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Abstract

Quiescent Signal Analysis (QSA) is a novel electri-
cal-test-basediiagnostictechniquethat useslppg mea-
surementsnadeat multiple chip supplypadsasa meansof
locatingshortingdefectsin the layout. The useof multiple
supply padsreduceghe adwerseeffectsof leakagecurrent
by scalingthe total leakagecurrentover multiple measure-
ments.In previous work, a resistancanodelfor QSA was
developed and demonstratecbn a small circuit. In this
papertheweaknessesf the original QSA modelareiden-
tified, in the contet of a productionpower grid (PPG)and
probecardmodel,anda nev modelis describedThe new
QSA algorithm is developedfrom the analysisof Ippg
contourplots. A “family” of hyperbolacurvesis shavn to
be a goodfit to the contourcures. The parameterso the
hyperbolaequationsare derived with the help of inserted
calibrationtransistors Simulationexperimentsare usedto
demonstratehe prediction accurag of the methodon a
PPG.

1.0 Introduction

Ippg has been a main-streamsupplementaltesting
methodfor defectdetectionfor more than a decadewith
mary companiesWith the adventof deepsubmicrontech-
nologiestheuseof single-thresholdippg techniqueresults

in unacceptableyield loss. Setting an absolute pass/il
thresholdfor Ippq testing hasbecomeincreasinglydiffi-
cult due to the increasingsubthresholdeakagecurrents
[1]. Currentsignatureq2], delta-bpg [3] andratio-lppg

[4] have beenproposedasa meandor calibratingfor these
high subthresholdeakages.Thesetechniquesrely on a
self-relatve or differential analysis,in which the average
Ippg of eachdevice is factorednto the pass/ail threshold.

However, theseproposedorms of calibrationareexpected
to becomdesseffective over successie technologygener-
ations.

An alternatve calibrationstrateyy thatmay have better
scalingpropertiesis to distribute the total leakagecurrent
acrossa set of measurementsThis is accomplishedby
introducingprobinghardwarethatallows the measurement
of Ippg at eachof the supply ports. The methodproposed

in this work, called QuiescentSignal Analysis (QSA), is
designedto exploit this type of leakagecalibration for
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defectdetectionand as a meansof providing information
aboutthe defects locationin the layout [5][6]. This latter
diagnosticattribute of QSA may provide an alternatve to
image-baseghysical failure analysisprocedureghat are
challengedby the increasingnumberof metal layersand
flip chip technology

A resistance-basediagnostic model for QSA was
developedin previous works and simulation experiments
wereusedto demonstratehe diagnosticcapabilitiesof the
QSAmethodonasmallcircuit [5][6]. In this paper several
weaknessesf the resistance-basedhodel are uncovered
from simulationsof a productionpower grid (PPG).A cur-
rent-ratio-basednodel is proposedand demonstratedo
improve on defect localization accurag of the original
method[7]. The new methodrequirestheinsertionof cali-
brationtransistorCT), oneundereachof the supplypads
in the design,that permit the shorting of the power and
ground supply rails at points closeto the substrateThe
stateof the CTsarecontrolledby scanchainflip-flops. The
Ippgs obtainedwhenoneof the CTsis turnedon areused

to calibratethe Ippgs measuredindera failing Ippg pat-

tern. The calibrationtechniques shovn to addresseveral
weaknessef the previous model including non-zero
probecardresistancendirregular supplygrid topologies.
Currentratios, as opposedto absolutecurrents,are pro-
posedasa meansof reducingthe dependencef the local-
izationalgorithmon the valueof the defectcurrent.SPICE
simulation experiments demonstratethat the maximum
prediction error is 650 units in a 30,000 by 30,000 unit
area.

It is not possibleto evaluatethe QSA algorithmon the
entire80,000by 80,000unit areaof the PPGusing SPICE
dueto the large sizeof the R model.Instead a specialized
power grid simulation enginecalled ALSIM is used|8].
The anomaliesin the grid’s structurein this larger area
increasethe maximum prediction error to 1,340 units.
Althoughthepredictionaccurag is goodfor mostcasesan
alternatve “lookup table” approach(in contrastto the
hyperbola-basedpproach}s likely to be moreaccuratdor
irregulargrid regionsor configurationsThe enhanceaim-
ulationcapabilitiesof ALSIM enablethis strateyy, aloneor
in combination with the hyperbola-basedapproach
described in this paper

The remainderof this paperis organizedas follows.
Section2.0describeselatedwork. Section3.0givesabrief
descriptionof theoriginal resistance-base@SAtechnique,
identifiesits weaknesseand describeghe basisof a new



Supply Ring
‘/on probe card

Figure 1. Equivalentresistancenodelof the power
grid with a shorting defect.

model. Section 4.0 presentsthe details of the cur-
rent-ratio-base@SA model.Section5.0 givesexperimen-
tal results.Section6.0 gives our conclusionsand areasof
future research.

