuss trends in Al
applications and their compu-
tational requirements, VLSI
implementations, and com-
puter architectures. Topics to
be discussed will include alter-

8 VLSI SYSTEMS DESIGN

native technologies, function-
al-language architectures,
knowledge-oriented machines,
rule-based engines, Prolog and
Lisp machines, and fifth-gen-
eration computers. Further in-
formation may be obtained by
contacting, Dr. Jose G. Del-
gado-Frias or Dr. Will R.
Moore, Dept. of Engineering
Science, University of Oxford,
Parks Road, Oxford OX1 3PJ,
England, U.K. Phone: (0865)
273188. L]

SIGGRAPH '88

August 1-5
Atlanta, Ga.

his 15th annual confer-

ence on computer graph-
ics and interactive techniques
is sponsored by the Association
for Computing Machinery’s
Special Interest Group on
Computer Graphics in cooper-
ation with the IEEE Technical
Committee on Computer
Graphics. It will feature panel
sessions, courses, and exhibi-
tions, as well as a film and
video show and an art show.
Technical presentation topics
will include algorithms, ani-
mation, CAD/CIM, applica-
tions, color, computational
geometry, geometric model-
ing, graphics hardware, and
graphics systems. Additional

information may be obtained
by contacting SIGGRAPH '88
Conference Management,
Smith, Bucklin, and Associ-
ates Inc., 111 E. Wacker Dr.,
Suite 600, Chicago, IlI.
60601. (312) 644-6610. m

01S 88

September 7-9
Washington Sheraton
Washington, D.C.

he eighth annual Optical

Information Systems Con-
ference and Exhibition, spon-
sored by Meckler Corp., will
focus on write-once and eras-
able optical storage systems
and digital document-image
automation. Sessions are
planned in areas such as elec-
tronic image and document
storage systems, erasable opti-
cal disk media developments,
erasable optical disk drives and
systems, evaluating and select-
ing a WORM subsystem, future
trends and new developments,
converging optical informa-
tion technologies, and inte-
grated systems development.
Additional information about
the conference may be ob-
tained by contacting Marilyn
Reed, OIS '88 Conference Man-
ager, Meckler Corp., 11 Ferry
Lane West, Westport, Conn.
06880. (800) 635-5537. W

alendar

TTH VLS| AND GAAS
PACKAGING WORKSHOP

September 12—14
San Jose, Calif.

his workshop is being

sponsored by the IEEE’s
Components, Hybrids, and
Manufacturing Technology
Society and the National Bu-
reau of Standards. Topics that
will be addressed include
package interconnection op-
tions, GaAs IC packaging, die-
attachment solutions for large
chips, VLSI and wafer-scale
package design, and VLSI pack-
age materials advancements.
For additional information
about the workshop, contact
Paul Wesling, IEEE Council
Office, 701 Welch Road,
Suite 2205, Palo Alto, Calif.
94304. (415) 327-6622. ®m

INTERNATIONAL TEST
CONFERENCE 1988

September 12—14
Sheraton Washington Hotel
Washington, D.C.

he ITC provides a major

forum for an exchange of
information about the testing
of electronic devices, assem-
blies and systems. This year
the conference focuses on the
test techniques and equipment
needed to meet the challenges
of new technologies. Technical
papers will be presented on
such topics as analog devices,
yield modeling and process di-
agnosis, testability analysis,
education and training, appli-
cation-specific devices, micro-

Continued on page 113
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At 100 MHz, the IMS Logic Master XL
creates a new world standard

You might think it sufficient that
we're introducing the highest perfor-
mance ASIC verification system
available anywhere.

And that our new Logic Master
XL is the first system with data rates of
100 MHz.

But we didn’t think that was
enough.

Instead, we concentrated on the
kind of features that turn superior
performance into superb productivity.

Like advanced driver electronics
which produce symmetrical waveform
edges for measurement accuracy.

And complete per-pin control. So
you can handle complex timing
configurations with ease. And mixed
technology devices.

Us

for ASIC vertfication.
But speed isn'teverything.

Plus automatic wiring for rapid,

error-free setup, and superb system
skew for greater measurement
confidence.

Best of all, the Logic Master XL

comes from Integrated Measurement
Systems, the international leader in
ASIC verification.

Contact us for more information.

AN
»»»»» AN

- - T
= e R

Integrated Measurement Systems, Inc.
Corporate Headquarters

9525 S.W. Gemini Drive

Beaverton, Oregon 97005

TEL 503 626-7117

CIRCLE NUMBER 3

Photo courtesy of NASA.




Calma Unbundles IC CAD for a Valid Deal

ALID LOGIC SYSTEMS Inc. (San Jose, Calif.) has purchased

Calma Co. (Milpitas, Calif.),

whose GDS II design system for

ICs was the granddaddy of most modern IC CAD systems,

tream

from General Electric Co. for cash and stock valued at less than
$3.5 million. Valid will consolidate its IC CAD product line and
the Calma group into an IC CAD division and will assume
responsibility for Calma’s GDS II and newer EDS III design sys-
tems. The deal became a reality when W. Douglas Hajjar,
Valid’s president and CEO, convinced GE executives to unbundle
the I1C CAD division from the mechanical division. ]

State Machine EPLD Clocks at 50 MHz

Major Computer Companies Fight for Open Unix

HE FIRST of a family of 28-

pin- EPLDs, the CY7C330

Programmable State Ma-
chine from Cypress Semicon-
ductor Inc. (San Jose, Calif.),
can implement state machines
that operate with a 50-MHz
clock. The new chip contains
11 dedicated inputs and 12 1/0 |
macrocells, both with regis-
ters; four buried registers; and

a logic array that provides 9 to

19 product terms for each out-
put macrocell. Two input
clock pins synchronize the arri-
val of input signals, and a
third clock input drives the
output and buried registers.
The input register setup time
is 5 ns, and the clock-to-out-
put delay is 15 ns.

The new EPLD is built with
Cypress's 0.8-pum dual-layer-
metal CMOS technology. i

EVEN GIANTS in the com-
puter industry put their
money on the line for a

“truly open Unix.” The chief

executives of IBM, Hewlett-
Packard, Digital Equipment,
Apollo Computer, Siemens,

the Bull Group, and Nixdorf

expressed their dissatisfaction
with the AT&T-Sun Microsys-
tems handling of the develop-
ment of a unified Unix operat-

ing system by making a three-
year, $90 million commit-
ment to an international effort
directed toward open software
standards. The efforts will be
channeled through the newly
formed Open Software Foun-
dation. John L. Doyle, execu-
tive vice president of HP's Sys-
tems Technology Division,
will serve as the OSF’s first
chairman. L

10, %81
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Super-3D on a PC

NEW DISPLAY controller

board from Nth Graphics

(Austin, Texas) delivers
3D color graphics performance
at a superworkstation level
when plugged into an IBM PC
AT. The Nth 3D Engine,
priced from $13,000, uses In-
mos Transputers, in addition
to the company’s proprietary
graphics coprocessors, to pro-
vide the required computing
power. The board, which
drives color monitors with a
1,024 X 768-pixel
at a 60-Hz non-interlaced re-
fresh rate, can handle a variety
of complex graphics oper-
ations, such as transforming
5,000 constant-shaded, 500-
pixel polygons per second. W

resolution
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HP Plotters Target CAE/CAD Applications

WO LOW-PRICED electro-

~ static plotters have been in-
troduced by Hewlett-Pack-
ard Co. The HP 7600 series,
Models 240D and 240E plot-
ters can typically produce me-
chanical engineering type
drawings in less than one min-
ute. HP says that
the Model 240D
is the only electro-
static plotter
priced at less than
$23,000 that fea-
tures pen-plotter
quality with a res-
olution of 406

dots per inch. The »

plotter creates drawings on D-
sized paper or vellum.

The Model 240E, which is
priced at $27,500, has the
same resolution as the 240D,
but handles the larger E size

format. Both plotters include-
built-in HP-GL, the Hewlett-
Packard Graphics Language,
which makes them fully com-
patible with hundreds of exist-
ing software packages. HP-
GL/2 is also included to
provide for future software per-
formance
hancements.
The plotters
can connect to a
wide variety of
host computers
through their RS-
259-C, IEEE-
488, and Cen-
tronics parallel
The host central
processing unit is offloaded by
the 40-megabyte storage ca-
pacity of the built-in vector-
to-raster converter, which can
hold up to 3 million vectors. @

il 0

interfaces.

Altera PLDs Evolve to the Max

© NEW PLD architecture de-
| veloped by Altera Corp
" ' (Santa Clara, Calif.) com-
bines logic array blocks (LABs)
with a programmable inter-
connect array (PIA) that con-
nects signals among blocks
and /O pads. The architecture
takes form in the Max family
of devices, ranging from the
EPM5016 with 20 pins and 16
macrocells to the EPM5128
with 68 pins and 128 macro-
cells.

Each LAB contains macro-
cells (with an AND-OR logic
array and flip-flops), “logic ex-
panders” that expand the
number of available product
terms, and I/O functions that
can drive either /O pins or oth-
er macrocells to create buried
resources. The combination of

JUNE 1988

new architecture and 0.8-pm
CMOS process technology (from
second-source Cypress Semi-

1AB AR

LAB .~ LAB

PROGRAMMABLE INTERCONNECT
ARRAY (PIA)

LAB LAB

LAB _ LAB

LAB = LOGIC ARRAY BLOCK
AQUIVALENT 10 EPgo0)

conductor) allows the parts to
operate with 40-MHz system
clock frequencies. The Max
family and the Max+ design
system will be available in the
second half of this year. H

AMD Increases RISC

DVANCED MICRO Devices Inc. (Sunnyvale, Calif.) is now
sampling a 30-MHz, 20-MIPS version of its Am29000 RISC

© processor, six months ahead of schedule. It has also promised
three support chips by year-end: the Am29027 floating-point
processor; the Am29062 integrated cache unit, with cache
memory and control logic; and the Am29041 data transfer
controller, which implements DMA and 1/0 functions. Next year
expect to see a 50-MHz, 35-MIPS version of the 29000. &

VLSI Technology and Hitachi Make a Swap

~ | ILLIAM GSAND, vice presi-

' dent and general man-
ager of Hitachi America
Ltd.’s Semiconductor and IC
division, and Alfred J. Stein,
chairman and CEO of VLSI
Technology Inc. (San Jose,
Calif.), shook hands on a deal
that took 18 months to negoti-
ate. The five-year agreement
gives Hitachi rights to all of
VLSI Technology’s broad line of

proprietary IC physical design
tools, silicon compilers, mega-
cells, and standard-cell librar-
ies. In return, VLSI will obtain
manufacturing know-how on
Hitachi’s 1-pwm and smaller-
geometry CMOS processes.
Other provisions are second-
source rights to Hitachi's man-

ufacturing technologies and
the availability of VLSI's tools
to Hitachi's customers. L

GSAND




The Dual Nature of
Logic Synthesis

he term /ogic synthesis im-
plies the creation of a cir-

cuit structure directly from a
high-level description. A crop
of programs to be first shown
at the Design Automation
Conference comes very close to
satisfying that description.
From a point high in the de-
sign hierarchy, they automati-
cally translate and optimize
designs that can then be im-
plemented in semicustom ICs.
Translation: The designer

creates high-level models—
register-transer-level (RTL)
blocks, behavioral descrip-

tions, or equations to represent
portions of his design. The
synthesizer replaces each of
those blocks with lower-level
components that can be imple-
mented in the target technol-
ogy. Often the high-level de-
scription must first be
translated into more malleable
forms. For example, a state
machine may be divided into a
sequential block and a logic
block, both of which can be
implemented directly in low-
er-level components.

Optimization: Once the de-
sign has been translated into
lower-level components, the
tools try to optimize the im-
plementation. They use signal
path delay, power consump-
tion, and silicon area (in terms
of total number of gates) to
judge whether a change in the
design results in a better
implementation.

All tools contain some opti-
mization routines that perform
minimization using Boolean
algebra. Espresso is the most

12 VLSI SYSTEMS DESIGN

prevalent algorithm for such

optimization. Minimization
usually reduces silicon area and
power consumption because it
reduces the total number of
components in the implemen-
tation. The tools can optimize
across entire designs, or the
designer can limit them to op-
timize portions of designs
within specified boundaries.
To minimize propagation de-
lay, logic synthesis tools must
incorporate timing analysis
programs to measure the delay
along signal paths. One strate-
gy for reducing signal delays
rearranges logic expressions to
minimize components along a
signal path.

B TIMING IN CRITICAL
PATHS

Another technique replaces
components in critical signal
paths with higher-drive alter-
natives. When timing is im-
proved through fewer compo-
nents, silicon area and power
consumption may improve as
well. More often, though,
faster designs obtain their
speed through the use of high-
er-drive components and are
therefore a little larger and
consume more power than
slower implementations. Logic
synthesis is designed to be
complementary to, instead of a

replacement for, existing CAE
environments. The tools create
netlists or schematics (or both)
in the format for Mentor
Graphics workstations (and
some others). Designers then
verify the functionality and
timing of the design, as well as
the placement and routing, us-
ing existing tool sets.

B NEW TOOLS DEFINE
THE ART

Three logic synthesis pro-
grams are becoming available
that execute both functions of
synthesis: the Design Consul-
tant, from Trimeter Technol-
ogies Corp. (Pittsburgh, Pa.);
the Design Compiler, from
Synopsys Inc. (Mountain
View, Calif.); and SilcSyn,
from Silc Technologies Inc.
(Burlington, Mass.). Another
new logic synthesis tool, the
DS23 design program from
Xilinx Inc. (San Jose, Calif.),
performs only optimization,
and it produces designs solely
for Xilinx’s programmable
gate arrays.

Trimeter's Design Consul-
tant (Figure 1) accepts designs
in five forms: register-transfer-
level designs, state machines,
Boolean equations, PLA truth
tables, and schematic dia-
grams. It evaluates the design
using two knowledge bases. It

ews Analysis

first performs optimization at
the RTL level, making archi-
tectural and structural trade-
offs that are independent of
the implementation technol-
ogy. Then the company’s Log-
ic Consultant, which is em-
bedded in the Design Con-
sultant, makes trade-offs that
are specific to the implementa-
tion technology.

o the Logic Consultant,

the Design Consultant
adds the additional input
forms and the translation of
those input forms into equa-
tions, state machines, and net-
lists for implementation. It
produces designs for gate ar-
rays from LSI Logic, Toshiba,
and Hughes. Preliminary re-
lease is planned by the begin-
ning of the fourth quarter of
this year.

The founders of Synopsys
developed the Design Compil-
er’s progenitor, Socrates, while
at General Electric’s Research
Triangle Park facility (for a
description of Socrates, see
VLSI Systems Design, January
1988, p. 40). After five years
of experience with Socrates,
Synopsys has begun to encode
some of the knowledge base in
algorithms instead of expert
rules. Algorithms, which can
be considered highly struc-
tured, complex rules, execute
more quickly than rules.

ome of the Design Com-
piler remains rules-driv-
en, because it is easier to create
and modify a knowledge base
in terms of rules than it is in
algorithms. Once a set of rules
becomes tested and verified
over time, however, the effort
Continued on page 112
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good reasons. As CMOS gate arrays become larger and

= faster, designers can't meet their critical paths due to fanout
and interconnect delay. As Bipolar arrays become larger
and faster, power consumption becomes unmanageable. So
AMCC designed a BICMOS logic array family that merges
the advantages of CMOS's low power and higher densities
with the high speed and drive capability of advanced Bipolar
technology. Without the disadvantages of either.

