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Abstract

Power dissipatedduring test application is substantially
higher than power dissipatedduring functional operation

[22] which can decreasethe reliability and lead to yield

loss. This paper presentsa new tednique for power
minimizationduring test applicationin full scansequen-
tial circuits. The techniqueis basedon classifyingscan
latchesinto compatibleincompatibleandindependenscan
latches. Basedon their classificationscanlatchesare par-

titioned into multiple scanchains. A new testapplication
strategy which appliesan extra testvectorto primaryinputs
while shifting out testresponsefor ead scanchain, mini-

mizespowerdissipationby eliminatingthe spurioustransi-

tions which occurin the combinationalpart of the circuit.

Unlike previous approaces[9] which are testvectorand

scanlatch orderdependenandhenceare notableto handle
large circuitsdueto the compleity of the designspacethis

papershowsthat with low testareaandtestdataoverhead
substantialsavingsin powerdissipationduring testappli-

cation are achievedin very low computationaltime For

example in the caseof bendimarkcircuit s15850it takes
< 36005 in computationatime and < 1% in testareaand
testdata overheadto achieve 80% savingsin powerdissi-
pation.

1. Intr oduction

Minimization of power dissipationin VLSI circuitsis im-
portant to improve the reliability and reduce packaging
costs.While mary techniquedaveinvestigategpowermin-
imizationduringthe normal(functional)modeof operation
[2,4,8,12,13,17-19],it is essentiato examinethe power
dissipationduring the test mode of operationmainly for
the following two reasons.Firstly it wasoutlinedin [22]

thatpower dissipatediuringtestapplicationis substantially
higher than power dissipatedduring functional operation
which candecreasehe reliability of the circuit undertest
dueto highertemperatureandcurrentdensity Secondlythe
excessive power/groundnoise causedby the high rate of
currentflowing in power andgroundlines canerroneously
changethe logic stateof circuit lines causingsomegood
diesto fall thetest[21] leadingto yield loss.Dependingon
level of abstractiorandcircuit type, high power dissipation
duringtestapplicationis dueto thefollowing:

a. Systemavhichcomprisemodernmemorysystemsand
multichip modules(MCMs) employ power-conscious
architecturatlecisionsvhereblocksarenotsimultane-
ouslyactivatedunderfunctionaloperation7]. Hence,
inactive blocksdo not contritute to power dissipation
during the functional operation. However, whenthe
systemis in the test mode of operation,concurrent
executionof testsin mary blockswill resultin sub-
stantiallyhigherpower dissipationwhencomparedo
functionaloperation.

b. Low power combinationakircuits are synthesizedy
algorithms[2,12,17,18] which seekto optimize the
signal or transition probability of circuit nodesusing
only thespatialdependenciemsidethe circuit assum-
ing thetransitionprobabilitiesof primary inputsto be
given. However, the complex spatiotemporatorrela-
tions which occurat the primary inputs mustbe con-
sidered[16]. Thisis of furtherimportanceduringtest
applicationsincecorrelationbetweenconsecutre test
vectorsgeneratedy anautomatictestpatterngenera-
tor (ATPG)is very low, because testvectoris gener
atedfor a giventargetfault without ary consideration
of the previous testvectorin the testsequence.The
low correlationbetweenconsecutre testvectorsdur-
ing testapplicationleadsto substantiallyhigherpower



dissipatiorwhencomparedo functionaloperation.

c. Low power sequentiatircuitsaresynthesizedy state
assignmenalgorithmswhich usestatetransitionprob-
abilities [4,8,17,19]. The statetransition probabili-
ties are computedassuminginput probability distri-
bution and statetransitiongraphwhich is valid dur-
ing functional operation. Thesetwo assumptionsre
notvalid duringthetestmodeof operationwhenscan
designfor testability (DFT) techniqueis employed.
While shifting out testresponseghe scanlatchesare
assigneduncorrelatedvaluesthat destrgy the correla-
tion betweensuccessie states. Furthermore,in the
caseof datapathcircuits with large numberof states
that are synthesizedor low power usingthe correla-
tionsbetweerdatatransferq413], in thetestmodescan
registersare assigneduncorrelatedvalueswhich are
never reachedduring functional operationleadingto
substantiallyhigherpower dissipation.

