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Theincreasing complexity ofdigital integrated circuits (Ics) and the
requirements ofsystem quality and availability demand a new discipline in
IC testing, known asbuilt-in self-test (BIST). This paper introduces thebasic
approaches ofthisself-contained, reusable testing technique. It also pre­
sents different attributes ofBIST schemes, theirtradeoffs and available tools,
and demonstrates a practical application ofthe schemes described.
Introduction

Duringits lifetime, an electronic sys­
tem is tested and diagnosed repeatedly. To
ensure that a systemperforms with the
fewest possible interruptions, testingand
diagnosis mustbe quick and effective. It
makessense, therefore, to specify test as one
ofthe functions requiredwithin a system.
Today, largeelectronic systems are con­
trolled by software intowhich self-test is often
incorporated. Apurely software approach to
testingmaysuffice at the systemlevel, but it
has several disadvantages. Atrulyeffective
software test may be long, slow to run, and
expensive to develop. Sucha test also has
poordiagnostic capability, becauseit must
exercise hardware that is not easily testable.
For these reasons, BlST is an increasingly
attractive alternative.

"Built-In Self-Test (BIST) is a design for
testability technique inwhich testing (test
generation, test application andtest
response analysis) is accomplished
throughbuilt-in hardware features."!

BIST, the mostpromising device-level
test solution:
- Enhances product quality byvirtue ofits

enhanced testability, diagnosability, relia­
bility, and maintainability;

- Reduces test development effort at the inte­
grated circuit nc), board, and system levels;

- Keeps the complexity/cost ofautomatic
test equipment low byputting testingintel­
ligence intothe product itself;

- Provides a uniform testingmethodology
that fosters standardization and test re-use
at the IC, board, system, andfield tests;

- Simplifies processessuch as test

generation, test application, output data
evaluation, andfault isolation, at alllevels;

- Tests products thoroughly (i.e., high fault
coverage) and rigorously (i.e., at the oper­
atingspeedofthe device) at alllevels of
assembly;

- Alleviates accessibility problems associated
with high-density packaging/interconnect
technologiesr' and

- Increases test anddiagnostic throughput
andaccuracy.

Motivation for BI5T
BIST wasdeveloped to meetthe needs

forhighproduct quality, to reduceor contain
increasing circuit complexity, andto avoid
physical probing within electronic systems.
The latteris difficult, ifnotbecoming impossi­
ble,because ofminiaturization.3

Quality. The quality ofa product
greatly depends on the ability ofits test to
identify a faulty product. Tests forrandom­
logic circuits (consisting mainly ofgatesand
flip-flops) are calibrated according to their
ability to detectsingle linesshortedtoground
(stuckat 0) or to power supply (stuck at 1).
Because physical faults depend onthe type of
component (chip, board, etc.) andtechnology
(complementary metal-oxide semiconductor
[CMOS], bipolar, GaAs, etc.), it is difficult to
determine an exacttest ofquality.' The real
goalofquality is to reducefaulty parts in the
tested products to a low reject ratio (e.g., 1 in
10,000 parts). Based on experience, measur­
able test requirements are used, suchas 95­
percent fault coverage, forthe random-logic
portion ofa verylarge-scale integrated (VLSI)
circuit chip, or 10o-percent fault coverage of
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all interconnect faults on a printed circuit board. These
requirements can only be achieved throughdesign for
testability.

Complexity. Problems related to automation of
synthesis and physical design ofa complex device or sys­
temcanbe solved usinghierarchical procedures. Asthe
complexity ofan electronic systemincreases, there is no
simple way ofderiving systemtests from the given tests
for its components. BISf representsa departure from the
conventional test methodology, permitting divide and
conquer andhierarchical test strategies.

Consider a chipembedded in a boardthat is part
ofa system. Atop-down hierarchy consists ofthe system,
boards, andchips. Ifalllevels use BISf, the systemcantest
thechipbysendinga control signal to the board, which, in
tum,will activate self-test on the chipand return the
results to the system. BISf efficiently tests complex
embedded components andtheir interconnections.