: Our new Q14000 BiICMOS arrays fill the speed/power/

180 MHz with low POWer.  density gap between Bipolar and CMOS arrays. With high

It's cause for celebration. AMCC extends ~ speed. Low power dissipation. And, mixed ECL/TTL I/O

its lead as the high performance/low power semi-  compatibility, (something CMOS arrays can't offer).

custom leader with three exciting, new BiCMOS logic For more information on our new BiICMOS logic

arrays that optimize 014000 SERIES arrays, in the U.S,, call toll free (800) 262-8830. In Europe,
performance where Q21008 Q1008 Qua00081 | - ca]] AMCC (UK. 44-256-468186. Or,
t d | d . d Equivalent Gates 2160 9072 13440 tact b t bt el
today's designs nee e b : : contact us about obtaining one
it most. In throughput | Maximum 10 of our useful evaluation
. Frequency (MHz 180 130 e . .
(Ep to t};reecﬁ\l/[n(l)ess faster | Ggimin  wn wm ]I:/Ilts Ap.phe(.i
than 1.5 ) Py 1B 40w 1cr0C1r§u1ts
Today, system o 5 a0 Corporation, 6195
designers look at speed, | Temperawre —CoMCoM.Cow Lusk Blvd., San Diego,
. nge MIL Vi
power and denSItY' For 1 l%)ads 2 mm of metal) TAvailable soon CA 92121. (619) 450-9333.

A Better BiCMOS Array is Here.
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The 29000’s
Avrchitect Believes

in Evolution

STAUNCH propo-
nent of an evolutionary approach,
Mike Johnson learned the hard
way about how to design a micro-
processor. A survivor of the RISC
microprocessor program at IBM, he
received a chance to create a new
architecture at Advanced Micro
Devicess Thessresule, ‘the
Am29000 RISC processor, didn’t
pop out from a product specifica-
tion; instead, it evolved.

Chance, a key factor in evolu-
tion, steered Mike into processor
design to begin with. For exam-
ple, as a master’s candidate at Ari-
zona State, he had specialized in
digital control and signal process-
ing. This expertise suited him
well for developing magnetic-card
typewriters at his new employer,
1BM. However, on leaving college,
his car broke down, forcing him to
scrap his travel plans. Showing up
early at IBM, Mike was placed in
the next available slot: micropro-
cessor design. “It was a total acci-
dent,” he says.

Mike was the first of a group
whose charter was to design IBM's
next generation of microproces-
sors. The Research Office-Prod-
ucts Mini Processor (ROMP) pro-
ject faltered because it was started
too early to benefit from technol-
ogy trends and too late to begin
from scratch.

“ROMP suffered a lot from being
the bridge between the old and the
new,” Mike says. For example, the
designers toiled to design an inter-
leaved memory interface that sub-
sequent advances in DRAM tech-
nology would make not only
unnecessary but also cumbersome.

14 VLSIL SYSTEMS: DESIGN

E O P L E

A Darwinian Approach to
Microprocessor Design

Also, ROMP was originally a 24-
bit architecture, because, he says,
IBM “didn’t have the guts to go
directly from 16 to 32 bits.” A
year after its inception, the archi-
tecture did expand to 32 bits; in
addition the designers then had to
retrofit virtual memory onto it.
The experience in trying to tune
the stubborn ROMP architecture
taught him “what you don’t do”
in creating a mMIiCroprocessor.

When Mike joined the team
developing the 29000, he used a
model for the project that could be
pulled from the notebooks of
Charles Darwin. He explains:
“Biological things progress by
changing randomly, with many
intermediate forms dying off. Pro-
cessors can change randomly too,
and intermediate steps don’t need
to live. I can have an intermediate
stage that is this long and this
wide and has pink polka dots on
it—it doesn’t matter. But an in-
termediate stage gives ideas that
continue the evolution.”

As a result, the 29000 started as
an infinitely large chip from which
the designers subtracted func-
tions, instead of being built up
piece by piece. “It’s creating the
chip instead of designing it,”
Mike says.

In addition to evolution, an-

[
PROCESSORS
CAN CHANGE
RANDOMLY T0O,

AND INTERMEDIATE
STEPS DON'T NEED
T0 LIVE'

other philosophy emerged from
his ROMP days: Don’t design all
functions in hardware or the pro-
cessor can get in the way of the
final system design. “Saying ‘let
me do that in hardware’ doesn’t
always make things faster,” he
says.

System-level technology, such
as software design, changes faster
than designers can implement
functions in hardware. Processor
designs should implement a set of
flexible primitive functions that
execute as fast as possible. The
system designer then plugs them
together, using the most recent
ideas in system design.

As an illustration of both phi-
losophies, Mike points to the
29000’s large register set. It began
as 32 registers and progressed
through numerous intermediate
stages, including a 64-register file
with cache backup to a 256-regis-
ter file. It was finally pared down
to 192 registers. No restrictions
are placed on the use of the regis-
ters, so the system designer can
use them to best advantage in the
type of system he is building.

This RISC concept of imple-
menting only primitive functions
in hardware was difficult to accom-
plish because of human nature.
“We had to slap each other’s hands
to keep features out of the de-
sign,” Mike explains.

His hands, as well as the rest of
him, are now at Stanford Universi-
ty, where he’s investigating paral-
lel processing at the instruction
level that will result in micropro-
cessors that can execute more than
one instruction each clock cycle.
So Mike Johnson, it seems, con-
tinues to be closely tied to the
evolution of microprocessors. H

—DAVID SMITH
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Feel trapped by one
ASIC supplier? Reach for

the Super Foundry;
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to meet your needs, not to fit one sup- concept through delivery.
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System-level
simulation hinges

on accurate models

S WE approach the
1990s, many factors are driving
companies to find faster, more ef-
ficient methods of design verifica-
tion. Burgeoning system com-
plexity and shrinking design
cycles are the most imperative fac-
tors. In addition, more and more
systems are incorporating ASICs.
Although it’s true that 99% of the
time an engineer can make an ASIC
meet its design specification on
the first pass, only 50% go into
production; the other 50% don’t
function correctly in their sys-
tems. This situation is prompting
the need for logical simulation of
ASICs within a complete board de-
sign, and as a result, system-level
simulation—the logic simulation
of board- and system-level prod-
ucts—is becoming very popular.

The efficacy of system-level
simulation hinges on the availabil-
ity and accuracy of simulation
models. Understandably, users of
simulators want the behavior of
device models to match the behav-
ior of the devices exactly. To real-
ize this state, some users argue,
models should be certified by the
IC vendors themselves. Unfortu-
nately, it is both a mathematical
and a physical impossibility that
4,000 to 5,000 lines of code can
represent a silicon device exactly,
replicating its unspecified deviant
behavior as well as its specified
good behavior. Therefore we must
ask what “accuracy” means.

Most semiconductor companies
will not certify the accuracy of even
their own data sheets. It isn’t rea-
sonable, then, for them to assure
users that 4,000 to 5,000 lines of
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How Accurate Must
Beavioral Models Be?

WILLIAM W. LATTIN, LOGIC AUTOMATION INC.,, BEAVERTON, ORE.

& - - - > . s -

code will faithfully represent all
possible responses of a quarter of a
million transistors interconnected
on a chip. What /s possible is to
submit the model to the. same
characterization and test suites
that the semiconductor vendor
runs on the device. This approach
verifies the model’s behavior for
the specified behavior of the chip. It
does not model the unspecified or
deviant behavior of the chip.

Developers of models must
work very closely with semicon-
ductor companies and use the
same test vectors on the model of
the chip that are used on the de-
vice itself. At Logic Automation,
for example, we have relationships
with most leading semiconductor
vendors to exchange proprietary
test vectors and technical informa-
tion. These relationships help en-
sure the highest possible accuracy
of our behavioral models.

Most importantly, a behavioral
model that is verified in the same
manner as the device it models
allows a designer to determine
whether a device is being used
correctly in a system design. The
model performs to the device’s
specified behavior, which is what a
designer needs. The system de-
signer doesn’t need the model to
re-create the device’s unspecified

:

THE SYSTEM
DESIGNER DOESN'T
NEED THE MODEL

T0 RE-CREATE

THE DEVICE'S

UNSPECIFIED
BEHAVIOR'

behavior—he doesn’t use that be-
havior when he defines the func-
tionality of his system. So the
model, despite not matching
100% of the device’s behavior,
should meet the designer’s needs
completely.

We are often asked, “Do these
4,000 to 5,000 lines of code exact-
ly represent the chip?” My re-
sponse is, “No, they don’t; in fact,
the software model does more than
the chip does.” The reason is that
our software models actually issue
an error message when it is being
used improperly—a feat that no
chip can do. Therefore, 1 think
this issue is similar to an argument
that arose in the old days regard-
ing the accuracy of testing the
chips themselves. If you think of
a complex microprocessor with
300,000 transistors, a complete
test would contain 2390-09 vectors
that set each transistor into an on
and off state. We all know that
that is not only impractical but
impossible. The argument about
the accuracy of software models for
simulation is analogous.

The real value of behavioral
models does not arise from having
them represent every transistor in
the chip with 100% accuracy.
Their value stems from the fact
that behavioral models allow de-
signers to use system simulation to
control the complexity and reduce
the time of their design projects. ®

WILLIAM W. LATTIN 75 the president and
chief executive officer of Logic Automa-
tion. He has been involved with simu-
lation and modeling for over 20 years,
playing a key role in the introduction
of design automation at both Motorola
and Intel. Prior to Logic Automation,
he was the vice president and general
manager of Intel’s Systems Group.
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PCB LAYOUT ON YOUR
PC. FOR ONLY $1495. OrCAD
PCB COMES TO LIFE.

ith nearly 10,000 sys-

tems already in use,
electrical engineers like the
no-nonsense capability of
OrCAD/SDT schematic cap-
ture. Well, now there’s even
more to like. Introducing
OrCAD/PCB. A fast, easy-to-
use PCB layout package that
runs on your PC. And costs
only $1,495.

A NO-NONSENSE
DESIGN TOOL FOR
NO-WAIT DESIGNERS.

OrCAD/PCB pumps up your
productivity. Pop-up menus
appear in a flash. Macros
speed repetitive operations.

OrCAD sales and support
representatives.

. WA, OR, MT, ID, AK
Seltech, Inc.
206-746-7970

. N. CA, Reno NV
Elcor Associates, Inc.
408-980-8868

.S.CA
Advanced Digital Group
714-897-0319

. Las Vegas NV, UT, AZ, NM, CO
Tusar Corporation
602-998-3688

OR8801

Bit-mapped graphics make
redraws, zooms and pans
instantaneous. And, since
you know SDT, you have no
new commands to learn;
PCBss interface is exactly the
same.

POWER AND FLEXIBILITY

MINUS CLUTTER.

OrCAD/PCB produces struc-
tured, elegant PCB layouts. It
auto-routes boards up to
32"x32" with up to 8,000 track
segments and 16 layers, tak-
ing into account manually
routed connections. And, it
adapts to your design with
features like:

5. ND, SD, MN, W. WI
Comstrand, Inc.
612-788-9234

. NE, KS, 1A, MO
Walker Engineering, Inc.
913-888-0089

. TX, OK, AR, LA
Abcor, Inc.
713-486-9251
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Cad Design Systems, Inc.
312-882-0114

. IN, OH, KY, WV, W. PA
Frank J. Campisano, Inc.
513-574-7111

. TN, NC, SC
Tingen Technical Sales
919-878-4440

Find your OrCAD region number on
this map; then locate your sales and
support representative on the list
below.

« Selectable track and via
widths from 0.001” to 0.255"

= Square, rectangular, round,
elliptical, and SMD pads.

« Grid bases of 100, 50, 25, 10
and 5 mils. Or, go off grid to
1 mil.

Pl
High Tech Support
813-920-7564
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MGM Visuals
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404-446-7523

. E. PA, NJ, NY
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« Support for digital and
analog components and
surface-mount devices.

« Ratsnest and force vector
placement.

« Definition of board edge, for-
bidden zones, and copper
zones.

GIVE OUR DEMO DISK
A SPIN.

If you need affordable, no-
nonsense PCB layout, call for
a free OrCAD/PCB demo
disk. Not an OrCAD user?
Call for the SDT demo disk
while you're at it (OrCAD/SDT
costs only $495). Then, watch
your PCB layouts take shape.

16. BC, AB, SK, MB
Interworld Electronics &
Computer Industries, Ltd.
604-984-4171

17. ON, PQ
Electralert, Ltd.
416-475-6730

OrCAD

Systems Corporation
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|
MODULAR

APPROACH

PRODUCES

EMBEDDED
CONTROLLERS
FOR SPECIFIC

APPLICATIONS
L

00960’

RISC-1a1ke Arvchitecture

PHILIP BRIDE AND TONY BAKER,

NP TEE A O R P,

esigners of microprocessor-based system perform a

balancing act, juggling performance, cost, power consump-

tion, and size. Because the priorities of embedded systems

differ significantly from those of reprogrammable systems,

achieving this balance in an embedded application requires

different microprocessor capabilities.

The classic requirements for embedded systems are low

cost, small size, low power consumption, and predictable

performance. In contrast, repro-
grammable systems balance these
same concerns but generally put
performance in first place.

To illustrate the difference,
compare the design considerations
for an engineering workstation
and a desktop laser printer. The
primary competitive advantage for
the workstation is high perfor-
mance. The printer must achieve
high performance as well, but
price, size, and power consump-
tion are equally important. In oth-
er words, embedded systems have
all the problems of reprogramma-
ble systems, plus a few more.

In simpler designs, embedded
controllers can balance cost and
size with lower performance. That
compromise is not applicable,

VIEST SYSTEMS DESIGN

however, to more complex prod-
ucts that require significant pro-
cessing power. Advanced embed-
ded designs in machine control,
robotics, process control, and
avionics need lots of processing
horsepower to handle complex,
real-time interrupts and high-
speed floating-point calculations.

To achieve these higher perfor-
mance levels, some embedded sys-
tem designers have turned to 32-
bit architectures, but available
general-purpose processors were
not designed to meet embedded
controller needs. Recognizing this
need for a high-performance em-
bedded processor, Intel has devel-
oped the 80960 processor family,
based -on a high-performance core
architecture that limits system

HILLSBORO,

O'RE:

size and cost, integrates a wide
variety of special capabilities, and
provides an upward growth path
for future development.

B RISC-LIKE

The architecture of any proces-
sor is an abstract definition of the
computer, its instruction set, its
register model, and the functions
needed for control. In developing
the 80960 architecture, the de-
signers viewed RISC as a set of
design techniques available to ar-
chitects, instead of as predefined
architectural constructs. We took
a pragmatic approach, selectively
applying RISC techniques when
they were appropriate and modify-
ing them when necessary to im-
prove functionality or ease of use.
The resulting architecture uses pi-
pelined structures and highly par-
allel instruction execution in the
engine that form the core of its
computation and data processing
capabilities. Around the engine
are modular features that extend
the functionality of the core in
embedded systems (Figure 1).

Because the 80960 was built
from the ground up specifically for
embedded applications, each ar-
chitectural decision was subjected
to very specific design tests. For
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example, many RISC theorists as-
sume that systems will be pro-
grammed only in a high-level lan-
guage (HLL). Because of this
assumption, designers may omit
safety mechanisms such as silicon
interlocks within pipelines and
depend on the software compiler
to manage pipeline execution. As
a consequence, the RISC processor
may be difficult to program in
assembly language.

