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Abstract

We presenta data compessionmethodand decompes-
sionarchitectuefor testingembeddedoresin a system-on-
a-chip (SOC).The proposedappmoac malkeseffectiveuse
of Golombcodingandtheinternal scanchainsof the core
undertest,and providessignificantlybetterresultsthan a
recentcompessiormethodhat usesGolombcodinganda
sepaante cyclical scanregister (CSR).Theuseof the inter-
nal scanchain for decompessionobviatesthe needfor a
CSR.In addition,the noveliinterleavingdecompessionar-
chitectuie allowsmultiple coresin an SOCto betestedcon-
currentlyusinga single ATE I/O channel.We demonstate
the effectivenessf the proposedapproadc by applyingit to
the|ISCAS89 bencimarkcircuits.

1 Intr oduction

System-on-a-chigSOC)designsconsistingof intellec-
tual property (IP) corespresenta numberof difficult test
challenge$1]. Thevolumeof testdatafor an SOCis grow-
ing rapidly asIP coresbecomemore complex and an in-
creasingnumberof thesecoresare integratedin a chip.
However, the I/O channelcapacity speedand accurag,
and datamemory of automatictestequipment(ATE) are
severelylimited. New techniquesarethereforeneededor
decreasingestdatavolumein orderto overcomememory
bottlenecksandto reducetestingtime.

A promisingapproachor reducingtestdatavolumefor
SOCsis basedon datacompressioriechniqued2, 3]. In
this approachthe precomputedestsetTp providedby the
core-\vendoris compressefencodedjo amuchsmallertest
setTg andstoredin ATE memory An on-chip decoder
is usedfor patterndecompressioto generatél’p from Ty
during patternapplication.

Testdatacanbe moreefficiently compressedty exploit-
ing the factthatthe numberof bits changingbetweensuc-
cessve patternsin a testsequencés generallyvery small.
This obsenationwasusedin [3], wherea “dif ferencevec-
tor” sequencdy; ;¢ determinedrom T'p wascompressed
usingrun-lengthcoding.A testarchitectureemploying dif-

1This researctwassupportedn partby the National ScienceFounda-
tion undergrantnumberCCR-9875324.

ferencevectorsandbasedn cyclical scanregisters(CSRs)
is sketchedin Figure1l. A drawbackof the compression
methoddescribedn [3] is thatit reliesonvariable-to-fixed-
length codes,which are less efficient than more general
variable-to-ariable-lengtlcodes[5, 6]. Furthermorejt is
inefficient for coreswith internalscanchainsthatareused
to capturetestresponsesin thesecircuits, separateCSRs
increasehardwareoverhead.

A more efficient compressionand decompression
methodwas usedin [7, 8], whereT,;;; was compressed
usingvariable-to-ariable-lengtifGolombcodes.However,
this approachalsorequiresseparatéeCSRsandis therefore
inefficient for coresthat usethe sameinternalscanchains
for applyingtestpatternsaandcapturingtestresponses.

In this paper we presentan improved test data com-
pression/decompressiomethodthatmakeseffective useof
Golombcodesandtheinternalscanchainsof thecoreunder
test. No separateCSRis requiredfor patterndecompres-
sion. TheresultingencodedestsetTy is muchsmallerthan
the original precomputedestsetTp. We apply our com-
pressiorapproacho testsetsfor the ISCAS 89 benchmark
circuitsandshaw that T's is not only considerablysmaller
thanthe smallestestsetsobtainedusingATPGcompaction
[4], but it is alsosignificantlysmallerthanthe compressed
testsetsobtainedusingGolombcodingin [7, 8].

We extendthedecompressioarchitecturef[7] to anin-
terleaving schemehatallows multiple coresto betestedn
parallelwith asingleATE I/O channel.Finally, we present
analyticalresultsto shav that test data compressiomot
only reducesthe volume of testdatabut it also allows a
slowertesterto beusedwithoutany penaltyontestingtime.

2 Compressionmethod and testarchitecture

We first review Golomb coding and its applicationto
test datacompressior5, 7]. The first stepin the com-
pressionprocedurds to derive Tyy;¢y from Tp, whereTp
= {t1, t2, t3, ..., tn }, IS the (ordered)precomputedest set.
Tuisy is definedasfollows: Ty;py = {d1,d2,...,dn} =
{t1,t1 ® ta,t2 @ t3,....tn—1 @ tn}, Where a bit-wise
exclusive-oroperations carriedoutbetweerpatterns; and
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t;+1. This assumeghat the CSR startsin the all-O state.
(Otherstartingstatescanbe consideredimilarly.)