2.0 Background

Several diagnosticmethodshave beenproposedased
onlppg Measurementsn generalthesemethodsgproduce

alist of candidatdaultsfrom a setof obseredtestfailures
usinga fault dictionary The likelihood of eachcandidate
fault can be determinedby several statisticalalgorithms.
For example,signatureanalysisusesthe DempsterShafer
theory which is basedon Bayesianstatisticsof subjectve
probability [9]. Delta-lppg makes useof the conceptsof
differential currentprobabilisticsignaturesand maximum
likelihood estimation[10]. Although these methodsare
designedto improve the selectionof fault candidatesjn
mary casesthey areunableto generatea singlecandidate.
Other difficulties of these methodsinclude the effort
involved in building the fault dictionary and the time
requiredto generatethe fault candidatesrom the large
fault dictionary using tester data.

The QSA procedurecan help prunethe candidatelist
produceddy | ppg andothervoltagebasedliagnosticalgo-
rithms. The physical layout information generatedy our
methodcanbe usedwith informationthatmapsthelogical
faultsin the candidatelists to positionsin the layout. In
addition,it may be possibleto usethe (x,y) locationinfor-
mationprovidedby QSA asa meanof reducingthesearch
spacefor likely candidatesn the original fault dictionary
procedureThis canreducethe processingime and space
requirements significantly

3.0 QSA Models

QSA analyzesa set of Ippg measurementseach
obtainedfrom individual supply pads,to predictthe loca-

tion of a shortingdefect.Theresistve elemeniof the power
grid causeghe currentdrawn by the defectto be non-uni-
formly distributedto eachof the supplypads.In particular
thedefectdraws thelargestfractionof its currentfrom sup-
ply padstopologically “nearby”. The sameis true of the
leakagecurrents However, only the leakagecurrentsin the
vicinity of the defectcontribute to the measuredturrentin
these pads. The smaller backgroundleakagecomponent
improvesthe accurayg of the defectcurrentmeasurement.
As describedn previousworks, QSA alsoproposesheuse
of regressioranalysisasa meanof eliminatingtheremain-
ing leakage component from the measurades [5][6].

3.1 The Resistance-based QSA Model

The fraction of the defectcurrentprovided by eachof
the padsin the region of the defectis proportionalto the
equialent resistancebetweenthe defectsite and eachof
the pads.The differencesin thesevaluescan be usedto
localize the defectusing a methodbasedon triangulation.
For example,Figurel shows a shortingdefectin anequia-
lent resistancemodel of a simple power grid. Here, Rgqo
through Rgq3 representhe equivalentresistancedetween
eachof the supplypads,Pad, andthe defectsite shovn in
the centerof the figure. The following set of equations
describethe relationshipbetweenthe power supplybranch
currents,ly throughls, and Vyes the voltageat the defect

site.

I x (R Vv fori=0,1,2,3 (1)

R def

eqi + pi) = Vpp-

In Eq.1, thel arethemeasuredppgs. The R, represent

the probe cards resistancesyhich we assumeare very
small with respectto the Rgq and can be ignored (this

assumptionis addressedelown). This leaves the Ry and
Vgef@sunknownns. Without additionalinformation, it is not

possibleto solve theseequationssincethereare4 equations
and 5 unknawvns. However, for the purposeof diagnosis,
only therelationshipsetweerthe Ry areneededRelative

equvalent resistancegan be computedwith respectto a

reference equalent resistancél,; as gven by Eq. 2.

i (Regi + Rpi) = 1% (Regj + Rpy)
solving for Ry;in terms of R gives
= +dxR R )
Reai™ 7, ™ Regj * 1 Rpj = Fpi
with i#j

Under the condition that R, << Rgq (otherwise the
modelshawn if Figurel is not complete),t is possibleto
obtain an accurateprediction of the defects location by
solvingthecircle expressiongjivenin Eq. 3 for acommon
point of intersectiongiven by x andy. The parameterdy,

andk; representhex andy coordinate®f the centerof the
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Figure 2. Triangulation under r esistance model.
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ith circle. The threecircle equationsare relatedto corre-
sponding equationsfrom the set describedby Eqg. 2
throughthe Ry Here,Reg;is assumedo be 1.0 andRega
and Reqp are computedfrom Eq. 2 usingthe Ippg mea-
surementsParameterm is usedto map the resistances
given on the left in Eq. 3 to distances in the layout.

The choiceof the supplypadsto be usedin thetriangu-
lation procedurds basedon two criteria. First, the supply
padsaresortedaccordingto the magnitudeof their corre-
spondinglppg. Thesupplypad,j, with thelargestippg is
selectedfollowed by two orthogonally adjacentsupply
pads.a andb, to padj sourcingthe next two largestvalues.
Note that this modelis basedon two simplifying assump-
tions: a uniform resistance-to-distanamappingfunction
andnegligible valuesfor R,. A uniform resistance-to-dis-
tancemappingfunctionis usedto describepower gridsin
which the equivalent resistanceand Euclidean distance
between aptwo points on the grid are proportional.