Reuse. The hierarchical test strategyjust des­
cribed also helpsto reducethe development effort and
hardware costoftest circuitries at chip, multi-ehip mod­
ule (MCM) , board, and systemlevels. BISf offers a supe­
riorsolution. Because tests are generatedinternally as
theyare beingapplied, rather than beingpregenerated,
stored, and applied externally, the test equipment and
test program become simpler, and tests canbe applied
at-speed. In addition, the sameBISf hardware is reused
fortestingchips, MCMs, boards, and the entire system
during manufacture andoperation.

Panel 1. Abbreviations, Acronyms, and Terms

ASIC - application-specific integrated circuit
ATPG - automatic test patterngenerator
ATIDFf - AT&T design fortestability
AT&T-ME - AT&T-Microelectronics------------------------1
BCAD - boundary-scan computer-assisted design
BISf - built-in self-test
BSDE - boundary-scan description editor
BSDL - boundary-scan description language
BSIT/Gen - boundary-scan insertion/generation tool
CAM - content-addressable memory
CIIT - circuit know thyself
CMOS - complementary metal-oxide semiconductor
DFf - design for testability
DRAM - dynamic random-access memory
FIFO - first-in first-out
IC - integrated circuit
ICCAT - integrated-eircuit-level computer-assisted test
LFSR -linear feedback shiftregister
MACWG - a macrocell generator
MCM - multi-ehip module
MHz - megahertz
ODC - outputdatacompactor
PEsr - pseudo-exhaustive self-test
PQFP - plastic-quad flat package
PSBISf - partial-scan-based built-in self-test
RAM - random-access memory
ROM - read-only memory
RSBGen - regular-structure BISf generator
SRAM - static random-access memory
TAP - test accessport
TPG - test patterngenerator
VLSI - verylarge-scale integration

Economics of Electronic Test
System designers mustchoosefrom several

alternatives for testability." Is BISf the right solution?
Toanswer the question, costsmustbe weighed against
benefits. TableI shows the impact ofBISf on testingcost
forchips, boards, and systems. Considering the costof
design andtest development, the additional costof
designing BISf hardware somewhat balances the test­
generation savings.

InAT&T, it is customary for engineers to incor­
porate BISf usingautomated software tools to reducerisk
andcost,andto shortenthe schedule. Even thoughthe
introduction ofBISf hardware increases the fabrication
costsat alllevels, it minimizes the costofproduction test
andmorethan pays for itself overthe life ofthe product.
Atboardandsystemlevels, BISf improves troubleshoot­
ing, reducesthe cost ofmaintenance, improves diag-

nosis, and reducesrepaircosts. Other, less effective test
strategies, with lengthy or improper diagnosis, such as
the infamous "no-trouble-found," are often responsible
for service interruption, and lossofrevenue.

BIST Principles
The basicBISf architecture addsthree hardware

blocks to a circuit: a test patterngenerator (TPG), an out­
put datacompactor (ODC) , anda test controller. The TPG
block produces test stimuli forthe circuit undertest.To
saveon the hardware required to store the expected
responses, the ODC circuit produces a signature. Ideally,
a faulty signature should differ from the correctsigna­
ture.TableII listscommon BISf hardware structures.1

Any combination ofTPG and ODC shown canbe used.
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Table I. Impact of 81ST on Testing Costs

Design Fabrica- Production Maintenance Diagnosis Service
Level and test tion test test and repair interruption
Chips +/- + -

Boards +/- + - -
System +/- + - - - -

+ Costincrease - Reduction +/ - Increase> saving

A popular BISf structure,linearfeedback shift
register (LFSR) , is used both as a TPG andan ODe. It
sequencesthrough almostallpossible combinations of
bits in the registeraccording to an irregular ("pseudo­
random") sequence.

A control blockactivates the test, analyzes the
outputdata, and supports hierarchical test. Suppose a
systemconsistsofseveral circuitboards. A possible test
architecture, shown in Figure1,uses the technique of
boundary scan," discussed later in this issue oftheJour­
nal. The test controller at the systemlevel simultane­
ously activates self-test on allboards. The test controller
on a board, in tum, activates self-test on chips. Anon­
chiptest controller executesself-test and transmits the
results (fault-free or faulty) to the test controller ofthe
board containing the chip. The board test controller
accumulates test resultsfrom allits chipsand transmits
them to the systemtest controller, which then identifies
faulty chipsandboards. Reference 7 describesa novel
distributed BISf control scheme. The effectiveness ofthe
test procedure dependson the fault coverage ofBISf.
Other important issues include performance and area
overhead, and its effect on chipyield.