To overcomethe problemof high power dissipationduring
testapplicationat the systemlevel (problema), a power-
constrainedtest schedulingalgorithm has been proposed
for high performancememoriesandmultichip moduled7].
The algorithm is basedon a resourcegraph formulation
for the test problemand testsare scheduledconcurrently
without exceedingtheir power ratingsduring testapplica-
tion. A new ATPG tool [21] was proposedto overcome
thelow correlationbetweerconsecutie testvectorsduring
testapplicationin combinationakircuits (problemb). De-
spiteachieving the objectivesof safeandinexpensve test-
ing of low power circuitstheapproactin [21] increasedhe
testapplicationtime. A differentapproachHor minimizing
power dissipationduring testapplicationin combinational
circuits (problemb) is basedon test vector ordering[9].
Testvectororderingis donein a post-Ar PG phasewith no
overheadn testapplicationtime sincetestvectorsarere-
orderedsuchthatcorrelationbetweernconsecutie testvec-
torsmatchegheassumedransitionprobabilitiesof primary
inputs usedfor switchingactivity computationduring low
power logic synthesis.However the computationatime is
veryhighdueto thecompleity of testvectororderingprob-
lem which is reducedto finding a minimum costhamilto-
nianpathin acompleteundirectedandweightedgraph.To
minimize power dissipationin scansequentiatircuits dur-
ing testapplication(problemc) two techniqueshave been
proposed9, 10]. In [10], systemsequippedwith a scan-
baseduilt-in self-testikethe STUMP Sarchitecturd3] are
analyzedthe modulesand modeswith the highestpower
dissipationareidentified,andgatinglogic to reducepower
dissipationhasbeenproposed.Despitesubstantiabavings
in power dissipationgatinglogic introducesot only supli-
mentaryareaoverheadbut also performancedegradation.
A techniquewhich doesnot introduceperformancedegra-

dation hasbeenproposedn [9]. The techniquebasedon
testvectorandscanlatch orderingincreaseshe correlation
betweenconsecutie statesduring shifting in presentstate
partof the testvectorandshifting out testresponsesFur-

ther benefitof the techniqueproposedn [9] is that min-
imization of power dissipationduring testapplicationhas
beenachiezedwithout ary increasen testapplicationtime
unlike[7,21].

However, the techniqueproposedn [9] is testvectorand
scanlatchorderdependenandcannotsignificantlyreduce
power dissipationdespitea large computationaltime re-
guiredto explore the large designspace. Furthermorefor

circuitswith largenumberof scanatcheghetechniquepro-
posedn [9] is infeasiblesincecomputationatime required
to computethe costfunction of eachsolutionin the large
designspace,is unacceptablyarge. The aim of this pa-
peris to introducea new techniquefor power minimization
duringtestapplicationin full scansequentiatircuitswhich
eliminatesthe computationabverheadassociateavith test
vectorandscanlatch ordering[9]. Thetechniqueis based
on partitioning scanlatchesinto multiple scanchainsand
applyingan extra testvectorto primary inputswhile shift-

ing outtestresponsefor eachscanchain. This papershavs
thatwith low testareaandtestdataoverheadigh sasingsin

power dissipationduring testapplicationin large full scan
sequentiatircuitsareachiezedin low computationatime.

