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Abstract
Quiescent Signal Analysis (QSA) is a novel electri-
cal-test-baseddiagnostictechniquethat usesIDDQ mea-
surementsmadeatmultiplechipsupplypadsasameansof
locatingshortingdefectsin the layout.Theuseof multiple
supplypadsreducesthe adverseeffectsof leakagecurrent
by scalingthetotal leakagecurrentover multiple measure-
ments.In previous work, a resistancemodelfor QSA was
developed and demonstratedon a small circuit. In this
paper, theweaknessesof theoriginal QSA modelareiden-
tified, in thecontext of a productionpower grid (PPG)and
probecardmodel,anda new modelis described.Thenew
QSA algorithm is developed from the analysisof IDDQ
contourplots.A “f amily” of hyperbolacurvesis shown to
be a goodfit to the contourcurves.The parametersto the
hyperbolaequationsare derived with the help of inserted
calibrationtransistors.Simulationexperimentsareusedto
demonstratethe prediction accuracy of the methodon a
PPG.

1.0  Introduction
IDDQ has been a main-streamsupplementaltesting

methodfor defectdetectionfor more than a decadewith
many companies.With theadventof deepsubmicrontech-
nologies,theuseof single-thresholdIDDQ techniqueresults
in unacceptableyield loss. Setting an absolutepass/fail
thresholdfor IDDQ testinghasbecomeincreasinglydiffi-
cult due to the increasingsubthresholdleakagecurrents
[1]. Currentsignatures[2], delta-IDDQ [3] and ratio-IDDQ

[4] have beenproposedasa meansfor calibratingfor these
high subthresholdleakages.Thesetechniquesrely on a
self-relative or differential analysis,in which the average
IDDQ of eachdevice is factoredinto thepass/fail threshold.
However, theseproposedformsof calibrationareexpected
to becomelesseffective over successive technologygener-
ations.

An alternative calibrationstrategy thatmayhave better
scalingpropertiesis to distribute the total leakagecurrent
acrossa set of measurements.This is accomplishedby
introducingprobinghardwarethatallows themeasurement
of IDDQ at eachof thesupplyports.Themethodproposed
in this work, called QuiescentSignal Analysis (QSA), is
designedto exploit this type of leakagecalibration for

defectdetectionandasa meansof providing information
aboutthe defect’s location in the layout [5][6]. This latter
diagnosticattribute of QSA may provide an alternative to
image-basedphysical failure analysisproceduresthat are
challengedby the increasingnumberof metal layersand
flip chip technology.

A resistance-baseddiagnostic model for QSA was
developedin previous works and simulationexperiments
wereusedto demonstratethediagnosticcapabilitiesof the
QSAmethodonasmallcircuit [5][6]. In thispaper, several
weaknessesof the resistance-basedmodel are uncovered
from simulationsof a productionpower grid (PPG).A cur-
rent-ratio-basedmodel is proposedand demonstratedto
improve on defect localization accuracy of the original
method[7]. Thenew methodrequiresthe insertionof cali-
brationtransistors(CT), oneundereachof thesupplypads
in the design,that permit the shorting of the power and
ground supply rails at points close to the substrate.The
stateof theCTsarecontrolledby scanchainflip-flops.The
IDDQs obtainedwhenoneof theCTs is turnedon areused
to calibratethe IDDQs measuredundera failing IDDQ pat-
tern.Thecalibrationtechniqueis shown to addressseveral
weaknessesof the previous model including non-zero
probecardresistanceandirregular supplygrid topologies.
Current ratios, as opposedto absolutecurrents,are pro-
posedasa meansof reducingthedependenceof the local-
izationalgorithmon thevalueof thedefectcurrent.SPICE
simulation experiments demonstratethat the maximum
prediction error is 650 units in a 30,000by 30,000unit
area.

It is not possibleto evaluatetheQSA algorithmon the
entire80,000by 80,000unit areaof thePPGusingSPICE
dueto the largesizeof theR model.Instead,a specialized
power grid simulationenginecalled ALSIM is used[8].
The anomaliesin the grid’s structurein this larger area
increasethe maximum prediction error to 1,340 units.
Althoughthepredictionaccuracy is goodfor mostcases,an
alternative “lookup table” approach(in contrast to the
hyperbola-basedapproach)is likely to bemoreaccuratefor
irregulargrid regionsor configurations.Theenhancedsim-
ulationcapabilitiesof ALSIM enablethis strategy, aloneor
in combination with the hyperbola-based approach
described in this paper.

The remainderof this paper is organizedas follows.
Section2.0describesrelatedwork. Section3.0givesabrief
descriptionof theoriginal resistance-basedQSAtechnique,
identifiesits weaknessesanddescribesthe basisof a new
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model. Section 4.0 presents the details of the cur-
rent-ratio-basedQSA model.Section5.0givesexperimen-
tal results.Section6.0 givesour conclusionsandareasof
future research.

