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ABSTRACT

Post-siliconvalidation hasrecentlybecomea major bottleneckin
IC design. Several high pro le IC designshave beentaped-out
with latentbugs, and forced the manufcturersto resortto addi-
tional designrevisions. Suchchangesanbeappliedthroughmetal
x; hawever, thisis impracticalwithout carefully pre-placedspare
cells. In this work we performthe rst comprehense analysis
of the issuesrelatedto spare-celinsertion,including the typesof
sparecells that shouldbe usedaswell astheir placement.In ad-
dition, we proposea new techniqueto measurehe heterogeneity
amongsignalsanduseit to determinespare-celldensity Finally,
we integrateour ndings into a novel multi-facetedapproactthat
calculatesregional demandfor sparecells, identi es the mostap-
propriatecell types,andplacessuchcellsinto thelayout. Our ap-
proachenableghe useof metal x ata muchsmallerdelaycost,
with areductionof up to 37%comparedo previous solutions.

Categoriesand Subject Descriptors
J.6[Computer-Aided Engineering]: ComputerAided Design

General Terms Algorithms, Design
1. INTRODUCTION

Dueto therecentincreasen designcompleity, moreandmore
bugsescapere-siliconvalidationandarefound post-silicon forc-
ing designerdo realizethe x esthroughadditionaltape-outand
manufcturingrevisions (steppings) 15, 18]. As of today post-
silicon detuggingalreadycontributes35%of a chip's designcycle
[1]. Thedelayedmarket entry dueto extendedpost-silicondehug-
ging often resultsin a reducedmarket windov andhugerevenue
loss[8]. In addition,respinsarebecomingmoreandmoreexpen-
sive, with maskcostsapproachingg10M perset[24]. Thesechal-
lengesnecessitatdetterpost-silicondetugging methodologiesas
well asnew techniqueshatreducethe costof respins.

A masksetconsistof 20-40individual maskswhosecostsvary
dependingon their minimal featuresizes. Sincetransistormasks
exhibit thesmallesteaturesize,they arethemostexpensve, while
metal layers have larger featuresand are consequentlycheaper
Thereforerespincostscanbereducedy reusingtransistomasks
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Figure 1: A designwhere an XOR gate must 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 using several cellsdue to a poor selectionof cell types.

andonly changingthe metallayermasks.A x thatonly changes
metallayersis oftencalledmetal x [10]. Insteadof arespin,metal
x canalsobeimplementedby modifying individual silicon dies
throughFocusedon Beam(FIB). FIB enablesheevaluationof lay-
out changesluring post-silicondehuggingwithout producingnewx
masksbut it is too slow for massproduction.Whethemetal x is
implementedvia a respinor FIB, spae cells are often pre-placed
throughouthelayoutbeforethedie is manufcturedto supportfu-
ture logic changes.In the 1990s,circuits weretightly pacled to
reduceareaandvery few sparecellscouldbe used.However, with
whitespacedaking 30-70%of the areain moderncircuits,a greater
numberof sparecells can be insertedafter placementand buffer
insertionwithout increasinghe circuit area.For example,modern
CPUscanhave asmary as1% sparecells.

Traditionally, post-siliconerror repair is performedmanually
However, with anincreasingateof post-siliconbug escapeshere
is a pressingneedfor automation. Recently techniqueghat au-
tomatethis repair processhave beenproposed6, 7]. All these
techniguesassumethat sparecells have beenproperly insertedin
adwanceto allow metal x. In practice,however, it is dif cult to
nd anideal distribution of sparecells. Therefore,engineersof-
ten rely on bug analysisfrom previous silicon diesto determine
how sparecells shouldbe inserted.As Figure1(a) shavs, a good
spare-cellselectionand placementfacilitate metal x with mini-
mal perturbatiorof thesilicon die. Onthe otherhand,Figuresl(b)
and 1(c) shav that poorly placedsparecells canonly be reached
throughlong wires, leadingto large incrementsn the propagation
delayof the circuit; andthata poor selectionof cell typesrequires
theuseof morecellsto x thesameerror

Existingtechniquedor spare-celinsertioneitherprovide better
sparecells that are more powerful in generatingnew logic func-
tions[3, 5, 9, 11, 12, 13, 16, 19, 17, 20] or strive to nd better
placemenfor the sparecells, sothatthey arelocatedin proximity
of a potentialmetal x demand3, 4,5, 9, 11,13, 17, 20]. Since
thesetechniquesare only describedn patentsjno empiricaleval-



