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Abstract

This paperpresentsa new techniqueor power minimizationduringtestapplicationin sequen-
tial circuitsusingmultiple scanchains.Thetechniques basedon a new designfor test(DFT)
architectureanda novel testapplicationstrategy which reducesspurioustransitionsin the cir-
cuitundertest. To facilitatethereductionof spurioudransitionstheproposedFT architecture
is basedn classifyingscanlatchesnto compatiblejncompatibleandindependenscanlatches.
Basedon their classificatiorscanlatchesare partitionedinto multiple scanchainsanda single
extra testvectorassociateavith eachscanchainis computed.A new testapplicationstrateyy
which appliesthe extra testvectorto primary inputswhile shifting out testresponse$or each
scanchain, minimizespower dissipationby eliminatingthe spurioustransitionswhich occur
in the combinationapartof the circuit. The newly introducedmultiple scanchain-basedech-
niquewhichreliesonextratestvectorsandmultiple scanchainsdoesnotintroduceperformance
degradationandminimizesclock treepower dissipationwith minimal impacton bothtestarea
andtestdataoverheadUnlike previousapproachewhich aretestsetdependenandhenceare
not ableto handlelarge circuits dueto the compleity of the designspace this papershowns
thatwith low testareaandtestdataoverheadsubstantiakavings in power dissipationduring
testapplicationareachiezedin very low computationatime for bothsmallandlarge tests.For
example,in the caseof benchmarkecircuit s15850it takes < 600sin computationatime and
< 1%in testareaandtestdataoverheado achiese over 80% savingsin power dissipation.



1 Intr oduction

Minimization of power dissipationin very large scaleintegrated(VLSI) circuitsis important
to improve thereliability andreducepackagingcosts[1]. Thisindicatesthatfuture successful
portableapplicationswill dependchotonly onlow-powerdesignmethodsut alsoonnew design
for testability (DFT) techniguegargetinglow-power VLSI circuits. Numerougechniquedor

investigatingpower minimizationduringthe normal(functional)mode[2] have beenproposed.
Also it is importantto examinethe power dissipationduringthe testingmode[3, 4] mainly for

the following two reasons.Firstly it wasoutlinedin [1] that power dissipatedduring testap-

plicationis substantiallyhigherthan power dissipatedduring functional operationwhich can

decreasehe reliability of the circuit undertestdueto highertemperatureandcurrentdensity

Secondlytheexcessve power/groundnoisecausedy the high rateof currentflowing in power

andgroundlinescanerroneouslychangehelogic stateof circuit linescausingsomegooddies
to fall the test[5] leadingto yield loss. While minimizing power dissipationin full scanse-
guentialcircuitsis thefocusof this paperin orderto provide ameaningfulunderstandingf the

novel proposedapproactacomprehensiereview of sourceof higherpower dissipationduring

testapplicationandlow power testingtechniquess givenin sectionsl.1andl1.2. Motivations
andobjectvesof the proposedvork arepresentedn sectionl.3.

1.1 Sourcesof higher power dissipation during testapplication

Dependingonthelevel of abstractiorandcircuit type, high power dissipationduringtestappli-

cationis dueto thefollowing problems:

i. Systemswvhich comprisemodernmemorysystemsandmultichip modules(MCMs) em-
ploy power-consciousarchitecturaldecisionswhereblocks are not simultaneouslhacti-
vatedunderfunctionaloperation[6]. Hence,inactive blocksdo not contritute to power
dissipatiorduringthefunctionaloperation.However, whenthe systemis in thetestmode
of operation,concurrentexecutionof testsin mary blockswill resultin substantially
higherpower dissipatiorwhencomparedo functionaloperation.

ii. Low power combinationakircuits are synthesizedy algorithms[2] which seekto op-
timize the signal or transitionprobability of circuit nodesusingonly the spatialdepen-
denciesinside the circuit assumingthe transition probabilitiesof primary inputsto be
given. However, the complex spatiotemporatorrelationsvhich occuratthe primaryin-
putsmustbe considered2]. Thisis of furtherimportanceduringtestapplicationsince



correlationbetweerconsecutie testvectorsgeneratedhy anautomatidestpatterngener
ator(ATPG)is verylow, becausatestvectoris generatedor a giventargetfault without
ary consideratiorof the previoustestvectorin thetestsequenceThelow correlationbe-
tweenconsecutie testvectorsduringtestapplicationleadsto substantiallyhigherpower
dissipatiorwhencomparedo functionaloperation.

lii. Low power sequentiatircuitsaresynthesizedby stateassignmenéalgorithmswhich use
statetransitionprobabilities[2]. Thestatetransitionprobabilitiesarecomputedassuming
input probability distribution and statetransitiongraphwhich is valid during functional
operation.Thesetwo assumptionsrenot valid during the testmodeof operationwhen
scanDFT techniqueis employed. While shifting out testresponsesthe scanlatches
areassignediuncorrelatedsaluesthat destry the correlationbetweensuccessie states.
Furthermorejn the caseof datapath circuits with large numberof statesthat are syn-
thesizedor low power usingthe correlationsetweerdatatransferq?2], in thetestmode
scanregistersareassignedincorrelatedalueswhich areneverreachediuringfunctional
operationeadingto substantiallyhigherpower dissipation.

1.2 Previouswork on low power testing

This sectiongivesa comprehensiereview of recentlyproposedolutionsfor solvingproblems
(i) - (iii) of sectionl.1.

Problem (i): To overcomethe problemof high power dissipationduring testapplicationat

the systemlevel , numerougpower-constrainedestschedulingalgorithmshave beenproposed
underbuilt-in self-test(BIST) ervironment[1, 6—-11]. The approachn [1] scheduleghetests
underpower constraintdy groupingand orderingbasedon floorplaninformation. A further
explorationin the solutionspaceof the schedulingproblemis providedin [6] wherearesource
graphformulationfor the testproblemis given and testsare schedulecconcurrentlywithout

exceedingtheir power ratingsduring testapplication. To overcomethe identificationof all the

cliguesin a graphandthe covering table minimization problemappliedin [6], which arewell

known NP-hardproblems,the solution proposedn [7] usesthe left edgealgorithmandtree
growing techniqueasan heuristicfor the block testschedulingoroblem. Several solutionsfor

schedulingestsunderpower andareaconstraint§8—11] have recentlybeenproposed.How-

ever, all the previous approachesassumeBIST ervironmentwhich tradesoff high testarea
overheadandtestapplicationtime at the expenseof lower power dissipationduringtesting.



Problem (ii): A new ATPG tool [5] was proposedo overcomethe low correlationbetween
consecutre testvectorsduringtestapplicationin combinationatircuits. Despiteachieving the
objectivesof safeandinexpensve testingof low power circuits the approachn [5] increased
the testapplicationtime. A differentapproachfor minimizing power dissipationduring test
applicationin combinationatircuits (problemii) is basedntestvectorordering[12—15]. Test
vectororderingis donein a post-AI PG phasewith no overheadn testapplicationtime since
testvectorsare reorderedsuchthat correlationbetweenconsecutie testvectorsmatcheshe
assumedransitionprobabilitiesof primaryinputsusedfor switchingactvity computatiordur-
ing low power logic synthesis However the computationatime in [12] is very high dueto the
compleity of testvectororderingproblemwhichis reducedo finding a minimum costhamil-
tonian pathin a complete,undirected,and weightedgraph. The high computationakime is
overcomeby thetechniquegproposedn [13—-15]wheretestvectororderingassumesigh cor-
relationbetweenswitchingactvity in the circuit undertestandthe hammingdistancg13, 14]
or transitiondensity[15] at circuit primaryinputs. For combinationaktircuitsemploying BIST
severaltechniquedor minimizing power dissipationhave beenproposedecently[16—-23]. In
[16] the useof dual speedinearfeedbackshift register(LFSR)lowersthe transitiondensityat
thecircuit inputsleadingto minimizedpower dissipation.Optimal weight setsfor input signal
distribution aredeterminedn orderto minimize averagepower [17], while the peakpower is
reducedby finding the bestinitial conditionsin the cellular automatgCA) cells usedfor pat-
terngeneratior{18]. It hasbeenprovedin [19] thatall the primitive polynomialLFSR of the
samesize,producethe samepower dissipationin the circuit undertest,thusadvisingto usethe
LFSRwith smallernumberof XOR gatessinceit yields lowestpower dissipationby itself. A
mixedsolutionbasedon reseedind. FSRsandtestvectorinhibiting to filter few non-detecting
subsequencesf a pseudorandontestsequencéiasbeenproposedn [20]. An enhancement
of testvectorinhibiting techniquehasbeenproposedn [21] whereall the non-detectingub-
sequencearefiltered. A differentapproachor filtering non-detectingrectorsinspiredby the
precomputatiormrchitecturdas presentedn [22]. An improvementin areaoverheadassociated
with filtering non-detectingzectorswithout penaltyin fault coverageor testlengthhasbeen
achiezed usingnon-linearhybrid cellularautomatg23]. Regardlesf the type of testpattern
generatqrBIST architecturesignificantlydiffer from oneanotheiin termsof powerdissipation
asoutlinedin [24]. Thus,circuit partitioningfor low power BIST andtestsessiorplanninghave
animportantinfluenceon power dissipatiorasshown in [25]. Regularity of multiplier modules
andlinearsizedtestsetrequiredto achieve high fault coveragdeadto efficientlow power BIST
implementationgor datapaths[26]. Althoughthetechniquegproposedor minimizing power



