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Testing complex very large-scale integrated (VLSl) cir­
cuits is increasingly difficult. It is. almost impossible to
achieve high fault coverages without using design for
testability (DIT) approaches. Inone ofthe most promis­
ingDIT approaches, the complex VLSl circuit is divided
into various structural modules, and anappropriate
built-in self-test (msr) scheme for each module is then
implemented. This approach also provides a path to
board- and system-level test. Thispaper presents a gen­
eral procedure to implementmsr for a specific set of
modules, i.e., embedded regular structures such asstatic
random-access memory (SRAM) , read-only memory
(ROM), and register files. We will show thatfault cover­
ages achieved with thisprocedure aregreater than 99
percent, because the deterministic BISf algorithms and
output-data compaction techniques adopted are
structure-specific. Moreover, fault simulations arenot
needed because thefault coverages areanalytically
determined byanalgorithmic approach. Thegeneral
procedure presented here results inanautomated nrsr
implementation. An illustration ofsuch a procedure is
presented through theBISf register file example.
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Panel 1. Terms and Acroynms in This Paper

are now beingintegrated and embedded intoeachIC.
The structurefor these functional building components
canbe either regularor irregular. Regular components
include SRAM; dynamic random-access memory (DRAM);
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ASIC
BC
BF
BFC
BIST
BRIC
BSBRIC

B-S
CAM
CMOS

CP
DIT
FIFO
GALPAT
IC
IEEE

I/O
)TAG
MACLOG
ODE
PBX
PIA
RAM
ROM
SD
SI
SO
SRAM
TPG
VLSI

application specific integrated circuit
BIST complete
BISTflag
BIST flag check
built-in self-test
BIST resource interface controller
boundary-scan BIST resourceinter-

face controller
boundary-scan
content-addressable memory
complementary metal-oxide semi-

conductor
circuit pack
designfor testability
first-in, first-out memory
galloping patterns
integrated circuit
Institute ofElectrical and Electron-

icsEngineers
input/output
JointTest Action Group
Macrocell Layout Generator
outputdataevaluator
private branchexchange
programmed logic array
random-access memory
read-only memory
selectdatainput
scan-in datainput
scan-out data input
staticrandom-access memory
test patterngenerator
verylarge-scale integration

ROM; content-addressable memory (CAM); programmed
logic array (PIA); first-in, first-out memory (FIFO); shift
register; and multiplier. Irregularstructuresinclude
random logic.

Aregularstructureis a one- or two-dimensional
arrayofsimilar or identical blocks surrounded by dedi­
catedblocks. Memory cellsare typical identical blocks.
Inputand outputdataregisters, addressregisters, and
addressdecoders are frequently used as dedicated
blocks. The block diagram in Figure 1 represents the
generaldesign ofsucha regularstructure.

Testability issues, along with systems andICs,
havegrown in complexity. Previously, several techniques
wereused in testingsystems: test-integration, bed-of­
nails, and scan-testing.
- In test-integration, the tests for individual unitsare

mergedtogetherto test a largersubsystem or system.
These unitsgenerally interact, and somecanbecome
deeply embedded. Thus, test-integration often is a
long, tedious, andcostly procedure.

- The bed-cf-nails technique wasusedfordirectaccess
to an rc, An arrayofpins (known as nails) would des­
cendandmakecontact with the IC pins. Introducing
fine-pitched packages, with pinsclosertogetherthan
those on the bed-of-nails tester, makesthis technique
unusable.

- Scan-testing required at least three extrasignals: a
scan-in datainput (SI) , a scan-out dataoutput (so), and
a selectdatainput (SD). With SD low, someor allflip­
flops on anIC, subsystem, or systemcould be chained
togetherserially into a longshiftregister. (AfliP-/lop is
a cellin a circuit forstoring1bitofinformation. It has
two stablestates,0 and 1.)With SD high, the flip-flops
wereplaced backintotheir normal functional relation­
ship. For scan-testing, the SD would firstbe set lowso
datacould be scanned throughthe chain viathe sys­
tem clock signal intothe flip-flops viaS1. SD would then
go high for one clockcycle to exercise the logic
between the flip-flops. SD would thengo lowagain to
scanout the pattern in the flip-flops viaSO while setting
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up a newpatternviaSI.Ascomplexity grew, scan­
testingtendedto get lengthy andrequired an expen­
sive tester.