2. Power Dissipation Model

Pawer dissipationin digital CMOS circuitsis dividedinto
staticand dynamicpower. The static power is considered
negligible when comparedo the dynamicpower in digi-
tal CMOS circuits[6]. If the gateis part of a synchronous
digital circuit controlledby globalclock, it follows thatthe
dynamicpower dissipationPy is calculatedusing:

Py = 0.5 Cload X (Vi3p/Tey) X N (1)

whereCioaq is theload capacitanceypp is the supplyvolt-
age,Teyc is theglobalclock cycle, andNg is thetotal num-
ber of gateoutputtransitions(0 — 1 or 1 — 0). Sincesup-
ply voltageVpp andglobalclock cycle Tey aredesigncon-
straints,they are not underdesignercontrol. Thus, node
transitioncount

NTC = Z NG X Cioad (2
for all gaesG

is reportedas quantitatve measurefor power dissipation
throughoutthe paper It hasbeenassumedhat load ca-
pacitancdor eachcombinationalyateis equalto the num-
ber of fan-outs. The nodetransitioncountin scanlatches
Ns_ is consideredasin [9], whereit wasshawn thatfor in-

putchange$ — 0 and1 — 1, Nsy,,,,, = 2, whilst for input
change® — 1 and1 — 0, Nsi,,,,,, = 6.



3. Power Minimization in Full ScanSequential
Cir cuits Basedon Multiple ScanChains

In this sectiona new techniquefor power minimizationin
full scansequentiakircuits basedon multiple scanchains
is introduced. Section3.1 overviews the proposeddesign
for testability (DFT) architecturefor power minimization.
Section3.2 definescompatible jncompatibleandindepen-
dentscanlatchesandtheirimportancefor partitioningscan
latchesinto multiple scanchains,asdescribedn section4,
is explainedthroughexamples.

3.1 ProposedDesignfor Testability Architecture
Using Multiple ScanChains

The proposedFT architecturaisingmultiple scanchains
Lo... L1 is illustrated in Figure 1. The scaninput
Scanin is routedto all scanchainswhile the scanoutput
ScanOu is selectedfrom the output of eachscanchain.
Scanchainsare operatedusingnon overlappingclock sig-
nals which gatethe scanclock using a shift register with
numberof flip flopsequalto thenumberof scanchains(for
thesale of simplicity theshift registerandthe selectologic
arenot presentedn Figure1). While shifting out testre-
sponsegresentin scanlatchesfrom scanchain SC;, pri-
maryinputsaresetto extratestvectorEV; which eliminates
the spurioustransitiong(Definition 1 from section3.2) that
originatefrom scanlatchesfrom scanchainSC;. Thealgo-
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Figure 1. Proposed DFT architecture based
on multiple scan chains.

rithm for partitioningscanlatchesinto multiple scanchains
is describedn section4.1, while the new testapplication
stratgy using multiple scanchainsand extra testvectors

is describedaterin section4.2. Beforedescribinggenera-
tion of multiple scanchainsthe next sectionclassifiesscan
latchesinto threebroadclasses.

3.2 Compatible, Incompatible and Independent
ScanlLatches

In orderto partition scanlatchesinto multiple scanchains,
they needto be classifiedinto three broad classes:com-
patible, incompatibleand independenscanlatches. This
classificatioris alsoimportantfor computingextratestvec-
torsassociateavith eachscanchainthateliminatespurious
transitionswhich aredefinedasfollows.

Definition 1 A spurioustransitionduring test application
in scansequentiatircuitsis atransitionwhich occursin the
combinationalpart of the circuit undertestwhile shifting
out the testresponseand shifting in the presentstatepart
of the next testvector Thesetransitionsdo not have ary
influenceon testefficiency sincethe valueat the inputand
outputof thecombinationapartis not usefultestdata.

Having definedthespurioudransitionspow thecompatible
andincompatiblescanlatchesareintroduced.

Definition 2 Two scanlatchesS andS; are compatibleif
all primary inputsxy are assignedvaluescy that eliminate
the spurioustransitionswhich originatefrom both § and
Sj. Thevaluescy of primary inputsx, constitutethe extra
testvectorwhich eliminatesspurioudransitionsoriginating
from both§ ands;.

Definition 3 Two scanlatchesS andS; areincompatible
if atleastoneprimary input xx thatis assignedsalueiy to
eliminatethe spurioustransitionswhich originatefrom §
will propagatehetransitionswhich originatefrom S;. Two
incompatiblescanlatchescannotbe assignedo the same
scanchainsincethereis no extra testvectorthatcanelimi-
natespuriougransitionsvhichoriginatefrom bothof them.