Designers of embedded sys-
tems, however, require assembly-
language programming capabili-
ties for certain time-critical opera-
tions. The 80960 solves these
problems with a careful balance of
hardware and software functions.
It includes silicon interlocks to
managing its pipeline invisibly to
the programmer. This capability
makes it practical to program the
processor in assembly language—
essential for such tasks as building
I/0 control routines.

The processor includes
features, like the register cache,
that are effective without compila-
tion. On the other hand, it con-
tains some functions, such as reg-
ister scoreboarding, which operate
software

other

more efficiently with
from an optimizing compiler.
The 80960 architecture ad-
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dresses the special needs of embed-
ded systems by controlling system
costs, size, and power consump-
tion at every stage of the develop-
ment process. For example, oper-
ations for bit-field manipulation,
debugging, and self-testing sim-
plify system development and add
functionality without forcing the
designer to compromise perfor-
mance. Integration of special fea-
tures like floating-point process-
ing and interrupt control directly
onto the processor eliminates the
cost and board space of additional
peripheral devices and coproces-
sors. In this way the architecture
minimizes overall chip count and
simplifies system design to de-
crease space and power needs.
The 80960 uses many RISC de-
sign techniques: a simple load and
store design; large, general-pur-
pose register sets; a small set of
instructions that are aligned by
the word—32 bits wide
that execute in one cycle; optimiz-
ing compilers that operate on
complex HLL code; and simple
hardware that makes efficient use
of silicon. These characteristics
have been modified to meet the
practical requirements of embed-
ded computing, and the modular
structure of the architecture allows

and

different versions of the architec-
ture to be produced quickly.

In the 80960 family architec-
ture, operations work on data in
on-chip registers, with only load
and store instructions accessing
memory. This attribute simplifies
both the instruction set and the
decoding process. A load/store ar-
chitecture is well suited to embed-
ded applications, because simple
instruction decoding lets the com-
piler optimize source code more
effectively. In addition, the de-
coupling of external memory oper-
ations from internal processing
aids performance. The 80960KB
implementation (see “80960 Im-
plementations,” p. 24, and the
table) further reduces the number
of memory accesses by providing a
512-byte, direct-mapped instruc-
tion cache.

All instructions are 32 bits long

and aligned on 32-bit boundaries,

a detail that eliminates the need
for an instruction alignment
stage. The instruction set has a
three-operand format with space
for two source operands and one
destination operand. That means
it is possible to do an operation
without writing over the source
operand in the course of executing
the instruction.

VLSI SYSTEMS DESIGN

EXTENS%BLE
ARCHITECTURE
USES PIPELINES
AND PARALELL
INSTRUCTION
EXECUTION
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Figure 1. The modular architecture of the 80960 family allows it to be implemented in a variety of ways.

The 80960 instruction set provides an
extensive set of operations to the program-
mer. It supports logical operations in ad-
dition to integer operations such as add,
subtract, multiply, and divide. It also
provides a broad range of data instructions
to deal with individual bits within fields
and within registers and with Boolean
operations. More than 50 of these instruc-
tions can be executed in a single clock
cycle. Multicycle instructions, such as sine
or cosine, are also available to make pro-
gramming more practical. The instruction
set supports the ability of future 80960
family members to add functional blocks
like DMA controllers, timers, and inter-
rupt controllers.

The 80960 architecture includes large
register files that serve to simplify task
switching and execution. In this architec-
ture, local registers are unique to each
procedure, whereas global registers retain
their values across procedure boundaries.
Global registers serve as a common block
for passing information from one proce-
dure to another, so that procedure calls
using this mechanism do not need to
access external memory. For example,
more than 90% of all C routines pass fewer
than six parameters, but the 80960KB has
16 global 32-bit registers that can be used
to pass as many as 12 words of parameters.
Most HLL routines can execute wholly out
of the 'KB’s 16 local registers, with 13
words of local variables available per pro-
cedure and excess global registers available
for scratchpad use. The other local regis-
ters are reserved for such chores as task
linkage and tracing return instructions.

Although the architecture specifies 16
local and 16 global registers, it does not
define how many local register sets its
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“register cache” will hold. That character-
istic is defined within each implementa-
tion. All parts will have these 32 registers,
but an implementation may extend this
number to add features such as the
80960KB'’s 64-register cache and four 80-
bit floating-point registers.

The pipeline structure of current 80960
implementations (Figure 2) is organized in
three functional stages: fetching, decod-
ing, and execution. The fetch stage in-
cludes bus control logic (BCL) and an in-
struction fetch unit (IFU). The decoding
stage corresponds with the instruction de-
coder (ID) and the micro-instruction se-
quencer (MIS). The execution stage con-
sists of the integer execution unit (IEU)
and, in the '’KB and 'MC versions, a float-
ing-point unit. An autonomous interrupt
controller operates next to the pipeline.
Future implementations of the 80960 will
be similar to, but more elaborate than, the
version described” here.

B THE FETCH STAGE

In the fetch stage, the bus control logic
is the interface between the 80960 and the
external 32-bit L-bus that connects it to
the system memory and 1/0 modules. This
multiplexed bus can transfer data at a
maximum sustained rate of 53 MB/s when
the processor is operating at 20 MHz with
no wait states. The BCL accepts memory
requests from other units within the
80960 on a first-come, first-served basis
and executes them. It attempts to maxi-
mize bus access efficiency through buffer-
ing and burst accesses.

The BCL buffers memory references in a
three-deep FIFO. Once a memory access is
initiated, it will be completed before any
other access in the FIFO is initiated. The

BCL queuing mechanism, coupled with
other 80960 features such as scoreboard-
ing, enables other modules in the 80960
pipeline to continue operation without
waiting for memory bus requests to be
completed. Most . memory reference in-
structions are executed with little or no
delay in the instruction pipeline.

Bus throughput is improved by the use
of burst memory access, which allows a
multiword access to and from the L-bus
with only one address cycle. Any address
cycle can be followed by as many as four
data words and a recovery cycle. The BCL
controls the burst access, automatically
maintaining 16-byte boundaries within
MEmOory accesses.

Burst memory access improves memory
bandwidth substantially. For example, if
this bus were limited to single-word ac-
cess, it would be capable of only 27 MB/s,
one half the burst bandwidth of 53 MB/s.
Burst access also allows the 80960-based
system to utilize the nibble and static-
column modes in DRAMs. By limiting
bursts to four words, under control of the
BCL, the bus also simplifies external mem-
ory-control logic.

The hardware portion of the interrupt
controller is located within the BCL, al-
though interrupt control logic is located
in a separate module. When an external
source requests the 80960 to handle an-
other chore, it causes an implicit proce-
dure call to the interrupt controller. Each
of the four interrupt pins has an associated
8-bit interrupt vector. Programmable reg-
isters allow the designer to multiplex two
or more interrupt pins to service a larger
number of interrupts. Using the interrupt
vector, the interrupt controller signals the
micro-instruction sequencer that an inter-
rupt has occurred and the MIS starts a
microprogram to service the interrupt.
The current state of the machine is saved
on an interrupt stack in main memory. If
the interrupt occurs during an instruction
that requires many machine cycles, the
instruction state is also saved in the inter-
rupt stack and the execution of the in-
struction is suspended.

A 4-bit register records and prioritizes
further interrupts that occur after the ini-
tial interrupt and before the interrupt con-
troller’s microprogram can finish its task
and return to the interrupted task. Upon
returning, the interrupt controller exam-
ines the 4-bit register and if need be
begins executing the next-highest priority
interrupt.

The last function of the BCL is arbitra-
tion of control of the three major internal
buses in the 80960: the bus interface (BI)
bus, the data bus, and the microinstruc-
tion (1) bus. The BI and data buses are
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each 32 bits wide, and the wI bus is 42
bits wide. The 80960 also employs a series
of other, smaller buses, including the X
bus, the microinstruction address
(MLADDR) bus, and an internal bus within
the microinstruction sequencer. The BI,
X, and WADDR buses all are within the
same data path. The BI bus connects the
BCL and the instruction fetch unit. The X
bus extends from the IFU to the instruction
decoder, and the WADDR bus continues
from the instruction decoder to the mi-
croinstruction sequencer.

The next module in the fetch stage is
the instruction fetch unit, which acts as an
intelligent buffer for the instruction de-
coder. It includes the 512-byte, direct-
mapped instruction cache, which holds
instructions from the bus control logic. If
an instruction in a new block of instruc-
tions must be initiated immediately, it is
put into the cache and sent immediately to
the instruction decoder for decoding in-
stead of being put into the cache and then
read back out and decoded.

The effective-address ALU within the
instruction fetch unit performs address
calculations under the control of the in-
struction decoder. Address calculation is
executed during decoding (as opposed to
during the execution phase), saving two to
three clock cycles when instruction execu-
tion occurs in parallel with address calcu-
lations. The address calculation can be
done in parallel with an integer execution
or a floating-point operation.

B DECODING STAGE

The instruction decoder decodes the
instructions it receives from the instruc-
tion fetch unit and routes them to the
appropriate execution units. It manages
all tracing mechanisms and illegal op-code
faults. Upon detection of a trace event or
an illegal op-code, it issues a command to
the microinstruction sequencer to start a
flow for that fault. Instructions are de-
coded based on how they are to be execut-
ed: simple instructions; floating-point and
branch instructions; complex instructions;
and load and store instructions.

Simple instructions—logical, compare,
shift, integer add, integer subtract, and
ordinal add and subtract—require little
decoding. The ID decodes these instruc-
tions and passes them to the instruction
execution unit, where they are executed,
usually in a single clock cycle.

Floating-point and branch instructions
do not execute in one cycle. Floating-
point instructions are executed by the
floating-point unit and may require inter-
action among the FPU, the instruction
decoder, and the microinstruction se-
quencer. The instruction decoder executes
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Figure 2. The multiple autonomous units and bus structure of the 80960KB implement the part's three-stage

pipeline operation.

aiidi 94 w60
addi g9, g10, gl1
ld'abc,ﬁ r8
and g0, Oxffft, gl
3 addi ré, ;-8, r7

: g # r6 o ’,lmd data f,rom‘aédre‘iésj xyz 4
: ‘#j’sirx‘id: g7 <-gd + gG‘ S
#gll <-g9 + gm :
#r8 <-- load data from address ab,c‘
# g1 < 50 AND OxFE

T g R

Figure 3. Register scoreboarding permits prallel execution of load and register-driven instructions. Here, four

additional instructions can be executed during the load operation, because they don’t make use of register 6.

branch instructions directly. If the
branches are unconditional, no interaction
with the processor’s other execution units
is required. On conditional branch
instructions, the ID uses a condition code
scoreboard (described later) to streamline
the branching process.

Pipelined operation can make the
branching appear to occur in zero clock
cycles. For example, the branch instruc-
tion (“b”) shown below will execute in
zero cycles, because the branch time is
overlapped completely by the execution
time of the floating-point instruction

(“sinr’):
sinr g0, gl
b some—IJocation
some—1location:
mov gl g2

Complex instruction execution requires
the use of microcode within the microin-
struction sequencer. The instruction de-
coder decodes complex instructions and
forwards them to the sequencer, which
then sends the equivalent microcode to the
appropriate execution units.

Load and store instructions request data
to be read from or written into memory.
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.'8096‘0 Implementations

[

The 80960 architecture provides the framework for a
complete family of products. It is currently implement-
ed in three versions: the 80960KB, which integrates a float-
ing-point unit and an interrupt controller (se¢ Figure 2 and
the table, main text); the 80960K A, which is socket-compati-
‘ble with the ‘KB but does not include the floating-point unit;

and the 80960MC, a military-qualified version of the ‘KB with -

memory management and instructions that simplify the use of
Ada multitasking capabilities. All three are built using 1.5-
pm two-layer-metal CHMOSIII technology. The silicon tech-
nology produces chips with low power requirements—less
than 2 W'in the 80960KB. The 80960KB is housed in a 132-
pin PGA, although the processor actually requires only 78
pins. The 132-pin PGA was chosen because its cavity size
accommodates the current die 'size of 390 X 390 mils.

The low pin count of the 80960KB is made possible by the
use of a multiplexed bus, which reduces the number of pads
necessary on the die. The lower bus pin count translates into
easier signal routing, and the reduced number of drivers
means higher reliability and lower power consumption. The
lower bus pin count, coupled with a high ratio of power pins
to bus pins, results in lower levels of switching noise, higher
reliability, and superior performance in noisy environments.

The 80960MC adds multiprocessing and . fault-tolerant
computing to its basic embedded capabilities. The chip works
with the 82965 bus extension unit (BXU) to support error

detection, reporting, and automatic system reconfiguration.
The BXU connects the processor with Intel’s proprietary Ad-
vanced Processor (AP) silicon bus, allowing designers to repli-
cate subsystems and achieve any desired level of multiprocess-
ing or fault tolerance.

Fault-tolerant systems based on the 80960MC use function-
al redundancy checking (FRC) processor pairs that run simulta-
neously in lockstep. The processors can be started and stopped
synchronously using an interagent communication (IAC) mes-
sage. In a quad modular redundancy (QMR) system, two FRC
pairs are joined to form a QMR.: One pair (the primary) is
actively issuing and responding to AP bus accesses, while the
other (the shadow) is in lockstep with the primary but not
active on the bus. This system can toggle between the primary
and shadow pair and can run nonstop when a single faule
occurs. The hardware can reconfigure itself, with the shadow
assuming the bus activity of the primary, in real time.
Because configuration control resides entirely in BXU pro-
grammable registers, the same processor pairs can also be
configured for multiprocessing.

We expect the next standard version to be tailored specifi-
cally for data control. Its capabiliries would be optimized for
applications such as protocol handling and telecommunica-
tions. This data controller will operate at three to four times

_the performance level of the current 80960KB and is expected

to be announced in early 1989. ]

The

instruction decoder sends these

instructions directly to the bus control
logic, which executes them. The instruc-
tion decoder is responsible for converting
addressing information encoded in load,
store, branch, and call instructions into
effective memory addresses. If during de-
coding an operand reduction (address cal-
culation) is required, the instruction de-
coder issues all the commands for the
calculation to the instruction fetch unit.

B EXECUTION STAGE

The instruction execution unit contains
the ALU, register sets, and the mechanisms
for register and condition-code score-
boarding. In a single clock cycle, it can
perform addition and subtraction of inte-
gers and ordinals, moves between regis-
ters, logical operations, bit operations,
shifts, rotations, or a comparison. It can
also work with integer literals in the range
of 0 to +31, which are encoded in the
instruction format. The IEU receives its
control either from the microinstruction
sequencer or the instruction decoder via
the wI bus.

Operands for these operations are
fecched from internal registers or from
external memory, or they are literals. The
instruction execution unit contains a sim-
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ple sequencer used for aligning and access-
ing multiple-word operands. For floating-
point operations, the IEU passes data to
and from the floating-point unit across the
data bus. Any register can be used for a
floating-point operation.

Whenever two operands go through the
ALU and their result or a constant is used in
the next operation, the IEU saves that
operand internally, so it need not be
fetched again from the register. Most inte-
ger operations are two cycles long without
the bypass. With the bypass, an operation
for which the compiler is optimized, they
require one cycle.

The instruction execution unit contains
16 global registers and 16 local registers,
plus 32 scratchpad registers used for inter-
nal microprograms. It is responsible for
maintaining the local register cache and
the associated allocation logic.

In parallel with the instruction execu-
tion unit, the microinstruction sequencer
executes instructions that require micro-
code. Processor microcode is stored in a
3K X 42-bit microcode ROM, which is ac-
cessed through the MIS. When the instruc-
tion decoder receives a complex instruc-
tion that requires microcode to be
executed, it sends the starting microad-
dress of the flow to the MiS, which steps

through the microprogram.

