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Abstract

This paperpresentsa new techniquefor powerminimizationduringtestapplicationin sequen-

tial circuitsusingmultiple scanchains.Thetechniqueis basedon a new designfor test(DFT)

architectureanda novel testapplicationstrategy which reducesspurioustransitionsin thecir-

cuit undertest.To facilitatethereductionof spurioustransitions,theproposedDFT architecture

is basedonclassifyingscanlatchesinto compatible,incompatibleandindependentscanlatches.

Basedon their classificationscanlatchesarepartitionedinto multiple scanchainsanda single

extra testvectorassociatedwith eachscanchainis computed.A new testapplicationstrategy

which appliestheextra testvectorto primary inputswhile shifting out testresponsesfor each

scanchain,minimizespower dissipationby eliminatingthe spurioustransitionswhich occur

in thecombinationalpartof thecircuit. Thenewly introducedmultiple scanchain-basedtech-

niquewhichreliesonextratestvectorsandmultiplescanchainsdoesnotintroduceperformance

degradationandminimizesclock treepower dissipationwith minimal impacton bothtestarea

andtestdataoverhead.Unlikepreviousapproacheswhich aretestsetdependentandhenceare

not ableto handlelarge circuits dueto the complexity of the designspace,this papershows

that with low testareaandtestdataoverheadsubstantialsavings in power dissipationduring

testapplicationareachievedin very low computationaltime for bothsmallandlargetests.For

example,in the caseof benchmarkcircuit s15850it takes � 600sin computationaltime and

� 1%in testareaandtestdataoverheadto achieveover80%savingsin powerdissipation.



1 Intr oduction

Minimization
�

of power dissipationin very large scaleintegrated(VLSI) circuits is important

to improve thereliability andreducepackagingcosts[1]. This indicatesthat futuresuccessful

portableapplicationswill dependnotonly onlow-powerdesignmethodsbut alsoonnew design

for testability(DFT) techniquestargetinglow-power VLSI circuits. Numeroustechniquesfor

investigatingpowerminimizationduringthenormal(functional)mode[2] havebeenproposed.

Also it is importantto examinethepower dissipationduringthetestingmode[3,4] mainly for

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

plication is substantiallyhigher thanpower dissipatedduring functionaloperationwhich can

decreasethe reliability of thecircuit undertestdueto highertemperatureandcurrentdensity.

Secondlytheexcessivepower/groundnoisecausedby thehigh rateof currentflowing in power

andgroundlinescanerroneouslychangethelogic stateof circuit linescausingsomegooddies

to fall the test [5] leadingto yield loss. While minimizing power dissipationin full scanse-

quentialcircuitsis thefocusof thispaper, in orderto provideameaningfulunderstandingof the

novel proposedapproachacomprehensivereview of sourcesof higherpowerdissipationduring

testapplicationandlow power testingtechniquesis givenin sections1.1and1.2. Motivations

andobjectivesof theproposedwork arepresentedin section1.3.

1.1 Sourcesof higher power dissipationduring testapplication

Dependingonthelevel of abstractionandcircuit type,highpowerdissipationduringtestappli-

cationis dueto thefollowing problems:

i. Systemswhich comprisemodernmemorysystemsandmultichip modules(MCMs) em-

ploy power-consciousarchitecturaldecisionswhereblocksarenot simultaneouslyacti-

vatedunderfunctionaloperation[6]. Hence,inactive blocksdo not contribute to power

dissipationduringthefunctionaloperation.However, whenthesystemis in thetestmode

of operation,concurrentexecutionof testsin many blocks will result in substantially

higherpowerdissipationwhencomparedto functionaloperation.

ii. Low power combinationalcircuits aresynthesizedby algorithms[2] which seekto op-

timize the signalor transitionprobability of circuit nodesusingonly the spatialdepen-

denciesinside the circuit assumingthe transitionprobabilitiesof primary inputs to be

given. However, thecomplex spatiotemporalcorrelationswhich occurat theprimaryin-

putsmustbe considered[2]. This is of further importanceduring testapplicationsince
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correlationbetweenconsecutivetestvectorsgeneratedby anautomatictestpatterngener-

ator(ATPG)is very low, becauseatestvectoris generatedfor agiventargetfaultwithout

any considerationof theprevioustestvectorin thetestsequence.Thelow correlationbe-

tweenconsecutive testvectorsduringtestapplicationleadsto substantiallyhigherpower

dissipationwhencomparedto functionaloperation.

iii. Low power sequentialcircuitsaresynthesizedby stateassignmentalgorithmswhich use

statetransitionprobabilities[2]. Thestatetransitionprobabilitiesarecomputedassuming

input probability distribution andstatetransitiongraphwhich is valid during functional

operation.Thesetwo assumptionsarenot valid during the testmodeof operationwhen

scanDFT techniqueis employed. While shifting out test responses,the scanlatches

areassigneduncorrelatedvaluesthat destroy the correlationbetweensuccessive states.

Furthermore,in the caseof datapathcircuits with large numberof statesthat aresyn-

thesizedfor low powerusingthecorrelationsbetweendatatransfers[2], in thetestmode

scanregistersareassigneduncorrelatedvalueswhichareneverreachedduringfunctional

operationleadingto substantiallyhigherpowerdissipation.

1.2 Previous work on low power testing

Thissectiongivesacomprehensivereview of recentlyproposedsolutionsfor solvingproblems

(i) - (iii) of section1.1.

Problem (i): To overcomethe problemof high power dissipationduring test applicationat

thesystemlevel , numerouspower-constrainedtestschedulingalgorithmshave beenproposed

underbuilt-in self-test(BIST) environment[1,6–11]. Theapproachin [1] schedulesthe tests

underpower constraintsby groupingandorderingbasedon floorplaninformation. A further

explorationin thesolutionspaceof theschedulingproblemis providedin [6] wherea resource

graphformulationfor the testproblemis given andtestsarescheduledconcurrentlywithout

exceedingtheir power ratingsduringtestapplication.To overcometheidentificationof all the

cliquesin a graphandthecoveringtableminimizationproblemappliedin [6], which arewell

known NP-hardproblems,the solutionproposedin [7] usesthe left edgealgorithmandtree

growing techniqueasanheuristicfor theblock testschedulingproblem.Severalsolutionsfor

schedulingtestsunderpower andareaconstraints[8–11] have recentlybeenproposed.How-

ever, all the previous approachesassumeBIST environmentwhich tradesoff high test area

overheadandtestapplicationtimeat theexpenseof lowerpowerdissipationduringtesting.

2



Problem (ii) : A new ATPG tool [5] wasproposedto overcomethe low correlationbetween

consecutivetestvectorsduringtestapplicationin combinationalcircuits.Despiteachieving the

objectivesof safeandinexpensive testingof low power circuits theapproachin [5] increased

the testapplicationtime. A differentapproachfor minimizing power dissipationduring test

applicationin combinationalcircuits(problemii) is basedon testvectorordering[12–15].Test

vectororderingis donein a post-ATPGphasewith no overheadin testapplicationtime since

testvectorsarereorderedsuchthat correlationbetweenconsecutive test vectorsmatchesthe

assumedtransitionprobabilitiesof primaryinputsusedfor switchingactivity computationdur-

ing low power logic synthesis.However thecomputationaltime in [12] is very high dueto the

complexity of testvectororderingproblemwhich is reducedto finding aminimumcosthamil-

tonianpath in a complete,undirected,andweightedgraph. The high computationaltime is

overcomeby thetechniquesproposedin [13–15]wheretestvectororderingassumeshigh cor-

relationbetweenswitchingactivity in thecircuit undertestandthehammingdistance[13,14]

or transitiondensity[15] at circuit primaryinputs.For combinationalcircuitsemploying BIST

several techniquesfor minimizing power dissipationhave beenproposedrecently[16–23]. In

