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Abstract

QuiescentSignal Analysis(QSA)is an Ippg methodfor
detectingdefectsthat is basedon the analysisof multiple
simultaneousmeasuementsof supply port Ippgs. The
nature of the informationin the multiple Ippgs measue-
mentsalsoallowsfor thelocalizationof the defectto phys-
ical coorinatesin thechip. In previouswork, we deriveda
hyperbola-basednethodfrom simulationexperimentghat
is ableto “triangulate” thepositionof thedefectin thelay-
out. In this paper we evaluatethe accumacy of this method
using data collectedfrom 12 chips fabricatedin a 65 nm
process.

1.0 Introduction

Diagnosisis a procesglesignedo identify the location
of the faultin chipsthathave failedin the field or at pro-
ductiontest. It is a key componento failure analysis.The
information gleamedfrom failure analysisis usedto tune
the fabricationprocessfor the purposeof improving reli-
ability and yield.

Hardware-basedfault localization is challengedby
increasesn chip compleity aswell asadditionalintercon-
nectionlevels andthe limitations on the spatialresolution
of imagingtechnology[1]. Theincreasein difficulty and
cost of performing hardware physical failure analysisis
likely to move it into a sampling/erificationrole. These
trendscontinueto increasethe importanceof developing
alternatve software-baseddult localization procedures.

Several “software-based” diagnostic methods have
beenproposedbasedon Ippg measurementf2-9]. These
methods can be classified as static, quasi-static and
dynamicdiagnostictestparadigmsFor static,the diagnos-
tic testsetandtestresponsare precomputedndstoredin
afaultdictionary The quasi-statiqparadigm the testsetis
pre-computed but the fault dictionary is eliminated.
Instead the testresponses computeddynamically Under
the dynamic paradigm,both the diagnostictest set and
respons@recomputeddynamicallyduringresponsanaly-
sis.

The methodthat we proposein this work is a new
approacho diagnosisandcannotbe classifiedunderthese
paradigmslt is complementaryo thesestratgiesandcan
be usedin combinationwith them as a meansof further
improving diagnosticresolution.Moreover, QSA is more

rohust to the detrimentaleffects of increasingbackground
leakagecurrentsthan thesemethods.This is true because
the total (chip-wide)leakagecurrentdistributesacrossthe
multiple supplyportsof the chip, andis reducedn magni-
tude in each of the supply port measurements.

In previous works, we developed statistical defect
detectionandlocalizationmethodsusingsimulationexper-
iments. In [10], a hyperbola-basedliagnosticmethodis
proposedhatis ableto “triangulate”a defectslocationto a
physical position in the layout of the chip. The method
accomplisheshis by computingthe parametergor a pair
of hyperbolasfrom the Ippgs measuredat neighboring
supply ports. The intersectionof the hyperbolasidentifies
the predicted location of the defect in the layout.

A calibration circuit (CC) is proposedin [10] as a
meansof solving several problemsassociatedwith this
type of localization scheme. Calibration circuits are
insertedinto the designat positionsdirectly beneaththe
supplyports,andthroughscanchaincontrol, allow for the
controlled insertion of a short betweenthe power and
ground rails. The Ippgs measuredunder the calibration

testsdefinethe upperand lower boundsof the hyperbola
parameteraindallow the equationgo be solved. Secondly
the CC datais usedto calibratethe Ippos measuredinder
afailing Ippg patternasa meansof diminishingthe detri-

mentaleffectsintroducedby non-uniformitiesin the resis-
tance of the pwer supply connections to the chip.

