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ABSTRACT
Post-siliconvalidationhasrecentlybecomea major bottleneckin
IC design. Several high pro�le IC designshave beentaped-out
with latentbugs, and forced the manufacturersto resortto addi-
tionaldesignrevisions.Suchchangescanbeappliedthroughmetal
�x; however, this is impracticalwithout carefullypre-placedspare
cells. In this work we perform the �rst comprehensive analysis
of the issuesrelatedto spare-cellinsertion,including the typesof
sparecells that shouldbe usedaswell astheir placement.In ad-
dition, we proposea new techniqueto measurethe heterogeneity
amongsignalsanduseit to determinespare-celldensity. Finally,
we integrateour �ndings into a novel multi-facetedapproachthat
calculatesregional demandfor sparecells, identi�es the mostap-
propriatecell types,andplacessuchcells into thelayout. Our ap-
proachenablesthe useof metal �x at a muchsmallerdelaycost,
with a reductionof up to 37%comparedto previoussolutions.

Categoriesand SubjectDescriptors
J.6[Computer-Aided Engineering]: Computer-AidedDesign

GeneralTermsAlgorithms,Design

1. INTRODUCTION
Dueto therecentincreasein designcomplexity, moreandmore

bugsescapepre-siliconvalidationandarefoundpost-silicon,forc-
ing designersto realizethe �x es throughadditionaltape-outand
manufacturingrevisions (steppings)[15, 18]. As of today, post-
silicondebuggingalreadycontributes35%of a chip's designcycle
[1]. Thedelayedmarket entrydueto extendedpost-silicondebug-
ging often resultsin a reducedmarket window andhugerevenue
loss[8]. In addition,respinsarebecomingmoreandmoreexpen-
sive, with maskcostsapproaching$10M perset[24]. Thesechal-
lengesnecessitatebetterpost-silicondebuggingmethodologiesas
well asnew techniquesthatreducethecostof respins.

A masksetconsistsof 20-40individualmasks,whosecostsvary
dependingon their minimal featuresizes. Sincetransistormasks
exhibit thesmallestfeaturesize,they arethemostexpensive,while
metal layers have larger featuresand are consequentlycheaper.
Therefore,respincostscanbereducedby reusingtransistormasks
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(a) (b) (c)
Figure 1: A designwhere an XOR gatemust be replacedby a
NAND using spare cells. (a) A high-quality �x with little per-
turbation of the layout. (b) A low-quality �x that requiring long
wir esdueto poor spare-cellplacement.(c) Another low-quality
�x usingseveral cellsdue to a poor selectionof cell types.

andonly changingthemetallayermasks.A �x thatonly changes
metallayersis oftencalledmetal�x [10]. Insteadof arespin,metal
�x canalsobe implementedby modifying individual silicon dies
throughFocusedIonBeam(FIB). FIB enablestheevaluationof lay-
out changesduringpost-silicondebuggingwithout producingnew
masks,but it is too slow for massproduction.Whethermetal�x is
implementedvia a respinor FIB, spare cells areoften pre-placed
throughoutthelayoutbeforethedie is manufacturedto supportfu-
ture logic changes.In the 1990s,circuits were tightly packed to
reducearea,andvery few sparecellscouldbeused.However, with
whitespacetaking30-70%of theareain moderncircuits,a greater
numberof sparecells can be insertedafter placementandbuffer
insertionwithout increasingthecircuit area.For example,modern
CPUscanhave asmany as1%sparecells.

Traditionally, post-siliconerror repair is performedmanually.
However, with anincreasingrateof post-siliconbugescapes,there
is a pressingneedfor automation. Recently, techniquesthat au-
tomatethis repair processhave beenproposed[6, 7]. All these
techniquesassumethat sparecells have beenproperly insertedin
advanceto allow metal �x. In practice,however, it is dif�cult to
�nd an ideal distribution of sparecells. Therefore,engineersof-
ten rely on bug analysisfrom previous silicon dies to determine
how sparecellsshouldbe inserted.As Figure1(a)shows, a good
spare-cellselectionand placementfacilitate metal �x with mini-
malperturbationof thesilicondie. On theotherhand,Figures1(b)
and1(c) show that poorly placedsparecells canonly be reached
throughlong wires,leadingto largeincrementsin thepropagation
delayof thecircuit; andthata poorselectionof cell typesrequires
theuseof morecellsto �x thesameerror.

Existingtechniquesfor spare-cellinsertioneitherprovide better
sparecells that aremore powerful in generatingnew logic func-
tions [3, 5, 9, 11, 12, 13, 16, 19, 17, 20] or strive to �nd better
placementfor thesparecells,sothat they arelocatedin proximity
of a potentialmetal�x demand[3, 4, 5, 9, 11, 13, 17, 20]. Since
thesetechniquesareonly describedin patents,no empiricaleval-



Author, year Sparecell type Placementandroutingmethods Drawbacks/limitations
Yee[20],1997 Most commonlyusedcell in thedesign;one

of the earliestworks on spare-cellinsertion
Sparecellsscatteredafterplacement Designedfor 2 metallayersonly

Lee[11],1997 NAND/NOR gateswith many inputs, BUF,
INV, DFF (newspare-cellselection)

Placedcloseto potentially buggy region High-inputgatesmaywastespace;other
cell typesmaybemoreuseful

Payne[13],
1999

Gatearray (new structure) Sparecellsscatteredafterplacement No new placementtechniqueclaimed

Wong[19],
2001

Con�gurable logic and INV (new struc-
tur e)

N/A No placementtechniqueclaimed

Schadt[16],
2002

Programmable cells (new structure); ele-
vated lower-level wiresimproveFIB access