All these techniques havebeen used to test regular
structuresembedded in anIC or a system. Theyare
becoming lessfeasible as complexity increases.

By1985, the problems andcostsassociated with
testingat the boardandsystemlevels had become so
great that the JointTest Action Group OTAG) wasformed
byseveral European and NorthAmerican companies. Its
goalwasto use boundary-scan (B-S) to standardize the
boardandchiplevel interconnect tests.Standardization
wasviewed by all companies as extremely important
because ICs from different vendors could resideon the
sameboard. B-S canbe viewed as a form ofscan-testing
wherethe chain offlip-flops resideat the boundaries of
the ic chips. It would thus provide a common access to
the various chip-level testability resources for test and
diagnosis at all assembly levels. In 1990, JTAG'S proposal
wasadopted by the Institute ofElectrical andElectron­
icsEngineers (IEEE) as the IEEE 1149.1 standard.'

Chip-level testability resourcesinclude scan­
testingandBIST. BIST is a meansto generatetest stimuli
internally andcompress the results. When ICS or regu­
lar structuresrun fasterthan the machines used to test
them,BIST is the onlywayto test them adequately.
Thus, several advantages canbe gainedbyautomati­
cally adding BIST to an embedded regularstructure:
- Higherfault coverage
- Test standardization
- Bettercontrollability andobservability
- Lesstest development andtest application time
- Added debugandrepaircapability
- In-system, at-speed testability
- Increased quality.
The operation ofBISTfor regularstructuresmustcon­
form to the IEEE 1149.1 standard architecture.

Properuse ofBIST, coupled with its controllabil­
ity (through architectures suchas IEEE 1149.1), clearly
affects allmajor downstream processes (i.e., manufac-

Address decoder

Figure 1. The general design of a memory structure, show­
Ing It as a one- or two-dimensional array of similar or identi­
cal blocks surrounded by dedicated blocks. Memory celis
are typical identical blocks. Input and output data registers,
address registers, and address decoders are frequently used
as dedicated blocks.

ture,distribution andinstallation, service andmainte­
nance) as well as customer requirements. Mostofthe
effects are found above in the advantages ofautomating
BIST. Furtherexamples will be discussed inthe section
''Tradeoffs: Advantages andDisadvantages."

AtAT&T Bell Laboratories, BIST wasfirstauto­
matically integrated into a SRAM byusing a parameterized
modular-array assembler.? Given the RAM organization in
the numberofwords andthe numberofbits-per-word, a
RAM could be automatically laidoutwith BIST inunder
two minutes ofcomputer time. Thiswasachieved by the
combined efforts ofthe system design, silicon IC design,
andresearchanddevelopment areas," Since then, BIST
has been-and continues tobe-applied to otherregular
structures.

In the remaining sections, wewill present our
BIST approach forregularstructures, some BIST applica­
tions, tradeoffs onwhenandwhere to useBIST, and some
future directions.
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81ST Approaches for Regular Structures
Here, a general self-testing approach for regular

structures is presented.We first analyze the correspon­
dencebetweenfailures and faults and determineproper
faultmodels. We then investigate test algorithms and dis­
cuss their BIST realizations.

Fault Models. The exponential increasein chip
densitycauses an exponential decrease in a cell'sarea in
a regular structure.This implies, for example, that the
charge stored in the capacitor of a dynamic read-write
memory cell is decreasing, causing the cell to be more
susceptible to variations in the manufacturing process
(e.g., differences in the capacitance or leakagecurrent)
and in use (e.g., noiseor crosstalk). In addition, the cells
are placed closer together.Thus, they are more sensitive
to the influence ofneighboring cells, whichincreasesthe
likelihood ofdisturbancesfromnoise, address, and data
lines. Suchphysical failures cannotoftenbe represented
simply by the classical "stuck-at" faultmodel, as happens
in the memory cell arrays in regular structures. (A
"stuck-at" faultis a signalline in a circuitthat is assumed
to haveits valuefixed at a logical 1 or a logical 0.) Hence,
the physical failures specific to memorycellarrays must
be represented by a set oflogicalfaulttypes (e.g., transi­
tion,coupling, pattern sensitivity, crosspoint) to consti­
tute a realistic faultmodel for a regular structure.'