Author, year || Sparecell type

Placemenandroutingmethods

Drawbacks/limitations

Yee[20],1997 || Most commonlyusedcell in the design;one | Sparecellsscatteredhfterplacement Designedor 2 metallayersonly
of the earliestworks on spare-cellinsertion
Lee[11],1997 || NAND/NOR gateswith many inputs, BUF, | Placedcloseto potentially buggyregion | High-inputgatesmaywastespacepther
INV, DFF (new spare-cellselection) cell typesmaybe moreuseful
Payne[13], Gatearray (new structure) Sparecellsscatteredfterplacement No new placementechniqueclaimed
1999
Wong[19], Con gurable logic and INV (new struc- | N/A No placementechniqueclaimed
2001 ture)
Schadt[16], Programmable cells (new structure); ele- | Spare-cellislands scatteredbefore place- | Uses2 metallayersonly; inputs/outputs
2002 vated lower-level wir esimprove FIB access| ment of sparecellsmustbe elevated
Chaisemartin || NAND, DFF, trigate (new structure) Placedn azigzagpattern;stand-bytracks | Stand-bytracksmay createroutingcon-
[5], 2003 for routing gestion
Bingert[3], Gate-arrayslands Floorplaned with the design,then scat- | Spare-celislandsmayoccupy too much
2003 tered uniformly space
Giles[9], New spare-cellselectionwithin cellislands | Placedaccordingto designhierarchy Eachmoduleis allowed only one addi-
2003 including INV, DFF, MUX, AND, NAND, tional I/O; only x edblockssupported
NOR and BUF
Or-Bach[12], || New FPGA-lik e structure N/A Uses3 metallayersonly; no placement
2004 techniqueclaimed
Vergnes[17], New structure with functional input bus | Placed with potentially buggy modules | Occupiedroutingtracksmay createcon-
2004 and an equationinput bus by hardwiring inputs of spare cells to | gestion
signalsin thosemodules
Brazell[4], N/A Whitespaceallocated during Floorplan- | Sparecells occupy all remainingwhite-
2006 ning; cellsinserted after placement space— impracticalfor modernlayouts

Table 1: A summary of existing spare-cellinsertion techniquesdescribedin US patents. Major contributions are markedin boldface.

uation hasbeenreported,particularlyin the context of metal x.
As aresult, their utility in post-silicondehug remainsunclear In
addition,eachof theabove techniquesiseshe samecombinations
of spare-celtypesthroughouthe design.However, differentlogic
blocksmayrequiredifferenttypesof sparecells. Anotherproblem
is that mostexisting techniquesalso assumehat spare-celinser
tion hasnegligible impactonimportantcircuit parametersanddo
not discussthem. However, we found from our analysisthat the
impactmay be signi cant. To supporttoday's needfor repairing
errorsin complex designsmore e xible androbust spare-celin-
sertionmethodologiesrea critical requirement.

Our work offers the rst evaluationof stratgiesfor spare-cell
selectiorandplacementin thecontext of post-silicondehugging. It
answerghefollowing importantquestions.

Whattypesof sparecellsaremostusefulfor metal x?

Do differenttypesof designsor bugsneeddifferentcombi-
nationsof sparecells?How to selectsuchcombinations?

Whatis theimpactof differentspare-celplacemenmethods
onimportantcircuit parameterdeforeandaftermetal x?

Shouldspare-celdensitybe differentin differentregionsof
acircuit? How to determinethe bestdensityautomatically?

Ourkey contrikutionsare:

A new techniqueto evaluatewhich type of cell is mostuse-
ful to repaira givencircuit, called SimSynth SimSynthalso
measureghe heterogeneityamongsignalsand is the rst
techniquethataddressethe cell densityproblem.

A novel spare-cellinsertion methodologythat covers both
spare-celbelectionandplacement.

As the rst empiricalstudyof stratgiesfor spare-celinsertion,
ourwork contritutesnew insightsinto thisimportantproblem.Our
methodologydevelopedbasednthesdnsights,improvesboththe
selectionandthe placemenbdf sparecellsto facilitate post-silicon
metal x.

The restof the paperis organizedasfollows. In section2 we
describeseveral post-siliconmetal x techniquesandreview ex-
isting solutionsfor spare-celinsertion. We analyzethe utility of

spare-celtypesin Section3 andstudythe placemenbf sparecells
in Section4. We proposea new spare-celinsertionmethodology
basedon our analysisin Section5. The resultsof our work are
summarizedn Section6, andSection7 concludeghepaper

2. BACKGROUND AND PREVIOUS WORK

Post-siliconmetal x techniques: errorsobsered after tape-out
(post-silicon)canbe classi edinto functional,electricalandman-
ufacturing/yieldproblems. Theseproblemsoften needto be re-
solvedviametal x. Traditionally post-siliconmetal x hasbeena
manualprocesshut techniqueshatautomatethis errorrepairpro-
cesswere proposedrecently For example,Changet al. [6] x
functional errorsusing exhaustve searchof resynthesizedetlists
followedby ECOrouting. They alsousesymmetry-basetbwiring
andlocal resynthesiso x electricalerrors.Chen[7] x estiming-
relatederrorsusingsparecellsto simulategatesizing, buffer inser
tion andtechnologyremapping.

After thelayoutof a circuit hasbeenmodi ed, the changemust

be implementedon the silicon die via metal x. Metal x canbe
carriedout by changingthe masksfor the metallayersfollowed by
arespin.Thisapproacltanimplementary changen thelayoutand
hasmaximum e xibility. However, even thoughtransistormasks
canbereusedin metal X, respinstill takes several weeksandis
expensve. To quickly evaluatecandidate x eswithout a respin,
Focusedon Beam(FIB) canbeused.Nonethelesshechangehat
canbe madeby FIB is oftenlimited. For example,it is dif cult to
accesdower-level metalor generatdong wireswith FIB.
Existing spare-cell insertion methods: spare-cellinsertionis a
design-dependenrhallengevhosesolutionsoftenrely onbuganal-
ysis from previous chips. Due to the con dentiality of relevant
datatheresultsareonly revealedin patentsThelack of empirical
studiesleavesthe stateof the art unclear and hampersmprove-
mentuponexisting techniquesIn Table1 we summarizexisting
solutionsthat addresghe spare-celinsertionproblem. Note that
sometechniquesemphasizeelevating lower-level wires for easier
FIB accesswhich canalsoreducerespincostbecausenly masks
for upperlevel metal needto be updated. However, the elevated
viasandmetalsegmentsmay causeroutingcongestiorandworsen
circuit delay hurtingthe overall circuit's performancen theend.