[16] theuseof dualspeedlinearfeedbackshift register(LFSR)lowersthetransitiondensityat

thecircuit inputsleadingto minimizedpower dissipation.Optimalweightsetsfor input signal

distribution aredeterminedin orderto minimize averagepower [17], while thepeakpower is

reducedby finding thebestinitial conditionsin thecellularautomata(CA) cellsusedfor pat-

terngeneration[18]. It hasbeenproved in [19] thatall theprimitive polynomialLFSRof the

samesize,producethesamepowerdissipationin thecircuit undertest,thusadvisingto usethe

LFSRwith smallernumberof XOR gatessinceit yields lowestpower dissipationby itself. A

mixedsolutionbasedon reseedingLFSRsandtestvectorinhibiting to filter few non-detecting

subsequencesof a pseudorandomtestsequencehasbeenproposedin [20]. An enhancement

of testvectorinhibiting techniquehasbeenproposedin [21] whereall thenon-detectingsub-

sequencesarefiltered. A differentapproachfor filtering non-detectingvectorsinspiredby the

precomputationarchitectureis presentedin [22]. An improvementin areaoverheadassociated

with filtering non-detectingvectorswithout penaltyin fault coverageor test lengthhasbeen

achievedusingnon-linearhybrid cellularautomata[23]. Regardlessof thetypeof testpattern

generator, BIST architecturessignificantlydiffer from oneanotherin termsof powerdissipation

asoutlinedin [24]. Thus,circuit partitioningfor low powerBIST andtestsessionplanninghave

animportantinfluenceonpowerdissipationasshown in [25]. Regularityof multiplier modules

andlinearsizedtestsetrequiredto achievehighfaultcoverageleadto efficient low powerBIST

implementationsfor datapaths[26]. Althoughthetechniquesproposedfor minimizing power
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dissipationduring testapplicationin combinationalcircuitsachieve goodresults,differentap-

proachesarerequiredfor sequentialcircuitswherebothDFT methodologyandtestapplication

strategy haveastrongimpactonpowerdissipation.

Problem (iii) : To minimizepower dissipationin nonscansequentialcircuitsduringtestappli-

cationa testpatterngenerationmethodologyfor low power dissipationhasbeenproposedin

[27]. Themethodologyis basedon threeindependentstepscomprisingredundanttestpattern

generation,power dissipationmeasurementandoptimal testsequenceselection.Themethod-

ologywhich is basedongeneticalgorithmsachievesconsiderablesavingsin powerdissipation,

however cannotbe appliedto scansequentialcircuits whereshifting power dissipationis the

major contributor to total power dissipation. To minimize shifting power dissipationin scan

sequentialcircuits,testvectorinhibiting techniquesproposedfor combinationalcircuitsareex-

tendedto scansequentialcircuits [28]. In [29] the testvectorinhibiting techniqueis extended

wherethe modulesand modeswith the highestpower dissipationare identified, and gating

logic to reducepower dissipationhasbeenintroduced. Despitesubstantialsavings in power

dissipationvectordetectionandgatinglogic introducenot only significantareaoverheadbut

alsoconsiderableperformancedegradationfor modifiedscancell design. In [30] a new scan

BIST structurehasbeenproposedbasedon theexperimentalobservationthata very high fault

coveragecanbeobtainedby a smallnumberof clustersof testvectors.Althoughnot targeted

specificallyfor low power dissipationduring testapplicationtheapproachin [30], yieldshigh

fault coveragewith correlatedscanpatternswhich will also leadto lower power dissipation.

A similar approachis employedin thelow transitionrandomtestpatterngenerator(LT-RTPG)

proposedin [31], whereneighbouringbits of the testvectorsareassignedidenticalvaluesin

most testvectors. A simpleandfastprocedureto compactscanvectorsasmuchaspossible

without exceedingpower dissipationhasbeenproposedin [32]. All the previous scan-based

BIST techniques[28–32] introducetestareaoverheadand/orfurtherperformancedegradation

whencomparedto scanDFT methodology. A different technique[12] basedon test vector

andscanlatchorderingminimizespowerdissipationin full scansequentialcircuitswithoutany

overheadin testareaor performancedegradation.Furtherbenefitof thepost-ATPGtechnique

proposedin [12] is thatminimizationof power dissipationduring testapplicationis achieved

without any decreasein fault coverageand/orincreasein testapplicationtime. However, the

techniqueis testsetdependentandcannotsignificantlyreducepowerdissipationdespitea large

computationaltime requiredto explore the large designspace.Furthermore,for circuits with

large numberof scanlatchesthe techniqueproposedin [12] is infeasiblesincecomputational

time requiredto computethecostfunctionof eachsolutionin the largedesignspace,is unac-
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ceptablylarge. A further enhancementof the techniqueproposedin [12] canbe achieved by

definingnovel testapplicationstrategiessincethe valueof primary inputs is irrelevant while

shiftingout testresponses.Hence,animprovementto scanlatchandtestvectororderingbased

on primary input freezinghasbeenproposedin [33]. The approachdoesnot introducearea

overheador furtherperformancedegradation,however it requireshighcomputationaltimesfor

largecircuits. A differentapproachto achieve power savings is theuseof extra primary input

testvectorsandhencesupplementaryvolumeof testdata[34,35]. Thetechniqueproposedin

[34] exploits the redundantinformation that occursduring scanshifting, testapplicationand

responsecaptureto minimize switching activity in the circuit undertest. Despiteachieving

considerablepower savingsthetechniquerequireslong testapplicationtime andlargevolume

of testdata. Thevolumeof testdatais reducedin [35] wherea D-algorithmlike patterngen-

erator[36] is developedto generatea singlecontrol patternto maskthe circuit activity while

shifting out response.The input control techniqueproposedin [35] canfurther be combined

with previously proposedscanlatchandtestvectorordering[12] to achieve, however, modest

savings in power dissipation.Moreover, both approachesbasedon extra testvectors[34,35]

requirehighcomputationaltimeandhenceareinfeasiblefor largesequentialcircuits.

1.3 Moti vation and objectives

The aim of this paperis to reducepower dissipationin scansequentialcircuit (problemiii).

Despitetheir benefitsin loweringpower dissipationduring testapplication,thepreviously de-

scribedtechniques[12,28–35]areinefficientdueto oneor moreof thefollowing problems:

a. testareaoverheadassociatedwith detectionlogic [28,29] requiredto find non-essential

vectors(i.e. vectorswhichdo notcontributeto anincreasein fault coverage).

b. performancedegradationassociatedwith modifiedscancell design[29].

c. largetestapplicationtime requiredto achievesignificantpowersavings[29–32,34].

d. clock treepower dissipationis tackledby clock gatingonly for nonessentialtestvectors

[29].

e. high numberof extra test vectors[34] emergesas a problemto testerswhich needto

changeto supportthelargevolumeof testdata[37].

f. computationaltimemaybeprohibitively largehinderingtheexplorationfor largesequen-

tial circuits[12,33–35].
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The previous techniques[12,28–35]proposedseparatesolutionsfor solving oneof the prob-

lems(a) - (f) at the expenseof the otherproblems. For examplewhile testvector inhibiting

techniques[28,29] achieve goodsavings in power dissipation,considerableareaoverheadfor

detectionlogic is introduced(problema) or furtherperformancedegradationis incurred(prob-

lem b). On theotherhandtechniquesbasedon adjacentpatterns[30–32] requireconsiderable

testapplicationtime (problemc). Furthermore,clock treepowerdissipation(problemd) which

canbe up to onethird of total power dissipation[38] is tackledonly in [29] wherethe clock

is gatedonly for non-essentialtestvectors.This implies that for essentialvectorsthereareno

savingsin clocktreepowerdissipation.Thetechniqueproposedin [34] necessitatesanincrease

of � m � p���	� m 
 p� in thevolumeof testdatawherem is thenumberof scanlatchesand p is

thenumberof primary inputs.While volumeof testdata(probleme) wasnot a concernin the

pastfor small to mediumsizedcircuits it is recentlyemerging asa problemfor testerswhich

needto changeto supportthelargevolumeof testdata[37]. Thetechniqueproposed[35] over-

comestheproblemwith largevolumeof testdataby computingasingleextravector. However,

it yields modestsavings in power dissipationdueto inability to fully maskthe activity in the

combinationalpartof thecircuit. Furthermore,to achievegoodfault coveragebothtechniques

basedonextravectors[34,35] requirelongertestsequencesandhencebothhighertestapplica-

tion time (problemc) andcomputationaltime (problemf). Finally techniqueswhich operatein

a post-ATPGphase[12,33] usingcompacttestsetsfor high fault coveragerequirehugecom-

putationaltime (problemf) sincethey arestronglytestsetdependentandrequireprobabilistic

optimization.