The following exampleillustratescompatibleand incom-
patiblescanlatches.

Example 1 Considerthe simple circuit of Figure2. The
{Xo,X1,%2} are primary inputs, {S,S1,$,S3,%,S} are
scanlatches, {yo,y1,Y2,¥3,Ya,Y5} are presentstatelines,
and {2,z1,2,,73,24,25} are circuit outputs. To eliminate
spurioustransitionsat gate zg while shifting out test re-
sponseghrough scanlatch &, primary input xo must be
assignedhe controlling value 0 of gatezy. Similarly, to
eliminate spuriousthat originate from scanlatch S, pri-
mary input xo mustbe assignedhe controlling value 1 of
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Figure 2. Example circuit illustrating compat-
ible and incompatib le scan latc hes.

gatez;. Differentvaluesmustbe assignedo xg to elimi-

nate spuriostransitionswhich originatefrom scanlatches
S andS;. ThereforescanlatchesSy andS; areincompati-
bleandareassignedo differentscanchainsSCo = {S} and
L1 = {S1}. Ontheotherhand,by assigningx; to the con-

trolling value O of gatesz, and z3 the spurioustransitions
which originatefrom both scanlatchesS, andSs areelim-

inated. Thus,by introducingS; andSs into SCy andapply-
ing extratestvectorxgxixz = {00X} while shifting out test
responsesrom Sy = {S, S, 3} no spurioustransitions
will occurat gateszy, z» andzs. Similarly, scanlatchesS,

andSs arecompatiblesinceassigningl to the primaryin-

putxz eliminatesspurioustransitionsat gatesz4 andzs. By

introducingS; andSs into SC; andapplyingextratestvec-
tor Xox1X2 = {1X1} while shifting out testresponsefrom

L1 ={S1,S, S} nospuriougransitionswill occuratgates
71, Z4 andzs.

The previous examplehasassumead simple circuit where
all the spurioustransitionsare eliminatedby partitioning
scanlatchesin two scanchainsSCy and SC;. However,
someof thespurioudransitionscannotbeeliminatedasde-
scribedin thefollowing example.

Example 2 Considerthe circuit shovn in Figure3. The
spurioustransitionswhich originatein scanlatchesS and

)A

Figure 3. Example circuit illustrating spurious
transitions whic h cannot be eliminated.

S cannotbe eliminatedat gatety since both inputs are
presentstatelines. However, by assigningxg and/orx; to
the controlling value O of gatet; the spurioustransitions
will be eliminatedat gatet;. ScanlatchesS and S, are
compatiblesince sameprimary input valueseliminatethe
spuriougtransitionsof gatet;.

Example2 hasillustratedthat someof the spurioustransi-
tions cannotbe eliminatedsinceall the gateinputsdepend
on presenstatelines. Computingprimaryinput valuesthat
eliminatespurioustransitions(extra testvectorsintroduced
in Definition 2) can be viewed asan ATPG problemto a
reducedcircuit with a specifiedfault list which is divided
into threesteps.In thefirst step,freezingsignalsareidenti-

fiedwhicharethesignalsthatdependn primaryinputsand
shouldbe setto the controlling value assideinputsto the
gateswhich eliminatetransitionsthat originatefrom scan
latches.In the secondstep,the circuit is modifiedto a re-

ducedcircuit which is generatedsfollows: gatesandsig-

nalsthat dependonly on scanlatchesare excluded; gates
that dependon both scanlatchesand primary inputs are
modifiedto gateswith input signalsdependenbnly on pri-

mary inputs(in the caseof gateswith two inputsof which

oneis a freezingsignal the gateis modified to a buffer);

all the freezingsignalsidentified in the first stepare set
asprimary outputsin the reducedcircuit. Also the freez-
ing signalsare introducedin the specifiedfault list target-
ing the stuckat the non controlling value of the gatewhich

eliminatesthe spurioustransitionsin the initial circuit. In

thethird step,having generatedhe reducedcircuit andthe
specifiedfault list, any ATPG tool can be usedto gener

ateextratestvectors.Thefollowing exampleillustratesthe
threestepsrequiredto computeextra testvectors.