dissipationduring testapplicationin combinationakircuits achievze goodresults,differentap-
proachesrerequiredfor sequentiatircuitswherebothDFT methodologyandtestapplication
strateyy have a strongimpacton power dissipation.

Problem (iii) : To minimize power dissipationin nonscansequentiatircuits duringtestappli-
cationa testpatterngeneratiormethodologyfor low power dissipationhasbeenproposedn
[27]. The methodologyis basedon threeindependenstepscomprisingredundantestpattern
generationpower dissipationmeasuremerandoptimal testsequenceelection. The method-
ologywhichis basedn geneticalgorithmsachiezesconsiderablsavingsin power dissipation,
however cannotbe appliedto scansequentiakircuits whereshifting power dissipationis the
major contributor to total power dissipation. To minimize shifting power dissipationin scan
sequentiatircuits, testvectorinhibiting techniquegproposedor combinationaktircuitsareex-
tendedto scansequentiatircuits[28]. In [29] the testvectorinhibiting techniques extended
wherethe modulesand modeswith the highestpower dissipationare identified, and gating
logic to reducepower dissipationhasbeenintroduced. Despitesubstantiakavings in power
dissipationvectordetectionand gatinglogic introducenot only significantareaoverheadobut
alsoconsiderablgerformancedegradationfor modified scancell design. In [30] a new scan
BIST structurehasbeenproposedasedon the experimentalobsenationthata very high fault
coveragecanbe obtainedby a smallnumberof clustersof testvectors. Although not targeted
specificallyfor low power dissipationduring testapplicationthe approachn [30], yields high
fault coveragewith correlatedscanpatternswhich will alsoleadto lower power dissipation.
A similar approachs employedin thelow transitionrandomtestpatterngenerato(LT-RTPG)
proposedn [31], whereneighbouringbits of the testvectorsare assigneddentical valuesin
mosttestvectors. A simple andfastprocedureto compactscanvectorsas muchaspossible
without exceedingpower dissipationhasbeenproposedn [32]. All the previous scan-based
BIST techniqueg28-32] introducetestareaoverheadand/orfurther performancelegradation
when comparedo scanDFT methodology A differenttechnique[12] basedon testvector
andscanlatchorderingminimizespower dissipationn full scansequentiatircuitswithoutary
overheadn testareaor performancelegradation.Furtherbenefitof the post-ATPG technique
proposedn [12] is thatminimizationof power dissipationduring testapplicationis achieved
without ary decreasen fault coverageand/orincreasean testapplicationtime. However, the
techniquds testsetdependenandcannotsignificantlyreducepower dissipationdespitealarge
computationatime requiredto explore the large designspace.Furthermorefor circuits with
large numberof scanlatchesthe techniqueproposedn [12] is infeasiblesincecomputational
time requiredto computethe costfunction of eachsolutionin the large designspacejs unac-



ceptablylarge. A furtherenhancemendf the techniqueproposedn [12] canbe achieved by

defining novel testapplicationstratgies sincethe value of primary inputsis irrelevant while

shifting outtestresponseddence animprovementto scanlatchandtestvectororderingbased
on primary input freezinghasbeenproposedn [33]. The approachdoesnot introducearea
overheadbr furtherperformancelegradationhoweverit requireshigh computationatimesfor

large circuits. A differentapproachto achieve power savingsis the useof extra primary input

testvectorsandhencesupplementaryolumeof testdata[34,35]. Thetechniqueproposedn

[34] exploits the redundaninformationthat occursduring scanshifting, testapplicationand
responsecaptureto minimize switching actwity in the circuit undertest. Despiteachieving

considerablg@ower savingsthe techniquerequiresong testapplicationtime andlarge volume
of testdata. The volumeof testdatais reducedn [35] wherea D-algorithmlik e patterngen-
erator[36] is developedto generatea single control patternto maskthe circuit actvity while

shifting out response.The input control techniqueproposedn [35] canfurther be combined
with previously proposedscanlatch andtestvectorordering[12] to achieve, however, modest
savingsin power dissipation. Moreover, both approache®asedon extra testvectors[34, 35]

requirehigh computationatime andhenceareinfeasiblefor large sequentiatircuits.

1.3 Motivation and objectives

The aim of this paperis to reducepower dissipationin scansequentiakircuit (problemiii).
Despitetheir benefitsin lowering power dissipationduring testapplication,the previously de-
scribedtechnique$12,28-35]areinefficientdueto oneor moreof the following problems:

a. testareaoverheadassociateavith detectionlogic [28,29] requiredto find non-essential
vectors(i.e. vectorswhich do not contributeto anincreasen fault coverage).

b. performancealegradationassociateavith modifiedscancell design[29].
c. largetestapplicationtime requiredto achieve significantpower savings[29-32,34].

d. clocktreepower dissipationis tackledby clock gatingonly for nonessentialestvectors
[29].

e. high numberof extra testvectors[34] emepgesasa problemto testerswhich needto
changeo supportthe large volumeof testdata[37].

f. computationatime maybeprohibitively large hinderingthe explorationfor largesequen-
tial circuits[12,33-35].



The previous techniqueg12,28-35] proposedseparatesolutionsfor solving one of the prob-
lems(a) - (f) at the expenseof the other problems. For examplewhile testvectorinhibiting
techniqueg428, 29] achiave goodsavingsin power dissipation,considerablareaoverheador
detectionlogic is introduced(problema) or further performancelegradations incurred(prob-
lem b). Onthe otherhandtechniquesasedon adjacenpatternd30-32] requireconsiderable
testapplicationtime (problemc). Furthermoreclock treepower dissipation(problemd) which
canbe up to onethird of total power dissipation[38] is tackledonly in [29] wherethe clock
is gatedonly for non-essentidlestvectors. This impliesthatfor essentialvectorsthereareno
savingsin clocktreepowerdissipation.Thetechniquegproposedn [34] necessitategnincrease
of (mxp)/(m+ p) in the volume of testdatawherem is the numberof scanlatchesand p is
the numberof primaryinputs. While volumeof testdata(probleme) wasnot a concernin the
pastfor smallto mediumsizedcircuitsit is recentlyemeging asa problemfor testerswhich
needto changeo supportthe large volumeof testdata[37]. Thetechniqueproposed35] over-
comegheproblemwith large volumeof testdataby computinga singleextra vector However,
it yields modestsarings in power dissipationdueto inability to fully maskthe actuity in the
combinationapartof thecircuit. Furthermoreto achieve goodfault coveragebothtechniques
basedn extravectorg34,35] requirelongertestsequenceandhencebothhighertestapplica-
tion time (problemc) andcomputationatime (problemf). Finally techniquesvhich operatan
apost-ATPG phasg12, 33] usingcompacttestsetsfor high fault coveragerequirehugecom-
putationaltime (problemf) sincethey arestronglytestsetdependenandrequireprobabilistic
optimization.