81ST Schemes
Because faults that mostcommonly occurin

random-logic circuits are different from those that occur
in regularstructures, such as random-access memory
(RAM), read-only memory (ROM), first-in first-out (FIFO),
etc., and becauseregularstructures canoften be tested
by a set ofeasily generatedregularpatterns, these two
classesofcircuits requiredifferent BISf schemesto test
their corresponding logic.

Random-Logic BIST. The three major typesof
random-logic BISf schemesare:
- Stored-pattern BISf,
- Pseudo-exhaustive BISf, and
- Pseudo-random BISf.
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Table II. Hardware Structures for 81ST

Test pattern generators Output data compactors
ROM ROM and comparison logic
Linear feedback shift register Linear feedback shift register

Multiple-input signature register
Cellular automata Cellular automata
Binary counter One's counter

Programmable space compactor
XOR trees XOR trees

Stored-pattern SIST. Stored-pattern BISf, l whose
test patternsare typically generatedby an automatic test
patterngenerator (ATPG) and stored in a ROM, uses pro­
grams or microprograms to perform functional tests on
the hardware. The fault coverage ofthe storedpatterns
dependsheavily on the quality ofthe predetermined pat­
terns, and the applicability ofthis schemeis limited byits
needforvast amounts ofstorage.

PseudlHtxhaustlve SIST. Pseudo-exhaustive BISf
applies allpossible test patternsto each combinational
logic block. Because each block is exhaustively tested,
fault simulation is not neededto determine fault cover­
age.To test an n-input blockofcombinational logic, all
possible 2n inputpatternsare applied. However, even
with high clock speed,the test's application timewould
makepseudo-exhaustive BISf impractical fora blockwith
n greater than 25. Therefore, the logic is often parti­
tioned, or segmented, intosmaller, possibly overlapping,
blocks with fewer than 25 inputs. Oneimplementation of
pseudo-exhaustive BIsrB requiresallcircuitflip-flops to
be reconfigured intoan ODC. Anadditional TPG's register
generatesexhaustive patternsforapplication to allcom­
binational logic blocks in the random logic, and the ODC
compacts the outputdataintoa signature. This scheme
guaranteeshighfault coverage without the needforfault
simulation. Unfortunately, becauseallflip-flops are
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Figure 1. Hierarchical 815T architecture. In gen­
eral, the circuitry on a chip Is partitioned Into
blocks such as random logic, RAM, ROM, etc.,
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modified, the hardware overhead and the performance
penalty canbe high.

Pseudo-random 815T. Potentially, pseudo-random
BIST9 has lower hardware and performance overheads
thanthe schemesdescribed earlier. Often, only a small
subsetofallflip-flops need to be replaced with BIST flip­
flops. Because it is non-deterministic, pseudo-random
BIST requiresfault simulation to compute fault coverage.
Test application timediffers among various pseudo­
random BIST schemes. For instance, a scan-based BIST
techniquc'" typically requiresslightly longertest applica­
tion timethan a circular BIST technique. 11,12

In pseudo-random BIST, eachbit is assumed to
have an equal probability ofbeinga 0 or a 1.The number
ofpseudo-random patternsneededis typically 103 to 106,

depending onthe circuit's random-pattern testability and

the fault coverage desired. How dowedeal with random­
pattern-resistant faults," i.e., the residual uncovered faults?
Oneway is to biasthe probabilities ofinput bits,suchthat
the probability ofbeing1 (0) is notnecessarily 0.5. In this
way, test patterns neededforthe random-pattern-resistant
faults are morelikely to be generated." Another way is to
changethe circuit by inserting test points to enhance
controllability andobservability, to render the original
random-pattern-resistant faults easily detectable byran­
dompatterns.