Example 3 For the circuit shovn in Figure 3 the reduced
circuit is generatedisfollows. In thefirst step,the freez-
ing signalt; at the input of gatez, is identified to elim-
inate spurioustransitionsthat originate from scanlatches
S and$S;. In the secondstep,scanlatchesS andS;, and
the AND gatetp are excludedfrom the reducedcircuit as
shown in Figure4. Furthermoregatezy is modifiedto a
buffer (signalst; andzy areidentical). The tagetedfault
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Figure 4. Reduced circuit of the example cir-
cuit from Figure 3 illustrating the three steps
required to compute extra test vector s.

in thereducedcircuitis t; sa— 1 which eliminatesthe spu-
rious transitionsat gatezp in the original circuit. Finally
in the third step, the extra test vectors(Definition 2) that
eliminatethe spurioudransitionduringtestapplicationare
computedkox; = {0X, X0}.

Finally, independenscanlatchesareintroduced.

Definition 4 A scarlatchesS isindependenif all thegates
onall the pathswhich originatefrom § do not have atleast
onesideinput which canbejustifiedby primaryinputs.

Figure 5. Example circuit illustrating indepen-
dent scan latches.

Theindependenscanlatchesaregroupedin the extra scan
chain(ESC)for which no extra testvectorcanbe computed
andhencethe spurioustransitionscannoteliminated. The
following exampleillustratesindependenscanlatches.

Example 4 Considertthe circuit shavn in Figure5. Output
Zp depend®nly onscanlatchesSy andS;, andthenext state
Y4 of scanlatch &4 depend®nly on scanlatchesSy, S, &

andS;. Thereareno sideinputsof gatesty andt; thatcan
bejustified by primaryinputssuchthatspurioustransitions
originatedfrom &, S, $ andSs areeliminated. Therefore
scanlatchesSy, S, S andSs areindependent.

4. Multiple ScanChains Generation and New
TestApplication Strategy

In this section partitioningof scanlatchesin multiple scan
chainsbasedon their classificationasdescribedn 3.2, is
given. Then,anew testapplicationstrateyy for power min-
imization during testapplication,basedon the DFT archi-
tecturedescribedn section3.1,is introduced.

4.1 Partitioning ScanlLatchesinto Multiple Scan
Chains

Multiple ScanChain Partitioning (MSC-FARTITIONING
algorithmidentifiescompatiblescanlatches,groupsthem
in scanchainsand computesan extra testvector for each
scanchain. Figure6 givesthe pseudocodef the proposed
MSC-FARTITIONINGalgorithm.Initially, thefreezingsig-
nals(section3.2) {FS,...,FSy_1} aredeterminedsimul-
taneouslywith identifying independenscanlatches(Def-
inition 4). The independenscanlatchesare groupedinto
the extra scanchain (ESC)which consistsof scanlatches
whosespurioustransitionscannotbe eliminatedby com-
puting an extra testvector Having determinedhe freez-
ing signals the specifiedfaultlist (section3.2)is createdas
shavnin line 3. Thenext line shovshow thereducectircuit
C' is generatedsdescribedn section3.2. An ATPGtool
[14] is usedto generateextra testvectorsfor the modified
circuit C' andto identify compatiblefaultsfrom the speci-
fied faultlist L. If anextratestvectordetectsat leasttwo
compatibldaultsondifferentfreezingsignalsthenthescan
latcheswhosespurioudransitionsareeliminatedby setting
the controlling valueon therespectie freezingsignals,are
compatible(Definition 2) andaregroupedn the samescan
chainasshavnin line 6. If thereducectircuit is redundant
thenthe scanlatcheswhosespurioustransitionscannotbe
eliminatedby thefreezingsignalswith redundantaults,are
introducedin the extra scanchainESC. The algorithmre-
turnsthe scanchainsof compatiblescanlatches the extra
scanchain ESCandthe extra testsetof extra testvectors
usedto definea new testapplicationstrateyy, asexplained
in thefollowing section.