In this work, we elaborateand expandon the method
describedn [10] andevaluateits accurag on twelve cop-
iesof atestchip. Thetestchipsarefabricatedn a 65 nm,
10 metallayertechnologyandincorporatean array of test
structureghatallow a defectto beemulatedn oneor more
of 4,000distinctlocationson the chip. The designpermits
control over the magnitudeof the emulateddefectcurrent
andleakagecurrent.The resultsof our analysisshawv that
most defectscan be locatedto a region less than 100
microns in diameter

2.0 Test Chip Design

A block diagramof thetestchip designis shavn in Fig-
ure 1(a). It consistsof a 80x50array of testcircuits (TCs)
that occupiesan area558 pum in width and 380 um in
height.EachTC consistsof threeFFsconnectedn a scan
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Figure 1. (a) Block diagram of the test structue and (b) details of the test cells (TC).
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chainconfigurationa shortinginverter, anda defectemu-
lation transistorconnectedo a globally routeddefectemu-
lation wire. A schematiadiagramof two adjacentTCs s
shavn in Figure 2(b). The shorting invertersand defect
emulationtransistorswithin eachTC connectto the same
point on the paer grid.

The connectiorof the shortinginvertersandthe defect
emulationtransistorsto point sourceson the power grid
enabletwo typesof shortsto beintroducedwithin arny one
(or more)of the 4,000TCs. Thefirst type shortsthe power
grid to groundthroughthe inverterusingFF; andFF, and
the seconaype shortsthe power grid to the defectemula-
tion wire usingFF3. For thefirst type, themagnitudeof the

shorting currentis definedby the external power supply

voltage,labeledPWRsupplyin Figure1(b) For the sec-
ond type, the magnitudeof the shorting currentis con-

1The PWR supply is held constant in oxperi-
ments at 0.9 V

trolled through an external voltage source,labeleddefect
source Giventhis configuration,a defectcanbe emulated
at ary pointin the array by settingthe defectsourceto a

valuelessthanthe PWR supplyvoltageandscanninga bit

patterninto the scanchainsuchthat exactly one FF; con-
tains a 0 and the remaining 11,999 FFs contan 1’

In additionto controlling the magnitudeof the defect
current,the defectsourcealsoinfluencesthe magnitudeof
the backgroundeakagecurrent,as measuredhroughthe
PWR supply Thetotal leakagecurrentcanbe decomposed
into two types,shavn as leak_i(rverter) and I|eak_d(efect)in
the right-mostTC of Figure 1(b). Giventhe defectemula-
tion wire connectdo the drainsof 4,000defectemulation
transistors,only one of which is enabledin a particular
experiment, the remaining 3,999 transistorswill source
leakagecurrentfrom the PWR supply proportionalto the
magnitude of the defect source voltage. This leakage,
lleak g @ddsto the leakagecurrentalreadypresenthrough
the shorting inverters, ljoa¢ + Therefore,it is possibleto
analyzea variety of shortingandleakagecurrentconfigura-
tions by controlling the statesof the defectemulationtran-
sistors and eltage on the defect emulation wire.

The external instrumentatiorsetupis shovn in Figure
2. As indicatedabore, the power ports,labeledV oq through

V11 wire out of the chip on separateins in the package.

The individual power pins are eachwired to a low resis-
tancemechanicabwitch asshovn alongthe top portionin

Figure 2. The switch can be configuredin a left or right
position.Theleft andright outputsacrosshe switchescon-
nectto a commonwire that routesto the Global Current
SouceMeter(GCSM)andLocal CurrentAmmete(LCA),

respectiely.

The GCSM is configuredto provide 0.9 Volts to the
PWR grid andis alsoableto measurecurrentwith accura-
cieslessthan100nA. The LCA is wired in serieswith the
GCSM and allows the individual power port (local) cur-
rentsto be measuredat the samelevel of accurag. As an



example, the configurationof the switchesas shovn in
Figure2 allow thelocal Vg current,l oo, aswell astheglo-

bal currentto be measuredThe DefectEmulationSouce
Meter (DESM) is usedto setthe voltageof and measure
the current, | 4o, throughthe defectemulationwire on a

separate pin in the package (notwhp

3.0 Power Grid Characterization Experiments

The first set of experimentsis designedto determine
how the grid resistancanfluencesthe magnitudeof the
local currents.In theseexperimentsthe defectemulation
wire is disconnectedand the defectemulationtransistors
aredisabledlnsteadtheshortinginvertersareusedto pro-
vide the stimulus to the grid.

