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In this Issue:
lf the decadeof the sixtieswas the decadeof electronicsand the seventiesthe decadeof
the computer,what will characterizethe decadeof the eighties?This issue exploresa likely
candidate:the very large-scaleintegrated(VLSI)circuit.The size of the VLSI challenge-the
designand productionof tiny chips containinghundredsof thousandsof transistors-is such
that it will tax the creativityand ingenuityof everyoneinvolved.To reducethe designtime lor
such complex circuitsto a reasonableamount,the completedesign processmust be addressed.lt is not enoughsimplyto createtools for VLSI designers.The creationof sophisticated design tools will help, but a balancedstrategyencompassingtools, methodologies
fabricationmust be employedif the designtime is to be significantlyreduced.
and quick-turnaround
In this issue,you will have an opportunityto reviewsome of the VLSI designconceptsthat have workedfor
Hewlett-Packard
Company.Design strategiesand designtools are continuouslyevolvingat Hewlett-Packard
Laboratories.
The combinationol industrialdevelopmentand universityresearch
divisionsand in Hewlett-Packard
is quicklymoving lC designcapabilityinto the handsof hundredsof very creativeengineerswho have not had
accessto this additionaldegreeof freedombefore.This design strengthwill impactnew productdevelopment
throughoutthe world.With this new strength,we may find that in the futurewe will be limitedmore by the capital
requiredto build lC facilitiesthan by processtechnologiesor design resources.
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Viewpoints

MarcoNegreteon Structured
VLSI Design
ITH THE CAPABILITY of putting 450,000deviceson a
chip, enough to implement a 32-bit microcomputer,
designersare well into the VLSI era (seebox, page 11).
If the trend of 2-to-7 increases in density per year established over
the last decade continues, we will soon be talking about ultra-LSl
The rewards are great as higher levels of integration are achieved.
The most obvious benefit is the dramatic decrease in the cost per
function as the cost of a chip is amortized over a larger number of
functions. Equally important are the increases in performance and
overall reliability that accrue as devices shrink in size. These advances open up entirely new applications, and there's more to
come, since by some estimates, densities can increase by a factor of
100 before the fundamental limits of the technology are reached.
Achieving higher levels of integration depends on continual
improvements in device fabrication, but if past experience is any
indication, advances in device fabrication will continue to outstrip
design capabilities. Substantial improvements in design approach
are continually being made as new tools are integrated into the
design process, but some fundamental breakthroughs will be required to reverse this trend.
Major Problems
Some of the problems encountered are simply results of the
tremendous increase in the number of devices. Others are results of
the increases in functional complexity made possible by the scale
of integration now achievable.
For example, it is clear from the number of devices alone that a
designer or even a team of designers can no longer deal with
individual devices. Using the traditional "paper doll" approach of
laying out individual polygons on mylar, digitizing and then assembling these into an overall layout would take, by some estimates, 60 years to lay out a chip with 100,000 devices.
The nature ofthe chip design task has changed as well. Now that
it is possible to put a complete microprocessor on a chip, the
designer must be concerned with a much broader range of problems. Compared to the days when chip design consisted of a combination of device physics and circuit design, the span of design
has expanded greatly to include logic design, machine organization, and even system architecture.
lntegrated Design Approach
Finding an answer to these problems is the subiect of intense
interest within the industry and the university community. There
is no simple answer, and numerous approaches are being pursued.
A common theme is emerging, however, namely structured design.
The goal is to structure the design process by splitting the design
into successively smaller pieces to take advantage ofthe simplification that can be achieved, but to split it in such a way that the
individual pieces can later be combined in a coherent fashion.
The design process is divided into several phases such as functional description, logic design, circuit design, simulation, layout,
design verification, and so on. In each phase, different levels of
abstraction are used to highlight those features of the design important during that particular phase and to minimize the amount of
information the designer has to deal with. This allows the designer
to focus attention on the critical items, thereby greatly simplifying

the total process and increasing the reliability ofthe design. During
each phase of the design, increasingly detailed representations of
the design are developed, and the design tasks alternate between
design and design verification.
In a typical design, for example, a designer starts by defining the
functions to be performed and partitioning the design into a set of
logical blocks that together are capable of performing the desired
functions. A functional simulation is performed to determine if the
functional design is capable of producing the desired results. Once
satisfied that the functional description is correct, the designer
develops a chip plan, which shows how the various pieces go
together on silicon. Then comes the logic and circuit design phase,
a process of decomposing and refining the design into successively
smaller blocks until all blocks are implemented: Logic and circuit
simulations are performed to determine whether the blocks perform properly. The designer then proceeds to lay out the circuit in
silicon according to a set of design rules for the process to be used to
fabricate the devices. Finally, a design rule verification is performed to see whether or not any design rules have been violated.
At each stage of the design, the design consists of a set of symbolic reprepresentations. In general, each of these representations
is relatively independent of the others and is keyed to a particular
design focus reflecting the set of design choices appropriate to the
corresponding phase of design. They are closely tied, however, in
that as the design progresses through its various phases, information generated in previous phases provides the base on which
succeeding phases of the design are built. The emphasis is on
maintaining continuity from one phase to the next, starting with
the algorithm describing the basic set of functions to be performed
and evolving into the set of masks used to fabricate the device. In
many ways the design process is analogous to the top-down structured design approach used in designing complex software systems.
In addition to the simplification inherent in separating the design into separate design phases, simplification is achieved in the
process of partitioning the overall system. This starts with deciding
what part of the total system will go on the chip in the first place
and defining a suitable interface between the chip and the rest of
the system. In a similar fashion, the design task may be divided into
several smaller subtasks or modules during each phase of the
design. By defining a set of standard modules, the number of
different modules that have to be designed can be significantly
reduced. Furthermore, by combining existing modules to form
even larger modules, the entire chip can be built up out ofprogressively larger blocks, resulting in a highly leveraged and regular
chip design.
Separating the design into phases and partitioning the system
into modules is not new. What is new is the need to pull these
diverse design activities together into an integrated design approach. The chip is now a complex system with subsystems and
subsystem interfaces of its own. In addition, the coupling between
the subsystems is generally much tighter than the coupling between subsystems that can be physically isolated. Any change in a
subsystem can ripple through the entire chip, causing the design
task to grow exponentially. Consequently, structuring ofthe design
to maintain indepeidence of the individual modules and increas-
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ing the regularity of the design are key considerations.
Circuit Design and Simulation
Today the design processis far from ideal. It is split into two
distinct areas:1) circuit designand simulation and 2) artwork and
designrule checking.Meansof bridging the gap betweenthesetwo
arerelatively primitive. This is largely becausetools have evolved
starting at opposite ends of the spectrum,with paper dolls at one
extremeand circuit designat the other.Tool developmenthasbeen
driven by the need to improve constantly on existing techniques.
In circuit design and simulation, the designernow has tools for
circuit level or gate level design in a hierarchical fashion. Circuit
elements are added and interconnectedinteractively on a CRTbasedgraphicseditor. Once defined,thesecircuits can be included
in other circuits along with other primitive circuit elements.As a
result,the designeris ableto build up an arbitrarily largecircuit out
of increasingly complex cells, starting, for example,with a set of
primitive elements such as transistors, diodes, and resistors to
build a gate, a set of gates to build a register, and so on. These
circuits can then be usedto form the building blocks that havebeen
previously defined in the processof top-down design.
Since building breadboardsis no longer feasibleat the present
scaleof integration,the designermust rely on softwaresimulation
to verify the design.There is a choiceof circuit, logic, or functional
simulation, depending on the size of the circuit and the level of
detail desired. The tedious and error-pronetask of entering the
circuit or logic level description has been greatly simplified. The
description can now be generatedautomatically either from the
computer-basedschematicthat has alreadybeen developedin the
circuit designphaseor from the artwork that hasbeencreatedin the
layout phase.
Artwork and Design Rule Checking
Artwork and designrule checking have receivedmore attention
than design and simulation. Design techniques have progressed
steadily from the use of paper dolls to hierarchical, symbolic design
with interactive graphics input and automated design rule verification. A designernow has the capability of building up a total chip
out of progressivelylarger cells, each of which has been checked
againsta set of designrules for the processto be used in fabricating
the device.By using symbolic design,the designercan focusattention on those aspectsof the design that are important at that particular stagein the design.Unnecessarydetails are hidden and do
not consumevaluable resources.
By establishingcell libraries and providing a means of incorporating predefined cells in different combinationsto satisfycustom designs,substantialimprovement in design efficiency can be
achieved,limited primarily by the easewith which individual cells
can be interconnected.By structuring thesecells so that they plug
togethereasily,the remaining interconnectproblem can be greatly
alleviated.
These techniques have been successfullyapplied in ASAP, a
design methodology developed by HP's Colorado Springs Division. In addition to the use of standardcells and symbolic design,
designrules havebeen carefully chosenso that symbolic elements
areconstrainedto fall on a multiple ofthe designgrid, thus creating
a secondaryor coarsegrid. With a given resolution,this enablesthe
designerto view a proportionatelygreaterareain symbolic mode.
Eliminating the artwork step altogether is even better, if the
designer is willing to put up with the constraintsimposed and a
Iower level of integration.For example,using gatearrays,all of the
circuit elementsare alreadylaid out. The designerspecifieswhich
of the gatesare to be used and how they are to be interconnected
schematically, and the interconnection is done automatically,
Another exampleis HP Laboratories'programmablestatemachine,
PSM, in which the interconnectis completed by cutting holes, or
vias, between conducting layers.The via pattern is generatedau-
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tomatically from the Boolean logic equations describing the circuit.
Closing the Gap
The problem of determining whether or not the layout meets the
original design goals still remains. However, a partial solution
exists, since it is now possible to obtain feedback in the design
process by extracting an equivalent circuit directly from the
artwork and comparing it with the schematic generated by the
designer during the circuit design phase. Since this procedure is
cumbersome and consumes a great deal of computer time, it is
generally used to verify the design on a cell-by-cell basis. To the
extent that the individual cells are relatively independent and no
adverse affects are encountered as cells are combined with other
cells, it is an effective means of determining whether or not the
layout accurately represents the desired circuit. Parasitics that are
generated as a result of the interconnections between cells may still
cause problems, however, and the means of extracting these parasitic elements and including them in a chip level simulation are
relatively primitive.
In the long run, providing a strong forward path would greatly
simplify the problem, since it would eliminate the need for complex feedback paths altogether. One such approach is being developed by Lou Scheffer at Stanford. It constrains the design in
such a way that cells can be defined procedurally and combined
without introducing deleterious side effects. The procedural definitions are broad enough to meet the requirements imposed in the
process of the top-down design of the chip.
A more highly automated approach is the silicon compiler being
developed by Carver Mead at California Institute of Technology in
cooperation with industry as part of the silicon structures project. It
enables the designer to describe the chip programaticaily and automatically generates artwork in much the same way as a compiler
is able to generate executable code directly from a program written
in a high-Ievel language.
Whatever the approach, it is clear that several key ingredients are
required before ultra-VLSI can become a reality: high-level languages to describe the chip in its various phases of development,
the ability to generate procedural descriptions ofcells which can be
used as basic building blocks, means oftailoring these cells to fit
the particular application, and a means of assembling individual
cells into a composite chip with the guarantee that the result will
satisfy all the constraints imposed by the top-down design.
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VLSI DesignStrategiesand Tools
by William J. Haydamackand Daniel J. Griffin

RAMATIC CHANGES have occurred in integrated
circuit technology since 1961. In that year Fairchild introduced the first IC, containing four transistors. Today's ICs contain over 1.00,000transistors and
perform functions that were not available with the most
powerful computers of twenty yeErrsago.
Although there are many interestingaspectsto the evolution of integrated circuits, the ones discussedhere are the
designtools and methodologies.Most historicalaccounts
cite a few major milestonesduring the developmentperiod.
Milestones were certainly present,but more interesting is
the phenomenonof a continually advancingtechnology.
Gordon Moore of Intel observedthat the number of transistors in the most complex devices was doubling every
year.This observationlater becameknown as Moore's Law.
Knowing the size of future integratedcircuits, as predicted
by Moore'sLaw, leadsone to speculateon the new design
tools and methodologiesthat will be required.Theserequirementsare best understoodby reviewing where IC design has been and where it is today.
Early design of ICs was done by cutting sectionsof a red
material called rubylith, and placing them on sheets of
mylar. When completed,the drawing was photographed
and the negative used to prepare masks for photolithographic processing.Given the number of devices,the dimensionaltolerances,and availabledrawing aids, this was
an acceptablemethodology. Unfortunately, as technology
advanced,more components were required on the drawings. Either the size of the drawing had to be increased,or
the featuresizeshad to be reduced,A dilemma arosewhen
featuresreached a minimum size. Increasingthe drawing
size meantthe designercouldn't reach all partsof the drawing without the possibility of disturbing features already
placed.HP's first major designtool was a suspensionplatform that allowed the designer,Iying prone, to move about
above the drawing. Additions and conections could be
made without disturbing other figures on the drawing. It
was a clever scheme,but its usefulnesswas short-lived and
newer tools were required.
The computerwas soonusedto assistin the designof ICs.
Pattern generatorsbecame available that could produce
masks from computer data stored on magnetic tape. Although providing many advantages,
thesetools addedcertain constraintson the design methodology.They would
accept data only in a rectangularform, and the rectangles
had restrictionson their minimum and maximum sizes.
HP's first artwork system,CAA (computer-aidedartwork),
was developedat the SantaClara Division and releasedin
1970.It accepteddata in a punched card format and was
capableof producing datato drive both plotters and pattern
generators.It was later enhancedto accept coordinate inputs from a digitizer, display data on a graphicsterminal,
and permit some interactiveediting. This capability was
made availablein 1.972.This systemprovided somemajor
improvementsin the mechanicalaspectsof the design,but