4.2 NewTestApplication Strategy Using Multiple
ScanChains and Extra TestVectors

Having partitioned the scan latchesinto multiple scan
chainswith anextratestvectorfor eachscanchain(section
4.1), this sectionintroducesa new testapplicationstratey
for power minimizationduring testapplicationin full scan
sequentiatircuits.

Multiple ScanChainTestApplication (MSC-TESTAPPLI-
CATION) algorithm computesthe node transition count



ALGORITHM: MSC-PARTITIONING

INPUT: Circuit C

OUTPUT.ScanChains{SGCy,...,SC«_1,ESC}
ExtraTestSetES={EVy,...,EVk-1}

1 identify thefreezingsignals{FS,...,FSp—1}
whereeachfreezingsignalF S stopsthe spurious
transitionsfrom scanlatchlist {S,...,S,, ;}

2 {Sy,---,Ss, .} for whichnofreezingsignal
existsareintroducedn the extra scanchainESC

3 createthefaultlist L = {FS sa—cy, ...,

FSp—1 sa— cp—1} wherec; is thenon-
controllingvalueof thegateG;, frozenby FS

4 modify thecircuit C to C’ asfollowing:

gatesdependenbnly on scanlatchesareexcluded

gatesdependenbn bothscanlatchesandprimary
inputsaremodifiedto gateswith inputsignals
dependenobnly on primaryinputs

» freezingsignalsaresetasprimaryoutputs

5 performATPGfor faultlist L of C' andgenerate
extratestsetES = {EVy, ..., EVi_1}

6 {Sjy--.,Sj, .} of detectedaultsFS; sa— c;
by extratestvectorEV, areintroducedn SC

7 {Sy:---,S,, .} of redundanfaultsF S sa— ¢
areintroducedn the extra scanchainESC

8 return{SCy,...,SC_1,ESC}

ES={EVo,...,EVk-1}

Figure 6. Proposed algorithm for partitioning
scan latches in multiple scan chains

NTC (section 2) during the entire test application pe-
riod for the given test set S, circuit C, multiple scan
chains {SC,,...,SC_1,ESC}, and extra test set ES =
{EVy,...,EVk-1}. Figure7 givesthe pseudocodef the
proposedSC-TESTAPPLICATION algorithm. The value
of NTC is 0 atthebegginningof thealgorithmandit is grad-
ually increasedasthe entiretestsetis traversed.The outer
loop representshe traversalof all the testvectorsVi, with
i=0,...,n—1, from testsetS. Shifting out testresponses
throughall the scanchainsare then consideredn the in-
nerloop. For eachscanchain SCj, circuit C is simulated
by applyingthe extra testvectorEV; to primaryinputsand
NTC; j is addedto the nodetransitioncountNTC. NTG;
standsfor nodetransition countwhile shifting in present
statepart of testvectorV,; throughscanchain SC; and ap-
plying extra testvector EV; to the primary inputs. After
shitfting out the testresponsethougheachscanchain Cj

theprimaryinput partof testvectorV; is appliedto primary
inputsandNTGC; s is computedwhile shifting out testre-
sponsethroughthe extra scanchain ESC. Finally the en-
tire test vectorV; is appliedto the circuit undertestand
NTGCi Loap requiredto load the testresponsen the scan
latches,is addedto NTC. After the completionof the in-
nerloop, the outerloop continuesuntil the entiretestsetis
examined.Thealgorithmreturnsthevalueof NTC overthe
entiretestapplicationperiod.