In theseexperimentsgeachof the 4,000shortinginvert-
ersfrom oneof the chipsis enabledpneatatime, andthe
global andlocal currentsare measuredGiven thatwe are
interestedn the characteristicof the grid resistanceand
its influenceon the local currentdistributions from point
sourcesin the layout, the following stepsare also per-
formed. After testingeachelementof the array the short-
ing inverterof the TC undertestis disabledandthe global
and local leakagecurrentsare measuredand subtracted
from the values measuredwith the shorting inverter
enabledThesedifferencecurrentsarethennormalizedby
dividing by the global current.This type of normalization
virtually eliminatesthe variationsin the transistorcurrent
magnitudes caused by processiations.

Figure3 shavsthecurrentprofile dervedfrom thenor-
malizedlocal currents],qm og Here,thex andy axesrep-
resentthe (x, y) plane of the TC array and lorm 00 1S
plotted on the z axis. The local currentsare largestnear
Vg becauselCs nearthis locationdraw a larger fraction
of their current from Vg (maximum is approximately
31%) than TCs that are further removed. The degreeto
whichthegrid resistancénfluenceghe distribution of cur-
rentsto theVppsis reflectedn therangewhichis approx-
imately 11%.

The smooth monotonically decreasingnature of the
surfacein Figure3 providesimportant‘local” information
that can be leveragedfor the purposeof detectingand
localizing defects. Although the current profiles for the
remainingthreeV pps arenot shavn, the samecharacteris-
tic shapeexists in their surfacesexceptthe orientationis
different. A key featureembeddedicrosstheseprofilesis
the unique mappingthat exists betweenthe supply port
Ippgs andthe positionof the enabledT C in the 2-D array
In otherwords, the setof Ippos measurectanbe usedto
distinguishamongthe TCsin thearray Thisis the basison
which our localization algorithm is based.

Assumingthatthe power grid resistanceharacteristics
remainrelatively consistenfrom onechip to anotheyi.e.,

0.32 -
03 \X
0.28- t
0.26

0.24

200 TT—
T
0

300 T
500

Figure 3. () lnorm_oo Profile.

they are minimally affected by process variations, a
straightforvardway to performdefectiocalizationis to cre-
atealookuptablethatmapseachpositionin thelayoutto a
setof supply port Ippgs. This canbe accomplishedising
simulation experimentsand fast power grid simulators,
such as ALSIM [11]. For defectlocalization, a reverse
lookup is performedusing the Ippgs measuredfrom a
defectize chip. Referencd12] givesthe resultsof applying
this type of methodology to a set of chips.

The methodinvestigatedin this work is basedon an
analyticalmodel, and thereforedoesnot requirea lookup
table.Theanalyticalmodelis derivedfrom the currentpro-
file characteristic®f the power grid, suchasthoseshavn
in Figure 3. Although it is possibleto derive a model
directly from the normalizedi ppgs asshavn in thefigure,
the global normalizationperformedto producethis datais
likely to belesseffective in large power gridsin which the
magnitudeof thetotal currentis muchlargerandsubjectto
a wider rangeof processvariations. Therefore,a “local”
form of normalizationis neededo establisha morerobust
model, as described in thextasection.

3.1 Current Fraction Contour Analysis of the
Power Grid

The smoothsurfaceof the currentprofile shavn in Fig-
ure 3 suggestshatnormalizationis effective at eliminating
currentmagnitudeasa parametein the characterizatiomf
the power grid’s resistance A similar argument can be
madewith regard to localizing defects,i.e., the magnitude
of the defectcurrentshouldnot influencethe positionpre-
dicted by a localizationalgorithm. In previous work, we
normalized the supply port Ippgs of neighboringVpp
portsby computinga currentratio, e.g.1qg/lg7 [10]. Unfor-
tunately currentratiosintroducenon-linearityin theanalyt-
ical model that complicatesmatters.An alternatve that
doesnot have this effect is to computecurrent fractions