also had its impact on the methodology.The engineerwas
able to segmentthe design of the IC into units which were
easier to conceptualize and develop, and later to merge
thesesegments,with the help of the computer,into the final
circuit. With simple IC designsthis approachhad only
small benefits, but as complexity increased,it becamean
extremely important capability.
Although the CAA system enabled the development of
more complicatedIC designs,thesedesignsin themselves
creatednew problems.Earlier designswere easyto inspect
visually to determineif they met processrequirementsand
representedthe circuit the engineerswanted. Designsproduced by the CAA systemwere much more complex.Visual
checkingtook weeksand evenmonths, and still errorswere
missed.
A new set of design tools emergedwhich included mask
data verification and powerful simulation programs. A
design-rule-checkingprogram (developedinitially by NCA
Corporation,SantaClara, California) was used to test processing requirements such as the width and spacing of
metal lines. Errors were identified and plotted. Tools were
also developedthat would literally extracta schematicfrom
the mask data for comparison with the designer'soriginal
concept.The SPICEcircuit simulator (originally developed
by the University of California at Berkeley)was introduced
at Hewlett-Packard.This simulator provided the engineer
with familiar voltage and current waveforms similar to
those that would appear on an oscilloscope.Accuracy of
this simulator was enhanced by the TECApsystem from
Stanford University which provides model parameters
based on device measurements.
A Set of Design Tools
At this time a setof designtools (Fig. 1) was in placethat
allowed the designer to createrelatively large circuits.
The set contains three editors for entry of data. ED is a
general-purpose
text editor.IGSis a graphicseditorusedfor
the design of masks.DRAWis also a graphical editor but is
used for schematic data entry rather than entering mask
data. Both DRAWand IGS are describedin other articles in
this issue.
Fig. 1 also shows the various simulators. SUpREMis a
process-level
simulatorthat letsthe userdeterminelevelsof
impurity doping concentrationas a function of processing
variablessuch as the temperatureof the diffusion furnaces.
HP-SPICE
is a very accuratecircuit simulator that can determine voltageand current valueswith respectto tirne. Transistors are modeled by analytical expressionsfor current
a n d c h a r g e s t o r a g e . M O T I S - Ci s a s i m p l i f i e d c i r c u i t
simulator that usesdata in a table to representthe transistors. TECAPis used to generatemodels for MOTIS-Cand
HP-SPICE.
Logic-level simulation is done by TESTAID-IC.
Insteadof voltageand current Ievels,its resultsare in terms
of logic levels.
The three electrical simulators HP-SPICE,
MOTIS-C,and
J U N E1 9 8 rH E W L E T T , p A O K. tAoR
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Fig. 1. Hewlett-Packarddesign
aids for integrated circuit design.
TESTAID-ICprovide a range of capabilities differing in accuracy of results, size of circuits that can be simulated, and
computational requirements. A 10,000-gate circuit can be
evaluated in a few minutes with rnSrRtD-IC on a 16-bit
minicomputer, whereas a similar analysis with MOTIS-C
requires hours on the Amdahl 47o-VB computer system.
Various methods of artwork verification are also shown
in Fig. 1. The design-rule-checking program (DRC)is used
to determine the conformance of a design to the IC process'
geometrical requirements. These may include widths, spacings, enclosure distances and areas. Another verification
tool is EXTRACTwhich creates an electrical schematic from
the mask artwork. The schematic can be input to any of the
simulators. Although extracted at a transistor level, a program exists for conversion of this data to the higher level
required by the logic simulator. This method of determining whether the artwork meets electrical requirements by
simulation has been used at HP. However, a more direct
method of verification is desirable. This would involve
comparing the extracted schematic with the designer's
original intent, as input by DRAW. At present this program,
COMPARE,is not complete.
Two other programs are listed in Fig. 1. The SMASH
program is used to convert artwork data into a form suitable
for use by the photolithography equipment used to create
the processing masks. Mask Modification is a program used
to make minor geometrical modifications to the artwork
data before final processing.
These design aids are currently used at Hewlett-Packard.
They provide a solution to many of today's IC design problems and support many different design methodologies.
Unfortunately none of the design methodologies is guaranteed to produce a good circuit.

Problemsof CurrentTools
The need for a methodology that will guarantee a good
circuit is paramount. If an IC is fabricated and doesn't work,
Iittle information is available other than that it doesn't
1991
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work. In some cases simulation models have been modified
to try to represent the behavior of the failing circuit, but
success with this method requires very clever people with
very clever ideas. In general, the problem of dealing with
an error becomes more difficult the later the error is
discovered.
The problems of tools and computers are perhaps best
exemplified by the design-rule-checking program. The algorithms used now dictate that the computer time required
will increase as the amount of data raised to the 312power.
At present Hewlett-Packard is using one of the largest
computers available (Amdahl 47o-VB) and it may take up to
two days to complete a design-rule test for a large IC. Unfortunately, this problem will only get worse as complexity
increases.
There is no single or simple answer to these problems.
Although improvements may be made in existing design
aids, new tools and methodologies will be needed. Tools
and methodologies will become much more closely
coupled than they are today. Today's tools are often applied
over a wide range of methodologies. Some of tomorrow's
tools will be more specifically oriented toward a particular
methodology.
Design Methodologies
Hewlett-Packard is currently using six different design
methodologies, as illustrated in Fig. 2. These methodologies
may be distinguished by the ptocess technology used, the
size of circuits being designed, and the tradeoffs between
minimizing design time and minimizing the area of the
circuit. At the low end of the spectrum (small bipolar circuits) a methodology is being implemented that will be
used for programmable state machines (PSMs) of up to 500
terms. In such designs the active devices and interconnecting lines are predetermined. The designer, using either a
graphics editor or some higher-level description such as a
state-transition table, describes the connections required
between various conducting layers to complete the circuit.

Fig. 2. Six different lC design
methodologies(circled areas)are
used at Hewlett-Packard,depending on the functional complexity
and regularity of the circuit being
designed.
Not only does this methodology lead to rather fast design
but it also leads to rather fast processing turnaround. Once
the designer has determined that the state-transition table is
correct, the methodology guarantees a good circuit without
having to use tools such as design-rule checking and circuit
schematic extraction.
For larger bipolar circuits HP often uses the popular gate
array techniques. Gate arrays are similar to PSMs, since the
active components have predefined locations, and again
wafer processing can be started before the design is
finished. Gate arrays give the designer more freedom because the active components can be combined into various
Iogic-gate configurations and interconnecting wires can be
routed as the requirements of the circuit dictate. Often the
design tools include automatic routing and placement
programs which, given a schematic of the intended circuit,
will interconnect the necessilry active components. Although certainly not VLSI design, gate array techniques
have been used for developing ICs with a complexity of up
to 7000 logic gates.
The top end of HP's bipolar design methods uses the
ASAP system described on page B. The ASAP system allows the designer to place cells at any location and therefore
excludes any prior processing of wafers before the design is
completed. ASAP uses symbolic techniques which raise the
designer from the rectangle Ievel to a more familiar schematic level.
Although very distinct differences appear in bipolar designs, the same is not true for MOS designs. Many terms
have been used to describe MOS design including structured, standard cell, top-down, and hierarchical; and in
fact, many methodologies have been used. Two styles predominate today within Hewlett-Packard. One may be described as a traditional standard cell approach, the other a
structured hierarchical approach. In the standard cell approach several logic gates are defined as cells. The quantity
varies, but is usually less than twenty. The design is a
two-part process: design of the cells and design of the interconnects. This might be considered a two-level hierarchy;
however, in many cases several levels may be employed in
the design of the cells.

StructuredHierarchicalDesign
Theshucturedhierarchicalapproachis worthyof closer
examination for several reasons. It has proved very effective
in its reduction of design time, use of circuit area, and
ability to support a multiple-person design effort. It is also
of interest because ofthe close coupling ofthis strategy with
that prescribed by Carver Mead and Lynn Conway in their
textbook, Introduction to VLSI Systems.l
At the topmost level, the hierarchical approach can treat
an integrated circuit as a collection of black boxes, each
performing a useful function and communicating with
other such boxes in a well-defined manner. The data and
control pathways can be explicitly indicated in the form of a
block diagram (coupled with a flow chart if necessary)
without being obscured by the detail of the inner workings
of any individual functional box. At this point the IC designer starts to construct the floor plan of the chip. This
floor plan is the arrangement of all the functional boxes as
they are expected to be physically located in the final mask
artwork. The floor plan is optimized for minimum interconnect complexity and data pathway distance. With a
suitable computer graphics system, this floor plan and corresponding interconnects can be interactively entered and
meaningful names assigned to all the data and control
pathways. This data base forms the standard against which
all subsequent levels of hierarchy can be computer-verified
for agreement.
At the next lower level of a hierarchical design each
functional box is represented in additional detail. For
example, a register at the topmost level will now be represented as several individual bit cells or a fast adder will
now be represented as a combination of sum cells and carry
cells. By appropriate choice of symbology, this additional
complexity can be verified against the original design. In
addition, a graphics system such as IGS (described on page
18) can display or suppress this additional detail at the
designer's command. Each functional box can be worked on
by different design groups at differing rates and their work
checked with a hierarchical verification system. A functional box also should be designed using floor plan and
interconnect techniques if it is at all complex.
nued on page 10)
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Advanced Symbolic Artwork
Preparation (ASAP)
by Kyle M. Black and P. Kent Hardage
Whenconsideredin lightol the capabilityit will provide,VLSI
(verylargescaleintegration)
is veryexcitingto thinkabout.When
V,L S I i s
c o n s i d e r e di n t e r m s o f d e s i g n a n d i m p l e m e n t a t i o n
frightening.The tremendousnumberof componentspresentin
VLSI circuitswill make the design problemone of managing
The managecomplexitywhile tryingto maintainperformance.
mentof complexityhas usuallynot been consideredeven in LSI

Beal Plane to Symbolic Plane Mapping

Fig. 1. F/ow diagram of the symbolic layout process.

design
design.We are more accustomedto the transistor-level
approachnow used to achievehigh performance.
Advanced symbolic artwork preparation(ASAP)was the answer that HP's ColoradoSpringsDivisionfound to managethe
complexityof lC design.Beforethe introduction
of ASAP,typical
designtimefor maskartworkalonewas as longas 50 weeks.The
ASAP design systemwas formulatedto address not only the
problemof mask layoutbut alsothe entirelC designcycle.
Conventionalcomputer-aideddesign (CAD) systems use
graphic design tools to capture,edit, and outputthe detailed
physicaldescriptions
of lC masks.Whileartworkgenerationsystemshavetraditionally
beenthe centralfocusof CADefforts,HP's
ColoradoSprings Divisionfound it necessaryto address the
completedesign cycle to be effectivein managingcircuitsof
LSI complexity.
Today'ssoftwaremethodologiesmanagethis degree of complexityby usingmacrodescriptions,
high-levellanguages,and a
s t r u c t u r e dd e s i g n a p p r o a c h .A S A P o f f e r s a s i m i l a r s e t o f
Thisis doneby extendingthe
to customlC designers.
capabilities
soltwareconceptof mappinga programintoa one-dimensional
arrayof memoryto thatof mappinga symbolichardwaredescripphysicalplanesof lC masks,ASAP
tion intothe two-dimensional
enables the designer and the CAD system to use symbolic
for structural,physical,and behavioralproperties.
abstractions
before
Completeddesignscan be readilyverifiedfor correctness
they are assembledinto descriptionsfor lC mask fabrication.
The ASAPsystemusesa graphicdesigndescription,modifying
in the followingways:
and extendingthe data representation
r Superfluousphysicalinformationis reduced by using highlevelsymbolicrepresentations
of componentsand interconnections.
r Usingsymbolicrepresentations,
the designercan see moreof

Fig.2. The ASAPdesign starts wth the simple symbolson the far left andprogresses to a more
whichis translatedintothe geometricallayoutused to fabricate
detailedsymboticrepresentation
the circuit shown on the far right.
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the design at a smallerscale,thus gaininga better overall
oersoectrve
of the circuit.
and behavioral
descriptions
areaddedto aid design
. Structural
verificationThe structural
descriptiondefinesthe logicalinterconnectionsof the system,whilethe behavioraldescriptions
providebasic information
aboutcircuitinterconnections.
to the
. The mapplngfrom the high-levelsymbolicdescraption
physlcalmask descriptionis done by a chip assembler.This
step occursatterthe completionof the design process.
ASAP lC designsare builtfrom a hierarchyof components.A
componentmay be a primitiveelementas small as a via* or
transistor,
or may be assembledfrom a largecollectionof such
primitives.The structural(and some behavioral)aspects of a
componentarecapturedalongwiththe physicaldescription.
The
externalstructureand behaviorare definedby the component's
physicalboundriesand interconnection
points.Eachcomponent
pointsdefined.Thesedefinitions
is namedand itsinterconnection
for visualreferenceand in the
appearin the graphicdescriptions
data basefor use in designverification.
The componentboundpointsmustlieon a grid networkthatis
ariesand interconnection
largerthan the detaileddesignrules(minimumelementwidthor
spacingallowed)althoughany set of designrulescan be used
insidethe primitivecomponentsthemselves.
In additionto the primitivecomponents,there are high-level
componentsymbols.Thesesymbolsare PRll\,4E
if the component
symbolsare availablefromthe systemlibraryand havepredetermined geometry,or PARAMETRTc
if the componentsymboloften
changessize in the layoutand an algorithmtor mappingof that
particularparametriccomponentexistsin the assembler.Fig. 1
shows the flow of the symboliclayoutprocess.All parametric
componentshaveuniquenamesand are recognizedvisuallyby
theiruniquegeometry.An algorithmin theassemblercontainsthe
components'structuraland behavioraldescriptions.
To use a componentsymbol correctly,a boundarymust be
definedfor eachmasklevel.Theseboundaries
arean abstraction
of the internalgeometryof the component,and indicatelegal
wiringareas.Symboliccircuitdesignbeginsaftera setof themost
primitivesymboliccomponenlshas been establishedfor an lC
processtechnologyFig.2 showsan exampleof themappingthat
t a k e sp l a c ei n b u i l d i n ga n A S A Pc e l l .
The completeASAPdesigncycle shownin Fig. 3 addresses
morethanjustthe layoutstructure.
The IC deviceand cell definitions are criticallyimportantto the design cycle. A hardware
measurementset allows ac and dc device parametersto be
determined.
The parameters
are usedto generatemodelsfor the
circuitsimulator(SPICE).
A logic libraryis then derivedfrom the
circuitsimulator
runsof individual
cells.A circuitcan be simulated
withtheselogiccellson a logicsimulator
(TESTA|D-tC)
forstateand
timlnginformation.
A libraryof structured
cellshasbeendesigned
and descriptionsplaced in the geometric,circuitand logic libraries.The schematicis enteredintothe systemby meansof an
interactive
computergraphicsstation.Once entered,it can be
simulated(circuitor logic simulation)and the resultschecked
againstthe desiredperformance.lf the desiredperformanceis
not achieved.new cells may be generated.The data base
createdby the schematiccan also be usedfor comparisonwith
the layoutdata base,thus checkingcontinuityof the circuitwith
the schematic.Somebehavioral
checksarealsomadeduringthe
continuity
check.Withthe aid of ASAP,systemdesignerswithout
detailedknowledgeof integratedcircuitdevicephysicscan now
specifydeslgnssuccessfully.
ASAPhas beenusedto completesometwentycustomlC chip
designs.These chips support a wide range of productsand
applicationsin HP's analog oscilloscopesand CRT displays,
'Conneclon
anolher eve

between a conductor In one nterconnecton evel and a corductor n

Photoshop

Fig. 3. fhe ASAPdesigncycle haslhreesecflonsas shown.
analoglo-digitalconverters,
and digitalcircuitsfor logicanalyzers.TableI comparesf iveASAPlC designsto fiveearlierdesigns.
Bothsetsof circuitsusethe samelooicfamilvand addresssimilar
Table I
Comparisonof layouttime and numberof componentsdesigned
per day for representative
chips designedusirrga physicaldesign approach(R) or a symbolicdesignapproach(S).
Chip Layout
No.. Method

1
a

3
4
5
6
7
B
I
10

R
F
R
R
R
s
S
s

Chip
Area
(mm')

9.7
12.3
10.2
9.0
14,8
9.6
8,7
13.7

J

IJ,Z

J

IJ.C

'Odd-numbered

Component
Density
(+lmmz1
t03
tta

180
rcc
200
195
210
200
230
170

Components
Designed
ffldayl

B
B
5
9
9
BO
103
103
138
76

Layout
Time
(weeks)

40
40
65
32
65
3.1
24
3.6
J.

