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TOOLS AND
TECHNIQUES FOR
VLSI QU

Introduction

Product quality assurance is a key ele-
ment in sustaining leadership in state-of-the-art
integrated circuit technology and transcends
merely assuring error-free chips; it also
includes assuring attractive features, rigorous
electrical characteristics, high tolerance of pro-
cess variations, and consideration for economic
manufacturing.

Assuring the quality of silicon inte-
grated circuits is an extremely challenging
endeavor, particularly in light of the complexity
and size of today’s very large scale integrated
(VLSI) chips, which have more than 170,000
transistors and match the complexity of the
mainframe computers of less than two decades
ago. [More than 10,000 transistors on a chip is
regarded as VLSI, more than 1000 transistors
is large scale integration, more than 100 tran-
sistors is medium scale integration (MSI), and
less than 100 transistors is small scale integra-
tion (SSI). ]

To assure quality, AT&T closely cou-
ples the VLSI design methodology with a
verification process. The methodology is a well
structured, top-down process, with well defined
levels of abstraction. Each level requires a
design implementation with appropriate design
tools and a complementary design verification
process. Furthermore, regression is employed:
each simulation level of the methodology is
compared to the previous simulation level
before work continues on the next design level.
Thus, quality assurance is interwoven in the
design methodology and is integral to develop-
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Table I. VLSI Deslgn Process and Design Verification

Design phase Model Tool Quality assurance
Architectural ~ Behavioral C language Tests, reviews,
simulator analysis
Functional Functional C, AIDE, PLA Tests, reviews,
simulator tools, checker regression
Logic Logic model = LAMP DRAW, Tests, synthesis,
checker regression
Circuit/timing  Circuit model MOTIS, Tests, regression,
ADVICE, analysis, synthesis
checker
Layout Layout model  Circuit Analysis
extractor,
LTX, CTL-LCC
Wafer/chip Wafer Test machine Tests, fault
analysis
Integration Chip Test facilities Tests, regression
and system
certification
Product Chip Test machine Tests, analysis,
engineering parameteric
characterization

ing a high-quality VLSI chip. Breadboarding,
using discrete parts, is not part of this
method—all verification is performed on large,
complex software models (Table I), which give
results more quickly and are highly accurate.
This paper reviews the quality assur-
ance techniques and tools used in the

Microsystem Laboratory at AT&T Information
Systems and the Silicon Device Development
Laboratory at AT&T Bell Laboratories to
develop a series of VLSI chips. It describes the
design process, emphasizing the tools and tech-
niques to assure the quality of the design. It
discusses a highly successful VLSI chip devel-
opment based on the process.

Deslgn Process

The design process consists of eight
levels: architectural, functional, logic, circuit/
timing, layout, wafer/chip, integration/system,
and product engineering. Table I illustrates the
levels, models, tools, and the methods of qual-
ity assurance.

Architectural Design. During the architec-
tural design, product goals are set after
extensive discussions with customers and a
feasibility study of the technology that will be
state-of-the-art during the life of the chip. The
external view of the chip as well as the major
internal features are then specified in enough
detail to provide information to logic designers
and test engineers. ’

Extensive reviews of each feature are
held by the architects, developers, verifiers,
and customers to determine the impact and
needs.! Thorough analysis of all proposed fea-
tures is conducted in this phase; if necessary,
the features are simulated to determine the
performance impact and the feature advan-
tages. Silicon testability issues are explicitly
discussed and evaluated as features of the chip
during this phase.

A high-level simulator, a behavioral
simulator written in a high-level programming
language, ? is implemented to realize the pro-
posed features and to determine the system
impact of the chip. Behavioral simulators typi-
cally represent the algorithms of the features
where it is easy to detect design flaws in the
features and establish initial performance goals.
The simulator is then integrated with other
behavioral simulators of other chips to ensure
consistent protocol.

Design verification tests are generated
during this phase to verify the complete set of
features on the behavioral simulator. To obtain
good coverage, the tests are generated from a



test specification document and the tests
results are verified through a list of expected
results. The tests, test results, and test speci-
fications are thoroughly reviewed and
inspected. Though this is a manual process, it
is the simplest, most flexible, and most accu-
rate method. The tests have been invaluable in
identifying problems in the features. The out-
put of the simulator is also used as a “golden
yardstick” for verification of other models later
in the design phase.

Functional Deslgn. During the functional
design, the features created during the archi-
tectural design are subdivided into detailed
descriptions, and specified as logical entities
known as blocks. Each block contains the logic
equations and algorithms of the function in the
block. In parallel with this subdivision, geomet-
ric analysis is conducted to determine the
impact of the functional blocks on the speed
and size of the chip. Functional blocks are gen-
erally divided into several logic blocks:
programmable logic array (PLA), read-only
memory (ROM), data paths [i.e., regular logic,
registers, arithmetic logic unit (ALU), etc.],
and random logic. A simulator, written in a
high-level programming language, is the
embodiment of the functional specification and
is called the functional simulator. Quality assur
ance during this design phase is intended to
assure correct implementation of the algo-
rithms and partitioning of the features. The
quality is assured through reviews, analysis,
and regression.