An example application of this triangulation-based
methodis shavn in Figure 2. Three dotted circles are
shavn whosecentersare definedby the positionsof the
Pad;, Pad, andPad;. Theradii arelabeledwith the appro-
priate Rey Valuesas given in Eq. 3. For example, Pad;
definesthe centerof the circle with smallestradius,i.e., it
is thesupplypadwith thelargestl ppq. Its radiusis labeled
with Reg;in thefigure. Theinitial radii of the threecircles
arethenmultiplied by a commonfactor m, to a common
point of intersection.This point is labeledas “Predicted
Defect Location” in the figure to contrastit with the
“Actual Defect Location”.

3.2 Weaknesses of the Resistance-based Model

Unfortunately the assumption®f the resistance-based
modelarenot valid in mary situationsHere, it is assumed
thatthe R, aresmallrelative to the Rg Underthis assump-
tion, the measuredppgs arerelatedto the Ry asgivenby
Eq. 4 (derivedfrom Eq. 2). Therefore the resistance-based

| | _R..
Reqi |ixRqu+|ixRpJ Rpi

7/
If these terms are ghgible then

I R._.. |
g4 . _eqiHJ 4
RquDI'xRqu or R .DI. (4)
I eq I

QSA model assumegdhat the currentratios are inversely
proportionalto the resistanceatios. If the valuesof R, are
similar to or largerthanthe Ry, thentherelationshipgiven
by Eg. 4 is wealenedandthe accurag of thetriangulation
approach is correspondingly reduced.

In thenext sectionwe presena morecompleteequiva-
lent resistancanodel of the CUT that betterrepresents&n
actual probe card model in which the R, are significant.
The nev modelrequiresadditionalinformationin orderto
solve for unknavns suchasthe Ryq andR,. A new QSA
methodis proposedhat obtainsthis informationfrom cali-
bration transistorsmeasurementsdowever, it should be
notedat this point that large valuesof R, will adwersely
affect the precisionrequiredin the measuremenof the
Ippgs underary proposedstratgy. This follows from a

numericalanalysisof Eq. 2, thatshavs the corvergenceof
all currentratiosto theratiosdefinedby the R, asthe mag-

nitude of theR, are increased to and afeotheRgq

Anotherweaknesof the resistance-baseQSA model
is with regard to the uniform resistance-to-distanamap-
ping function. Most supplytopologiesare poorly modeled
as uniform. In previous work, we proposeda mapping
function basedon resistancecontoursto dealwith compli-
catedirregular topologies[5]. In this work, we proposea
second stratgly based on the use of a current ratio
lookup-table.Both techniquesrequire resistanceand cur-
rent profiles of the grid to be derived in advancethrough
simulations,and should be avoided, if possible,in cases
involving more rgular topologies.

The topology of the PPG under investigation in this
work fits betweenthe totally regular and totally irregular
extremes.The mappingfunction for it is not strictly uni-
form but, becausehe physical structureof the grid is regu-

lar in mary places, it is possible to model the resistance per

unit distancebetweeneachpairing of supply padsusinga
constantThenew hyperbola-base@®SA methoddescribed
in this paperis ableto calibratefor this type of power grid
resistance-to-distancprofile using measureddata only.
Therefore, it provides a simpler alternatve to a
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Figure 3. Layout of the PPG.
lookup-table approach.

3.3 The PPGS Physical Characteristics

Figure3 shawvs the 80,000by 80,000unit layoutof the
PPG.The PPGinterfacesto a setof external power sup-
plies throughan areaarray of Vpp and GND C4 pads.A
C4 padis a solderbumpfor anareaarrayl/O schemeThe
PPGhas64 Vpp C4sand 210 GND C4s (not shavn in

Figure3). The 64 Vpp C4sdivide the PPGinto 49 differ-

entregionscalledQuadsALSIM simulationsexperiments
were run on the entire PPG.However, dueto spaceand
time constraintsjt wasnot possibleto run SPICEsimula-
tions on the entire PPG.Rather a portion of the PPGcon-

sisting of 9 quads was simulated using SPICE. This

portionconsistsof the lower left 9 Quadsasshavn in Fig-

ure 3, andis subsequentlyeferredto asthe Q9. The Q9

occupies a 30,000 by 30,000 unit area.

In orderto derive an electricalmodel of the PPG,we
focusedour analysison the portionshawn in the lower left
of Figure3 identifiedasthe Quad.Figure4(a) expandson
this view by shaving a more detailed diagram of this
10,000by 10,000unit region. This is again expandedin
Figure4(b) which shavs a stacledfour metallayerconfig-
uration,with m1andma3runningverticallyandm2andm4
running horizontally The C4sare connectedo wide run-
ners of vertical m5, shavn in the top portion of Figure
4(a),thatare,in turn, connectedo them1-m4grid. In each
layer of metal, the Vpp and GND rails alternate.In the

verticaldirection,eachmlrail is separatethy a distanceof
432 units. The alternatingvertical Vpp andGND rails are
connectedogetherusingalternatinghorizontalmetalrun-
ners.Stacled contactsare placedat the appropriatecross-
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Figure 4. Layout details of the PPG.

ings of the horizontaland vertical rails. The grid is fairly
regularexceptin theregionlabeled‘irregularregion” in the
upperright cornerof Figure4(a). Them1lin this region of
the layout variesfrom the regular patternshovn in Figure
4(b).