The aim of this paperis to introducea new techniquefor power minimizationduring test
applicationin full scansequentiatircuitsbasedon a novel DFT architecturenvhich eliminates
all theabore mentionedproblemga)- (f). TheproposedFT architecturas basedn partition-
ing scanlatchesinto multiple scanchainswhich reduceghe clock tree power dissipationand
doesnot have performancepenalty A new testapplicationstratey for the proposedFT ar
chitecturewhich appliesasingleextratestvectorwhile shifting outtestresponsefor eachscan
chainis presented.The multiple scanchain-basedpproachfor power minimizationwhich is
testsetindependenis applicableto bothnon-compacandcompactestsetsleadingto low test
applicationtime. This papershows thatwith low testareaandtestdataoverheachigh saszings
in power dissipationduringtestapplicationin largefull scansequentiatircuitsareachievedin
low computationatime.



2 Background and Definitions

In thefollowing, a brief review of the standardestterminologyandpower dissipationconcepts
whichwill beusedthroughouthe paperarepresented.

The controlling valuefor a gateis a singleinput valuethatuniquelydetermineghe output
to aknown valueindependenof the otherinputsto thegate.For example thecontrollingvalue
for OR gateis 1, andfor AND gateis 0. If the value of aninputis the complementf the
controllingvalue,thentheinput hasa noncontolling value. A pathis a setof connectedjates
andwires. A pathis definedby a singleinput wire anda singleoutputwire pergate.A signal
is anon-inputif it is on thetarget path. A signalis an off-input (sideinput) if it is aninputto
agatewhichis on atamgetpathbut is notanon-input. If two faultscanbe detectedy asingle
testvector they arecalledcompatiblefaults. Consequentlytwo faultsarecalledincompatible
faults, if they cannotbe detectedby a singletestvector A testvectorfrom a giventestsetis
calledanessentiatestvector if it detectsatleastonefaultthatis notdetectedy ary othertest
vectorin thistestset. A testvectoris non-essentialvith respecto agiventestsetif all thefaults
detecteduy it arealsodetectedy othertestvectorsin the giventestset. A testsetdependent
approachfor power minimizationis dependenbn the size andtype of the testsetemployed
duringtestapplication.A testsetindependenapproacHor power minimizationdependsnly
on circuit structureandsavings areguaranteedegardlesf the sizeandtype of testset.

Power dissipationin digital CMOS circuitsis divided into staticanddynamicpower. The
staticpower is considerechggligible whencomparedo the dynamicpower in digital CMOS
circuits[39]. If the gateis part of a synchronoudligital circuit controlledby global clock, it
followsthatthe dynamicpower dissipationPy is calculatedusing:

Pg = 0.5 x Cioad X (V3p/Teye) X N (1)

whereCio,4 is theloadcapacitanceypp is thesupplyvoltage,Teyc is theglobalclock cycle, and
Ng is the total numberof gateoutputtransitions(0 — 1 or 1 — 0). SincesupplyvoltageVpp
andglobal clock cycle Teyc aredesignconstraintsthey arenot underdesignercontrol. Thus,

nodetransitioncount
NTC = Z NG X Cioad (2)
for all gatesG

is reportedas quantitatve measurefor power dissipationthroughoutthe paper It hasbeen
assumedhatload capacitancéor eachcombinationalyateis equalto the numberof fan-outs.
Thenodetransitioncountin scanlatchesNg is consideredsin [12], whereit wasshawn that
for input change) — 0 and1 — 1, Ng_;,, = 2, whilst for input change0 —+ 1 and1 — O,

Ng . = 6.



3 Power Minimization in Full ScanSequentialCir cuits Based
on Multiple ScanChains

In this sectiona new techniqueor power minimizationin full scansequentiatircuitsbasedn
multiple scanchainsis introduced. Section3.1 overviews the proposeddesignfor testability
(DFT) architecturefor power minimization. Section3.2 definescompatible jncompatibleand
independenscanlatchesandtheir importancefor partitioningscanlatchesinto multiple scan
chains,as describedin section4, is explainedthroughexamples. Interestingly althougha
previousapproacH34] usedtheterm”independent”they actuallyclassifiedprimaryinputsas
independenandnot scanlatchesasit is thecasen section3.2. Thereforethereis no similarity
betweerthepreviousapproach34] andtheproposedlassificatiorbeyondaccidentasameness
of terminology Finally section3.3 givesanimportanttheoreticakresultshoving theadwantage
of theproposedFT architecturdrom the clock treepower dissipationstandpoint.

3.1 ProposedDesignfor Testability Ar chitecture UsingMultiple ScanChains

TheproposedFT architecturaisingmultiple scanchainsSCy. . .Cy_1 is illustratedin Figure
1. Thescaninput Scanin is routedto all scanchainswhile the scanoutputScanOu is selected
from theoutputof eachscanchain.ScanchainsSCy. . .SCy_1 areoperatedisingnonoverlapping
clock signalsCLKjy. ..CLKy_1. Nonoverlappingclock signalsgatethe systemclock CLK using
a scancontrol register which hasthe numberof latchesequalto the numberof scanchains.
While shifting outtestresponsethroughscanchainSC;, only the bit positioni of scancontrol
registeris setto 1 while the otherpositionsareset0. This is easilyimplementedoy shifting
the valueof 1 throughscancontrol registerusingthe extra scanclock SCLK. Beforestarting
thefirst scancycle, theinitial vector10...00is setup in thescancontrolregisterusingthescan
inputScanin. Thereafterfor eachscancycle,the10...00valueis propagatedircularlythrough
the scancontrol registerasshowvn in Figurel. It shouldbe notedthatwhenthe circuit under
testis in thetestmodeall thefaultsin theextralogic areobsenablethroughScanOu line using
thetestdatawhichis shiftedthroughthek scanchainsandcontroldatashiftedthroughthescan
controlregister Thereforethe extra testhardwaredoesnot reduceary decreasén fault cover-
age.Duringthenormaloperatiorof thecircuit CLKp. . .CLKy 1 areactve atthesamdimesince
whennormal/tessignalN/T is 1 theoutputof extra OR gatess 1 andthesystenclock CLK is
not gatedby the scancontrolregister To provide a brief overview of thetestapplicationstrat-
egy for theproposedFT architectureyhile shifting out testresponsepresenin scanlatches
from scanchainSC;, primaryinputsaresetto extratestvectorEV; which eliminatesthe spuri-



oustransitiong(Definition 1 from section3.2) thatoriginatefrom scanlatchesfrom scanchain
;. NotethattheproposedFT architecturaloesnotintroduceperformancelegradatiorsince
extratesthardwareis notinsertedon critical paths.Further the extratesthardwarerequiredby
the scancontrol registerandselectionlogic canbe specifiedat the gatelevel andsynthesized
with therestof the circuit which makesthe proposedFT architecturesasilyembeddablen
the existing VLSI designflow. The algorithmfor partitioning scanlatchesinto multiple scan
chainsis describedn section4.1, while the new testapplicationstratey usingmultiple scan
chainsandextra testvectorsis describedaterin section4.2. Beforedescribinggeneratiorof
multiple scanchains,scanlatchesneedto be classifiedinto threebroadclassesasdescribedn

thefollowing section.
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Figurel: ProposedFT architecturdbasedn multiple scanchains.



3.2 Compatible, Incompatible and IndependentScanLatches

In orderto partition scanlatchesinto multiple scanchains they needto be classifiedinto three
broadclassescompatible incompatibleandindependenscanlatches.It shouldbe notedthat
scanlatch classificationis not doneexplicitly by enumeratioror exhaustve search,but it is
doneimplicitly by the partitioningalgorithmasexplainedlaterin Figure7 of section4.1. The
proposedtlassifications alsoimportantfor computingextra testvectorsassociateavith each
scanchainthateliminatespuriougransitionswhich aredefinedasfollows.

Definition 1 A spuriougransitionduringtestapplicationin scansequentiatircuitsis atransi-

tion which occursin the combinationabpart of the circuit undertestwhile shifting out the test
responsendshifting in the presenistatepart of the next testvector Thesetransitionsdo not

haveary influenceontestefficiengy sincethevaluesattheinputandoutputof thecombinational
partarenot usefultestdata.

Having definedthe spurioustransitions,now the compatibleandincompatiblescanlatchesare

introduced.