The functional simulator is verified by
regressing the functional simulator against the
architectural simulator, i.e., comparing results
of identical tests. The functional simulator is
further tested to stress the implementation of
the blocks and the interfaces between the
blocks.3 For example, data path tests would be

heavily stressed during this phase. To obtain
complete test coverage of the implementation,
the verification engineer must gain thorough
knowledge of the design through extensive
design reviews and inspections. To ensure that
the chip is correetly communicating with other
chips, the chip is tested in a system environ-
ment along with other chips.

Essential to the verification operation
is a full understanding of the test coverage.
Complete coverage is the goal. Often this is not
achievable because of the complexity of the
design implementation. As a substitute, the
engineer has regular test reviews and inspec-
tions and a means of automatically checking
simulation results. The tool for checking is a
software program that postprocesses simula-
tion results of protocol tests. The test reviews 79
and inspections rely on independent and unin-
fluenced views of the test coverage. Often
these reviews reveal additional tests and prove
to be invaluable to the process.

Loglc Design. After the functional speci-
fication has been designed and verified, the
logic at the gate level for each block is designed
and verified. Quality assurance during this
phase is accomplished through test, regression,
and synthesis. The design and generation is
accomplished through one of two methods: syn-
thesis or schematic capture. By synthesis,
some random logic in the control section is
directly generated from a functional simulator
through a logic synthesis tool. The logic design
is also captured through a schematic capture
system, known as DRAW, and logic generated
by the capture system—the latter requiring
manual intervention. To verify its correctness,
each logic block is placed in the corresponding
functional block in the functional simulator and
the results of tests are compared. The logic
simulator is LAMP. The complete logic model is
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Figure 1. Quality of new VLSI chips Is verified In
this laboratory on automated test equipment.
The laboratory Is located at the AT&T Bell Labora-
torles Cedar Crest facllity, Alilentown,
Pennsylvania. Inset shows detalls of the test
head.




Figure 2. The WE®
32106 math acceler-
ator unit contains
150,000 transistors
on one sllicon chip.

(TTT

then regressed against the functional simulator
to ensure that the logic accurately reflects the
functional design.

Timing/Circult Design. Verifying the tim-
ing of a chip is extremely important to the
design of the chip. The timing is verified
through analysis, regression, and synthesis.
The timing analysis of the VLSI design is
accomplished primarily with MOTIS, a multil-
evel timing simulation system, and ADVICE, a
circuit level simulator.*¢ The synchronous delay
feature of MOTIS is used to locate analytically
all suspected slow paths between pairs of
clocked points. In addition, a small set of tests
are run on MOTIS to exercise additional paths

suspected of being slow by the logic designers.
All paths indicated as being slow, as well as
other asynchronous paths, are then simulated
with ADVICE. Additional data that lend accu-
racy to the timing verification are the location
of the gates and the sizes of the transistors.
Clock lines on a VLSI chip require
special attention during both layout and circuit
analysis. Clock lines are usually routed sepa-
rately from all other conductors on the chip.
For this routing, special attention is paid layout
configurations that may induce clock skew.
Tight control of clock skew is generally
achieved on VLSI chips by careful control of
the layout and accompanying detailed ADVICE
analysis.
Circuit verification is provided by a
series of tools that includes graphical layout 81
editors. These systems are run hierarchically,
with “coarse” design-rule checks being run
before the checks for “finer” design rules.
Layout Design. After logic design the
chip must then be translated into a specific
geometric pattern of transistors and wires.
The end product of the layout effort is the
detailed circuit information that is required to
write the x-y mask. During the initial stages of
layout design, in conjunction with the functional
design, the final floor plan of the chip is confi-
gured. The floor plan is divided into several
logic macros: PLA, ROM, data path (i.e., regu-
lar logic, registers, ALU, etc.), or random
logic. While layout for memories and PLAs is
done with a set of automatic tools, the data
path and random logic are done with interactive
tools in the style of gate matrix symbolic
design with a parameterized cell generator.
The parameterized cell generator con-
tains design rules of various technologies and
can, therefore, produce families of logic gates
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where each set of gates is tied to a specific
design-rule generation.? Various tools are used
to check violations of design rules internal to
the cell. A set of tools is then used to assure
that these cells are connected with respect to
the design rules of the particular technology.
The blocks are interconnected with LTX,8 an
interactive routing tool. After the chip has been
completely interconnected, a final check for
design rule violations is made on the entire
chip.

