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ABSTRACT
Scan-baseddesignsare widely usedto decreasethe complexity

of the testgenerationprocess;nonetheless,they increasetesttime
and volume. A new scanarchitectureis proposedto reducetest
timeandvolumewhile retainingtheoriginalscaninputcount.The
proposedarchitectureallows theuseof thecapturedresponseasa
templatefor thenext patternwith only thenecessarybitsof thecap-
turedresponsebeingupdatedwhile observingthefull capturedre-
sponse.Thetheoreticalandexperimentalanalysispromisesa sub-
stantialreductionin testcostfor largecircuits.

1. INTRODUCTION
As theexponentialincreasein thetransistorcounts,aspredicted

by Moore’s Law, limits the practicabilityof sequentialand func-
tional patterns,scan-baseddesignsarewidely usedto reducetest
generationcost. Full scan-baseddesignreducestest generation
complexity by providing controllabilityandobservability of all the
memoryelementsin thecircuit. The testpatterns(testresponses)
areseriallyshiftedin (out) throughascanchainto (from) themem-
ory elements.

Although scan-baseddesignsareable to boundtestgeneration
complexity within practicablelimits, they comeat an increasein
testvolumeandconsequentlyan increasein testapplicationtime
and a needfor higher cost automatictest equipment(ATE) with
highpin countsandhighmemorybandwidth.Currentcostsof such
ATEsrangeat thelevelsof thousanddollarsperpin [1].

In a traditional scanarchitecture,the numberof scanI/O pins
determinesthenumberof scanchainsin thecircuit ascanbeseen
in Figure1. As thecomplexity of thecircuit increases,thenumber
of scancells per scanchainincreases,increasingthe testapplica-
tion time. On theotherhand,anincreasein thenumberof I/O pins
necessitatesa highercostATE with high pin count. A numberof
approacheshave beenproposedin theliteratureto reducetestcost
[2, 3, 4, 5, 6, 7, 8, 9, 10,11]. Generally, theproposedschemesuti-
lize a compressionmethodin conjunctionwith anon-chipdecom-
pressionhardware. Run-lengthcoding with cyclical scanchains
[2], Huffman code [3] andGolombcode [4] have beenutilized
to compressthe testdata. Thesemethodsexploit thevariablefre-
quenciesof testpatternblocksto efficiently storethe testdataby
thedecompressionbeingperformedonchip. [5] partitionsthescan
cells into theinternalscanchainsandall scanchainsareloadedin
parallelby thesametestdata;serialloadis usedfor thefaultsthat
cannotbe detectedby the parallel load. [6] improveson [5] by
providing two differentscancell partionings,reducingthenumber
of theserialtestpatterns. [7] assignsa LFSR to eachscanchain
andthe seedsof the LFSRsareshifted in. [8, 9, 10] reducethe
numberof scanchainsvisible to the testerthrougha decompres-
sion network thatexploits the low specifiedbit densityof the test
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vectors. [11] encodesthebits thatneedto beflippedto obtainthe
next testslicefrom thecurrentone.

The testgenerationprocessgenerallystartsby obtaininga test
cube,which hasonly a few specifiedbits for eachfault. Com-
pactionschemesmergethecompatiblecubes.Thecompactedde-
terministic testpatternsgenerallyconsistof only a small number
of specifiedbits, 1%-5%asreportedin [12]. In practice,the re-
mainingunspecifiedbits areassignedto randomvaluesandfault
simulationis performedto droptheaccidentallydetectedfaults.In
the traditionalscandesigns,whenshifting in thenext testpattern,
the capturedresponseof the previous patternis shiftedout. Con-
sequently, althoughonly a smallpercentageof thetestpatternbits
arespecified,thispropertyof thetestvectoris notexploitedandall
bits of a testpatternareshiftedin.

In thiswork, ascanarchitectureis proposedto takeadvantageof
thefactthatonly asmallnumberof bits is specifiedin eachpattern.
Thenew architecture,while retainingtheoriginalnumberof circuit
pins, increasesthe numberof internalscanchains. The captured
responseof the previously appliedpatternis usedas a template
for the next patternin the new structureandonly the conflicting
bits of thenext patternareupdatedon thecapturedresponseof the
previous pattern. The proposedapproachpromisesa substantial
decreasein testapplicationtimeandtestdatafor largecircuits.