Spare-cellislandsscatteredbefore place-
ment

Uses2 metallayersonly; inputs/outputs
of sparecellsmustbeelevated

Chaisemartin
[5], 2003

NAND, DFF, trigate (newstructure) Placedin azigzagpattern;stand-bytracks
for routing

Stand-bytracksmaycreateroutingcon-
gestion

Bingert[3],
2003

Gate-arrayislands Floorplaned with the design, then scat-
tered uniformly

Spare-cellislandsmayoccupy too much
space

Giles[9],
2003

New spare-cellselectionwithin cell islands
including INV, DFF, MUX, AND, NAND,
NOR and BUF

Placedaccording to designhierarchy Eachmoduleis allowed only oneaddi-
tional I/O; only �x edblockssupported

Or-Bach[12],
2004

NewFPGA-lik estructure N/A Uses3 metal layersonly; no placement
techniqueclaimed

Vergnes[17],
2004

New structure with functional input bus
and an equation input bus

Placed with potentially buggy modules
by hardwiring inputs of spare cells to
signalsin thosemodules

Occupiedroutingtracksmaycreatecon-
gestion

Brazell[4],
2006

N/A Whitespaceallocated during Floorplan-
ning; cellsinserted after placement

Sparecells occupy all remainingwhite-
space— impracticalfor modernlayouts

Table1: A summary of existingspare-cellinsertion techniquesdescribedin USpatents.Major contributions aremarkedin boldface.

uationhasbeenreported,particularly in the context of metal �x.
As a result,their utility in post-silicondebug remainsunclear. In
addition,eachof theabove techniquesusesthesamecombinations
of spare-celltypesthroughoutthedesign.However, differentlogic
blocksmayrequiredifferenttypesof sparecells.Anotherproblem
is that mostexisting techniquesalsoassumethat spare-cellinser-
tion hasnegligible impacton importantcircuit parameters,anddo
not discussthem. However, we found from our analysisthat the
impactmay be signi�cant. To supporttoday's needfor repairing
errorsin complex designs,more�e xible androbust spare-cellin-
sertionmethodologiesarea critical requirement.

Our work offers the �rst evaluationof strategies for spare-cell
selectionandplacementin thecontext of post-silicondebugging.It
answersthefollowing importantquestions.

� Whattypesof sparecellsaremostusefulfor metal�x?
� Do differenttypesof designsor bugsneeddifferentcombi-

nationsof sparecells?How to selectsuchcombinations?
� Whatis theimpactof differentspare-cellplacementmethods

on importantcircuit parametersbeforeandaftermetal�x?
� Shouldspare-celldensitybedifferentin differentregionsof

a circuit?How to determinethebestdensityautomatically?

Ourkey contributionsare:

� A new techniqueto evaluatewhich typeof cell is mostuse-
ful to repaira givencircuit, calledSimSynth. SimSynthalso
measuresthe heterogeneityamongsignalsand is the �rst
techniquethataddressesthecell densityproblem.

� A novel spare-cellinsertionmethodologythat covers both
spare-cellselectionandplacement.

As the�rst empiricalstudyof strategiesfor spare-cellinsertion,
ourwork contributesnew insightsinto this importantproblem.Our
methodology, developedbasedontheseinsights,improvesboththe
selectionandtheplacementof sparecells to facilitatepost-silicon
metal�x.

The restof the paperis organizedas follows. In section2 we
describeseveral post-siliconmetal �x techniquesand review ex-
isting solutionsfor spare-cellinsertion. We analyzethe utility of

spare-celltypesin Section3 andstudytheplacementof sparecells
in Section4. We proposea new spare-cellinsertionmethodology
basedon our analysisin Section5. The resultsof our work are
summarizedin Section6, andSection7 concludesthepaper.

2. BACKGROUND AND PREVIOUS WORK
Post-silicon metal �x techniques: errorsobserved after tape-out
(post-silicon)canbeclassi�ed into functional,electricalandman-
ufacturing/yieldproblems. Theseproblemsoften needto be re-
solvedvia metal�x. Traditionally, post-siliconmetal�x hasbeena
manualprocess,but techniquesthatautomatethis error-repairpro-
cesswere proposedrecently. For example,Changet al. [6] �x
functionalerrorsusingexhaustive searchof resynthesizednetlists
followedby ECOrouting.They alsousesymmetry-basedrewiring
andlocal resynthesisto �x electricalerrors.Chen[7] �x estiming-
relatederrorsusingsparecellsto simulategatesizing,buffer inser-
tion andtechnologyremapping.

After thelayoutof a circuit hasbeenmodi�ed, thechangemust
be implementedon the silicon die via metal�x. Metal �x canbe
carriedoutby changingthemasksfor themetallayersfollowedby
arespin.Thisapproachcanimplementany changein thelayoutand
hasmaximum�e xibility . However, even thoughtransistormasks
canbe reusedin metal �x, respinstill takesseveral weeksandis
expensive. To quickly evaluatecandidate�x es without a respin,
FocusedIon Beam(FIB) canbeused.Nonetheless,thechangethat
canbemadeby FIB is oftenlimited. For example,it is dif�cult to
accesslower-level metalor generatelongwireswith FIB.
Existing spare-cell insertion methods: spare-cellinsertionis a
design-dependentchallengewhosesolutionsoftenrelyonbuganal-
ysis from previous chips. Due to the con�dentiality of relevant
data,theresultsareonly revealedin patents.Thelackof empirical
studiesleaves the stateof the art unclear, andhampersimprove-
mentuponexisting techniques.In Table1 we summarizeexisting
solutionsthat addressthe spare-cellinsertionproblem. Note that
sometechniquesemphasizeelevating lower-level wires for easier
FIB access,which canalsoreducerespincostbecauseonly masks
for upper-level metalneedto be updated.However, the elevated
viasandmetalsegmentsmaycauseroutingcongestionandworsen
circuit delay, hurtingtheoverall circuit's performancein theend.