Transition, coupling, and pattern sensitivity faults
are typicalof a specificsubset of regular structures,
namely read-write memories.
- A transition fault occurs if a memory cellfails to

undergoa 0 to 1 or 1 to 0 transition duringa write
operation.

- A couplingfault involves twocells, and alsohappens
duringa writeoperation if a transition in one cell
changesthe contentofa second cell. However, if cell
contentor the possibility ofchangingthat contentis
influenced by the contentsofa group ofcells (Le., a
patternofOs and 1s), the resultingfaultis an example
ofpattern sensitivity.

- A crosspoint fault occurs mainly in read-only regular
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structures, e.g.,PlAs andROMs. These faults are
causedby the unintentional presenceor absenceof
featuressuch as transistorsor contacts.

The fault model ofeach regularstructure
includes a subset ofthe previously mentioned faulttypes.
Identifying a faultmodelis based on analyzing the cor­
responding structure to findallpossible fault types.

Test Algorithms. The conventional approach to test
regular structures includes manywell-known tests such
as GALPAT ("galloping patterns"), checkerboard, and slid­
ing diagonal for read-write memories.'' andexhaustive
tests forPlAs andROMs.4 These tests are notbased on
fault modelsand, therefore, do not allow estimatesoftest
quality in terms offaultcoverage. Some ofthe read-write
memory tests require test timesofabout0 (n log n) or
o(n 2), where' n is the numberofwordsin the memory.
Because of the deficiencies in these conventional
approaches, the subjectofmemory testinghas been a
majorconcern, and has resultedin muchresearch in the
subjectarea.Thus, a structured approach has emerged
to determinetest algorithms based on fault modelsof
regular structures, allowing faults ofthe particular model
for each algorithm to be found. Bycarefully selecting the
fault models, the execution timesofmanytest algorithms
becomeofthe order 0 (n). Suchtest algorithms are well
documented for read-write memories->" and PlAs.7

This approach can alsobe considered structure­
specific. That is, without fault simulation, it exploits the
functional and structuralcharacteristics ofthe regular
structure in question, and yieldsa propertest algorithm
withguaranteedfaultcoverage.S We discussan example
ofsuch an algorithm for registerfilesin the BIST applica­
tionssection.

BIST Realization. Because ofBIST's nature,test pat­
terns mustbe generated and evaluated on-chip. The
inputpatternsare generated by a blockcalled a test pat­
tern generator (TPG) , and the resulting outputdata is
compacted and evaluated on-chip by a blockcalled the
output data evaluator (ODE). As a rule in BrST, aTPG
eithergenerates pseudo-random or exhaustive test
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patterns, becausefrom the hardware implementation
standpoint, it remains expensive to generatedeterminis­
tic test patternsf Butfor regularstructures,the deter­
ministic test algorithms tend to haveregularinputpat­
terns andtherefore canbe easily generatedby simple
hardware blocks. The registerfile example will also sub­
stantiate this.

Butcompacting outputdatain an ODE generally
resultsin an information loss in terms ofcoverage. This
loss. ofinformation, known as aliasing,9 causesa subset
ofthe pre-compaction detected faults to havethe same
final signature as the fault-free signature, and therefore
to go undetected. Specific compaction functions basedon
the outputdatato be compacted are used in our regular
structurecase. These compaction functions either elim­
inateor reducethis information loss.Sucha technique
for the registerfile example is presentedin our section
on BIST applications. In allour regularstructurecases,
the final signature is compacted to single-bit information
(GO/NOGO) stored in the BISTflag.

The BIST realization ofa regular-structure test
algorithm also contains a BIST controller, i.e., a state
machine that executes the entire sequenceofoperations
in an algorithm. The areaoverhead neededforthis block

depends on the complexity ofthe algorithm adopted.
BIST Access. Asa rule, an on-ehip run ofa BIST

algorithm mustbe controlled andobserved througha
specific protocol. Because our regularstructurescontain
embedded controllers to perform the BIST operations
sequence, andbecausetheir final signature consists ofa
single-bit flag, a simple protocol is neededjust to begin
the BIST execution andverify the BIST flag. The protocol
adopted for our regularstructures'? addstwo inputand
two outputlinesto each regularstructureunderBIST.
The two inputsare BIST andBFC (BIST flag check); the
two outputs are BC (BIST complete) andBF (BIST flag);
see Figure 2.