The aim of this paperis to introducea new techniquefor power minimizationduring test

applicationin full scansequentialcircuitsbasedon a novel DFT architecturewhich eliminates

all theabovementionedproblems(a)- (f). TheproposedDFT architectureis basedonpartition-

ing scanlatchesinto multiple scanchainswhich reducestheclock treepower dissipationand

doesnot have performancepenalty. A new testapplicationstrategy for theproposedDFT ar-

chitecturewhichappliesasingleextra testvectorwhile shiftingout testresponsesfor eachscan

chainis presented.Themultiple scanchain-basedapproachfor power minimizationwhich is

testsetindependent,is applicableto bothnon-compactandcompacttestsetsleadingto low test

applicationtime. This papershows thatwith low testareaandtestdataoverheadhigh savings

in powerdissipationduringtestapplicationin largefull scansequentialcircuitsareachievedin

low computationaltime.
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2 Background and Definitions

In
�

thefollowing,abrief review of thestandardtestterminologyandpowerdissipationconcepts

whichwill beusedthroughoutthepaperarepresented.

Thecontrolling valuefor a gateis a singleinput valuethatuniquelydeterminestheoutput

to aknown valueindependentof theotherinputsto thegate.For example,thecontrollingvalue

for OR gateis 1, and for AND gateis 0. If the valueof an input is the complementof the

controllingvalue,thentheinput hasa noncontrolling value.A pathis a setof connectedgates

andwires. A pathis definedby a singleinput wire anda singleoutputwire pergate.A signal

is anon-inputif it is on the targetpath. A signalis anoff-input (sideinput) if it is an input to

a gatewhich is on a targetpathbut is not anon-input. If two faultscanbedetectedby a single

testvector, they arecalledcompatiblefaults. Consequently, two faultsarecalledincompatible

faults, if they cannotbedetectedby a singletestvector. A testvectorfrom a giventestsetis

calledanessentialtestvector, if it detectsat leastonefault thatis notdetectedby any othertest

vectorin thistestset.A testvectoris non-essentialwith respectto agiventestsetif all thefaults

detectedby it arealsodetectedby othertestvectorsin thegiventestset. A testsetdependent

approachfor power minimization is dependenton the sizeandtype of the testsetemployed

duringtestapplication.A testsetindependentapproachfor power minimizationdependsonly

on circuit structureandsavingsareguaranteedregardlessof thesizeandtypeof testset.

Power dissipationin digital CMOScircuits is divided into staticanddynamicpower. The

staticpower is considerednegligible whencomparedto the dynamicpower in digital CMOS

circuits [39]. If the gateis part of a synchronousdigital circuit controlledby global clock, it

follows thatthedynamicpowerdissipationPd is calculatedusing:

Pd � 0 
 5 � Cload ��� V2
DD � Tcyc��� NG (1)

whereCload is theloadcapacitance,VDD is thesupplyvoltage,Tcyc is theglobalclockcycle,and

NG is the total numberof gateoutputtransitions(0 � 1 or 1 � 0). SincesupplyvoltageVDD

andglobal clock cycle Tcyc aredesignconstraints,they arenot underdesignercontrol. Thus,

nodetransitioncount

NTC � ∑
f or all gatesG

NG � Cload (2)

is reportedas quantitative measurefor power dissipationthroughoutthe paper. It hasbeen

assumedthat loadcapacitancefor eachcombinationalgateis equalto thenumberof fan-outs.

Thenodetransitioncountin scanlatchesNSL is consideredasin [12], whereit wasshown that

for input changes0 � 0 and1 � 1, NSLmin � 2, whilst for input changes0 � 1 and1 � 0,

NSLmax � 6.
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3 Power Minimization in Full ScanSequentialCir cuitsBased
on Multiple ScanChains

In this sectionanew techniquefor powerminimizationin full scansequentialcircuitsbasedon

multiple scanchainsis introduced.Section3.1 overviews the proposeddesignfor testability

(DFT) architecturefor power minimization. Section3.2 definescompatible,incompatibleand

independentscanlatchesandtheir importancefor partitioningscanlatchesinto multiple scan

chains,as describedin section4, is explainedthroughexamples. Interestingly, althougha

previousapproach[34] usedtheterm”independent”,they actuallyclassifiedprimaryinputsas

independentandnotscanlatchesasit is thecasein section3.2.Therefore,thereis nosimilarity

betweenthepreviousapproach[34] andtheproposedclassificationbeyondaccidentalsameness

of terminology. Finally section3.3givesanimportanttheoreticalresultshowing theadvantage

of theproposedDFT architecturefrom theclock treepowerdissipationstandpoint.

3.1 ProposedDesignfor Testability Ar chitectureUsingMultiple ScanChains

TheproposedDFT architectureusingmultiple scanchainsSC0 
�
�
SCk � 1 is illustratedin Figure

1. Thescaninput ScanIn is routedto all scanchainswhile thescanoutputScanOut is selected

from theoutputof eachscanchain.ScanchainsSC0 
�
�
SCk � 1 areoperatedusingnonoverlapping

clock signalsCLK0 
�
�
CLKk � 1. Nonoverlappingclock signalsgatethesystemclockCLK using

a scancontrol registerwhich hasthe numberof latchesequalto the numberof scanchains.

While shifting out testresponsesthroughscanchainSCi , only thebit positioni of scancontrol

register is setto 1 while the otherpositionsareset0. This is easily implementedby shifting

the valueof 1 throughscancontrol registerusingtheextra scanclock SCLK. Beforestarting

thefirst scancycle, theinitial vector10
�
�
 00 is setup in thescancontrolregisterusingthescan

inputScanIn. Thereafter, for eachscancycle,the10
�
�
 00valueis propagatedcircularlythrough

thescancontrol registerasshown in Figure1. It shouldbe notedthatwhenthe circuit under

testis in thetestmodeall thefaultsin theextra logic areobservablethroughScanOut line using

thetestdatawhich is shiftedthroughthek scanchainsandcontroldatashiftedthroughthescan

controlregister. Thereforetheextra testhardwaredoesnot reduceany decreasein fault cover-

age.Duringthenormaloperationof thecircuitCLK0 
�
�
CLKk � 1 areactiveatthesametimesince

whennormal/testsignalN � T is 1 theoutputof extraORgatesis 1 andthesystemclockCLK is

not gatedby thescancontrolregister. To provide a brief overview of thetestapplicationstrat-

egy for theproposedDFT architecture,while shiftingout testresponsespresentin scanlatches

from scanchainSCi , primaryinputsaresetto extra testvectorEVi which eliminatesthespuri-
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oustransitions(Definition 1 from section3.2) thatoriginatefrom scanlatchesfrom scanchain

SCi . NotethattheproposedDFT architecturedoesnot introduceperformancedegradationsince

extra testhardwareis not insertedon critical paths.Further, theextra testhardwarerequiredby

thescancontrol registerandselectionlogic canbe specifiedat the gatelevel andsynthesized

with the restof the circuit which makesthe proposedDFT architectureeasilyembeddablein

the existing VLSI designflow. The algorithmfor partitioningscanlatchesinto multiple scan

chainsis describedin section4.1, while the new testapplicationstrategy usingmultiple scan

chainsandextra testvectorsis describedlater in section4.2. Beforedescribinggenerationof

multiple scanchains,scanlatchesneedto beclassifiedinto threebroadclassesasdescribedin

thefollowing section.