2.0  Background
Several diagnosticmethodshave beenproposedbased

on IDDQ measurements.In general,thesemethodsproduce
a list of candidatefaultsfrom asetof observedtestfailures
usinga fault dictionary. The likelihoodof eachcandidate
fault can be determinedby several statisticalalgorithms.
For example,signatureanalysisusesthe Dempster-Shafer
theory, which is basedon Bayesianstatisticsof subjective
probability [9]. Delta-IDDQ makesuseof the conceptsof
differentialcurrentprobabilisticsignaturesandmaximum
likelihood estimation[10]. Although thesemethodsare
designedto improve the selectionof fault candidates,in
many cases,they areunableto generatea singlecandidate.
Other difficulties of these methods include the effort
involved in building the fault dictionary and the time
requiredto generatethe fault candidatesfrom the large
fault dictionary using tester data.

The QSA procedurecanhelp prunethe candidatelist
producedby IDDQ andothervoltagebaseddiagnosticalgo-
rithms. The physical layout informationgeneratedby our
methodcanbeusedwith informationthatmapsthelogical
faults in the candidatelists to positionsin the layout. In
addition,it maybepossibleto usethe(x,y) locationinfor-
mationprovidedby QSAasameansof reducingthesearch
spacefor likely candidatesin the original fault dictionary
procedure.This canreducethe processingtime andspace
requirements significantly.

3.0  QSA Models
QSA analyzesa set of IDDQ measurements,each

obtainedfrom individual supplypads,to predict the loca-

tion of ashortingdefect.Theresistiveelementof thepower
grid causesthe currentdrawn by the defectto be non-uni-
formly distributedto eachof thesupplypads.In particular,
thedefectdraws thelargestfractionof its currentfrom sup-
ply padstopologically “nearby”. The sameis true of the
leakagecurrents.However, only theleakagecurrentsin the
vicinity of thedefectcontribute to themeasuredcurrentin
thesepads.The smaller backgroundleakagecomponent
improves the accuracy of the defectcurrentmeasurement.
As describedin previousworks,QSAalsoproposestheuse
of regressionanalysisasameansof eliminatingtheremain-
ing leakage component from the measured values [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
equivalent resistancebetweenthe defectsite and eachof
the pads.The differencesin thesevaluescan be usedto
localize the defectusinga methodbasedon triangulation.
For example,Figure1 showsashortingdefectin anequiva-
lent resistancemodel of a simple power grid. Here, Req0

throughReq3 representthe equivalent resistancesbetween
eachof thesupplypads,Padi, andthedefectsiteshown in
the centerof the figure. The following set of equations
describethe relationshipbetweenthepower supplybranch
currents,I0 through I3, and Vdef, the voltageat the defect
site.

In Eq.1, theI arethemeasuredIDDQs.TheRp represent
the probe card’s resistances,which we assumeare very
small with respectto the Req and can be ignored (this
assumptionis addressedbelow). This leaves the Req and
Vdef asunknowns.Without additionalinformation,it is not
possibleto solve theseequationssincethereare4 equations
and 5 unknowns. However, for the purposeof diagnosis,
only therelationshipsbetweentheReq areneeded.Relative
equivalent resistancescan be computedwith respectto a
reference equivalent resistance, Reqj, as given by Eq. 2.

Under the condition that Rp << Req (otherwise the
modelshown if Figure1 is not complete),it is possibleto
obtain an accurateprediction of the defect’s location by
solvingthecircle expressionsgivenin Eq. 3 for a common
point of intersectiongiven by x and y. The parametershi

andki representthex andy coordinatesof thecenterof the

I i Reqi Rpi+( )× VDD V–
def

= for i = 0,1,2,3 (1)

I i Reqi Rpi+( )× I j Reqj Rpj+( )×=

Reqi

I j
I i
---- Reqj×

I j
I i
---- Rpj× Rpi–+=

with

(2)

i j≠

solving for Reqi in terms of Reqj gives

Figure1. Equivalent resistancemodelof the power
grid with a shorting defect.
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ith circle. The threecircle equationsare relatedto corre-
sponding equations from the set describedby Eq. 2
throughthe Req. Here,Reqj is assumedto be 1.0 andReqa

and Reqb are computedfrom Eq. 2 using the IDDQ mea-

surements.Parameterm is used to map the resistances
given on the left in Eq. 3 to distances in the layout.

Thechoiceof thesupplypadsto beusedin thetriangu-
lation procedureis basedon two criteria.First, thesupply
padsaresortedaccordingto the magnitudeof their corre-
spondingIDDQ. Thesupplypad,j, with thelargestIDDQ is

selectedfollowed by two orthogonally adjacentsupply
pads,a andb, to padj sourcingthenext two largestvalues.
Note that this modelis basedon two simplifying assump-
tions: a uniform resistance-to-distancemappingfunction
andnegligible valuesfor Rp. A uniform resistance-to-dis-

tancemappingfunction is usedto describepower grids in
which the equivalent resistanceand Euclideandistance
between any two points on the grid are proportional.