3. CELL TYPE ANALYSIS
As suggestedby Table1, many existing techniquesseekbetter

selectionsof spare-celltypessoasto generatemorecomplex logic
functionsfor metal�x [5, 9, 11, 17, 20]. Here,onetries to avoid
low-utility cellsthatwastevaluablewhitespace.A carefulanalysis
of referencessuggeststhatnoneof theexisting techniquesvary the
spare-cellselectionthroughoutthedesign.However, intuitively it
seemsthat differentcircuit blocks in the designmay bene�t best
from differenttypesof sparecells,andin general,sometypesmay
bemoreusefulthanothers.In thiswork wedevelopedanovel algo-
rithm, calledSimSynth,thatevaluatesquantitatively theusefulness
of aspeci�c cell type,andwedeployedonarangeof designsto de-
termineif thetypeof sparecellshasarelevantimpactonthequality
of metal�x. Note that currently, we only considercombinational
cellsin SimSynth.Theutility of sequentialcellswill dependonthe
sequentialerror repair techniquebeing applied,which is a more
sophisticatedproblem.

3.1 The SimSynth Technique
BeforewedevelopedtheSimSynthtechnique,wetriedtwo other

cell-utility measurementexperiments.In the �rst experiment,we
resynthesized30 smallsubcircuitsextractedfrom our benchmarks
usingtheABC synthesistool [22], andthenwecollectedcell types
usedin theresynthesizednetlists.Wefoundthattheresultswerebi-
asedtoward AND/NAND/INV gatesbecauseABC's internaldata
structureis theAnd-InverterGraph(AIG). To overcomethis prob-
lem, our secondexperimentexhaustively searchedfor valid resyn-
thesizednetlistswith minimal numberof gates.We foundthat the
resultswere biasedtoward MUX2 (3-input multiplexer) because
having threeinputsallows it to generatemany morenetliststhan
whatis possiblewith 2-inputgates.

Basedontheseobservations,whendesigningSimSynthwemake
surethattheunderlyingresynthesisalgorithmis notbiasedtowards
oneor anothertype of gates.TheSimSynthalgorithmrelieson a
pool of input vectorsfor thecircuit thatcaneitherbeprovidedby
a high-level simulatoror acquiredthrougha randomselection.We
thencomputeasignaturefor eachinternalcircuit wire.1 Thesesig-
naturescanbethoughtof aspartialtruth tablesthatexcludeall con-
trollability don't-caresandthey aretheinput to theSimSynthalgo-
rithm asindicatedin thepseudocodeof Figure2. Thealgorithm's
outputis thesuccessrateto generatea signaturethatalreadyexists
in thedesignregion. To collectthesignatures,we selecta random
wire, searchfor gateswithin 40µm from thedriver of thewire, and
thenretrieve thesignaturesfrom theoutputsof thosegatesto form
asignaturepool. SimSynth is thencalledusingthesignaturepoolas
its input. Notethatthe40µm constraintis basedon theobservation
that cells too far away will not be useful in metal �x becausethe
wiresthatconnectto themwill betoo longandwill exhibit signi�-
cantdelay. In addition,FIB cannotgeneratelong wiresef�ciently .
We alsoexcluderesynthesisoptionsthat endup with exact same
gatetypeandinputsbecausethecircuit remainsunchanged.

Sincewe are measuringhow easily an existing signal can be
re-generated,the cell utility is useful for electrical error repair,
which generatesresynthesizednetlistswithout modifying the cir-
cuit's logic functions. However, this techniquecanalsomeasure
the cell utility for functional error repair. The reasonis that we
arecomparingsignatures(partialtruth-tables)of thesignals.If two
signalssharethesamesignature,they mustbefunctionallysimilar,

1For example,consideranAND gatewith inputsA, B andoutput
O. Giventwo inputvectors(A, B) = (0, 0) and(0, 1), thesimulated
valuesof O are0 and1. The signaturesof A, B andO are then
00,01and01, respectively. Notethatbit-parallelsimulationfavors
signatureswith 32or 64bits for ef�ciency reasons.

functionSimSynth(candiSigs)
1 foreachcell 2 spareCellTypes
2 foreachinputSigs2 combinationsof signaturesfrom candiSigs
3 sig cell :compute(inputSigs);
4 if (sig2 candiSigs)
5 success[cell ]++;
6 count[cell ]++;
7 returnsuccess=count;

Figure2: The SimSynthalgorithm.

but candiffer on input vectorsthathave not beenusedto generate
thesignatures.This is similar to �xing functionalerrors:typically,
a new signalthat �x esa functionalerror is only slightly different
from anexistingonebecausemostof thecircuit's functionsareal-
readycorrectin post-silicondebugging[6]. In general,moreinput
vectorswill biasthe utility of spare-celltypestoward �xing elec-
trical errorsbecausethegeneratedsignalswill becloserto existing
ones,while the selectionwill be biasedtoward functional errors
whenfewer vectorsareused.In our experimentswe startwith 256
input vectorspercircuit, andobserve thatthenumericalresultsfor
the utility of cell typesstabilizewhen 2048 or more vectorsare
used.To make SimSynthmorerelevant to studyingfunctionaler-
rors,wecanalsoconsidersignaturesthatareonly slightly different
from anexisting one: generatinga signaturethat is 1-bit different
from anexisting onecanalsobecountedasa success.In practice,
it is alsopossiblethata �x requiresa signi�cant changeto thecir-
cuit's functions. Implementingsucha dramaticchange,however,
typically requiresmore complex resynthesizednetlists involving
large numbersof sparecells, which can make metal �x dif�cult
or even impossible. In this work we do not discussthe utility of
sparecellsfor �xing suchextensive errors.