Section2 discussesthe motivation that leadsto the methodin
this paperand introducesthe proposedscanarchitecturefor test
costreduction.Section3 presentsthetestapplicationprocesswith
theproposedarchitecture.Section4 providesa theoreticalanalysis
of the testcostreductionwith thesuggestedarchitecture.Section
5 presentsanextensive experimentalevaluationandabrief conclu-
sionis offeredin section6.
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2. MOTIVATION & SCAN ARCHITECTURE

Deterministictestpatternsconsistof nomorethana smallnum-
ber of specifiedbits even post-compaction,with the ratio of the
specifiedbits in the1 to 5 % rangein practice [12]. We proposea
scanarchitecture,which allows loadingonly thespecifiedbits of a
patternquickly insteadof loadingall bitsof a pattern.

In thetraditionalscanarchitecture,N pinsareemployed to feed
N scanchainsasseenin Figure1. A compactedtestpatternis gen-
eratedandtheunspecifiedbitsaresetrandomlyor by othermeans,
resultingin the testpatternbeingreadyfor applicationto the cir-
cuit undertest. The completelyspeficiedtestpatternis loadedto
thecircuit throughtheN scaninputs;consequently, thelongestscan
chaindeterminesthe applicationtime of a pattern. Increasingthe
scanchaincountmayreducetestapplicationtime, but it comesat
anincreasein thescaninputpin count,raisingthecostof theATE.

Theproposedarchitectureexploits the low specifiedbit density
of the test patternsand while limiting the parallel accessto all
scanchains,it increasesthescanchaincountin thecircuit without
changingthe pin count. In the preliminary form of the proposed
architecture,only oneof thescaninput pins in thetraditionalscan
architectureis allocatedto load the testdata. The remainingN-1
pinsareutilized to selectaninternalscanchainthrougha decoder.
SinceN-1 pinscanidentify ������� differentscanchains,thenum-
ber of the scanchainsis increasedto � ����� from the original N
scanchainsin the traditionalarchitecture,yielding a reductionof� �����
	�� on theaveragescanchainlength. In thepreliminaryar-
chitecture,all scanchainsthathave correspondingspecifiedbit(s)
in the next patternareselectedin orderandloadedwith new test
data.Thecapturedresponse,on thecorrespondingscanchains,to
thepreviously appliedpatternis shiftedout to a MISR while shift-
ing the new testdatain. If the specifiedbit densityis low, since
only a limited numberof chainshascorrespondingspecifiedbits,a
reductionin thetestcostcanbedeliveredby this preliminaryform
of theproposedarchitecture.Nonetheless,therearetwo mainprob-
lemswith this approach.First, sincenew testdatais shiftedin to
a particularsetof scanchainsandonly their contentis shiftedout
to theMISR, a possiblefaulty testresponseon theremainingscan
chainsmayresultin undetectedfaults;acomplex andcomputation-
ally costlyanalysisis requiredto preserve thefault coverageandto
predict the next vectorsunderthe possibly faulty data. Second,
evenasinglespecifiedbit onascanchainnecessitatesloadingnew
testdatato all scancellsontheparticularscanchain;subsequently,
it preventstheutilizationof theotherscanchainswhenascanchain
is beingloadedevenif thenext bit to beloadedof thecurrentchain
is unspecified.

To overcomethe aforementionedshortcomingsof the prelimi-
nary architecture,it is re-shapedwith the following features,re-
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vealingtheproposedarchitecture,denotedasCircularScan. First,
theoutputof eachscanchainis connectedto theinput of thesame
scanchain. Second,althoughone of the scanchainsis selected
throughthedecoderandsourcedwith new testdataasin thepre-
liminary architecture,all otherscanchainsarealsoshiftedandthe
scaninputsof thesescanchainsaresourcedwith thescanoutputs
of the samescanchains. Finally, all scanchainoutputsarecon-
nectedto a MISR. Theproposedscanarchitecture,corresponding
to thecircuit with traditionalscandesignin Figure1, canbeseen
in Figure2. The scan selection inputs identify a scanchain, test
datais loadedthroughthe data input andscanchainoutputsare
connectedto scanchaininputsthrougha selectionunit. The scan
input selection unit is depictedin Figure 3. If a particularscan
chainis identifiedby thescanselectioninputsthroughthedecoder,
the unit feedsthe scanchain input with the new data;otherwise,
thescaninput is sourcedby thescanoutput. Sinceall scanchains
arealsoconnectedto theMISR andshift theircontent,thecaptured
responseof thepreviouspatternis fully observed.