An example application of this triangulation-based
method is shown in Figure 2. Three dotted circles are
shown whosecentersare definedby the positionsof the
Pad1, Pad2 andPad3. Theradii arelabeledwith theappro-

priate Req valuesas given in Eq. 3. For example, Pad3

definesthecenterof thecircle with smallestradius,i.e., it
is thesupplypadwith thelargestIDDQ. Its radiusis labeled

with Reqj in thefigure.The initial 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 contrast it with the
“Actual Defect Location”.

m Reqj× x h j–( )2 y k j–( )2+=

m Reqa× x ha–( )2 y ka–( )2+=

m Reqb× x hb–( )2 y kb–( )2+=

(3)

3.2  Weaknesses of the Resistance-based Model

Unfortunately, the assumptionsof the resistance-based
modelarenot valid in many situations.Here,it is assumed
thattheRp aresmallrelative to theReq. Underthis assump-
tion, themeasuredIDDQs arerelatedto theReq asgivenby
Eq. 4 (derivedfrom Eq. 2). Therefore,theresistance-based

QSA model assumesthat the current ratios are inversely
proportionalto theresistanceratios.If thevaluesof Rp are
similar to or largerthantheReq, thentherelationshipgiven
by Eq. 4 is weakenedandtheaccuracy of the triangulation
approach is correspondingly reduced.

In thenext section,we presenta morecompleteequiva-
lent resistancemodelof the CUT that betterrepresentsan
actual probe card model in which the Rp are significant.
Thenew modelrequiresadditionalinformationin orderto
solve for unknowns suchas the Req and Rp. A new QSA
methodis proposedthatobtainsthis informationfrom cali-
bration transistorsmeasurements.However, it should be
notedat this point that large valuesof Rp will adversely
affect the precision required in the measurementof the
IDDQs under any proposedstrategy. This follows from a
numericalanalysisof Eq. 2, thatshows theconvergenceof
all currentratiosto theratiosdefinedby theRp asthemag-
nitude of theRp are increased to and above theReq.

Anotherweaknessof the resistance-basedQSA model
is with regard to the uniform resistance-to-distancemap-
ping function.Most supplytopologiesarepoorly modeled
as uniform. In previous work, we proposeda mapping
functionbasedon resistancecontoursto dealwith compli-
catedirregular topologies[5]. In this work, we proposea
second strategy 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 regular 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, becausethephysicalstructureof thegrid is regu-
lar in many places, it is possible to model the resistance per
unit distancebetweeneachpairing of supplypadsusinga
constant.Thenew hyperbola-basedQSA methoddescribed
in this paperis ableto calibratefor this typeof power grid
resistance-to-distanceprofile using measureddata only.
Therefore, it provides a simpler alternative to a

Reqi

I j
I i
---- Reqj×≅ or

Reqi
Reqj
-----------

I j
I i
----≅

If these terms are negligible then

(4)

Reqi

I j
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I j
I i
---- Rpj× Rpi–+=
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lookup-table approach.

3.3  The PPG’s Physical Characteristics

Figure3 shows the80,000by 80,000unit layoutof the
PPG.The PPGinterfacesto a setof externalpower sup-
plies throughan areaarrayof VDD andGND C4 pads.A
C4 padis a solderbumpfor anareaarrayI/O scheme.The
PPGhas64 VDD C4s and 210 GND C4s (not shown in
Figure3). The64 VDD C4sdivide thePPGinto 49 differ-
entregionscalledQuads.ALSIM simulationsexperiments
were run on the entire PPG.However, due to spaceand
time constraints,it wasnot possibleto run SPICEsimula-
tionson theentirePPG.Rather, a portionof thePPGcon-
sisting of 9 quads was simulated using SPICE. This
portionconsistsof thelower left 9 Quadsasshown in Fig-
ure 3, and is subsequentlyreferredto as the Q9. The Q9
occupies a 30,000 by 30,000 unit area.

In order to derive an electricalmodelof the PPG,we
focusedour analysison theportionshown in thelower left
of Figure3 identifiedastheQuad.Figure4(a)expandson
this view by showing a more detailed diagram of this
10,000by 10,000unit region. This is again expandedin
Figure4(b)whichshowsastackedfour metallayerconfig-
uration,with m1andm3runningverticallyandm2andm4
runninghorizontally. The C4sareconnectedto wide run-
ners of vertical m5, shown in the top portion of Figure
4(a),thatare,in turn,connectedto them1-m4grid. In each
layer of metal, the VDD and GND rails alternate.In the
verticaldirection,eachm1rail is separatedby adistanceof
432units.ThealternatingverticalVDD andGND rails are
connectedtogetherusingalternatinghorizontalmetalrun-
ners.Stacked contactsareplacedat the appropriatecross-

ings of the horizontalandvertical rails. The grid is fairly
regularexceptin theregion labeled“irregularregion” in the
upperright cornerof Figure4(a).Them1 in this region of
the layout variesfrom the regular patternshown in Figure
4(b).

