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Abstract
We presenta datacompressionmethodanddecompres-

sionarchitecturefor testingembeddedcoresin a system-on-
a-chip (SOC).Theproposedapproach makeseffectiveuse
of Golombcodingandtheinternal scanchainsof thecore
undertest,and providessignificantlybetterresultsthan a
recentcompressionmethodthat usesGolombcodinganda
separatecyclical scanregister (CSR).Theuseof the inter-
nal scanchain for decompressionobviatesthe needfor a
CSR.In addition,thenovel interleavingdecompressionar-
chitectureallowsmultiplecoresin anSOCto betestedcon-
currentlyusinga singleATE I/O channel.We demonstrate
theeffectivenessof theproposedapproach byapplyingit to
theISCAS89benchmarkcircuits.

1 Intr oduction
System-on-a-chip(SOC)designsconsistingof intellec-

tual property(IP) corespresenta numberof difficult test
challenges[1]. Thevolumeof testdatafor anSOCis grow-
ing rapidly as IP coresbecomemore complex andan in-
creasingnumberof thesecoresare integratedin a chip.
However, the I/O channelcapacity, speedand accuracy,
and datamemoryof automatictest equipment(ATE) are
severely limited. New techniquesarethereforeneededfor
decreasingtestdatavolumein orderto overcomememory
bottlenecksandto reducetestingtime.

A promisingapproachfor reducingtestdatavolumefor
SOCsis basedon datacompressiontechniques[2, 3]. In
thisapproach,theprecomputedtestset ��� providedby the
core-vendoris compressed(encoded)to amuchsmallertest
set ��� and storedin ATE memory. An on-chip decoder
is usedfor patterndecompressionto generate��� from ���
duringpatternapplication.

Testdatacanbemoreefficiently compressedby exploit-
ing the fact that thenumberof bits changingbetweensuc-
cessive patternsin a testsequenceis generallyvery small.
This observationwasusedin [3], wherea “dif ferencevec-
tor” sequence���	��
�
 determinedfrom ��� wascompressed
usingrun-lengthcoding.A testarchitectureemploying dif-
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ferencevectorsandbasedoncyclical scanregisters(CSRs)
is sketchedin Figure 1. A drawbackof the compression
methoddescribedin [3] is thatit reliesonvariable-to-fixed-
length codes,which are less efficient than more general
variable-to-variable-lengthcodes[5, 6]. Furthermore,it is
inefficient for coreswith internalscanchainsthatareused
to capturetest responses;in thesecircuits, separateCSRs
increasehardwareoverhead.

A more efficient compression and decompression
methodwas usedin [7, 8], where ���	��
�
 was compressed
usingvariable-to-variable-lengthGolombcodes.However,
this approachalsorequiresseparateCSRsandis therefore
inefficient for coresthat usethe sameinternalscanchains
for applyingtestpatternsandcapturingtestresponses.

In this paper, we presentan improved test data com-
pression/decompressionmethodthatmakeseffectiveuseof
Golombcodesandtheinternalscanchainsof thecoreunder
test. No separateCSRis requiredfor patterndecompres-
sion.Theresultingencodedtestset��� is muchsmallerthan
the original precomputedtestset ��� . We apply our com-
pressionapproachto testsetsfor theISCAS89 benchmark
circuitsandshow that � � is not only considerablysmaller
thanthesmallesttestsetsobtainedusingATPGcompaction
[4], but it is alsosignificantlysmallerthanthecompressed
testsetsobtainedusingGolombcodingin [7, 8].

Weextendthedecompressionarchitectureof [7] toanin-
terleaving schemethatallows multiple coresto betestedin
parallelwith a singleATE I/O channel.Finally, we present
analytical resultsto show that test data compressionnot
only reducesthe volume of test databut it also allows a
slowertesterto beusedwithoutany penaltyontestingtime.