0 k-1

Register
Control

k-1

0

Scan

Z
C

X

Scan In

SC

SC
0

k-1

k-1
<EV    ...  EV      >

0

Multiple
Scan
Schains

Extra
Test
Vectors

Scan Out

N/TCLK

CLK

CLK

SCLK

Figure1: ProposedDFT architecturebasedonmultiplescanchains.

9



3.2 Compatible, Incompatible and IndependentScanLatches

In
�

orderto partitionscanlatchesinto multiple scanchains,they needto beclassifiedinto three

broadclasses:compatible,incompatibleandindependentscanlatches.It shouldbenotedthat

scanlatch classificationis not doneexplicitly by enumerationor exhaustive search,but it is

doneimplicitly by thepartitioningalgorithmasexplainedlater in Figure7 of section4.1. The

proposedclassificationis alsoimportantfor computingextra testvectorsassociatedwith each

scanchainthateliminatespurioustransitionswhich aredefinedasfollows.

Definition 1 A spurioustransitionduringtestapplicationin scansequentialcircuitsis a transi-

tion which occursin thecombinationalpartof thecircuit undertestwhile shifting out thetest

responseandshifting in thepresentstatepartof thenext testvector. Thesetransitionsdo not

haveany influenceontestefficiency sincethevaluesattheinputandoutputof thecombinational

partarenot usefultestdata.

Having definedthespurioustransitions,now thecompatibleandincompatiblescanlatchesare

introduced.

Definition 2 Two scanlatchesSi andSj arecompatibleif all primary inputsxk areassigned

valuesck thateliminatethespurioustransitionswhichoriginatefrom bothSi andSj . Thevalues

ck of primary inputs xk constitutethe extra test vectorwhich eliminatesspurioustransitions

originatingfrom bothSi andSj .

Note that thesolepurposeof extra testvectorsis to reducethespurioustransitionsduringtest

applicationandhasnoeffecton fault coveragewhich is determinedby theoriginal testset.The

applicationof extratestvectorsdefinesanovel testapplicationstrategy for powerminimization

which is detailedin section4.2. Further, sincea singleextra testvectoris usedfor eachscan

chainregardlessof valuesloadedin scanlatchesthenthevolumeof extra testdatais dependent

only on thenumberof scanchainsandnot on thenumberof scanlatchesand/orthesizeof the

original testset.

Definition 3 Two scanlatchesSi andSj are incompatibleif at leastoneprimary input xk that

is assignedvalueik to eliminatethespurioustransitionswhichoriginatefrom Si will propagate

the transitionswhich originatefrom Sj . Two incompatiblescanlatchescannotbe assignedto

the samescanchainsincethereis no extra testvectorthat caneliminatespurioustransitions

whichoriginatefrom bothof them.

10



Logic
Selection

x

x

x

y

y

y

y

y

y

z

z

z

z

z

z

0

1

2

0

1

2

3

4

5

0

1

2

3

4

5

S

S

S

S

S

S

0

1

2

3

4

5

ScanIn

ScanOut

Figure2: Examplecircuit illustratingcompatibleandincompatiblescanlatches.

Thefollowing exampleillustratescompatibleandincompatiblescanlatches.

Example1 Considerthesimplecircuit of Figure2. The � x0 � x1 � x2 � areprimaryinputs, � S0 � S1 �
S2 � S3 � S4 � S5 � arescanlatches,� y0 � y1 � y2 � y3 � y4 � y5 � arepresentstatelines,and � z0 � z1 � z2 � z3 � z4 � z5 �
arecircuit outputs.To eliminatespurioustransitionsat gatez0 while shifting out testresponses

throughscanlatch S0, primary input x0 mustbe assignedthe controlling value0 of gatez0.

Similarly, to eliminatespurioustransitionsthatoriginatefrom scanlatch S1, primary input x0

mustbe assignedthe controlling value1 of gatez1. Dif ferentvaluesmustbe assignedto x0

to eliminatespuriostransitionswhich originatefrom scanlatchesS0 andS1. Thereforescan

latchesS0 andS1 areincompatibleandareassignedto differentscanchainsSC0 � � S0 � and

SC1 � � S1 � . On the otherhand,by assigningx1 to the controlling value0 of gatesz2 andz3

thespurioustransitionswhich originatefrom bothscanlatchesS2 andS3 areeliminated.Thus,

by introducingS2 andS3 into SC0 andapplyingfor exampleextra testvectorx0x1x2 � � 000�
while shifting out testresponsesfrom SC0 � � S0 � S2 � S3 � no spurioustransitionswill occurat

gatesz0, z2 andz3. Similarly, scanlatchesS4 andS5 arecompatiblesinceassigning1 to the

primary input x2 eliminatesspurioustransitionsat gatesz4 andz5. By introducingS4 andS5

into SC1 andapplyingextra testvectorx0x1x2 � � 111� while shifting out testresponsesfrom
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SC1 � � S1 � S4 � S5 � no spurioustransitionswill occurat gatesz1, z4 andz5. It shouldbenoted

thatthereis astrict interrelationbetweenextra testvectorvaluex0x1x2 � � 000� andscanchain

SC0 � � S0 � S2 � S3 � , andx0x1x2 � � 111� andscanchainSC1 � � S1 � S4 � S5 � . While for thesake

of simplicity, the extra testvectorsx0x1x2 � � 000� andx0x1x2 � � 111� have beendescribed

explicitly in this particularexample,the extra testvectorsandhencethe multiple scanchains

arederived implicitly usinga reducedcircuit, specifiedfault list andATPG tool asdescribed

laterin thealgorithmsof section4.1. Finally, notethatoutputsignalsz3 of scanchainSC0 and

z5 of SC1 arefed into theselectionlogic of theproposedDFT architecturefrom Figure1.

Thepreviousexamplehasassumeda simplecircuit whereall thespurioustransitionsareelim-

inatedby partitioning scanlatchesin two scanchainsSC0 and SC1. However, someof the

spurioustransitionscannotbeeliminatedasdescribedin thefollowing example.

y
0

S0

y 1
S1

x 0
x 1

z 0

t

t

0

1

Figure3: Examplecircuit illustratingspurioustransitionswhichcannotbeeliminated.

Example2 Considerthecircuit shown in Figure3. Thespurioustransitionswhichoriginatein

scanlatchesS0 andS1 cannotbeeliminatedat gatet0 sinceboth inputsarepresentstatelines.

However, by assigningx0 and/orx1 to thecontrollingvalue0 of gatet1 thespurioustransitions

will beeliminatedat gatet1. ScanlatchesS0 andS1 arecompatiblesincesameprimary input

valueseliminatethespurioustransitionsof gatet1.

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

presentedin section4.1.Thefollowing examplebriefly illustratesthegenerationof thereduced

circuit requiredto computeextra testvectors.
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Figure4: Reducedcircuit of theexamplecircuit from Figure3 illustratingthestepsrequiredto
computeextra testvectors.

Example3 For thecircuit shown in Figure3 thereducedcircuit is generatedasfollows. Ini-

tially the signal t1 at the input of gatez0 is identified to eliminatespurioustransitionsthat

originatefrom scanlatchesS0 andS1. ThenscanlatchesS0 andS1, andthe AND gatet0 are

excludedfrom thereducedcircuit asshown in Figure4. Furthermore,gatez0 is modifiedto a

buffer (signalst1 andz0 areidentical).Thetargetedfault in thereducedcircuit is t1 sa � 1 which

eliminatesthespurioustransitionsat gatez0 in theoriginal circuit. Finally, theextra testvec-

tors (Definition 2) thateliminatethespurioustransitionsduring testapplicationarecomputed

x0x1 � � 0X � X0 � .
A particularcaseof spurioustransitionswhich cannotbe eliminatedusinga singleextra test

vectorarethosethatoriginatein self-incompatiblescanlatchesandaredefinedasfollows.