In theproposedarchitecture,thefirst testpatternis loadedby se-
lectingeachscanchainin orderandshiftingin thetestdatathrough
thedata input, whereinun-specifiedbits arerandomlyset.There-
mainingpatternsusethecapturedresponseon thescancellsto the
previously appliedpatternasa template.Only thescancells with
a correspondingspecifiedbit areloadedwith new testdataif their
currentcontentsare at variancewith the correspondingspecified
bits of thepattern.

3. CIRCULARSCAN TEST APPLICATION

In theproposedarchitecture,thefirst testpatternis loadedseri-
ally. An internalscanchainis selectedoneat a time throughthe
scan selection inputs. Thetestdatafor theselectedchain,wherein
theunspecifiedbits arerandomlyset,is shiftedin throughthedata
input.

The remainingpatternsusethe capturedresponseon the scan
cells to thepreviously appliedtestpatternasa template.Thecon-
tentof a scancell is changedif it correspondsto a specifiedbit of
thenext patternto beappliedandif its currentcontentis atvariance
with theparticularspecifiedbit.

The bits of a test pattern,correspondingto the scancells that
have equaldistanceto the scaninputs, constitutea test slice. In
thecurrenttestslice,if a setof bits differsfrom thecorresponding
bits in thescancells,oneof themis selectedthroughthedecoder
and the value in the scancell is updatedthroughthe data input.
Sinceonly oneof the conflicting bits of the currenttestslice can
bechangedat eachcycle, multiple full rotationsof thescanchain
contentmayberequired.Therefore,the testslicewith thehighest
numberof conflicting bits of a testpatterndetermineshow many
timesthescanchainshave to be fully rotatedto apply thecurrent
pattern.In thefirst rotation,thecapturedresponseof theprevious
patternis fed to the MISR, thusdelivering full observation of the
testresponses.
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Figure 4: Captured Test Response and Next Pattern

Example Assumethat the capturedresponsefor the previous
testpatternis given in Figure4 (a) andthe next testpatternto be
appliedis givenin Figure4 (b). If thetraditionalscanarchitecture
in Figure1 is employed, theapplicationof thenext testpatternis
performedby shifting thetestpatternthroughthe4 input pins in a
totalof 8 cycles.If CircularScan is used,thereareonly 4 specified
bits of thecurrentpatternthat vary from thecapturedresponseof
thepreviously appliedpattern.Consequently, only updatingthese
particularbitswith thenew architectureis sufficient to loadthenext
pattern.In thefirst cycle, chain8 is selectedandlogic 0 is shifted
to theselectedchainthroughthedatainput. Otherchainsalsoshift
onecycle andthevalueson thechainoutputsarefed to thechain
inputs.Thecontentof thescancellsafterthefirst cycle is shown in
Figure5 (a). Chain4, chain7 andchain1 areselectedin thegiven
orderfor theconsequentthreecyclesandlogic0,0 and1 areshifted
in throughthe datainput, respectively. The contentof the scan
cells is shown in Figure5(b)-(d)after thecycles2-4, respectively.
Consequently, in thisexample,only 4 cyclesarenecessaryto apply
thenext patternandtheunspecifiedbitsarepseudo-randomlyfilled
with theresponseof thepreviouspattern.