Microcode is used for complex instruc-
tion execution, exceptions such as inter-
rupt and fault handling, local register
cache manipulations, and the power-up
and self-testing performed during proces-
sor initialization. The microinstruction
sequencer also initializes the FPU for float-
ing-point instructions.

B REGISTER SCOREBOARDING

The register scoreboarding mechanism
keeps track of outstanding memory access-
es and enables subsequent instructions to
execute while outstanding accesses are be-
ing completed. The resulting concurrent
instruction execution improves perfor-
mance by 20% to 50% in tight software
loops and by 10% in large C programs.

When a LOAD instruction begins, the
80960 sets a scoreboard bit on the target
register to indicate that a particular regis-
ter or group of registers is being used in a
load operation. If the instructions that
follow do not use registers in that group,
the processor is able to execute those
instructions before execution of the prior
instruction is complete. The 80960 en-
sures that these additional instructions do
not make reference to the target register
by transparently checking the scoreboard

JUNE 1988



bit. After the target register is loaded with
data, the processor resets the bit.

A common application of this feature is
to execute one or more fast instructions—
taking one to three clock cycles—concur-
rently with load instructions. A load in-
struction typically takes three to nine
clock cycles, depending on the use of burst
access. For example, the instructions in
Figure 3 load a group of local registers
while performing some other operations
on data in global registers. The two
“addi” instructions following the first
load, as well as the instruction following
the second load, are executed in parallel
with the load instructions.

Another situation where scoreboarding
can be useful for procedure optimization is
when floating-point instructions are being
executed. Floating-point operations are
executed by a separate unit from the IEU.
As a result, non-floating-point instruc-
tions can often be executed concurrently
with floating-point instructions, provid-
ing that they do not use the same registers
and do not use the ALU.

B FLOATING-POINT UNIT

The floating-point unit performs all the
floating-point computations for the pro-
cessor, as well as the integer multiplica-
tion and division operations. It manages
the four 80-bit floating-point registers
(mentioned earlier) used for extended-pre-
cision floating-point calculations. It is ful-
ly compatible with IEEE-754 Rev. 10,
including all extensions for transcenden-
tal, exponential, and logarithmic oper-
ations.

Capable of 32-bit (single), 64-bit (dou-
ble), and 80-bit (extended) precision, the
FPU passes data to and from the rest of the
chip via the data bus. It shares the re-
sources of the processor, using the global
and local registers (in addition to its own
registers) as operands for floating-point
operations and the microinstruction se-
quencer for initialization. All floating-
point operations are initiated by microin-
structions received on the microinstruc-
tion bus.

There are three main logical blocks
within the floating-point unit: the man-
tissa block, the exponent block, and the
control block. The mantissa block consists
of a shifter, an adder, three working regis-
ters (two operand and one accumulator),
and a 44-word ROM that is 68 bits wide.
The exponent block comprises two tempo-
rary registers, an adder, and a four-word,
16-bit-wide ROM. The control block dir-
ects the FPU, receiving instructions from
the instruction decoder or the microin-
struction sequencer, as well as control
signals. It controls sequencing, data
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movement from registers, and bus usage
internal to the FPU.

To perform integer multiplications and
several floating-point calculations, the FPU
contains a 32-bit integer Booth multipli-
er. This multiplier performs integer mul-
tiplication operation in a variable amount
of time, depending on the number of
significant bits.

B THE PROGRAMMING
ENVIRONMENT

The 80960 architecture defines a com-
pletely flat address space: no translations
are necessary to calculate addresses. Direct
one-for-one address mapping, without
segmentation, provides a straightforward
programming environment and eliminates
the need for special address control
registers.

The 80960 architecture provides the
multiple addressing modes typical of em-
bedded applications, plus, as noted, a
separate ALU for address calculation. Ad-
dressing modes are built into the instruc-
tion stream and managed by the part itself
to make programming easier.

The 80960’s procedure call mechanism
uses a register cache to reduce memory
accesses. At every procedure call, the pro-
cessor caches the contents of the previous
procedure’s registers on chip and allocates
a new set of registers, often eliminating
the need for stack accesses. The 80960KB
has a four-deep cache that can make up to
four procedure calls before it has to do a
stack access, and the processor automati-

cally handles stack accesses.

Embedded applications frequently in-
volve the development of custom hardware
in parallel with custom software. The de-
bugging facilities built into the 80960 are
designed to make system integration easi-
er. The processor offers two different break
instructions—conditional and uncondi-
tional. In addition, the design includes a
breakpoint register that stores two ad-
dresses for designated breaks.

The 80960’s tracing facility looks for
specific classes of instructions like subrou-
tines, branch conditions, supervisor calls,
and single-stepping operation. When any
of those user-specified events occurs, it
transfers control of the processor to a user-
specified subroutine, and the processor
provides information on the exact nature
of the event to the subroutine. |
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DAVID L. BARTON, INTERMETRICS INC., BETHESDA, MD.

The VHS"; Hardware Description Language (VHDL) was designed at the request of
the VHSIC Program Office to provide a notation capable of the design and description of
very complex components. The final language, a result of efforts under both an original
government contract and a later standardization drive by the IEEE, is a rich collection of
constructs for various levels of hardware description.

This article considers in depth one specific problem domain within the overall field of
hardware design and description: behavioral descriptions and the mechanisms for
describing relationships between behaviors. All of the examples and the information in
this article reflect the 1076/B version of VHDL, as published in the May 1987 Language
Reference Manual. This version was the subject of the standardization ballot in the IEEE,
and VHDL was accepted as a standard in December 1987 as [IEEE-STD-1076-1987. As a
normal part of the standardization process, however, some changes have been made in
response to comments.

As noted in a recent article (Barton, 1988), elementary VHDL descriptions are
composed of signal assignment statements and component instantiations (see “VHDL
Fundamentals,” p. 31, for a review of these concepts). When modeling extremely

complex circuits behaviorally, signal assignment and component instantiation state-
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entity full adder is -

end full adder;

begin

process (x, y, cin)

begin .
for i in 1 to 3 loop
if s(i) = '1’ then
num := num + 1;
end if;
end loop;

case num is
when 0 => cout <
when 1 => cout <
when 2 => cout <
when 3 => cout <
end case;
‘end process;

end algorithmic;

port (x, y, cin: in BIT; sum, cout: out BIT);

architecture algorithmic of full_adder is

variable s: BIT VECTOR (1 to 3) := x & y & cin;
variable num: INTEGER range 0 to 3 := 0;

Figure 1. An example showing the use of a process statement. In this version of a full
adder, a ‘for’ loop counts the number of ones on the three input lines.

entity and_gate is

end and |_gate;

begin
process
begin

c<="1%
‘wait on a, b;
elsif a = 0’ then

c <= @ -
wait on a;

elsif b = '0’ then
c<=0%
wait on b;

end if;

end process;
end process_statement;

port (a, b: in BIT; c¢: out BIT);

architecture process_statement of and gate is

ifa="'1"and b = 'l' then

Figure 2. A process statement implementing an AND gate. Because the controlling
input conditions are considered first, only three cases need be checked.

ments can be cumbersome. A
general method of describing
behavior is needed. The center
of this method is the process.
Indeed, all units of action in
VHDL are processes; a signal
assignment statement is just a
special case of a process. With
the VHDL process statement,
the facilities of a general-pur-
pose programming language
are available to the hardware
designer.

The process statement en-
closes the equivalent of a gen-
eral software program. It may
make use of most of the gener-
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al-purpose structures found in
Ada, Pascal, or any other pro-
gramming language.

Writing a process statement
is like writing a program that
describes the behavior of a por-
tion of a system. An example is
given in Figure 1. The process
statement shown executes once
at the beginning of simula-
tion, then once each time any
of the ports “x,” “y,” or “cin”
change. The list in parentheses
after the key word process lists
these signals; such a list is
called a sensitivity list and the
process is said to be sensitive to

those three signals. The algo-
rithm sums the number of in-
put bits that are set equal to 1
and sets (through signal as-
signment statements) the out-
put ports appropriately.

The statements inside a pro-
cess statement are executed se-
quentially, as opposed to those
signal assignment statements
outside a process statement,
which execute concurrently
with one another. The sequen-
tial statements available to the
writer of a process statement
are signal assignment (execut-
ed sequentially), variable as-
signment, procedure, and
function rcall,r “if,7" “casel®
“loopyd Srextt,”" next,re-
turn,” and “null.”

The function of the signal
assignment statement inside a
process statement is very simi-
lar to that outside a process
statement; changes to the tar-
get signal are reflected by the
simulation cycle. If two signal
assignment statements appear
in a process statement, they are
executed in the order in which
they are encountered. Each
signal assignment statement
affects only the value that the
process containing the signal
assignment statement contrib-
utes to the final value of the
signal. That final value is de-
termined during the simula-
tion cycle as for concurrent as-
signments, according to bus
resolution functions described
below. The other statements
in the list are similar to their
Ada counterparts (as well as
equivalent statements in other
languages, like Pascal) and
will not be covered here.

A concurrent signal assign-
ment statement is equivalent
to a process statement contain-
ing a signal assignment state-
ment; a conditional signal as-
signment statement is
equivalent to a process state-
ment containing an “‘if”’ state-
ment whose branches are the
alternatives of the conditional
signal assignment statement;
and a selected signal assign-
ment statement is equivalent
to @ process statement contain-
ing a “case” statement whose
alternatives are the same as the
alternatives of the selected sig-

nal assignment statement.
B \WAIT STATEMENT

Some descriptions do not
lend themselves to a “straight-
through” execution. In par-
ticular, a process might want
to wait for a specific event or
change before proceeding. Be-
ing able to specify such a wait
would allow greater flexibility
in writing complex behaviors.
For this purpose, a special
statement called the wait state-
ment may appear in a process
statement. This statement
specifies that the process
should suspend execution until
a simulation cyele when the
specified conditions are met.

Consider the process state-
ment shown in Figure 2,
which implements an AND
gate. This process waits for
both “a” and “b” to change
only if both are high; if one is
low, it waits for that signal to
change (since the other signal
changing does not affect the
output value). This specifica-
tion is more efficient than a
process that executes each time
either “a” or “b” changes.

Note that no sensitivity list
appears after the key word pro-
cess; instead, the sensitivity list
is attached to each wait state-
ment. A process containing a
wait statement must not have a
sensitivity list following the
key word process; the presence
of such a key word is equiv-
alent to the single statement
“wait on <sensitivity list>;” as
the last statement of the pro-
cess statement.

A process may also wait un-
til a condition is true (“wait
until «condition>”) or wait for
a given period of time (“wait
for <time>""). Any combination
of these options is legal. The
time expression is a maximum
time, and the process will re-
sume execution when either
the condition is true or a signal
in the sensitivity list changes.

The wait statement gives
the designer freedom of ex-
pression in writing high-level
behavioral models. A sequence
containing “‘write address bus,
wait for return, read data, and
continue” is extremely cum-
bersome without this facility.
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' VHDL Fundamentals

HDL is a simulation-oriented language for the design

and description of complex systems. Several different
“views,” or ways of decomposing a complex description into
parts, are inherent in the definition of VHDL. This section
briefly reviews two common problem domains: register-trans-
fer descriptions and structural decomposition.

A register-transfer description of hardware consists of a
series of Boolean logic expressions. Each operator represents a
gate or a series of gates in a hardware realization. In the
simulation cycle, assignment statements are treated a$ execut-
ing concurrently; that is, the order of the statements in the
description is immaterial. VHDL supports simple register-
transfer statements, as well as timed, conditional, selected,
and guarded assignment statements.
~ Unlike many notations, VHDL requires a separate signal
declaration statement. Each expression in a series of signal
assignment statements may be followed by the key word after,
followed by a time (timed assignment statement). The condi-
tional signal assignment statement allows the use of condi-
tional expressions to filter the expressions that appear in the
actual signal assignment statement. The selected signal as-

signment statement is like the case statement of many high-
level languages, enabling the results of the expression to be
~selected by a series of conditions based on a single value. A
guard expression is associated with a block of assignment
statements, implementing synchronous circuit descriptions.
The basic unit of design description is called a design
.entity. Any one entity may be reused many times within the
overall description. Different architectures for a design entity,
corresponding to alternative physical realizations of a given
function, may be used in different portions of the description.
So-called “generic formals,” which appear in design entity
declarations, take on different values in the different uses of
the entity. Thus a design entity is analogous to a subroutine.
After dividing a large hardware description into parts
represented by design entities, those entities must be imple-
mented using specific hardware. Thus components are intro-
duced as the basic unit of design implementation. The lan-

. guage is organized to permit components to be declared and

instantiated within architectures. Then, a configuration speci-
fication binds component instances to the design entities and

architectures that describe the desired parts. [ ]

With the wait statement, its
expression is little more than
the previous sentence in this
paragraph.

B FUNCTIONS,
PROCEDURES, AND
PACKAGES

Given the ability to create
complex detailed algorithmic
descriptions of behavior, the
ability to decompose these de-
scriptions  (as hardware de-
scriptions may be decomposed)
is necessary. As with hardware
decomposition, this ability in-
volves the encapsulation of
parts of the algorithm in dif-
ferent textual sections of the
description.

The answer to software be-
havior encapsulation has been
solved in other languages, in-
cluding Ada. Ada includes
functions, procedures, and pack-
ages to encapsulate behavior in
different textual units. These
are dealt with in other texts,
particularly those concerning
Ada. We confine ourselves
here to a short discussion of
packages. i

Packages are used in much
the same way as an “include”
file. Definitions in a package
are made available for use with
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a wse statement. This state-
ment names a package and
makes all or part of the items
in that package visible. For
example, the statement “use
resolution functions.wired
and, system_ types.all;”
makes the function “wired
and” and everything in the
package ‘‘system types”
available as though they had
been declared where the use
statement occurs. A use state-
ment may appear virtually any
place a declaration may appear
and may make available either
all of the declarations in a
package specification or only
selected declarations in a pack-
age specification.

Thus a package defines a
specific  function. Packages
may contain signal and con-
stant declarations, subprogram
declarations, and various other
declarations (types and the
like). Packages may not de-
clare variables and objects that
change value, other than sig-
nals. Signals can be declared in
packages. Such signals can be
used by any design unit and
fulfill the purpose of global
resources (such as an overall
system clock).

Signals may be used as pa-

rameters, with some very
stringent restrictions. The
functions defined in packages
are free of side effects—they
may not change objects they
do not declare. A second re-
striction is that any operations
on signals must be encapsulat-
ed in the process statement
that operates upon them. It
must be immediately obvious,
from the textual context,
which process is executing an
assignment statement.

The use statement is a con-
venient shorthand. Any decla-
ration in a package may be
referred to, using an expanded

name, which specifies the
package containing the
declaration.

B BUS RESOLUTION
FUNCTIONS

Depending on the technol-
ogy and design techniques
used, multisource signals ex-
hibit different behavior. This
behavior must be expressed
and reflected in the hardware
description. In VHDL, a signal
that is driven by different pro-
cesses (that is, one that appears
on the left-hand side of a signal
assignment statement in two
or more processes) is called a

bus. This usage is different
from the normal definition of a
bus as a collection of related
signals or wires.