Furtheranalysisshows thatSimSynthcanalsobeusedto deter-
mine spare-celldensity. The reasonis that what SimSynthreally
measuresis the heterogeneityamongsignalsin the circuit. If the
successrateis high, thenthelogic functionsof thesignalsaresim-
ilar, andgeneratinga new signal that is closeto any existing one
shouldbeeasy. If therateis low, thenthe functionsof signalsare
quitedifferentfrom eachother, andgeneratinga new signalusing
thosesignalswould requiremoregates.This analysisis con�rmed
by our experimentalresultsshown in Section6.2.

EXAMPLE 1. Figure3 showsa SimSynthexecutionexampleus-
ing a full adder, where gateg1 shouldbeXORinsteadof OR.Two
input vectors are used,producinga 2-bit signature for each wire.
Supposewewant to measure theutility of cell typesfor theregion
indicatedby thedashedline that containstwo distinctsignatures.
SimSynthtriesdifferentcell typeswith differentcombinationsof in-
puts(only1 combinationin thisexample)andmeasuresthesuccess
rate to replicatean existingsignature. Theresultson the right of
the �gure showthat AND and XORare more usefulthan NAND
in this case. Note that the correct cell typeto �x the bug can be
successfullyidenti�ed becausesignaturesare onlypartial truth ta-
bles,which allow theidenti�cation of spare cellsthat cangenerate
differentsignals. In general, additional input vectors will bias the
cell-typeselectiontowardstheonethatallowslessfunctionchange.

Figure3: SimSynthexampleusinga full adder.



Figure4: Using singlegatesof differ ent typesto generatedesiredsignals.The successratesare shown in percent.

3.2 Experimental Setup
Our implementationplatform is basedon the OAGearpackage

[26] from CadenceLabsthatusestheOpenAccessdatabaseandis
integratedwith theCapoplacer[2]. We usebenchmarksprovided
by the Bug UnderGroundproject [23] (Alpha), which includesa
numberof actualbugsfoundin fully functionalmicroprocessorde-
signs.Otherbenchmarksarefrom OpenCores[25] (MRISC,MD5
andDES_perf),picoJava(Hold_logic),andOpenSparc(EXU_ECL)
[27]. The characteristicsof thesebenchmarksaresummarizedin
Table2, wherethe �rst four are individual modulesof the Alpha
processor, followed by the full �edged Alpha design. Next, we
show anotherprocessor(MRISC), followed by two CPU control
blocks(Hold_logic andEXU_ECL) and two cryptographiccores
(MD5 andDES_perf).To generatethelayoutinformationfor these
designs,we �rst synthesizethe designswith CadenceRTL Com-
piler 4.10 basedon a 0.18 µm library, andthenwe instructCapo
to placethe designwith uniform whitespace.By using uniform
whitespacewe producelower boundsfor the trendswe observe,
andtheactualtrendsshouldbestrongerwith morerealisticplace-
ment techniquesthat distribute designcells to aggressively opti-
mize interconnect.We useCadenceNanoRoute4.10 to routethe
�nal designandcalculatethe routedwirelengthandcircuit delay.
Thecell typesconsideredin ouranalysisareINV (inverter),AND,
OR, XOR, NAND, NOR, andMUX2. All cells except INV and
MUX2 have two inputs. To evaluatea region with 200signalsus-
ing SimSynth,approximately6 secondsarerequiredon an AMD
2.4GHzOpteronworkstation.

Benchmark Description Cell Delay
count (ns)

Alpha_IF Instructionfetchunit of Alpha 1205 1.15
Alpha_ID Instructiondecodeunit of Alpha 11806 1.91
Alpha_EX Instructionexecutionunit of Alpha 20903 3.89
Alpha_MEM Memorystageunit of Alpha 363 0.44
Alpha AlphaCPUfull chip 30212 6.93
MRISC MiniRISC CPU 4359 2.66
Hold_logic Part of PicoJava IU control 67 0.61
EXU_ECL Part of OpenSparcEXU control 2083 0.99
MD5 MD5 encryption/decryptioncore 9181 6.92
DES_perf DESencryption/decryptioncore 100776 3.37

Table2: Characteristicsof benchmarks

3.3 Empirical Results
Theexperimentalresultsaresummarizedin Figure4,whichshows

two interestingtrends. First, the distribution of cell-type utility
varieswidely amongmodulesof the Alpha processor:signatures
can often be re-generatedeasilyusingonegatein the IF and ID
blocks,but not in theEX andMEM blocks. The reasonis that IF
andID containmostlycontrol logic. Sincecontrol logic is mainly
generatedfrom “if-then” constructs,mostsignalsaregeneratedby
ANDing, ORing or multiplexing thesamegroupof signals. As a
result,thelogic functionsbetweentwo signalsareoftenvery simi-
lar, makingit easierto generateidenticalsignaturesusingonegate.
On the otherhand,EX is dominatedby datapaths.Sincesignals
in suchmodulesusuallycomputemoredistantfunctions,a single
gateis lesslikely to re-generateanexistingsignature.For example,
the�rst bit andthelastbit in anaddercomputeverydifferentfunc-
tions. This resultshows that to �x errorsin arithmeticcores,more
sparecellsmaybeneededthan�xing similarerrorsin controllogic.
Second,weobserve thatMUX2 is moreusefulin controllogic (Al-
pha_IF, Alpha_ID, Hold_logicandEXU_ECL) thanin arithmetic
cores. The reasonis that control logic is typically composedof
many "if-then" constructsthat canbeef�ciently implementedand
modi�ed usingmultiplexers.