4. TEST APPLICATION COST ANALYSIS
FOR CIRCULARSCAN

Testapplicationtime andtestdatavolumedependson thenum-
ber of testpatterns,T, the numberof input pins, I, the numberof
scancells,N, andthescanfrequency, F. In thetraditionalscanar-
chitecture,if perfectlybalancedscanchainsanda scanchainper
input pin is assumed,thetestapplicationtime, 
 , andtestdatavol-
ume, � , canbefoundby thefollowing equations:
���������� ��	������! �" �$# �%� (1)�&���'��� �(	)��� � � (2)

In theproposedarchitecture,thenumberof scanchains,S, that
canbe supportedis increasedto ��* �%� even as the numberof the
pinsnecessaryis keptconstant.Sincethefirst testpatternis loaded
serially, N cycles are requiredto apply it. The applicationtime
of the remainingpatternsis determinedby the testslice with the
highestnumberof conflictingbits. Formally, let +�, bethenumber
of bits that conflict with the capturedtest responsein the jth test
slice andlet -/.�0�1 be the maximumof +�, ’s. The scancontentis
fully rotated- .20�1 timesto applythenext patternandeachrotation
requires � ��	435� cycles.

If thespecifiedbit densityof thetestsetis p, asinglebit of a test
vectorexhibitsaconflictingvalueto thecapturedresponsebit with
a probabilityof 6 	 � . Theprobabilityof having i conflictingbits in
thejth testslice �87��8+ , �!9 ":" is givenby thefollowing equation:7��8+ , �;9 " � < 3 9>=!? 6 �A@�B ?  DC 6 �A@�E � B (3)
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Figure 5: Application of the Next Pattern

Givena total of N scancellsandS scanchains,thetotal number
of testslicesis � � E � . Subsequently, theprobabilityof -/.20�1 being
equal to i �F9:G H�GJIK7��8- .20
1 �L9 ":" can be found by the following
equations:7��8- .20�1 �;9 " �M�87��8+ ,ON 9 ":"�PRQ SUTVC �87��8+ ,WN 9 CX �":"�PRQ SYT (4)

7��8+�, N>Z " �\[ .]^
_a` < 3 + = ? 6 � @
^
?  DC 6 � @ E �

^)b
(5)

Assumingthespecifiedbits areuniformly distributed,thenum-
ber of rotationsneededto apply a testpatternis, on average,the
expectedvalueof the - .�0�1 �8c/�8- .20�1 ":" :

c/�8- .20�1 " � E] B
_ � 9��$7��8- .20�1 �;9 " �3dC E ���]

B
_a`�ef [ B]^
_A` < 3 + = ? 6 � @

^
?  �C 6 � @ E �

^ b P�Q SUT�gh
(6)

Consequently, for thespecifiedbit densityof p, thetestapplica-
tion time, 
ji , andtestdatavolume, ��i , with CircularScan canbe
foundby thefollowing equations:
 i �M� �k� �l� C> �" �m�8c/�8-/.20�1 " �>� �(	435�V�; �":" �$# �%� (7)� i � �k� �l� CX �" �$c/�8-/.20�1 " �X� ��	�35� � � (8)

Given the equations(1), (2), (7) and(8), the reductionsin test
applicationtimeandtestdatavolumecanbeobtainedby theequa-
tions(9) and(10), respectively.


jno�  �C < 
 i
 = (9)

� n �  DC ? ��i� @ (10)

Theprovidedtheoreticalanalysisof thetestapplicationtimeand
test datavolume assumesa uniform distribution of the specified
bits in a testvector. In practice,thescancellsof a particularscan
chainareusuallydrivenby thesamelogic. As a result,thespeci-
fied bits only appearon a few scanchainsinsteadof asa uniform
distribution; it canbesubsequentlyexpectedthat theresultsof the
proposedarchitecturemayexceedeventhestrongresultspredicted
by theprovidedmathematicalanalysisshown here.
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Circuit q�r sAr q�r sar q�r sar q�r sAr
s13207 54.6 55.0 63.6 64.1 65.5 66.2 68.0 68.8
s15850 29.8 29.8 37.8 38.0 43.5 43.8 43.0 43.3
s35932 6.2 4.0 17.2 15.1 19.9 17.8 22.7 20.7
s38417 25.4 25.9 35.9 35.8 43.3 43.4 41.8 41.8
s38584 32.1 32.0 43.3 43.3 51.5 51.6 55.1 55.3

Table 1: Test Application Time and Test Volume Reduction

5. EXPERIMENTAL RESULTS
Theproposedscanarchitectureexploitsthelow specifiedbit den-

sity of thetestvectorsto reducetestdatavolumeandtestapplica-
tion time. The new scanarchitectureexponentiallyincreasesthe
numberof scanchainswhile retainingtheoriginalscaninputcount.
Consequently, thetestcostsavingsof theproposedmethodcanbe
observedbestin circuitswith ahighgateandscaninputpin counts.