I

4.3
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design needs.Each group containsboth randomand regular
The averagedesign time has dropped from 46
architectures.
weeksto threeweeks,and the averagenumberof components
designedper day has increasedfrom eightto over 100.
Thestructuring
of the designprocessdoesnot reducecomponent density.As stated above, global perspectiveand wiring
management(the most importantaspectsof complexdesigns)
havebeen improvedby minimizingsymbolicinlormation
not relatedto interconnection.
lC designusingASAPemphasizeswiring management.
As Table I shows,the componentdensityhas
actuallyincreasedover that of earlier lC designs done by a

detaileddesignapproach.

Continuing to lorver levels, each cell is expanded into its
component parts, and at the bottom level the designer will
be manipulating the actual geometric shapes as they will be
processed into an IC mask. To reduce the total design effort
it is highly desirable to create a library of the lowest-level
cells (such as a single register bit), include a symbolic
representation for each cell, verify each cell for electrical
and geometrical correctness, and thereafter design a multitude of ICs using symbolic descriptions entirely. This
allows a greater functional complexity overall (i.e., a greater
number of active devices) to be incorporated on a single
chip while not exceeding the capacity of the human mind to
comprehend a large collection of "things". The parallel of
this endeavor is found in the model of computer programming productivity where it is assumed that a software writer can produce x lines of code per day. If the writer is
writing in a higher-level language such as PASCALor ALGOL,the lines of code can perform many times more powerful operations than can x lines ofassembly language code.
At HP's Desktop Computer Division in Fort Collins, Colorado this method of hierarchical design was successfully
applied to an NMOS* IC having 1,O,2OO
transistors. By using
IGS the design team was able to compose each level of the
hierarchy in the manner just described and complete the
artwork process in six months. This effort included the
creation of a cell library because none previously existed.
Hierarchical verification programs were not available to
this project, so that any time an existing verification program was used, it was forced to operate on the level of
t i m e. v er sus. dat a rer at i o n sh i p
.1':::::
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mentioned earlier was readily noticed. By careful grouping
of items and using many features of IGS, the greatest
number of errors found at any verification step was less than
10. This ensured that the final (entire chip) verification did
not generate an overwhelming number of errors.
Before the six-month artwork period there were eight
months of chip functional description, block diagram creation, and functional verification. On one occasion the block
diagram was modified because the initial floor plan indicated an undesirable interconnect pattern. This helps point
out the fact that, while there may be several acceptable floor
plan arrangements for an IC, a wrong choice may make the
IC physically unrealizable. The critical first step needed in
any successful design is to know completely how the device
must respond to external stimulus (the functional description). All the input and output characteristics need to be
agreed upon by both the user of the device and the designer
of the device. This description should be stable and accurate before proceeding beyond the floor plan stage. While
the functional description is being finalized, preliminary
floor plans will be useful to ensure realizability, because it
can be very, very difficult to stuff another black box into an
IC that has progressed to the mask layout phase.
An Attempt at Prophecy
What about the future? Perhaps the safest prediction is
that the future will lead to further change. Several factors
dictate this. The design tools used now are simply running
out of capability. Design verification is perhaps the most
critical area today becauseverification of a complex circuit
can take 30 CPU hours on the largest computers available.
Plotting and analysis of results usually takes weeks. Assum-

ing the programs do detect errors, correction of these errors
may require the relative skills of a brain surgeon, so as not to
disturb any of the other million or so features on the mask
set. We must have a design methodology that will allow
small pieces to be designed, tested,and used without fear of
possible adverse effects. This is not a new idea, it has been
used in structured computer programming for many years.
In fact, the best clues as to how to manage future designs
may come from the technology developed for programming
computers,
Before the acceptance of structured programming, programmers had the freedom to use unlimited and unconstrained control statements. Program flow could move
freely to and from various segments of code by means of the
GO TO statement. An individual piece of code could be used
in a variety of ways because of the unlimited branching
capability. With this methodology the ultimate constraint is
the fact that a section of code can only be tested in the
context of the complete program. A programmer might
create a segment of code with one function in mind, but it
could be used later by another programmer to perform a
different task, often with questionable results. Modifications often had adverse effectson sections of code that were
considered to be immune to such changes.
Structured programming placed severe restrictions on
programmers because they could only enter and exit a segment of code with a single entry point and a single exit
point. Unrestricted branching was eliminated. However,
the benefits were great. With the new techniques a segment
of code could be written and tested independently of the
program to which the segment would be attached. Testing
was reduced to simple testing of small segments rather than
exhaustive and often inconclusive testing of a complete
program. The programs were also more understandable,
Iogical, orderly, and complete. History has shown that this
structured methodology has given benefits far exceeding
those that were removed by constraining the software
designers.
Lou Scheffer, a member of Hewlett-Packard's design aids
team and a PhD student at Stanford University, has proposed a constrained methodology for the hardware design
of integrated circuits similar to the constraints imposed on
software design by structured programming. Fundamental
to I.ou's approach is the ability to design cells and verify
them independently of the complete circuit. This is done by
eliminating the overlapping of cells and the placement of
active components near the boundaries of cells. Lou does
not restrict the boundaries of cells to simple rectangles as do
many methodologies today, but permits irregularly shaped
boundaries. Many constrained methodologies decreasecircuit density, but this one, at least in theory, does not. It
remains to be seen whether designers can actually achieve
this density in practice.
Silicon Compibr
Another parallel to the use of software methods in the
design of hardware is the silicon compiler. Although still
very much restricted to universities it is becoming of increasing interest to industry. In designing with a silicon
compiler, a programming language is used to describe the
geometry of cells. These descriptions then become proce-

VLSI Makes 32-Bit CPU
Chip Possible
The designcapabilityand complexitypossiblewithVLSItechnologyare demonstratedby a 32-bit processordesignedand
fabricatedon a singlechip by Hewlett-Packard
in Fort Collins,
Colorado.The chip (see photo)contains450,000transistorsinterconnectedby two layersof metallizationwith minimumfeature
sizeand spacingo11.5and 1 prm,respectively.
Thisdesignand
the fabricationprocesswere described in two papers presented
a t t h e 1 9 8 1 I n t e r n a t i o n aSlo l i d - S t a t C
e i r c u i t sC o n f e r e n c e . l 2
This6.3S-mm-square
chip vividlyillustrates
the need for the design toolsand methodologies
drscussedin this issue.Forexample, if drawingsof each mask layerare preparedwith a scale
wherea 2-mm-widelinerepresents
thenarrowest
metallineon the
actualchip,a roomat leastten metressquarewouldbe required
to lay out the drawings!Add to this the requirementthat each
mask layermust be checkedfor properalignmentwiththe other
layerswithinless than 1 millimetreat any point on these huge
drawings,one can see that reviewingthe chip design without
toolsand a methodology
wouldbe verydifficult,if notimpossible.
Onlyby partitioning
thedesignintosmallersegmentsand using
designand artworkverification
toolswas the FortCollinsDivision
able to reduce the difficultiesassociatedwith fabricatinothis
complexsvstemas a VLSIcrrcurt.
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dures in the language. It is possible to pass parameters to
these procedures to generate a variety of different cell structures, depending on the value of the parameter. A simple
example might be a procedure for the design of an inverter.
The passed parameter might determine the circuit loading
for the inverter. The procedure would then use this value to
calculate the sizes of the transistors to be used in the inverter. These procedures would then be tied together by other
procedures until the complete integrated circuit is de-
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scribed. At present this technology is in its infancy. Many
problems exist, but it is at least theoretically possible to
describe any circuit with a silicon compiler language. The
greatest promise of this technique is perhaps in our knowledge of creating large software programs by assembling
many small subprograms.

Correctthe FirstTime
The difficulties in discovering errors later in the design
process were discussed previously. Stan Mintz of HP's Corvallis Division in Oregon has proposed a "correct-the-firsttime" methodology. Stan proposes that the functional description is the control document for both the development
of an IC and any tests that will be applied to it. In addition,
as the design progresses through logic, circuit, and mask
design, Stan proposes that each stage be compared to the
functional description. Furthermore, he states that the test
program used to evaluate the IC be generated from the
functional description. In theory, if each path rigorously
follows the verification procedures, when the finished IC
and test program meet at the tester there should be no
reason for a failure. Stan's proposal has many implications
for both methodology and tools, but if enforced, should
relieve the disastrous effects of discovering an error late in
the design sequence.
Finally, as an extension of Stan's proposal for establishing the functional description as the premier description of
an IC, the potential exists for completely synthesizing the
design from this description. There is some very encouraging work progressing at Carnegie-Mellon University. Their
work involves synthesis of a design from a high-level ISPS
language description into implementable components.2
Their techniques involve high-level decisions as to the
selection of a design style and implementation of a design
based on that design style.
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Designand Simulationof VLSI Circuits
by Louis K. Scheffer, Richard l. Dowell, and RavaM. Apte

VLSI CIRCUIT is a complex structure containing
tens of thousandsof individual transistors.The design of VLSI proceedsfrom a high-level architectural description down to the layout of the artwork. The circuit design process is the activity that occurs between the
functional description and the start of the physical layout.
However, for integrated circuit design, there is usually no
clean separation at either end ofthe process. System architectures are specified with a final implementation in mind,
12 Hewrprr-pncKAnD
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and layout and device designs often dictate changes in the
system design. The responsibilities of the circuit designer
are to insure that the circuit performs its intended function, verify that the function is performed at the required
speed, and guarantee that the circuit can be manufactured
and tested for a reasonable cost.
Circuit design may be divided into several stages.In the
first stage, the designer considers the functional specifications and produces a logic design. Various portions of the

allowable delays and the power consumption are allocated
to parts of the total circuit. This step requires a significant
amount of experience, since optimizing a VLSI design is far
different from optimizing a design in a technology such as
TTL. Speed, power, space,and design time can all be traded
off against each other, but a wrong decision can lead to a
great deal of backtracking , since all portions of a design may
be interdependent. At this stage of the design, a logic
simulator (such as TESTAID-IC)may be used to verify that
the desired function is indeed performed.
This translation step from functional to logical circuit
description is of great interest to current researchers. To
lessen the required integrated circuit knowledge and reduce the design time and errors, structured methodologies
have emerged that permit the computer to assume a greater
role in the design.
The next step is to turn the logic design into a transistor
level design. In many cases,this is not done explicitly, for it
is simpler to design the artwork directly from the logic
specification. Where performance is critical, however, detailed investigation of the transistor level designs is required. The circuit simulator SPICEis used to do verification on this level. It allows the designer to look at speeds,
powers, noise margins, best and worst cases,and the effects
of process variations. By using the results of these detailed
simulations, designers can significantly improve the reliability and yield of the final product.
Another necessary step is the definition of the tests for the
chip. The designer must guarantee that the chip can be
tested. This is partially achieved in the logic design stage,
by making sure that the storage elements can be read and
controlled, but the actual definition of tests must take place
after the logic design is completed. Logic simulators
(TESTAID-IC)offer considerable help with this task.
All of the preceding steps deal with logic diagrams and
schematics, which must be converted to machine readable
form so that simulators may use them. Furthermore, several
different representations of a circuit usually exist, and a
hierarchical design is almost a necessity to keep all the
details straight. DRAW is a program that helps the designer

I
Fig. 2. Usrngthe DBAI schematiceditor.(a) Selectthe ADD
command. (b) Place a transistor.(c) Wiretwo pointstogether.
(d) Definean extemal vtEwdrawing to be used on higher-level
scrrematics.
in these areas. With a graphics terminal and a digitizing
pad, the designer can enter and edit schematic diagrams
interactively. The hierarchy is easily maintained and used,
and the program can convert conventional schematics to
the textual forms required by the simulators.
Fig. 1. DRAWcircuit design statlon conslsfs of an interactive
graphics terminal, a digitizing tablet, and a four-color plotter,
all tied to a timeshared computer. DRAWis a graphics editor
designed for editing schematics.

Schematic Input Using DRAW
Schematic entry using DRAW involves a combination of
tablet and keyboard input (Fig. 1). Schematics are kept in a
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library which is managed by DRAW on the user's account. A
"clean sheet of paper" is created by asking to edit a presently nonexistent drawing. The screen of the HP 2648A
Terminal provides a window to the work area, as shown in
Fig. 2. Both text and graphics displays are used. In Fig. 2a,
the cursor has been placed on top of the ADD command and
the stylus depressed. DRAW interprets the position of the
cursor to be a request for the ADD command and highlights
it as shown in the figure. The type of component to be added
is typed at the keyboard together with its parameter values,
if any. The placement of an NMOS transistor onto a partially
completed schematic is shown in Fig. 2b. The WIRE command is used to interconnect the components. The use of
this command is aided by the rubber-band line mode of the
terminal. The cursor with a loose wire attached is shown in
Fig. 2c. User-defined components that are to be used in
higher-level schematics are defined by an external vIEw.
The description of an external VIEW drawing is shown in
Fig. 2d. The grid is provided to aid in the creation of an
outline for the component, which is drawn using the WIRE
command.
A four-bit counter can be used to illustrate the hierarchical description of DRAW. The highest level of description is
shown in Fig. 3a as an implementation-independent fourbit counter with four inputs and four outputs. Figs. 3b, 3c,
and 3d show schematics at different stages of design. Both
user-defined components such as the NoR gates and SPICE
components such as MOS transistors have been used. These
schematics are easily incorporated into larger systems and
can be used to drive simulators such as TESTAIDJC and
SPICE.
Logic Simulation Using TESTAtD-tc
TESTAID-ICis a multilevel digital logic simulator for verifying that a proposed design is Iogically correct and meets
timing requirements. Circuit descriptions permit components to be described at Boolean, logic, and transistor
Ievels. Data not appropriate for schematic display is kept in
an associated text file. Such data typically consists of transition delay times, Boolean equations and other nongraphic
descriptions. In response to a command, DRAW creates a
text file containing a TESTAID description. Fig. 4a shows
the output generated by TESTAID-IC after simulating the
four-bit counter shown in Fig. 3b. At this level the designer
is interested only in checking out the functional behavior of
the circuit. An output format using 1s, 0s, and Xs is chosen
to display the results. The circuit can be run for all the
possible states for checking out complete functionality.
Fig. b shows the output waveform generated by
TESTAID-ICafter simulating the one-bit latch shown in Fig.
3c. The waveform shows the functional response of the
circuit to the user-specified stimulus at the logic level. The
stimulus applied has a very precarious timing relationship
between the SETand PULSEinputs and the two-phase clock.
The close timing of the PULSEand PHIlBAR signals is shown
circled in Fig. 4b. The waveform in Fig. 4c shows the consequences of the short delay between PULSEand PHITBAR
inputs. The NOR gate, NORz, does not respond fast enough
to the changes on the input side because of its inertia, and
consequently it fails to toggle the Q line. The SPICEoutput
shows the NOR2 signal starting to rise but returning to the
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zero state instead of switching to the one state. Further
study using SPICEwould probably be done at the singlegate level. Other potential problems such as uninitialized
nodes and nodes in the high-impedence state are shown
with Xs and double lines, respectively in Fig. b.
A means to evaluate the effectiveness of circuit testing
schemes is provided by a fault simulation option. Under
fault simulation mode, circuit nodes are clamped to logic 0
and logic 1 sequentially. The proposed test vector (set of
input values) is applied and the faulty outputs compared
with the no-fault output. A difference implies that this fault
can be detected. For a given set of test vectors, TESTAID-IC
runs the fault analysis and computes the percentage of
faults that will be detected. Fault analysis is used as an
adjunct to functional testing, since a full functional test is
not always economical.