The protocol startsby sending a signal on the
BIST line to start the executionof the BIST algorithm.
When the algorithm hasexecuted, a signal appears onthe
BCline, and the test result (GO/NOGO) canbe verified
onBF. To insurethat the BIST flag is notstuckat GO, an
additional step is needed: the flag is forced to NOGO
statusbyusingthe BFC line, andBF isverified again.

To control and observe the execution ofBIST ses­
sionsinan application-specific integrated circuit (ASIC),
someadditional logic is neededto interface the external
accessing porton onehand,and the embedded modules
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Figure 3. BIST register
file realization, show­
ing the dual port
read-write memory,
with synchronized
read capability.
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with BIST on the other.A dedicated interface blockis
requiredfor the ASICs that haveregularstructureswith
BIST and contain the standardboundary-scan, IEEE1149.1
test accessport{or external access.'! Thisblockalready
existsin the standardcomplementary metal-oxide semi­
conductor (CMOS) celllibrary, and is known as the BIST
resourceinterface controller (BRIC),12 shown in Figure 2.
ABRIC communicates with the B-S port on one sideand,
throughthe above protocol on the other side,operates
the modules with BIST.

815TApplications
This section discusses the procedure for

developing automatic generation ofBIST blocks for
embedded regularstructures. Our example is the BIST
registerfile, including the fault model determined from
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analyzing its designblocks, the registerfile's test algo­
rithmandrealization, andBIST's autonomous execution
in a registerfile.

Overview of Regular Structures. BIST's automatic gen­
eration capability is provided throughthe Macrocell Lay­
out Generator (MACLOG), the toolthat also generatesall
the regularstructuresfor the AT&T CMOS standard cell
library. The BIST offerings byMACLOG have beenusedin
automated masklayout generatorsfor 1.25 micrometer
(urn) and 0.9Jlm CMOS SRAMs; are now in place forthe
1.25Jlm and 0.9Jlm CMOS registerfiles, 0.9Jlm CMOS CAMS,
1.25Jlm CMOS ROMS; and are beingextended to coverall
other regular structures it contains (i.e., FIFOs, multi­
pliers, PLA, shifters). The goalis thatMACLOG will provide
the versions ofthese regularstructures usingBIST by the
end of1990. Given the structureorganization inwordsby



Figure4. The 81ST algorithm.

bits-per-word, the generatorcanoutputa densely packed
structure and its customized BISf circuitry inonly min­
utes.About 50ASIC devices containing regularstructures
withBISf currently are beingmanufactured byAT&T. By
automating BISf implementation in these devices, we
havemadesignificant development savings in both cir­
cuitdesign andtest design.

The procedure adopted foran automated imple­
mentation otrnsr is:
- Establish an appropriate fault model, given the design

ofa regularstructure.
- Develop a corresponding BISf algorithm forhigh­

quality test.
- Design on-chip testingfacilities to implement the BISf

algorithm.
- Design an autonomous BISf controller byadopting the

genericexternal-control protocol to execute BISf.
- Parameterize andintegrate allBISf facilities to the

corresponding regularstructuregenerator, MACLOG.
An application ofthis procedure is provided in the next
section.

Specific Application: 81ST Register File. The register
file is second onlyto SRAM as the most used regular
structureavailable throughMACLOG. It consists ofa dual
portread-write memory (illustrated in the non-shaded
partofFigure3,witha synchronized readcapability).

103

Fault Model. Alogical fault model ofthe register
file is determined basedon structural analysis ofthe
file's design blocks. Thisanalysis also resultsina cus­
tomized initialization patternto find physical faults in
the layout. The fault model adopted forthe 0.9Jlm and
1.25Jlm CMOS BISf registerfile consists of:
- Faults in the cell array-memoryelement stuck-at

faults, transition faults, coupling between anytwo
cells, linked two coupling faults (i.e., two interacting
coupling faults), linked transition andcoupling faults.

- Faults in the address decoders-accessing multiple
addresses, failing to accessappropriate address,
addressing a different address.

- Faults in the read-write logic-stuck-at faults in
input/output (I/O) andread-write register.

- Faults in the additional BISTcircuitry-stuck-at faults
inTPG andODE blocks.