3.4 Discussion
OurempiricalresultssuggestthatAND, NAND, OR,NAND and

INV arethemostusefulin general,while XOR is theleastuseful.
But CMOS standardcells that implementINV, NAND andNOR
aresmallerthanthosefor AND andORgates,makingINV, NAND
andNORpreferableassparecellsdueto their functionalcomplete-
ness.Theutility of MUX2, however, is unclear:it is usefulin only
someof thebenchmarks.SinceMUX2 hasthreeinputs,it should
be usefulin �xing functionalerrorsbecauseit cangeneratemany
differentfunctions. In addition,the“if-then” constructcommonly
usedin control logic canbe modeledeasilyusingMUX2. Since
MUX2 is not a goodcandidateto �x electricalerrors(MUX2 im-
plementedusingactive transistorsis largeandslow), it shouldbe
implementedusingpasstransistorsto �x functionalerrors.

In summary, our resultssuggestthat: (1) different typesof de-
signsor errorsneeddifferentcombinationsof spare-celltypes;and



(2) themostusefultypesaresimpleonessuchasINV, NAND and
NOR,while morecomplex gatessuchasXOR andMUX2 areless
useful. Sincethereis no clear trendto predict the typesof spare
cells that will be more useful in a design,performingempirical
analysisbeforehandfor eachblock in thedesignshouldhelpselect
themostadequatespare-celltypesanddistributions.

4. PLACEMENT ANALYSIS
Placementof sparecells is anothermajor factorthataffectsthe

quality of metal �x. When errorsoccur too far from pre-placed
sparecells, the requiredwire connectionsmay be too long to be
practical.Evenif suchwirescanbeimplementedby FIB or respin,
thewire delaymayalsobelarge.Existingsolutionseitherplacethe
sparecellsbeforedesignplacement[5, 16], with designplacement
[9, 11, 17], or afterdesignplacement[3, 13, 20, 4]. To make sure
thatsparecellsareavailablewherenecessary, uniform distribution
of sparecellshasbeenusedby many existing solutions[3, 5, 16],
while severalothersolutionsfocusonidentifyingpotentiallybuggy
regionsandplacesparecellscloseto them[11, 9, 17]. Thespare
cells areoften groupedinto spare-cellislandsandthenplacedon
a uniform grid; however, it is alsopossibleto uniformly distribute
individual cellsinsteadof groupedcell islands.Sincethereis little
researchthat evaluatesdifferent placementmethods,the relative
advantagesof known techniquesremainunclear.

A high-quality spare-cellplacementshouldhave minimal im-
pacton importantcircuit parametersbeforemetal �x to avoid in-
creasingcircuit delayor wirelengthinadvertentlyandhurting de-
sign quality. It shouldalso facilitate metal �x with the smallest
impact on circuit parametersto provide high-quality repair. We
observe thatmostexisting techniqueseitherscattersparecells af-
ter designplacementor placespare-cellislandsuniformly before
designplacement. We call the former methodPostSpareplace-
mentandthe latterClusterSpare.PostSparecoverstheplacement
methodsdescribedin patentsproposedby Yee[20] andPayne[13],
while ClusterSparecoversthoseproposedby Schadt[16], Chaise-
martin[5] andBingert[3]. In ClusterSpare-basedtechniques,acell
islandtypically containsonecell for eachselectedtype.Therefore,
thenumberof cells in eachislandis usuallylarge. An illustration
of theseplacementmethodsis givenin Figure5.

PostSpare ClusterSpare UniSpare(new)
Figure 5: Illustration of differ ent placement methods. Dark
cells are spare cells. PostSpare inserts spare cells after design
placement.Sincedesigncellsmay beclusteredin someregions,
spare-cell distrib ution is typically non-uniform. ClusterSpare
insertsspare-cellislandson a uniform grid beforedesignplace-
ment, while UniSpare insertssinglesparecells.

PostSpareplacementshouldhave minimal impacton important
circuitparametersbecausesparecellsareinsertedafterdesignplace-
ment. However, the error-repair quality of this methodmay be
poor whendesigncells form high-utilizationareas,forcing spare
cells into sparserregions. When this happens,long wires may
be neededto reachthosecells. ClusterSpareplacementmayhave
larger impact on circuit parametersbecausethe cell islandswill
act like macrosandreducetheoptimizationthatcanbeperformed
by theplacer. However, it shouldprovidebettererror-repairquality

becausetheiruniformdistributionmakestheiraccesseasier. There-
fore,shorterwirescanbeusedto reachthecell islands.In addition,
connectionsamongcellswithin thesameislandonly requirelocal
wiresandwill beeasyto implement.Notethat,however, eventhe
relatively shortwires necessaryto reachthe spare-cellislandsof
ClusterSparemaytriggerunacceptablewire delayincreasein cur-
rentsilicontechnologynodes,whichareextremelydelay-sensitive.

In this work we proposeUniSpare,a solutionthatpre-placesin-
dividualsparecellsuniformly onagrid,asillustratedschematically
in Figure5(c). In this way, theaveragedistancefrom a designcell
to the closestsparecell is reduced. For example,when the size
of the clustersreducesfrom 16 to 1 while maintainingthe total
numberof sparecells, the averagedistanceto reacha sparecell
is reducedby 4 times. In a resynthesizednetlist involving many
gates,theseindividualcellscanalsoactlikebuffersto increasesig-
nal strength,thus further reducingwire delay. Our experimental
resultsin Section6 indicatethattheUniSpareplacementtechnique
is superiorto previousmethods.