Figure 4. C3 Vyg-V, current fraction contours

e.g., bo/(loo + lop)-

Figures4 and5 plot the currentfraction contoursfor
chip C3 for Vpp port pairings Vog-Vgy, and VogVig
respectiely. The x-y planerepresentghe TC array The
lines within each plot delimit the iso-current fraction
regions, i.e., positionsin the layout that possesa similar
currentfraction. Fromthesecurves, it is clearthattheana-
lytical modelthat describeghe entire surfaceis compli-
catedandmustincorporateparametersor every Vpp port

in orderto be comprehensie. However, the region sur-

rounding the Ippg usedin the numerator Ig, is fairly

“well-behaved”. This region is identifiedas QO in both of

thefigures.Thecontourcurvesin this region arebestchar-
acterizedas ellipsesor hyperbolas.The modeldeveloped
in the next sectionassumeshe appropriatemodelis one
basedon hyperbolas.However, on-goingwork continues
to investicate this lypothesis.

3.2 Hyperbola-based Model

Equationl andFigure6 defineandillustrate“horizon-
tally-oriented” hyperbolas,as a model for the contours
curvesshavn in Figure5. TheVpp portsVggandV o map

onto the graphat the foci, labeledF; andF,. The space
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Figure 5. C3 VgV 1o current fraction contours

The a and b parameterof the hyperbolasneedto be
definedin termsof the currentfractions. Fortunately the
natureof the contoursallow an alternatve formulation of

theequationfor a hyperbola,givenby Equation2. Here,b?
is replacedwith (c? - a?). Sincec is fixedfor all hyperbolas

G-’ _w-k’ _ 2

2 2 2
a c —a

in the family asthe distancebetweentheir center (h, k),
andthe coordinate®f the power ports,this makesb depen-
dentona. Thereforeonly a needgo bedefinedin termsof
current fractions.

Fromthediagramshawn in Figure6, a defineshe point
of intersectiorof thelgg/(Igg + 110) hyperbolawith thehori-

zontalline definedbetweenthe center(h, k) = (279,0)and
Vo (Fy in the figure). Therefore,a variesfrom 0, at the

center to L/2 at Vg, wherelL is definedas the distance
betweenV g andV g (558 for the TC array). The current

ratiosat pointsalongthis line increasdrom 0.5 atthe cen-
ter to the maximumcurrentratio, e.g. 0.60 for Ioy/(lgg +

I19) in the array

Figure 7 shaws the current fractions computedfrom

between the foci represents the 2-D space of the TC arraychip C3 aseachof the shortinginvertersareenabledn the

2 2
—h —k

Figure6 graphicallyportraysthe definitionof thea and
b parametersisedin Equationlanddefinesan additional
parameterc, thatis usedto definethe relationshipamong
the setsor “families” of contourcurvesshawn in Figures4
and5. A family of hyperbolads definedasa setthatshare
a commoncenterand focus. The h and k parametersn
Equationl definethe centerof the hyperbolaswhich cor-
responds to the midpoint between the foci.

TCs, one at a time, along the lines betweenV -V, and
VogV10 The nearlylinear shapeof the curve reflectsthe

uniform spacingof the contourcurvesalongtheselinesin
Figures4 and5. The linear natureof the curves allows a
closeapproximatiorfor a to be derivedif the endpointsor
boundsof the curvesareknown. Equation3 canbe usedto
derive a undertheseassumptionsHere, | ,, and I}, repre-

sentthe upperandlower boundson the currentfractionsat
the endpointsand L representdhe distancebetweenthe
Vpp ports.

The calibrationcircuits that we proposeare positioned
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Figure 8. Positions of the 100 randomly selected TCs.