TestAlgorithm. Figure 4 shows theBISf register
file algorithm. It is a modified march algorithm- with a
test lengthof17n,wheren is the number ofwords in the
memory. (A march algorithm is a deterministic sequence
ofread andwrite operations, usually oforder n.) The
algorithm is represented with a shorthand notation. Each
rowis a set ofspecific read (R) andwrite (W) operations
applied to eachaddressin incrementing (I) or decre­
menting (1) order, or to just oneaddress. The super­
scriptis the datavalue: all Os, a1l1s, walking zeroes (O~)
andwalking ones (l-»).

For example, the second rowmeans read allOs
from the lowest address, followed by write all Is, then
write allOs, and write all Is into the same address. Identi­
calread-write operations are repeated forsuccessive
addressesuntil the highestpossible address is reached.
The last two rows ofthe algorithm represent read-write
operations ofwalking Os and1s,throughthe dataword
~ applied to a single addressword only.

Eachread-write operation is intended to cover
oneor morefaults. For instance, the lastwrite operation
ofthe second rowandthe readoperation onthe third

rw­
iRo
iRI
1RI
1Ro

~wo~

~WI~
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rowverify that no cellsofthe memorycellarrayare
stuck at 0,byforcing each cellto a write1 and then a
read 1. Detailed analysis ofeach operation and its corres­
pondence to each fault type is beyondthe scopeofthis
paper,as are the theoretical proofs that guaranteethe
algorithm's 10o-percent fault coverage.

BIST Realization. The inputdatapatterns (all Os, all
Is, walking sequences) and address patterns (i.e. T, J,.),
are simple and regularbecause ofthe algorithm's regu­
larity. Hence, the TPGs-the hardware needed to gen­
erate these patterns-are realized by simple logical
blocks.PTherefore,these blocksare realized in one of
two ways:
- By modifying the existing registers. Under the BIST

mode, the external inputs willbe blocked and the
input registers willbecome test vector generators.
The inputdata patterns are generated by modifying
the inputdata register into to a rotatingshiftregister.
However, the address patterns can be generated by
modifying the address register to an up-down counter
under the BIST mode.

- Byadding extra TPG blocks with multiplexers to block
external inputs. AsingleTPG for address patterns is
satisfactory for both read and writeaddress sides,
becausethe algorithm simultaneously applies the
address patterns intoboth read and writeaddress
decoders.

Because ofthe test outputdata's regularity (all
Os, all ls), the outputdata compactor adoptedin the ODE
is also composed of simple logic. It is designed not to
loseanyinformation aftercompaction; hence, the alias­
ingprobability is zero.The outputdata modification con­
cept" has been used to obtainthe specific outputdata
compactor. The designofthe compactor consistsoftwo
gates:AND and OR Bothoutputsofthese twogates pro­
videa zero (0) signalfor allOs, and a one (1) signalfor
all Is. Therefore,monitoring the twooutputsis adequate
to avoid aliasing.

Automated Generation of BIST Regular Structures. The
shadedboxes in Figure3 showthe BIST facilities needed
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for the register file. Although the exactarea overhead
dependson the parametersofa register file, it has been
known to cause a hardwareincreaseaveraging 4 to 12
percent.

Autonomous execution ofBIST in a register file is
provided by the BIST controller blockshownin Figure3.
This blockconsistsofa four-state state machine that per­
forms the exactsequenceofoperations in the algorithm.
To automateBIST block generation, the TPGs and ODE
need to be parameterized. The parametershere are the
sizeofthe data and the sizeand number ofaddresswords.

The final step is integrating allBIST blockswith
the CMOS register file generator.Notethat the above pro­
cedure has been simplified by takingadvantage ofthe
regularity of regular structures. Such a procedure has
been utilized for-other regular structures, including RAMs,3
CAMs, and ROMs15•

Tradeoffs: Advantages and Disadvantages
To makeeffective tradeoffs betweenBIST and

non-BIST, one must first understandthe advantages and
disadvantages ofboth approaches. Here wewill discuss
the advantages gainedat the chiplevel. Then, the disad­
vantages will be presented,followed by some examples
showing the advantages and disadvantages at the
printed-circuit board and systemlevels. The section will
conclude withsome recommendations.