5. OUR METHODOLOGY
Basedon our analysis,we proposea new spare-cellinsertion

methodology, illustratedin Figure6. Below we explainhow it per-
formstheselectionandplacementof sparecells.

Figure6: Our spare-cell insertion �o w.

Our analysissuggeststhatdifferenttypesof circuitsrequiredif-
ferentdistributionsof spare-celltypes.To selectappropriatetypes,
weapplyourSimSynthtechnique(describedin Section3.1)in each
designmoduleandusetheresultingcell-typedistribution to deter-
mine the typesof sparecells that shouldbe insertedto eachmod-
ule. SinceAND andORgatesrequiregreaterareathanNAND and
NOR, in our methodologywe alwaysuseINV, NAND andNOR.
In addition,for controlblockswe insertmultiplexersimplemented
usingpasstransistorsto �x functionalerrors. Cell structuresthat
provide greater�e xibility , suchasprogrammablelogic or gatear-
ray [3, 12, 13, 16, 19], can also be used. However, they often
requireadditionallongwiresto supportprogramming.

Thedensityof sparecellscanbedeterminedby theexpectedbug
rate.If a circuit moduleis potentiallybuggy, thenmoresparecells
shouldbe placedin that module. For example,a perfectlywork-
ing/veri�ed circuit that is beingscaleddown to a new technology
may encounternew electricalerrors,but functionalerrorsshould
not be prominent. In arithmeticcores,functionalerrorsarerela-
tively unlikely becausethesecoresareusuallyheavily veri�ed and
arereusedamongdesigns.If bugsdo occur, however, they maybe
dif�cult to repairusingmetal�x alonebecauseall 32or 64bitsmay
be affected. Wagneret al. [18] showed that mosterrorsfound in
high-pro�le processorsarein control logic. Therefore,morespare
cellsshouldbeplacedthere.

If theexpectedbug rateis unknown, theresultsfrom SimSynth
couldbeused.If thesuccessratemeasuredby SimSynthin ablock
is lower thanotherblocks,thentheheterogeneityamongsignalsin
theblock is high andmoresparecellsshouldbeplaced.Suppose



thattherearen blocksin acircuit, theaveragesuccessratefor block
Bi is Si , andtheaveragesuccessratefor all theblocksis Savg. Also
assumethatthetargetoverall spare-celldensityis Dall %. Formula
1 showshow to determinethespare-celldensityDi for blockBi . In
theformula,P is aparameterthatdeterminestheimpactof Si onDi
andshouldbedeterminedempirically. For example,basedon our
evaluation,P shouldbe20%for theblocksin theAlphaprocessor.

Di =
� (Si � Savg) � P

Savg
+ 1

�
�

Dall

100%
(1)

The placementof sparecells dependson the expectedbug rate
and the metal-�x techniquebeingused. If the expectedbug rate
is low, sparecells can be scattereduniformly after designplace-
ment.Thishelpsensurethatsparecellsdonotaffectcircuit perfor-
mance.If theexpectedbug rateis higheror unknown, thenspare
cells shouldbe pre-placeduniformly beforedesignplacementso
that wherever a �x mustbe applied,therearesparecells closeto
therepairsite. To reducetheimpactof the�x on importantcircuit
parameters,sparecellsshouldbeplacedindividually or assmallis-
landsthroughoutthedesignusingour proposedUniSparemethod.
Note that sparecells not connectedduring metal �x can also be
usedasbuffersto improve circuit timing, as[7] suggests.

6. EXPERIMENT AL RESULTS
In this sectionwe empiricallyevaluateour techniquesandcom-

parethemwith existingsolutions.

6.1 Cell-Type Selection
Experiment design: in this experimentwe compareour results
with two cell-selectionmethods:Giles[9] andYee[20]. According
to Figure4, we useINV, NAND andNOR for mostbenchmarks,
while Alpha_IDalsoincludesMUX2. GilesusesINV, DFF, MUX,
AND, NAND, NOR and BUF as sparecells. SinceYee selects
the“most-commonlyusedcell types”without indicatingthenum-
ber of typesthat shouldbe used,we synthesizedthe benchmarks
againusingtheseventypesfrom which sparecellsaredrawn, and
thenselectedthemost-usedtwo typesfor eachbenchmark,which
wereconsistentlyNAND andINV. WeusetheUniSpareplacement
methodfor all threespare-cellselectionsto make surethe results
arenot affectedby placement.To performtheexperiment,we �rst
selectasubcircuitcomposedof 1-6cellsthatareconnectedto each
other. Next, we mimic a “�x” by resynthesizingthesubcircuitand
thenmapthe resynthesizednetlist to sparecells closeto the sub-
circuit. Finally, we measurethedelayandwirelengthof thecircuit
after routing the modi�ed netlist usingNanoRoute's ECO mode.
Betterspare-cellselectionsshouldallow metal�x to beperformed
with smallerimpacton circuit delayandwirelength. We raneach
experiment50timesto collect50datapointsfor statisticalanalysis.
Results: theresultsaresummarizedin Figure7. Thegraphshows
that our spare-cellselectionproduces23% and4% smallerdelay
increasecomparedto Yee and Giles at a comparablewirelength
increase.This result shows that our spare-cellselectioncan �nd
moreusefulcells for eachdesignandprovidesbettererror-repair
quality aftermetal�x.

