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Abstract

The modeling,simulationandtheir effectsof aging(e.g. negative biastemperatureinstability (NBTI), hot carrierstress
(HC)) have beena topic of researchfor nearlytwo decades.Thesereliability modelsandcorrespondingsimulationtech-
niquesarenot yet widely availablein currentprocessdevelopmentkits (PDK) anddesign�o ws. In general,processdocu-
mentationcontainsinformationaboutsafeoperatingareas(SOA) suchasmaximumcurrentandvoltagestressof thedevices.
How this informationcanbeusedwith currenttoolsfor design,veri�cation andoptimizationtodayis presentedin thispaper.

1 Intr oduction

Thechallenginglifetime standardsof today'scircuitsfor au-
tomotiveandindustrialapplicationsarein therangeof about
10.000hoursandabout100.000hoursrespectively. There-
fore to ensuresucha lifetime for high voltageandtemper-
atureapplicationsthe designdevelopmentis usingconser-
vative techniquesfor designfor reliability (DfR) like safe
operatingareas(SOA). SuchDfR methodshave to be con-
tinuouslyavailablefor threecircuit developmentphases:de-
sign,veri�cation andoptimization.Herethesupportby the
processdevelopmentkits (PDK) of theFABs andtheiradap-
tion to thedesign�o ws by specialdepartmentsinsidea de-
signcenteris importantto makesuchmethodsandtoolsuse-
ful for circuit development.

So, it is obvious thatdevice reliability is becomingmore
importantwithin circuit design. Physicalconstraintslimit
the performanceof devices. Effects like gateoxide break-
through, negative bias temperatureinstability (NBTI) and
hot carrier stress(HC) restrict the reliability of devices if
rulesarenot considered.

A de�nition of SOA for designersis interestingto becon-
form to DfR. This areais de�ned asthevoltageandcurrent
orpowerconditionsoverwhichthedevicecanbeexpectedto
operatewithout self-damageor degradationof device para-
meterssuchasVth doesnot leadto parametricfailuresduring
lifetime.

Substratecurrentitself is an undesirableconcomitantof
device operationandcan refer to the amountof additional
electrons,disturbingthe properdevice function by certain
effects like HC, changeof local substratevoltageor Latch
up.

The following sectionexplains the motivation regarding
SOA technique.In addition,theimportanceof thesubstrate
currentis discussed.

An overview of conceptsusing SOA techniqueis given
in the third section. Performancemeasuring,modelencap-
sulation,devicecheckingandconstraintmatrix conceptsare
comparedin referenceto design,veri�cation andoptimiza-
tion of analogandmixed-signalcircuits. Here we discuss
especiallythespeci�c of veri�cation andoptimization.Ad-
ditionally we give an estimationabout the effort of setup,
applicationandresultsanalysis.

How the device checkingfeatureof the CadenceAnalog
DesignEnvironment(ADE) aswell asthe modelencapsu-
lation can be usedfor veri�cation of process,voltageand
temperature(PVT) cornersis describedin the fourth sec-
tion. Herewe show theapplicationin our in-housetool zm-
dAnalyser.

2 SOA Technique

2.1 Physical SOA Motivation
Particularly automotive applicationsdemandhigh chip de-
vice reliability underextremeoperatingconditions.We un-
derstanddesignfor automotiveapplicationsto assurede�ned
functionality andchip performancewithin a wide tempera-
turerangefrom -40◦C upto 150◦C.

Thus, one of our �rst intentions,with regardsto device
reliability, wasconcentratedon substratecurrent,which can
beusedasanintegralmonitorof processquality [1]. In this
context we workedon designmethodsto additionallyelimi-
nateminority carriersin orderto suppressuncontrolledsub-
stratecurrents[2]. Lateron,weoptimizedthedesignof these
structuresto realizean absolutepreventionagainstlatchup
of CMOS structuresunderautomotive conditions[3]. As a
result,thedesignmeasuredevelopedallows triggercurrents
of parasiticfour-layerbipolarstructuresashighas400mAat



150◦C. Suchparasiticbipolar structurescannotbe avoided
within astandardCMOStechnology.