Output datacompaction forrandom-logic circuits
is usually performed in two dimensions: space and
time,'! compacting a largenumberofparallel bitsto
smaller bitsovera period oftime. For example, the
entirecircular BIST registeris considered a non-linear
space compactor. 13 Timecompaction is doneusing an

AT&TTECHNICALJOURNAL. MARCH/APRIL 1994 33



LFSR that taps intothe circular BISI' register.
The area overhead ofpseudo-exhaustive and

pseudo-random schemescanbe estimated byknowing
the numberofflip-flops in a circuitwithrespect to the
totaldevice area. Typically, pseudo-exhaustive tech­
niquesrequire30to 40percentmore ofthe random-logic
region ofa circuit, while pseudo-random techniques
requireabout6 to 20percentmore. This additional area
includes the reconfiguration ofthe random-logic flip­
flops, and the TPGand/or ODC, whenapplicable, by the
chosenscheme. Because a BISI' flip-flop is usually cre­
atedby insertingadditional front-end logic in the original
flip-flop, an extra delay is introduced. Therefore, flip-flops
that are on a pathwith critical timing are notgoodcandi­
dates for replacement byBISI' flip-flops. Using "dual­
clock" BISI' flip-flops canalmost eliminate the extra delay.
Adevice withnon-random logic regions, such as a regu­
lar structure, incursa muchsmaller area overhead.

Because flip-flops are modified by insertingmul­
tiplexers to create a BISI' flip-flop, extra delay is intro­
duced. Often, flip-flops that are on pathswhosetiming is
critical are notcandidates for BISI' flip-flops.

Regular-Structure BIST. Embedded regularstruc­
tures, such as RAMS, ROMs, etc., offer unique testingchal­
lenges. The regularity oftheir designsallows a denser
packing oflogic and interconnections. Suchstructures
are, therefore, susceptible to a widerset offaults, in addi­
tionto stuck-at faults. Theyare often deeply embedded
in random logic, leaving little or no directaccess.

In regularstructures, such as read/write memo­
ries - forexample, staticrandom-access memory
(SRAM), Register File, FIFO, or content-addressable mem­
ory (CAM) - deterministic BISI' algorithms (i.e., those
whosetest patternsare determined, as opposed to ran­
dom) are generally adopted. These algorithms provide
highfault coverages (more than 99percent) specific to
the structure'sfault types, function, and physical lay-
out.14,15 The BISI' circuitry neededto executethese algo­
rithmshas low area overhead (typically less than 5 per­
cent morethan the regular-structure block). This BISI'
circuitry generatesand applies the algorithmic patterns
on the regularstructuresand collects a single-bit
(Go/No-Go) responseas a signature. The compaction to
obtain a single-bit signature is performed by a special
space-compaction technique that does not degradefault
coverage.P maintaining the overall coverage at more
than 99percentaftercompaction.
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In read-only regularstructures, suchas ROMS,
exhaustive TPG is used to apply allpossible test patterns
to the inputs. This guarantees 10o-percent coverage ofall
combinational faults in a given structure. Asingle-bit ODC
is performed based on output datachanges, which use
the ROM contentsto minimize the impact onfault cover­
age from the compaction process.l" Faultcoverage
remains at morethan 99percentaftercompaction.

Merging BIST and Boundary Scan
Boundary scan, as defined in the IEEE Standard

1149.1-1190,17 has become an international design for
testability (DFT) standard for testinginter-chip connec­
tions. Boundary scanadds a standard 4- or, optionally, 5­
pintest accessport (TAP) andshiftregistercellsat each
I/O pin, which are used to scanin and apply test stimu­
lus,and to captureand scanout test response. Boundary
scanTAP provides an important common gateway to on­
chipDFT, such as BISI'.

BISI' can be invoked in a device throughthe
boundary-scan portby executing the standard RUNBISI'
instruction. This sets the boundary-scan cells to the
modein which the chiplogic is isolated from itsboard
environment, enabling the device to perform a totally
autonomous self-test. WhenBISI' is complete, the com­
pacted signature is scannedout throughthe boundary­
scanport and compared to its expected value. Because
the divide and conquerconcept is used,multiple auton­
omous BISI' blocks mayexiston a chipand,therefore,
morethan one signature mayneed to be accessed. When
BISI' andboundary scanare combined, the sametest can
be performed duringchiptest, afterthe chipis mounted
on a board, afterthe board is insertedintoa system, and
afterthe systemis installed in the field. The high test
quality provided by BISI' is the sameat allthese levels,
greatlyreducing the complexity andcost ofboardand
system-level DFT.