Given this terminology, the
behavior of a bus is defined by
a function that is specified by
the declaration of the signal.
This function is called when-
ever one of the processes
changes the value that it is
contributing to the entire val-
ue of the signal (called the
driving value). All of the pro-
cesses contribute their own
portion of the value as ele-
ments in the array that is the
single input parameter of the
function; the returned value is
the value of the signal. Consid-
er the following example:

signal s: wired and BIT;
s <= 07, "1’ after Sns;
s «= ’0°, 'l’ after 10ns;

Each signal assignment state-
ment defines a process; s’ has
two processes (called drivers)
contributing to its value. The
final value of “‘s” is determined
by the bus resolution function
“wired and.” The bus resolu-
tion function is called three
times, at O ns, 5 ns, and 10 ns,
with inputs (0,0), (0,1), and
(1,1) respectively. (See also the
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Advanced Features

3

There are many advanced features available in VHDL for
attaching information to various portions of the design.
- Once the behavior of the hardware has been described by
the mechanisms already given, there remains that portion of
the design that is not directly associated with behavior. This
portion might include assertions describing relationships be-
tween signals, user-specific information about components or
wires, and how conversion among types is handled.

B ASSERTIONS

The behavior of a circuit does not completely describe that
circuit. In parcicular, it is useful to be able to specify
relationships between signal values and ports in such a way
that these relationships are

record with two integer components).
Then, within an architecture description, the user could
provide statements of the form:

attribute position of X1:label is (2,2)

which are attribute specifications. These statements actually
specify the value of the attribute for the listed objects (the
label in the statement). In this case, component label “x1” has
an attribute value (2,2) associated with it. An attribute can
also be attached to component declarations, procedures, archi-
tectures, entities, and other portions of the language. Actri-
butes may also provide information to tools processing VHDL
descriptions (such as automatic layout tools) or receive infor-

mation produced by these

subject to confirmation. To
‘that end, VHDL includes an-
assertion statement. It may
“occur either inside a process
statement (a sequential con-
text) or outside a process
statement (a concurrent
context). It specifies a rela-
tionship or Boolean condi-
tion and reports an error if
this condition is ever false.
Conditions too complex to
be expressed in a single con- -
dition require a process
statement, which can de-
clare variables and the like.

B USER-DEFINED
ATTRIBUTES

package conversions is

end conversions;
use conversions;

signal cout:BIT;
component four bit_adder

end component;
begin
adder:four_bit_adder

cout = cout);
assert cout = 0’

severity ERROR;
end structural int;

No matter how complete

function int_to_bits (int_value:INTEGER) return BIT VECTOR;
function bits_to_int (bit_value:BIT VECTOR) return INTEGER;

architecture structural int of int_adder is

port (x, y: in BIT ARRAY; cin: in BIT;
sum: out INTEGER; cout: out BIT);

port map (x => int_to_bits (addend1),
y => int_to_bits (addend?2),
bits_to _int (sum) => sum,

report “Overflow occurred.”

tools (in a back-annotation
process).

B TYPE CONVERSION
FUNCTIONS

The ability to express in-
formation in different types,
is extremely powerful. At
times in the design, a de-
signer will need to'connect a
port to a signal of a different
type. Some mechanism of
making this connection is
necessary. Functions may be
used to convert values from
one type into another. Such
functions may be attached
to port maps in order to
accomplish this conversion.

Consider the example

a design language, there is
always additional informa-
tion that is part of a design.
VHDL addresses specification, behavior, and logic design,
while largely ignoring physical design. For example, the user
may need to specify the location of a particular chip on a
printed-circuit board. “Attributes” are the means within
VHDL of recording and using this kind of information.

The values of user-defined attributes do not change and are
accessed in a similar fashion to predefined attributes. Consider
the following package that sets up an attribute for recording
board locations:

themselves is not shown.

package attribute declarations is
type board location is
~ record
X, V: Integer;
end record;
attribute position: board location;
end attribute declarations;

/
The statement with the key word aftribute is called an attri-
bute declaration. It marks the fact that the identifier “posi-
tion” is an attribute and gives the form of that attribute (a

Example showing the use of type conversions. cnde“for the conversion routines

shown in the figure. The
type conversion functions
are defined in the package
“conversions” and used in the port map aspect of the compo-
nent instantiation statement with label “adder.” (Note that
the package body—the code that actually implements the
conversion routines—is not shown in the figure.)

We now see a form of port association that we have not seen
before, called named association. The formal ports are named
explicitly, and the actuals associated with the formals are
designated by use of the “ =" symbol. It is not possible to
“skip” a parameter with positional association, but it is
possible in named association, since order is not important.

The position of the type conversion function depends on the
mode of the port. Type conversions for ports of mode i appear
on the actual name; type conversions for ports of mode out
appear on the formal name; type conversions for ports of mode
inout appear on both names. ,

Type conversion functions have much the same role in the
simulation cycle as the bus resolution function. Thus the
determination of the value of a signal may require the evalua-
tion of both the type conversion function and the bus resolu-
tion function. : i ]
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Signal X: wired__and BIT

Figure 3. An example of a bus resolution function: the wired-AND circuit topology (A)
is implemented with the “wired__and” function call (B).

example in Figure 3.)

Different signals may have
different bus resolution func-
tions. There need be no single
behavior throughout a hard-
ware description; different be-
haviors may be used, just as
different techniques may be
used for different multisource
signals in real designs.

The bus resolution function
is a major part of the flexibility
of VHDL. The behavior of sig-
nals, which may represent
wires, is specified by the user.
Actually, most users will not
have to write bus resolution
functions; they will typically
be provided in standard pack-
ages by the user’s support
organization.

B TYPES

All the examples thus far
have been given in terms of
bits and arrays of bits. More
complex methods of descrip-
tion are needed to represent
unknown conditions and high-
impedance lines. Moreover,
describing quantities such as
voltage and current requires
some more descriptive typing
mechanism than simple inte-
gers. VHDL includes an exten-
sive typing mechanism. Bits,
integers, and floating-point
numbers are represented as ba-
sic types. Arrays and records
may be formed of these types,
much as in Ada. In addition,
there are several features in
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VHDL that are unique to the
hardware domain.

VHDL allows the definition
of enumeration types, just as
in Ada. An example is:

type multi_ valued logic
ISEED I E SRR P ):
Signals, variables, and con-
stants could all be declared to
be of type “multi valued
logic.”

Another typing mechanism
is the physical type. A physical
type may assign units of mea-
surement to different values of
that type. While acting as in-
tegers computationally, phys-
ical types allow numbers to be
expressed in terms of the ap-
propriate units.

The type mechanism in
VHDL also provides the ability
to specify a direction to an
array or a range. Directions in
arrays are useful for reflecting
those cases in which the pins in
an address or data bus are real-
ly in reverse order.

The typing mechanism in
VHDL is powerful and therefore
complex. Most designers will
use a collection of types that
have been placed in a package.
These will be made available
with a use statement.

Normal expressions may op-
erate upon objects of user-de-
fined types. All the infix oper-
ators (“+,” “xor,” and the
like) may be overloaded such
that their effects upon values of

user-defined types are well-de-
fined. Such overloaded func-
tion definitions will usually be
provided with the same pack-
age in which the types are de-
fined. The normal user of
VHDL will not have to write
such functions. Most Ada texts
cover the subject of operator
overloading thoroughly, and
the reader is referred to any one
of them for more information
on this subject.

B CONCLUSION

VHDL is an extremely rich
language, with a variety of lan-
guage features for many differ-
ent types of situations. Specific
features are designed to facili-
tate the description of hard-
ware behavior by means of
Boolean expressions, structural
description, and algorithmic
definition. There are also fea-
tures that permit extra infor-
mation to be attached to var-
ious portions of the hardware
design, in the form of user-
defined attributes and asser-
tions (see ‘‘Advanced Fea-
tures,” p. 32).

The presence of packages
and design entities allows a
given installation to establish
standard design practices. A
given installation may use a set
of standard library units that
define types, bus resolution
and type conversion functions,
standard design units corre-
sponding to available hardware
components, and other por-
tions of a design. The majority
of designers on a project will
usually use a small portion of
the language features, while
other technicians may write
and assemble these standard li-
brary units.

The language features gov-
erning design decomposition
allow a large team to work on
portions of a complex design in
isolation. Different parts of the
design may be connected just
as would any other component
or set of components. Type
conversion functions make it
possible to resolve any type
differences between the various
ports in the design. The con-
figuration allows the final
measure of control, appropri-
ately connecting unconnected

ports, resolving unresolved ge-
neric values, and selecting the
actual architectures to be used
for the design.

The richness of VHDL entails
some complexity. This com-
plexity can be controlled by
selecting design practices
within an installation that
limit the number of language
features that need to be learned
by the majority of designers.
In this manner the complexity
of the actual design, as well as
the complexity of learning a
rich and powerful hardware
description language, can be
controlled. VHDL can indeed
be an asset in the hardware
design process, regardless of
the size of the design. |
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omprehensive design verification of new, complex

VLSI devices has been limited by the inability of test

systems to deal with a number of issues. These issues include

extended test vector sets, data rates, and timing accuracy.

For example, as devices with equivalent gate counts

exceeding 100,000 become commonplace, the need for

design verification systems that can easily accommodate

larger vector sets becomes more critical. In addition, as the

devices move to smaller fabrication geometries, they can

support higher and higher data
rates with increasingly finer tim-
ing resolutions.

A VLSI verification system that
addresses these problems is the
new Topaz-V design verification
system. It tackles the problem of
large vector sets with a new archi-
tecture called “virtual vector
memory.” The new architecture
supports extended vector sets
without the high cost of the pin-
level SRAM required by traditional
architectures.

B DESIGN VERIFICATION
REQUIRES EXPANDED
VECTORS

Whereas the need for an in-
creased number of test vectors dur-
ing production test is primarily a
function of device complexity, test
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vector requirements for design
verification are driven by three in-
teractive forces. These forces com-
bine to create design verification
vector sets that may be double or
triple the length of those that will
eventually be used in production
testing.

First, of course, is device com-
plexity. ASIC and other VSLI de-
vices using 0.5- to 1.5-pm geom-
etries may contain 50,000, 100,-
000, or more equivalent gates.
During the next few years the
complexity of these custom and
semicustom devices will continue
to grow, and the growing com-
plexity requires verification and
test systems that can support
higher pin counts and expanded
test vector depth. The 1K, 4K, or
even 16K vector memory depth of

yesterday’s design verification sys-
tems will not suffice.

The second factor affecting the
vector requirements of design ver-
ification is the growing use of soft-
ware programs linking CAE to test-
ing. For higher-volume produc-
tion testing, the cost versus the
return of optimizing vector sets for
throughput can often be justified.
However, at the design verifica-
tion stage, the key element is time
to market. A fast, easy conversion
of simulation results to test vectors
is therefore a must. Since simula-
tion is designed to provide high
coverage of possible design errors,
the resulting vectors are usually in
excess of those required for func-
tional testing of a proven design.
Consequently, more vectors will
be created when simulation vec-
tors are converted into test vectors
for use during design verification.

Third, the purpose of design
verification is not only to prove
the design, but also to characterize
the new device. For proper charac-
terization, a larger vector set is
required than would be required
to test a known good design. For
example during production test-
ing, only valid pin states need be
tested for functionality. However,
during design verification, invalid
states may need to be checked to
ensure safety, and such, should
external system faults cause inva-
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lid states on the device pins.

These three factors combine to
demand that design verification
systems be capable of executing
extended vector sets without time-
consuming downloading cycles.

Topaz-V is the first design ver-
ification system to allow extended
vector sets to be executed without
breaking the vectors into pages
and waiting for the time-consum-
ing downloading between each
page of vectors.

B CURRENT LIMITATIONS

Other verification systems typi-
cally offer 4K or 16K of vector
memory behind each pin. There-
fore, after each 4K (or 10K) group
of vectors is executed, the system
must be reloaded with the next
page. In addition, downloading
from the disk memory in a host
computer is often through RS-232
or IEEE-488 interfaces. Tables 1
and 2 give some typical download
times using these two interfaces at
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common transfer rates. The values
listed make no allowance for sys-
tem overhead and assume that
each bit is transferred in ASCII
code. When system overhead,
host computer overhead, and disk
access time are added, large vector
files can extend the time for a
single test into hours or even days.

Although these tables show the
total time to be identical regard-
less of the tester’s memory size, in
actual practice it will increase for
the smaller memory sizes because
of the need to add system and
computer overhead time for each
page downloaded. As a result, a
larger memory size offer
shorter total test times. Unfortu-

will

nately, increasing the depth of the
active SRAM behind each pin can
significantly increase system
price. Hilevel offers models that
have a 64K vector memory option
and use a proprietary high-speed
8-bit parallel interface bus for cus-
tomers requiring large vector sets.

However, even with these im-
provements, it still requires sever-
al minutes to run a single pass of 1

million vectors.

B VIRTUAL VECTOR
MEMORY

The virtual vector memory ar-
chitecture allows large vector sets
to be executed without the need
for extended memory behind each
pin. This capability is especially
important with the per-pin archi-
tecture of the Topaz-V, since each
pin features 4 bits of control mem-
ory per vector.

The virtual memory consists of
four elements: interleaved RAM,
data compression and expansion, a
32-bit proprietary bus, and pin-
level SRAM. Figure 1 shows how
these elements tie together with
other portions of the verification
system.

In operation, the vector file is
moved from the hard disk into the
interleaved RAM. Options allow
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are boring;

TheyTe easy to design.TheyTre ready on time.
And first-time success is virtually 100 %.

You've heard all about the excitement of
ASICs.

They improve performance, lower costs
and make many new designs possible.

But, unfortunately, youve probably also
heard about one big potential problem: while
many ASICs pass the tests specified by the
designer, they don’t always work in the real
world. And that causes excitement you can do
without.

How to get first-time success.

It starts with our Design Simulation Software.
It’s been rated the best in the industry by the
people who should know—designers who
have used it. Within three days, you can be up
to speed, working at any of the major worksta-
tions in the industry, creating and revising
your ASIC with ease.

The standard cell advantage.

You'll really appreciate the power of our
standard cells, which allow you to integrate a
whole system, including macros, memories,
logic and peripherals, onto a single chip.

We have cells with effective gate length as
small as 1.51 (.94 coming soon). And double-
level metal for higher-density chips that can
handle higher clock speeds.

You can choose from a wide range of
Supercells, including the leading-edge
RS20C51 core micro, RAMs, analog functions,
bit-slice processors, HC/HCT logic, Advanced
CMOS Logic, and high-voltage cells.

If they aren’t enough, we can even generate

Supercells to your specs.

And we’re also in the forefront of silicon
compiler technology. So we can offer you the
ability to create designs that are heavily BUS-
structured, with your ROMs, RAMs, PLLAs and
ALUs compiled right into the design.

We also bring you the resources of some
very powerful partners, thanks to our alternate-
source agreements with VLSI on standard
cells; WSI on macrocells and EPROMs; and a
joint-development agreement with Siemens
and Toshiba on the Advancell® library of
small-geometry cells.

Gate arrays, too.

If gate arrays are better for your design,
you'll be able to choose from our full line up
to 50,000 gates, with effective gate length as
small as 1.21 and sub 1 ns gate delays.

These gate arrays use “continuous gate”
technology for up to 75% utilization. They
are an alternate source to VLSI Technology
arrays.

We also alternate source the LSI Logic 5000
series. 3

And we have a unique capability in high-rel
ASICs, including SOS. Our outstanding pro-
duction facilities here in the U.S. produce
high-quality ASICs in high volume at very low
Costs.

It almost sounds exciting for something so
boring, doesn’t it?

For more information, call toll-free today
800-443-7364, ext. 25. Or contact your local
GE Solid State sales office or distributor.