Definition 2 Two scanlatchesS andS; are compatibleif all primary inputsx, areassigned
valuescy thateliminatethe spurioudransitionswvhich originatefrom both§ andS;. Thevalues
cx of primary inputs X, constitutethe extra testvector which eliminatesspurioustransitions
originatingfrom both§ ands;.

Note thatthe sole purposeof extra testvectorsis to reducethe spurioustransitionsduring test
applicationandhasno effect on fault coveragewhichis determinedy theoriginal testset. The
applicationof extratestvectorsdefinesa novel testapplicationstrateyy for power minimization
which is detailedin section4.2. Further sincea single extra testvectoris usedfor eachscan
chainregardlesf valuesloadedin scanlatcheghenthevolumeof extratestdatais dependent
only on the numberof scanchainsandnot on the numberof scanlatchesand/orthe sizeof the

original testset.

Definition 3 Two scanlatchesS andS; areincompatibleif atleastoneprimaryinput x that
is assignedralueiy to eliminatethe spurioustransitionswhich originatefrom § will propagate
the transitionswhich originatefrom ;. Two incompatiblescanlatchescannotbe assignedo
the samescanchainsincethereis no extra testvectorthat can eliminatespurioustransitions
which originatefrom both of them.
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Figure2: Examplecircuit illustrating compatibleandincompatiblescanlatches.

Thefollowing exampleillustratescompatibleandincompatiblescanlatches.

Example 1 Considetthesimplecircuitof Figure2. The{Xo, X1, %2} areprimaryinputs,{S, S,
9, S5, S, S} arescanatchesyo, 1,2, Y3, Y4, Y5} arepresenstatdines,and{zy,z, 2, z3, 24, 75}
arecircuit outputs.To eliminatespurioustransitionsat gatezp while shifting out testresponses
throughscanlatch &, primary input X mustbe assignedhe controlling value O of gatez.
Similarly, to eliminatespurioustransitionsthat originatefrom scanlatch S;, primary input xg
mustbe assignedhe controlling value 1 of gatez;. Differentvaluesmustbe assignedo Xg
to eliminate spuriostransitionswhich originatefrom scanlatchesS andS;. Thereforescan
latchesS and S; areincompatibleand are assignedo differentscanchainsSCo = {&} and
1 = {S1}. Ontheotherhand,by assigningx; to the controlling value O of gatesz, andzz
the spuriougtransitionswhich originatefrom both scanlatchesS, andS; areeliminated.Thus,
by introducingS; and S into SCy andapplyingfor exampleextra testvectorxgxix; = {000}
while shifting out testresponsefrom SCo = {S, S, S3} no spurioustransitionswill occurat
gateszy, z» andzz. Similarly, scanlatchesS, and S5 are compatiblesinceassigningl to the
primary input x eliminatesspurioustransitionsat gateszs andzs. By introducing&s and S
into SC; andapplyingextra testvectorxgxixz = {111} while shifting out testresponserom
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1 = {S1,S, S5} no spurioustransitionswill occurat gatesz;, z4 andzs. It shouldbe noted
thatthereis a strictinterrelationbetweerextra testvectorvaluexpx; x, = {000} andscanchain

Lo = {S, S, S8}, andxpxaxz = {111} andscanchainSCy = {S1, &1, S}. While for the sale

of simplicity, the extra testvectorsxoxix; = {000} andXxpxix2 = {111} have beendescribed
explicitly in this particularexample,the extra testvectorsand hencethe multiple scanchains
arederived implicitly usinga reducedcircuit, specifiedfault list and ATPG tool asdescribed
laterin the algorithmsof section4.1. Finally, notethatoutputsignalszz of scanchainSCy and

z5 of SC; arefedinto the selectionogic of the proposedFT architecturédrom Figurel.

The previousexamplehasassumed simplecircuit whereall the spurioustransitionsareelim-
inated by partitioning scanlatchesin two scanchainsSCp and SC;. However, someof the
spuriougtransitionscannotbe eliminatedasdescribedn thefollowing example.

So |Y
1o
Sq Y1 D D Zo

Figure3: Examplecircuit illustrating spurioustransitionswhich cannotbe eliminated.

Example 2 Considetthecircuit shovnin Figure3. The spuriougransitionswhich originatein

scanlatchesS andS; cannotbe eliminatedat gatety sincebothinputsare presentstatelines.
However, by assigning«y and/orx; to the controllingvalueO of gatet; the spurioustransitions
will be eliminatedat gatet;. ScanlatchesS) andS; arecompatiblesincesameprimary input

valueseliminatethe spurioustransitionsof gatet;.

Example2 hasillustratedthat someof the spurioustransitionscannotbe eliminatedsinceall
the gateinputsdependon presentstatelines. Computingprimary input valuesthat eliminate
spurioustransitions(extra testvectorsintroducedin Definition 2) canbe viewedasan ATPG
problemto a reducedcircuit with a specifiedfault list which are detailedin the algorithms
presentedh sectiond.1. Thefollowing examplebriefly illustratesthe generatiorof thereduced

circuit requiredto computeextratestvectors.
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Figure4: Reducecircuit of theexamplecircuit from Figure3 illustratingthe stepsrequiredto
computeextratestvectors.

Example 3 For the circuit shavn in Figure 3 the reducedcircuit is generatedsfollows. Ini-

tially the signalt; at the input of gatez, is identified to eliminate spurioustransitionsthat
originatefrom scanlatchesS andS;. ThenscanlatchesS andS;, andthe AND gatetg are
excludedfrom the reducedcircuit asshown in Figure4. Furthermoregatezp is modifiedto a
buffer (signalst; andzy areidentical). Thetargetedfaultin thereducectircuitist; sa— 1 which

eliminatesthe spurioustransitionsat gatez in the original circuit. Finally, the extra testvec-
tors (Definition 2) that eliminatethe spurioustransitionsduring testapplicationare computed
Xox1 = {0X, XO0}.

A particularcaseof spurioustransitionswhich cannotbe eliminatedusinga single extra test
vectorarethosethatoriginatein self-incompatiblescanlatchesandaredefinedasfollows.

Definition 4 A scanlatch§ is self-incompatiblef atleastoneprimaryinputxy thatis assigned
valueik to eliminatethe spurioustransitionswhich originatefrom § on onefanoutpathwill
propagatehetransitionswhich originatefrom S; onadifferentfanoutpath.

Now anew questiorwhich arisess whetherthe spuriougransitionswhich originatefrom self-
incompatiblescanlatchescanbe eliminated?In orderto provide an answerconsiderthe fol-
lowing example.

Example 4 Considetthecircuit of Figure5 where{xo,x; } areprimaryinputs,S is scanlatch,
Yo is presenstateline, and{to,t1,t2} arecircuit lines. To eliminatespurioustransitionsat gate
to while shifting out testresponsethroughscanlatch S, primaryinputxg mustbe assignedhe
controllingvaluel of gatety. However, to eliminatespuriousat gatet;, primaryinput Xo must
be assignedhe controllingvalueO of gatet;. Differentvaluesmustbe assignedo xp to elimi-
natespuriostransitionswhich originatefrom the samescanlatch § andhencescanlatch & is
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Figure5: Examplecircuit illustrating self-incompatiblescanlatches.

self-incompatible Howeverif primaryinputx; is assignedhe controllingvalueO of gatet, the
spurioustransitionswhich originatein Sy andpropagaten path{S,t1,t2} will beeliminated.
Thereforeby assigningextra testvectorxpx; = {10} spurioustransitionspropagatingon both
paths{S,to} and{Sp,t1,t2} will be eliminated. This leadsto the conclusionthat mostof the
spuriougtransitionsoriginatingin self-incompatiblescanlatchescanbe eliminatedby examin-
ing the fanoutpathsof self-incompatiblescanlatchesand assigninga single extra testvector
while shifting out the testresponsesHowever, the singleextra testvectoris at the expenseof
asmallnumberof spuriougtransitionsthatcannotbe eliminatedasin the caseof transitionson
line t; in thesimplecircuit of Figure5.

The previous examplehasshavn that following a careful examinationof fanoutbranchesof
self-incompatiblescanlatchesmostof the spuriougransitionsoriginatingin self-incompatible
scanlatchescanbe eliminatedusinga singlevaluefor the extratestvector

Finally, independenscanlatchesareintroduced.