2 Compressionmethodand testarchitecture
We first review Golomb coding and its applicationto

test data compression[5, 7]. The first step in the com-
pressionprocedureis to derive � �	��
�
 from � � , where � �
= ������������������������������� � , is the (ordered)precomputedtestset.
� �	��
�
 is definedasfollows: � �	��
�
"! ��#$����#%�����&�&�&��#%�'� !
��� � �(� �*) � � �(� �+) � � ����������� �$,��*) � � � , where a bit-wise
exclusive-oroperationis carriedoutbetweenpatterns��� and
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Figure 1. Decompressionarchitecturebasedonacyclical
scanregister(CSR).
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Figure 2. Testarchitecturebasedon Golombcodingand
theuseof internalscanchains.

� ��- � . This assumesthat the CSR startsin the all-0 state.
(Otherstartingstatescanbeconsideredsimilarly.)

Thenext stepin theencodingprocedureis to selectthe
Golombcodeparameter. , referredto asthegroupsize.If
the input datastreamis randomwith 0-probability / , then
. shouldbechosensuchthat / !10 � 2 [6]. However, since
���	��
�
 doesnot satisfytherandomnessassumption,thebest
valueof . for testdatacompressioncanonlybedetermined
throughactualexperimentation.

Once . is determined,the runs of 0s in the test data
streamaremappedto groupsof size . (eachgroupcorre-
spondingto a run length). The numberof suchgroupsis
determinedby the lengthof the longestrun of 0s in ���	��
�
 .
Thesetof run-lengths� 0 � � �	34���&�&�	��.65 � � formsgroup 7 � ;
the set ��.8�(.:9 � �(.:913;�&�&���&�	3<.=5 � � , group 7 � ; etc.
In general,the setof run-lengths�$>@?A5 ��B .8��>@?A5 ��B .C9� ��>D?E5 ��B .F9G3;�&���&�H�	?$.I5 � � comprisesgroup 7KJ [6]. To
eachgroup 7KJ , we assigna groupprefix of >D?L5 ��B

1sfol-
lowedby a 0. We denotethis by

��M J�,��(N 0 . If . is chosen
to bea power of 2 i.e., . ! 3�O , eachgroupcontains3�O
membersanda P�QSR � . -bit sequence(tail) uniquelyidenti-
fieseachmemberwithin thegroup.

The proposedmethoddiffers from [7] in that no sepa-
rateCSRis used;insteadtheinternalscanchainis usedfor
patterndecompressionand the fault-freeresponsesof the
coreundertestareusedto generatea differencevectorset
�UT�	��
�
 . Givenan(ordered)precomputedtestset � � , theset
of correspondingfault-freeresponsesV ! ��W<����W��S�&�&���H�(W��'�
is usedto generatethe testpatterns.Thedifferencevector
set � T�	��
�
 is now given by: � T�	��
�
 ! ��# � �X# � �&���&�&�X# � � !
��� � ��W �Y) � � �(W �Z) � � �&��������W �$,��[) � � � , where W�� is the fault-
free responseof the core undertest to pattern ��� . A test
architecturebasedontheuseof � T�	��
�
 is shown in Figure2.

As observedin [7], testdatacompressionis moreeffec-
tive if � � consistsof testcubescontainingdon’t-carebits.
In orderto determine� T�	��
�
 in suchcases,weneedto assign
appropriatebinaryvaluesto thedon’t-carebitsandperform
logic simulationto obtain the correspondingfault-freere-
sponses.(In general,thesimulationmodelfor thecorepro-
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Figure 3. An exampleto illustratetheprocedurefor de-
riving \[]^�_�`H` .

videdby thecorevendorcanbeusedto obtainthefault-free
responses.)First, we setall don’t-carebits in � � , the first
patternin � � , to 0sandusethe logic simulationengineof
FSIM [9] to generatethefault-freeresponseW�� .

The problem of determiningthe best test ordering is
equivalent to the NP-CompleteTraveling Salesmanprob-
lem. Therefore,we usea greedyprocedure. Supposea
partialordering � � � � ���&�(��� hasalreadybeendeterminedfor
the patternsin ��� . To determine����- � , we first determine
W�� using FSIM and then calculatethe Hammingdistanceacb >dW����(�De B betweenW�� andall patterns�De thathavenotbeen
placedin theorderedlist. Weselectthepattern�De for whichacb >dW����(�De B is minimum andaddit to the orderedlist, de-
noting it by � ��- � . All don’t-carebits in � ��- � aresetto the
correspondingspecifiedbit in W e . We continuethis process
until all testpatternsin � � areplacedin the orderedlist.
Figure3 illustratestheprocedurefor obtaining � T�	��
�
 from
� � .