3. CELL TYPE ANALYSIS

As suggestedy Table 1, mary existing techniquesseekbetter
selectionof spare-celtypessoasto generatanorecomplex logic
functionsfor metal x [5, 9, 11, 17, 20]. Here,onetriesto avoid
low-utility cellsthatwastevaluablewhitespaceA carefulanalysis
of referencesuggestshatnoneof the existing techniquewvary the
spare-celkelectionthroughoutthe design. However, intuitively it
seemghat differentcircuit blocksin the designmay bene t best
from differenttypesof sparecells,andin generalsometypesmay
bemoreusefulthanothers.In thiswork we developedanavel algo-
rithm, calledSimSynth thatevaluategjuantitatvely theusefulness
of aspeci c celltype,andwe deplosed on arangeof designgo de-
termineif thetypeof sparecellshasarelevantimpactonthequality
of metal x. Notethatcurrently we only considercombinational
cellsin SimSynth.Theutility of sequentiatellswill dependnthe
sequentialerror repair techniquebeing applied, which is a more
sophisticategbroblem.

3.1 The SimSynth Technique

Beforewe developedthe SimSynthtechniquewetried two other
cell-utility measuremergxperiments.In the rst experiment,we
resynthesize@0 small subcircuitsextractedfrom our benchmarks
usingthe ABC synthesigool [22], andthenwe collectedcell types
usedn theresynthesizedetlists.Wefoundthattheresultswerebi-
asedtoward AND/NAND/INV gatesbecauséABC's internaldata
structureis the And-InverterGraph(AIG). To overcomethis prob-
lem, our secondexperimentexhaustvely searchedor valid resyn-
thesizednetlistswith minimal numberof gates.We foundthatthe
resultswere biasedtoward MUX2 (3-input multiplexer) because
having threeinputsallows it to generatanary more netliststhan
whatis possiblewith 2-inputgates.

Basedntheseobsenations whendesigningSimSynthwe make
surethattheunderlyingresynthesisilgorithmis notbiasedowards
oneor anothertype of gates.The SimSynthalgorithmrelieson a
pool of input vectorsfor the circuit that caneitherbe provided by
ahigh-level simulatoror acquiredthrougharandomselection.We
thencomputea signaturefor eachinternalcircuit wire.! Thesesig-
naturescanbethoughtof aspartialtruth tablesthatexcludeall con-
trollability don't-caresandthey aretheinputto the SimSynthalgo-
rithm asindicatedin the pseudocodef Figure2. Thealgorithm's
outputis the successateto generata signaturethatalreadyexists
in the designregion. To collectthe signaturesye selecta random
wire, searchor gateswithin 40um from thedriver of thewire, and
thenretrieve the signaturesrom the outputsof thosegatesto form
asignaturgpool. SmSyrthis thencalledusingthesignaturepoolas
its input. Note thatthe40um constraintis basecbn the obseration
that cellstoo far away will not be usefulin metal x becausehe
wiresthatconnecto themwill betoolongandwill exhibit signi -
cantdelay In addition,FIB cannotgeneratdong wiresef ciently .
We also exclude resynthesi®ptionsthat end up with exact same
gatetypeandinputsbecausehe circuit remainsunchanged.

Sincewe are measuringhow easily an existing signal can be
re-generatedthe cell utility is useful for electrical error repair
which generatesesynthesizeaetlistswithout modifying the cir-
cuit's logic functions. However, this techniquecanalso measure
the cell utility for functional error repait The reasonis that we
arecomparingsignaturegpartialtruth-tablespf thesignals.If two
signalssharethe samesignaturethey mustbefunctionally similar,

1For example,consideran AND gatewith inputsA, B andoutput
0. Giventwo inputvectors(A, B) = (0,0) and(0, 1), thesimulated
valuesof O are0 and1. The signaturedf A, B and O arethen
00,01and01, respectiely. Notethatbit-parallelsimulationfavors
signaturesvith 32 or 64 bits for ef ciency reasons.

function SimSynttcandSigs)
1 foreachcel 2 spareCell Types

2 foreachinpuSgs2 combinationf signaturegrom candSigs
3 sig cel:compue(inpuSgs);

4 if (sig2 candSigs)

5 succeggell]++;

6 court[cell]++;

7 returnsuccesscourt;

Figure2: The SimSynth algorithm.

but candiffer on input vectorsthathave not beenusedto generate
thesignaturesThisis similarto xing functionalerrors:typically,
a new signalthat x esa functionalerroris only slightly different
from anexisting onebecausenostof the circuit's functionsareal-
readycorrectin post-silicondetugging[6]. In generalmoreinput
vectorswill biasthe utility of spare-celtypestoward xing elec-
trical errorshecause¢he generatedignalswill becloserto existing
ones,while the selectionwill be biasedtoward functional errors
whenfewer vectorsareused.In our experimentswe startwith 256
input vectorspercircuit, andobsene thatthe numericalresultsfor
the utility of cell typesstabilizewhen 2048 or more vectorsare
used. To make SimSynthmorerelevantto studyingfunctionaler
rors,we canalsoconsidersignatureshatareonly slightly different
from an existing one: generatinga signaturethatis 1-bit different
from anexisting onecanalsobe countedasa successlIn practice,
it is alsopossiblethata x requiresasigni cant changeto thecir-
cuit's functions. Implementingsucha dramaticchange however,
typically requiresmore comple resynthesizedetlistsinvolving
large numbersof sparecells, which can make metal x dif cult
or even impossible. In this work we do not discussthe utility of
sparecellsfor xing suchextensie errors.