Advantages at the Chip Level. The advantages gained
byaddingBIST at the chiplevelinclude:
- Higherfault coverage
- Test standardization
- Bettercontrollability and observability
- Shorter test development time
- Shorter test application time
- Added debug/repair capability
- In-system, at-speed testability
- Increasedquality.
WhenBIST is not used,good access to the I/O ofthe
regularstructures is a major concern. Ifthe accessis
impaired, it limitsthe ability to apply a standardset of



tests, leading to different tests that tend to be much
longer. Thus,more testdevelopment andtestapplication
time are needed. Limited accessto the regularstructure
I/O can alsohamperthe testingofcertain faults. Also,
the inability to do an in-system, at-speed test can allow
someperformance-related faults to go undetected. Thus,
the quality ofthe productcanbe seriously compromised
whenBIST is not used.

Another advantage ofBIST is its ability to
parallel-test multiple regularstructures. Without this
ability, a blockof110 pinsmustbe used to test a regular
structure. Whenmultiple regularstructuresare present,
either several blocks ofI/O pinsmustbe used,or the
regularstructuresmustbe tested serially. Obviously, a
serial test is much longer. Scan-testing can greatly
reduce the number of I/O pins needed to test any or
allregularstructures,but the test becomes evenmore
extensive. Whenthe standardprotocol is used with
BIST, the control pinscanbe shared with allregular
structures. Multiple regular structures can then be
tested in parallel, greatly reducing the test lengthfor
the whole chip. The only disadvantage to parallel test­
ing is indesignsthat put temporarily unusedregular
structureson standby to reducepower consumption.
Here, onewould wantto take the test timepenalty and
serially test the regularstructureswith BIST.

Disadyantages at the Chip Level. The disadvantages
or penalties paid dependon the regularstructureand
BIST implementation. The SRAM generatorintegrates
the BIST intothe layout. This integration givesthe added
advantage ofsomefault tolerance due to a controlled
layout. The penalties for the SRAM are:0.5 to 5 percent
extra chiparea, 1 to 5 percentextrachippower, 20to
40percentextra setuptime, negligible extraoutputpro­
pagation delay, and the possibility ofextrachippins.

The extrachiparea dependsonboth the sizeof
the SRAM andthe sizeofthe chip. For a 250 milx 250 mil
1.251lm CMOS chip, the extra area overhead is less than 2
percentperSRAM. The extrachippower has a similar
dependence. The setuptimeis small to beginwith. By

adding BIST, one is only adding onemultiplexer or gate
delay to the inputs. If the BIST is accessed throughthe
IEEE 1149.1 standard interface or an existing micropro­
cessor interface, there is no extrachip-pin penalty. Other­
wise, the minimum extrachip-pin penalty is two pins.

If the BIST wereimplemented outside the SRAM
as random logic instead ofbeingintegrated in the SRAM,
the chiparea overhead would be 1 to 10percent. How­
ever, ifseveral SRAMs could share this BIST random logic,
the chipareaoverhead could be cut back. Because ofthe
extra routing capacity (andthe possibleuse oflarger
buffers to handle it), up to 50percentmorechippower
and setuptimemaybe neededthanwhenintegrating the
BIST intothe layout. Also, the circuit timing for imple­
menting BIST withrandom logic cannotbe precharacter­
ized. IC designers or users must simulate, rebuffer, and
characterize their use ofthe random logic. Thus, inte­
gratingBIST into the layout ofthe regularstructure is
mostdesirable for the user whenever its overhead is not
sharedbetween multiple regularstructures.

The cost to integrate BIST intothe regularstruc­
ture layout also is important. This integration increases
the layout's complexity, development time, andcharac­
terization timefor the regularstructure. The addedcosts
forthese increases mustbe shared among allusers.We
mustalso considerthe unknown costassociated with
regular structures that are not designedwhile the
regular-structure designeris integrating BIST intoan
existing regularstructure. Thus, the integration ofBIST
intothe layout is doneonly forthe mostfrequently used
regularstructures. The numberofusers required to
makethis effort costeffective is still beingdebated, but
it is at least ten.

Examples of Using Non-BIST and BIST Regular Structures.