AsFigure2 shows, by merging BISI' andbound­
ary scanand reconfiguring portions ofthe boundary-scan
register to serve BISI' control functions, BISI' hardware
overhead canbe significantly reduced. This also provides
a natural interface between the boundary-scan portand
the BISI' controller.

BIST Scheduling and Control
The built-in natureofself-test allows it to be run

at systemspeed.However, becauseofchippower and
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noise dissipation considerations, it may notbe feasible to
execute BISI' simultaneously in allblocks within a chip.
BISI' will then need to be executed in propersequence
andcontrolled. The attributes that affect the sequencein
which chip-level BISI'is executed are the power dissipa­
tion ofeachblock, the block type, position ofa block in
relation to other blocks, and test time. 7

Totalpower dissipation ofa chipduringnormal
or BISI' mode is the sumofpower dissipation values ofits
individual blocks and its inputand outputbuffers, where
applicable. If the totalpower dissipation ofthe BISI' mode
ishigher than that ofthe normal mode, then stsrmust
be executed in multiple stages. This multiple-stage BISI'
execution canbe represented by a BISI' sequencing pro­
file." The hardware implementation ofa BISI' sequencing
profile is called a BISI' control network. Adistributed
architecture for such a BISI' control network is optimal at
the overall chiplevel.

BISI' controls eachchipusinga three-level hierar­
chical control architecture." The three levels, shown in
Figure 1,are the chip-level test controller, which
includes the external stsr/boundary-scan accessport;
the BISI' control network; andthe individual block-level
BISI' controllers.

Tools
InAT&T, BISI' is insertedautomatically usingIC­

level computer-assisted test (ICCAT) AT&T design for
testability (ATTDFf) tools. The ICCAT/ATTDFf tool suite, a

unified, comprehensive CAD system foran entire digital
IC, provides a user with a wide rangeofoptions forana­
lyzing testability, inserting structured testability hard­
ware intoa circuit, andgenerating andsimulating tests.
It also supplies the user with a reporton the solution
implemented andan overall testability reportcardofthe
circuit. Because testability is highly circuit-dependent,
andbecauseit is difficult to predict which solution is the
best forfurthertestability enhancements, ICCAT/ATTDFf
provides an overall framework flexible enough forthe
user to apply, andto switch among (when needed), vari­
ous proven DFf techniques and schemes with ease.Also,
if chosenas an option, it canbe used to produce a modi­
fied circuit with enhanced testability.

Asdescribed earlier, BISI' is basedon a divide
andconquerstrategy, inwhich a chipis divided into
blocks ofregularstructures, random logic, input!output
regions, andcontrol. Eachblock is applied itsdedicated
testability schemeandthe hardware needed to ensurean
optimal overall chip-level testability. Experience has
shown that one schemedoesnotfitallin enhancing the
testability ofan entirechip.

ICCAT/ATTDFf modules precisely support this
strategy. They include, but are not limited to, tools for
random logic, regularstructures, boundary scan, andthe
control logic that linksallon-chip test circuitries.
ICCAT/ATTDFflinks those software modules with power­
ful, easy-to-use graphical user interface (GUO front-end
software. This system accepts pertinent lc-specific DFf
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Rgure 3. The
ICCAT/ATTDFT tool
suite provides a
comprehensive CAD

system for an entire
digital IC. Its software
uses obJect-orlented
technology and Is
written In C++ pro­
gramming language
to maximize software
reuse, expandablllty,
and maintainability.
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information and requirements from the user, performs
the requestedfeatures foreach block ofthe circuit, and
linksthe blocks with a scheme-specific test controller
(seeFigure 3). ICCAT/AITDIT is written in C++ program­
minglanguage usingobject-oriented technology.