In Europe, call: Brussels, (02) 246-21-11; Paris, (1) 39-46-57-99; London, (276) 68-59-11; Milano, (2) 82-291; Munich, (089) 63813-0; Stockholm (08) 793-9500.

r

GE/RCA/Intersil Semiconductors
Three great brands. One leading-edge company.



SYSTEM CONTROLLER

the user to select 1v or 64 megabytes of
interleaved RAM with an effective access
time of 16 ns. This memory can also be
edited and modified on line.
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When a test is executed, the system
moves the first block of data through the
data compression circuitry and across the
32-bit high-speed bus to the test head,

where it then passes through the data
expansion circuitry and into the static RAM
that feeds the pin electronics. The system
is available with either 4K or 16K of SRAM,
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Extensive Use of ASICs Enhances Virtual Vector
Memonry Architecture

he Topaz-V makes extensive use of the very devices it

was designed to test and evaluate—ASICs. These custom

and semicustom chips provide features and drive capabilities
previously unavailable in design verification systems.

To guarantee speed yet keep the power consumption and

heat dissipation low, the company’s design engineers chose

the new low-power Raytheon CGA40E 1Z ECL gate arrays to

logic analysis system for device debugging and evaluation.
Another ECL gate array is combined with additional external
surface-mount circuitry to create the 100-ps delay generators
for timing control within the new verification system. These
16 delay generators resolve 100 ps over a range of 0 to 10 ms.
The monotonic characteristics of the delay generators allows
the system to deliver an overall accuracy of * 1.75 ns.

-
Heal s sie e e
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Four sets of the pin control logic are included in each Raytheon CGA40E1Z ECL gate array.

provide the full logical control of the pin electronics. Each
gate array, which contains 8,000 equivalent gates, provides
four sets of pin logic (see the figure) and consumes only 4 W.
Compared with the ECL gate arrays used in the company’s
other verification systems, this figure represents a 6:1 reduc-
tion in power. Each one of the four sets of pin logic controls
the stimulus, expected response, 1/0 direction, and inhibit
function for control stroke masking—for a separate pin. In the
“failure data only” mode, only the Fail output for each pin
(when the actual output is different from the expected re-
sponse) is uploaded for storage and analysis. However, the
actual output signals also can be fed directly to the verifier’s

A third ASIC design implements the pin driver electronics.
This design uses AT&T’s linear bipolar arrays, which feature
transistors with an f.. in the gigahertz range. The drivers also
deliver a 1.5-V/ns slew rate and a 50-mA drive capability. The
fast rise and fall times are essential to the testing of high-speed
ASICs, such as those built with HCMOS or ECL technologies.

A verification system must be able to characterize the
individual pin delays to differential values established by the
characteristic gate delay of the device. The use of the three
ASIC designs enables the Topaz-V to characterize emerging
submicron-geometry devices with gate delays of 100 to 500 ps
and clock rates greater than 100 MHz. n
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Figure 2. Each ECL gate array delivers full logic control of four 1/0 pins.

although 4K is sufficient for most
applications.

The combination of interleaved mem-
ory, data compression/expansion, and a
high-speed 32-bit bus allows an equiv-
alent transfer rate of 0.5 gigabits per sec-
ond. The high-speed design enables a full
16K per pin of vectors for 320 pins to be
moved from the interleaved RAM to the
pin-level SRAM in 50 ns. This capability
makes it possible to execute very large
vector sets without extended test times.
Table 3 shows how this new architecture
compares with the more traditional
approaches.

In addition to allowing the system to
run large vectors sets, the virtual vector
memory architecture also reduces the
download time when the engineer wishes
to examine the device performance with
multiple vector sets. Download time for
smaller vector sets takes only millisec-
onds, instead of minutes, giving the de-
signer greater freedom to verify the device
performance under a variety of operating
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conditions—without eating into his valu-
able design time.

B UPLOADING ALSO ENHANCED

Another important factor that can affect
total test time is the requirement to save
the test results. Previous systems have
addressed this issue by allowing the engi-
neer to collect and upload only selected
information to the host computer rather
than the complete response from the de-
vice under test (DUT). Although this capa-
bility reduces the amount of data to be
saved, the upload time is still limited by
the same factors that were discussed
previously.

The virtual vector memory architecture
can also be used to accelerate the upload-
ing of test results. When the new memory
is operated in the “failure data only”
mode, the time required for the saving of
test results is so small that it is virtually
transparent to the engineer.

The Topaz-V has also incorporated
many other technologies, such as ECL gate
arrays for the pin electronics (Figure 2), to
provide the high data rates and accuracy
required for verifying today’s and tomor-
row’s complex ASICs. In addition to exten-
sive use of custom chips (see “Extensive
Use of ASICs Enhances Virtual Vector
Memory Architecture,” p. 41), the system
features many automatic calibration capa-
bilities. A four-stage calibration proce-
dure corrects for driver-to-driver, receiver-
to-receiver, driver-to-receiver, and

external system skew. For example, the
external skew of cabling, the socket, and
so on, is corrected using the system'’s
built-in time-domain reflectometer cap-
ability.

The system is also enhanced with a
variety of other features, including loads
that are individually programmable for
each pin; a 110-MHz test rate, a 220-MHz
clock generation rate, a dc parametric
measurement unit, shmoo plot software,
CAE link software, full interactive screen
and keyboard control, Sentry link soft-
ware, and the C programming language.

B SUMMARY

ASIC designs will continue to become
faster and more complex. Devices with
100-MHz data rates, 300 pins or more,
subnanosecond gate delays, and over
100,000 equivalent gates will require de-
sign verification systems capable of easily
and quickly providing hundreds of thou-
sands of test vectors. The new virtual
vector memory architecture meets that
need now. ]
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[
SIMPLIFYING

THE USE OF

A DESIT@GN
AUTOMATION

Environ memnt

KYLE GOLDMAN AND TED STOUT, EDA SYSTEMS INC.,, SANTA CLARA, CALIF.

DES'GN automation tools for electronics applications have

made dramatic advances over the last decade. For example,

logic simulators, have graduated from the domain of run-

ning in the batch mode on mainframe computers to sophisti-

cated and powerful interactive tools on PC-based systems.

At the same time, the electronic CAE industry has grown

from essentially three suppliers (Daisy, Mentor, and Valid)

selling ‘turnkey” systems to over a hundred companies with

specific, powerful tools focused on
automating individual design
tasks. Examples of such tools are
simulators like Verilog, Cadat,
and Silos; schematic editors like
Viewlogic’s and Orcad’s; and lay-
out tools like Caeco’s and Ecad’s
Dracula.

While providing new features,
capabilities, and performance lev-
els all these changes have made the
life of design engineers and engi-
neering managers somewhat diffi-
cult. Not only do they have to
worry about gate count, capacitive
loading, and race conditions, but
also they have to keep track of all
the data files representing the de-
sign, the current version of librar-
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ies and tools, and the different
invocation sequences, configura-
tion files, and so on, for each tool.
Several market researchers report
that these data, project, and pro-
cess management tasks add more
than 30% overhead to the engi-
neering design process.

Further complicating this al-
ready complex task is the fact that
CAD engineers have to worry about
evolving existing design automa-
tion environments. Integrating a
new simulator can take as long as
six months, and being productive
with one can take even longer.

In addition to all this, designs
are getting bigger and more com-
plex. Consequently, design auto-

mation environments and the data
generated by design automation
tools are becoming more difficult
to manage.

B ENTER THE FRAMEWORK

To tackle such problems, EDA
Systems introduced the concept of
an open CAD framework (Brouwers
and Gray, 1987). The framework
consists of the Electronic Design
Management System (EDMS),
which organizes, manages, tracks,
and analyzes the engineering de-
sign process; and Developer Tool-
kits, a CAD tool development sys-
tem that provides a consistent user
interface and data storage and re-
trieval routines. This article focus-
es on the application of EDMS to a
variety of design tools in a hetero-
geneous environment.

To use EDMS with design tools,
the tools have to be “attached” to
EDMS, through a process called en-
capsulation. Encapsulation con-
sists of a layer of software sur-
rounding the application tool that
allows tracking of the design data
within EDMS. Part of the encapsu-
lation process includes customiz-
ing the user interface graphics—
menus and icons—and determin-
ing how the design data will
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YERILOO SIMULATION OPTIONS
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Figure 1. The tool template, in this case for Verilog, has “slots” into which design manager objects are added.

graphically appear to the end user.

B CREATING A DESIGN
ENVIRONMENT

As an example, let’s consider an
IC design project using several en-
capsulated DA tools. The tools were
a schematic editor from Caeco, the
Verilog logic simulator from
Gateway Design Automation, and
the HSPICE circuit simulator from

Also
were the appropriate netlisters for

Meta-Software. included
the tools mentioned above. The
work was performed on Domain
3000 and 4000 series workstations
from Apollo Computer.

Before a single icon was created
or a single line of code was written
to customize EDMS, several weeks
were spent determining the pro-
ject organization and how to rep-
resent the data files created by all
the tools. Once the logical design
was complete, the actual setup and
coding time was simple.

We decided that all data for the
design project would be organized
under a project folder icon. Other
icons were created to represent
schematic, netlist, and simulation
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data. This set of icons gives the
end user a graphical representation
of the design data rather than re-
quiring constant browsing of the
file system to locate the desired
files.

Through EDMS it is possible to
track which database a set of data
is derived from. For example, a
simulation netlist may be derived
from a schematic database. The
“derivation” relationship can be
used to relate a version of the net-
list to the appropriate version of
the schematic. At any given time,
it is possible to determine if the
netlister has been run on the cur-
rent schematic design, eliminat-
ing mistakes such as running the
netlister again for no reason.

We proceeded to implement
the logical design of our environ-
ment in parallel: while one engi-
neer worked on building the
graphical user interface, another
worked on encapsulating the indi-
vidual application tools.

B [CONS AND TEMPLATES

Each data file used or created by a
tool has an icon and a corresponding

object kind (for example, an HSPICE
netlist) located in the Design
Manager Server so that it can be
managed within EDMS. The De-
sign Manager Server stores high-
level information about the design
data such as location in the file
system, the owner, and the last
modified date, rather than storing
the actual data. Also, each tool has
a “tool template,” a graphical in-
terface that prompts the end user
for all necessary inputs and options
needed to run the tool.

The graphics for the icons and
templates are created using the
EDMS Graphic Interface Editor.
Each icon was drawn to look like
the object it represented. For ex-
ample, an icon for a schematic
design block actually looks like a
schematic block normally seen on
a schematic page. These object
icons also are used on the tool
template to depict the kind of data
needed to run the tool.

The tool template for Verilog
has “slots” into which design
manager objects are added. Ob-
jects in this case are inputs and
outputs needed to run the tool.

ONE

GRAPHICAL
INTERFACE IS
COMMON TO
ALL TOOLS
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Figure 2. A higher-level template, called a process template, defines not only the different tools to be used, but also

the logical flow of data between them.

Figure 3. A portion of the E code that was written to encapsulate the HSPICE simulator is shown above. The entire
program was only 134 lines.

Optional and mandatory data needed to
run a tool are represented by dotted and
solid lines, respectively, as shown in Fig-
ure 1. Checking is done automatically so
that only the correct kind of data can be
selected and added to a tool template. For
example, the template will not let the user
select a Caeco schematic icon and enter it
into an HSPICE netlist slot. The Verilog
tool template also has several “buttons.” A
button is a variation of an icon in which
the state of the button controls the com-
mands to be activated by the template.
The buttons in the Verilog template con-
trol the commands to be issued to the tool,
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such as RUN, QUIT, and HELP.

Creating the graphics is only part of the
story. As previously mentioned, the but-
tons have to be attached to appropriate
actions. For example, the Verilog run but-
ton is a “‘sensitive’” area that, when select-
ed by the user, issues the command to
invoke the Verilog simulator.

All the different tool templates are
hooked up to create a higher-level tem-
plate called a process template (Figure 2).
The process template defines not only the
different tools to be used by an engineer,
but also the logical flow of data between
them. In other words, it provides an over-

view of tool and design status.

For this project, the process template
shows the Caeco schematic editor driving
the HSPICE and Verilog simulators, with
the appropriate netlisters in between. The
benefits of a graphical interface are obvi-
ous. Users don’t have to remember the
complex invocation sequences, data and
library requirements, options, and con-
figuration files for each tool. This graphi-
cal interface alone can dramatically reduce
the time to learn, or relearn, a tool.

However, the major benefits of using
EDMS are obtained when you use its
graphical capability in conjunction with
the tracking and control mechanism of the
Design Manager Server.

B OBJECTS, POLICIES, AND
RELATIONSHIPS

Setting up the Design Manager Server
for the environment can take place in
parallel with creating the graphical inter-
face and includes defining objects, poli-
cies, and relationship to be used in a
design project.

Objects in the Design Manager Server
have specific data kinds associated with
them (for example, HSPICE stimulus, Veri-
log netlist). Each kind of data is represent-
ed in the Design Manager by a different
icon. Each object also stores information
about the file it represents. For example,
an object representing schematic data con-
tains such information as the physical lo-
cation of the file on disk, the kind of
object it is (Caeco schematic), the owner,
and the access rights of the file.

Policies are defined and associated with
each object to ensure that a set of proce-
dures is implemented within EDMS. For
example, a policy can be set so that when a
new version of an object is created, that
version is marked as the current version.

It is important to note that EDMS does
not copy the design data into its database,
but instead creates objects representing
the data much as index cards within a
library card catalog contain information
about the actual library books.

Relationships can be established be-
tween different data objects. A derivation
relationship can associate a netlist with the
appropriate schematic. In this project, the
derivation relationship is used to check if
an up-to-date netlist for a given schematic
is available as input to a simulation run. If
the up-to-date version is not available, the

" encapsulation code written for the simula-

tor will automatically invoke the netlist
program to create an updated netlist. All
of this checking and netlist generation (if
needed) is done invisibly.

Creating the objects, tool templates,
and icons is the first step in encapsulating
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a tool. To fully encapsulate a tool, a layer
of software is written around the applica-
tion using an interpretive C-based pro-
gramming language called E.

B PUTTING IT ALL TOGETHER

An encapsulation program can be writ-
ten using the following steps as a
guideline:

® Define all data kinds for a given tool.
(The HSPICE simulator, for instance, may
need data kinds like the HSPICE netlist
and the HSPICE stimulus file).

® Define each tool to the Design Manager
Server by supplying the tool name and
type (editor, transformer, or browser).

®Once the tool has been defined, de-
scribe all inputs and outputs to the tool.
® Write the E code to read the data from
the tool template slots and prepare the
data for tool activation. This code is
referred to as the preprocessing section of
the encapsulation program.

®Write the E code that deals with the
management aspects of the data, such as
tracking versions of the data and relating
objects to each other. This code is the
postprogessing section of the encapsula-
tion program.

Functions that can also be included in
the encapsulation are checking to see if the
tool run was successful and reporting er-
rors or any other pertinent information to
the screen. In addition, EDMS provides the
capability to save relevant information
about a given tool run, such as what were
the inputs, what were the outputs, who
ran the tool, when the tool was started,
and when it was completed.

The HSPICE encapsulation took three
days to plan and one week to write. Figure
3 shows a portion of the E code. The entire
program was only 134 lines (see the table).

For the HSPICE encapsulation, we had
two input and two output files: netlist and
error message files for input, and stimulus
and waveform files for output. Each time
the simulator was invoked, we chose to
save all the relevant information about
each tool run. This information is stored
in a “tool run folder,” which tracks the
progression of the simulation runs and
therefore can be used for locating or ana-
lyzing any particular run at a later date.