The R modelof the Quadwasobtainedfrom anextrac-
tion scriptwhich usesprocesgparameterfrom the TSMC's
0.25um procesg11]. 1Q resistancewereinsertecbetween
thepower suppliesandthe R modelof thegrid to modelthe
testermpower supply(s)andprobecardcontactresistanceto
the chip. (Although our simulationmodel uses1Q for all
probecardresistanceghe analyticalmodelthat we derive
belon accommodatea morerealisticprobecardmodelin
which probe card resistances different from one pad to
another) The combined resistance network contains
approximately 27,000 resistors.

3.4 The Quads Electrical Characteristics

Figure4(b) alsoshavs a setof currentsourceghatwere
insertedindividually in a sequenceof simulationsas a
meanof evaluatingtheelectricalbehaior of theresistance
modelat the Vpp C4s. The currentsourceswhich model

the presenceof a shorting defect, were placedat regular



Figure 5. Equivalent resistance model of the Quad.

intervals betweenm1 Vpp and GND runners.An equiva-

lent resistancemodel of the Quadis shovn in Figure 5
with one of the current sourcesinserted.The four grid
equialentresistancesiReq in the uppercenterportion of

the figure are the sourceof resistancevariation as seen
from the power suppliesasthe currentsourceis movedin
the layout. The strengthof the correspondencef these
resistancego the position of the defect determinesthe
accurag of the triangulationprocedureusedin QSA. It is
thereforeprudentto evaluatethis relationshipfor the Quad.

There are several significantdifferencesbetweenthis
modelandthe model shavn in Figure 1. First, underthe
assumptiorthatthe valuesof the R, arenon-zerothegrid
resistancebetweerthe C4s,e.g.Ry; shavn onthetop left
of Figure5, areneededn ary completeequivalentresis-
tanceexpressionsuchasthat given by Eq. 2. Secondthe
Req are actually three dimensionalin natureand can be

modeledasR, andR,, asshavn ontheright sideof Figure
5. R, adwerselyimpactsthe accurag of the triangulation
procedure for the same reasongegiearlier foiR,,.

A third glitch in our original resistance-basadodelis
relatedto the resistancerofile that characterizeshe PPG
underinvestigation in this researchOur analysisreveals
thatthe variationin equivalentresistancever small verti-
cal intenals of the Quad,e.g.,alongthe intenal between
two contactpointsin m1, is on order with the variation
acrossthe entire Quad. For example,the segmentlength
given betweenpoints A andB in Figure 4(b) is approxi-
mately 630 units. Using the m1 resistanceparameterfor
TSMC's0.25.m procesyieldsavalueof 5.6Q. Therefore,
in m1alone theresistanceariesfrom 0Q atthe contactto
5.6]|5.6=2.8Q in the center Onthe otherhand,the aver-
ageresistancdrom the centerof the Quad(showvn in Fig-
ure 4(a)) to ary of the Vpps (distanceof ~7,000units) is
lessthan 6Q. The increasingwidth of the metal runners
from m1 to m5 is responsibldor theseresistanceo dis-
tance anomalies.
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Figure 6. Network variable plots for sources along
x-slice (top) and y-slice (bottom) lines of Figw 4(a).
In orderto gain insightinto otheralternatve diagnostic

stratgies, we first derived the profilesof the network vari-
ablesincluding Rgq Vget (the voltageat the defectsite) and

the Ippgs atthe Vpp C4s. The profileswerederived from

the resultsof 2,600 SPICE simulationexperimentsof the
Quad. In each simulation, a 20mA current source was
placedbetweenml Vpp and GND rails at differentloca-

tionsin the layout. Figure6 shavs the curvesfor Rgqpand
Io (at C4p) andVye¢ (the currentsources terminalvoltageat
the connectiorpointonthem1 Vpp, rail) for a setof simu-

lationsrun alongthelinesidentifiedasx-sliceandy-slicein
Figure 4(a). Th&ggovalues were computed using Eg. 5.