CircuitSimulationUsingHp-sptcE
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The SPICEcircuit simulation program developed at the
University of California at Berkeley has become a workhorse for the IC industry. SPICEperforms a detailed analysis
of circuits using the interconnect data from DRAW. Accurate analytical models are provided for the semiconductor
devices.
The DRAW display of a basic NMOS NOR gate is shown in
Fig. 3d. The library of circuit primitives provides the transistors, capacitors, resistors and other SpICE elements.
Stored in the associatedtext file are device model parameters, source excitation, and SpICEanalysis control informatron.
A typical output from HP-SPICEis plotted in Fig. 4d. The
waveforms show the gate response for worst-case conditions of circuit speed. The signal delay through a typical
gate is often studied using these simulated waveforms. Circuit designers typically perform hundreds of similar simulations during the course of a design. The simulations can
provide the detailed information necessaryfor assuring that
the final design will be reliable. The program's interactiveness,flexibility, and graphical output have been found to be
important contributors to designers' productivity.
While simulators are usually most effective for a certain
level in the circuit hierarchy, it is vitally important for
simulators to be usable at adjacent levels. On the whole,
simulations are usually carried out in the most economical
manner, with the assurance that sticky problems can be
solved using less efficient but more accurate simulations at
the next level of detail. The counter cell shown in Fig. 3c is
made up of the gates whose switching performance is
shown in Fig. ad. This simulation could be used to confirm
timing calculations done from rough extrapolations from
the gate performance.

Conclusions
The adventof VLSI has forced the designersof both
e,t

(d)

t5

t6,s
tg4

Fig.4. TESTND-|}andHp-sptcEplots.(a) Functionalbehavior
of a four-bit counter. (b) Logic response of a one-bit counter
plot of a one-bit cell response,showing a
cell. (c) HP-SPICE
plot of a two-input NORgate retoggle failure.(d) HP-SPICE
sponse.

systems and design tools to come to grips with the necessity
for multilevel system descriptions. The schematic-based
system, DRAW, has been offered as one appropriate means
for describing VLSI systems. The simulators that have been
interfaced to DRAW provide a powerful capability, but are
not adequate for evaluation of complete VLSI designs.
Simulators and description languages focusing on levels
higher than logic states will have to be integrated into a
VLSI design package. In addition, the need to simulate
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Transistor Electrical Characterization
and Analysis Program (TECAP)
by Ebrahim Khalily

As simulationbecomesa cornerstoneof VLSIdesignand as
detechnologyadvancestowardfabricationof small-geometry
vicesforVLSI,greaterprocesscontroland moreaccuratesimulation models become more important.With the increasesin the
syscomplexityof devicemodels,an automatedcharacterization
and
tem is neededto performqualitytransistormeasurements
providereliablemodel parametersinteractively
and in a reasona b l et i m e .
The TransistorElectricalCharacterization
and AnalysisProgram (TECAP)is a characterizationsystem based on the HP
mea98458 DesktopComputerand severalHP-lB-compatible
surementinstruments.
The systemis intendedfor the lC design
environment,
where understanding
of device and circuitlimitaTECAP
is designedas a generalmeasurement
tionsis important.
on a
and characterization
tool, with interactivemeasurements

Fig. 1. Block diagram of the TECAP(transistor electrical
makes
and analysisprogram) system.TECAP
characterization
measurementson bipolar and MOS fransistorsand computes
the parametersof models of these devices.
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varietyof devices,includingresistors,capacitors,bipolarNPN
enhancementand depletionmode P and
and PNP transistors,
and JFETs.The model parameN-channelMOSFETtransistors,
ters for bipolar and MOS transistorsare obtained from these
measurements.The extracted parametersare then used In a
modelanalysisprogramto checkthevalidityof the modelthrough
directcomparisonwith measuredresults.
TheHP98458 DesktopComputeris usedas the systemcontroll e r . T h e e n h a n c e d B A S I C l a n g u a g e p r o v i d e sa n e a s y - t o program,easy{o-usesystem.A flexibledisc drive providesaccessiblestoragefor programsand data.The graphicscapabillty
X-YPlottergivefast
o1the HP 98458 and the HP 9872 Multicolor
visualJeedbackto the user.
link betweenthe computer
The HP-IB"is the communication
in the system.TheHP-lBcommandsare
and allof the instruments
easy to program, and the standard connectionsof the HP-IB
providehardwaremodularity,
allowingany instrumentto be replacedby anotherHP-lB-compatible
withoutany hard
instrument
wiringand with minimumsoitwaremodifications.
The block diagramof the systemis shownin Fig. 1. ThreeHP
6131C DigitalVoltageSourcesprovide+ 100V,0.5Aoutputswith
Converter
a resolutionof 1 mV, An HP 59301ASC|I-to-Parallel
interfaces
eachsourceto the HP-lB.Currentsourcingcapabilityis
provided by a Keithley225 CurrenlSource modified for remote
programming.
Converteris used
An HP 59501Digital{o-Analog
to controlthe currentsource in the range of 1100 mA with a
resolutionof 0. 1 nA. Voltagemeasurementis done by an HP
34554 DigitalVoltmeterwith a resolutionof 10 p.V.Low current
(lessthan 20 mA) are done by an HP 41408 pA
measurements
Meterwith 1 fA resolution.Currentsgreaterthan 20 mA are measured by an HP 34384 Digital Multimeter.The HP 42718 LCR
capabilityfrom0.001
Meterprovidescapacitancemeasurement
pF to 10 nF. The HP 8505 Network Analyzeraccompaniedby an
HP 8503 S-ParameterTest Set enables the system to measure
The34954Scanner,
(0.5-1300 MHz)parameters.
highJrequency
a matrix switch constructed of 40 programmabletwo-pole
to the four terminalsof the
switches,connectsthe instruments
system.Thesefourterminalscan be eitherdirectlyconnectedto
the device undertest or connectedto a probe stationfor on-wafer
measurements.
To maintainsystem modularity,TECAPuses separatesubroutinesto controleach instrumenton the HP-IB.These subroutinesenablethe userto writeor modifythe programsusinga
high-levellanguage.Each sectionof the programis storedin a
separatefile on the systemflexrbledisc, and is loadedinto the
funccomputerand executedonly when it is needed.Thirty-two
tionkeyson the desktopcomputerprovidefastaccessto different
testsand measurements.
In general, the applicationof the system can be divided
i n t o t w o d i f f e r e n tc a t e g o r i e s ,p r o c e s s c o n t r o l a n d d e v i c e
characterizations.
in data on physiA processcontrolengineeris moreinterested
cal parametersof the process.For example,C-V (capacitance
versusvoltage)measurements
can help determineoxide thickness,surfacestatecharge densityQr., and thresholdvoltage.
'Hewlett-Packard's
implementation
ol IEEEStandard48B'1978.
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Fig. 2, A TECA?dc characterizationof an MOS transistor.
Model parametershave been extractedfrom measureddata
and the simulatedresu/tls com)ared with the measurement.
Also,parameters
likesheetresistances
and breakdownvoltages
yieldvaluableinformation
aboutthe qualityof the process.Statistical analysiso{ the data revealsprocessvariations.
An lC designer,on the otherhand,usesthe electricar
cnaracteristicsof the device.Paramelerslike saturationcurrentls and
forwardcurrentgainB at differentcurrentlevelsfor bipolartransistors and mobilitypo for MOS transistorsare some of the essential
designparameters.
Specialphenomenasuchas saturation,
subthreshold,and punchthroughof a transistorare also of great
jmportancein the design of lCs. With an accuratecomputer
model,the only obstacleto successfulcircuitsimulationrs the
determination
of good modelparameters.
TECAP
extractsmodel
parametersthroughdirect measurements
on actualtransistors.
Parameterextractionprogramscan then be mergedwith model
and parameteranalysisprogramsto comparethe simutattons
to
the measurement,
therebycheckingthe validityand accuracyof
the model.TheMOSand brpolarmodelsusedin TECAe
are similar
to modelsavailableon Hp-SptcE.
TECAP
can alsobe usedto tiethecircultsimulators
to thedevice
and process simulators.The output of the process modeling

larger structures in existing simulators has spawned multilevel simulators to deai simultaneousiy with detailed and
logical signal levels. While much work is yet to be done to
improve the capabilities for designing with VLSI, one must
not lose sight of the designer's fundamental concerns: Will
the design work? Will it perform to specifications? Can it be
manufactured and tested at reasonable cost?
The computer is able to perform a larger role in providing
the information necessary to answer these questions. We
must recognize that as tools become more sophisticated,
design requirements are keeping pace. If we are to remain
successful, we must provide a design environment that has
the flexibility to permit plenty of "good old-fashioned engineering" to be added by creative design engineers.
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program HP-SUPREM,
which simulatesthe impurityprofilesin
drfferent
cross-sections
of the process,is usedwithdevicemodelrng programslike SEDAN
or cEMtNt,which generatedevice l-V
(currentversusvoltage)characteristics.
TECAp
can thenworkwith
simulatedl-V data insteadof measurements
to extractthe model
parametersfor SplCE.
Thiscompletelineof processdeviceand
circuitsimulation
allowsusersto simulatecircuitsbasedon process data,and is a powerfultool for studyingthe effectsol process parameterson the performanceof the finalcircuits.
Fig. 2 shows an exampleof dc characterization
on an MOS
transistor.
The model parameters,includingthe parametersfor
short-channel
effects,areextractedfrommeasureddata and the
sjmulatedresultis comparedwiththe measurement.
Theanalysis
partof the systemletsthe usersimulaleand plotdraincurrentand
its derivativesand comparethem wjth the measurement.
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An lnteractiveGraphicsSystemfor
StructuredDesignof IntegratedCircuits
by Diane F. Bracken and William J. McCalla

LARGE PORTIONof the design cycle time of LSI
and VLSI circuits is devotedto creatinga physical
layout and verifying that the layout obeysdesign

basic workstation (Fig. 1) consists of an HP 1000F, an HP
2645A alphanumeric CRT terminal, an HP 91 1 1A Graphics

rules and represents the intended circuit schematic. IGS,
an HP interactive graphics system,l supports structured,
hierarchical design of custom integrated circuits through
an advanced, fully integrated set offeatures. User-definable
multilevel symbolic representation and incremental design
rule checking facilitate design and layout in an abstract or
symbolic format. Input and editing are done interactively at
a color graphics workstation. User specification of process
information makes the system technology-independent
while retaining the features that make it a useful design
tool. These featuresare enhanced through the availability of
a flexible macrocommand capability. Access to comprehensive design verification and mask generation
capabilities is provided, and both on-line and off-line plotting are supported,
IGS System Overview
IGS is a multiprocessor system. It uses an HP 3000 as the
host computer and up to four HP 1000s connected via
high-speed links to the host as graphics workstations. The
1981
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Fig. 1. /GS workstationconslsls of computer,CRT terminal,
graphics tablet,and high-resolutioncolor display.