Definition 4 A scanlatchSi is self-incompatibleif at leastoneprimaryinputxk thatis assigned

value ik to eliminatethe spurioustransitionswhich originatefrom Si on onefanoutpathwill

propagatethetransitionswhichoriginatefrom Sj onadifferentfanoutpath.

Now anew questionwhicharisesis whetherthespurioustransitionswhichoriginatefrom self-

incompatiblescanlatchescanbe eliminated?In orderto provide an answerconsiderthe fol-

lowing example.

Example4 Considerthecircuit of Figure5 where � x0 � x1 � areprimaryinputs,S0 is scanlatch,

y0 is presentstateline, and � t0 � t1 � t2 � arecircuit lines. To eliminatespurioustransitionsat gate

t0 while shiftingout testresponsesthroughscanlatchS0, primaryinputx0 mustbeassignedthe

controllingvalue1 of gatet0. However, to eliminatespuriousat gatet1, primaryinput x0 must

beassignedthecontrollingvalue0 of gatet1. Dif ferentvaluesmustbeassignedto x0 to elimi-

natespuriostransitionswhich originatefrom thesamescanlatchS0 andhencescanlatchS0 is

13
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Figure5: Examplecircuit illustratingself-incompatiblescanlatches.

self-incompatible.However if primaryinputx1 is assignedthecontrollingvalue0 of gatet2 the

spurioustransitionswhich originatein S0 andpropagateon path � S0 � t1 � t2 � will beeliminated.

Thereforeby assigningextra testvectorx0x1 � � 10� spurioustransitionspropagatingon both

paths � S0 � t0 � and � S0 � t1 � t2 � will beeliminated.This leadsto the conclusionthatmostof the

spurioustransitionsoriginatingin self-incompatiblescanlatchescanbeeliminatedby examin-

ing the fanoutpathsof self-incompatiblescanlatchesandassigninga singleextra testvector

while shifting out the testresponses.However, thesingleextra testvectoris at theexpenseof

asmallnumberof spurioustransitionsthatcannotbeeliminatedasin thecaseof transitionson

line t1 in thesimplecircuit of Figure5.

The previous examplehasshown that following a carefulexaminationof fanoutbranchesof

self-incompatiblescanlatches,mostof thespurioustransitionsoriginatingin self-incompatible

scanlatchescanbeeliminatedusingasinglevaluefor theextra testvector.

Finally, independentscanlatchesareintroduced.

Definition 5 A scanlatchesSi is independentif all the gateson all thepathswhich originate

from Si do nothaveat leastonesideinput whichcanbejustifiedby primaryinputs.

Theindependentscanlatchesaregroupedin theextra scanchain(ESC)for which noextra test

vectorcanbe computedandhencethe spurioustransitionscannoteliminated. The following

exampleillustratesindependentscanlatches.

Example5 Considerthe circuit shown in Figure6. Outputz0 dependsonly on scanlatches

S0 andS1, andthe next stateY4 of scanlatch S4 dependsonly on scanlatchesS0, S1, S2 and

S3. Thereareno sideinputsof gatest0 andt1 thatcanbejustifiedby primary inputssuchthat

spurioustransitionsoriginatedfrom S0, S1, S2 andS3 areeliminated.ThereforescanlatchesS0,

S1, S2 andS3 areindependent.

14
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Figure6: Examplecircuit illustratingindependentscanlatches.

3.3 Power dissipatedby the buffered clock tr ee

Previous researchhasestablishedthatpower dissipatedin theclock treeis typically onethird

of thetotalpowerdissipation[38] andhenceit is necessaryto minimizepowerdissipatedin the

clock treenotonly duringfunctionaloperationbut alsoduringtestapplication.Unlikeprevious

approacheswhichdonotconsiderpowerdissipatedby thebufferedclocktree[12,28,30–35]or

gatetheclocktreeonly for non-essentialtestvectorsfrom alargetestset[29] theproposedDFT

architectureusingmultiplescanchains(Figure1 from section3.1)reducesclock treepowerfor

all thetestvectorsof averysmalltestsetwhereeachtestvectoris essential(i.e. detectsat least

onefault). This is explainedby the following theoremwhich givesanupperboundon power

reduction.

Theorem 1 Consiredk scanchainsin the designfor testabilityarchitectureof Figure1 then

thepower reductionof thebufferedclock treeover thestandardfull scanarchitectureis upper

boundedby � k � 1��� k.

Proof: Let � m0 � 
�
�
 � mk � 1 � bethesizeof eachscanchainand
k � 1

∑
i � 0

mi � m, wherem is thetotal

numberof scanlatches.Sincefor largediestheclockpowerdissipationtransitionsfrom square-

rootdependenceon thenumberof scanlatchesto a lineardependence[38] powerdissipatedby

eachscanchainSCi canbe approximatedto λ � mi whereλ is dependenton clock frequency,

supplyvoltageandwire lengths. The power dissipatedwhile shifting test responsesover an

entirescancycle (m clockcycles)for theproposedarchitectureis PMSC � λ �
k � 1

∑
i � 0

m2
i sinceover

mi clock cyclesonly the bufferedclock treefeedingSCi is active. On the otherhandpower
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dissipatedin the traditional full scanarchitectureis PFULL � λ � m2 � λ ���
k � 1

∑
i � 0

mi �����
k � 1

∑
i � 0

mi � .
Therefore
�

thereductionin powerdissipationis

Red � � PFULL � PMSC ��� PFULL � 1 ��� λ �
k � 1

∑
i � 0

m2
i ���	� λ ���

k � 1

∑
i � 0

mi ��� �
k � 1

∑
i � 0

mi ��� .

Following Cauchy-Schwarzinequality[40] where

�
k � 1

∑
i � 0

mi �����
k � 1

∑
i � 0

mi �"! k � �
k � 1

∑
i � 0

m2
i �

thepowerreductionis upperboundedby Red! 1 � 1� k � � k � 1��� k # .

The previous theoremshows that power reductionof up to � k � 1��� k canbe achieved in the

bufferedclock tree,with maximumreductionachievedwhenscanchainshaveanequalnumber

of scanlatches.It shouldbenotedthatby gatingtheclock of eachscanchainnot only average

power reductionis achievedbut alsosavingsin peakpowerareguaranteedsincewhile shifting

out testresponsesonly asinglebufferedclock treeis active.
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4 Multiple ScanChains Generation and New Test Applica-
tion Strategy

In this section,partitioningof scanlatchesin multiplescanchainsbasedon their classification,

as describedin 3.2, is given. Then, a new test applicationstrategy for power minimization

duringtestapplication,basedon theDFT architecturedescribedin section3.1,is introduced.

4.1 Partitioning ScanLatchesinto Multiple ScanChains

Multiple ScanChainPartitioning(MSC-PARTITIONING) algorithmidentifiescompatiblescan

latchesintroducedby Definition 2 of section3.2,groupsthemin scanchainsandcomputesan

extratestvectorfor eachscanchain.Figure7givestheflow of theproposedMSC-PARTITIONING

algorithmwhich is dividedin five partsidentifiedin boxesmarkedfrom (a) to (e). In orderto

facilitatetheeliminationof spurioustransitionsby computinganextra testvectorfor eachscan

chaintheinitial circuit C needsto betransformedto areducedcircuit C’ (box(a)). A byproduct

of thereductionprocedureis aspecifiedfault list L (box (b)) which is targetedby anautomatic

testpatterngeneration(ATPG) processon the reducedcircuit C’ (box (c)). Associatedwith

eachfaultFSi sa � nci in thespecifiedfault list L is asetof scanlatcheswhosespurioustransi-

tionswill beeliminatedin theoriginalcircuit C by applyingextra testvectorEVi whichdetects

FSi sa � nci 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 singlescanchain(box (d)). However, somescanlatchesmay

beself-incompatible(Definition 4) which leadsto iterationsthroughtheATPGprocesswith a

respecifiedfault list (box (e)) until no self-incompatiblescanlatchesareleft. At theendof the

MSC-PARTITIONINGalgorithmthemultiplescanchains� SC0 � 
�
�
 � SCk � 1 � ESC � andextra test

� EV0 � 
�
�
 � EVk � 1 � will beusedby thenovel testapplicationstrategy describedin section4.2.