R - (Vbop = Ver) (5)
eq0 ~ ]
0
VDD =25V

V 4ef = VOltage at the defect site
lo= current through ¥pg

It is clearfrom thesegraphsthatthe variationsin Reqg
andVgesalongthey dimensionaresignificantlylarger than
thosealong the x dimension.In contrast,the currentsare
well behaed along either dimension. The staggered
arrangemendf Vpp and GND grids, as showvn in Figure
4(b), causegshe total resistancdetweenVp andGND to

changeslowly acrossthe grid, through the exchangeof
nearly equal resistancefragmentsbetweenthe Vpp and
GND grids. This keepsthe currentswell beharedwhile the
resistancedo, and voltagesat, the defect site oscillate
inversely with each other
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Figure 7. Regocontours of Quad.
3.5 Contour Profiles of the Quad

Anotherusefulview of the behaior of thesenetwork
variablesis throughcontourplots. A line within a contour
plot is defined as the parametervalues over which the
value of the function remainsconstant.Contoursare par-
ticularly usefulwhendatais to befit to a function. Figures
7 and 8 shaw the equivalent resistanceand current con-
toursof the Quadfor Vppg (only every 3rd contourcurve
is shavn.) Thex andy axescorrespondo the (x,y) coordi-
natesof the Quad as shavn in Figure 4(a). The jagged
natureof the curvesasshavn in Figure 8 modelsa band
whosewidth is definedby the verticalline segmentsin the
cunes.lt is clearthatthe equivalentresistanceontourplot
is difficult to make useof. Thesames trueof theV joscon-

tour plot (not shawn). In contrastthe currentcontoursare
elliptical in shape(exceptfor aregion in the upperright
handcorner identifiedas“irregularregion” givenearlierin
referenceto Figure 4(a)). Similar patternsare presentin
the current contour plots of the othegps.

Therefore,a diagnosticmethod basedon currentsis
likely to yield the bestresults.However, unlike equialent
resistancethe disadwantageof usingthe currentsdirectly
is thedependengthatis createcbetweerthe contoursand
the magnitudeof the defects shorting current. Current
ratiosare an alternatve that reducethis dependeng since
differentvaluesof defectcurrentarereflectedasthe same
ratio in the C4 fpgs.

Thecontourplot for 1¢/1, is shovn in Figure9. Likethe
lo contourplot, the contourlines are well behaed. How-
ever, the elliptical curves characterizingthe I plot now
appeamashyperbolacunes,particularlyin theregionto the
left of x=5000.The setor “family” of hyperbolasis cen-
teredat the midpoint betweenthe position of C4, (lower
left) and C4, (upperleft). The contourcurve that passes
throughthis midpoint (y=5000)on they axisis nearlylin-
earalonga line to the centerof the Quad(shavn by the
‘dot’ in the centerof the figure). This curve definesthe
pointsin the layout that are expectedto producean Ig/l4

Figure 8. I contours of Quad.

Figure 9. 1/l contours of Quad.

current ratio closely approximatedby 1.0. The Ig/l,

increasdo a maximumin the lower left corner The maxi-
mum lg/l; currentratio is largely determinedby the R,
componentof resistanceat C4y and Ryo. As an example,
the ly/l; maximumfor the Quadis 1.55andthe | /I, maxi-
mum s 1.84. Thesemaximumcurrentratioscanbe deter-
mined experimentally using a simple test circuit. We
describethis test circuit and its other benefitsafter we
derive the analytical model for thewe&)SA procedure.

4.0 The Current Ratio Model for QSA

Thedensityof the contourcurvesin thelower left quar-
ter of Figure9, i.e. theregion with x andy coordinatedess
than5000,is higherthanthe densityin otherregionsof the
Quad. For example,the numberof contourcurves belon
the y=5000is 10 while the numberabove this point is 6.
Thereforethely/l; andly/l, currentratios are expectedto

provide the bestresolutionfor defectsthat occurin this
region. Under the assumptionthat the C4s with largest
Ippgs areclosestto the defectsite, it is straightforvard to
identify the relevantregion andto computethe appropriate
currentratiosfrom the measurediata.(This assumptioris
later removed.) The more challengingproblemis to deter-
mine how to usetheseratiosto identify the locationof the
defect in the selectedgien.

Themoststraightforvard methodis to usethe measured
ratiosto selecttwo contourcurves.For example,Figures10
and 11 show the Ig/l; and Iy/l, contour curves obtained

from simulationsperformedon the lower left quarterof the
Quad(only every othercurve is shavn). The point of inter-

sectionof two curves,onefrom eachfigure, identifiesthe
positionof the defectin thelayout. This is the generalidea
behind the lookup-table method referred to above. The
drawvbackof this methodis thelarge numberof simulations
thatareneededonefor eachcandidatepositionin the lay-

out) to build the table. Powver grid simulators such as
ALSIM male this practicalandwe expectthis approacho

be usefulfor irregular grid topologies.However, a simpler
method is possible in mgrsituations.
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Figure 10. 1y/I4 contours (jagged)and
hyperbolas (smooth cuves) br lower
left quadrant of Quad.

An alternatve stratgy is to derive a function that
approximateshe contourcurvesusingthe measuredjuan-
tities, i.e. the currentratios,asparametersis notedabove,
the currentratio contour curves are similar in shapeto
hyperbolasFigures10and11 shaov a setof curvesderived
from hyperbolassuperimposean the contourcurves for
illustration.In orderto realizethis mappingiit is necessary
to derive expressiondor the hyperbolaparameterskq. 6
andFigure 12 defineandillustrate “horizontally-oriented”
hyperbolassuchasthoseshovn in Figure11. The arrons
on the right of Figure 11 illustrate the region in which
these curgs are represented in Figure 12.