The next stepin the encodingprocedurds to selectthe
Golombcodeparametern, referredto asthegroupsize. If
the input datastreamis randomwith 0-probabilityp, then
m shouldbe chosersuchthatp = 0.5 [6]. However, since
Tqi5y doesnot satisfytherandomnesassumptionthe best
valueof m for testdatacompressiowcanonly bedetermined
throughactualexperimentation.

Oncem is determinedthe runsof Osin the testdata
streamaremappedo groupsof sizem (eachgroupcorre-
spondingto a run length). The numberof suchgroupsis
determinedby the lengthof thelongestrun of Osin Tz ¢.
Thesetof run-lengths{0, 1,2, ...,m — 1} formsgroupA; ;
theset{m,m + 1,m + 2,...,2m — 1}, group A,; etc.
In generalthe setof run-lengths{(k — 1)m, (k — 1)m +
1,(k—1)m+2,...,km — 1} comprisegroupAy [6]. To
eachgroup Ay, we assigna groupprefix of (k — 1) 1sfol-
lowed by a 0. We denotethis by 1¢=1)0. If m is chosen
to bea power of 2 i.e., m = 2%, eachgroupcontains2?
membersaanda log, m-bit sequencétail) uniquelyidenti-
fieseachmembemwithin the group.

The proposedmethoddiffers from [7] in that no sepa-
rateCSRis used;insteadtheinternalscanchainis usedfor
patterndecompressioand the fault-freeresponsesf the
coreundertestareusedto generatea differencevectorset
Tj}f s+ Givenan(ordered)precomputedestsetTp, the set
of correspondindault-freeresponse® = {r1,r2,...,rn}
is usedto generatdhe testpatterns.The differencevector
setTyi;, is now givenby: Tj .. = {di,ds, osdn} =
{t1,71 ® ta, 72 D t3,...,Tn_1 @ tn}, Wherer; is thefault-
free responseof the core undertestto patternt;. A test
architecturébasecbn theuseof T %,  is shavnin Figure2.

As obsenedin [7], testdatacompressioris moreeffec-
tive if Tp consistof testcubescontainingdon't-carebits.
In orderto determineT';¢ . . in suchcaseswe needto assign
appropriatéinaryvaluesto thedon't-carebits andperform
logic simulationto obtainthe correspondindault-freere-
sponses(In generalthe simulationmodelfor thecorepro-
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Figure 3. An exampleto illustratethe procedurefor de-
riving 753 4.

videdby thecorevendorcanbeusedo obtainthefault-free
responses.Jirst, we setall don't-carebits in t1, thefirst
patternin Tp, to Osandusethe logic simulationengineof
FSIM [9] to generatéhefault-freeresponse; .

The problem of determiningthe besttest orderingis
equialentto the NP-CompleteTraveling Salesmarprob-
lem. Therefore,we usea greedyprocedure. Supposea
partial orderingt; t- . . . t; hasalreadybeendeterminedor
the patternsin 7. To determinet;;1, we first determine
r; using FSIM and then calculatethe Hammingdistance
HD(r;,t;) betweernr; andall patterng; thathave notbeen
placedin theorderedist. We selectthepatternt; for which
HD(r;,t;) is minimumandaddit to the orderedlist, de-
notingit by ¢;,1. All don't-carebitsin ¢;; aresetto the
correspondingpecifiedbit in ;. We continuethis process
until all testpatternsin Tp are placedin the orderedlist.
Figure3 illustratesthe procedureor obtainingTj}ff from
Tp.

For mostscanchainsin IP cores,the numberof inputs
drivenby thescancellsis notequalto thenumberof outputs
which feedthe scanchain. The compressiomprocedurean
be easilyaugmentedo handlethesecases. However, the
detailsarenot presentedheredueto lack of space.

An on-chip decoderdecompressethe encodedestset
Tg and produces:l“ﬂff. The exclusive-orgateandthe in-
ternalscanchainareusedto generatéhetestpatterndrom
thedifferencevectors.Thedecodecanbeefficientlyimple-
mentedby a log, m-bit counterand a finite-statemachine
(FSM). The synthesizedlecode~SM circuit containsonly
4 flip-flops and34 combinationabateq7].