It shouldbe notedthatalgorithmspresentedn this section
areindependenbf testvectorandscanlatchorder Unlike
the algorithmsfrom [9] which requirehigh computational
timefor smallcircuitsandwhichareunfeasiblgor largecir-
cuitsduethesizeof thedesignspacgn! xm! wheren is the
numberof testvectorsandmis thenumberof scanlatches),
the proposedMSC-FARTITIONING and MSC-TESTAP-
PLICATION algorithmshave low computationatime and
canhandlelarge circuitsasshavn in thefollowing section.

ALGORITHM: MSC-TEST APPLICATION

INPUT: TestSetS={V,...,Vn-1}, Circuit C
ScanChains{SCy,...,SC_1,ESC}
ExtraTestSetES= {EVy,...,EVk_1}

OUTPUT:. NodetransitioncountNTC

1 NTC+«+O0

2 foreveryV; 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 primary partof V; to primaryinputs

computeNTGC; s by simulatingC when

shifting in the presenstatepartof test

vectorV; throughscanlatchesrom ESC

10 NTC+NTC+NTCex

11 NTC+NTC +NTG; L oap

12}

13 return NTC

©O© oo~NO

Figure 7. Proposed test application strategy
using multiple scan chains and extra test vec-
tors



5. Experimental Results

This sectiondemonstratethrougha setof benchmarkex-
amplesthat multiple scanchainscombinedwith extra test
vectorsasoutlinedin section3, yield saszingsin power dis-
sipationduring testapplication. The algorithmsdescribed
in sectiord have beenimplementedna350MHz Pentium
II PC with 64 MB RAM running Linux and using GNU
CCversion2.7. Theaveragevalueof nodetransitioncount
(NTC) reportedthroughoutthis sectionis calculatedusing
the formulasfrom section2 underthe assumptiorof the
zerodelaymodel.However, the proposedechniqueapplies
equallyto otherdelaymodelsasunit [15] andvariablede-
lay model[11]. Furthermoredueto elimination of spu-
rious transitions(Definition 1) the propagationof hazards
andglitchesis eliminatedeadingto evengreatereductions
for power dissipationin the caseof unit andvariabledelay
model. Besides,the aim of this paperis not to give ex-
actvaluesof power dissipationduring testapplication,but
to defineanew designfor testabilityarchitectureanda new
testapplicationstrateyy for powerminimizationthatapplies
equallyto every delaymodel.

P ESC initial final CPU
cireuit v sc length NTC NTC | time(s)
s208 34 2 0 54.54 37.71 1
$298 33 3 5 103.56 45.85 1
s344 24 3 0 130.36 55.70 1
s349 22 3 0 131.90 60.30 1
s382 32 3 6 133.91 53.73 1
s400 33 3 6 135.97 58.07 1
s420 73 2 0 111.69 65.99 1
s444 33 3 6 139.92 59.21 1
s526 60 3 5 170.61 75.11 1
s641 58 2 0 166.32 73.11 1
s713 58 2 0 173.34 81.31 1
s838 148 2 0 227.46 | 125.91 2
s953 920 6 23 158.50 84.30 2
s1196 | 140 3 2 101.31 76.45 3
s1238 | 151 3 2 101.50 73.69 3
s1423 70 4 3 45358 | 174.07 6
s6378 | 259 8 18 | 1772.07| 284.95 148
s9234 | 366 5 8 | 3160.16 | 819.16 694
s13207 | 461 6 318 | 5949.81 | 2007.11 3798
15850 | 436 7 53 | 5260.90 | 1030.36 3587

Table 1. Experimental results using multiple
scan chains for power minimization.