=h)’ (y-R* _, ©)
a2 b2

Figure12 portraystherole of thea andb parameterin
agraphanddefinesanadditionalparameterc, thatis used
to definethe relationshipamongthe setsor “families” of
hyperbolasn Figuresl0and11.A family of hyperbolads
definedasa setthatsharea commoncenterandfocus.The
h andk parameterén Eq. 6 definethe centerof the hyper-
bolas.The centersof the hyperbolacurves shavn in Fig-
ures 10 and 11 are identified at (h,k)=(0,5000) and
(5000,0),respectiely, andrepresenthe midpointbetween
thefoci. Thefoci of the hyperbolasaregivenby F; andF,
in Figure 12. Thesepointsrepresenthe (x,y) coordinates
of the C4 \fps.

The a and b parameter®f the hyperbolasneedto be
definedin terms of the current ratios. Fortunately the
natureof the contoursdefinedby the grid allow analterna-
tive formulation of Eq. 6 asgiven by Eq. 7. Here, b? is
replacedvith (c2 - a?). Sincec is fixedfor all hyperbolasn

2 2
& azh) _(Cyz_l;)z =1 (7)

the family asthe distancebetweentheir center (h,k), and
the coordinate®f the C4 supplypad,this makesb depen-

Figurell. 141, contours(jagged)and
hyperbolas(smoothcurves)for lower
left quadrant of Quad.

Figure12. Definitions of the
hyperbola parameters

dent ona. Therefore, onlya needs to be defined.

From the diagramshavn in Figure 12, a definesthe
pointof intersectiorof thel /1, hyperbolawith thehhorizon-
tal line definedbetweerthe center(h,k) = (5000,0)andC4,
(F4 in thefigure). Therefore a variesfrom 0O, at the center
to L/2 at C4,, wherelL is definedasthe distancebetween
C4y and C4, (10,000for the Quad).The currentratios at
pointsalongthis line increaserom 1.0 at the centerto the
maximumcurrentratio, e.g. 1.84for I/l in the Quad.f
this maximumcurrentratiois known, thenthefunctionthat
definesa canbe derived from the lumpedR modelshovn
in Figure 13 as follas.

Egs.8 and 9 give the expressiondor the currentratio
Bg2 anda without proof (pleasereferto [12] for proofsand
other details of the analytical model presentedin this
paper).Req (total resistance)s equalto the sum of the

_I _ eqT><(L m)+L><R

BOZ_G_ meeqT+LXRp0
and a = Ié—m (8)
Substituting and solving fa yields
aob__L Rpo~(Bpo X Ryp) + ReqTB (9)
2 RequZl 1+ [302) g

equivalentresistances,e. Rgqo+ Rega betweerthe defect
siteandeachof thetwo C4s.Ryo andR,; arethe probecard
resistances at Gand C4, respectiely.

4.1 Calibration Transistors
As pointed out earlier Reqo and Reqa and therefore
Req7 cannotbe obtainedin the defectve chip. However,

underthe specialcasewherethe defectshavn in Figure13
is positionedon aline betweernC4, andC4,, we canobtain

a close approximationof Reqr experimentally This is
accomplishedby inserting a calibration transistor (CTg)



¥ where
ReqT= Reqo™ Req2
Figure13. Lumped R modelfor the
hyperbola a parameter.

underC4,, asshown in Figure14. The sourceanddrain of
the CTy connectto Vpp and GND in m1 and provide a

way to conditionally shortthesenodestogether By posi-
tioningthe CTy directly underC4, (atthelowestresistance

position from m1 to C4gy), the maximum current ratio,
Bo2(cT0)= lo(cToy!2(cToy Canbe obtained.This is accom-

plishedby placingthe chip into a statethat doesnot pro-
voke the defectand turning on CTj usingthe scanchain

flip-flop driving its cate.
The measuredaluesof 1o ctgyandlycto) resole sev-

eral issuesrelatedto the application of this technique.
First, Boa(cTo) @llows Eg. 8 to be solved underthe bound-

ary conditionm=0. If the sameprocessds repeatedisinga
calibrationtransistorCT,, positionedunderC4,, thenEq.
8 canbe solved undera secondboundarycondition,m=L,
usingBoo(cT2) With threeequationsReqs Ryo, andRy, in
Eq.8 cannow beeliminated,allowing a to beexpressedas
afunctionof the measuredurrentratios,Bo, Boo(cToyand

Boz(cT2y Thisis possiblebecausehe valuesof Ry Ryo,
and Ry, arenearlyinvariantacrossthe threetests.Eq. 10

and 11 givesthe expressiondor a andb in termsof the
current ratios deved from C4 and C4 CT tests.