For mostscanchainsin IP cores,the numberof inputs
drivenby thescancellsis notequalto thenumberof outputs
which feedthescanchain.Thecompressionprocedurecan
be easilyaugmentedto handlethesecases.However, the
detailsarenotpresentedheredueto lackof space.

An on-chipdecoderdecompressesthe encodedtestset
� � andproduces� T�	��
�
 . The exclusive-orgateandthe in-
ternalscanchainareusedto generatethetestpatternsfrom
thedifferencevectors.Thedecodercanbeefficiently imple-
mentedby a P�Q�R � . -bit counteranda finite-statemachine
(FSM). ThesynthesizeddecodeFSM circuit containsonly
4 flip-flopsand34combinationalgates[7].

3 Analytical results
In this section,we analyzethe testingtime for a single

scanchainwhenGolombcodingis employedwith thetest
architectureshown in Figure2. Fromthestatediagramof
theGolombdecoder[7], we notethateach‘1’ in theprefix
part takes . cyclesfor decoding,eachseparator‘0’ takes



onecycle,andthethetail parttakesamaximumof . cycles
anda minimumof f ! P�QSR � .g9 �

cycles.
Let hji be the total numberof bits in � � , and W be

the numberof 1s in � T�	��
�
 . � � contains W tail parts, W
separator0s, and the numberof prefix 1s in � � equals
hji$5kW4> � 9lP�Q�R � . B

. Therefore,themaximumandminimum
testingtimes( m4nYoqp and m4n � � , respectively), measuredby
thenumberof cycles,aregivenby:

m nYoqp ! >rh i 5+W4> � 9GP�Q�R � . B(B .s9"WY9".tW
m n � � ! >rh i 5+W4> � 9GP�Q�R � . B(B .s9"WY9Gf W

Hence,the differencebetweenm4nYoqp and m4n � � is given
by u<m ! m4nvoHpl5wm4n � � ! W$>d.:5xP�Q�R � .:5 ��B

. We will
makeuseof this resultin Section4.

A majoradvantageof Golombcodingis thaton-chipde-
coding can be carriedout at scanclock frequency y�z i{oq�
while ��� can be fed to the core undertest with external
clock frequency y�| p�}[~ y�z i{oq� . Thisallowsusto useslower
testerswithout increasingthetestapplicationtime. Theex-
ternalandscanclocksmustbesynchronized,e.g.usingthe
schemedescribedin [10], and y�z i{oq� ! .*y�| p�} , wherethe
Golombcodeparameter. is usuallyapowerof 2. Wenow
presentananalysisof testingtimeusing y�z i{oq� ! .*y�| p�} .

Let theATPG-compactedtestsetcontain/ patternsand
let the lengthof the scanbe h bits. Therefore,the sizeof
theATPG-compactedtestsetis /�h bitsandthetestingtime
m4������� equals/�h externalclock cycles.Next, supposethe
differencevector � T�	��
�
 obtainedfrom theuncompactedtest
set contains W 1s and its Golomb-codedtest set ��� con-
tain h i bits. The maximumnumberof scanclock cycles
requiredfor applying the test patternsusing the Golomb
codingschemeis m nYoqp ! .th i 5+W4>r.�P�QSR � .�5 ��B

.
Now, the maximum testing time � (seconds)when

Golombcodingis usedis givenby

� ! m nYoqpS� y�z i{oq� ! >r.�h i 58W$>d.6P�Q�R � .�5 ��B�B � y�z i{oq�
andthe testingtime �;� (seconds)for external testingwith
ATPG-compactedpatternsis given by � ! /�h � y | p�} !
/�h�. � y�z i{oH� . If testing is to be accomplishedin �4� sec-
onds using Golomb coding, y�z i{oq� must equal m nvoHp%� �4� ,
i.e. y�z i{oq� ! >r.�h i 5�W4>d.6P�Q�R � .�5 ��B(B � � � . This is
achievedusingaslow externaltesteroperatingat frequency
y�| p�} ! y�z i{oq��� . . On the otherhand,if only externaltest
is usedwith the / ATPG-compactedpatterns,the required
externaltesterclock frequency y'�| p�} equals/�h � �4� . Let us
take theratioof y'�| p&} betweeny�| p�} :

y'�| p�}
y�| p�} !