Furtheranalysisshavs that SimSynthcanalsobe usedto deter
mine spare-celldensity The reasonis that what SimSynthreally
measuress the heterogeneityamongsignalsin the circuit. If the
successateis high, thenthelogic functionsof the signalsaresim-
ilar, and generatinga new signalthatis closeto ary existing one
shouldbe easy If therateis low, thenthe functionsof signalsare
quite differentfrom eachother andgeneratinga new signalusing
thosesignalswould requiremoregates.This analysisis con rmed
by our experimentakesultsshavn in Section6.2.

EXAMPLE 1. Figure3showsa SimSyntlexecutionexampleus-
ing a full adder whee gategl shouldbe XORinsteadof OR.Two
input vectos are used,producinga 2-bit signatue for ead wire.
Supposeve wantto measue the utility of cell typesfor the region
indicatedby the dashedine that containstwo distinctsignatues.
SimSynthrries differentcell typeswith differentcombinationf in-
puts(only 1 combinatiorin this example)andmeasuesthesuccess
rate to replicatean existing signatue. Theresultson theright of
the gure showthat AND and XOR are more usefulthan NAND
in this case Notethat the correct cell typeto x the bug canbe
successfullydenti ed becausesignatuesare only partial truth ta-
bles,which allow theidenti cation of spae cellsthat cangeneate
differentsignals. In geneal, additionalinput vectos will biasthe
cell-typeselectiortowardstheonethatallowslessfunctionchange.
01,
00
Success rate=1

o1
0] 11

Success rate=0

01
Bow

Success rate=1

00

A0BOCI
Figure 3: SimSynth exampleusinga full adder.
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3.2 Experimental Setup

Our implementatiorplatformis basedon the OAGearpackage
[26] from Cadencd.absthatusesthe OpenAccesslatabasandis
integratedwith the Capoplacer[2]. We usebenchmarkprovided
by the Bug UnderGroundproject[23] (Alpha), which includesa
numberof actualbugsfoundin fully functionalmicroprocessode-
signs.Otherbenchmarkarefrom OpenCore$25] (MRISC, MD5
andDES_perf) picoJaa(Hold_logic),andOpenSpar¢EXU_ECL)
[27]. The characteristicef thesebenchmarksare summarizedn
Table 2, wherethe rst four areindividual modulesof the Alpha
processqrfollowed by the full edged Alpha design. Next, we
shav anotherprocesso(MRISC), followed by two CPU control
blocks (Hold_logic and EXU_ECL) andtwo cryptographiccores
(MD5 andDES_perf).To generatehelayoutinformationfor these
designswe rst synthesizehe designswith CadenceRTL Com-
piler 4.10basedon a 0.18 ym library, andthenwe instruct Capo
to placethe designwith uniform whitespace.By using uniform
whitespacewe producelower boundsfor the trendswe obsere,
andthe actualtrendsshouldbe strongemwith morerealisticplace-
menttechniqueghat distribute designcells to aggressiely opti-
mize interconnect.We use CadenceNanoRoute4.10to routethe
nal designandcalculatethe routedwirelengthandcircuit delay
Thecell typesconsideredn our analysisareINV (inverter),AND,
OR, XOR, NAND, NOR, andMUX2. All cells exceptINV and
MUX2 have two inputs. To evaluatea region with 200 signalsus-
ing SimSynth,approximately6 secondsare requiredon 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 Alpha CPUfull chip 30212 | 6.93
MRISC MiniRISC CPU 4359 2.66
Hold_logic Part of PicoJaa U control 67 0.61
EXU_ECL Part of OpenSpar&XU control 2083 0.99
MD5 MD5 encryption/decryptiocore 9181 6.92
DES_perf DESencryption/decryptioore 100776 | 3.37

Table 2: Characteristics of benchmarks

3.3 Empirical Results

Theexperimentatesultsaresummarizedn Figure4, whichshavs
two interestingtrends. First, the distribution of cell-type utility
varieswidely amongmodulesof the Alpha processor:signatures
can often be re-generate@asily using one gatein the IF andID
blocks, but not in the EX andMEM blocks. Thereasonis thatIF
andID containmostly controllogic. Sincecontrollogic is mainly
generatedrom “if-then” constructsmostsignalsaregeneratedby
ANDing, ORing or multiplexing the samegroupof signals. As a
result,thelogic functionsbetweertwo signalsareoftenvery simi-
lar, makingit easietto generatédenticalsignaturesisingonegate.
On the otherhand,EX is dominatedby datapaths.Sincesignals
in suchmodulesusually computemore distantfunctions,a single
gateis lesslik ely to re-generatanexisting signature For example,
the rst bit andthelastbit in anaddercomputevery differentfunc-
tions. Thisresultshavs thatto x errorsin arithmeticcores,more
sparecellsmaybeneededhan xing similarerrorsin controllogic.
Secondwe obsere thatMUX2 is moreusefulin controllogic (Al-
pha_IF Alpha_ID, Hold_logicandEXU_ECL) thanin arithmetic
cores. The reasonis that control logic is typically composedf
mary "if-then" constructghat canbe ef ciently implementedand
modi ed usingmultiplexers.