3 Analytical results

In this section,we analyzethe testingtime for a single
scanchainwhenGolombcodingis employed with the test
architectureshawvn in Figure2. Fromthe statediagramof
the Golombdecode([7], we notethateach'l’ in the prefix
parttakesm cyclesfor decoding,eachseparatofQ’ takes



onecycle,andthethetail parttakesamaximumof m cycles
andaminimumof y = log, m + 1 cycles.

Let n. be the total numberof bits in Tg, andr be
the numberof 1sin Tﬂff. Tg containsr tail parts,r
separator0s, and the numberof prefix 1s in Ty equals
ne—r(1+log, m). Thereforethemaximumandminimum
testingtimes (7 uaz and Trin, respectiely), measuredy
thenumberof cycles,aregivenby:

Tmaz (ne —r(1 +logym))m + 7+ mr
Tmin = (ne —r(14logym))ym +1r+yr

Hence,the differencebetweeny,,,,., and7,,;, is given
by 0T = Tmaz — Tmin = 7(m — log, m — 1). We will
malke useof thisresultin Sectiord.

A majoradvantageof Golombcodingis thaton-chipde-
coding can be carried out at scanclock frequeny fscqn
while T canbe fed to the core undertestwith external
clockfrequeng fez: < fscan. Thisallowsusto useslower
testerswithoutincreasinghetestapplicationtime. The ex-
ternalandscanclocksmustbe synchronizede.g. usingthe
schemedescribedn [10], and fscan = M fezt, Wherethe
Golombcodeparametern is usuallya power of 2. We now
presentinanalysisof testingtime using fscan = M fegt-

Let the ATPG-compactetestsetcontainp patternsand
let the lengthof the scanbe n bits. Therefore the size of
the ATPG-compactetkstsetis pn bits andthetestingtime
Tarpc equalspn externalclock cycles. Next, supposeéhe
differencevectorT’% ; , obtainedrom theuncompactetest
setcontainsr 1s andits Golomb-codedestset Ty con-
tain n. bits. The maximumnumberof scanclock cycles
requiredfor applying the test patternsusing the Golomb
codingschem@s 7,4, = mn, — r(mlog, m — 1).

Now, the maximum testing time = (seconds)when
Golombcodingis usedis givenby

T = Tmaw/fscan = (mnc - T(m 10g2 m — 1))/fscan

andthe testingtime 7' (secondsfor externaltestingwith
ATPG-compactegatternsis givenby 7 = pn/fes: =
pnm/ fscan. If testingis to be accomplishedn 7* sec-
onds using Golomb coding, fscan Mustequal Tpes /7,
i.e. fscan = (mn, — r(mlogym — 1))/7*. This is
achievedusinga slow externaltesteroperatingat frequeng
fext = [scan/m. Onthe otherhand,if only externaltest
is usedwith the p ATPG-compactegatternsthe required
externaltesterclock frequeny f.,, equalspn/7*. Let us
taketheratioof f!,, betweenf.,;:

ext _ PRJTC pn

E B fscan/m B N —Tloggm—l-r/m'

Experimentalresultspresentedn Section5 shav that
fl.¢ 1s muchgreaterthan f.,:, thusGolombcodingallows
usto decreasgéhevolumeof testdataanduseaslowertester
withoutincreasingestingtime.
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Figure 4. SOCchannekelectoifor applicationto multi-
ple coresandmultiple scanchains.

We next analyzethe amountof compressionthat is
achieved using Golomb coding of a precomputedest set
Tp. Theoreml providesan easy-to-computboundon the
sizeof the encodedestsetTy. (The proofis omitteddue
to lack of space.)This bounddepend®nly onthe precom-
putedtestsetTp andis independentf the fault-freere-
sponselt canthereforebe obtainedwithout any logic sim-
ulation. We list theseboundsfor several ISCAS 89 circuits
in Section5.

Theorem1 Letthenumberof don't caresin Tp beng. If
Ttﬁff is encodedusing Golombcodewith parameterm,
anupperboundonthelengthG of theencodedsequences
givenby G < n/m+(n—ng)log, m+(n—ng)(1—1/m).

4 Interleaving decompressionarchitecture

We next presentininterleaving decompressioarchitec-
ture which allows the concurrentestingof multiple cores
usingasingleATE I/O channeltherebyincreasinghe ATE
I/O channekapacity

As showvnin [7], theFSMin thedecoderunsthecounter
for m decodecycleswhenereral is recevedandstartsde-
codingthetail assoonasa  is receved. Thetail decoding
takesat mostm cycles. During prefix decoding the FSM
hasto wait for m cyclesbeforethe next bit of the prefix can
be decoded. Therefore we canuseinterleaving to testm
coregqor feedm scanchains}togetheysuchthatthedecoder
correspondingo eachcoreis fed with encodedrefix data
after every m cycles. Wheneser the tail is to be decoded
(identifiedby a 0 in the encodedit stream) the respectre
decodeiis fed with the entiretail of log, m bitsin asingle
burstof log, m cycles. The SOCchannelselectorconsist-
ing of ademultiplexer, alog, m counteranda FSMis used
for interlearing; seeFigure4.