In thefollowing eachpartof theMSC-PARTITIONINGalgorithmis explainedin detail.

a. In thefirst partof theMSC-PARTITIONINGof Figure7 theinitial circuit C is transformed

into a reducedcircuit C’ asdescribedin CIRCUIT-REDUCTIONalgorithmof Figure8.

The algorithmalso identifiesthe freezingsignalswhich are the signalsthat dependon

primaryinputsandshouldbesetto thecontrollingvalueassideinputsto thegateswhich

eliminatetransitionsthatoriginatefrom scanlatchesasdescribedin thefollowing parts.

Two lists of eliminatedgatesand modifiedgatescontainthe gateswhich ought to be

eliminatedandmodifiedrespectively in thereducedcircuit C’ . Initially eliminatedgates

is set to all the scanlatcheswhereasthe modifiedgatesis void (lines 1-2). The circuit
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Generate multiple
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Figure7: Proposedalgorithmfor partitioningscanlatchesin multiplescanchains.

is traversedin breadthfirst searchorderusingtwo lists current frontierandnew frontier.

While current frontier is setinitially to all thescanlatchesof C (line 3), thenew frontier

initially is void (line 4). In theinner loop (lines6-13) for all thegatesneighboursof the

currentfrontier it is checked whereinput gatesalreadybelongto eliminatedgates(i.e.

dependon scanlatches). If this is the casethen the currently evaluatedgateis intro-

ducedinto eliminatedgates, removedfrom modifiedgates(if applicable)andintroduced

to new frontier. If at leastoneinputdoesnotbelongto eliminatedgatesthenthecurrently

evaluatedgateis introducedto modifiedgates. In theouterloop (lines5-16)while cur-
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rentfrontier is notvoid (i.e. nomoregatesneedto beeliminated)theinnerloopproceeds

further. At theendof eachiterationof theouterloopcurrent frontierandnew frontierare

updated(lines14and15). Finally, usingtheeliminatedgatesandmodifiedgatestheini-

tial circuit C is modifiedto thereducedcircuit C’ (lines16 and17)asfollows: gatesthat

belongto eliminatedgates(dependonly on scanlatches)areexcluded;gatesthatbelong

to modifiedgates(dependon bothscanlatchesandprimaryinputs)aremodifiedto gates

with inputsignalsdependentonly onprimaryinputs(in thecaseof gateswith two inputs

of which oneis a freezingsignalthegateis modifiedto a buffer); all thefreezingsignals

identifiedin thefirst steparesetasprimaryoutputsin thereducedcircuit. Freezingsig-

nals � FS0 � 
�
�
 � FSp � 1 � , whicharetheoutputsof thegatespresentin themodi f ied gates,

aredeterminedsimultaneouslywith identifying independentscanlatches(Definition 5).

Theindependentscanlatchesaregroupedinto theextrascanchain(ESC)whichconsists

of scanlatcheswhosespurioustransitionscannotbe eliminatedby computingan extra

testvector. Thealgorithmreturnsnotonly thereducedcircuit C’ but alsothelist of freez-

ing signalsthatwill beusedin thefollowing partof theMSC-PARTITIONINGof Figure

7.

b. In thesecondparta specifiedfault list L is createdwhich will beprovidedtogetherwith

the reducedcircuit C’ to an automatictest patterngeneration(ATPG) tool. Specified

fault list L comprisesfreezingsignalsFSi targetingthestuckat thenoncontrollingvalue

sa � nci of the gategi from modifiedgateslist of algorithmCIRCUIT-REDUCTIONof

Figure8. It is importantto notethat eachfault FSi sa � nci hasattacheda list of scan

latches � Si0 � 
�
�
 � Sim$ 1 � whosespurioustransitionsin the initial circuit C areeliminated

whensettinggateFSi to its controllingvalue.Thelist of scanlatchesis requiredduring

generationof scanchainsin part(d) of theMSC-PARTITIONINGalgorithm.

c. In the third part, having generatedthe reducedcircuit C’ andthe specifiedfault list L ,

any stateof theart combinationalATPGtool canbeusedto generatetestvectorsfor the

faultsfrom L for C’ . Testvectorsfor thefaultsfrom L aretheextra testvectorsrequired

to eliminatespurioustransitionswhile shifting test responsesin the initial circuit C as

describedin part (d). Sincethe freezingsignalsareprimary outputsin C’ asdescribed

in part (a) thenL containsfaultsonly on primary outputs. This will clearly speedup

the the ATPG processsinceonly backward justificationandno forward propagationis

required. Moreover, the specifiedfault list is significantlysmallerthanthe entire fault

setwhich will furtherreduceATPGcomputationaltime for computingextra testvectors.
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ALGORITHM: CIRCUIT -REDUCTION
INPUT: Circuit C
OUTPUT: ReducedCircuit C’

FreezingSignals� FS0 � 
�
�
 � FSp � 1 �
1 eliminatedgates= � S0 � 
�
�
 � Sm� 1 �
2 modifiedgates= Ø
3 current frontier= � S0 � 
�
�
 � Sm� 1 �
4 new frontier= Ø
5 while (current frontier %� Ø) �
6 for all gx & neighbours(current frontier)
7 if (all inputsof gx & eliminatedgates) �
8 addgx to eliminatedgates
9 removegx from modifiedgates
10 addgx to new frontier
11 �
12 else
13 addgx to modifiedgates
14 current frontier= new frontier
15 new frontier= Ø
16 �
17 generatereducedcircuit C’ asfollows �
18 eliminateall thegatesgx & eliminatedgates
19 modify all thegatesgy & modifiedgates
20 �
21 freezingsignals� FS0 � 
�
�
 � FSp � 1 � are

outputsignalsof � g0 � 
�
�
 � gp � 1 � = modifiedgates
22 � Se0 � 
�
�
 � Sem$ 1 � for whichno freezingsignal

existsareintroducedin theextra scanchainESC
23 return ReducedCircuit C’

Freezingsignals� FS0 � 
�
�
 � FSp � 1 �

Figure8: Proposedalgorithmfor circuit reductionfor extra testvectorcomputation
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It shouldbe notedthat somefaults from L are redundantwhich implies that no extra

testvectorcanbecomputedto stopthepropagationof thespurioustransitionsfrom scan

latchesassociatedwith therespective fault. However, thisscanlatchesaretreatedasself-

incompatibleandhandledby re-specifyingthefault list asdescribedin thelastpart(e)of

theMSC-PARTITIONINGof Figure7.

d. Given the extra testwith a list of faults from L detectedby eachextra testvectorEVi ,

scanlatch classificationaccordingto definitionsfrom section3.2 is doneasfollows. If

two faultsFSi sa� nci andFSj sa� ncj fromL areincompatible(i.e. they arenotdetected

by thesameextra testvector)theneachelementof the two lists of scanlatchesassoci-

atedwith thetwo faults � Si0 � 
�
�
 � Sim$ 1 � and � Sj0 � 
�
�
 � Sjq $ 1 � respectively, areincompatible

(otherwisethey arecompatible).This leadsto groupingall the scanlatches,associated

with faultsdetectableby singleextra testvector, into a singlescanchain. However, this

may leadto self-incompatiblescanlatches(Definition 4 of section3.2) whendifferent

extra testvectorseliminatespurioustransitionsfrom thesamescanlatch. Consequently,

while thereareself-incompatibletheMSC-PARTITIONINGalgorithmwill iteratethrough

parts(e), (c), (d) asexplainednext.

e. In thecasethat thereareself-incompatiblescanlatchesafter the generationof multiple

scanchainsthentheproblemneedsto beaddressedasit wasbriefly explainedin example

4 of section3.2. The faults FSi sa � nci which have attachedself-incompatiblescan

latchesareremovedfrom fault list L andnew faultsarespecifiedonthelinesin thefanout

pathsof FSi . Thus,therespecifiedfault list L will beprovidedbackto theATPGprocess

for computingextra testvectors(part (c)) which will be followedby new multiple scan

chaingenerationbasedon fault compatibility (part (d)). This iterative processcontinues

until thereareno self-incompatiblescanlatchesleft.