- L(Boaictoy(X *+ Booct2))Po2L + BozcT2)))
(1+Bo2) (BozcTo) ~Poz(cT2))
-m (20)

NI

a=
with,
Boo = current ratio ¢/, at state with defect pvoked

BOZ(CTO): current ratio d(CTO{IZ(CTO) with CTO on
BOZ(CTZ)Z current ratio d(CTZ/IZ(CTZ)With CT2 on

L= distance between twadjacent C4 Mps

b = A/cz—a2 = }%Bz—az

Thus,a nicefeatureof this calibrationtechniquds that
it is independentf the R,, which arelikely to vary from

touch-davn to touch-dwn of the probe card.

(11)

Gate controlled
using a scan-tp

Figure 14. Calibration Transistor
and controlling scan-chain FF
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Figure 15. Anomaliesin complex
grids.

A secondoroblemaddressefly the CTsis relatedto the
proceduradescribedn Section3.1.Padselections accom-
plishedby sortingthe Ippq valuesandidentifying the pad
with thelargestl ppq asthe “primary” pad(padj). Two (of
the four) orthogonallyadjacentsupply padsto pad | are
thenselectedrom the top of the sortedlist. Unfortunately
thisalgorithmfailsto selectthe padssurroundinghe defect
undercertainconditions.For example,Figure 15 shawvs a
portion of the supplygrid with 9 C4s.Thedefectis located
in the upperleft Quadandtherefore the algorithmshould
selectC4; asthe “primary” pad and C4, and C4; asthe
orthogonallyadjacentpads.However, if Roqa > Regp the
sortedlist placesC45 above C4, andthe algorithmincor-
rectly selectsC4s. This type of resistanceanomaly can
occut for example, if the power grid meshis denser
between C4and C4 than it is between Gdand C4.

The CT datacan be usedto instrumenta more robust
pad selection algorithm. The current ratio Bsy(cT3) =
I3(cT3yl1(cT3) Obtainedby turning on the CT under C4;
givestheupperboundon the currentratio betweernC4; and
C4,. Thecurrentratiocomputedunderthecircuit statewith
the defect provoked, B34, is necessarilyless than the
Ba1(cTay since Pzy(cTa)is the maximumratio. Therefore,

animproved algorithm selectsthe correctsecondarypads,
e.g. C4 instead of C4 by using CT ratio data.

It is alsopossiblein somegrid configurationghat the
largestlppg is notdravn from the padthatis closesto the

defectsite. In this case,the existing algorithm doesnot
selectthe correct“primary” pad.We are currently investi-
gatingtheuseof CT datato solve this problem,andhopeto
describe a solution in a futureovk.

A third problemaddressedby the CTsis relatedto the
assumptiorthat the unity currentratio line (the 1-line or
centerfor the hyperbolas)is positionedmidway between
the C4s.Thisis only truefor simplegrids (suchasthe Quad
shavn in Figure 4) if the R, areequal.If the R, are not

equal,Eq. 10 can be usedto derive the offset, ¢’, of the
1-line by setting3g, to 1 and simplifying.



A similar shift occursin more comple grids, suchas
that shavn in Figure 15, but for a reasonrelatedto the
degreeof symmetryin the C4ssurroundinga region. For
example,the bottomportion of the grid in Figure 15 con-
tainsarow of threeC4s,C4,, C4, andC4,. The 1-linein
the lower left Quadis shovn skewed to the right from the
midpoint given by L/2. The asymmetryin the C4s sur-
roundingthisregion, e.q.C4s0, 1 and6 ontheleft andC4s
2-5,7 and8 on theright, areresponsibldor this shift. We
arecurrentlyevaluatingmorecomple circuit modelssuch
astheoneshawn in Figure5 asa meansof formulatingan
expressiorthataccountdor this shift. Experimentallywe
determinedhatEq. 12 yieldsa goodapproximatiorof the
offset,c’, of 1-lines for Quads within the PPG.

b L
¢ = 5(BozcTo)Poz(cT2) (12)

4.2 Leakage Curent

Oneelementhatwe havent addresseds theimpactof
leakagecurrent. A secondcalibration method was pro-
posedin previouswork to dealwith leakagd5]. Although
calibratingfor leakages clearlyanimportantissue we do
not focuson it in this work becausenf spacelimitations.
The limited number of experimentsconductedthus far
involving leakageindicatethat it hasonly a smallimpact
on the accurag of the predictions.The sameis true for
experimentsconductedusing different values of defect
current. Currentratios are naturally robust to thesevari-
ablesbut a quantitatie analysisof theirimpactremainsto
be determined and will be addressed in a futugkw

4.3 The QSA Pocedure

Theprocedurdo localizea defectfollows from thedis-
cussiongivenin the previoussection.Oncea chipis identi-
fied as defectve, e.g. from a Stuck-At or Ippg go-nogo

test,the following testsare performedunderthe QSA pro-
cedure.First, the chip is setto a statethat provokes the
defectandthe individual Ippq valuesare measuredThe

C4 pad,j, sourcingthe largestlppg andtwo orthogonally

adjacentC4 pads,x andy, are identified as describedin
Section4.1. The currentratios 3, and 3, arecomputed.