4.0 | Defect Localization Experiments
L 0 (Ip~Too) PbQ P
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Theseexperimentsaredesignedo investigatethe accu-
ragy of our defectlocalizationmethodologyfor defectcur-

underneaththe Vpp ports and provide the information
neededto computethe lower and upper bounds. With

informationaboutthe boundsavailable,defectlocalization
is performedby calculatingthe parametem for two pair-

ings of orthogonallypositionedVpp ports, e.g.,Vgog-Vo1

andVyg-V1o The a parametersire usedin Equation2 to

derive averticalandhorizontalhyperbola.Theintersection
of thetwo hyperbolaedefinesthe predictedpositionof the
defect in the layout.

rentsand leakageghat vary over a wide rangeof values.
These objectives are better met through the use of the
defectemulationtransistorandcorrespondinglefectemu-
lation wire becauséoth the positionandmagnitudeof the
emulated defect current can be controlled.

4.1 Data Collection Pocedure

Unlike the power grid characterizationexperiments
whichtestedall 4,000elementof the TC array only asub-
setof 100 TCs aretestedin theseexperiments.The setof
randomlyselectedl Cswithin the 80x50arrayareshovnin
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Figure8. Thenumberedositionsarethe TCsunderinves-
tigation in these>geriments.

For eachof the 12 chips,a seriesof measurementsere
madefor eachof the TCs underdifferentvoltageconfigu-
rationsof the DESM, i.e., the sourcemeterthat drivesthe
defectemulationwire. Thefirst experimentfor eachchipis
referredto the defect-fee experiment.In this experiment,
the stateof all scanchainFFsis setto 1, which disables
both the shortinginvertersand the defectemulationtran-
sistorswithin all TCs in the array The DESM is then
sweptacrossa sequencef voltagesfrom 0.9V to 0.0V in
50 millivolt intervals, for a total of 19 steps.At each
DESM voltage,a setof 4 local and4 global currentsare
measuredThe samesequencef operationss performed
with eachof the defectemulationtransistorsenabledone
at a time.

4.2 Data Sets and Quarter Selection Algorithm

For eachchip, the datacollection procedureproduces
1,919datasets.19 of thesedatasetsrepresentiatafrom
the defect-freeexperimentsand 1900 (19 * 100 emulated
defects)representdatafrom the emulateddefect experi-
ments.However, the emulateddefectexperimentwith the
DESM voltagesetto 0.9V is notmeaningfulbecausehere
is no voltage drop acrossthe defectemulationtransistor
Therefore,only 18 of the 19 datasetsaretreatedasemu-
lateddefectsWith 12 chips,thereis atotal of 12*19= 228
defect-free data sets and 12*1800 = 21,600 emulated
defect data sets.

For eachemulateddefect,the analysisis performedby
selectinga pair of orthogonally positionedsupply ports.
The supplyportsselectedarethosesurroundinghe supply
port with the largestmeasuredppq, called the primary
port. The supply port with the largestlppg identifiesthe
quarterin which the defectlies. Figure9 displaysthe four
quartersof the TC array For example.if thelppg in Vo, is
the largestin an emulateddefectexperiment,thenVy, is
selectedas the primary port and Vg and V4, are the
orthogonalneighbors.Figure 10 shavs several examples
of the methodappliedto predictemulateddefects#0, #1,
#4 and #27, as identified in Figure 8.
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Figure 10. Example hyperbola based pedictions of
emulated defects.

4.3 Separating Defect Curent and Backgound
Leakage

The hyperbola-basedocalization algorithm mapsthe
defectcurrentsmeasuredhrougheachof the supply ports
to an (x,y) positionin the layout. Unfortunately the cur-
rentsactuallymeasurealsoposseseakagecurrent,which,
if not subtractedactsto “washout” the currentfractions
describedabove and reducesthe level of accurag of the
prediction algorithm.