The MSC-PARTITIONINGalgorithmof Figure7 returnsthe scanchainsof compatiblescan

latches,theextrascanchainESCandtheextra testsetof extra testvectorsusedto defineanew

testapplicationstrategy, asexplainedin thefollowing section.
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4.2 NewTestApplication StrategyUsingMultiple ScanChainsand Extra
TestVectors

Having partitionedthescanlatchesinto multiple scanchainswith anextra testvectorfor each

scanchain(section4.1), this sectionintroducesa new testapplicationstrategy for power mini-

mizationduringtestapplicationin full scansequentialcircuits.

ALGORITHM: MSC-TEST APPLICATION
INPUT: TestSetS= � V0 � 
�
�
 � Vn � 1 � , Circuit C

ScanChains� SC0 � 
�
�
 � SCk � 1 � ESC�
ExtraTestSetES= � EV0 � 
�
�
 � EVk � 1 �

OUTPUT: NodetransitioncountNTC

1 NTC ' 0
2 for everyVi from S with i � 0 � 
�
�
 � n � 1 �
3 for everySCj with j � 0 � 
�
�
 � k � 1 �
4 applyEVj to primaryinputs
5 computeNTCi ( j by simulatingC when

shifting in thepresentstatepartof test
vectorVi throughscanlatchesfrom SCj

6 NTC ' NTC 
 NTCi ( j
7 �
8 applyprimarypartof Vi to primaryinputs
9 computeNTCi ( ESC by simulatingC when

shifting in thepresentstatepartof test
vectorVi throughscanlatchesfrom ESC

10 NTC ' NTC 
 NTCi ( ESC

11 NTC ' NTC 
 NTCi ( LOAD

12 �
13 return NTC

Figure9: Proposedtestapplicationstrategy usingmultiplescanchainsandextra testvectors

Multiple ScanChain Test Application (MSC-TESTAPPLICATION) algorithm computes

the node transitioncount NTC (section2) during the entire test applicationperiod for the

giventestsetS, circuit C, multiple scanchains � SC0 � 
�
�
 � SCk � 1 � ESC� , andextra testsetES

= � EV0 � 
�
�
 � EVk � 1 � . Figure9 gives the pseudocodeof the proposedMSC-TESTAPPLICA-

TION algorithm. Thevalueof NTC is 0 at thebeginningof the algorithmandit is gradually

increasedasthe entire testset is traversed. The outer loop representsthe traversalof all the

testvectorsVi, with i � 0 � 
�
�
 � n � 1, from testsetS. Shifting out testresponsesthroughall the
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scanchainsarethenconsideredin the inner loop. For eachscanchainSCj , circuit C is simu-

latedby applyingtheextra testvectorEVj to primary inputsandNTCi ( j is addedto thenode

transitioncountNTC. NTCi ( j standsfor nodetransitioncountwhile shifting in presentstate

partof testvectorVi throughscanchainSCj andapplyingextra testvectorEVj to theprimary

inputs.After shitfting out thetestresponsesthougheachscanchainSCj theprimaryinput part

of testvectorVi is appliedto primary inputsandNTCi ( ESC is computedwhile shifting out test

responsethroughthe extra scanchainESC.Finally the entire testvectorVi is appliedto the

circuit undertestandNTCi ( LOAD requiredto loadthetestresponsein thescanlatches,is added

to NTC. After thecompletionof theinnerloop,theouterloopcontinuesuntil theentiretestset

is examined.Thealgorithmreturnsthevalueof NTC over theentiretestapplicationperiod. It

shouldbenotedthatalgorithmspresentedin thissectionareindependentof testvectorandscan

latchorder. Unlike thealgorithmsfrom [12,33–35]whosecomputationaltime is prohibitively

largehinderingtheexplorationfor largesequentialcircuits,theproposedMSC-PARTITIONING

andMSC-TESTAPPLICATION algorithmshave low computationaltime andcanhandlelarge

circuitsasshown in thefollowing section.

5 Experimental Results

Thissectiondemonstratesthroughasetof benchmarkexamplesthatmultiplescanchainscom-

binedwith extra testvectors,asoutlinedin section3, yield savingsin powerdissipationduring

testapplication.Thealgorithmsdescribedin section4 have beenimplementedon a 500MHz

PentiumIII PCwith 128MB RAM runningLinux andusingGNU CC version2.91. Theav-

eragevalueof nodetransitioncount(NTC) reportedthroughoutthis sectionis calculatedusing

the formulasfrom section2 underthe assumptionof the zerodelaymodel. The useof zero

delaymodelis motivatedby very rapidcomputationof NTC andby theobservationthatpower

dissipationunderzerodelaymodelhasa high correlationwith power dissipationundergen-

eraldelaymodel[41]. However, theproposedtechniqueappliesequallyto othergeneraldelay

modelsasunit andvariabledelaymodels[42]. Furthermore,due to eliminationof spurious

transitions(Definition 1) thepropagationof hazardsandglitchesis eliminatedleadingto even

greaterreductionsfor power dissipationin thecaseof unit andvariabledelaymodel. Besides,

theaimof thispaperis not to giveexactvaluesof powerdissipationduringtestapplication,but

to definea new designfor testabilityarchitectureanda new testapplicationstrategy for power

minimizationthatappliesequallyto everydelaymodel.

Table1 shows the experimentalresultsfor all circuits from ISCAS89benchmarkset[46]
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ATALANTA [43] ATOM [44] MINTEST [45] CPU
circuit trad. prop. trad. prop. trad. prop. SC

ESC
timeTV

NTC NTC
TV

NTC NTC
TV

NTC NTC
length

(s)

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 70 453.58 137.63 135 509.96 150.41 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
s1494 125 329.98 266.05 191 353.12 237.43 100 371.16 235.81 4 0 3
s5378 259 1772.07 527.87 358 1786.60 531.44 97 1809.42 537.51 5 33 49
s9234 366 3160.16 760.35 660 3123.35 754.58 105 3045.64 751.093 6 20 201
s13207 461 5949.81 2051.55 709 5972.92 2056.18 233 5977.48 2047.51 5 330 472
s15850 436 5260.90 942.07 643 5487.29 952.92 94 5481.82 947.82 6 62 596
s35932 65 11067.50 5440.19 129 13039.30 6291.21 12 10860.50 5374.45 2 0 1903
s38417 904 15920.00 7159.88 1458 15849.20 7136.23 68 14199.90 6486.23 5 1079 8151
s38584 658 12766.30 3914.41 989 12871.30 3912.55 110 12901.50 3896.92 7 7 3543

Table1: Experimentalresultsusingmultiplescanchainsfor powerminimization.