Definition 5 A scanlatchesS is independenif all the gateson all the pathswhich originate
from § do not have atleastonesideinput which canbejustified by primaryinputs.

Theindependenscanlatchesaregroupedn the extra scanchain(ESC)for which no extra test
vectorcanbe computedand hencethe spurioustransitionscannoteliminated. The following
exampleillustratesindependenscanlatches.

Example 5 Considerthe circuit shovn in Figure6. Outputzg dependsonly on scanlatches
S and S;, andthe next stateY, of scanlatch §, dependsonly on scanlatchesSy, S, & and
S3. Thereareno sideinputsof gatestg andt; thatcanbejustified by primary inputssuchthat
spurioudransitionsoriginatedfrom &, S, S andSs areeliminated. ThereforescanlatchesS,

S, S andSs areindependent.
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Figure6: Examplecircuit illustratingindependenscanlatches.

3.3 Power dissipatedby the buffered clock tree

Previous researchasestablishedhat power dissipatedn the clock treeis typically onethird
of thetotal power dissipation38] andhencaeit is necessaryo minimize power dissipatedn the
clocktreenotonly duringfunctionaloperatiorbut alsoduringtestapplication.Unlike previous
approachewhichdo notconsidempowerdissipatedy thebufferedclocktree[12,28,30—-35]or
gatetheclocktreeonlyfor non-essentidkstvectorsfrom alargetestset[29] theproposedDFT
architecturaisingmultiple scanchains(Figure 1 from section3.1) reduce<slock treepower for
all thetestvectorsof avery smalltestsetwhereeachtestvectoris essentia(i.e. detectsatleast
onefault). Thisis explainedby the following theoremwhich givesan upperboundon power
reduction.

Theorem1 Consiredk scanchainsin the designfor testability architectureof Figure 1 then
the power reductionof the bufferedclock treeover the standardull scanarchitecturds upper

boundeddy (k—1)/k.
k-1
Proof: Let {my,...,m_1} bethesizeof eachscanchainand Z)m m, wherem is the total

numberof scanlatches.Sincefor largediestheclock power dissipatiortransitionsrom square-
rootdependencenthenumberof scanlatcheso alineardependenci88] power dissipatedy
eachscanchain SC; canbe approximatedo A xm whereA is dependenbn clock frequeng,

supply voltageand wire lengths. The power dissipatedwhile shifting testresponsesver an
k—1
entirescancycle (m clock cycles)for the proposedarchitecturas Pysc = A x Z} miz sinceover

m; clock cyclesonly the buffered clock treefeedingSC; is active. On the otherhandpower
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dissipatedn the traditional full scanarchitectureis Pry L = Axm? = Ax( Z)m)x(.%m).
= 1=

Thereforethereductionin power dissipationis

K
Red= (PruLL — Pusc)/Prutt = 1— (Ax _ijz)/()\x (

k-1 k—1
i=

> mx(3 m))

Following Cauchy-Scharzinequality[40] where

k—1 k—1 kflmiz
m)x () m)<kx
(i; ) (i; ) (i; )
the powerreductionis upperboundedy Redk1—1/k = (k—1)/k .

The previous theoremshows that power reductionof up to (k— 1)/k canbe achievedin the

bufferedclocktree,with maximumreductionachievedwhenscanchainshave anequalnumber
of scanlatches.It shouldbe notedthatby gatingthe clock of eachscanchainnot only average
power reductionis achievedbut alsosavingsin peakpower areguaranteedincewhile shifting

outtestresponsesnly a singlebufferedclock treeis active.
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4 Multiple ScanChains Generation and New Test Applica-
tion Strategy

In this section partitioningof scanlatchesn multiple scanchainsbasedn their classification,
asdescribedn 3.2, is given. Then,a new testapplicationstratey for power minimization
duringtestapplicationbasednthe DFT architecturedescribedn section3.1,is introduced.

4.1 Partitioning ScanlLatchesinto Multiple ScanChains

Multiple ScanChainPartitioning (MSC-FARTITIONING algorithmidentifiescompatiblescan
latchesintroducedby Definition 2 of section3.2, groupsthemin scanchainsandcomputesan
extratestvectorfor eachscanchain.Figure7 givestheflow of theproposedMSC-FARTITIONING
algorithmwhich is dividedin five partsidentifiedin boxesmarked from (a) to (e). In orderto
facilitatethe eliminationof spuriougtransitionsby computinganextra testvectorfor eachscan
chaintheinitial circuit C needgo betransformedo areducectircuit C’ (box(a)). A byproduct
of thereductionproceduras a specifiedfaultlist L (box (b)) whichis targetedby anautomatic
test patterngeneration(ATPG) processon the reducedcircuit C' (box (c)). Associatedwith
eachfaultFS sa— ng in thespecifiedfaultlist L is asetof scanlatcheswhosespurioustransi-
tionswill beeliminatedin theoriginal circuit C by applyingextratestvectorEV, which detects
FS sa— ng in the reducedcircuit C’. Thereforebasedon fault compatibility in the reduced
circuit C’, scanlatch classificationin the original circuit C is doneimplicitly which leadsto
several partitionsof the initial single scanchain(box (d)). However, somescanlatchesmay
be self-incompatiblgDefinition 4) which leadsto iterationsthroughthe ATPG processwith a
respecifiedaultlist (box (e)) until no self-incompatiblescanlatchesareleft. At theendof the
MSC-RARTITIONINGalgorithmthe multiple scanchains{ Xy, . .., C«_1, ESC} andextratest
{EVo,...,EVk-1} will beusedby the novel testapplicationstrateyy describedn section4.2.

In thefollowing eachpartof the MSC-RARTITIONINGalgorithmis explainedin detail.

a. Inthefirst partof theMSC-FARTITIONINGof Figure7 theinitial circuit C is transformed
into areducedcircuit C' asdescribedn CIRCUIFREDUCTIONalgorithmof Figure8.
The algorithmalso identifiesthe freezingsignalswhich are the signalsthat dependon
primaryinputsandshouldbe setto the controllingvalueassideinputsto thegateswhich
eliminatetransitionsthat originatefrom scanlatchesasdescribedn the following parts.
Two lists of eliminatedgatesand modifiedgatescontainthe gateswhich oughtto be
eliminatedandmodifiedrespectiely in thereducectircuit C'. Initially eliminatedgates
is setto all the scanlatcheswhereaghe modifiedgatesis void (lines 1-2). The circuit
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Reduce
initial circuit C to
reduced circuit C’

|
Specify fault list L
for C’

(a)

ATPG for C’ using
fault list L; derive
extra test vectors

i

Classify scan latches
in C using fault
@ compatibility from G

L for C’

(e)

Respecify fault Iis‘

Generate multiple
scan chains based on
classification

Yes

Self-incompati

Scan chains {SC , ..., S¢ , ESC}
Extra Test Set ES = {EOV vy EN }

Figure7: Proposedlgorithmfor partitioningscanlatchesn multiple scanchains.

is traversedn breadthfirst searchorderusingtwo lists currentfrontierandnew_frontier.
While currentfrontieris setinitially to all thescanlatchesof C (line 3), thenew_frontier
initially is void (line 4). In theinnerloop (lines6-13)for all the gatesneighboursof the
currentfrontier it is checled whereinput gatesalreadybelongto eliminatedgates(i.e.
dependon scanlatches). If this is the casethenthe currently evaluatedgateis intro-
ducedinto eliminatedgates removedfrom modifiedgates(if applicable)andintroduced
tonew_frontier. If atleastoneinputdoesnotbelongto eliminatedgatesthenthecurrently
evaluatedgateis introducedto modifiedgates In the outerloop (lines 5-16) while cur-
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rentfrontieris notvoid (i.e. no moregateseedto be eliminated)theinnerloop proceeds
further. At theendof eachiterationof theouterloop current frontierandnew_frontierare
updatedlines14 and15). Finally, usingthe eliminatedgatesandmodifiedgatestheini-
tial circuit C is modifiedto thereducectircuit C’ (lines16 and17) asfollows: gateshat
belongto eliminatedgates(dependonly on scanlatches)areexcluded;gatesthatbelong
to modifiedgates(dependon bothscanlatchesandprimaryinputs)aremodifiedto gates
with input signalsdependenbnly on primaryinputs(in the caseof gateswith two inputs
of which oneis a freezingsignalthe gateis modifiedto a buffer); all the freezingsignals
identifiedin thefirst steparesetasprimary outputsin the reduceccircuit. Freezingsig-
nals{F%,...,FSy—1}, whicharethe outputsof the gatespresenin themod fied_gates
aredeterminedsimultaneouslywith identifying independenscanlatches(Definition 5).
Theindependenscanlatchesaregroupednto the extra scanchain(ESC)which consists
of scanlatcheswhosespurioustransitionscannotbe eliminatedby computingan extra
testvector Thealgorithmreturnsnotonly thereducectircuit C’ but alsothelist of freez-
ing signalsthatwill be usedin the following partof the MSC-FARTITIONINGof Figure
7.