3.4 Discussion

OurempiricalresultssuggesthatAND, NAND, OR,NAND and
INV arethe mostusefulin generalwhile XOR is the leastuseful.
But CMOS standardcells that implementINV, NAND andNOR
aresmallerthanthosefor AND andOR gatesmakingINV, NAND
andNOR preferableassparecellsdueto their functionalcomplete-
ness.Theutility of MUX2, however, is unclear:it is usefulin only
someof the benchmarks SinceMUX2 hasthreeinputs, it should
be usefulin xing functionalerrorsbecausét cangeneratenary
differentfunctions. In addition,the “if-then” constructcommonly
usedin controllogic canbe modeledeasily usingMUX2. Since
MUX2 is notagoodcandidateo x electricalerrors(MUX2 im-
plementedusingactive transistords large andslow), it shouldbe
implementedisingpasstransistorso x functionalerrors.

In summary our resultssuggesthat: (1) differenttypesof de-
signsor errorsneeddifferentcombinationf spare-celtypes;and



(2) the mostusefultypesaresimpleonessuchasINV, NAND and
NOR, while morecomplex gatessuchasXOR andMUX2 areless
useful. Sincethereis no cleartrendto predictthe typesof spare
cells that will be more usefulin a design,performingempirical
analysisheforehandor eachblockin thedesignshouldhelpselect
themostadequatepare-celtypesanddistributions.

4. PLACEMENT ANALYSIS

Placementf sparecellsis anothemajor factorthat affectsthe
quality of metal x. Whenerrorsoccurtoo far from pre-placed
sparecells, the requiredwire connectiongnay be too long to be
practical.Evenif suchwirescanbeimplementedy FIB or respin,
thewire delaymayalsobelarge. Existingsolutionseitherplacethe
sparecellsbeforedesignplacement5, 16], with designplacement
[9, 11,17], or afterdesignplacemen{3, 13, 20, 4]. To make sure
thatsparecellsareavailablewherenecessartyuniform distribution
of sparecellshasbeenusedby mary existing solutions[3, 5, 16],
while severalothersolutionsfocusonidentifying potentiallybuggy
regionsandplacesparecells closeto them[11, 9, 17]. The spare
cells are often groupedinto spare-celislandsandthen placedon
a uniform grid; however, it is alsopossibleto uniformly distribute
individual cellsinsteadof groupedcell islands.Sincethereis little
researchthat evaluatesdifferent placementmethods,the relative
adwantage®f known techniquesemainunclear

A high-quality spare-cellplacementshould have minimal im-
pacton importantcircuit parameterbeforemetal x to avoid in-
creasingcircuit delay or wirelengthinadwertently and hurting de-
sign quality. It shouldalso facilitate metal x with the smallest
impact on circuit parametergo provide high-quality repair We
obsere that mostexisting techniquesitherscattersparecells af-
ter designplacementbr placespare-celislandsuniformly before
designplacement. We call the former methodPostSparelace-
mentandthe latter ClusterSpare PostSpareoversthe placement
methodglescribedn patentgproposedy Yee[20] andPayne[13],
while ClusterSpareoversthoseproposedyy Schadf16], Chaise-
martin[5] andBingert[3]. In ClusterSpare-baséechniquesacell
islandtypically containsonecell for eachselectedype. Therefore,
the numberof cellsin eachislandis usuallylarge. An illustration
of theseplacemenmethodss givenin Figure5.

PostSpare '(SlusterSriare L'JniSpare(n'w)
Figure 5: lllustration of differ ent placement methods. Dark
cells are spare cells. PostSpar inserts spare cells after design
placement.Sincedesigncellsmay be clusteredin someregions,
spare-cell distrib ution is typically non-uniform. ClusterSpare
inserts spare-cellislandson a uniform grid before designplace-
ment, while UniSpare inserts single spare cells.

PostSpar@lacemenshouldhave minimal impacton important
circuit parameterbecaussparecellsareinsertechfterdesignplace-
ment. However, the errorrepair quality of this methodmay be
poor whendesigncells form high-utilization areas forcing spare
cells into sparserregions. When this happensjong wires may
be neededo reachthosecells. ClusterSparg@lacemenmay have
larger impact on circuit parameterdecausehe cell islandswill
actlike macrosandreducethe optimizationthatcanbe performed
by theplacer However, it shouldprovide bettererrorrepairquality

becaus¢heiruniformdistribution makestheiraccesasier There-
fore,shortewirescanbeusedto reachthecell islands.In addition,
connectionamongcells within the sameislandonly requirelocal
wiresandwill be easyto implement.Notethat, however, eventhe
relatively shortwires necessaryo reachthe spare-celiislandsof
ClusterSparenay trigger unacceptablevire delayincreasdn cur
rentsilicontechnologynodeswhich areextremelydelay-sensitie.

In this work we proposeUniSpare a solutionthatpre-placesn-
dividualsparecellsuniformly onagrid, asillustratedschematically
in Figure5(c). In this way, the averagedistancefrom a designcell
to the closestsparecell is reduced. For example,whenthe size
of the clustersreducesfrom 16 to 1 while maintainingthe total
numberof sparecells, the averagedistanceto reacha sparecell
is reducedby 4 times. In a resynthesizedetlistinvolving mary
gatesthesdndividual cellscanalsoactlik e buffersto increasesig-
nal strength,thus further reducingwire delay Our experimental
resultsin Section6 indicatethatthe UniSpareplacementechnique
is superiorto previous methods.