Random-LogIc BIST. BIST schemesfor random­
logic include pseudo-random circular BIST,l1 pseudo­
random partial-scan BIST,10 and pseudo-exhaustive BIST.8
The tools for implementing these are circuit know thyself
(CKT) , PSBIST, and PEST, respectively. PEST replaces allcir­
cuitflip-flops with BIST flip-flops; CKT replaces a subset;
and PSBIST replaces an evensmallersubset.Sometimes,
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to enhancefault coverage, these BIST tools addtest points.
Notall blocks are considered suitable for BIST.

Asynchronous andveryhigh-speed blocks canbe
marked to be isolated (bypassed) duringautomatic BIST
incorporation by the tools.

Regular-Structure BIST. For memories andother
regularstructures (suchas multipliers anddifferent data
pathblocks), AT&T BIST tools use algorithms that cover
an extensive set offaults andguarantee morethan 99­
percentfault coverage for the structureundertest.14,16
Ad-hoc BIST for regularstructuresis discouraged
because it is error-prone andthe quality is unknown.
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(created by BSDE) to generatedevice-level conformance
test vectors. In addition to verifying conformance to the
IEEE 1149.1 standard, TAPDANCE vectors also provide high
fault coverage ofthe boundary-scan logic.

BSIT/Gen uses information from the BSDL to syn­
thesize and insertboundary-scan logic into the circuit.

Figure 4. A BIST/boundary-scan application: the Motion

Compensator chip. It tests not only Itself, but also the sur­

rounding DRAM and FIFO arrays.

Onesuch toolis MACLOG, a macrocell generator
available from AT&T-Microelectronics (AT&T-ME). For
AT&T-ME devices, MACLOG cangenerate BIST versions
ofregularstructures, such as RAMS, at the push ofa but­
ton. WhereMACLOG is notapplicable, RSBGen, under
ICCAT/ATIDFT, uses genericalgorithms to synthesize
logic for self-testing regularstructures.

Boundary scan. The BCAD toolhas three parts:
- The boundary-scan description editor (BSDE),
- TAPDANCE™, and
- The boundary-scan insertion/generation (BSIT/Gen)

tool.
The BSDE is an easy-to-use GUI-based editorfor

creating andediting a boundary-scan description lan­
guage (BSDL) file. Required foralldevices with boundary
scan, the BSDL file capturesboundary-scan design intent
ina standard format.

TAPDANCE uses information from the BSDL file

A BIST/Boundary-5can Application
Since AT&T launched the BIST/Boundary-Scan

Program in mid-1987, BIST/boundary scanhas been
incorporated intomorethan 200 chips. Mostofthese
have gonefull-eycle from design throughmanufacturing,
demonstrating the effectiveness andbenefits of
BIST/boundary scanat the chip, board, andsystem lev­
els. Many ofthese use automated DFT-insertion tools,
suchas MACLOG, CKT, PEST, and BCAD. BIST/boundary
scanwasimplemented on a device called the Motion
Compensator chip (designed andfully simulated, but not
yet fabricated), described in the nextsection. Thischip
demonstrates the rangeoftestability thatcanbe inserted
intoa device.

BIST/Boundary Scan in the Motion Compensator Chip.

BIST/boundary scanwasusedon the Motion Compen­
satorvideo processing chipforthe Advanced Video
Technology Group inAT&T Bell Laboratories. This
device, which wasdesigned to serveas a main compo­
nent forvideo decompression, is a standard-eell
application-specific integrated circuit (ASIC) using
AT&T-ME's O.9-llm CMOS technology, packaged ina
132-pin PQFP with a maximum clock speedof27 mega­
hertz (MHz). Because the Motion Compensator was
designed to resideon a boardcontaining a dynamic
random-access memory (DRAM) arrayand FIFO chips, as
shown in Figure 4,a full rangeoftestability wasinserted
into the device to test notonly the device itself, but also
its surrounding devices.