. In thesecondparta specifiedfault list L is createdvhich will be providedtogetherwith
the reducedcircuit C’ to an automatictest patterngeneration(ATPG) tool. Specified
faultlist L comprisedreezingsignalsF S targetingthestuckatthenoncontrollingvalue
sa— ng of the gateg; from modifiedgateslist of algorithm CIRCUIT-REDUCTIONOof
Figure8. It is importantto notethateachfault F§ sa— ng hasattached list of scan
latches{S,,...,S,,_,} whosespurioustransitionsin the initial circuit C areeliminated
whensettinggateF S to its controllingvalue. Thelist of scanlatchesis requiredduring
generatiorof scanchainsin part(d) of the MSC-FARTITIONINGalgorithm.

. In thethird part, having generatedhe reducedcircuit C' andthe specifiedfault list L,
ary stateof theart combinationalATPGtool canbe usedto generatdestvectorsfor the
faultsfrom L for C’. Testvectorsfor thefaultsfrom L arethe extratestvectorsrequired
to eliminate spurioustransitionswhile shifting testresponse the initial circuit C as
describedn part(d). Sincethe freezingsignalsare primary outputsin C’ asdescribed
in part (a) thenL containsfaults only on primary outputs. This will clearly speedup
the the ATPG processsinceonly backward justification and no forward propagations
required. Moreover, the specifiedfault list is significantly smallerthanthe entire fault
setwhichwill furtherreduceATPG computationatime for computingextra testvectors.
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ALGORITHM: CIRCUIT -REDUCTION
INPUT: CircuitC
OUTPUT: ReducedCircuit C’

FreezingSignals{F %, ...,FSy—1}

1 eliminatedgates= {S,...,Sn 1}

2 modifiedgates= @

3 currentfrontier={Sy,...,Sn-1}

4 new_frontier=@

5 while (currentfrontier # @) {

6 for all g € neighboursgurrent frontier)
7 if (all inputsof gy € eliminatedgateg {
8 addgy to eliminatedgates

9 remove gy from modifiedgates
10 addgy to new_frontier

11 }

12 else

13 addgy to modifiedgates

14 current frontier = new_frontier

15 new_frontier= @

16 }

17 generateeducectircuit C' asfollows {

18 eliminateall thegatesgx € eliminatedgates

19 modify all thegatesgy € modifiedgates

20 }

21 freezingsignals{FS,...,FS,_1} are
outputsignalsof {go,...,gp—1} = modifiedgates

22 {S, .-, S, ,} for whichnofreezingsignal
existsareintroducedn the extra scanchainESC

23 return ReducedCircuit C’

Freezingsignals{F S, ...,FSp-1}

Figure8: Proposedilgorithmfor circuit reductionfor extratestvectorcomputation
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It shouldbe notedthat somefaultsfrom L are redundantwhich implies that no extra
testvectorcanbe computedo stopthe propagatiorof the spurioustransitionsfrom scan
latchesassociateavith therespectre fault. However, this scanlatchesaretreatedasself-
incompatibleandhandledby re-specifyinghefaultlist asdescribedn thelastpart(e) of
the MSC-RARTITIONINGof Figure?.

d. Giventhe extra testwith a list of faultsfrom L detectedby eachextra testvectorEV;,
scanlatch classificationaccordingto definitionsfrom section3.2 is doneasfollows. If
twofaultskF § sa—ng andF Sj sa—nc; fromL areincompatiblg(i.e. they arenotdetected
by the sameextra testvector)theneachelementof the two lists of scanlatchesassoci-
atedwith thetwo faults{S,,...,S,_, } and{S,,...,Sj,_, } respectiely, areincompatible
(otherwisethey are compatible). This leadsto groupingall the scanlatches,associated
with faultsdetectablédoy singleextra testvector, into a singlescanchain. However, this
may leadto self-incompatiblescanlatches(Definition 4 of section3.2) whendifferent
extra testvectorseliminatespurioustransitionsfrom the samescanlatch. Consequently
while thereareself-incompatibleheMSC-FARTITIONINGalgorithmwill iteratethrough
parts(e), (c), (d) asexplainednext.

e. In the casethatthereare self-incompatiblescanlatchesafter the generatiorof multiple

scanchainsthenthe problemneeddo beaddressedsit wasbriefly explainedin example
4 of section3.2. The faults F§ sa— ng which have attachedself-incompatiblescan
latchesareremovedfrom faultlist L andnew faultsarespecifiedonthelinesin thefanout
pathsof FS. Thus,therespecifiedaultlist L will beprovidedbackto the ATPGprocess
for computingextra testvectors(part (c)) which will be followed by nev multiple scan
chaingeneratiorbasedon fault compatibility (part(d)). This iterative processcontinues
until thereareno self-incompatiblescanlatchedeft.

The MSC-FARTITIONINGalgorithm of Figure 7 returnsthe scanchainsof compatiblescan
latchesthe extra scanchainESCandthe extratestsetof extratestvectorsusedto defineanew
testapplicationstratey, asexplainedin the following section.
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4.2 NewTestApplication Strategy UsingMultiple ScanChainsand Extra
TestVectors

Having partitionedthe scanlatchesinto multiple scanchainswith an extra testvectorfor each
scanchain(section4.1), this sectionintroducesa new testapplicationstratey for power mini-
mizationduringtestapplicationin full scansequentiatircuits.

ALGORITHM: MSC-TEST APPLICATION

INPUT: TestSetS={Vy,...,Vh-1}, CircuitC
ScanChains{SCy,...,SC_1,ESC}
ExtraTestSetES= {EVy,...,EVk 1}

OUTPUT: NodetransitioncountNTC

1 NTC+«O0

2 for everyV; fromSwithi=0,...,n—1{

3 for every Cj with j =0,...,k—1{

4 apply EV; to primaryinputs

5 computeNTG; j by simulatingC when
shifting in the presenstatepartof test
vectorV; throughscanlatchesfrom SC;
NTC«+NTC +NTG

}

apply primarypartof V; to primaryinputs
computeNTCj esc by simulatingC when
shifting in the presenstatepartof test
vectorV,; throughscanlatchesfrom ESC
10 NTC«+NTC +NTCj g

11 NTC«NTC + NTCi,LOAD

12 }

13 return NTC

© 00N

Figure9: Proposedestapplicationstratgy usingmultiple scanchainsandextra testvectors

Multiple ScanChain Test Application (MSC-TESTAPPLICATION) algorithm computes
the nodetransitioncount NTC (section2) during the entire test applicationperiod for the
giventestsetS, circuit C, multiple scanchains{SC,,...,SC_1,ESC}, andextratestsetES
= {EV,...,EVk_1}. Figure9 givesthe pseudocod®f the proposedVSC-TESTAPPLICA-
TION algorithm. The valueof NTC is O at the beginning of the algorithmandit is gradually
increasedsthe entiretestsetis traversed. The outerloop representshe traversalof all the
testvectorsV;, with i = 0,...,n— 1, from testsetS. Shifting out testresponsethroughall the
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scanchainsarethenconsideredn theinnerloop. For eachscanchainSC;j, circuit C is simu-
latedby applyingthe extra testvector EV; to primaryinputsandNTG; ; is addedto the node
transitioncountNTC. NTG; j standsfor nodetransitioncountwhile shifting in presentstate
partof testvectorV; throughscanchainSC;j andapplyingextra testvectorEV; to the primary
inputs. After shitfting outthe testresponsethougheachscanchainSCj the primaryinput part
of testvectorV; is appliedto primaryinputsandNTC; g is computedwhile shifting out test
responsehroughthe extra scanchain ESC. Finally the entiretestvectorV; is appliedto the
circuit undertestandNTGC; | oap requiredto loadthetestresponsén the scanlatchesjs added
to NTC. After thecompletionof theinnerloop, the outerloop continueauntil theentiretestset
is examined.Thealgorithmreturnsthe valueof NTC over the entiretestapplicationperiod. It

shouldbenotedthatalgorithmspresentedh this sectionareindependentf testvectorandscan
latch order Unlike thealgorithmsfrom [12,33—-35]whosecomputationatime is prohibitively
largehinderingtheexplorationfor largesequentiatircuits,theproposedSC-FRARTITIONING
andMSC-TESTAPPLICATION algorithmshave low computationatime andcanhandlelarge
circuitsasshavn in thefollowing section.