5. OUR METHODOLOGY

Basedon our analysis,we proposea new spare-cellinsertion
methodologyillustratedin Figure6. Below we explain how it per
formstheselectiorandplacemenbf sparecells.

Selection of
spare cell types ?pare—c:(ljl
and density Vg::s?ty
(SimSynth)
Cell insertion
and placement
Expected
bug density, PI:]SP:Z Znt Placement
metal fix selection method
technique Spare -cell

enriched
Iayout

Figure 6: Our spare-cellinsertion o w.

Our analysissuggestshatdifferenttypesof circuitsrequiredif-
ferentdistributionsof spare-celtypes.To selectappropriataypes,
weapplyour SimSynthtechniqugdescribedn Section3.1)in each
designmoduleandusetheresultingcell-typedistribution to deter
mine the typesof sparecells that shouldbe insertedto eachmod-
ule. SinceAND andOR gatesrequiregreaterareathanNAND and
NOR, in our methodologywe alwaysuselNV, NAND andNOR.
In addition,for controlblockswe insertmultiplexersimplemented
usingpasstransistors¢o x functionalerrors. Cell structureshat
provide greater e xibility, suchasprogrammabldogic or gatear
ray [3, 12, 13, 16, 19], canalso be used. However, they often
requireadditionallong wiresto supportprogramming.

Thedensityof sparecellscanbedeterminedy theexpectedoug
rate.If acircuit moduleis potentiallybuggy thenmoresparecells
shouldbe placedin that module. For example,a perfectlywork-
ing/veri ed circuit thatis beingscaleddown to a new technology
may encountemew electricalerrors,but functional errorsshould
not be prominent. In arithmeticcores,functionalerrorsarerela-
tively unlikely becausehesecoresareusuallyheaily veri ed and
arereusecamongdesigns.If bugsdo occur however, they maybe
dif cult torepairusingmetal x alonebecausell 32or 64 bits may
be affected. Wagneret al. [18] shaved that mosterrorsfoundin
high-pro le processorsirein controllogic. Thereforemorespare
cellsshouldbeplacedthere.

If the expectedbug rateis unknawvn, theresultsfrom SimSynth
couldbeused.If thesuccessatemeasuredyy SimSynthin ablock
is lower thanotherblocks,thenthe heterogeneitgmongsignalsin
the block is high andmoresparecells shouldbe placed. Suppose



thattherearen blocksin acircuit, theaveragesuccessatefor block
Bi is S, andtheaveragesuccessatefor all theblocksis Sayg. Also
assumehatthetargetoverall spare-celdensityis D %. Formula
1 shavs how to determinethespare-celtlensityD; for block B;. In
theformula,P is aparametethatdeterminesheimpactof § on D;
andshouldbe determinecempirically For example,basedon our
evaluation,P shouldbe 20%for the blocksin the Alpha processor

(S Savg) P Dall
Savg 1 To0% @)

The placemenbf sparecells dependon the expectedbug rate
andthe metal- x techniquebeingused. If the expectedbug rate
is low, sparecells canbe scattereduniformly after designplace-
ment. This helpsensurghatsparecellsdo not affect circuit perfor
mance.|f the expectedbug rateis higheror unknavn, thenspare
cells shouldbe pre-placeduniformly beforedesignplacementso
thatwherever a X mustbe applied,thereare sparecells closeto
therepairsite. To reducetheimpactof the x onimportantcircuit
parameterssparecellsshouldbeplacedndividually or assmallis-
landsthroughouthe designusingour proposedJniSparemethod.
Note that sparecells not connectedduring metal x canalsobe
usedasbuffersto improve circuit timing, as[7] suggests.

Dj =

6. EXPERIMENTAL RESULTS

In this sectionwe empirically evaluateour techniquesandcom-
parethemwith existing solutions.

6.1 Cell-Type Selection

Experiment design: in this experimentwe compareour results
with two cell-selectiormethods Giles[9] andYee[20]. According
to Figure4, we uselNV, NAND andNOR for mostbenchmarks,
while Alpha_IDalsoincludesMUX2. GilesusedNV, DFF, MUX,
AND, NAND, NOR and BUF as sparecells. Since Yee selects
the “most-commonlyusedcell types”without indicatingthe num-
ber of typesthat shouldbe used,we synthesizedhe benchmarks
againusingthe seventypesfrom which sparecellsaredravn, and
thenselectedhe most-usedwo typesfor eachbenchmarkwhich
wereconsistenthNAND andINV. We usethe UniSpareplacement
methodfor all threespare-cellselectionso male surethe results
arenot affectedby placementTo performthe experimentwe rst
selectasubcircuitcomposef 1-6 cellsthatareconnectedo each
other Next, we mimica*“ x” by resynthesizinghe subcircuitand
thenmapthe resynthesizeaetlist to sparecells closeto the sub-
circuit. Finally, we measurahe delayandwirelengthof the circuit
after routing the modi ed netlist using NanoRoutes ECO mode.
Betterspare-celkelectionshouldallow metal x to be performed
with smallerimpacton circuit delayandwirelength. We ran each
experiments0timesto collect50datapointsfor statisticalnalysis.
Results: theresultsaresummarizedn Figure7. The graphshavs
that our spare-cellselectionproduces23% and 4% smallerdelay
increasecomparedto Yee and Giles at a comparablewirelength
increase. This result shavs that our spare-cellselectioncan nd
more usefulcells for eachdesignand provides bettererrorrepair
quality aftermetal x.