Tablel shows the experimentalresultsfor 20 circuitsfrom
ISCAS89benchmarlset[5]. Thefirstandsecondcolumns
give the circuit nameandthe numberof testvectors(TV)
respectiely generatedisingthe ATALANT A testtool [14].
The third and fourth columns give the number of scan
chains(SC) and the length of the extra scanchain (ESC)
respectrely computedusingthe MSC-FARTITIONINGal-

circuit power testarea testdata
reduction(%) | overhead%) | overhead%)
s208 30.81 7.39 3.26
s298 55.72 7.29 1.06
s344 57.26 7.20 4.68
s349 54.27 7.16 5.11
$382 59.87 5.34 0.78
s400 57.28 5.22 0.75
s420 40.91 3.58 1.45
s444 57.68 5.05 0.75
s526 55.97 434 0.41
s641 56.04 2.71 2.23
s713 53.08 2.57 2.23
s838 44.64 1.76 0.69
s953 46.81 6.71 1.97
1196 24.54 3.03 0.62
51238 27.40 2.94 0.57
51423 61.62 2.14 0.80
s5378 83.91 1.50 0.44
9234 74.07 0.61 0.15
13207 66.26 0.36 0.09
15850 80.41 0.43 0.17

Table 2. Power reduction and overhead in test
area and test data.

gorithmoutlinedin sectiond4.1. Column5 shavs theinitial
averagevalueof NTC, whichis thetotal valueof NTC di-
vided by the total numberof clock cycles over the entire
testapplicationperiod. The next column6 shovs the aver-
agevalueof NTC whenusingmultiple scanchainsandex-
tratestvectors(MSC-TESTAPPLICATION algorithmfrom
section4.2). It canbe clearly seenthat the proposedest
applicationstrateyy hassignificantlysmalleraveragevalue
of NTC for all the benchmarkcircuits when comparecto
initial value of NTC computedusing the test application
strategy from [1]. Furthermorethe computationatime is
very low (< 3s) for smallcircuits. Moreover, for large cir-
cuitswhich arenot handledby previousapproache§d], as
in thecaseof s13207it takes< 4000sto achieve substantial
reductionin averagevalueof NTC.

To giveanindicationof thereductionsn powerdissipation,
Table 2 shows the percentageeductionin power dissipa-
tion (column 1) and percentageverheadin testareaand
testdata(columns2 and3). The power dissipationis con-
sidereddirectly proportionalto the averagevalue of NTC.

The testareaoverheadrepresentshe extra logic required
to multiplex the scanoutputsignal(Figurel). Thetestdata
overheadepresentthenumberof extrabitsrequiredfor the
extra testvectors(the numberof scanchainsmultiplied by

the numberof primaryinputs). The power reductionvaries
from approximately84% asin the caseof s5378down to

under25% asin the caseof s1196 For small circuits the
testareaandtestdataoverheadare up to 7% and 5% re-

spectvely asin the caseof s349 For largecircuits,asin the



caseof s15850it takes< 1% in testareaandtestdataover-
headto achiere 80% savings in power dissipation,which
clearly shavs the advantageof the proposedechniquefor
power minimizationusingmultiple scanchains.

It shouldbe notedthatexperimentakesultsreportedin this
sectionusingthe simplified power modelfrom section2 do
not considerpower dissipatedoy the clock tree which can
be up to 20% of thetotal power dissipation[10]. However,
the power dissipatedhy the clock treecanbe substantially
reducedusing low power buffered clock tree design[20]
which succesfullyhandleshoth scanclock gatingandscan
clock treesrequiredby the proposeddesignfor testability
architecturausingmultiple scanchains(Figure1 from sec-
tion 3.1).

6. Conclusions

This paperhaspresented new techniquefor power mini-
mizationduring testapplicationin full scansequentiakir-
cuits which overcomeghe computationabverheadof the
previous approacheg9] and substantiallyreducespower
dissipationfor large circuits. The techniqueis basedon
classifyingscanlatchesinto compatible incompatibleand
independenscanlatches.Basedon their classificatiorscan
latchesarepartitionedinto multiple scanchains.A new test
applicatiorstrategy whichappliesanextratestvectorto pri-
mary inputswhile shifting out testresponse$or eachscan
chain,minimizespower dissipationby eliminatingthe spu-
rious transitionswhich occurin the combinationalpart of
the circuit. For example,in the caseof benchmarlcircuit
515850t takes< 3600sin computationatimeand< 1%in
testareaandtestdataoverheado achiese 80% savingsin
powerdissipatiorwhichleadsto higheryield andreliability.
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