6.2 Spare-Cell Placement
Threedifferenttypesof placementmethodsareusedin our ex-

periments,andan illustration is given in Figure5. PostSparein-
sertsindividualsparecellsafterdesignplacement;UniSpareinserts
individual cells on a uniform grid beforedesignplacement;and
ClusterSpareinsertsspare-cellislandsonauniformgrid beforede-
signplacement,whereeachislandis composedof 9 cells. We use
INV, NAND andNOR gatesassparecellsin our experiments,and

Figure 7: Delay and wir elength increaseafter metal �x when
usingthr eediffer ent setsof spare-cellselections.Ours has23%
and 4% smaller delay increasecompared to Yee and Giles,
while the wir elengthincreaseis approximately the same.

eachbenchmarkcontainsapproximately4%sparecells.Theplacer
androuterusedin theseexperimentsareCapoandNanoRoute.We
raneachexperiment50 timesto collect50 distinctdatapointsfor
statisticalanalysis.
Cir cuit parameter analysisbefore metal �x: in this experiment
we �rst insertsparecellsusingthethreemethodsdescribedearlier.
Next, we placeandroutethe designusingCapoandNanoRoute.
Finally, we measuretheimpactof differentplacementmethodson
importantcircuit parameters,includingdelayandwirelength.

Figure8(a)shows theaverageresultsof thebenchmarks,andthe
error barsrepresentthe rangeof onestandarddeviation. The �g-
ure shows that PostSpareplacementdoesnot affect circuit delay
or wirelength. This is expectedbecausethesparecellsareplaced
afterdesignplacement;therefore,delayandwirelengthshouldnot
beaffectedby spare-cellinsertion.ClusterSpareplacementshowsa
veryinterestingtrendwherethedelayis increasedwhile wirelength
decreases.Thereasonis that largecell islandsact like macrosand
forceCapoto placedesigncellsclosertogether, thusreducingtotal
wirelength. At the sametime, longerwires mustbe usedto con-
nect cells aroundthe spare-cellislands,resultingin larger delay.
For moreaggressive placers,however, this trend may not be ob-
served. The resultsalsoshow that wirelengthincreasedby 0.9%
in UniSpareplacement.This is becausepre-placedsparecellswill
occupy certainplacementsites,reducingthe numberof sitesthat
can be usedby the placer. Therefore,the optimizationthat can
beperformedby theplacerwill alsobe limited, resultingin larger
wirelength.Thedelay, however, is only slightly affectedby thein-
sertedsparecellsbecauseconnectingcellsaroundasinglecell only
needsslightly longerwires,resultingin 24%smallerdelayincrease
thanClusterSpareplacement.We alsonotethat thestandarddevi-
ationsarelargein ClusterSpareandUniSpareplacementmethods,
suggestingthatspare-cellinsertionmaydestabilizeexisting place-
mentandroutingtools.
Repair quality analysisafter metal �x: after errorsin a circuit
have beenrepairedby metal �x, the circuit's major physicalpa-
rametersmaychange,includinginterconnectlengthandmaximum
delay. Typically, repairswith higherquality canminimizetheper-
turbationof thoseparameters.Sincethequality of metal�x is af-
fectedby the placementof sparecells, we reusedthe experiment
describedin Section6.1to measuretheimpactof placementmeth-
odson error-repairquality. Since�x esthatdo not affect a critical
pathhave no impacton circuit delay, we only selecteddatapoints
whosedelayhasbeenchangedto measurethetrueimpactof place-
mentmethodson delay.

The averagechangesof physicalparametersafter metal �x are
shown in Figure8: Figure8(b) shows theimpactof placementon
circuit delayandwirelength,while Figure8(c) shows the impact



(a) (b) (c)
Figure 8: Impact of spare-cellplacementmethodson circuit parameters: (a) before metal �x; (b)(c) after metal �x. Ours has24%
smaller delay inr easebefore metal �x compared with ClusterSpare. The delay increaseafter metal �x is 37% and 17% better than
the PostSpareand ClusterSparemethods,respectively.

on thenumberof affectedmetalsegments.Theerrorbarsrepresent
onestandarddeviation. Theresultsshow thatPostSpareplacement
producespoorrepairqualitybecauseit triggersa largerincreasein
delayandwirelength. In addition,it alsoaffectsmoremetalseg-
ments,makingFIB moredif�cult. Thesetrendsshouldbestronger
with non-uniformdistribution of whitespace.From Figure 8(b),
we observe that UniSpareplacementhassmallerdelayandsimi-
lar wirelengthincreasecomparedto ClusterSpare.The reasonis
that thecell islandsplacedby ClusterSparearefartheraway from
eachother than the sparecells placedby UniSpare. As a result,
longerwires areneededto connectto thosecell islands,resulting
in largerdelay. On theotherhand,Figure8(c) shows thatsmaller
numbersof metal segmentsare affected in circuits producedby
ClusterSpare.This is becauseoncethoselong wiresreachthecell
islands,connectionsamongthecellsin thesameislandonly require
localwiresandwill not perturbotherwires.Onaverage,UniSpare
placementresultsin 37%and17%smallerdelayincreasecompared
with PostSpareandClusterSparerespectively, suggestingthat it is
thebestplacementmethod.

To further studythe impactof differentplacementmethodson
importantphysicalparameters,wetookbenchmarkAlphaandplot-
tedFigure9 to show therelationshipbetweentheincreasein wire-
lengthandthenumberof sparecellsusedin metal�x. In this�gure,
weshow thedatapointsfrom threeplacementtypesandtheir linear
regressionlines. The resultsshow thatwirelengthincreaseswhen
morecellsareusedin metal�x becausemorecellsneedmorewires
to connect.The regressionlinessuggestthatwhenmorecells are
usedin metal�x, wirelengthof PostSparewill increasefasterthan
the othertwo types. This is becausethe irregularity of spare-cell
distribution producedby PostSparemay make the requiredspare
cells dif�cult to reach,resultingin very long wires. Figure9 also
shows thatthelinearregressionlinesof ClusterSpareandUniSpare
arecloseto eachother. This is not surprisingbecausesparecells
areplaceduniformly in bothtechniques.Therefore,onaveragethe
lengthsof thewiresto connectthosecellswill notdiffer toomuch.
However, thedelaymaybedifferent,asFigure8(b)suggests.