TheR modelof theQuadwasobtainedfrom anextrac-
tion scriptwhichusesprocessparametersfrom theTSMC’s
0.25µm process[11]. 1Ω resistanceswereinsertedbetween
thepowersuppliesandtheR modelof thegrid to modelthe
testerpowersupply(s)andprobecardcontactresistancesto
the chip. (Although our simulationmodeluses1Ω for all
probecardresistances,theanalyticalmodelthatwe derive
below accommodatesa morerealisticprobecardmodelin
which probecard resistanceis different from one pad to
another.) The combined resistance network contains
approximately 27,000 resistors.

3.4  The Quad’s Electrical Characteristics

Figure4(b)alsoshowsasetof currentsourcesthatwere
inserted individually in a sequenceof simulationsas a
meansof evaluatingtheelectricalbehavior of theresistance
modelat the VDD C4s.The currentsources,which model
the presenceof a shortingdefect,were placedat regular

Figure 4. Layout details of the PPG.
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intervals betweenm1 VDD andGND runners.An equiva-
lent resistancemodel of the Quad is shown in Figure 5
with one of the current sourcesinserted.The four grid
equivalent resistances,Req, in the uppercenterportion of
the figure are the sourceof resistancevariation as seen
from thepower supplies,asthecurrentsourceis movedin
the layout. The strengthof the correspondenceof these
resistancesto the position of the defect determinesthe
accuracy of the triangulationprocedureusedin QSA. It is
thereforeprudentto evaluatethis relationshipfor theQuad.

Thereare several significantdifferencesbetweenthis
modeland the modelshown in Figure1. First, underthe
assumptionthat thevaluesof theRp arenon-zero,thegrid
resistancesbetweentheC4s,e.g.R01 shown on thetop left
of Figure5, areneededin any completeequivalent resis-
tanceexpressionsuchasthat given by Eq. 2. Second,the
Req are actually three dimensionalin natureand can be
modeledasRz andRxy asshown on theright sideof Figure
5. Rz adverselyimpactsthe accuracy of the triangulation
procedure for the same reasons given earlier forRp.

A third glitch in our original resistance-basedmodelis
relatedto the resistanceprofile that characterizesthe PPG
under investigation in this research.Our analysisreveals
that thevariationin equivalentresistanceover small verti-
cal intervals of the Quad,e.g.,alongthe interval between
two contactpoints in m1, is on order with the variation
acrossthe entire Quad.For example,the segment length
given betweenpoints A andB in Figure4(b) is approxi-
mately 630 units. Using the m1 resistanceparameterfor
TSMC’s0.25µm processyieldsavalueof 5.6Ω. Therefore,
in m1alone,theresistancevariesfrom 0Ω at thecontactto
5.6 || 5.6= 2.8Ω in thecenter. On theotherhand,theaver-
ageresistancefrom thecenterof theQuad(shown in Fig-
ure 4(a)) to any of the VDDs (distanceof ~7,000units) is
less than 6Ω. The increasingwidth of the metal runners
from m1 to m5 is responsiblefor theseresistanceto dis-
tance anomalies.

In orderto gain insight into otheralternative diagnostic
strategies,we first derived theprofilesof thenetwork vari-
ablesincludingReq, Vdef (thevoltageat thedefectsite)and
the IDDQs at theVDD C4s.Theprofileswerederived from
the resultsof 2,600SPICEsimulationexperimentsof the
Quad. In each simulation, a 20mA current source was
placedbetweenm1 VDD andGND rails at different loca-
tions in the layout.Figure6 shows thecurvesfor Req0and
I0 (atC40) andVdef (thecurrentsource’s terminalvoltageat
theconnectionpoint on them1 VDD rail) for a setof simu-
lationsrunalongthelinesidentifiedasx-sliceandy-slicein
Figure 4(a). TheReq0values were computed using Eq. 5.

It is clearfrom thesegraphsthat the variationsin Req0

andVdef alongthey dimensionaresignificantlylarger than
thosealong the x dimension.In contrast,the currentsare
well behaved along either dimension. The staggered
arrangementof VDD and GND grids, as shown in Figure
4(b), causesthe total resistancebetweenVDD andGND to
changeslowly acrossthe grid, through the exchangeof
nearly equal resistancefragmentsbetweenthe VDD and
GND grids.This keepsthecurrentswell behavedwhile the
resistancesto, and voltages at, the defect site oscillate
inversely with each other.