A layout verification tool, CTL-LLC, is
used to verify the layout design against logic
design. As the layout of the gates develops, and
as cells are interconnected to realize larger
logic functions, it is essential to guarantee that
the logic as laid out corresponds exactly to the
logic designer’s intent. The circuit description
is extracted from the layout design by using a
circuit extractor. CTL-LLC then takes as input
the circuit description and compares this
against the logic description.

wafer/Chip. Until this phase of the
design process, the chip design is realized as
various software models. The objective during
this phase of the design is to identify fully oper-
ational silicon chips. The operational chips are
identified by running tests with high fault cov-
erage over the chip. Faults are gates that are
stuck at one or zero, or that have an uncon-
nected input.

Fault coverage is the statistical analysis
of the confidence level of locating all faults. Typ-
ically, these tests find about 90 percent of the
possible faults. Past data indicate that this fault
coverage detects virtually all defective chips.

Integration and System Certification. Inte-
gration and system test is a continuation of the
presilicon verification process except that the
chip model is a silicon model. Because the

actual speed of a chip is orders of magnitude
faster than the simulation models, the chip is
exhaustively tested during this phase (Figure
1). Often, millions of tests are used to stress
all aspects of the chip. Integration testing is
the process of verifying that the silicon does
indeed accurately represent the requirements
as defined during the architectural design. The
silicon is placed in a test facility, the tests are
downloaded from a host system, and the chip is
exercised using these tests.

System test, on the other hand, is the
final certification of the chip before it is com-
mitted to production manufacturing. The
purpose of system tests is to instantiate the
customer’s view of the chip design and show
that the chip operates properly within a fully
operational environment. Typically, the chips
are tested in customer-like environments
where the chip is subjected to system loads and
stress loads. This would include stand-alone
and system environments. Alpha and beta tests
are an integral part of this phase. (In alpha
tests, the chip is released to a single “friendly”
user. In beta tests, the scope of chip use is
expanded but still carefully controlled.) At com-
pletion of this phase the confidence level is
extremely high that the chip is free of errors in
layout and logic, and it can be stated that the
chip is certified for production.

Product Engineering. T0 ensure economic
manufacturability of new chip designs, exten-
sive characterization of the silicon is
accumulated. The characterization data provide
assurance that the design is not affected by var-
iations in fabrication parameters over the
lifetime of the product. Generally, a sample of
at least 100 wafers (representative of all parts
of the fabrication window) is tested and the
results studied to determine if the yield of the
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Figure 3. As the
design of a chip
Improved, errors

become harder to
detect. As a result,
many more test simu-
lations are needed to
find fewer and fewer

efrors.

design is sensitive to any fabrication variation.
Functional, timing, and input-output parame-
ters are automatically plotted to identify
deviations from expected values. Of particular
interest are the severe environmental condi-
tions, i.e., lowest voltage, highest
temperature, and worst-case clock skew. The
design is proven-in when the results have been
thoroughly studied and accepted.

After the design has been proven-in,
the chip design is transferred into production.
As the production chips are tested, the number
of good chips (yield) is constantly scrutinized to
assure consistency with well-accepted yield
models. If discrepancies occur between
expected and measured yields, then the yield
loss is investigated beginning with historical
data. As the processing of a particular VLSI
design matures, major yield loss defects are
identified, and corrective actions are imple-
mented as soon as possible. Special attention is
also given to problems associated with test
program hardware and accuracy and integrity

of the automatic test systems that are used to
determine probe and package yield.

Another facet of high-quality product is
the careful study of field returns. Field returns
are retested and examined, and a complete fail-
ure-mode analysis is conducted to determine
the cause of failure. If the cause is identified in
the fabrication process, then immediate correc-
tive steps are outlined and acted on.

An Application: WE 32106 Math Accelerator Unit

The development of the WE 32106
math accelerator unit (MAU) is a product of the
design methodology and its companion design
verification, as described in this paper. The
MAU (Figure 2) is a chip that meets the full
IEEE floating-point standards. It has 150,000
transistors and is capable of a half-million float-
ing-point operations per second. The
development cycle, from architectural design
through system certification, was completed in
13 months. As the design of the chip
approached actual silicon, the rate of finding
errors decreased, and the errors became more
difficult to pinpoint because of the second- and
third-order effects of the causes. The rate of
finding errors was the inverse of the number of
tests that were used (Figure 3).

It is important to note that all errors
were found prior to system certification and
that the chip was free of errors in both layout
and logic on the first design iteration. Quality
assurance methods were exhaustively applied
at all levels; this included testing, reviews and
inspections, and extensive use of verification
tools. Finding errors in this manner benefited
not only the quality of the chip, but also the
cost and schedule of the chip development.
The MAU development reinforces the adage:
“Finding errors early in the design cycle
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directly impacts the development cost and
schedule.” We can say that the quality of the
MAU product can be directly attributed to the
thorough design verification at all levels of the
design methodology.

Summary

The tools and techniques to assure
quality in the VLSI design process are
described in this paper. Particular attention is
paid to ensuring a robust design through verifi-
cation, synthesis, and regression. The tools
and techniques have been successfully applied
to many chips such as the WE 32106 math
accelerator unit, as well as other projects cur-
rently under development.
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