Boundary scan. Boundary scanwas added to test
the boardinterconnections andto serveas a gateway to
the BIST andother special on-ehip andoff-ehip functions.
Boundary scanwasimplemented in the Motion Compen­
satorchipusingBCAD, an ICCAT/AITDFT software tool.
BCAD-BSIT wasused to automatically insertthe bound­
ary-scan registeranda controller that supports the three
mandatory IEEE 1149.1 instructions (BYPASS, EXTEST, and
SAMPLE/PRELOAD). 17The logic needed forten other
instructions (mCODE, HIGHZ, LOGBIST, MEMBIST, FIFBIST,
andthe DRAM and internal-register access instructions)

Data, address,
control

Data

Motion
Compensator

chip

DRAM [
array

Boundary-scan {
interface

AFO [
array
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wasadded manually. To make sure that the logic design
wascorrect, simulations were run using IEEE 1149.1 con­
formance vectorsgenerated by BCAD-TAPDANCE.

Random-Logic 8IST. CKT, AT&T's toolfor pseudo­
random BIST, was used to insert BIST into the Motion
Compensator. More than 96-percent faultcoverage is
achieved after33,066 BIST cycles. These good results
spare the designers the time-eonsuming task ofwriting
fault-coverage vectors. The BIST circuitry increasedthe
chipgate count by about 14.3 percent over the random­
logic portion ofthe chip. Makingthe boundary-scan reg­
ister reconfigurable, to serve as the BIST vector counter
and signatureanalyzer, helped to minimize the BIST con­
trollogic overhead.

DRAM 8IST. The Motion Compensator chipwas
designed to be connectedto four 64K x 16DRAM chips at
the board level. Special BIST logic, tailor-made for this
DRAM, was included on the Motion Compensator to pro­
vide lOo.percent coverage ofan extended-memory fault
modelto coverfaults that occur in the DRAM arrayand
the address decoder. The functionality ofthe DRAM BIST
logic can be verified duringa chip test using a special
quick-test mode. As in all BIST, the DRAM BIST can be
used, simultaneously, at more than one level of testing
(i.e., fromchipand board test through system integra­
tion). Asa bonus, the DRAM BIST controllogicis also
made self-testable by the random-logic BIST tool, CKT.

FIFO 8IST. The Motion Compensator chipwas
designedto receive datafroma bank of FIFO chips resid­
ing on the same board.The outputs of the FIFO arraygo
to an ODC within the Motion Compensator chip.When
the FIFOs are supplied by boundary-scan-eontrollable
ASICs that contain TPG capabilities, the Motion Compen­
sator chipcan be used as the data compactorfor the
FIFO's BIST. The FIFO BIST can be coordinated using
boundaryscan, as shownin Figure 4.

DRAM write/read. Boundary scan enables the
Motion Compensator chip to write into (andread from)
user-specified locations in the off-chip DRAM byscanning
a 17-bit seed address intothe internaladdress register.
Next, the MEMWRITE (MEMREAD) instruction is loaded
and data is scanned. Aseach 32-bit wordis scanned in
(out),it is writtento (readfrom) the DRAM, and the
address register is auto-incremented to pointto the next
location in the memory. This write/read capability
enables the systemto initialize the DRAM contentsas a
background process.
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FUNCTION and STATUS registers. The boundary-scan
port can alsobe used to loadthe internal If-bit FUNCTION
register, which configures the device intoseveralopera­
tional modes,and to read the internal24-bit STATUS regis­
ter. Bybeing able to access these internalregisters and
the DRAM array,boundaryscan not only enhancestesta­
bility, but alsoprovides useful systemfunctions.

Development effort. To reduce development time,
much ofthe BIST/boundary scanwasincorporated in par­
allel withthe functional chipdesign. The boundary-scan
logic was inserted as soon as the device I/O pinassign­
mentwasdetermined. Becausepreliminary circuitver­
sions ran through CKT successfully, the turnaroundtime
foreach successive BIST iteration wasless than a day.
BIST/boundary scan and the enhancedDRAM and FIFO
accesscapabilities are expectedto significantly reduce
the time needed to verify and debug the assembled
boards duringsystemdesignverification.

Conclusions
BIST is one ofthe mostpromising device-level

test solutions. Withthe increasingcomplexity and oper­
atingfrequencies ofelectronic systems,device-level BIST
- an integralpart ofboard, system, and field test strate­
gies - is becoming the cornerstoneofan integrated test
strategy.
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