Req0

VDD Vdef–( )
I 0

-----------------------------------=

VDD = 2.5V
Vdef = voltage at the defect site
I0 = current through VDD0

(5)

Figure 5. Equivalent resistance model of the Quad.
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3.5  Contour Profiles of the Quad

Anotherusefulview of the behavior of thesenetwork
variablesis throughcontourplots.A line within a contour
plot is defined as the parametervalues over which the
valueof the function remainsconstant.Contoursarepar-
ticularly usefulwhendatais to befit to a function.Figures
7 and 8 show the equivalent resistanceand currentcon-
toursof theQuadfor VDD0 (only every 3rd contourcurve
is shown.) Thex andy axescorrespondto the(x,y) coordi-
natesof the Quad as shown in Figure 4(a). The jagged
natureof the curvesasshown in Figure8 modelsa band
whosewidth is definedby thevertical line segmentsin the
curves.It is clearthattheequivalentresistancecontourplot
is difficult to makeuseof. Thesameis trueof theVdef con-
tour plot (not shown). In contrast,thecurrentcontoursare
elliptical in shape,(except for a region in the upperright
handcorner, identifiedas“irregularregion” givenearlierin
referenceto Figure 4(a)). Similar patternsare presentin
the current contour plots of the other VDDs.

Therefore,a diagnosticmethodbasedon currentsis
likely to yield thebestresults.However, unlike equivalent
resistance,the disadvantageof using the currentsdirectly
is thedependency that is createdbetweenthecontoursand
the magnitudeof the defect’s shorting current. Current
ratiosarean alternative that reducethis dependency since
differentvaluesof defectcurrentarereflectedasthesame
ratio in the C4 IDDQs.

Thecontourplot for I0/I1 is shown in Figure9. Like the
I0 contourplot, the contourlines arewell behaved. How-
ever, the elliptical curves characterizingthe I0 plot now
appearashyperbolacurves,particularlyin theregionto the
left of x=5000.The setor “f amily” of hyperbolasis cen-
teredat the midpoint betweenthe positionof C40 (lower
left) and C41 (upper left). The contourcurve that passes
throughthis midpoint (y=5000)on they axis is nearlylin-
earalonga line to the centerof the Quad(shown by the
‘dot’ in the centerof the figure). This curve definesthe
points in the layout that are expectedto producean I0/I1

current ratio closely approximated by 1.0. The I0/I1
increaseto a maximumin the lower left corner. Themaxi-
mum I0/I1 current ratio is largely determinedby the Rz

componentof resistanceat C40 and Rp0. As an example,
theI0/I1 maximumfor theQuadis 1.55andtheI0/I2 maxi-
mum is 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 the new QSA procedure.

4.0  The Current Ratio Model for QSA

Thedensityof thecontourcurvesin thelower left quar-
ter of Figure9, i.e. theregion with x andy coordinatesless
than5000,is higherthanthedensityin otherregionsof the
Quad.For example,the numberof contourcurves below
the y=5000 is 10 while the numberabove this point is 6.
Therefore,the I0/I1 andI0/I2 currentratiosareexpectedto
provide the best resolutionfor defectsthat occur in this
region. Under the assumptionthat the C4s with largest
IDDQs areclosestto the defectsite, it is straightforward to
identify therelevant region andto computetheappropriate
currentratiosfrom themeasureddata.(This assumptionis
later removed.)The morechallengingproblemis to deter-
minehow to usetheseratiosto identify the locationof the
defect in the selected region.

Themoststraightforwardmethodis to usethemeasured
ratiosto selecttwo contourcurves.For example,Figures10
and 11 show the I0/I1 and I0/I2 contour curves obtained
from simulationsperformedon thelower left quarterof the
Quad(only every othercurve is shown). Thepoint of inter-
sectionof two curves,onefrom eachfigure, identifiesthe
positionof thedefectin thelayout.This is thegeneralidea
behind the lookup-tablemethod referred to above. The
drawbackof thismethodis thelargenumberof simulations
thatareneeded(onefor eachcandidatepositionin the lay-
out) to build the table. Power grid simulators such as
ALSIM make this practicalandwe expectthis approachto
be usefulfor irregular grid topologies.However, a simpler
method is possible in many situations.
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An alternative strategy is to derive a function that
approximatesthecontourcurvesusingthemeasuredquan-
tities, i.e. thecurrentratios,asparameters.As notedabove,
the current ratio contour curves are similar in shapeto
hyperbolas.Figures10and11show asetof curvesderived
from hyperbolassuperimposedon the contourcurves for
illustration.In orderto realizethismapping,it is necessary
to derive expressionsfor the hyperbolaparameters.Eq. 6
andFigure12 defineandillustrate“horizontally-oriented”
hyperbolas,suchasthoseshown in Figure11. Thearrows
on the right of Figure 11 illustrate the region in which
these curves are represented in Figure 12.

Figure12portraystheroleof thea andb parametersin
a graphanddefinesanadditionalparameter, c, that is used
to definethe relationshipamongthe setsor “f amilies” of
hyperbolasin Figures10and11.A family of hyperbolasis
definedasa setthatsharea commoncenterandfocus.The
h andk parametersin Eq. 6 definethecenterof thehyper-
bolas.The centersof the hyperbolacurvesshown in Fig-
ures 10 and 11 are identified at (h,k)=(0,5000) and
(5000,0),respectively, andrepresentthemidpointbetween
thefoci. Thefoci of thehyperbolasaregivenby F1 andF2

in Figure12. Thesepoints representthe (x,y) coordinates
of the C4 VDDs.