5 Experimental Results

This sectiondemonstrateirougha setof benchmarlexampleshatmultiple scanchainscom-
binedwith extratestvectors,asoutlinedin section3, yield savzingsin power dissipationduring
testapplication. The algorithmsdescribedn section4 have beenimplementedn a 500 MHz

Pentiumlll PCwith 128 MB RAM runningLinux andusingGNU CC version2.91. The av-

eragevalueof nodetransitioncount(NTC) reportedthroughouthis sectionis calculatedusing
the formulasfrom section2 underthe assumptiorof the zerodelay model. The useof zero
delaymodelis motivatedby very rapid computatiorof NTC andby the obsenationthatpower
dissipationunderzero delay modelhasa high correlationwith power dissipationundergen-
eraldelaymodel[41]. However, the proposedechniqueappliesequallyto othergeneraldelay
modelsas unit andvariabledelay models[42]. Furthermoredueto eliminationof spurious
transitions(Definition 1) the propagatiorof hazardsandglitchesis eliminatedleadingto even

greatemreductiongor power dissipationin the caseof unit andvariabledelaymodel. Besides,
theaim of this paperis notto give exactvaluesof power dissipationduringtestapplication but

to definea new designfor testabilityarchitectureanda new testapplicationstrateyy for power

minimizationthatappliesequallyto every delaymodel.

Table 1 shaws the experimentalresultsfor all circuits from ISCAS89benchmarkset[46]
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ATALANTA [43] ATOM [44] MINTEST [45] Esc | CPU
circuit trad. prop. trad. prop. trad. prop. || SC time
v nte | nte || TV nte | nte || TV NTC | NTC length |- )
s208 34 54.54 26.67 65 55.82 25.93 27 54.94 24.07 2 0 1
s298 33 103.56 39.23 52 115.74 46.36 23 108.88 43.81 3 6 1
s344 24 130.36 42.54 62 131.58 48.03 13 124.77 46.69 4 4 1
s349 22 131.90 52.59 65 132.58 53.63 13 128.91 55.86 4 1 1
s382 32 133.91 50.99 72 145.63 51.81 25 148.40 55.54 3 6 1
s386 74 81.31 63.75 109 86.31 58.92 63 85.45 59.09 3 0 1
s400 33 135.97 51.88 98 107.24 43.82 43 100.60 40.11 3 6 1
s420 73 111.69 54.46 98 107.24 43.82 43 100.60 40.11 2 0 1
s444 33 139.92 47.68 77 150.01 49.74 24 156.59 51.87 4 6 1
s510 60 123.89 64.38 90 115.23 65.86 54 114.04 66.14 4 0 1
s526 60 170.61 63.05 107 186.24 67.38 49 183.15 67.95 4 6 1
s641 58 166.32 60.03 99 184.13 60.31 21 176.95 62.92 3 0 1
s713 58 173.34 57.15 100 196.92 59.92 21 192.82 63.50 3 0 1
s820 110 137.52 111.08 190 139.01 110.31 93 137.89 112.44 5 0 1
s832 115 139.83 115.50 200 138.07 114.29 94 138.61 115.29 3 0 1
s838 148 227.46 108.24 183 199.88 81.15 75 187.63 70.41 2 0 1
s953 90 158.50 76.43 138 169.70 76.37 76 169.09 76.02 3 23 1
s1196 140 101.31 68.12 227 105.37 68.37 || 113 105.47 68.83 4 2 1
s1238 151 101.50 65.15 240 107.46 66.11 || 121 103.88 65.24 4 2 1
s1423 70 45358 | 137.63 135 509.96 | 150.41 20 507.21| 150.82 5 3 2
s1488 119 340.75 225.81 196 347.17 227.33 || 101 366.18 234.11 3 0 3
51494 125 329.98 | 266.05 191 353.12 | 237.43|| 100 371.16 | 235.81 4 0 3

5

6

5

6

2

5

7

s5378 259 1772.07 | 527.87 358 1786.60 | 531.44 97 1809.42 | 537.51 33 49
9234 366 3160.16| 760.35 660 3123.35| 754.58 || 105 3045.64 | 751.093 20 201
s13207 || 461 5949.81 | 2051.55 709 5972.92 | 2056.18 || 233 5977.48 | 2047.51 330 | 472
s15850|| 436 5260.90 | 942.07 643 5487.29| 952.92 94 5481.82| 947.82 62 596
35932 65 | 11067.50| 5440.19 129 | 13039.30| 6291.21 12 | 10860.50| 5374.45 0 | 1903
s38417|| 904 | 15920.00| 7159.88 || 1458 | 15849.20| 7136.23 68 | 14199.90| 6486.23 1079 | 8151
$38584 || 658 | 12766.30| 3914.41 989 | 12871.30| 3912.55| 110 | 12901.50| 3896.92 7 | 3543

Tablel: Experimentalesultsusingmultiple scanchainsfor power minimization.

usingthreedifferent ATPG testtools [43—-45]. The first and secondcolumnsgive the circuit
nameandthe numberof testvectors(TV) respectrely generatedisingthe ATALANTA test
tool [43]. Third columnshavstheinitial averagevalueof NTC (trad. NTC), whichis thetotal
valueof NTC usingthetraditionalsinglescanchaindesign[36] dividedby thetotal numberof
clock cyclesoverthe entiretestapplicationperiod. The next column4 shavs thefinal average
valueof NTC (prop. NTC) whenusingmultiple scanchainsandextratestvectorssMSC-TEST
APPLICATION algorithm from section4.2). The sameexperimenthasbeencompletedfor
non compacttestsetsgeneratedy ATOM testtool [44] (columns5-7) and compacttestsets
generatedy MINTEST compactiortool [45] (columns8-10) respectrely. It shouldbe noted
thatall the threetestsets[43—-45] achieve 100%fault coverage.Columns1l and12 give the
numberof scanchains(SC)andthelengthof theextra scanchain(ESC)respectrely computed
usingthe MSC-FARTITIONINGalgorithmoutlinedin section4.1. The numberof scanchains
variesfrom 2 asin the caseof s208upto 7 asin the caseof s38584 The smallnumberof scan
chainsimplies that both areaoverheadrequiredto control multiple scanchainsandtestdata
overheadcausedy extra testvectorsarevery low sincethey are proportionalto the number
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power testdata testarea
circuit reduction(%) overhead%) overhead %)
ATALANTA | ATOM | MINTEST || ATALANTA | ATOM [ MINTEST
s208 51.09 53.54 56.18 3.26 1.70 4.11 10.00
$298 62.10 59.94 59.75 1.06 0.67 1.53 11.33
s344 67.36 63.49 62.57 4.68 1.81 8.65 11.11
s349 60.12 59.54 56.66 5.11 1.73 8.65 11.11
s382 61.91 64.42 62.57 0.78 0.34 1.00 9.09
$386 21.59 31.73 30.84 2.18 1.48 2.56 10.33
s400 61.84 59.13 60.12 0.75 1.08 2.46 10.63
s420 51.23 59.13 60.12 1.45 1.08 2.46 9.52
s444 65.91 66.84 66.87 1.13 0.48 1.56 11.04
s510 48.03 42.84 42.01 5.06 3.37 5.62 10.52
s526 63.04 63.82 62.89 0.62 0.35 0.76 11.11
s641 63.90 67.24 64.43 3.35 1.96 9.25 8.00
s713 67.02 69.57 67.06 3.35 1.94 9.25 8.00
s820 19.22 20.64 18.45 3.55 2.05 4.20 12.50
s832 17.39 17.22 16.82 2.04 1.17 2.49 10.71
s838 52.41 59.39 62.47 0.69 0.56 1.37 4.65
s953 51.77 0.79 54.99 0.51 55.03 0.93 6.81
s1196 32.75 35.11 34.74 0.93 0.57 1.16 6.81
s1238 35.81 38.47 37.19 0.86 0.54 1.08 4.16
51423 69.65 70.50 70.26 1.06 0.55 3.73 3.79
51488 33.73 34,51 36.06 1.44 0.87 1.69 4.16
51494 19.37 32.76 36.46 1.82 1.19 2.28 6.12
s5378 70.21 70.25 70.29 0.25 0.18 0.67 2.60
s9234 75.93 0.19 75.84 0.11 75.33 0.69 2.06
s13207 65.51 65.57 65.74 0.07 0.04 0.15 0.91
515850 82.09 82.63 82.70 0.14 0.09 0.67 0.92
$35932 50.84 51.75 50.51 0.06 0.03 0.33 0.25
$38417 55.02 54.97 54.32 0.01 0.01 0.09 0.38
$38584 69.33 69.60 69.79 0.02 0.01 0.14 0.42