usingthreedifferentATPG test tools [43–45]. The first andsecondcolumnsgive the circuit

nameandthe numberof testvectors(TV) respectively generatedusingthe ATALANTA test

tool [43]. Third columnshows theinitial averagevalueof NTC (trad.NTC), which is thetotal

valueof NTC usingthetraditionalsinglescanchaindesign[36] dividedby thetotal numberof

clock cyclesover theentiretestapplicationperiod.Thenext column4 shows thefinal average

valueof NTC (prop.NTC) whenusingmultiplescanchainsandextra testvectors(MSC-TEST

APPLICATION algorithm from section4.2). The sameexperimenthasbeencompletedfor

non compacttestsetsgeneratedby ATOM testtool [44] (columns5-7) andcompacttestsets

generatedby MINTEST compactiontool [45] (columns8-10) respectively. It shouldbenoted

that all the threetestsets[43–45] achieve 100%fault coverage.Columns11 and12 give the

numberof scanchains(SC)andthelengthof theextrascanchain(ESC)respectively computed

usingtheMSC-PARTITIONINGalgorithmoutlinedin section4.1. Thenumberof scanchains

variesfrom 2 asin thecaseof s208up to 7 asin thecaseof s38584. Thesmallnumberof scan

chainsimplies that both areaoverheadrequiredto control multiple scanchainsandtestdata

overheadcausedby extra testvectorsarevery low sincethey areproportionalto 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
s298 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
s386 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
s1423 69.65 70.50 70.26 1.06 0.55 3.73 3.79
s1488 33.73 34.51 36.06 1.44 0.87 1.69 4.16
s1494 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
s15850 82.09 82.63 82.70 0.14 0.09 0.67 0.92
s35932 50.84 51.75 50.51 0.06 0.03 0.33 0.25
s38417 55.02 54.97 54.32 0.01 0.01 0.09 0.38
s38584 69.33 69.60 69.79 0.02 0.01 0.14 0.42

Table2: Power reductionandoverheadin testareaandtestdata.

of scanchains. For mostof the examplesthe sizeof the extra scanchain(ESClength)is nil

or very low. However, thereareto extremecasesasin the caseof s13207ands38417where

thenumberof independentscanlatches(Definition 5 from section3.1) is very high leadingto

anincreasein ESClengthandhenceinsignificantpenaltyin power reduction.It canbeclearly

seenthat theproposedtestapplicationstrategy (MSC-TESTAPPLICATION from section4.2)

hassignificantlysmalleraveragevalueof NTC for all thebenchmarkcircuitswhencompared

to initial valueof NTC computedusingthe testapplicationstrategy from [36] which employs

a singlescanchain.Furthermore,thecomputationaltime is very low ( � 1s) for smallcircuits.

Moreover, for largecircuitswhicharenothandledby previousapproaches[12,34,35], asin the

caseof s38584, it takes � 3600s to achievesubstantialreductionin averagevalueof NTC.

To give anindicationof the reductionsin power dissipation,Table2 shows thepercentage

reductionin power dissipation(columns1-3) andpercentageoverheadin testdata(columns

4-6) andtestarea(column7). Thepower dissipationis considereddirectly proportionalto the

averagevalueof NTC. The testareaoverheadrepresentstheextra logic requiredto multiplex

thescanoutputsignal(Figure1) andit is computedaccuratelyby synthesizingandtechnology

mappingthe ISCAS89circuits to AMS 0.35micron technology[47]. The testdataoverhead
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representsthenumberof extrabitsrequiredfor theextratestvectors(thenumberof scanchains

multiplied by the numberof primary inputs). Note that test areaoverheaddecreasesas the

complexity of the circuit increases.This is due to the fact that extra areaoccupiedby scan

controlregisterandselectionlogic (Figure1 from section3.1)requiredto controlmultiplescan

chainsis verysmallwhencomparedto thesizeof largesequentialcircuits.Thepowerreduction

variesfrom approximately82%asin thecaseof s15850down to under17%asin thecaseof

s832. It shouldbenotedthatmoderatepowerreductionasin thecaseof s386, s510, s820, s832,

s1488, s1494is dueto very smallnumberof scanlatches(5 to 6 scanlatchesonly) which are

difficult to bepartitionedin multiplescanchains.However, for moderncomplex digital circuits

wherethe numberof scanlatchesis significantlyhigher(thousandsasin the caseof s38584)

the power reductionis up to 69% at the expenseof insignificant � 1% testdataandtestarea

overhead.This clearlyshows theadvantageof theproposedtechniquefor power minimization

usingmultiplescanchainsfor largesequentialcircuits.
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Figure10: Curve illustratingtestsetindependentfinal valueof NTC.

A furtheradvantageof theproposedtechniqueis thatdueto testsetindependencethefinal

averagevalueof NTC is predictablewithin a given rangeof valuesregardlessof testvectors

appliedto thecircuit. This is justifiedby thefactthattheproposedlow overheadareamultiple

scanchainarchitectureintroducedin section1 is notoverlysensitiveto thevaluesof testvectors

sinceonly asinglechainis activeatatimeandthespurioustransitionswithin thecombinational

circuit areeliminatedby the extra primary input vectorregardlessof the valueloadedin non

active scanchains.This is shown in Figure5 wherethegraphsfor averagevalueof NTC for

for 7 largestISCAS89benchmarkunderthreedifferentsizetestsetsaregiven. For all three
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test setsMINTEST [45], ATALANTA [43] andATOM [44] the averagevaluesof NTC are

areapproximatelyequal. This implies that the proposedtechniquecan further be appliedto

moreDFT methodologiessuchasscan-basedBIST [36] wherethe regardlessof the valueof

the pseudorandomtestsetthe savings in power dissipationareguaranteedandfinal valuesof

NTC arepredictable.

It shouldbe notedthat experimentalresultsreportedin this sectionusing the simplified

power modelfrom section2 do not considerpower dissipatedby theclock treewhich is typi-

cally onethird of thetotal powerdissipation[38]. However, powerdissipatedby theclock tree

canbe substantiallyreducedusinglow power bufferedclock treedesign[38] which success-

fully handlesbothscanclock gatingandscanclock treesrequiredby theproposeddesignfor

testabilityarchitectureusingmultiplescanchainsasshown in Theorem1 of section3.3.

6 Conclusions

This paperhaspresenteda new techniquefor power minimizationduring testapplicationin

sequentialcircuits using multiple scanchains. The techniqueis basedon a new designfor

test(DFT) architectureanda novel testapplicationstrategy which reducesspurioustransitions

(Definition1 of section3.2)in circuit undertest.Whencomparedto traditionalapproachwhich

consistsof a singlescanchain[36] theproposedtechniqueemploys a novel DFT architecture

basedon multiple scanchainsleadingto substantialreductionin power dissipation.The pro-

posedtechniquewhich is testsetindependentovercomeslargetestapplicationtimerequiredto

achieve significantpower savings [29–32,34] sincesubstantialpower reductionsareachieved

for bothcompactandnoncompacttestsetsasshown in section5. Thenewly introducedDFT

architecture(Figure1 from section3.1)doesnot introduceany performancedegradationwhen

comparedto previous approachesemploying modifiedscancell design[29]. Unlike previous

approacheswhich do not consider[12,28,30–35]or reduceclock treepower dissipationonly

for nonessentialtestvectors[29] theproposedtechniquereducesclocktreepowerfor all thetest

vectorsof a very small testsetwhereeachtestvectoris essentialasdescribedin section3.3.

While previous approaches[28,29] requiredconsiderabletestareaoverheadassociatedwith

detectionlogic theproposedDFT architecturerequiresvery low extra areato controlmultiple

scanchainswhich aresuccessfullycombinedwith extra testvectorsin the newly introduced

testapplicationstrategy in section4.2. Sincea high numberof extra testvectors[34] emerges

asa problemto testerswhich needto changeto supportthe largevolumeof testdata[37], the

proposedtechniquebasedonasmallnumberof extra testvectorsintroducesvery low overhead
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in testdataasshown in section5. Moreover, dueto efficient algorithmsdescribedin section4

theproposedtechniqueis computationallyinexpensiveunlikepreviousapproaches[12,33–35]

whosecomputationaltime is prohibitively largehinderingtheexplorationfor large sequential

circuits. Finally, thesynthesizableextra hardwarerequiredby thenew DFT architectureintro-

ducedin section3.1,theefficientalgorithmsgivenin section4.1,andthenovel testapplication

strategy describedin section4.2make thetechniqueproposedin this papereasilyembeddable

in theexisting VLSI designflow usingstateof theart third partyelectronicdesignautomation

tools.
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