The a and b parametersof the hyperbolasneedto be
defined in terms of the current ratios. Fortunately, the
natureof thecontoursdefinedby thegrid allow analterna-

tive formulation of Eq. 6 as given by Eq. 7. Here, b2 is

replacedwith (c2 - a2). Sincec is fixedfor all hyperbolasin

the family asthe distancebetweentheir center, (h,k), and
thecoordinatesof theC4 supplypad,this makesb depen-

x h–( )2

a
2

------------------- y k–( )2

b
2

-------------------– 1= (6)

x h–( )2

a
2

------------------- y k–( )2

c
2

a
2

–
-------------------– 1= (7)

dent ona. Therefore, onlya needs to be defined.
From the diagramshown in Figure 12, a definesthe

pointof intersectionof theI0/I2 hyperbolawith thehorizon-
tal line definedbetweenthecenter(h,k) = (5000,0)andC40

(F1 in thefigure).Therefore,a variesfrom 0, at thecenter,
to L/2 at C40, whereL is definedasthe distancebetween
C40 andC42 (10,000for the Quad).The currentratios at
pointsalongthis line increasefrom 1.0 at thecenterto the
maximumcurrentratio, e.g.1.84 for I0/I2 in the Quad.If
thismaximumcurrentratio is known, thenthefunctionthat
definesa canbe derived from the lumpedR modelshown
in Figure 13 as follows.

Eqs.8 and9 give the expressionsfor the currentratio
β02 anda without proof (pleasereferto [12] for proofsand
other details of the analytical model presentedin this
paper).ReqT (total resistance)is equal to the sum of the

equivalentresistances,i.e. Req0 + Req2, betweenthe defect
siteandeachof thetwo C4s.Rp0 andRp2 aretheprobecard
resistances at C40 and C42, respectively.

4.1  Calibration Transistors

As pointed out earlier, Req0 and Req2, and therefore
ReqT, cannotbe obtainedin the defective chip. However,
underthespecialcasewherethedefectshown in Figure13
is positionedon a line betweenC40 andC42, wecanobtain
a close approximation of ReqT experimentally. This is
accomplishedby inserting a calibration transistor(CT0)

(8)

β02 =
I 0
I 2
-----

ReqT L m–( )× L Rp2×+

m ReqT× L R× p0+
----------------------------------------------------------------=

and a
L
2
--- m–=

a
L
2
---

L
ReqT
-------------

Rp2 β02 Rp1×( )– ReqT+

1 β02+( )
---------------------------------------------------------------

 
 
 

–=

Substituting and solving fora yields

(9)
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b
F1 F2

c
C40

C42

Horizontal Hyperbolas

5
0

0

1
0

0
0

1
5

0
0

2
0

0
0

2
5

0
0

3
0

0
0

3
5

0
0

4
0

0
0

4
5

0
0

5
0

0
0

4000

500
1000
1500
2000
2500
3000
3500

4500

0

5000
0

x

y

C40 5
0

0

1
0

0
0

1
5

0
0

2
0

0
0

2
5

0
0

3
0

0
0

3
5

0
0

4
0

0
0

4
5

0
0

5
0

0
0

4000

500
1000
1500
2000
2500
3000
3500

4500

0

5000

0

x

y

Center
C40 50000 10000

Center

center

Figure12. Definitions of the
hyperbola parameters

Figure10. I0/I1 contours (jagged)and
hyperbolas (smooth curves) for lower

left quadrant of Quad.

Figure11. I0/I2 contours(jagged)and
hyperbolas(smoothcurves)for lower

left quadrant of Quad.

(h, k)



8

underC40, asshown in Figure14.Thesourceanddrainof
the CT0 connectto VDD and GND in m1 and provide a
way to conditionallyshort thesenodestogether. By posi-
tioning theCT0 directlyunderC40 (at thelowestresistance
position from m1 to C40), the maximum current ratio,
β02(CT0)= I0(CT0)/I2(CT0), canbeobtained.This is accom-
plishedby placingthe chip into a statethat doesnot pro-
voke the defectand turning on CT0 using the scanchain
flip-flop driving its gate.

Themeasuredvaluesof I0(CT0)andI2(CT0) resolvesev-
eral issuesrelated to the application of this technique.
First, β02(CT0) allows Eq. 8 to besolvedunderthebound-
ary conditionm=0. If thesameprocessis repeatedusinga
calibrationtransistorCT2, positionedunderC42, thenEq.
8 canbesolvedundera secondboundarycondition,m=L,
usingβ02(CT2). With threeequations,ReqT, Rp0, andRp2 in
Eq.8 cannow beeliminated,allowing a to beexpressedas
a functionof themeasuredcurrentratios,β02,β02(CT0)and
β02(CT2). This is possiblebecausethe valuesof ReqT, Rp0,
andRp2 arenearly invariantacrossthe threetests.Eq. 10
and 11 gives the expressionsfor a and b in termsof the
current ratios derived from C40 and C42 CT tests.