First, the encodedest datafor m coresare combined
to generatea compositebit streamT thatis storedin the
ATE. T¢ is obtainedby interleaving the prefix partsof the
compressetestsetsof eachcore,but thetails areincluded
unchangedNext, T is fed to the FSM, which is usedto
detectthe beginning of eachtail andto feedthe demulti-
plexer. An i-bit counter(i = log, m) is usedto selectthe
outputsto the decoder®f thevariouscores.
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Figure 6. Timing diagramfor the SOC channelselector
FSM (m = 4).

The FSM generateshe clk_stop signalto stopthe i-bit
counter The data_in is the input to the FSM, data_out
is the outputandsignalsv;, andwv,,; areusedto indicate
thattheinput andoutputdatais valid. Thei-bit counteris
connectedo the selectlines of the demultiplecer andthe
demultiplexer outputsare connectedo the decodersf the
differentscanchains.Every scanchainhasa dedicatedie-
coder If the FSM detectghata portion of the tail hasar-
rived, the O thatis usedto identify the tail is passedo the
decoderandthe clk_stop goeshigh for the next m cycles.
The output of the demultiplecer doesnot changefor this
periodandthe entiretail of lengthlog,, m-bits is passedn
continuouslyto theappropriatecore.

Thestatediagramof theFSMfor m = 4 is shavnin Fig-
ure5. TheFSMis fedwith T correspondingpo four differ-
entcores.lt remaindn stateS0 aslong asit recevesthe1ls
correspondingo the prefixes. As soonasa 0 is receved, it
outputsthe entiretail unchangeé&ndmalkesclk_stop high.
This stopsthei-bit counterandpreventsary changeat de-
multiplexeroutput.As shavn in thetiming diagramof Fig-

ure6, whenevera0 is receized,the SOCchannekelection
remainsunchangedor the next (1 + m) cycles. We devel-
opeda Verilogmodelfor theFSMfor m = 4 andsimulated
it usingZ- = 1010110011011. The gate-level circuit ob-
tainedusing Synopsy®esignCompilerconsistof only 4
flip-flopsand17 gates.

As discussedn Section3, the differencein 7,4, and
Toin 1S givenby 8T = r(m — log, m — 1). Thereforethe
differencebetweenmaximumand minimum testingtimes
for asingletail is 6t = (m — log, m — 1). If werestrictm
to besmall,i.e. m < 8, 6t < 4. In this case the decode
FSMcanbeeasilymodifiedby introducingadditionalstates
to the Golombdecode~SM of [7] suchthatthetail decod-
ing alwaystakesm cyclesandét = 0. For example,only
threeadditionalstatesare requiredto make tail and prefix
decodingeyclesequalfor m = 4.

The additionalstatesdo not adwerselyaffect the testing
time andthe hardwareoverheadsignificantly For m cores,
thedecodingimet;,;; for theseparatoandthetail is given
by tia = 3oy (rj + mr;) = (1 4+ m)R, whereR =
>, rj. Sinceall the prefixesof the coresaredecodedn
parallel, the numberof cyclest,,. i, requiredfor decod-
ing all the prefixesin T is equalto the numberof 1sin
the prefix of the corewith the maximumencodedestdata.
Thereforefpre iz = max;{(nc; — ri(1 +logy m))m} =
(nc,maz — "maz (1 +10gy m))m, wherenc ; andr; arethe
numberof encodedbits in T andnumberof 1sin Ty, ¢
for thei*" corerespectiely, andnc, maz andromq, arethe
numberof bitsin Tr andnumberof 1sin Ty, for thecore
with thelargestencodedestdata. Therefore the total test-
ing time 77 for m coresusingtheinterleasing architecture
is givenby

7-1 = tprefi:c + tiail
= (n¢,maz — Tmaz (1l +1ogy m))m + (1 + m)R.

Let usnow determinghetestingtime 7n; (NI denotes
non-interleged)requiredif all the coresweretestedoneby
oneindependentlysinga singleATE I/O channel.