/�h � �4�
y�z i{oq�;� . ! /�h

h i 5+W�P�Q�R � .s9"W � . �
Experimentalresultspresentedin Section5 show that

y'�| p�} is muchgreaterthan y | p�} , thusGolombcodingallows
ustodecreasethevolumeof testdataanduseaslowertester
without increasingtestingtime.
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Figure 4. SOCchannelselectorfor applicationto multi-
plecoresandmultiplescanchains.

We next analyzethe amount of compressionthat is
achieved using Golomb coding of a precomputedtest set
��� . Theorem1 providesaneasy-to-computeboundon the
sizeof theencodedtestset ��� . (The proof is omitteddue
to lack of space.)This bounddependsonly on theprecom-
putedtest set � � and is independentof the fault-freere-
sponse.It canthereforebeobtainedwithout any logic sim-
ulation. We list theseboundsfor severalISCAS89 circuits
in Section5.
Theorem1 Let thenumberof don’t caresin ��� be hj� . If
� T�	��
�
 is encodedusing Golombcodewith parameter . ,
anupperboundon thelength � of theencodedsequenceis
givenby �g��h � .�9*>dhU5khj� B P�Q�R � .�9*>dhU5�hj� B > � 5 � � . B

.

4 Interleaving decompressionarchitecture
We next presentaninterleaving decompressionarchitec-

ture which allows the concurrenttestingof multiple cores
usingasingleATE I/O channel,therebyincreasingtheATE
I/O channelcapacity.

As shown in [7], theFSMin thedecoderrunsthecounter
for . decodecycleswhenevera1 is receivedandstartsde-
codingthetail assoonasa 0 is received.Thetail decoding
takesat most . cycles. During prefix decoding,theFSM
hasto wait for . cyclesbeforethenext bit of theprefixcan
be decoded.Therefore,we canuseinterleaving to test .
cores(or feed. scanchains)together, suchthatthedecoder
correspondingto eachcoreis fed with encodedprefix data
after every . cycles. Whenever the tail is to be decoded
(identifiedby a 0 in theencodedbit stream),therespective
decoderis fed with theentiretail of P�QSR � . bits in a single
burstof P�Q�R � . cycles. TheSOCchannelselectorconsist-
ing of a demultiplexer, a P�Q�R � . counteranda FSMis used
for interleaving; seeFigure4.

First, the encodedtest datafor . coresare combined
to generatea compositebit stream��� that is storedin the
ATE. ��� is obtainedby interleaving theprefix partsof the
compressedtestsetsof eachcore,but thetails areincluded
unchanged.Next, ��� is fed to the FSM, which is usedto
detectthe beginning of eachtail and to feed the demulti-
plexer. An � -bit counter( � ! P�QSR � . ) is usedto selectthe
outputsto thedecodersof thevariouscores.
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Figure 6. Timing diagramfor theSOCchannelselector
FSM( ����� ).
TheFSM generatesthe �&�@? �����	/ signalto stopthe � -bit

counter. The #S�%��� � h is the input to the FSM, #S�%��� ��¡��
is the outputandsignals ¢�� � and ¢�£�¤ } areusedto indicate
that the input andoutputdatais valid. The � -bit counteris
connectedto the selectlines of the demultiplexer and the
demultiplexer outputsareconnectedto thedecodersof the
differentscanchains.Everyscanchainhasa dedicatedde-
coder. If the FSM detectsthat a portionof the tail hasar-
rived,the0 that is usedto identify the tail is passedto the
decoderandthe �H�@? �����	/ goeshigh for the next . cycles.
The output of the demultiplexer doesnot changefor this
periodandtheentiretail of length P�Q�R � . -bits is passedon
continuouslyto theappropriatecore.