Fig. 2. A typical IGS graphics
display.
Tablet, and a high-resolution color display. The HP 1000 is
used both as an intelligent display processor and as an I/O
controller for the tablet, terminal and display. Optionally,
any of the following HP plotters can be supported locally at
t h e d e s i g n s t a t i o n : 2 6 3 1 G , 7 2 2 ' 1 , , 9 8 7 2o, r 9 8 7 6 .
Cursor display, scaling, translation, mirroring, rotation,
and clipping are some of the functions performed by the HP
1000 display processor. In its role as I/O controller, the HP
1000 is also used to route status information transmitted
from the host to the CRT, and to merge tablet and keyboard
inputs into a single continuous stream for input to the host.
Use of this separate, high-speed processor operating concurrently with the host off-loads complex graphics calculations from the host and frees it for data retrieval and update.
The color display is a high-performance color monitor
driven by a 768x512-bit frame buffer with four separate
graphics memory planes. Three memory planes (red, blue,
and green) are used for data display. A fourth memory
plane, always displayed in white, is used for cursor data, for
component highlighting, and as a graphic scratchpad. The
monitor screen (Fig. 2) is partitioned by software into a
command menu area and a graphic data display area.
The IGS system gommands are divided into six major
categories: 1) executive level commands, 2) process commands, 3) macro commands,4) graphic edit commands, SJ
plot commands, and 6) output commands.
Executive level commands are used to invoke the various
subsystems within IGS, to create plots and output files, and
to perform chip level maintenance functions such as archiving and retrieving chips, appending devices from other
chips, and purging devices. Processcommands, which are
handled by the process subsystem, are used to establish a
working environment for a particular IC process. A typical
process file as created within the process subsystem is de-

scribed in more detail in the next section. Closely related to
the process subsystem as a means of tailoring IGS to a
particular technology and design methodology is the macro
subsystem. Features of this subsystem a-realso described in
more detail below.
Graphic components are created and modified within the
edit subsystem using the fourth group of commands' AlIowed transformations and modifications on components
include rotation, translation. replication, deletion, mirroring and others. The sizes and /or shapes of components may
be changed by stretching or shrinking along a vertex or
edge. Single components may be split into two or more
separatecomponents with a single command' Components
may be collected into groups either by selecting individual
components or by drawing a boundary around the desired
set of components. This rnakes it easy to shift an entire
section of a chip so that, for example, a metal line can be
inserted.
The selection of specific components to which the aborre
transformations apply can be restricted in several ways.
First, the specific mask levels displayed may be classified as
modifiable or nonmodifiable. Second, modification can be
restricted to selected component types. Third, edit commands may impose a temporary restriction to a particular
component type and/or mask level. In addition, the level
of detail, content, and positioning of the display can be
manipulated easily through the use of graphic display
commands.
The fifth set of commands, available within the plot subsystem, is used to define standard parameter values for
off-line plots such as layers to be plotted, pen assignments,
and scale factors.
The last set of commands, handled by the output subsystem, is used primarily for creating control files for optical
ou
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IC Layout on a Desktop Computer
by ThomasH. Baker

Thef irstinstallation
of the HP Interactive
GraphicsSystem(lGS)
was withinthe IntegratedCircuitDepartmentof HP's Loveland
Instrumenl
Division.IGSsoonprovedto be a valuabledesigntool
and stimulated
interestin providingsuchdesignaidsto designers
withintheirwork areas.Convenientaccessto a responsive,
interactjvegraphicscapabilityencouragesa designerto try out
designsas part of a naturalthoughtprocess.Specificobservat i o n sa b o u tI G Sa r e :
r Thedesignercan workdirectlywiththe system.No operatoris
requiredto interfaceto an unfriendlysystem.The command
syntaxis relatively
easyto teachto new usersand a graphics
tabletinputmeansthat usersdo not haveto be good typists.
r A medium-resolution
colordisplayprovedadequatefor alledit
work so that precisemulticolorplotson paperare not necessary.The relationships
betweenvariousmask levelscan be
distinguished
easily.Rapidwindowrngand zoomingmake a
high-resolution
displayunnecessary.
r The interaction
allowsdeslgningdirectlyon the screen,usjng
the systemas a sketchpadWhensatisfiedwith a design,the
user alreadyhas it in a data base.This mode of design has
significant
advantagescomparedwitha draw-and-digitize
desrgnmode.
r The presentation
is naturalto designers;they can work with
shapesand spatialrelationships
ratherthan specificcoordinates.Thedesigneris notforcedto keepa mentalpictureof the
actualformatof the data base,but worksmorewith the conceptsthe data represents
at a higherlevelof comprehension.
The IGShardwarecontiguration
requiresthatworkstations
be
locatedwithin250 feetof the hostHP3000Computer.Thedesign
engineersat the Lovelandtacility required a portable,selfcontarnedsystemcompatiblewith the existingIGS systemand
low enoughin cost so that one could be made availableat each
designer's
deskor workarea.lf a systemis constantly
it
available,
can be usedto tryoutnewideas,to seewhata conceptlookslike.
It is expectedthat such a localstationwill be used to design
cellsand portionsof a chip, and to do architecture
studiesand
blockdiagramsor floorplans.
The largerIGSsystemcan be used
to integrateentirechips, with pads and scribe masks,and to
apply supportingprogramssuch as design rule checrs, masr
generation,
and topologyextraction.
The local stand-alonesystemshould havethe followingfeatures.lt shouidbe interactive
enoughto encourageits use as a
sketchpadto eliminateprecisepaper drawingsand digitizing
Symbolicand hierarchical
designcapabilityis desiredto encour
age use of top-downdesigntechniques.lt shouldhaveenough
capacityto designmostof the cellsol an lC chip, but not necessaralyenoughto handlean entirechip. The localdestgnstation
syntaxand interaction
shouldduplicatethatof IGSas closelyas
possibleto avoiddesignershavingto learna newlanguageand a
new set of reflexes.lts data baseshouldbe compatiblewith IGS
so that designscan be transferredback and forth.
The most obvious processorcandidatewas the Hp gB45C
DesktopComputer,lbecauseit has a high-quality
colordisplay
and a moderatelypowerfulprocessor.An internalsoltwaiedevelopmentsystembasedon PASCALwas usedto writethe syst e m . T h e l o c a l d e s i g n s t a t i o n ,k n o w n a s p l G L E T ,w a s i m plementedwith a subsetof IGS commands,the ones used for
80-90%of typicalwork.Muchattentionwas givento maintaining
compatibility
with lGS.Displayspeedsare maximizedwherever
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possible;for example,all displaycalculations
are done as integers. Componentmodifications
and medium-sizecell displays
run at aboutthe samespeed in the two systems.However,plGLETrunssomewhatslowerin displayinglargecomplexdevices.
A PIGtETstation(Fig. 1) consistsof HP's 98458/C Desktop
Computer,gBB5M/S
FlexibleDisc Drivefor massstorage,911iA
GraphicsTabletzor9B74ADigitizer3,
and an optionalgBT2BlCa
or
75804 Plotter.An HP 7906 Disc Driveis also supportedby the
system.The operatingsystem,programand all data frlesreside
on a floppydisc An auxiliaryfloppydrivemay be usedto extend
the storagearea,or to hold a disc with librarypartson it.
Componentsin PIGLETare the same as in IGS: rectangles,
polygons,lineswithor withoutwidth,circles,notes(stickcharacters),text (blockcharacters),
and instances(copies)of another
device with rotation,mirror,and scale. Devices.which are a
named collectionof primitivecomponents,are stored on the
floppydisc by nameand read intomemoryas needed.Onlyone
copy of each device is needed in memory,regardlesso{ how
manytimesit is referenced.
The actualgeneratron
of the device
instancejs doneon the f ly at displaytime.A hierarchyof devices
may be nestedto any desireddepth.Filesare easilycopredf rom
disc to disc,so librariesof commonlyuseddevicescan be maintained.The 9845B/Csupportsup to 449K by,tesof memory,which
is a substantial
data basefor a localstation(but not enoughfor a
large chip). For example,PIGLETmay have as many as 7000
rectanglesin memoryat once,dividedamongas manydii{erent
d e v i c e sa s d e s i r e dT. h i sc a n e a s i l yr e p r e s e n1t0 0 , 0 0 0
rectangles
o n a c o m p l e t ed e v i c e ,b y m a k i n gu s e o { h i e r a r c h i c adle s i g n
technrques
and reguiarstructures.
A currentrestriction
withPIGLETis that il does not havethe abilityto do designrutechecks
l d e a l l yd e s i g nr u l ec h e c k so c c u ra t d e s i g nt i m e ,a n d d o i n l G S ,
but that is beyondthe capabilityof the localstationat this time.
Thismeansthatfeedbackof designruleviolations
is separatedrn
time and space from the actualdesign phase.

Fig. 1. The PIGLET stationprovides a compact interactive
graphics design syslem for lC and printed-ctrcuitlayouts,
schematicdrawings,plant layout,and illustratrons.
/lsupports
the samesymbolicdesigncapabilitythatis availablewith/GS

Commands{or PIGLETmay be enteredfrom keyboard,taken
f roma disc file,or selectedf roma menuthatis verysimilarto that
of lGS.Usersmaychange,storeand recallmenusat will;thus,the
displayedcommandscan be customizedfor particularneeds.
Process information,such as display color and plotter pen
numberfor each defined mask level,is kept in a file. PIGLET
so the
with parameters,
supportsa compatiblemacrocapability
user can write a personalcommandset and can reducecommonlyused commandstringsto a singleitem.PIGLETsupports
the samesymbolicdesigncapabilitythatis availablein lGS.Hard
copyof thedisplayor colorplotsis availablefor devicedocumento the IGS systemin an ASCIIformat,
tation.Data is transferred
usinga utilityprogramthat allowsthe 9845B/Cto becomean HP
3000terminal.
Thepresenceof thissmallbut powertulgraphicstoolhassttmulatedmany peoplein otherareasto considerits potentialimpact
on their jobs, Applicationsfor which interactivegraphicswas
previouslyconsideredinappropriate
or not consideredat all beThe
came candidatesfor some effectivecomputerassistance.
command set defined for IGS is general enough to serve a
broaderbasethanjust for lC design.The lirst use of PIGLETfor
work otherthan lC layoutwas in the printedcircuitboard area.
designpeoplehavenot had accessto
Mostprinted-circuit-board
graphrcs,so theyweredelightedat the abilityto layout
interactive
bea boardon a terminalratherthan pencilingin interconnects
tweenpaperdoll devices.A libraryof commonlyused partswas
Many
quicklydevelopedalongwithan interface
to a photoplotter.
engineersusethe abilityto do filledplotsto get rapidturnaround
on prototypeboards by plottingthe data on mylar at one or two
timesrealsizeand usingthe plotto generateartworkdirectly,thus
Otherusesof the graphics
avoidinga queueon the photoplotter.
capabilitiesof PIGLETare schematicdrawings,manualillustra-

and electron beam pattern generator tapes or for access to a
full chip design rule checker.
Several of these systems are described in more detail
below by means of examples. To provide cohesion for the
material presented below, a five-mask NMOS* process (diffusion, implant, polysilicon, contact and metal) as described in Mead and Conway's Introduction to VLSI Systems2 is used throughout as the basis for examples.
Process Description
An IGS process file created via process subsystem commands is shown in Fig. 3. The information consists of mask
layer, type, name, color, and design rule declarations.
Several considerations influenced the decisions as to the
number and types of masks to be declared. Different sets of
mask layers are required for the detailed definition of a
device and for its symbolic definition. Further, a subset of
the detailed mask set consisting of those masks used for
interconnecting devices or their symbols is distinguished
for reasons that will become more apparent later.
Two of the five masks in the processat hand, implant and
contact, are used only in the detailed definition of devices
and are declared to be of type DETail. Three masks (diffusion, polysilicon, and metal) are used both in the detailed
definition of devices and for the interconnection of devices
or their symbols and therefore are declared to be of type
INTerconnect. The key concept here is that even when device symbols are displayed it is both desirable and neces-
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RESOLUTION:

l O OU N I T SP E R U M

M A S KI N F O R t \ , 4 A T l O N

N / S K T Y P E M N E M O N I CC O L O R
1
2
3
4
5
11
12
13
'15
20

INT
DET
INT
DET
INT
SY[/
SYM
SYt\,4
SYIM
SYN/

DIFUSION GREEN
I M P L A N T Y E L L O WD O T
POLYSIL RED
CONTACT WHITE
IVETAL
BLI]E
DIFFCON GREEN
IN4PLSY[,4 YELLOW
POLYCON RED
N / E T A L C O NB L U E
OUTLINE WHITE

COI\4M
EXPL. IVIN. I\4IN,
BUN/P AFEA WIDTH N/ASK

YES44
YES
36
YES42
YES42
YES93
NO
NO
NO
NO
NO

2
6
4
1.3,5
4

I I \ 4 P L I C I TB U I / P E F I N F O R [ , 4 A T I O N

REFERENCE
BELATIVE
MASK
DISTANCE IVASK
1 DIFUSION3
1
3 POLYSIL 1
2
4 CONTACT 2
3
5 METAT

1
3
1
3
4
5

DIFUSION
POLYSIL
DIFUSION
POLYSIL
CONTACT
METAL

Fig. 3. NMOS process file for symbolic desigtn.
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First Physical
Level

Second Physical
Level

Third Physical
Level
(a)

---T--Logical Level 2
V

i

Logical Level 1

I

(b)

Fig. a. @) Physical nesting as viewed from RE??ELL.(b)
Logical nesting as viewed frcm REGCELL.
are chtrracterized by the property that they are displayable
in both a detail display mode and a symbolic display mode.
The second set of masks, layers 1,1, "12,13, and L5, are
SYMbolic masks corresponding to DETail masks 1.,2, 3 and
5, respectively. These SYMbolic mask layers are used for
building stick diagrams, logic diagrams, block diagrams,
and others that present more simplified, abstract design
views when displayed. Later examples illustrate the use of
these techniques more fully. The final mask layer, 20, is also
SYMbolic and is used to outline and label functional block
symbols where the external boundary and functional name
are important.
In this example, the choice of colors is in conformance
with Mead and Conway.2 Explicit bumpers, to be described

later, are allowed for masks 1 through S, while minimum
required widths, areas and intramask and intermask spacings are also defined.
Macrocommands and Logical Nesting
IGS provides a flexible user-defined macrocommand
capability, which can greatly simplify the implementation
of a symbolic design methodology. Before describing the
interaction between macrocommands, primitive IGS commands and the process file, it is necessary to describe, as
illustrated in Fig. 4, the concept of logical cell nesting as
opposed to physical cell nesting. Here REGCELLis the device currently being edited so that physically all display
references are levels below REGCELL.The device REGCELLis
a shift register cell including instances of pullup, NENn,
DIFFCON and SUTTCON. When viewed from REGCELL,one
instance of BUTTCON is physically nested at the second
level down and another is physically nested at the third
Ievel down. The problem created by this situation in a
symbolic design environment is that if symbols are to retain
a consistent level of representation, it is desirable to see all
occunences of a given device or no occurrence. For this
example, if the display is controlled only on the basis of
physical nesting, then BUTTCON will be seen once in outline form in REGCELLif only the first level is displayed, once
in outline and once in detail if the second level down is also
displayed, and finally, twice in detail if all three levels are
requested.
The basic idea behind logical nesting is to have the designer define a logical hierarchy of device instances that
overlays the physical hierarchy. For the example of Fig. 4,
the devices BUTTCON, DIFFCON, NENH and NDEP are aII
low-level devices and hence can be arbitrarily assigned a
logical function level of 1, the lowest possible level. The
device REGCELL,which provides a true logical function, is
therefore assigned a higher functional level of 2. What
about PULLUP? The device PULLUP typically serves as a
two-terminal active load for inverters and other circuits,