It is difficult to makequantitative costestimates foruse
or non-use ofBIST on regularstructures. To dothis cor­
rectly, comparison mustbe madebetween two systems,
wherethe only difference is BIST's presence or absence.
Coststakeninto consideration mustinclude:
- Circuit designs for the integrated circuits, the printed
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circuit boards, and the system
- Writing (and rewriting) ofthe test stimuli
- Simulations
- Testingtimeat the integrated circuit, printed-circuit

board, and systemlevels
- Test equipment needed
- Inventory levels requiredto meet production goals
- Personnel requiredto meet production goals
- Timefordebugging andmaintenance
- Any field-returns.

Because ofthe high overhead cost involved in
eachsystem, the only practical way to do this mightbe to
addBIST toanexisting non-BIST system. Butthisisbecom­
ingimpractical because the lifetime ofsystems is soshort.
Weare left, therefore, with examples and estimates.

Non-BIST Regular Structures. In the firstexample, an
IC with non-BIST RAMs wasmanufactured. The RAMs were
so embedded in this device that the accepted RAM test
could notbe applied, andmuchtimewasspentwriting
test vectors for them. Unfortunately, somefaults still
slipped through,but werenot detectable untilthe IC was
in the field.

Additional timewasthen spentto find the par­
ticulartest patternthat madethe part fail, to identify the
typeoffailure that resulted, to write an additional bank
oftest patternsto add to the test at manufacture, and to
replace the partsin the field. The resultwasa much
largeraddedexpensein debugging, test patternwriting,
and part replacements. Also, 30,000 additional test vec­
tors or stimuli wereneeded,compared to the 10,000 test
vectors used by the accepted test algorithm in the stan­
dardRAM test, which could notbe applied.

The customerperhapsstillhas the uneasyfeel­
ingthat another missed set offaults mayshowupin the
field. Noinformation is available on the timeor money
lost ineach ofthe operations. If such information were
known, it would be meaningless becauseitwould depend
on the IC chipitself, the totalamount ofchipsinvolved,
andwhenthe problem wasdetected. The important point
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here is that the amounts are rarely small.
81ST Regular Structures. In the second example,

BIST waschosenforuse on eachofthe embedded SRAMs
in the AT&T Definity" PBX system. Once the decision
wasmade, BIST andtestability features wereaddedto the
rest ofthe system. In estimating the costsavings, the
Definity system's management found that thisBIST
approach:
- Required less expensive test and repairequipment
- Reduced misdiagnosis ofICs
- Minimized circuit pack (CP) or boardscraprate
- Reduced CPand systemlaborcosts
- Reduced CPand systeminventory
- Substantially easedtestingefforts
- Reduced systemtroubleshooting
- Needed fewer service technicians.
The lowered costfor test and repairequipment was the
largestimpact.

Ifweassumean annual production of1,000 CPs
and]anuary 1987 costs, the savings wereestimated at
several million dollars. ThoughusingBIST on the embed­
dedSRAMs didnot contribute to allthese savings, it was
neededto makethempossible.

When to Use 8IST. BIST should be usedwith regu­
lar structuresunder anyofthe following conditions:
- Reduced IC or systemcontrollability
- Reduced IC or systemobservability
- Nonavailability oftest equipment forin-system, at-

speedtesting.
BIST should be considered whenanyofthe following is
considered important:
- Reduced design cycle time
- Reduced test development time
- Reduced test application time
- Added systemdebugand repaircapability.

Non-BIST should be usedwhenthe regularstruc­
tures canbe fully controlled andobserved, andtest equip­
mentis available for in-system, at-speed testing. Note that
allthese conditions mustbe present. Ifanycondition is



notmet,quality will be affected. It is not always clearthat
the non-BIST approach will be the leastexpensive. This
wasdemonstrated by our two examples.

Directions
Currentworkin BIST for regularstructures

centersaround test algorithms and the logic to fulfill
them. Futureworkwill minimize the cost ofusingBIST.
Costreductions will be seen by minimizing chiparea,
chipdesigninterval, and test time. Futuredevelopments
should makeit not only possible, but also desirable, to
include BIST for allregularstructures.

Minimizing ChipArea. BIST's requiredchipareacan
be minimized by optimized logic, moreefficient layout
techniques, or BIST overhead logic shared between mul­
tiple regularstructures. The current implementations of
the logic are well optimized, and little chiparea canbe
saved. However, a customlayout ofthe BIST logic can
reducethe BIST area by about10to 20percentoverthe
standard-cell layout. The disadvantage ofa custom lay­
out is increased designtimeandhighercosts to change
the algorithm.