Furthermore,it is known that the intrinsic carrier den-
sity within silicon [4] doublesfor every eleven temperature
degrees. Anotherpoint of view is demonstratedby A. M.
Abo [5]. By analyzingthebreakdown anddegradationphe-
nomenonin MOS devices,hewasableto show thatrelative
terminal potentialdeterminesdevice lifetime. Taking into
accounttheheating-upcausedby high power density[6] at
electric�eld maximums,beyondSOA criteriaandsubstrate
currentit is ultimatelythehighoperatingtemperature,which
posesa designchallenge.

2.2 SOA and Bulk Current
Bulk currentof MOS devices is sensitive to technological
changes.It canbemeasuredby thehelpof asimpletestcon-
�guration which is illustratedin Figure1a. The qualitative
characteristicof thebulk currentIB vs. gatevoltageVG for
�x edsourceVS anddrainVD voltagesis shown in Figure1b.

A tolerancetube can be de�ned to distinguishbetween
speci�ed or problematictechnologyconditions. Important
propertiesarethemaximumbulk currentIBmax at therelated
gatevoltageVGimax andtheshapeof thecharacteristic.These
parametersareshiftedoutsideof thespeci�ed tubeif for in-
stancethe toleranceof implantationor oxide thicknessare
violated.

Theaccuracy of device models(e.g. BSIM3v3) is not fo-
cusedat therangeof bulk currentmeasurement.Themarked
areain Figure1bshowstherangeof reducedaccuracy of the
bulk current.
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Figure 1: Teststructureto measurebulk current. a) Measurement
circuit. b) Schematicrepresentationof the bulk current
with tolerancetubeandareaof reducedmodelaccuracy.

Analysis by Abba [1] on bulk current is more likely to
show that intermediategatevoltagescan be more critical.
Fromthebell shapedcurve it canbeseenthatthemaximum
bulk currentusuallycanbefoundatgatevoltagesVG of about
2/3of thedrainvoltageVD.

Basically, the substratecurrentis a resultof impact ion-
izationby theelectrons�o wing from thesourceto thedrain.
In this connectionelectron-holepairsaregeneratedandthe
holes�o w to the substratecontact,hencede�ning the sub-
stratecurrent.Theelectrons,heretheminority carriers,pre-
dominantly�o w to thedrain.

Unfortunatelyoperatingconditionswith highersubstrate
current partly correspondto “safe operatingarea”. The

above mentionedfactsemphasizeremarkingbulk currentin
aSOA concept.

3 Application of SOA

Constraintson circuit design to reducedevice stressare
basedon current density. The documentationof current
PDKsgive theanalogdesignerinformationabout

1. Maximumvoltagedifference

2. Maximumpathcurrent

3. Maximumpowerconsumption

4. Safeoperatingarea

for everydevice [7]. SOA diagramsgiveadditionalparame-
tersin generalaboutspecialdevices(seeFig. 3). Suchrules
areusedduringcircuit designusingpower andhigh voltage
devices.

The checkof SOA limits hasto be available within the
complete�o w. This meansit shouldbesupportedin thefol-
lowing tools:

1. Designenvironment(e.g. Cadence's AnalogDesignEn-
vironment)

2. Veri�cation tool (e.g.ZMD in-house:zmdAnalyser)

3. Optimizationtool (e.g.MunEDA'sWiCkeD)

Table1 comparessomemethodsto supporttheSOA tech-
nique. Thereis no methodavailablewhich is supportedby
all tools.

Generalperformancemeasurementscanbe usedfor data
extractionof performanceparameters(e.g. bandwidth)and
of SOA parameterslike maximumof drain sourcevoltage
of transistorM1, too. Becausethede�nition effort by using
calculatorexpressionsis high,only few SOA parametersfor
selecteddevicesarecheckedby this methodein general.

Two otherpossibilitiesfor SOA checkingare the model
encapsulationvia SOA checker and Spectreassertionfea-
ture.Modelencapsulationof everydeviceby aSOA checker
which is connectedin parallel to the respective device (cf.
Fig. 2) is common. A high descriptionlanguage(HDL) is
usedto de�ne andto measuretheproperties.Theadvantage
to usecommonHDLs like VerilogA is that the implemen-
tation is supportedby differentsimulators.OtherHDL can
beused[8] but arefocusedto specialapplications(e.g. me-
chanicalsystems)andsimulators(e.g.AMS).