Thus,a nicefeatureof this calibrationtechniqueis that
it is independentof the Rp, which are likely to vary from
touch-down to touch-down of the probe card.

m
L β02 CT0( ) 1 β+ 02 CT2( )( ) β02– 1 β+ 02 CT2( )( )( )

1 β+ 02( ) β02 CT0( ) β02 CT2( )–( )
--------------------------------------------------------------------------------------------------------------------------=

with,
β02= current ratio I0/I2 at state with defect provoked
β02(CT0)= current ratio I0(CT0)/I2(CT0) with CT0 on

L= distance between two adjacent C4 VDDs

a
L
2
--- m–= (10)

β02(CT2)= current ratio I0(CT2)/I2(CT2)with CT2 on

b c
2

a
2

–
L
2
--- 

  2
a

2
–= =

(11)

A secondproblemaddressedby theCTsis relatedto the
proceduredescribedin Section3.1.Padselectionis accom-
plishedby sortingthe IDDQ valuesandidentifying the pad
with thelargestIDDQ asthe“primary” pad(padj). Two (of
the four) orthogonallyadjacentsupply padsto pad j are
thenselectedfrom thetop of thesortedlist. Unfortunately,
thisalgorithmfails to selectthepadssurroundingthedefect
undercertainconditions.For example,Figure15 shows a
portionof thesupplygrid with 9 C4s.Thedefectis located
in the upperleft Quadandtherefore,the algorithmshould
selectC43 as the “primary” pad and C41 and C47 as the
orthogonallyadjacentpads.However, if Reqa > Reqb, the
sortedlist placesC45 above C41 and the algorithmincor-
rectly selectsC45. This type of resistanceanomaly can
occur, for example, if the power grid mesh is denser
between C43 and C45 than it is between C43 and C41.

The CT datacanbe usedto instrumenta more robust
pad selection algorithm. The current ratio β31(CT3) =
I3(CT3)/I1(CT3) obtainedby turning on the CT under C43

givestheupperboundon thecurrentratiobetweenC43 and
C41. Thecurrentratiocomputedunderthecircuit statewith
the defect provoked, β31, is necessarilyless than the
β31(CT3), sinceβ31(CT3) is the maximumratio. Therefore,
an improved algorithmselectsthe correctsecondarypads,
e.g. C41 instead of C45, by using CT ratio data.

It is alsopossiblein somegrid configurationsthat the
largestIDDQ is not drawn from thepadthatis closestto the
defect site. In this case,the existing algorithm doesnot
selectthe correct“primary” pad.We arecurrently investi-
gatingtheuseof CT datato solve thisproblem,andhopeto
describe a solution in a future work.

A third problemaddressedby the CTs is relatedto the
assumptionthat the unity current ratio line (the 1-line or
centerfor the hyperbolas)is positionedmidway between
theC4s.This is only truefor simplegrids(suchastheQuad
shown in Figure 4) if the Rp are equal.If the Rp are not
equal,Eq. 10 can be usedto derive the offset, c’, of the
1-line by settingβ02 to 1 and simplifying.

Figure15. Anomaliesin complex
grids.
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A similar shift occursin morecomplex grids, suchas
that shown in Figure 15, but for a reasonrelatedto the
degreeof symmetryin the C4ssurroundinga region. For
example,the bottomportion of the grid in Figure15 con-
tainsa row of threeC4s,C40, C42 andC44. The 1-line in
the lower left Quadis shown skewed to the right from the
midpoint given by L/2. The asymmetryin the C4s sur-
roundingthis region,e.g.C4s0, 1 and6 ontheleft andC4s
2-5, 7 and8 on theright, areresponsiblefor this shift. We
arecurrentlyevaluatingmorecomplex circuit modelssuch
astheoneshown in Figure5 asa meansof formulatingan
expressionthataccountsfor this shift. Experimentally, we
determinedthatEq.12 yieldsa goodapproximationof the
offset,c’, of 1-lines for Quads within the PPG.

4.2  Leakage Current

Oneelementthatwehaven’t addressedis theimpactof
leakagecurrent. A secondcalibration method was pro-
posedin previouswork to dealwith leakage[5]. Although
calibratingfor leakageis clearlyanimportantissue,we do
not focuson it in this work becauseof spacelimitations.
The limited number of experimentsconductedthus far
involving leakageindicatethat it hasonly a small impact
on the accuracy of the predictions.The sameis true for
experimentsconductedusing different values of defect
current.Current ratios are naturally robust to thesevari-
ablesbut a quantitative analysisof their impactremainsto
be determined and will be addressed in a future work.