Another approach to reducing BIST area is to
share BIST structuresamong similar blocks. The large
potential savings for this approach increases as the num­
ber ofblocks sharingthe sameBIST circuitry increases.
For example, if two registerfiles share the sameBIST
circuitry, the area requiredper registerfile to imple­
mentBIST is reducedby nearly 50percent (some extra
logic is neededto allow sharing). This sharingtech­
niquehas been used in several designsto reducethe
area penalty ofBIST.

There are two tradeoffs involved in sharingBIST
logic. Tests canbe run simultaneously on allthe blocks
to reduce test time. Butthis increases the BIST logic
area,becauseeach block will requireits own datacom­
paction circuitry. The secondtechnique is to test each
blocksequentially, reducing areabut increasing the
timeto test allthe blocks. Bothtechniques are useful

andare beinginvestigated.
Minimizing Chip Design Interval. The timeneeded to

designanASIC is constantly beingreduced. Adding BIST
for regularstructuresrelieves the designer ofworry
abouttest algorithms. However, the BIST logic still needs
to be interfaced to the rest ofthe design.

The boundary-scan BIST resourceinterface con­
troller (BSBRIC) provides an interface to the IEEE1149.1
test port,simplifying the design job. The currentBSBRIC
is limited to oneBIST block.

Acontroller ("super BRIC") is needed to interface
multiple BIST blocks. Notonly will the superBRIC haveto
control multiple blocks, but it also will have to sequence
them. Often, blocks canbe tested simultaneously, but
because ofpower dissipation andpower supply noise
issues, sequential testingis often required. The needfor
bothsimultaneous and sequential control makesan effi­
cientsuper-BRIC design both interesting and important
forthe nextgeneration ofASICs. 107

Minimizing Test Time. Test time becomes an issue
whenanASIC goes intomanufacture. The costoftesting
goesup as the test timeincreases. Asnoted, the choice
ofsimultaneous or sequential testing cannoticeably effect
test time. Test timescanalso be reduced by improving the
test algorithms to reducethe total number ofclock cycles
neededto detectallknown faults.

Another technique to reducetest time would be
to provide programmable BIST controllers. These con­
trollers would run a subsetofthe full test suiteavailable.
The subset selected could depend onwherein the pro­
duction cycle the device is beingtested.Atchiptest, for
example, alltests maybe performed. In a board test,
however, only a partial set would be enough to deter­
minethat the chipis still healthy. Thus, test time could
be optimized foreach step in the production cycle.

Future Developments. Several developments could
aidin moreefficient design ofthe BIST logic fora new
block. Alibrary ofparameterizable BIST components­
such as controllers, patterngenerators, and
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compressors-are beingdeveloped. These components
could be reused in newBISf designs.

Another more ambitious approach is to design
programmable BISf elementsthat canproduce various
test algorithms. These could then be programmed to test
the newblock. The drawback ofthis approach is
increased overhead. Butit maysignificantly reducethe
designtimefor a newblockor a special blockthat was
designed foruse on only oneASIC.

Much workremains to be doneto completely
optimize the use ofBISf for regularstructuresonASIC
devices. Because the optimum conditions mayvaryfor
eachASIC, tests and interfaces to BISf mustbe flexible.

Summary
Anapplication ofimplementing BISf to the regis­

ter file waspresented. Examples weregiven that showed
the impacts ofboth usingandnot usingBISf. BISf often
should be mandatory for regularstructures.

We have indicatedthat BISf has been imple­
mentedon several typesofembedded regularstructures
inautomated, parameterizable ways. This automation can
come abouteither by implementing BISf with random
logic, or by integrating BISf directly intothe layout ofthe
regularstructure. Moreover, the BISf algorithm and
implementation depend strongly on the type and internal
architecture ofthe regularstructure. With somesmall
penalties, morethan 99percentfault coverage canbe
achieved for the regularstructures.

These BISf implementations alsocanbe easily
accessed throughthe IEEE 1149.1 standardprotocol.
Thus, one immediately obtains testability accessto the
embedded regularstructureup to the subsystem and
systemlevels. The ability to reducegreatly the assembly
andtest costswhile increasing the quality ofthe system
or product is now attainable.

Moreefforts are under way to increase the BISf
usage. Making BISf easierand evenmoreefficient to use
will go a longway toward that goal.
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