Fig. 5. IGS primitive devices.
Reference crosses are shown on
DIFFCON.
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and therefore is also a primitive device. Thus it is assigned a
Iogical function level of 1, the same as its constituent parts.
To a degree, level control is maintained and enforced by
IGS. Level 2 devices cannot be added to level 1 devices but
can be added to other level 2 or higher-level devices. Thus,
there is no conflict in assigning PULLUP the same logical
function level as its constituent parts. For the example of
Fig. 4, in a logical nesting sense, display is from REGCELL
down to logic level 2 devices (i.e., REGCELLitself) or down
to logic level 1 devices, the primitive transistors and contacts. As a result, the desired effect of having no instances of
BUTTCON or all instances displayed is achieved. As a
further point, when the symbols for level 1 devices are
displayed, the INTerconnect masks for all devices level 2
and above are automatically displayed to indicate how the
symbols are interconnected. This aspect illustrates the true
significance of lNTerconnect masks and the reason for distinguishing them as a subset of the detail masks.
To summarize, the advantage of working with logical
nesting levels is the preservation of a consistent display and
multiple symbolic representations.The multiple representations derive from the fact that each time the logical function level is increased, a new symbolic representation may
be defined.
With the concept of logical nesting now in mind, the use
of the IGS macrocommand facility to provide the basic
mechanism for moving back and forth between various
display representations in logical display mode can now be
described. Two macrocommands, DETAILand SYMBOL,can
be defined as follows:
DEFINEDETAIL <LV '1'> 'WINDOW :D10,<LV> ';
D E F I N ES Y M B O L< L V ' 1 ' > ' W I N D O W : S < L V > , < L V > ' ;
The DETAIL macrocommand uses a WINDOW command to
display detail from an arbitrary logical function level of t0
down through a logical function level set by the parameter
LV, which has a default value of 1.
The SYMBOL macrocommand is similar to the DETAIL
macrocommand. The WINDOW command establishes the
logical function level for which symbols are to be displayed. In particular, in a symbolic display mode, it is

Fig. 6. Strck, detailed, and block symbolic views of a shift
register cell, produced using the SYMBOL
and DETAILmacrocommands.

p r e s u m e dt h a t n e w s y m b o l s a r e d e f i n e d a t e a c h n e w l o g i c a l
function level starting from stick-like symbols for level .l
devices and proceeding to block-like symbols lor level 2
d e v i c e s a n d a b o v e . M o s t o f t h e t i m e , i t i s d e s i r a b l et o v i e w
only a single level of symbols as well as all interconnecti<-rns
between those symbols. Thus for the SYMBOL macrocommand, the parameter LV is used for both arguments of :S in
the WINDOW command. The interconnections between
symbols are presumed to be on masks of type INTerconnect
and are automatically displayed for all logical device levels
from that of the device currently being edited down tlrrough
the level above that whose symbols are being displayed.
Incremental Design Rule Checking
Several types of design rules may be specified and
checked for in IGS. Design rules are either entered in the
IGS process subsystem (implicit bumpers) or directly into
device definitions (explicit bumpers). Both types are
applied incrementally in the edit subsystem as the user
modifies the data base
Design rule checks in IGS fall into two basic types: design
rules that impose constraints on component geometry, and
design rules that impose constraints on component topology (i.e., placement of components). Constraints of the
former type include minimum area and width specifications for mask layers. Algorithms for checking geometric
components against these constraints are well described in
IC design literature.
Topological design constraints are specified in IGS
through the use of bumpers. Bumpers are pseudo-layers
which specify regions that may not be overlapped by actual
Iayers in the chip. Each actual layer m has a corresponding
bumper layer -m. When a component, for example a metal
line on mask 5, is placed in a cell, it may not overlap
components on its bumper layer, mask -5. In IGS, bumpers
are used primarily to enforce minimum spacing rules.
Bumpers are not intended to take the place of complete
off-line design rule checking procedures. Rather, they are
intended to shorten the design cycle by detecting a large
class of errors during the interactive phases of the design.
Bumpers are created by the designer in two ways. First,
they may be created explicitly by adding geometric components on bumper layers. Components created in this fashion
are termed explicit bumpers. Second, bumpers may be
created as a result of the mask layer minimum spacing rules
specified in the IGS process subsystem, as indicated in Fig.
3. Conceptually, implicit bumper components are automaticaly created on negative reference mask layers
whenever components are added or modified on positive
mask layers. The bumper components are automatically
oversized by the minimum distances, effectively implementing the spacing rules. Spacing rules are ignored
whenever components touch or overlap so that components
may be electrically connected.
The decision to define topological constraints in terms of
geometric components has the advantage that bumpers can
be treated like any other component in IGS. Not only does
this allow manipulation with the standard set of commands, but it also allows parameterization. Therefore,
stretchable cells can have stretchable bumpers. In addition,
the ability of the user to create bumpers explicitlS, or have
them created based on a set of global rules widens their
J U N Er 9 8 1H E W L E T T - p A C Kl oAuRaor n r 2 3

range of potential application. If any explicit bumper is
defined in a cell, then IGS ignores all corresponding implicit burnpers with respect to that cell and any included
cells. This characteristic allows the designer to override the
globally defined spacing rules with custom rules when
necessary. Implicit bumpers are normally defined with a
conservative set of design rules. Typically, they find their
greatest application when routing interconnects between
cells and in intracell designs where cost considerations do
not justify optimal designs. Explicit bumpers, on the other
hand, may be employed to tailor design rules in cells where
more aggressive design approaches have been taken to increase speed, to save area, or for some other reason.
Primitive Devices and Symbols
The following paragraphs describe the creation of detail
and symbols for level 1 primitive devices as illustrated in
Fig. 5. The first of these devices, DIFFCON,a diffusion-tometal contact, consists of a 4L diffusion rectangle on mask
L, a 21.contact rectangle on mask 4, and a 4tr.metal rectangle
on mask 5 (I is the minimum increment for defining dimensions in a design). The symbol defined for this is a 2),
rectangle on mask 11, the symbolic diffusion mask, and a 1tr
rectangle on mask 15, the symbolic metal mask. This choice
of symbol was based on the following observations. In symbolic display mode, lines of any arbitrary width are displayed as centerlines. The minimum width for a diffusion
line is 2L. Thus in symbolic mode, any diffusion line that
touches the symbolic metal rectangle is also a valid,
design-rule-correct connection.
As previously mentioned, IGS provides for the definition
of stretchable or parameterized cells. For a cell such as
DIFFCON, two reference crosses arbitrarily labeled LL for
lower-left and UR for upper-right can be declared as shown
in Fig. 5a. The X and/or Y coordinates of any vertex of any
rectangle, line, polygon, or circle on any mask can be assigned to any declared reference cross. By default, all vertices of all primitives are initially assigned to the device
origin. In DIFFCON,the X and Y coordinates of the lower-left
vertices of each rectangle on each mask are assigned to the X
and Y coordinates of the reference cross LL. The upper-right
vertex coordinates are assigned in similar fashion to UR.
The result is that whenever an instance of DIFFCONis used
in a higher-level device, its size, both detail and symbol,
may be parametrically stretched as needed by appropriately
locating the reference crosses LL and UR.
The polysilicon-to-metal contact, POLYCON,is similar to
DIFFCON,as shown in Fig. 5b. The butting contact of Fig. 5c
is described in detail in Mead and Conway.2
In practice, an enhancement-mode pull-down transistor
can be formed simply by crossing polysilicon over diffusion. However, to be sure that necessary minimum widths
and extensions are maintained and that all design rules can
be checked, it is useful to define an explicit stretchable cell,
NENH. As shown in Fig. 5d, it consists of a 2tr-by-6l horizontal polysilicon rectangle, which serves as the gate contact, and a similar vertical rectangle on the diffusion mask.
Both rectangles are stretchable, with their lower-left and
upper-right vertices assigned to two reference crosses,LL
and UR, located at the corners ofthe active region (i.e., the
region of intersection of the two rectangles). The symbolic
representation is simply a symbolic zero-width line on
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mask 13 horizontally crossing a vertical symbolic zerowidth line on mask 11 and a 2tr-by-2l rectangle, also on
mask 13. The resulting symbol is appropriately assigned to
the reference crosses.
A depletion-mode NMOS transistor NDBP is constructed
like the enhancement-mode transistor, as shown in Fig. 5e.
Note that the size of the symbolic rectangles accurately
reflects the size of the active gate area of the transistors.
The final level 1 primitive device, PULLUP, is a depletionmode NMOS transistor combined with a butting contact for
use as a pullup or active load in gates and inverters. An
actual default-sized instance of the butting contact device
BUTTCON is used together with primitive rectangles and
lines as in the device NDEPto provide direct assignment of
vertices to achieve stretchability. An additional zero-width
Iine is used in the symbolic view to reflect the shorting of
gate to source, as shown in Fig. 5f.
Building a Shift-Register Cell and lts Symbol
A simple, single-bit shift register can be constructed from
a chain of inverters gated by pass transistors driven by two
alternate, nonoverlapping clock signals. Fig. 6a shows a
symbolic stick representation and Fig. 6b a detailed representation for a basic shift register cell, RnGCntL, assumed
to be a level 2 device. The inverter consists of a depletionmode MOS transistor with its gate and source shorted via a
butting contact, the stretchable PULLUP device described
previously, and an enhancement-mode MOS transistor, the
NENH device, also described previously, used as a
pulldown. The diffusion-to-metal contact, DIFFCON,is used
to connect the structure to power and ground lines.The
output of the inverter is taken from the butting contact in
diffusion, and after being gated by a polysilicon clock line,
is returned back to polysilicon with a second butting contact. The power, ground, and output signal lines of one cell
align with the power, ground, and input signal lines of the
next. Thus the cells can simply be concatenated for as many
bits as desired with two cells required for each bit.
Fig. 6c shows a new block symbolic view of the same shift
register cell consisting of a boundary rectangle on mask 20
together with various labels for signal names including
power, ground, clock, input and output. Two zero-width
lines on the symbolic metal mask (1b) and a single zerowidth line on the symbolic polysilicon mask (rS) are extended completely through the cell boundary to indicate
the direct, continuous path of these signals through the
actual device. Short stubs, also on mask 1b, are used to
indicate the exact location of the input and output signals.
This symbolic block view is displayed whenever level z
cells are requested via the SYMBOLmacrocommand. It contains the essential information required to use this device to
create still higher-level functional blocks sucn as a complete shift register array. It conveys rnore clearly the functional organization of that higher-level cell. Finally, it
contains less graphic detail, thereby resulting in a faster
display.
IGS in Practice
The same principles used in the design of a symbolic
representation ofthe simple shift register cell can be used at
successively higher leveli of chip design, the goal being to
strike a balance between abstraction for clarity and detail
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for accuracy. To illustrate the concept of structured,
hierarchial, symbolic design, two views of one of the early
chips designed with IGS are shown on the cover of this
issue. In the background, a plot as might be seen from a
more conventional IC layout system is shown. This plot
includes so much detail that any perception of function or
organization is lost. By contrast, the symbolic view from
which a major part of the design was done is shown in the
foreground. Here, function and organization are shown
much more clearly.
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VLSI Designand Artwork Verification
by Michael G. Tucker and William J. Haydamack

HE COMPLETIONOF ARTWORKDESIGNdoesnot
signalthe end ofthe designactivity for an integrated
c i r c u i t . G e o m e t r i ca n d c i r c u i t - l e v e l c h e c k i n s
must still be done to verify proper operation of the circuit.
At HP, the circuit level check is done using HP's EXTRACT
system, and the geometrical check is done using the HP
Design Rule Checking system.
EXTRACT
Artwork design for today's VLSI circuits is a complicated
and therefore error-prone process. With the TTL breadboards of years past, the designer could sit down with an
oscilloscope and probe the circuit to find bugs. Not so with

Diftusion

Fig. 1. lsolationof an NMOStransistorgate
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VLSI circuits. Instead, the EXTRACT system allows the designer to extract from the artwork a circuit schematic which
can then be verified functionally using a circuit simulator.
EXTRACTis usable with any MOS process. The user must
provide instructions to specify exact operations to be performed for each process. Circuit extraction for all processes,
however, consists of four steps:
r Electrical feature isolation. For example, Fig. 1 shows a
transistor formed using a popular NMOS process. The
transistor itseif is not drawn on any layer, but is implied
by the crossing of diffusion with polysilicon. A gate layer
is created by logically ANDing the area of the two input
layers (see "Design Rule Checking" below).
r Continuity determination. All electrical artwork is converted to a polygon representation. Evaluation of contact
layers is used to determine interlayer connections.
r Transistor and capacitance extraction. This step can
create output plots of node identification, of transistor
sizes, and of any electrically nonsensical structures,
which signify design errors.
r Simulator file creation. This circuit description is textual
and is not as easily readable as the original graphical
description. It can be directly simulated, however, using
SPICE(see article, page 12).
Fig. 2 shows the process of extracting a full-bit adder in
an NMOS process. The electrically significant layers are
shown in Fig. 2a. Fig. 2b shows all the transistors in the
circuit, along with the length and width dimensions of
each. Fig. 2c is the textual circuit description output created
by EXTRACT.
Because small cells like those shown in Fig. 2 can be
extracted in a few minutes, the designer is able to verify the
functionality of each piece of a circuit at the time of design.
While EXTRACT can create schematics from full-chip
artwork, this is much more time-consuming.
An important design goal of EXTRRCTwas that extraction
of large circuits should not require excessive amounts of
main memory. This goal has been achieved by geometrically partitioning the artwork data before continuity extraction. The partitioning is done along a two-dimensional
grid, so that the circuit is divided into a checkerboard-like
set of artwork squares. Because the grid size is useradjustable, arbitrarily dense circuits can be extracted
within a fixed amount of main memory by decreasing the
squtue size. For less dense circuits, use of a Iarger square
size reduces computer time, since fewer interpartition figures must be processed.
Design Rule Checking
Design rule verification is another area where computers
have been found very useful. Each IC fabrication facility
publishes a list of minimum spacings and widths an IC
process can reliably fabricate. These design rules are observed by the artwork designer wherever possible, but here
too, mistakes are made because of the complexity of the
task. The HP design rule checking (DRC) system checks
artwork for compliance with these process design rules.
The HP DRC system is flexible enough to allow checking
of all IC processesused within HP, plus numerous thin-film
and other microcircuit fabrication processes.The key to this
flexibility is a set of primitive operations and tests which
can be specified using a DRC command language. The
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primitive operations available are shown in Fig. 3. Each
operation reads one or two input layers and produces a
single output layer. Operations can therefore be combined
in sequence to isolate the features of the artwork that are to
be tested. Feature isolation is necessaryto allow tests to be
made with one of the three test operations shown in Fig. 4.
The translation of process design rules into a sequence of
operations and tests is often a challenging task. Fig. 5 shows
the sequence of operations and tests that can be used to
test for compliance with one design rule in a polysilicon
gate NMOS process. An IC process may have over 25 of
these rules, and command files usually contain 30-150
commands.
The test commands indicate errors by highlighting the
line segments that cause the error. Errors can be plotted or
can be viewed on an IGS work station. For IGS viewing each
DRC error is automatically matched with the appropriate
IGS device, and is superimposed on the displayed device
artwork.
The DRC system allows checking whole circuits or small
pieces of circuits. With both DRC and EXTRACT,the Advantage of checking small pieces is that mistakes can be found
while they can be easily corrected. A final check of the
entire circuit is also desirable, however, to find errors made
while fitting the pieces together. This final check can involve more than 106 separate geometric figures for a VLSI
circuit, and efficient algorithms are required if computer
run times are to be kept reasonable.The algorithms used in
most of the DRC operations and tests are based on an efficient line-segment representation. Line segments representing the polygon outline of the artwork are sorted in both
X and Y dimensions. For efficiency, no horizontal line
segments are shown, since their existence can be implied
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Fig. 4. DRC tests.
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from the remaining line segments. Fig. 6 shows how a
polygon outline is represented using the line-segment
representation.
The operations built around this line-segment representation process the data in bands. A band includes all line
segments that intersect a horizontal line drawn across the
circuit. This horizontal line slowly scans the circuit from
bottom to top. To allow fast processing, all line segments in
the band being processed must be contained in main
memory.
The memory requirements of this algorithm vary as the
square root of the circuit complexity. If circuit complexity
doubles each year as predicted by Gordon Moore of Intel,
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Fig, 5. An example of rule isolationand test. One design rule
for an NMOS transislor gate is that polysilicon must overlap
diffusionby a distance d. (a) Originalartwork.(b) Polysiilconis
ANDedwith diffusion to create the active area. (b) Polysiliconis
AND-NOTed
with the active area to create the nonactive
polysilicon. (d) The internal width of the nonactive polysilicon
/s tested to be sure that it exceeds the minimum d.
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Fig, 6. DRC data representation.Polygon outlines are represented using an efficient line-segment method.
DRC memory requirements will double every two years.
Today's commonly used computer architectures have addressing limitations from 216 to 22a bytes. The DRC programs require 2le bytes to check the largest circuits seen
today. Clearly, the unbounded memory requirements of the
current system will eventually force development of new
algorithms that allow some type of circuit partitioning.
Mask Modification
The operations used by the DRC system can also be used
to create modified artwork layers for use in chip fabrication.
Uses of this capability include: 1) performance enhancement, where minimum process geometries have shrunk,
2) layout simplification, in which artwork for one ot more
layers is algorithmically generated from other layers, and
3) process adjustments, in which feature sizes are biased to
compensate for process parameters.
Mask modification is operationally part of the DRC system, and uses the same command language. The additional
function required is the ability to convert line-segmented
data into rectangles that can be sent to a reticle pattern
generator. This is accomplished by 1) converting linesegmented data into closed polygons, 2) splitting polygons
with more than 100 edges, and 3) generating rectangles to
fill each polygon, called "boxing." Since boxing of polygons is computationally complex, the addition of step 2
speeds up the conversion considerably.
Fig. 7 shows an application of performance enhancement
in an NMOS process. The metal is to be made thinner to
decrease capacitance, but the contact enclosure distance
must not be decreased.The sequence of steps used in this
operation is:
INPUTLAYER5
INPUTLAYER6
O V E R S I ZLEA Y E R6 B Y _ 1 . 2 5
MICRONTO LAYER1O
OVERSIZE
LAYER5 BY 1
M I C R O NT O L A Y E R1 1
O R L A Y E R1 OW I T HL A Y E R -11
TO LAYER12