Table2: Powver reductionandoverheadn testareaandtestdata.

of scanchains. For mostof the examplesthe size of the extra scanchain (ESClength)is nil
or very low. However, thereareto extremecasesasin the caseof s13207ands38417where
the numberof independenscanlatches(Definition 5 from section3.1) is very high leadingto
anincreasan ESClengthandhencensignificantpenaltyin power reduction.It canbeclearly
seenthatthe proposedestapplicationstratgy (MSC-TESTAPPLICATION from section4.2)
hassignificantlysmalleraveragevalueof NTC for all the benchmarlkcircuits whencompared
to initial valueof NTC computedusingthe testapplicationstratgy from [36] which employs
a singlescanchain. Furthermorethe computationatime is very low (< 1s) for smallcircuits.
Moreover, for largecircuitswhicharenothandledby previousapproachefl 2, 34,35], asin the
caseof s38584 it takes< 36005 to achieve substantiateductionin averagevalueof NTC.

To give anindicationof the reductionsn power dissipation,Table2 shows the percentage
reductionin power dissipation(columns1-3) and percentageverheadin testdata(columns
4-6) andtestarea(column?). The power dissipationis consideredlirectly proportionalto the
averagevalueof NTC. Thetestareaoverheadepresentshe extralogic requiredto multiplex
the scanoutputsignal(Figurel) andit is computedaccuratelyby synthesizingandtechnology
mappingthe ISCAS89circuitsto AMS 0.35microntechnology[47]. Thetestdataoverhead
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representthenumberof extrabits requiredfor theextratestvectors(thenumberof scanchains
multiplied by the numberof primary inputs). Note that testareaoverheaddecreasessthe
compleity of the circuit increases.This is dueto the fact that extra areaoccupiedby scan
controlregisterandselectionogic (Figurel from section3.1) requiredto controlmultiple scan
chainsis very smallwhencomparedo thesizeof largesequentiatircuits. Thepowerreduction
variesfrom approximately82% asin the caseof s15850down to underl7%asin the caseof
s832 It shouldbenotedthatmoderatgpower reductionasin thecaseof s386 s51Q s82Q s832
51488 s1494is dueto very smallnumberof scanlatches(5 to 6 scanlatchesonly) which are
difficult to be partitionedin multiple scanchains.However, for moderncomple digital circuits
wherethe numberof scanlatchesis significantly higher (thousandssin the caseof s3858%
the power reductionis up to 69% at the expenseof insignificant< 1% testdataandtestarea
overhead.This clearly shavs the advantageof the proposedechniquefor power minimization

usingmultiple scanchainsfor large sequentiatircuits.

—— MINTEST —a— ATALANTA —a—ATOM

NTC

8000
7000

6000 4;:;;:::;’
5000

4000 ///./45//

3000

2000

1000
0 ‘ T T T T T

circuit s5378 s9234 s15850 s13207 s38584 s35392 s38417

Figurel0: Curwe illustratingtestsetindependentinal valueof NTC.

A furtheradwantageof the proposedechniquds thatdueto testsetindependencehefinal
averagevalue of NTC is predictablewithin a givenrangeof valuesregardlessof testvectors
appliedto thecircuit. Thisis justified by the factthatthe proposedow overheadareamultiple
scanchainarchitecturentroducedn sectionl is notoverly sensitve to thevaluesof testvectors
sinceonly asinglechainis active atatime andthe spuriougransitionswithin thecombinational
circuit are eliminatedby the extra primary input vectorregardlessof the valueloadedin non
active scanchains. This is shavn in Figure5 wherethe graphsfor averagevalueof NTC for
for 7 largestISCAS89benchmarkunderthreedifferentsize testsetsare given. For all three
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testsetsMINTEST [45], ATALANTA [43] and ATOM [44] the averagevaluesof NTC are
are approximatelyequal. This implies that the proposedechniquecan further be appliedto
more DFT methodologiesuchasscan-base®IST [36] wherethe regardlessof the value of
the pseudorandontestsetthe savingsin power dissipationare guaranteec@ndfinal valuesof
NTC arepredictable.

It shouldbe notedthat experimentalresultsreportedin this sectionusing the simplified
power modelfrom section2 do not considerpower dissipatedy the clock treewhich is typi-
cally onethird of thetotal power dissipation[38]. However, power dissipatedy theclock tree
canbe substantiallyreducedusinglow power buffered clock tree design[38] which success-
fully handlesboth scanclock gatingandscanclock treesrequiredby the proposediesignfor
testabilityarchitecturaisingmultiple scanchainsasshovn in Theoreml of section3.3.

6 Conclusions

This paperhaspresenteda new techniquefor power minimization during testapplicationin
sequentiakircuits using multiple scanchains. The techniqueis basedon a new designfor
test(DFT) architectureanda novel testapplicationstratgy which reducesspurioustransitions
(Definition 1 of section3.2)in circuit undertest. Whencomparedo traditionalapproactwhich
consistsof a singlescanchain[36] the proposedechniqueemploys a novel DFT architecture
basedon multiple scanchainsleadingto substantiareductionin power dissipation. The pro-
posedechniquewhichis testsetindependenbvercomedargetestapplicationtime requiredto
achieve significantpower savings [29—-32,34] sincesubstantiapower reductionsareachieved
for both compactandnoncompactestsetsasshovn in section5. The newly introducedDFT
architecturgFigurel from section3.1) doesnot introduceary performancelegradatiorwhen
comparedo previous approacheemplgying modifiedscancell design[29]. Unlike previous
approachesvhich do not consider{12,28,30-35]or reduceclock tree power dissipationonly
for nonessentiakstvectorg29] theproposedechniqueeducexlocktreepowerfor all thetest
vectorsof a very smalltestsetwhereeachtestvectoris essentiahsdescribedn section3.3.
While previous approache$28,29] requiredconsiderabldest areaoverheadassociatedvith
detectionlogic the proposedFT architecturaequiresvery low extra areato controlmultiple
scanchainswhich are successfullycombinedwith extra testvectorsin the newly introduced
testapplicationstratgy in sectiond.2. Sincea high numberof extratestvectors[34] emeges
asa problemto testerswhich needto changeto supportthe large volumeof testdata[37], the
proposedechniquebasecn a smallnumberof extratestvectorsintroducesverylow overhead
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in testdataasshown in section5. Moreover, dueto efficient algorithmsdescribedn section4
the proposedechniqueas computationallyinexpensve unlike previousapproachefl2,33-35]
whosecomputationatime is prohibitively large hinderingthe explorationfor large sequential
circuits. Finally, the synthesizablextra hardwarerequiredby the new DFT architecturantro-
ducedin section3.1,theefficientalgorithmsgivenin sectiond4.1,andthe novel testapplication
stratgyy describedn section4.2 make thetechniqueproposedn this papereasilyembeddable
in the existing VLSI designflow usingstateof the art third party electronicdesignautomation
tools.
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