5.1 Experimental Framework
Theperformanceof theproposedmethodhasbeenanalyzedwith

thelargerISCAS89[13] benchmarkcircuits.TheATALANTA test
generationtool [14] andtheHOPEfault simulationtool [15] have
beenusedfor theexperiments.Thegeneraltestinformationregard-
ing thecircuitscanbeseenin Table2; thesecondcolumndenotes
the numberof scancells, the third columndenotesthenumberof
testvectors,thefourthcolumndenotesthenumberof faultsandthe
lastcolumndenotesthespecifiedbit density(p) of thetestvectors
on average.

The compactionalgorithm employed in this work is shown in
Figure6. The algorithmis a slightly modifiedversionof the one
presentedin [9]. Thealgorithmselectsa seedfault from the fault
list andgeneratesa testcubefor this particularfault. Thefault list
is traversedandthetestcubesof thefaultsthatarecompatiblewith
the seedaremergedwith the seedcube. Whenever a fault that is
notcompatiblewith theseedis encountered,thefaultcounteris in-
cremented.Whenthe fault counterexceedsa predeterminedlimit
or thefault list is exhausted,theunspecifiedbitsof thecurrentcom-
binedcubearefilled by thecorrespondingresponsebits of thepre-
vioustestvector1 andfault simulationis performed.Thedetected
faultsaredroppedfrom the fault list andthe algorithmcontinues
by selectinga new seedfault from thefault list.

5.2 Experimental Data Evaluation
Table1 liststheresultsof theapplicationof theproposedmethod

to thebenchmarkcircuits. In Table1, thesecond,third, fourth and
fifth columnsdenotethetestapplicationtimereduction( 
:n ) andtest� If thecurrentcubeis thefirst testvector, theunspecifiedbits are
setrandomly.

Circuit Flop# T f t (%)
s13207 669 299 9664 5.6
s15850 597 186 11336 11.3
s35932 1728 34 35110 10.3
s38417 1636 270 31015 14.1
s38584 1452 251 34797 7.7

Table 2: General Circuit Information
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Figure 6: Compaction Algorithm

datavolumereduction( ��n ) for scaninput countsof 6, 7, 8 and9,
respectively. EventhelargerISCAS89benchmarkcircuitsarerel-
atively quitesmall in comparisonto currentindustrialcircuitsand
their smallfault listsallow a compatibilitycheckamonga largeset
of testcubesin a feasibletime duringthecompactionprocess.As
canbeseenfrom thelastcolumnof Table 2, thespecifiedbit den-
sity of thecompactedtestvectorsis high in comparisonto the re-
portedspecifiedbit densityof the industrialtestvectors.Sincethe
proposedarchitectureis designedto exploit the low specifiedbit
densityof thetestset,thetestcostreductionobtainedfor ISCAS89
circuits as presentedin Table 1 is not a strongindication of the
expectedtestcostreductionfor themuchlarger industrialcircuits
typical of thestateof theart nowadays.It canbeexpectedthatthe
proposedarchitecturewill provide bettertestcostreductionfor the
largercircuits. The increasein the testcostreductionasthespec-
ified bit densitydecreasesin Table1 supportsthis expectationfor
thelargecircuitswith low specifiedbit densityof thetestvectors.

The mostimportantfeatureof the proposedarchitectureis that
it increasestotal scanchaincountexponentially; ��* �%� scanchains
insteadof theoriginal � scanchains.Sincethebenchmarkcircuits
haveasmallnumberof scancells,theresultsin Table1 arereported
up to theinput pin countof 9 only. Sincetheproposedmethodex-
ponentiallyincreasesthescanchaincount,it will provide a much
improvedreductionin testcostfor thelargerscaninputcounts;the
steadyincreaseof thetestcostreductionin theprovidedresultsas
the scaninput countgetslarger is a strongindicationof the pre-
dictedimprovementin testcost.