Thestatediagramof theFSMfor . !¦¥ is shown in Fig-
ure5. TheFSMis fedwith �'� correspondingto four differ-
entcores.It remainsin state§ 0 aslongasit receivesthe1s
correspondingto theprefixes.As soonasa 0 is received,it
outputstheentiretail unchangedandmakes �&�@? �����	/ high.
This stopsthe � -bit counterandpreventsany changeat de-
multiplexeroutput.As shown in thetiming diagramof Fig-

ure6, whenevera 0 is received,theSOCchannelselection
remainsunchangedfor thenext (1 + . ) cycles. We devel-
opedaVerilogmodelfor theFSMfor . !x¥ andsimulated
it using ��� ! � 0 � 0 ��� 0�0 ��� 0 ��� . Thegate-level circuit ob-
tainedusingSynopsysDesignCompilerconsistsof only 4
flip-flopsand17gates.

As discussedin Section3, the differencein m4nYoqp and
m4n � � is givenby u<m ! W4>r.C58P�Q�R � .¨5 ��B

. Therefore,the
differencebetweenmaximumandminimum testingtimes
for a singletail is u�� ! >r.©5+P�Q�R � .¨5 ��B

. If we restrict .
to be small, i.e. .ª�s« , u��¬� ¥ . In this case,the decode
FSMcanbeeasilymodifiedby introducingadditionalstates
to theGolombdecoderFSMof [7] suchthatthetail decod-
ing alwaystakes . cyclesand u�� = 0. For example,only
threeadditionalstatesarerequiredto make tail andprefix
decodingcyclesequalfor . !¦¥ .

The additionalstatesdo not adverselyaffect the testing
timeandthehardwareoverheadsignificantly. For . cores,
thedecodingtime �{}do �� for theseparatorandthetail is given
by �{}do �®¯!±° ne�² � >dW e 9�.�W e B ! > � 9�. B V , where V !
° ne�² � Wqe . Sinceall theprefixesof thecoresaredecodedin
parallel, the numberof cycles �D³H´ |�
�� p requiredfor decod-
ing all the prefixes in ��� is equalto the numberof 1s in
theprefix of thecorewith themaximumencodedtestdata.
Therefore,�D³&´ |(
�� p !¶µl·<¸4� �$>rh��j¹ � 5�W � > � 9"P�Q�R � . B(B .+� !
>rh��j¹ nYoqpZ5ºW�nYoqp�> � 9+P�QSR � . B(B . , whereh��j¹ � and W � arethe
numberof encodedbits in � � andnumberof 1s in � �	��
�

for the � }d» corerespectively, and h ��¹ nYoqp and W nvoHp arethe
numberof bits in ��� andnumberof 1sin ���	��
�
 for thecore
with thelargestencodedtestdata.Therefore,thetotal test-
ing time m4¼ for . coresusingthe interleaving architecture
is givenby

m4¼ ! � ³H´ |�
�� p 9G� }do �®
! >rh �j¹ nvoHp 5+W nvoHp > � 9"P�Q�R � . B�B .g96> � 9G. B V¬�

Let usnow determinethetestingtime m O ¼ ( ½c¾ denotes
non-interleaved)requiredif all thecoresweretestedoneby
oneindependentlyusinga singleATE I/O channel.

m O ¼ !
n¿
e�² � �%>dh ��¹ eY5+WHeS> � 9"P�QSR � . B�B .+�[9¦> � 9G. B V

! .�À ���ZÀ<5�VL>r.6P�Q�R � .�5 ��B �
where À � � À denotesthe numberof bits in � � . The differ-
encebetweenthe interleavedandthe non-interleaved test-
ing timesis givenby m O ¼[5cm4¼ÂÁx.�>�À � � À�5ch �j¹ nvoHp BÄÃ 0 ,
sinceh �j¹ nvoHp Ã W nYoqp and � � Ã V .