B AN ENGINEERING ACTIVITY
ANALYZER

EDMS has a history mechanism that
keeps track of all the activities that have
taken place under its control. With the
aid of this mechanism, users can produce
bar charts analyzing engineering activi-
ties, such as which engineer ran a given
tool, how many times the tool was run,
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: TIME AND CODE NEEDED FOR : e
SETTING UP VARIOUS ToOLS IN THE EDMS ENVIRONMENT

LINES OF E CODE TIME NEEDED
CAECO ENCAPSULATION 479 12 DAYS
VERILOG ENCAPSUI;ATION 159 7 DAYS
HSPICE ENCAPSULATION 134 3 DAYS
NETLISTER ENCAPSULATION 154 2 DAYS
TOOL TEMPLATES AUTOMATIC BUILDER 1 DAY
MENUS 175 LAy

and the duration of the tool run.
B BENEFITS TO USERS

Tools encapsulated with EDMS can re-
duce design and analysis times of projects
in several ways.

Since EDMS hides the complexities of
computers and tools, an engineer can use
tools without having to remember com-
plex tool invocation sequences, tool op-
tions, and operating system commands;
the interface to all tools becomes graphi-
cal, simple, and consistent.

EDMS makes data dependencies and tool
sequencing invisible to the end user. For
instance, an engineer wants to simulate a
particular schematic block, and the simu-
lation depends on the availability of an up-
to-date netlist for that block. Using EDMS,
the engineer only has to specify the block
he she wants to simulate and EDMS will
check for the most current version of the
netlist for that block; if none exists, it will
automatically generate a netlist.

Engineering project reports can be very
useful for the engineer as well as the
project manager. Tool usage information
can be used to identify and solve design
process bottlenecks, as well as to justify
for hardware procurement.

In addition, EDMS allows the customiza-
tion of the design environment, with the
current process methodologies, specific to
a project. Adding new design tools to the
design environment becomes easier and
quicker with EDMS whether or not you
have access to source code for your tools.
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Ithough analog circuits were popular long before digital came into its

own, CAE entry systems for analog designs have continued to lag those

of digital systems. In addition, the early design packages for analog circuitry usually consisted

of very rudimentary tools that lacked the speed, accuracy, and convenience of their digital

equivalents. Fortunately, the past few years has seen the introduction of more sophisticated

analog design tools that are steadily approaching the performance of most

digital design systems.

An entry system is defined

connectivity requirements of the circuit
schematic, but also captures the basic de-
sign information and provides the neces-
sary hooks to analysis tools as well. Many
digital schematic capture packages can
also “capture” analog circuits, but the
systems are usually limited to performing
only the most basic analyses. Of course,
some of today’s newer CAE systems can
handle analog, digital, and mixed analog-
digital designs. However, though an accu-
rate analysis of a digital circuit can be
performed with relatively crude models,
that is not true for analog circuits.

For example, a simple AND gate may
consist of as many as 12 transistors and
still be represented with reasonable accu-
racy by a relatively primitive model. On
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here as a system that not only captures the

the other hand, an op amp that is to be
used in a critical high-gain feedback appli-
cation may also consist of only 12 transis-
tors, but just to analyze the amplifier’s
performance may require calculating tens
of thousands of operating points.

As can be seen in this month’s directo-
ry, today’s analog CAE entry systems pro-
vide a lot more than just a method for
capturing schematics. They accept inputs
from a mouse, keyboard, and netlists.
They feature pop-up menus and can make
almost every imaginable analysis on an
analog circuit, such as frequency- and
time-domain analyses, together with dc,
ac, and noise characterization. In addi-
tion, they can perform Monte Carlo, sensi-
tivity, worst-case, and thermal analyses.

ANALOG DESIGN
TOOLS ARE
COMING OF AGE

Since a design system is no better than
its libraries, most of the packages include
standard and optional libraries that typi-
cally have 1,000 or more discrete compo-
nents, such as low-level and power bipo-
lar, JFET, and CMOS transistors and
rectifiers, zener diodes, SCRs, UJTs, and an
assortment of resistors, capacitors, and
inductive components. Macros like op
amps and comparators also are included.

The entry systems run on a variety of
personal computers, workstations, and
minicomputers. They have links to SPICE
and other simulation programs. In addi-
tion, whereas some provide analysis only
at the basic transistor level, others can
simulate complete systems, including
electromechanical components.

JUNE 1988



The Integrated CAE Solution

From Just Under $500.

1768 8635

Grid S

Nothing Captures Today’s Solutions Like Schema.

O mation, originators of the most
popular design entry software
SCHEMA 1I, presents an integrated
solution to printed circuit board design.

free. All SCHEMA products operate on

Now you can enter a schematic
using SCHEMA 11, and then produce a fraction of the cost.

a finished printed circuit card with - e
SCHEMA PCB and SCHEMA ROUTE. mo CALL TODAY
and ask for our

From start to finish 772 one easy step. s
The integration, complete with Jree demo disk.
CALL: 1-800-553-9119
CIRCLE NUMBER 12

automatic backward and forward anno-

tation, makes the process simple and error

IBM personal computers or compatibles,
yet they offer all the features of CAE work-
stations costing $50,000 for

As always, each member of the
SCHEMA family of products comes with
a 30-Day Money Back Guarantee.

Capture your solutions by calling
us Toll Free: 1-800-553-9119 (in Texas,
214-231-5167). Ask about our SCHEMA
Family Demo Evaluation Kit.

TiON
1210 E. Campbell Rd., Suite 100
Richardson, Texas 75081

& O




DIRECTORY OF ANALOG DESIGN ENTRY SYSTEMS

VENDOR
AND CONTACT

PRODUCT
AND PRICE

HOST

SPECIAL-PURPOSE
HARDWARE

INPUT METHODS

ANALOG DESIGN TOOLS INC.
1080 East Arques Ave.
Sunnyvale, Calif. 94086

James Carro

ANALOG WORKBENCH
Software only and turnkey
$8k—$14.5k, software

Sun-3 and -4 (Unix 4.2
BSD); Apollo 3000, 4000,
10000 (Aegis or Domain IX);
HP 9000/320 and 350
(HP/UX); IBM PC AT (Unix

Apollo, HP, and Sun:
floating-point coprocessor
optional. IBM PC AT: EGA
graphics card required
Compagq: coprocessor

Menu- and mouse-driven

Senior Vice President, System V); VAXstation required

Marketing and Sales (VMS); Compaq (Unix System

(408) 737-7300 V)

ANALOGY INC. SABER analog simulator Sun-3 and -4; Apollo 3000, None Graphical front end and
P.0. Box 1669 Software only 4000; Digital Equipment graphics postprocessor use

Beaverton, Ore. 97075

$15k-$35k on most

VAX 700 and 8000,

a mouse, pop-ups, and

workstations MicroVAX and VAXstation; icons
Bob Ferguson Alliant FX
(503) 626-9700
APTOS SYSTEMS CORP. CRITERION | Criterion I: PC AT, 386 Criterion I: EGA, 640 X 350 Mouse, tablet, keyboard
5275 Scotts Valley Dr. Software only and user-definable menus,
Scotts Valley, Calif. $495 RGRAPH: PC AT, 386 RGRAPH: 19" monitor, back annotation from PCB
1024 X 768; Artist I graphics layout
John Roth RGRAPH card optional
President Software only
(408) 438-2199 $6.7k

CADNETIX CORP.
5775 Flatiron Pkwy.
Boulder, Colo. 80301

Tim Gerchar

Dan Damon
Product Marketing
Managers

(303) 444-8075

CADNETIX ANALOG DESIGN
ENVIRONMENT (based on
Saber from Analogy)
Software only and turnkey
$5k-$30k, software only;
$45k—$80k, turnkey

Software-only CDX-8130 and
turnkey CDX-9600, CDX-
9630, CDX-9640: Sun-3 or -
4 with color monitor (SunOS)
CDX-3000 and CDX-3200:
IBM PC ATs or 100%
compatibles (DOS)

For schematic entry only, no
additional hardware is
required. For the CDX-
9630/9640/8130, a Sun-3 or
-4 with color monitor is
required; for the CDX-3200,
a math coprocessor is required

for the PC AT

Mouse with six soft keys;
Cadnetix standard input
keys (10); easy-to-use
forms; keyboard; automatic
forward and back
annotation from PCB
layout

CASE TECHNOLOGY
2141 Landings Dr.
Mountain View, Calif.
94043

Melanie King

Marketing
Communications Manager
(415) 962-1440

VANGUARD CAE DESIGN
SYSTEM

Software only
$5.75k-35.6k

IBM PC, PC X1, PC AT,
and compatibles; Compaq
386; PS/2 models 50, 60, and
80; MicroVAX 2000,
VAXstation 2000, MicroVAX
GPX/II; Sun-3/60, 260, 50,
110

IBM PC AT: VGA or EGA
graphics card; 2-MB memory
expansion for Hercules and
Microfield graphics

Mouse with pop-up
menus, user-definable
keyboard mapping, on-line
help

DAISY SYSTEMS CORP.
700 E. Middlefield Rd.
P.0. Box 7006
Mountain View, Calif.
94039

Cynthia Cauley

Product Marketing
Manager, Analog Design
Automation

(415) 960-7196

VIRTUAL LAB analog design
environment
Software only or turnkey

$6k-$12k

DSPICE analog simulation
engine
Software only or turnkey

$5k-$4 1k

Virtual Lab: Sun 386i,
Personal Logician 386,
Logician 386

DSPICE: Sun 386i, Personal
Logician 386, Logician 386.
Accelerated versions may be
run remotely across the
network using the Sun-
4/2608, MicroVAX II, or
VAX i

None

Direct input from either
schematics or netlists
(SPICE-compatible netlists
are also accepted);
schematics may be created
using Daisy’s advanced
capture editor (ACE).
Users have the option of
using icons, pop-up
menus, forms, or
command-line entry to
execute each step of the
analog design process
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OUTPUT FORMATS

PRINTERS AND
PLOTTERS
SUPPORTED

LIBRARIES

OTHER FEATURES

SYSTEM CAPACITY
AND MEMORY
REQUIREMENTS

ASCII (standard);

hi-res graphics on
simulated test instruments
(standard); Mentor
interface (optional); HP
Design Center (optional);
FutureNet interface
(optional)

HP pen plotters, A
through E size; Houston
Instruments pen plotter;
various dot-matrix and
laser printers

General device library,
1400 + components
(optional); power device
library (optional); standard
device library, PC only
(optional); basic device
Library (optional); sample
device library (included)

Parametric plotting; stress
analysis; Monte Carlo and
sensitivity/worst case analysis;
special module for power
design with nonlinear
magnetics; mixed-mode
handled at transistor level

Contact factory

Not specified

HP pen plotters and
compatibles; also, laser
printers through host
screen dump

Diodes, 93; Power MOS,
109; optocouplers, 2; BJTs,
2075 8CKs 5 8PICE
templates, 33; JFETs, 23; op
amps, 63; Saber templates,
28; FETs, 9; comparators, 3

Saber/Cadat system- through
circuit-level mixed-mode
simulation; spectral analysis—
noise, distortion, Fourier;
time-domain modeling—ideal
delay, schedule events, state-
based models

Not specified

ASCII; Tegas; SPICE;
Logis; Ilogs/Silos; GDS 1I;
PSPICE

Not specified

Analog library consists of
generic parts for use as
template to build parts; total
number 1200+ ; TTL, ECL,
SMD, microprocessor libraries

Automatic power and ground;
supports analog, digital, and
mixed signals; 10 levels of
hierarchy; fully integrated
with Aptos PCB layout

Not specified

Saber netlist, ASCII
(standard); EDIF output
(standard); Postscript
devices supported
(standard); direct interfaces
with Cadnetix CAD
(standard)

Not specified

Generic component library:
Op amp, resistor, capacitor,
inductor, transistor,
MOSFET, 4-bit A/D
converter, function generator,
diode, transformer, sample-
and-hold amplifier, zener
diode (standard). Specific
component library: 500
semiconductor devices
(optional)

Standard analysis modes: dc,
transient, ac, noise,
distortion. Optional analysis:
Monte Carlo. Standard: user-
defined analog behavioral
models; mixed technologies—
electrical, ‘mechanical, simple
digital, chemical, etc.

Design size is limited only
by disk size; several
hundred transistors and
macro models could be
analyzed in a reasonable
time period; PC AT-based
systems may require a
DOS extender to handle
large analog designs

Netlists: Silos, Hilo, Lasar,
SPICE, Cadat, EDIF
ASCII format

PCB interfaces: Cadnetix,
Racal-Redac, Scicards,
CBDS, CADDS 4X

Options: Gerber and HP
printer-plotters

Standard: standard libraries
for TTL, ECL, CMOS, PLD,
ASIC and microprocessor
families—5000 + ; 48 diodes,
45 bipolar transistors, 36
power MOSFETs, 26
saturable transformer models,
4 op amps, 28 comparators, 8
quality crystals

Electrical rule checker, design
rule checker, analog
oscilloscope, document editor,
symbol editor, logic analyzer,
timing verifier; handles
digital circuits; link to
Interleaf/Ventura and ASK's
MANMAN

PC version of Vanguard
CAE design system
handles 30,000 gates, can
simulate 20,000 gates;
DEC and Sun versions
handle 4 million gates

Virtual Lab: netlist to
drive DSPICE analog
simulation. Simulation
results are stored as files
for waveform display.
Postprocessing results may
be saved and displayed as
graphical waveforms,
tables of values, or in
standard SPICE output file
format

Not specified

1400+ parts—bipolar
transistors, JFETs, MOSFETs,
discrete power transistors,
zener diodes, op amps,
comparators, voltage
regulators, and other ICs.
Special-purpose libraries also
available

Standard feacures of Virtual
Lab and DSPICE: dc analysis,
time- and frequency-domain
analysis; component sweeper;
parametric plotter; sensitivity
analysis; unlimited waveform
display (no limits to
waveforms/window, number of
displays); real-time marching
waveforms during simulation;
automatic spike detection; on-
line calculator and arithmetic
expressions package;
interactive execution and
acceleration on remote
network nodes (Sun-4/2608,
MicroVAX II, VAX);
hierachical design
methodology; block and
critical-path analysis; FFT
analyzer; gallium arsenide
models

Design size is not limited
by capacity
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DIRECTORY OF ANALOG DESIGN ENTRY SYSTEMS (continued)