4.3  The QSA Procedure

Theprocedureto localizeadefectfollows from thedis-
cussiongivenin theprevioussection.Onceachip is identi-
fied as defective, e.g. from a Stuck-At or IDDQ go-nogo
test,thefollowing testsareperformedundertheQSA pro-
cedure.First, the chip is set to a statethat provokes the
defectand the individual IDDQ valuesare measured.The
C4 pad,j, sourcingthe largestIDDQ andtwo orthogonally
adjacentC4 pads,x and y, are identified as describedin
Section4.1. The currentratios βjx and βjy arecomputed.
The chip is thenput into a statethat doesn’t provoke the
defect.TheCT for the jth padis turnedon andthecurrent
ratiosβjx(CTj) andβjy(CTj) arecomputed.Similarly, thecur-
rent ratios βjx(CTx) and βjy(CTy) are computedfrom mea-
surementsmadewith CTx andCTy turnedon.Eq.12 gives
theoffsetsneededto derive thetwo centersof thehyperbo-
las, (h’,k)x and (h,k’)y, along the x- and y-dimension,
respectively, from pad j. Eq. 10 is thenusedto derive ax

anday parametersusingLx = 2*c’x andLy = 2*c’y for L.
The bx and by parametersare computedusing Eq. 11.
Thesetwo pairsof a andb parametersdefineboththeposi-

c′ L
2
--- β02 CT0( )β02 CT2( )( )= (12)

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 gives the predicted location of the defect.

The algorithm,asstated,requiresa changein the state
of the CUT after the first set of IDDQ measurementsare
made.Therefore,thecontributionof leakageto thecurrents
measuredwith theCTsturnedon is differentthanthecon-
tribution underthestatewith theshortingdefectprovoked.
Thevector-to-vectorleakagevariationis likely to adversely
affect the accuracy of the predictions.An alternative test
procedurethat doesnot changethe CUT’s stateis to per-
form the CT testswith the defectprovoked. The currents
measuredundertheCT testscanbe“adjusted”by subtract-
ing the currentsmeasuredunderthe defectprovoking test.
Eventhoughthepresenceof thedefect’s currentis likely to
changetheequivalentresistancesof theCUT undertheCT
tests,we expecttheerror introducedby this typeof proce-
dureto besmallerthantheerror introducedundertestsce-
narios in which the vector-to-vector leakagevariation is
large.

5.0  Experimental Results
This algorithm was appliedto the dataobtainedfrom

200SPICEsimulationsof the30,000by 30,000unit region
of the PPGreferredto asQ9 in Figure3. A threedimen-
sional error map plotting the predictionerror against the
(x,y) coordinateof theinserteddefect(modeledusingacur-
rent source)is shown in Figure17. The predictionerror is
computedas the directeddistancebetweenthe predicted
locationandthe actuallocationof the defect.The average
and worst caseprediction errors are 215 and 650 units,
respectively.

The size of the simulation model for the entire PPG
shown in Figure 3 madeit impossibleto perform SPICE
simulationson it. Instead,the PPGwassimulatedusinga
specializedpower grid simulation enginecalled ALSIM.
The predictionerror mapfrom 500 ALSIM simulationsis
shown in Figure18.Theaverageandworstcaseprediction
errorsare410and1,340units,respectively. Theincreasein

5
0

0

1
0

0
0

1
5

0
0

2
0

0
0

2
5

0
0

3
0

0
0

3
5

0
0

4
0

0
0

4
5

0
0

5
0

0
0

4000

500
1000
1500
2000
2500
3000
3500

4500

0

5000

0

x

y

Figure 16. Example prediction using the
hyperbola curves from Figures 10 and 11.

Predicted
location



10

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
addressedin a new current-ratio-basedtechnique.Calibra-
tion transistorsareproposedto reducethe adverseeffects
of probecardresistancevariationson thepredictionaccu-
racy of thenew QSA technique.Thecalibrationtransistor
datais alsousedto accountfor powergrid resistancevaria-
tions from one region to the next and asymmetricalor
irregulararrangementsin thepositionsof thepowersupply
pads.

Thecurrentratio contoursderivedthroughSPICEsim-
ulationsof a commercialpower grid areshown to bewell
approximatedby “f amilies” of hyperbolacurves.An ana-
lytical framework is derivedthatallowsthemeasuredIDDQ

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

Although the analyticalmodel that we presentin this
work accountsfor tester environment variablessuch as
probecard resistancevariations,the simulationdatawas
derivedfrom asimplermodel.For example,theprobecard
resistancewas held constantat 1Ω at every supply pad,
20mA wasusedfor defectcurrents,and leakagecurrents
werenot included.As pointedout, currentratiosarenatu-
rally robust to variationsin defectcurrentandthecalibra-
tion transistorsin combinationwith regressionanalysisare
expectedto be effective in dealingwith leakages.Simula-
tion experimentsare currently underway to verify these
hypotheses.

The last issuethat remainsto be exploredis the effec-
tivenessof this techniqueonothertypesof grid topologies.
For significantly irregular grids,we expecta lookup-table
approachto be more accuratethan the hyperbola-based

technique.Weareinvestigatingtheuseof powergrid simu-
lators suchas ALSIM as a meansof making this type of
approach practical.
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