Contacts
Metal
Shrunk metal
Preserve metal around contact
Combine to produce new metal

The most common use of mask modification has proved
to be for process adiustments. The ability to do artwork
modification has allowed artwork design to be done for
fabrication processes that are not yet completely defined.

Summary
Computer aids have proved very useful both in verifying
IC artwork and in modifying it. Since the first of these tools
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(a)

(b)

Fig.7. Maskmodification using the DRC system.(a) Original
circuit (metalshown in color, contactsin black). (b) Circuit with
undersized metal exceot at contacts.
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becameavailable,IC complexity has increasedto the point
that the use of these tools is now mandatory. At the same
time, the largest existing circuits strain the available computer resources.Clearly, continuing tool developmentwill
be needed as circuit complexity continues upward'
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Universityand Industrial
Gooperationfor VLSI
by MerrillW. Brooksbyand PatriciaL. Castro
I N 1975 HEWLETT-PACKARDestablishedan industrial
I grant with Stanford University. The major objectivewas
I to fund universitv effortsthat could becomeeffectiveresourcesfor HP integrated circuit facilities. To accomplish
this, researchand developmentwas divided into two major
functions: product R&D and facility R&D. Product R&D is
directly related to company products sold in the marketplace. Facility R&D enhances engineering efficiency or
extends engineering capability in such areasas:
r Characterizationmethods
r Analysis methods
r Processcontrol R&D
r Design aids standards
r Modeling.
Facility R&D can be non-proprietary and can provide an
excellent opportunity for university assistance.Universities have always done an excellentjob in providing welltrained engineersand improved engineering methods, so
this is very consistent with their basic objectives.
With the aboveconceptsin mind, HP extendedthe program with Stanford to three other universities;the University of California at Berkeley (UC Berkeley),the University
of Illinois, and the California Institute of Technology (Caltech).Long-termprogramswere organizedwith the success
of each project measured by how well the results were
transferredto variousHP divisions. Lengthy written reports
were not required and the universities were treated very
much as if they were a part of HP. The programswere based
on a simple one-pagewritten Proiect Data Sheet and had
regular project reviews by interested engineers from
Hewlett-Packard'sCorporateEngineering,HP Laboratories
and operating divisions. This form of peer review is exceptionally valuablebecauseit is immediate and the reviewers
are interestedin seeingthe project produce useful results.
The difference in technical perspectiveis every bit as invigorating for students as the exchangebetween the divisions. In virtually every project to date, the progress in
student developmentwas acceleratedby theseinteractions'
On an informal basis, the student also spends time at
Hewlett-Packardduring the periods of project transfer'
These intensely focused activities increaseawarenessof

how industry functions and what relevancemeans'Someof
the maior benefits to universities are:
r Industrial involvement improves project definition and
researchobjectives.
r Direct contact with industrial colleaguesis demanding
and stimulating.
r Better equipment opens new doors to student thinking
and attractsbetter students.
r Students develop incentive and feel a major personal
reward by seeing their researchapplied.
There are however, special considerationsrelatedto university activities.Universitiesare tax exempt organizations
so all donations must be unrestricted grants.Becausestudents and professorsare often measuredby their publications, proprietary programsare not recommended.Finally,
to establish a good reputation and attract the very best
people, a program should be continuous over an extended
period of time (four or more years).
In the early seventies,CarverMead at Caltechand Lynn
Conway's VLSI systemsareaat Xerox's Palo Alto Research
Center (PARC) were exploring the development of new
VLSI design methodologies.The early successof this work
in 1979 led to the publication of their textbook, Introduction to VLSI Systems,in 1980.1In the beginning, these
conceptshad not beenproven effectivein industry and so it
was felt by many that they were only theory.
Using a preliminary draft of the textbook, a course of
study was developedin 1977that taught the basicsof inteto undertakean IC design.It
gratedsystemsdesignnecessary
was followed by a project in which studentsdid a complete
IC designfrom architecturethrough to layout, using a symbolic approach.In the fall of 1978, Lynn Conway introd u c e d t h i s c o u r s e a t t h e M a s s a c h u s e t t sI n s t i t u t e o f
Technology (MIT). It was felt that if theseconceptscould be
taught to students with no prior IC design experienceand
they then could do an IC design from initial concept
through to finished parts in one school term, the value of
this methodologywould be verified.
At the time of the final plans for implementation of the
first VLSI class at MIT, fonathan AIIen of MIT approached
Hewlett-packardconcerningthe fabrica,t""d.f',|*
:: rt"T::l
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A ProcessControl Network
by ChristopherR. Clare
The successfulprocessingof MIT's first Multi project Chip
(MPC)wasaidedby a proprietary
computer-aided
manufacturing
systemwhichwasdevelopedat Hp'sIntegrated
Circuitsprocessing Laboratory
(ICPL).A similarsystemis installed
at Hp,sCorvallis Division.lThis systemconsistsof a distributednetworkof
c o m p u t e r sa n d d i r e c t d i g i t a l c o n t r o l l e d( D D C ) p r o c e s s i n g
equapment.
Thesystemis partitroned
to minimizecommunrcatton
betweenthe nodes in the nerworr.
Theprocessof makinglntegrated
circuitsconsistsof a seriesof
steps called operations.Each operationis performedusing
differenttools which providethe environmentfor the desired
reactionon the wafer.Manytoolsin lCpL are underdrrectdigital
controlto providerapidoperation
changesand consistent
results.
ThetermDDC impliesseveralfeaturesin the equipment.First,
the methodfor achievingthe desiredparametervalue,calledthe
setpoint,is throughdigitalcomputation.
The lC processparameterssucnas temperature
or pressureare sensedbv transducers
and convertedto digitalformby analog-to-digital
converters.
The
computer,operatrngas a controller,
samplesthe parametervalueson a periodicbasisand computesa newcontrolvaluebased
on a controlalgorithm.The controlvalueis convertedto signals
thatvarypoweror flowto achievethedesiredsetpoint.
Thecontrol
algorithmcan be refinedby changingcontrolconstantsIn the
softwareto achieve tighter control than would normally be
achrevedby non-computer
methods.
A secondmajorfeatureof DDC is thatthe setpointsfor control
parameterscan be variedas a functionof time accordtngto an
operationdescriptionwhichcan be loadedfroma remotecomput_
er in lessthan 15 seconds.Once loaded,the operationwillrunto
complettonregardlessof breaks in communicationbetween
computers.
Anotherfeatureof DDCis thatprocessingparameters
areconstantlymonitoredfor deviationsoutsideof normalcontrollimits,
Any suchdeviationcausesan alarmwhichalertsthe operarorro
investigate
the equipmentfor a possiblemalfunction.
Thisfeature
tendsto improveconfidencein the DDC equipment.
Thediffusionfurnaceand plasmaetcherareexamplesof DDC
toolsin ICPL.TheDDCdiffusion
furnace,shownin Fig.1, provides
a cleangaseousenvironment
at temperatures
up to 1100.Cfor
sucnoperattons
as growingoxides,diffusingdopantsor anneal_
ing implants.Thereare no manualsettingson this macntne.

Fig. 1. A diffusionfurnace under computer controlis partof a
distributed network in the ICPL process facilitv.
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The proprietary
plasmasystem,shownin Fig.2, was designed
and built in ICPL.This system uses an RF plasma ro cause
chemicalreactionsto take place on the wafersurfacein a dry gas
environment.Otherwise,such reactions require the use of
dangerousliquid chemicals,All functionsare compurercontrolledincludinga systemto detectthe completionof etchingfor
the particularfilm beingetched.
A processlike NMOS done for MPC consistsof 40 or more
operationsthat mustbe done in the propersequenceand under
tight control.At ICPL,as at other plantsat Hp, more than one
process may be conducted at the same time in one facilitV.The
wafers.groupedin lotsof approximately
20, followdifferentpaths
throughthe facility.At each operation,the lots may competefor
machinetime with other lots. Lots waiting to be worked on are
queuedat the operationjust like a line of peoplewaitingat the
bank. Each lot may requirea differentoperation.To smooththe
flowof wafers,HPreliesupon a processcontrolnetworkcalledthe
ProcessControlSystem(PCS),Thereare more than 30 comput_
ers In the networkused at ICPL.
PCS is organizedin a networkhavingone centralHp 1000
system as shown in Fig. 3. Computersin pCS use a standard
protocolformat2for all communtcationwith othercomputers.The
networkis basedon a simple,modularstructure.
Somecontrollers
may controlmore than one piece of equipmentsuch as lowpressurechemical-vapor-deposition
(LPCVD)or plasmasquip_
ment.Oneor morecontrollers
communicate
witha bankcompuf
er. The bank computercommunicatesdirectlywith the central
computer.The bank acts as an interfacebetweenlab personnel
and the controllers.
PCS communicates
with personnelthroughdisplayterminals
whichhaveessentially
thesamef unctionsand commandsregard_
less of their locationin the network.As wafersflow throughthe
process,the PCS recordsthejr movementin individuallot his_
torieswhichcan be recalledand viewedon any drsplayterminal
ounng processtng.
The process engineerwishing to fabricatewafers through
ICPL'sfacilitycreatesa detailedlistof the sequenceof operatrons
for the process.Whilea lot is in process,part of the operation
descriptionsetsup the automatedequipmentand the restgives
directionsto the lab personnelto insurefaithfulimplementation
of
that operation.Includedin each operationare the targervarues

Fig.2. ICPL'scomputer-contrctled plasmasysfems were designed in-houseto meettherequirementsol VLS/processrno.