6.2 Spare-Cell Placement

Threedifferenttypesof placemenmethodsare usedin our ex-
periments,andanillustration is given in Figure5. PostSparén-
sertsindividual sparecellsafterdesignplacementiniSparenserts
individual cells on a uniform grid before designplacement;and
ClusterSpar@nsertsspare-celislandson a uniform grid beforede-
sign placementwhereeachislandis composedf 9 cells. We use
INV, NAND andNOR gatesassparecellsin our experimentsand
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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 elengthincreases approximately the same.

eachbenchmarlcontainsapproximatelyd%sparecells. Theplacer
androuterusedin theseexperimentsareCapoandNanoRouteWe
ran eachexperiment50 timesto collect 50 distinct datapointsfor
statisticalanalysis.
Circuit parameter analysisbefore metal x: in this experiment
we rst insertsparecellsusingthethreemethodsdescribedearlier
Next, we placeandroute the designusing Capoand NanoRoute.
Finally, we measurgheimpactof differentplacemenmethodson
importantcircuit parametersncluding delayandwirelength.

Figure8(a)shavs theaverageresultsof thebenchmarksandthe
error barsrepresenthe rangeof one standarddeviation. The g-
ure shaws that PostSparglacementdoesnot affect circuit delay
or wirelength. This is expectedbecausehe sparecells are placed
afterdesignplacementtherefore delayandwirelengthshouldnot
beaffectedby spare-celinsertion.ClusterSparelacemenshavsa
veryinterestingrendwherethedelayis increasedvhile wirelength
decreasesThereasonis thatlarge cell islandsactlike macrosand
force Capoto placedesigncellsclosertogetherthusreducingtotal
wirelength. At the sametime, longerwires mustbe usedto con-
nectcells aroundthe spare-cellislands,resultingin larger delay
For more aggressie placers,however, this trend may not be ob-
sened. Theresultsalsoshav that wirelengthincreasedyy 0.9%
in UniSpareplacementThis is becausere-placedsparecellswill
occujy certainplacemensites,reducingthe numberof sitesthat
can be usedby the placer Therefore,the optimizationthat can
be performedby the placerwill alsobelimited, resultingin larger
wirelength.Thedelay however, is only slightly affectedby thein-
sertedsparecellshecauseonnectingellsaroundasinglecell only
needsslightly longerwires,resultingin 24%smallerdelayincrease
thanClusterSpar@lacementWe alsonotethatthe standardievi-
ationsarelargein ClusterSparandUniSpareplacemenmethods,
suggestinghat spare-celinsertionmay destabilizeexisting place-
mentandroutingtools.
Repair quality analysisafter metal x: aftererrorsin a circuit
have beenrepairedby metal x, the circuit's major physicalpa-
rametersnay changejncludinginterconnectengthandmaximum
delay Typically, repairswith higherquality canminimize the per
turbationof thoseparametersSincethe quality of metal x is af-
fectedby the placemenbf sparecells, we reusedthe experiment
describedn Section6.1to measuréheimpactof placementneth-
odson errorrepairquality. Since x esthatdo not affect a critical
pathhave no impacton circuit delay we only selecteddatapoints
whosedelayhasheenchangedo measure¢hetrueimpactof place-
mentmethodson delay

The averagechangeof physicalparametersfter metal x are
shavn in Figure8: Figure8(b) shavs the impactof placemenbn
circuit delay and wirelength,while Figure 8(c) shavs the impact
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Figure 8: Impact of spare-cell placementmethodson 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 PostSpate and ClusterSpare methods,respectvely.

onthenumberof affectedmetalsegments.Theerrorbarsrepresent
onestandardieviation. Theresultsshav thatPostSparg@lacement
producegoorrepairquality becausdt triggersalargerincreasen
delayandwirelength. In addition, it alsoaffectsmore metal sey-
ments,makingFIB moredif cult. Thesetrendsshouldbestronger
with non-uniformdistribution of whitespace. From Figure 8(b),
we obsere that UniSpareplacementassmallerdelay and simi-
lar wirelengthincreasecomparedo ClusterSpare.The reasonis
thatthe cell islandsplacedby ClusterSpararefartheraway from
eachotherthanthe sparecells placedby UniSpare. As a result,
longerwires areneededo connectto thosecell islands,resulting
in largerdelay Onthe otherhand,Figure8(c) shavs thatsmaller
numbersof metal sgmentsare affectedin circuits producedby
ClusterSpareThis is becaus®ncethoselong wiresreachthe cell
islands connectionamongthecellsin thesameislandonly require
localwiresandwill notperturbotherwires. On average UniSpare
placementesultsin 37%and17%smallerdelayincreaseompared
with PostSparandClusterSpareespectiely, suggestinghatit is
thebestplacementmethod.

To further study the impactof different placementmethodson
importantphysicalparametersye tookbenchmarldlphaandplot-
ted Figure9 to shav therelationshipbetweertheincreasen wire-
lengthandthenumberof sparecellsusedn metal x. In this gure,
we shawv thedatapointsfrom threeplacementypesandtheirlinear
regressionines. Theresultsshav thatwirelengthincreasesvhen
morecellsareusedn metal x becausenorecellsneedmorewires
to connect. The regressiorlines suggesthatwhenmorecells are
usedin metal x, wirelengthof PostSparevill increasdasterthan
the othertwo types. This is becausehe irregularity of spare-cell
distribution producedby PostSparenay make the requiredspare
cellsdif cult to reach,resultingin very long wires. Figure9 also
shavsthatthelinearregressiorinesof ClusterSparandUniSpare
arecloseto eachother This is not surprisingbecausesparecells
areplaceduniformly in bothtechniquesTherefore pn averagethe
lengthsof thewiresto connecthosecellswill notdiffer too much.
However, the delaymay bedifferent,asFigure8(b) suggests.