One approachof eliminating leakagecurrentfrom the
measuredvaluesis through backtracking.Here, leakage
datafrom defect-freechipsis usedto build a profile of the
leakage relationship among the Vpp ports. Regression

analysisis appliedto derive a slope of the bestfit line
throughthe pairwise plots of leakagedata. The leakage
componenbf the measuredurrentsin a defectve chip are
obtainedby selectinga Vpp port far from the defectsite,
i.e.,aVpp portwhosedefectcurrentcomponents smallor

zero.The currentmeasuredrom this portis thenusedin a
backtrackingoperationto obtainthe leakagecurrentsin the
Vpp ports surrounding the defect site.

It was not possible to apply this method directly
becausef thesmallsizeof thetestchip underinvestigation
in this work. In otherwords,it wasnot possibleto selecta
Vpp port in the defect experimentsthat possesseanly
leakage current. Instead, an equation was derived (not
shavn) that approximatedthe leakagecomponentin the
Vpp port with the smallestdefectcurrentcomponentand
backtrackingwas appliedto obtainthe otherleakageval-
ues.

5.0 Prediction Results

The results of applying the hyperbola-baseddefect
locationmethodsto chip C3 areshawvn in Figures11 and

121, Theemulateddefectnumberis given alongthe x-axis,
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Figure 11. Chip C3: Linear equation prediction
results.

asit is definedin Figure8. The predictionerroris plotted
alongthe y-axis asa percentagePredictionerror is com-
putedasthe Euclideandistancebetweenthe actualdefect
location and the location given by the intersectionof the
hyperbolas.This error is corvertedinto a percentageyy

dividing by the Euclideandistanceacrossthe diagonalof

the TC array The diagonaldistances 675um. Therefore,
a l%erroris equivalentto anactualerrorof 6.75um. The
percenterrorvaluesgivenin Figureslland12is theaver-

age error computedfor eachemulateddefect acrossall

DESM wltages.

Figure 11 givesthe predictionerrorsif the hyperbolas
are derived using the linear model for parametera, as
definedin Section3.2. The curve labeledactualdefectcur-
rentgivesthebestachiezableresultunderthelinearmodel.
Here thepredictionsarederivedusingthemeasuredippgs
with leakagesubtractedlt is possibleto derive the exact
defectcurrentin our experimentsbecausehe scanchain
allows control over whetherthe emulateddefectis on or
off. This is clearly difficult or impossibleto do in a real
design.Therefore,in mostcasesijt will be necessariljto
separatadefectcurrentfrom leakagecurrentin the mea-
suredvalues.Section4.3 describesa methodthat allows
defectcurrentto be estimatedirom the measuredralues.
Thecurve labeledextracteddefectcurrentgivestheresults
under these conditions. Figure 12 gives the prediction
errorsin an analogousvay underthe conditionthatthe a
parametergor the hyperbolasare derived usingthe curve
data, such as those stin Figure 7.

Thefiguresincludea horizontaldashedine thatidenti-
fies 20% error The predictionerrorsfor all but oneof the
emulateddefectsarebelaw this line. Moreover, in general,
the predictionerrorsusingthe curve dataare smallerthan
those obtainedunder the linear model. This is expected

1.The other chips produce similar results.
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Figure 12. Chip C3: Curve derived prediction
results.

since the curve data gives a more precisevalue for the
hyperbolaparameter thanthe linear model. It is interest-
ing to note that the prediction error using the extracted
defectcurrentis sometimesmallerthanthe error obtained
using the actual defect current This indicatesthat the
hyperbolamodelusedhereis capableof only providing an
estimateof the emulateddefects location. A more com-
plete model is undervestigation.

6.0 Conclusion

A hyperbola-baseddefect localization method is
appliedto the datacollectedfrom a setof chipsfabricated
in a 65 nm technology The testchipsincorporatean array
of teststructuresthat permit the controlledinsertion of a
shorting defect. The method uses multiple supply port
Ippgs to triangulatethe physical location of the defectin

the layout. The resultsof the analysisindicate that good
diagnostiaesolutionis achiezablein mostcaseswith aver-
age prediction errors less than 15% or 100 um.
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