In thesecondsetof experiments,in orderto explorethepossible
test cost reductionby the proposedarchitecturefor lower speci-
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Figure 7: Test Time Reduction

fied bit densities,thecompactionalgorithmis slightly modifiedto
stopthecompactionprocesswhenthespecifiedbit densityof a test
vectorreachesa predeterminedvalue.Thegraphsin Figure7 pro-
videthetestapplicationtimereduction2 for thespecifiedbit density
rangeof 1%-5%andfor thescaninput countsof 6-9. As depicted
in the graphs,the scaninput count increaseand the specifiedbit
densitydecreasedeliver a steadyincreasein the test application
time reduction.The reductionmovesup to 85-90%levels for the
lower specifiedbit densities.Thereportedtestcostreductioneven
for thesmall input countsof 6-9 is very promisingfor thepossible
reductionin thecircuitswith largerscaninput counts.

In order to validate the theoreticalanalysisthat hasbeenpre-
sentedin Section4, for the samecircuits and test setsthat have
beenusedin theexperimentalresultsof Figure7, thetheoretically
predictedtestapplicationtime reductions,calculatedby equation
(9), areprovided in Figure8. As thecomparisonof the resultsin
Figure7 andFigure8 indicates,theactualbehavior andthe theo-
reticallyexpectedbehavior areverysimilar. Theactualreductionis
slightly betterthanthetheoreticallyobtainedreductionfor mostof
thecasesasaresultof thepessimisminherentin theuniformspec-
ified bit distribution assumptionin the theoreticalanalysis. Con-
sequently, theprovidedanalysiscanbeusedsafelyto estimatethe
expectedreductionfor a givencircuit andtestset.u
Sincetest applicationtime reductionand test volume reduction

is similar, only the resultsfor test applicationtime reductionare
provided.

6. CONCLUSIONS
As the circuits get larger, the scan-baseddesignsare usedex-

tensively to reducethe complexity of the testgenerationprocess.
Althoughscan-baseddesignoffers practicaltestgenerationtimes,
it comesat an increasein testapplicationtime andtestdatavol-
ume.A new scandesign,CircularScan, hasbeenproposedin order
to reducethe test applicationtime and test datavolume with no
necessityfor highcostATEs.

In practice,evencompactedtestcubesarecomposedof a small
numberof specifiedbits. The proposedarchitectureis designed
to exploit the low specifiedbit densityof the testvectors. Instead
of loadingall bits of a testvector, the responseto the previously
appliedvector is usedasa templateandonly the bits that areat
variancewith thenext patternareupdated.CircularScan increases
exponentiallythescanchaincountin thecircuit while retainingthe
original scaninputpin count.Oneof thevaryingbitsof a testslice
in the new scanchainsis updatedfor eachshift cycle; achieved
by sourcingoneof the scanchainsthroughthe datainput andby
feedingtherestof thescanchainsby theirown output.

A mathematicalanalysisandassociatedexperimentalresultsin-
dicatethata substantialreductioncanbeachieved in testapplica-
tion time andtestdatavolume. The proposedmethodis not only
easilyscalableto larger industrycircuits but the experimentalre-
sults and the theoreticalanalysisfurther predict even higher test
costreductionfor thelargercircuits.



0

10

20

30

40

50

60

70

80

90

100

0.01 0.02 0.03 0.04 0.05

Specified Bit Density

Re
du

ct
io

n 
(%

)

I=6 I=7 I=8 I=9

(a)S13207

0

10

20

30

40

50

60

70

80

90

100

0.01 0.02 0.03 0.04 0.05

Specified Bit Density

Re
du

ct
io

n 
(%

)

I=6 I=7 I=8 I=9

(b) S15850

0

10

20

30

40

50

60

70

80

90

100

0.01 0.02 0.03 0.04 0.05

Specified Bit Density

Re
du

ct
io

n 
(%

)

I=6 I=7 I=8 I=9

(c) S35932

0

10

20

30

40

50

60

70

80

90

100

1 2 3 4 5

Specified Bit Density

Re
du

cti
on

 (%
)

I=6
I=7
I=8
I=9

(d) S38417

0

10

20

30

40

50

60

70

80

90

100

0.01 0.02 0.03 0.04 0.05

Specified Bit Density

Re
du

cti
on

 (%
)
I=6
I=7
I=8
I=9

(e)S38584

Figure 8: Theoretical Test Time Reduction Analysis
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