TNI = Z{(n(;,j — Tj(]. + 10g2 m))m} + (1 + m)R

— m|Tc| - R(mlogym — 1),

where|T¢| denoteshe numberof bitsin T¢. The differ-
encebetweerthe interleared andthe non-interleaed test-
ing timesis givenby Tnr — 71 = m(|T¢| — nc,maz) > 0,
SINCeNnc,maz > Tmae aNdTc > R.

It is evidentfrom the above analysisthat the interleas-
ing architectureeducegestingtime andincreaseshe ATE
channebandwidth.

5 Experimental results

In this section, we presentexperimental results on
Golomb codingfor the six largestISCAS 89 benchmark



Golombcodingusingtest Golombcodingusingtestpatterns
patternsonly [7] andinternalscanchains

Best | Sizeof Size Best Size Sizeof Sizeof

value test Best of value test Best of Upper | Mintest

of set compression| Tg of set compression| Tg bound | testset

Circuit m (bits) (percent) (bits) m (bits) (percent) (bits) (bits) (bits)
s9234 4 39273 43.34 22250 4 39750 43.40 22495 | 30273 | 25935
s13207 | 16 165200 74.78 41658 | 32 186440 81.16 35122 | 54589 | 163100
s15850 4 76986 47.11 40717 8 86184 64.51 30581 | 51150 | 57434
s38417 4 164736 4412 92054 4 172458 47.18 91088 | 134950| 113152
s35932 | 512 | 4007299 98.51 59573 | 2048 | 4655104 99.42 26885 | 32355 | 19393
s$38584 4 199104 47.71 104111| 8 235280 61.79 89884 | 120350| 161040

*Thetestsetusedhereis obtainedfrom Atalanta[11]. (The Mintesttestsetwith dynamiccompactioris almostfully compacted.)

Table 1. Experimentatesultson testdatacompressiomsingGolombcodes.

circuits. We usedtest cubes(with dynamiccompaction)
obtainedusing Mintest [4]. The results shawvn in Ta-
ble 1 demonstratehat significantamountof compression
is achievedif Golombcodingis appliedto differencevec-
tors obtainedfrom thetestsetandthefault-freeresponses.
The upperboundvalues(derived from Theoreml) repre-
senttheworst-caseompressionthatcanbe achievedusing
Golombcodes. The upperboundis an importantparam-
eterwhich canbe usedto determinethe suitability of the
proposednethod.

Table 2 demonstrateshat Golomb coding allows us
to usea slower testerwithout incurring ary testingtime
penalty As discussedn Section3, Golomb coding pro-
videsthreeimportantbenefits: (i) it significantlyreduces
thevolumeof testdata,(ii) thetestpatternscanbeapplied
at the scanclock frequeng fs.. Usingan externaltester
thatrunsatfrequeny fezt = fscan/m, and(iii) in compas
isonwith externaltestingusingATPG-compacte@atterns,
thesameestingtimeis achievedusingamuchslowertester
Thethird issueis highlightedin Table2.

6 Conclusions
We have shavn thattheuseof Golombcodesandthein-

ternalscanchainsof the embeddedoresoffers significant
testdatacompressioffior SOCsJeadingto reductionn ATE
memoryandtestingtime. We have alsopresented novel
interleaving decompressioarchitecturehat allows testing
of multiple coresin parallelusinga single ATE 1/O chan-
nel. This reduceghe testingtime of an SOC further and
increaseghe ATE 1/O channelcapacity We have shavn
thattestdatacompressioralsoallows a slower testerto be
usedwithoutary reductionin testingtime.

Experimentalresultsfor the ISCAS benchmarkshav
thatthe proposedschemes very efficient for compressing
testdata.We arecurrentlyextendingthetestarchitecturg¢o
ensureahatcertainpatternsarenot appliedto thecoreunder
testdueto constraintsuchasbuscontention.
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Circuit | m r Ne pn fewt] feat
s9234 | 4 5113 | 22495 | 25935 1.914
s13207| 32 | 5111 | 35122 | 163100 16.768
s15850| 8 5542 | 30581 | 57434 3.921
s38417| 4 18924 | 91088 | 113152 1.951
s38584| 8 | 16814 | 89884 | 161040 3.875

Table 2. Comparisorbetweenf.,: requiredfor Golomb-
codedtestdataand f.,, requiredfor externaltestingusing
ATPG-compacte@atterngfor the sametestingtime).

theinternalscanchainfor patternapplication.
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