In Figure 10 we plot the numberof metalsegmentsaffectedby
the performed x esagainstthe numberof sparecells usedin the
x es. Theresultsshav thatwhena x requiresmoresparecells,
moremetalseggmentswill beaffectedin acircuit producedy Post-
Sparethanacircuit produceddy UniSpare while ClusterSparéas
thesmallestnumber As explainedearlier PostSparereatesnary
longwiresandwill affectmoremetalsegmentswhile ClusterSpare
placementanutilize local connectionsthusreducingthe number
of sgmentsaffected.

Density of Spare Cells: anotherinterestingplacement-relatet-
sueis thedensityof sparecells. Severalexistingtechniquesuggest
thatsparecellsshouldbeinsertedcloseto potentially-luggycircuit
moduleq11, 17]. Thisapproachis certainlyusefulif suchinforma-
tion is available. However, it cannotbe usedif the bug distribution
of achipis unknavn. As discussedn Section3.1, SimSynthcan

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

Figure 10: Relationship betweenthe number of metal segments
affectedand the number of spare cellsusedin metal x.

addresghis problem.To evaluateits effectivenesswe countedthe
averagenumberof sparecells usedin the x esproducedby our
previous experiment,andwe contrastheresultswith Figure4.

Theresultsof this experimentareshavn in Figure11. This g-
ure shaws that to generatethe samesignal, the Alpha processor
needsmore sparecells thanits EX block, followed by its ID and
IF blocks. If we contrastthis resultwith Figure4, we canseethat
the IF block hasthe highestsuccessatein generatingan existing
signatureusingonesparecell, followed by ID, EX andthe Alpha
processor Thesetwo obsenrationsare correlatedbecausef it is
easierto generatean existing signalusingonegate,the numberof
cells neededo replicatea signal shouldalso be smaller at least
on average. This phenomenortanalsobe obsered on MD5 and
DES_perf: MD5 requiresmorecellsin each x, andthe success
rateto generatean existing signal using one gateis alsosmaller
This result suggestshat measuringthe succesgate of our Sim-
Synthexperimentcanhelp determinghedensityof sparecellsthat
shouldbe placedon a silicon die.



Figure 11: Averagenumbers of cellsusedwhen xing bugsin
the benchmarks. By contrasting with Figure 4 we show that
SimSynth can help determine spare-cell density. For example,
Alpha has smaller succesgate in Figure 4 than its EX block,
followed by its ID and IF blocks. This gur e shows that the
Alpha designrequiresmore cellsthan its EX, ID and IF blocks.

7. CONCLUSIONS

In this work we performeda comprehense analysisof spare-
cell insertionto studythe natureof this problem. Basedon what
welearnedrom thisanalysiswe proposednenvy methodologythat
is more e xible thanexisting solutionsand coversboth spare-cell
selectionand placement. Furthermorewe describeda SimSynth
techniguethat can measurethe heterogeneityamongsignalsin a
particularregionof aplacednetlist. It canhelpdeterminghespare-
cell densityautomatically— aproblemthathasnotbeenpreviously
addresseth the EDA literature.

Our work evaluates,for the rst time, several rules of thumb
commonlyusedin spare-celinsertion. First, several existing so-
lutions suggesto usethe “most-commonlyused”cell typein the
designasthe spare-celltype. Accordingto our results,the most
popularcell typeis indeedvery useful,but (1) othertypescanbe
equallyuseful,and(2) usingablendof severalspare-celtypespro-
videsbettererrorrepairquality thanusingonly oneor two types.
Second mostexisting solutionsuselarge spare-cellislands. Our
analysisshawvsthatthisapproachurtscircuit'swirelengthandtim-
ing, andwe believe thatthedifferencewill grow with eachtechnol-
ogy nodedueto poorscalingof interconnectlelay To reducethis
impact, smallerislandsshouldbe usedso asto reducethe aver
agedistancefrom a designcell to the closestsparecell. This will
shortenthe wires that connectto sparecells and improve circuit
delay after metal x. Third, mostexisting solutionsneglect the
impactof spare-celinsertionon circuit parametersHowever, we
shaved thatthis impactmay be signi cant. Without carefulplan-
ning, spare-cellnsertioncanworsencircuit timing andwirelength.

The succes®f post-siliconmetal x is contingentupona good
spare-celinsertionmethodology However, the EDA literatureof-
fers practicallyno accountsof researcton this topic. To this end,
our e xible spare-celinsertionmethodologynotonly providesbet-
terselection®f sparecellsbut alsogenerateplacementshatmini-
mizetheimpacton circuit parametersAs shavn by empiricaleval-
uation, our placementnd spare-celkelectiontechniquegrovide
17-37%and4-23%smallerdelayincreasecomparedvith existing
solutions demonstratinghe ability of ourmethodologyto improve
the quality of post-siliconmetal x. Due to interconnecscaling,
we expectstrongertrendsfor moreadwancedcell librariesthanthe
180nmtechnologywe used.More aggressie placementoolswith
non-uniformutilization shouldalso strengtherthe trends(our ex-
perimentnly give alower bound).
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