The chip is thenput into a statethat doesnt provoke the
defect.The CT for thejth padis turnedon andthe current
ratiosPjx(cTj) andpyycj) arecomputedSimilarly, thecur-
rent ratios Biyctx) and Bjycty) are computedfrom mea-
surementsnadewith CT, andCTy turnedon. Eq.12 gives
theoffsetsneededo derive thetwo centersof the hyperbo-
las, (h",k), and (hk’),, along the x- and y-dimension,
respectiely, from padj. Eq. 10 is then usedto derve a,

anda, parametersisingL, = 2*c’y andL, = 2*c’y for L.

The b, and b, parametersare computedusing Eq. 11.
Thesetwo pairsof a andb parametersdefineboththe posi-
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Figure 16. Example prediction using the
hyperbola curves from Figures 10 and 11.
tion andshapeof onehyperbolafrom eachof thetwo fami-
lies, e.g. as illustrated in Figure 16 using the hyperbola
curves from Figures10 and 11. The intersectionof these
two hyperbolae gies the predicted location of the defect.
The algorithm, as stated requiresa changein the state
of the CUT after the first setof Ippg measurementare

made.Thereforethecontritution of leakageto the currents
measuredvith the CTsturnedon is differentthanthe con-
tribution underthe statewith the shortingdefectprovoked.

Thevectorto-vectorleakagevariationis lik ely to adwersely
affect the accurag of the predictions.An alternatve test
procedurethat doesnot changethe CUT’s stateis to per-
form the CT testswith the defectprovoked. The currents
measuredinderthe CT testscanbe“adjusted”by subtract-
ing the currentsmeasuredinderthe defectprovoking test.
Eventhoughthe presencef thedefects currentis likely to

changehe equivalentresistancesf the CUT underthe CT

tests,we expectthe errorintroducedby this type of proce-
dureto be smallerthanthe errorintroducedundertestsce-
nariosin which the vectorto-vector leakagevariation is

large.

5.0 Experimental Results

This algorithm was appliedto the dataobtainedfrom
200 SPICEsimulationsof the 30,000by 30,000unit region
of the PPGreferredto as Q9 in Figure 3. A threedimen-
sional error map plotting the prediction error against the
(x,y) coordinateof theinserteddefect(modeledusingacur-
rentsource)is shawvn in Figure 17. The predictionerroris
computedas the directeddistancebetweenthe predicted
locationandthe actuallocation of the defect. The average
and worst caseprediction errors are 215 and 650 units,
respectiely.

The size of the simulation model for the entire PPG
shavn in Figure 3 madeit impossibleto perform SPICE
simulationson it. Instead,the PPGwas simulatedusing a
specializedpower grid simulation engine called ALSIM.
The predictionerror mapfrom 500 ALSIM simulationsis
shavn in Figure 18. The averageandworst caseprediction
errorsare410and1,340units,respectrely. Theincreasen
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Figure 17. Prediction error map of the Q9.

prediction error is largely due to the more significant
anomaliesin the grid’s structureover the larger region
defined by the entire PPG.

6.0 Conclusions

The weaknessesof our previously derived resis-
tance-based Quiescent Signal Analysis model are
addresseth a new current-ratio-basetechnique Calibra-
tion transistorsare proposedo reducethe adwerseeffects
of probecardresistancevariationson the predictionaccu-
ragy of the new QSA technique The calibrationtransistor
datais alsousedto accounfor power grid resistancearia-
tions from one region to the next and asymmetricalor
irregulararrangements the positionsof the power supply
pads.

The currentratio contoursderived throughSPICESim-
ulationsof a commercialpower grid are shavn to be well
approximatedoy “families” of hyperbolacurves. An ana-
lytical framework is derivedthatallows themeasuredppg

datato be translatedo physical (x,y) layout coordinates,
that represent the position of the defect.

Although the analyticalmodel that we presentin this
work accountsfor tester ervironment variablessuch as
probe card resistancevariations,the simulation datawas
derivedfrom asimplermodel.For example the probecard
resistancewas held constantat 1Q at every supply pad,
20mA was usedfor defectcurrents,and leakagecurrents
werenotincluded.As pointedout, currentratiosarenatu-
rally robustto variationsin defectcurrentandthe calibra-
tion transistorsn combinatiorwith regressioranalysisare
expectedto be effective in dealingwith leakagesSimula-
tion experimentsare currently undervay to verify these
hypotheses.

The lastissuethatremainsto be exploredis the effec-
tivenesf this techniqueon othertypesof grid topologies.
For significantlyirregular grids, we expecta lookup-table
approachto be more accuratethan the hyperbola-based

Prediction Error
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Figure 18. Prediction error map for the entire PPG.

techniqueWe areinvesticatingthe useof power grid simu-
lators suchas ALSIM as a meansof making this type of
approach practical.
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