Fig.3. Ihe PCSdistributedcomputer network enhances the communicationbetween operators,engineers and equipment to maintain a smooth wafer flow and a
ouick turnaround time.
and rangesthattheoperationmonitorshouldobserveto allowthe
wafersto proceedto the next operation.Using PCS,the lot is
queued at the next operationin the processseautomatrcally
quenceafterverification
of the successful completionof the preare reviousoperation.Delaysinvolvedin engineeringinteractions
duced by statusdisplaysthat the engineercan accesswithout
enteringthe clean room and by standardoperationsthat the
engineerscan intermixwith other more experimentalsteps to
r e d u c e o p e r a t i o n a lm i s t a k e s .B e c a u s e t h e p r o c e s s i s
form,it is easyto transporta
documentedin a computer-readable
copy of the processto anothersimilarlyequippedfacilityas was
done in copyingthe CorvallisNMOS processin ICPL.At other
times, partsof a processcan be duplicatedat two locationsfor
backupof criticalequipment.
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initial class project. Design rules for a silicon-gate NMOS
process as well as the device parameters predicted by the
device simulation models were discussed with representatives of HP's Integrated Circuit Processing Laboratory
GCPL). Although this laboratory did not have at that time
the NMOS process that matched the design rules being
used, HP was confident that a manufacturing process used
by its Corvallis Division in Oregon was a close match and
could be transferred to ICPL. fonathan Allen and Lynn
Conway requested rapid wafer-fabrication processing in
order to return the final designed and processedchips to the
student before the term ended. This meant that. if the masks
were available for processing on December 1Sth, processed
wafers should be available to MIT in early fanuary.
Because Corvallis Division's facility was very similar to
ICPL's facility, there was much confidence that the NMOS
process at Corvallis could be transported by entering the
process operation descriptions into ICPL's ProcessControl
System (PCS)and then duplicating the process. Agreement
was made with MIT to provide wafer fabrication for the
1978 class. Details for mask specifications, such as the
proper fields per layer, critical dimension compensation
and mask labels were incorporated with the final electronbeam mask format. This format was sent to Micro Mask for
mask generation. The mask layers were generated and delivered in the sequence of their use to allow the wafers to be
processed as rapidly as possible. Two wafer lots were processedin seven working days and the packaged chips were
available to the students at MIT in the desired time. The
NMOS process transfened from Corvallis Division and
used for the first time at ICPL for these lots resulted in all
parameters meeting the desired specifications.
This experience provided a unique opportunity to prove
the value of university and industrial cooperation. For the
university it provided verification of their theories and IC
design methodologies. For industry, it provided an opportunity to demonstrate the value of quick-turnaround
processing in verifying IC designs (seearticle on page 33 for
discussion of other benefits), direct digital process control
for transferring and controlling processes (see box on page
30) and for the first time, it created a "can-do" attitude for
computer scientists as well as electrical engineers toward
rapid integrated circuit design.
After the success of the 1978 MIT project, ICPL collaborated with Xerox and Micro Mask for the MPCZ9 project in
which eleven universities submitted 82 designs from 1.24
participating designers. Two different mask sers were required to make these projects in sufficient quantity to insure
each circuit would have sufficient packaged parts to test. A
later project in May 1980 (MPC5B0) required five different
mask sets to handle 171 design projects from fifteen participating universities.
Xerox PARC had the capability of merging all project
design information into the mask-specification data to provide the electron-beam-formatted tape for mask making.
Micro Mask agreed to cooperate with rapid response time
for generating electron beam masks.
However, fabrication of such small quantities of wafers
was not economically feasible for a semiconductor manufacturer. HP's ICPL facility, with its flexible processing
capability and ability to respond for quick turnaround on
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small quantities of wafers, was ideally suited to handle the
fabrication. This allowed the universities to have actual
working circuits quickly and prove the concepts of the
course. With the leveraged cost of merging mask making
and processing spread over the many projects on each mask
set, the actual cost per student project can be in the affordable range of a few hundred dollars each.
HP's design aids group has developed its own VLSI
systems design course which just completed its second
round of classes and student projects. This class is a tenweek in-house version of the Mead/Conway VLSI Design
Course. Twenty students took part in the first session, and
color video tapes were made that are now used for all
subsequent courses. Ten IC projects were completed and
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fabricated with ICPL's quick-turnaround capability.
This course was offered next to ninety students at four
locations in October 1980. The course material was presentedby video tapesfrom the first classand additional live
lectures.At each classsite (Palo Alto, Cupertino and Sunnyvale in California and Fort Collins in Colorado) a tutor
was availableto answerquestionsand assistthe studentsin
the project phase of the class. The course was run at a
university level; homework was required, graded and returned to the students. A mid-term exam was given and
graded,and during the last five weeks of the course,an IC
project was required. The projectsranged from simple circuits with one hundred or so transistors to fairly large
designs with thousands of active elements. During this
session, thirty projects were completed and already the
benefits of this approach are paying off in terms of new
circuit designs. Approximately 7\o/s of the circuits designed in the latest classare for new products now on the
drawing boards.Wafer processingof two lots for this session was completedin thirteen working daysafter allowing
for the delay in mask delivery. This cycle time includes

three days of delay causedby scheduled equipment
maintenance.Without this delay, the turnaround time is
expectedto be ten working dayswhich representstwice the
end-to-endabsoluteminimum processingtime requiredfor
this NMOS processon a 24-hour working day basis.
A CMOS version of this coursebeganin April of this year
at HP's Corvallis Division. Quick-turnaround processingof
the projectsfor this classwill be provided by the Corvallis
CMOS facility.
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Benefitsof Quick-Turnaround
IntegratedCircuitProcessing
by MerrillW. Brooksby,PatriciaL. Castro,and Fred L. Hanson
HE VALUE OF SHORT IC PROCESScycle times for
research and development is usually taken for
granted,but often, since production can be scheduled to agree with any reasonablecycle time, short manufacturing cyclestimes have not beenconsideredto be very
important. However, the demand within Hewlett-Packard
hasplaced significant emphasison fastturnaround for both
production and researchand development. To better understand this demand, consider the advantagesof being
able to fabricate ICs in the minimum possible time.
R&D Benefits
Why is quick turnaround so important in researchand
development?Why don't engineersjust schedule their
work so that the process cycle times can be ananged in
parallel with other activities? Resourceswould then be
efficiently and effectively used and life might be a lot less
hectic. There are, however, important reasonsfor R&D experiments to be done in a hurry.
To help understandwhy, let's look at a hypothetical
product life cycle curve for a product we'll call SRF1.One
conceptual point is fundamental to the understanding of
this argument.That is, oncean idea is formed into a particular product embodiment(still as an idea) its life cycle curve
is fixed. This curve is fixed not onlv bv what the product is.

but also by whatevercompetitive,social and economicfactors influence it. This product Iife cycle curve, or potential
demand for the product, exists whether or not the product
ever even comes into existence.
Fig. 1a shows the life cycle curve for our hypothetical
product, the SRF1.For the sakeof simplicity in explaining
this concept, the curve is made up of just two regions. In
Region 1., the potential demand is usually fairly stable,
although it could be growing or shrinking slightly due to a
lot offactors.It is the onsetofRegion2 that is ofconcernto
us. In this particular example,conditions for Region 2 are
such that technology will have advancedto the point that
competitors will be introducing superior models of the
SRF1 to the marketplaceas well as the fact that the next
generationproduct, the SRF2,will be displacing SRFIs in
many applications.It is difficult to do much aboutRegion 2
unless we change what our SRF1 is and/or what it costs.
Let's assumefor the moment that we embark on the development of the SRF1,and it is ready for start of manufacturing at the end of tgez. Fig. 1b showswhat the actualsales
volume would be for the SRF1,assuming that it takes six
months in 1983 for manufacturing to build up sufficient
volume to meetthe demand.A glanceat the shadedareain
Fig. 1b shows the impact on sales of the SRF1 if the development can be speededup by one year. Notice that the
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that an experiment designed to improve a process will mosl
likely result in a yield improvement from -2.5/q Io 12.5o/o.
It can be further estimated that some small, but positive
yield improvement (typically 5/o) for each completed engineering experiment is the most probable result. To in_
crease the rate of yield improvement the feedback loops
(turnaround time) should be as short as possible. The net
effect of cycle time on yield improvement is illustrated in
Fig. 2 where the advantage of a short cycle time results in an
earlier significant yield increase.
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Fig.1. (a) Product life cycle curve for a hypotheticalproduct,
the SRFI. This curve is independentof the product's existence. (b) Actual salesachieved for SRF1if the product developmentis completedat the end of 1982or one year eailier
at the end of 1981.
delay or speedup of shipments affects the mature-volume
shipments, not the low-volume periods. Depending on the
product, earlier market entry rnay very well double the total
sales of the product during its life. The belief in a product
life cycle is a primary driving force for the R&D organization's insistence on shorter experiment times which can
result in shorter product development schedules.
Another insidious impact that longer cycle times tend to
have on IC development is that engineers tend to be less
innovative if it is months from the time the design is completed until the photomasks are available and the ICs are
processed. The always-present schedule pressure is there
and very often the feeling is, "maybe we had better not run
the risk of trying that neat new idea that could eliminate
some expensive components. If the idea doesn't work,
months will be added to the schedule." Thus the overall
impact can be quite detrimental.
Production Benefits
Within Hewlett-Packard there has always been emphasis
placed on having short manufacturing process times. However, in an IC facility, this becomes significantly more important because of yields and high inventory costs.
One of the most significant advantages of quick-turnaround IC processing is its impact on yield. The rate of yieid
improvement is an inverse function of the cycle time required to complete an engineering experiment. Such experiments provide the feedback required by process engineers
for implementing process improvements. It is estimated
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IC manufacturing management is often reluctant to take
all of the steps necessary to minimi ze cycle time. The arguments generally center on efficiency, or as it is sometimes
expressed,"operator efficiency." They argue that ifthere is
not a reasonable amount of inventory between stations or
steps in the process, each operator is paced by the previous
station. Any slowdown at one station causesa similar slowdown at all downstream stations. This means operators are
often standing around waiting for material. There is some
truth to this argument, but it can be turned into an advantage if both the operations and engineering personnel respond in the proper ways. The first requirement is that
manufacturing and engineering management must have
information available on a near continuous basis about the
situation at each step in the process. Ifthere is a problem at
any station, it must receive immediate attention. If engineering help is needed, it must be called in immediately.
Since there is no inventory between stations, the visibility
of a slowdown is much greater and the likelihood of a
problem going undetected for any length of time is small.
Once a solution to a problem is proven out, another requirement of the strategy comes into play. Operators must
be trained to handle some of the operations upstream from
their respective stations so that a continuous flow of product can be restored in the shortest possible time. It is also
necessary to provide an equipment capacity somewhat
greater than that required for normal product flow to allow
quick recovery from stoppages.
From a manufacturing viewpoint, the long or short process cycle time tends to be almost a binary decision. If an
organization choosesto allow a slightly longer cycle time in
order to "gain a little more efficiency," the small stack of
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Yield lmprovement(o/oper cycle)
Fig. 2. P/olsof probable process yietd improvementversus
time for differentprocesscycle times.As can be seen, short
cycle times can result rn more rapid yield improvement.

wafers awaiting processing at each station is comforting.
On the other hand, if any of those stacks of wafers are
bad.....thisthought often causesmanagementto institute a
much more elaborate and expensive in-process testing
capability, one or more tests following each step in the
process.This also tends to require a small stack of wafers at
each station to ensure that it can run efficiently and
smoothly. Thus, the adding of a few wafersbeforeeachstep
causesthe addition of more stepsand more stacksof wafers.
With these stacksof wafers everywhere,it becomesmuch
more difficult to know about a slowdown or a technical
problem anywhere in the processarea.This in-processinventory also significantly increasescosts.
The opposite approach,a short production cycle time, is
characterizedby a quite different type of operation.Inventory between stations is minimized. Processmonitoring is
used but not allowed to increase process time. In many
cases,only a sampleof eachlot of wafersis tested.Operators
must be more versatile.If a particular stepin the processhas
a problem getting sufficient quantity out, the next station
knows about it almost immediately, and so on down the
line, This brings prompt supervisory or engineering attention, As the problem comesunder control, the operatorson
down the line are shifted upstreamto help get wafers moving again.
With the reduced emphasison total in-processtesting of
all wafers, a compensating capability is instituted. The
capability for diagnosingprocessingproblemsmust be first
class.It is debatablewhether or not this approachincreases
or decreasesthe likelihood of a significant problem. It is
obvious, however, that if you have a two-week cycle time
and any processstep goesdown, the output will go to zero
in two weeksor less.On the other hand, oncethe problem is
solved,the output can be quickly restored.In the worst case,
only two weeks worth of in-processinventory will have to
be scrapped.It could have been three months worth, and
this has happened!
Once a decision is made to run a shop with a short cycle
time, it is not always easy to make it happen. An easily
missedpoint is that control of the number of wafersinput at
the start of the processis the primary control on cycle time
for an IC process.If for any reasonthe flow of wafers out of
the processis slowed down or stopped,a corresponding
changemust be madeat the input end. One lot of wafersout
allows one lot of wafersto go in. If more wafers are allowed
to go in than come out, the in-processinventory and cycle
time grows. If you want more wafers out, change the process,the equipmentset,the number of people,or another
factor that really changes capacity. Then and only then

should the input be changed.If cycle time grows beyondthe
desired time, cut the inputs back until it balances.
One of the more difficult teststhat this mode of operation
encounters occurs when the supply of good circuits was
just adequateand suddenly the yield drops.The instinctive
responseis likely to be "we arenot getting enough out, let's
increasethe starts." This often is the first response.The
system then responds with no more wafers out, the cycle
time grows longer, but at leastthe yield responds;it drops
even lower! This may not have been the anticipated result,
but the fact is, it doeshappen. This is becausethe available
resourcesare used to start new wafers,not fix the problem.
In effectthe emphasishasbeen quickly changedfrom quality to quantity. This is not good for any manufacturing
operation,but for an IC manufacturing processit is deadly.
Short IC processcycle times are possibleif the operating
philosophy is in agreementwith the constraintsdiscussed
above. For instance, engineering lot cycle time for the
Corvallis Division's CMOS LSI process is less than two
weeks, while other facilities are typically running with
processtimes from one to three months.
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David Packardon Universityand
IndustryCooperation
HE HEWLETT.PACKARD COMPANY has benefited in
many ways from cooperativeresearchprogramswith universities. Our closestand most intensive involvement in
this regard has been with StanfordUniversity. HP's first product,
the audio oscillator, was the outcome of researchon the negative
feedbackprinciple done by Bill Hewlett while at Stanford, and
many other HP instruments have come from company-supported
researchthere over the years.
For example,in 1948-49we supported researchon high-speed
circuitry for nuclear counters, which was being done by two
graduatestudents,AI Bagley and Quentin McKenna. This work
madethe Model s2a t0-megahertzfrequencycounterpossible,and
it was one of our most successfulinstruments of that era.
Cooperativeresearchprograms with universities can generate
new ideasfor new products,and also can provide the opportunity
to get acquaintedwith outstandingstudentswho are prospective
employees.The researchprojectmentionedabovenot onlybrought
us an outstandingnew product idea,but an outstandingemployee
named Al Bagley, now engineering manager of our Instrument
Groups.
In the earlyyearsof the compaly it was largelythe closepersonal
relationship Bill Hewlett and I had with Fred Terman,dean of the
Stanford School of Engineering, that made possible these very
effectivecooperativeresearchprograms.Fred Terman's vision of
university-industrycooperationbrought aboutthe developmentof
electronicsresearchand educationat Stanfordto rank with the best
in the country, if not in the world.
Of courseresearchhas beena significant factor in the advancement of technologicalknowledgeat many educationalinstitutions
other than Stanford, and in many fields other than electronics.
University researchis one of the most important sourcesof new
technology,and it should be nurtured and supportedto the fullest
possibleextentby thoseindustriesand individual companies,such
as Hewlett-Packard,that are highly dependent on technological
advancementsfor their progressand growth.
In the early yearsof the 1960s,there was concernat the universities about the status of the humanities, The so-calledhard sciencessuch as physics,chemistry,and engineeringwere receiving
good levels of support from the United Statesgovernment,and
from industrial companiessuch as HP. There was, accordingly, a

drive by university people for more unrestrictedfinancial support
from businessand industry, and this drive met with some considerablesuccess.
A few yearsago we decided to expand HP's university research
support program.Relying on our earlierexperience,we soughtout
professorsat various universitieswho were doing researchin areas
in which we were interested.We provided thesepeoplewith a level
of financial support that would be significant, and over a long
enoughperiod of time for them to be productive.We endeavoredto
establisha personal,cooperativerelationship between HP people
and university researchpeople that would contribute to the effectiveness of the research,and enhance the benefits for all those
involved.
I am very pleasedabout the way theseprogramsare going, and I
hope that as time goes along we will be able to initiate similar
programsin new areasof interestto our company.I also hope that
the experience and successwe at HP have had in universityindustry cooperative research will encourageother companies
throughout industry to develop,or expand,similar programsin the
future.
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