It is evident from the above analysisthat the interleav-
ing architecturereducestestingtimeandincreasestheATE
channelbandwidth.

5 Experimental results
In this section, we presentexperimental results on

Golomb coding for the six largest ISCAS 89 benchmark



Golombcodingusingtest Golombcodingusingtestpatterns
patternsonly [7] andinternalscanchains

Best Sizeof Size Best Size Sizeof Sizeof
value test Best of value test Best of Upper Mintest

of set compression \�Å of set compression \�Å bound testset
Circuit � (bits) (percent) (bits) � (bits) (percent) (bits) (bits) (bits)
s9234 4 39273 43.34 22250 4 39750 43.40 22495 30273 25935
s13207 16 165200 74.78 41658 32 186440 81.16 35122 54589 163100
s15850 4 76986 47.11 40717 8 86184 64.51 30581 51150 57434
s38417 4 164736 44.12 92054 4 172458 47.18 91088 134950 113152
s35932Æ 512 4007299 98.51 59573 2048 4655104 99.42 26885 32355 19393
s38584 4 199104 47.71 104111 8 235280 61.79 89884 120350 161040

Æ Thetestsetusedhereis obtainedfrom Atalanta[11]. (TheMintesttestsetwith dynamiccompactionis almostfully compacted.)

Table 1. Experimentalresultson testdatacompressionusingGolombcodes.

circuits. We usedtest cubes(with dynamiccompaction)
obtainedusing Mintest [4]. The results shown in Ta-
ble 1 demonstratethat significantamountof compression
is achievedif Golombcodingis appliedto differencevec-
torsobtainedfrom thetestsetandthefault-freeresponses.
The upperboundvalues(derived from Theorem1) repre-
senttheworst-casecompressionthatcanbeachievedusing
Golombcodes. The upperboundis an importantparam-
eterwhich canbe usedto determinethe suitability of the
proposedmethod.

Table 2 demonstratesthat Golomb coding allows us
to usea slower testerwithout incurring any testing time
penalty. As discussedin Section3, Golomb coding pro-
vides threeimportantbenefits: (i) it significantly reduces
thevolumeof testdata,(ii) thetestpatternscanbeapplied
at the scanclock frequency y�z i{oq� usingan external tester
thatrunsat frequency y�| p�} ! y�z i{oH��� . , and(iii) in compar-
isonwith externaltestingusingATPG-compactedpatterns,
thesametestingtimeis achievedusingamuchslowertester.
Thethird issueis highlightedin Table2.
6 Conclusions

Wehaveshown thattheuseof Golombcodesandthein-
ternalscanchainsof theembeddedcoresofferssignificant
testdatacompressionfor SOCs,leadingto reductionin ATE
memoryandtestingtime. We have alsopresenteda novel
interleaving decompressionarchitecturethatallows testing
of multiple coresin parallelusinga singleATE I/O chan-
nel. This reducesthe testingtime of an SOCfurther and
increasesthe ATE I/O channelcapacity. We have shown
that testdatacompressionalsoallows a slower testerto be
usedwithoutany reductionin testingtime.

Experimentalresultsfor the ISCAS benchmarksshow
that theproposedschemeis very efficient for compressing
testdata.We arecurrentlyextendingthetestarchitectureto
ensurethatcertainpatternsarenotappliedto thecoreunder
testdueto constraintssuchasbuscontention.
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Circuit � Ç È�É Ê$È Ë%ÌÍ ÎqÏDÐ Ë Í ÎqÏ
s9234 4 5113 22495 25935 1.914
s13207 32 5111 35122 163100 16.768
s15850 8 5542 30581 57434 3.921
s38417 4 18924 91088 113152 1.951
s38584 8 16814 89884 161040 3.875

Table 2. ComparisonbetweenË ÍDÎqÏ requiredfor Golomb-
codedtestdataand Ë%ÌÍ ÎqÏ requiredfor externaltestingusing
ATPG-compactedpatterns(for thesametestingtime).

theinternalscanchainfor patternapplication.
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