VENDOR PRODUCT SPECIAL-PURPOSE
AND CONTACT AND PRICE HOST HARDWARE INPUT METHODS
HEWLETT-PACKARD CO. HP DESIGN INTERFACE FOR HP 9000/319, 320, 330, 350 | None Mouse-driven with pop-up
Customer Information Center ANALOG WORKBENCH (HP-UX) menus and the keyboard
Inquiry Fulfillment Dept. (bidirectional schematic for assigning file names.
19310 Pruneridge Ave. link between the HP Bidirectional layout and
Cupertino, Calif. 95014 Design Capture System documentation capability
and the Analog are provided through the
Local sales office (listed in Workbench from Analog HP Design Capture
white pages) Design Tools) System
Software only
$2,040
INTERGRAPH CORP. CIRCUIT TOOLS InterPro workstation (Unix None CSPICE performance
3160 Crow Canyon Rd. Turnkey System V) simulator: Berkeley netlist.
San Ramon, Calif. 94586 CSPICE, $10k; Benchtop AAT simulation interface:
Instruments Interface, function generator, power
Wayne Sherman $5k; Analytical Interface, supply, DVM, oscillo-
Director of Marketing $5k; statistical module, scope, spectrum analyzer,
(415) 866-0520 $5k; comprehensive library and network analyzer; pop-
$30k (cost of individual up menus, and displays
modules varies); system-
level simulation package
(requires CSPICE and
Analytical Interface), $5k
MENTOR GRAPHICS CORP. MSPICE circuit simulator Mentor Graphics' Design None Schematic input;
8500 S.W. Creekside Place MSPICE PLUS analog Station and Idea station interactive graphical
Beaverton, Ore. 97005 simulator (Apollo) output with menus, forms,
MSIMON MOS circuit and icons to control
Gary O'Dell simulator simulator functions.
Product Manager ANALOG LIBRARY Works with PCB layout,
(503) 626-7000 Software options only thermal analysis, and
MSPICE, $9.9k; MSPICE schematic capture through
PLUS, $19.8k; MSIMON, a common database. Back
$23.8k; Analog Library, annotation, parameter
first copy, $20k, variation, and simulation
subsequent copies, $2k control managed by a
flexible macro language
MIETEC MADE VAX 700 (VMS), VAX None Mouse with pop-up menus
Raketstraat 62 8000, MicroVAX 2000 and keyboard
B-1130
Brussels, Belgium
Anne Windals
Communications Manager
OMATION INC. SCHEMA 11 IBM PC XT, PC AT, PS/2, Schema II: parallel port Schema II: keyboard and
1210 E. Campbell Rd. Schema-PCB (CAD and compatibles; Compagq; Schema-PCB: parallel port, mouse
Suite 100 Software) AT&T,; Zenith EGA with 16 colors, mouse Scema-PCB: mouse and

Richardson, Tex. 75081

Kimberley Ammons
Marketing Assistant
(214) 231-5167

Software only

Schema II, $495; Schema-
PCB, $975; Schema-
Route, $850; Schema-
Plot, $300; Schema-Drill,
$300; Schema-Large, $250

limited keyboard support;
forward and back
annotation

PHASE THREE LOGIC
1600 N.W. 167th Place
Suite 335

Beaverton, Ore. 97006

Gary S. Kahl
North American Sales

Manager
(503) 640-2422

CAPFAST

Software only

CF3000, $1,295; CF3550,
$2,950; CF/IG-SPICE,
$1,495; CF6000, $4,950;
HSPICE interface option
(Thompson Automation),
$500; PSPICE interface,

$500

PC AT, 386, PS/2, and
compatibles (DOS); Sun-3

CF3000: EGA card and
monitor

CF3550 and CF/IG-SPICE:
Metheus 1104 Ultra Graphics
adapter and 48KH2 monitor

CF3000, CF3550, CF/1G-
SPICE, CF6000: Mouse
with static and pop-up
menus, keyboard input,
keyboard macros, long
nmacros, startup file and
customization capabilities
HSPICE and PSPICE
interfaces: CapFast
schematic files

PRIME COMPUTER INC.
Computervision Division
100 Crosby Dr.

Bedford, Mass. 01730

Anthony Dolph
Media Relations
(617) 275-1800 x6228

CIRCUIT DESIGN (Saber
analog circuit simulation
and analysis from Analogy)
Turnkey

Professional Circuit
Designer (Circuit Design
software with Sun-3/60),
from $46.9k

Sun-3 and -4 (Unix 4.2 BSD)

None

Icon-driven user interface
with pop-up and pull-
down menus, mouse,
keyboard, and macro
command language
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OUTPUT FORMATS

PRINTERS AND
~ PLOTTERS
SUPPORTED

_ LIBRARIES

OTHER FEATURES

SYSTEM CAPACITY
AND MEMORY
REQUIREMENTS

Through the open Design
Capture Database, users
can customize netlists and
system interfaces, as well
as printer and plotter
support as a standard part
of the system. Standard:
HP Printed Circuit Design
System bidirectional
interface. Optional: EDIF
2.0.0 bidirectional
schematic view; Scicards
bidirectonal interface;
Calay bidirectional
interface; Racal-Redac
RINF bidirectional
interface; Computervision
bidirectional interface

Support includes Versatek
and HP 7427/28, 7440/70,
7475A/B, 7570C/D,
7550A/B, 7580A-D,
7585/6A-D, and 7595/6A-

E machines

R, L, C parts library and
semiconductor library of
approximately 1,400 parts
(standard)

Standard features include full
attribute-tagging capability
and mixed digital-analog
capture capability with on-
line rule checking

Limited in capacity wholly
by the capacity of the
Analog Workbench itself

AAT simulation interface:
dc, time-domain, and
frequency-domain color
plots on screen (i.e., dc
and dc transfer; frequency
response vs. gain and
phase shift; group delay;
voltage, current, and
power vs. time); output
direct to Intergraph’s PCB

and hybrid layout products

~ Not specified

Comprehensive library: diodes
(amplifier macro models);
BJTs (amplifier micromodels);
JFETs (power devices);
MOSFETs (specialty ICs,
macro and micro)—1,700+
total

CSPICE performance
simulator and AAT
simulation interface: dc and
time- and frequency-domain
analysis; filter design package
(optional), pole-zero analysis
package (optional), arbitrary
waveform calculator
(optional).

System-level simulation
package: system-level
simulation (e.g.,
electromechanical)

Simulator especially suited
to very large problems
(15 X SPICE)

Common database suports
EDIF formats, integration
with IC and PCB layout,
thermal analysis, and user-
written postprocessing

Common database suports
a variety of plotter and
printer options

1,200 active devices (optional)

Rule checking during design
capture; variety of
postprocessing functions, such
as Bode plots. Mixed circuits
can reside on the same
schematic; the simulator runs
the analog sections without
the need to separate analog
and digital sections

MSIMON: 20,000+ MOS
transistors

SDL (Silvar-Lisco) and
GDS 11 netlists

Versatec, LNO3 (digital)

- 2.4-pm CMOS: digital, 730;

analog, 70. SBIMOS: digital,

60; analog, 40

Mixed-mode simulator
(digital-analog), switched-
capacitor filter compiler,
accelerated circuit simulator
(40 times faster SPICE)

Standard cells: 5,000 gates
(20,000 transisors) mixed
digital-analog. No special
memory requirements

FutureNet (netlist and pin
list), EDIF, Racal-Redac,
Datacon wire wrap,
Visionics, Calay, Cadnetix,
P-CAD PDIF, SPICE,
Computervision, Telesis

CBDS

Not specified

TTL, CMOS, discretes,
memory, microprocessors, and
IEEE. PCB has SMD decals

Design rule and routing
checking for Schema. Space
checking, electrical
connectivity design rule
checking, and via reduction
for PCB

512 KB minimum
memory; 640 KB highly
recommended

full programmable netlist
interface for all CAD
system interfaces

(standard), 3000+ parts,
adherence to IEEE standards;
Saber analog simulation
(optional), approx. 500
models and standard
templates

dynamic timing verifier

(standard)

CF3000, CF3550, More than 30 Symed symbol editor; all Electrical rule checking CF3000, CF3550, CF/IG-

CF6000: PADS-PCB, manufacturers SPICE 2G6 (or IG-SPICE, (standard), simulation grapher | SPICE: SPICE and IG-

Scicards, Racal-Redac, e | HSPICE, or PSPICE) symbols | for interactive viewing of SPICE netlister has limited

Hilo-3, SPICE interfaces and values easily modified in analog or digital waveforms capacity. With optional

, the schematic editor (or (standard) DOS extender, virtually
symbol editor) to represent unlimited capacity—2 MB
any transistor, resistor, etc. minimum extended
Includes symbols for different memory, up to 15 MB
analysis (ac, dc, transient), CF6000: virtual unlimited
. SOUrces, meters capacity
EDIF and ASCII netlists; Full range Schematic design library Electrical rule checking and System limited only by

available disk capacity
(Sun-4 provides for over 1
GB of disk capacity and as
much as 128 MB of main
memory)
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2000 RANDOM GATES
COUNTER TIMER
PARALLEL I/O CONTROLLER

CLOCK GENERATOR

280® CPU

PACKAGE: 100 PFP, 32 MIL CENTERS*

Now 1.5 Hard
Megacell ASICs.

Nobody packs as much function into a
megacell custom circuit as Toshiba because we've

got the broadest library of 1.5 CMOS megacells.

We're Leader of the Packed.

We've been successfully producing complex
megacell customs for over four years now. And
we've shipped millions of them. So while others
are just beginning their megacell efforts, we stand
alone in experience and production.

®780 is a trademark of Zilog Inc

Our megacells are exact mask duplicates of
our standard LSI discretes. Each megacell is tested
to our standard data sheet specifications. New
layout is only required for the random logic section,
and total circuit testability is always assured. We
offer your application the highest complexity at
the lowest risk.

780 FAMILY MEGACELLS

Z80. PIO. SIO. CTC. DMA. We have them
all. And you can mix and match components
with random logic to create integrated solutions
for your most complex applications. Like the
solutions we've already provided for modems,
printers, hand terminals and industrial controls.
To name just a few.

AREA SALES OFFICES: CENTRAL AREA, Toshiba America, inc., (312) 945-1500; EASTERN AREA, Toshiba America, Inc., (617) 272-4352; NORTHWESTERN AREA, Toshiba America, Inc., (408) 737-9844; SOUTHWESTERN
REGION, Toshiba America, Inc., (714) 259-0368; SOUTH CENTRAL REGION, Toshiba America, Inc., (214) 480-0470; SOUTHEASTERN REGION, Toshiba America, Inc., (404) 368-0203; MAJOR ACCOUNT OFFICE, Fishkill, New
York, Toshiba America, Inc., (914) 896-6500; BOCA RATON, FLORIDA, Toshiba America, Inc., (305) 394-3004. REPRESENTATIVE OFFICES: ALABAMA, Montgomery Marketing, Inc., (205) 830-0498; ARIZONA, Summit Sales,
(602) 998-4850; ARKANSAS, MIL-REP Associates, (512) 346-6331; CALIFORNIA (Northern) Elrepco, Inc., (415) 962-0660; CALIFORNIA (L.A. & Orange County) Bager Electronics, Inc., (818) 712-0011, (714) 957-3367, (San
Diego County) Eagle Technical Sales, (619) 743-6550;, COLORADO, Straube Associates Mountain States, Inc., (303) 426-0890; CONNECTICUT, Datcom, Inc., (203) 288-7005; FLORIDA, Sales Engineering Concepts,
(813) 823-6221, (305) 426-4601, (305) 682-4800; GEORGIA, Montgomery Marketing, Inc., (404) 447-6124; IDAHO, Components West, (509) 922-2412; ILLINOIS, Carlson Electronic Sales, (312) 956-8240, R.W. Kunz,
(314) 966-4977; INDIANA, Leslie M. DeVoe Company, (317) 842-3245; KANSAS, D.L.E. Electronics, (316) 744-1229; KENTUCKY, Leslie M. DeVoe Company, (317) 842-3245; LOUISIANA, MIL-REP Associates, (713) 444-2557;
MAINE, Datcom, Inc., (617) 891-4600; MASSACHUSETTS, Datcom, Inc., (617) 891-4600; MICHIGAN, Action Components Sales, (313) 349-3940; MINNESOTA, Electric Component Sales, (612) 933-2594; MISSISSIPPI,



1800 RANDOM GATES
DISK CONTROLLER BUS CONTROLLER
DMA CONTROLLER INTERVAL TIMER
CLOCK GENERATOR INTERRUPT CONTROLLER

PACKAGE: 144 PFP, 25 MIL CENTERS*

*Die shown larger than actual size.

82Cxx PERIPHERAL MEGACELLS one Toshiba Megacell ASIC. And take over as

We can supply all the necessary peripherals
you need for PC and compatible environments.
To communicate. To control disks. To access
memory. 10 drive buses. To manage interrupts.
They're all in our library.

SPECIAL PURPOSE MEGACELLS
CRT controllers. LCD drivers. UARTs and

leader of your pack. For complete details contact
Toshiba today. Call your Custom IC Product
Manager at (714) 832-6300 or a Toshiba Regional
Sales Office: NORTHWESTERN: San Jose,
CA (408) 244-4070. SOUTHWESTERN:
Newport Beach, CA (714) 259-0368. NORTH

CENTRAL: Chlcago, IL (312) 945-1500.
e SOUTH CENTRAL: Dallas, TX (214)
480-0470. NORTHEASTERN::
Burlington, MA (617) 272-4352.
¢ SOUTHEASTERN: Atlanta,
"GA (404) 368-0203.

Toshiba. Leader Of The Packed.
TOSHIBA AMERICA, INC.

Montgomery Marketing, Inc., (205) 830-0498; MISSOURI, D.L.E. Electronics, (316) 744-1229, R.W. Kunz, (314) 966-4977; MONTANA, Components West, (206) 885-5880; NEVADA, Elrepco, Inc., (415) 962-0660; NEBRASKA,
D.L.E. Electronics, (316) 744-1229; NEW ENGLAND, Datcom, Inc., (617) 891-4600; NEW HAMPSHIRE, Datcom, Inc., (617) 891-4600; NEW JERSEY, Nexus-Technology, (201) 947-0151; NEW MEXICO, Summit Sales,
(602) 998-4850; NEW YORK, Nexus Technology, (201) 947-0151; Pi-tronics, (315) 455-7346; NORTH CAROLINA/SOUTH CAROLINA, Montgomery Marketing, Inc., (919) 467-6319; NORTH DAKOTA/SOUTH DAKOTA, Electric
Component Sales, (612) 933-2594; OHIO, Steffen & Associates, (216) 461-8333; (419) 884-2313, (513) 293-3145; OKLAHOMA, MIL-REP Associates, (214) 644-6731; OREGON, Components West, (503) 684-1671;
PENNSYLVANIA, Nexus Technology, (215) 675-9600, Steffen & Associates, (412) 276-7366; RHODE ISLAND, Datcom, Inc., (617) 891-4600; TENNESSEE, Montgomery Marketing, Inc., (205) 830-0498; TEXAS, MIL-REP
Associates, (512) 346-6331, (713) 444-2557, (214) 644-6731; UTAH, Straube Associates Mountain States, Inc., (801) 263-2640; VERMONT, Datcom, Inc., (617) 891-4600; WEST VIRGINIA, Steffen & Associates, (419) 884-2313;
WASHINGTON, Components West, (206) 885-5880, (509) 922-2412; WISCONSIN, Carlson Electronics, (414) 476-2790, Electric Component Sales, (612) 933-2594; WYOMING, Straube Associates Mountain States, Inc.,
(303) 426-0890; CANADA, BRITISH COLUMBIA, Components West, (206) 885-5880; ONTARIO, Electro Source, Inc., (416) 675-4490, (613) 726-1452; QUEBEC, Electro Source, Inc., (514) 630-7421

CIRCLE NUMBER 13

analog circuits. And RAM and ROM. Our
special purpose megacells offer these kinds of
solutions for your special needs. Solutions not
available in other ASIC offerings.

GET A PACKAGE OF INFORMATION
Stop fighting the battle of packing more onto

a PC board. Integrate the entire board into




DIRECTORY OF ANALOG DESIGN ENTRY SYSTEMS (continued)

VENDOR
AND CONTACT

PRODUCT
AND PRICE

HOST

SPECIAL-PURPOSE
HARDWARE

INPUT METHODS

RACAL-REDAC INC.
238 Littleton Rd.
Westford, Mass. 01886

David DeMaria
Director, Technical
Marketing

(617) 692-4900

VISULA (mostly proprietary;
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