In Figure10 we plot thenumberof metalsegmentsaffectedby
the performed�x esagainstthe numberof sparecells usedin the
�x es. The resultsshow thatwhena �x requiresmoresparecells,
moremetalsegmentswill beaffectedin acircuit producedby Post-
Sparethanacircuit producedby UniSpare,while ClusterSparehas
thesmallestnumber. As explainedearlier, PostSparecreatesmany
longwiresandwill affectmoremetalsegments,while ClusterSpare
placementcanutilize local connections,thusreducingthenumber
of segmentsaffected.
Density of Spare Cells: anotherinterestingplacement-relatedis-
sueis thedensityof sparecells.Severalexistingtechniquessuggest
thatsparecellsshouldbeinsertedcloseto potentially-buggycircuit
modules[11,17]. Thisapproachis certainlyusefulif suchinforma-
tion is available.However, it cannotbeusedif thebug distribution
of a chip is unknown. As discussedin Section3.1, SimSynthcan

Figure 9: Relationship betweenwir elength increaseand the
number of spare cellsusedin metal �x.

Figure10: Relationshipbetweenthe number of metal segments
affectedand the number of spare cellsusedin metal �x.

addressthis problem.To evaluateits effectiveness,we countedthe
averagenumberof sparecells usedin the �x esproducedby our
previousexperiment,andwe contrasttheresultswith Figure4.

Theresultsof this experimentareshown in Figure11. This �g-
ure shows that to generatethe samesignal, the Alpha processor
needsmoresparecells thanits EX block, followed by its ID and
IF blocks. If we contrastthis resultwith Figure4, we canseethat
the IF block hasthehighestsuccessratein generatinganexisting
signatureusingonesparecell, followedby ID, EX andtheAlpha
processor. Thesetwo observationsarecorrelatedbecauseif it is
easierto generateanexisting signalusingonegate,thenumberof
cells neededto replicatea signalshouldalsobe smaller, at least
on average.This phenomenoncanalsobe observed on MD5 and
DES_perf: MD5 requiresmorecells in each�x, and the success
rate to generatean existing signalusingonegateis alsosmaller.
This result suggeststhat measuringthe successrate of our Sim-
Synthexperimentcanhelpdeterminethedensityof sparecellsthat
shouldbeplacedona silicondie.



Figure 11: Averagenumbers of cells usedwhen �xing bugs in
the benchmarks. By contrasting with Figure 4 we show that
SimSynth can help determine spare-celldensity. For example,
Alpha has smaller successrate in Figure 4 than its EX block,
followed by its ID and IF blocks. This �gur e shows that the
Alpha designrequiresmorecellsthan its EX, ID and IF blocks.

7. CONCLUSIONS
In this work we performeda comprehensive analysisof spare-

cell insertionto studythe natureof this problem. Basedon what
welearnedfrom thisanalysis,weproposedanew methodologythat
is more�e xible thanexisting solutionsandcoversboth spare-cell
selectionandplacement.Furthermore,we describeda SimSynth
techniquethat canmeasurethe heterogeneityamongsignalsin a
particularregionof aplacednetlist. It canhelpdeterminethespare-
cell densityautomatically— aproblemthathasnotbeenpreviously
addressedin theEDA literature.

Our work evaluates,for the �rst time, several rules of thumb
commonlyusedin spare-cellinsertion. First, several existing so-
lutions suggestto usethe “most-commonlyused”cell type in the
designas the spare-celltype. Accordingto our results,the most
popularcell type is indeedvery useful,but (1) othertypescanbe
equallyuseful,and(2) usingablendof severalspare-celltypespro-
videsbettererror-repairquality thanusingonly oneor two types.
Second,mostexisting solutionsuselarge spare-cellislands. Our
analysisshowsthatthisapproachhurtscircuit'swirelengthandtim-
ing, andwebelievethatthedifferencewill grow with eachtechnol-
ogy nodedueto poorscalingof interconnectdelay. To reducethis
impact, smaller islandsshouldbe usedso as to reducethe aver-
agedistancefrom a designcell to theclosestsparecell. This will
shortenthe wires that connectto sparecells and improve circuit
delay after metal �x. Third, most existing solutionsneglect the
impactof spare-cellinsertionon circuit parameters.However, we
showed that this impactmaybesigni�cant. Without carefulplan-
ning,spare-cellinsertioncanworsencircuit timing andwirelength.

Thesuccessof post-siliconmetal�x is contingentupona good
spare-cellinsertionmethodology. However, theEDA literatureof-
ferspracticallyno accountsof researchon this topic. To this end,
our�e xible spare-cellinsertionmethodologynotonly providesbet-
terselectionsof sparecellsbut alsogeneratesplacementsthatmini-
mizetheimpactoncircuit parameters.As shown by empiricaleval-
uation,our placementandspare-cellselectiontechniquesprovide
17-37%and4-23%smallerdelayincreasecomparedwith existing
solutions,demonstratingtheability of ourmethodologyto improve
the quality of post-siliconmetal �x. Due to interconnectscaling,
we expectstrongertrendsfor moreadvancedcell librariesthanthe
180nmtechnologywe used.Moreaggressive placementtoolswith
non-uniformutilization shouldalsostrengthenthe trends(our ex-
perimentsonly give a lower bound).
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