The resultsare submittedinto a log �le and can be an-
alyzed.Advantageof this methodis thesimulatorindepen-
dentimplementation.But theresultsanalysis,whichis based
on inspectionof a log �le, dependson therespective imple-
mentationof the scripts. Thereare no standardsfor such
a log �le. SomePDKs like [9] deliver additionalanalysis
tools to �lter andmanagethe SOA violations. Thesetools
supportsthedesignphaseandarelimited suitablefor veri�-
cationandoptimization.

Spectreassertionis coupledto the Spectresimulator. A
graphicaluserinterfacewhich is calledDevice Checkingis
a featureof theADE andis utilizing Spectreassertion[10].



Table 1: Comparisonof themethods.State:CadenceIC5.1.41,WiCkeD 5.2;Legend:3 applicable,- high,o medium,+ low; Abbrevia-
tion: Calc Calculator, n.a. notavailable, VD ViolationDisplay, WV WaveformViewer

Criteria Performance
Measuring

Model
Encapsulation

Device
Checking

Constraint
Matrix

Basis
Calculator
expression HDL script Spectre

Assertion
WiCkeD

constraining

De�nition Singledevice 3 3 3 3

Device type 3 3 3 3

Structure 3 3

Tools Spectre 3 3 3

SpectreMC 3 3 3

SpectreVerilog 3 3 3

AMS Spectre 3 3

WiCkeD 3 3 3 3

Application Design 3 3 3

Veri�cation 3 3 3

Optimization 3 3

Analysis Resultsformat Cadencedatabase log �le Cadencedatabase WiCkeD database

Manual ADE WF/Calc log �le ADE VD/Cals WiCkeD

Automatic Calc/Ocean/Skill log parser Calc/Ocean/Skill WiCkeD internal

Effort Setup -/n.a. -/+ o/+ -/o

(Design/PDK) Application -/n.a. +/+ +/+ +/+

Analysis -/n.a. -/+ o/+ +/+
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Figure 2: Theprincipleof modelencapsulationof thedevicemod-
els to checkSOA rules in a circuit. The designercan
instantiatethe devicesasusual. No designchangesare
necessarybecausethe PDK realizesa comfortableim-
plementation.

TheDevice Checkingcapabilityis integratedin theADE
and allows comfortablecon�guration of so-calledchecks.
Every checkcontainsrules,limits andoptionswhereSOAs
canbede�ned. Advantageof this featureis theeasycon�g-

urationvia graphicaluserinterface(GUI). Thereforea de-
signercan de�ne or add new checksif the PDK doesnot
provideSOA checkingtoolsor theprovidedSOA checksare
not suf�cient respectively.

A recentlyestablishedmethodby ZMD [11] togetherwith
MunEDA [12] is basedon the utilization of a SOA con-
straintsmatrix (cf. Fig. 3 and4), taking into accountSOA
constraintsduringcircuit optimization[13,14].

WiCkeD [12] supportsstructureconstraintsand perfor-
manceconstraintswhich areconsideredduring theanalysis
andoptimization.Themathematicalformulationof therules
can be preparedby PDK or designer. In general,a PDK,
whichsupportstheWiCkeDtool [15,16],hasto containtem-
platesfor structuralconstraintswhich allow automaticcon-
straintgeneration.Thedesignercanaddotherperformance
constraintsmanually. The examplein �gure 4 shows con-
straintsfor a specialhighvoltagedevice.

Veri�cation needat leastthe informationaboutexistence
of SOA rule violations whereasthe optimizationdemands
additionaldetails,e.g. to calculatesensitivities. This dif-
ferenceis the reasonwhy the modelencapsulationandthe
devicecheckingis convenientfor veri�cation andregression
analysisbut unsuitablefor optimizationwith a tool. The
SOA constraintmatrix conceptis speci�c to the algorithm
of optimization.



4 Veri�cation

4.1 Using Device Checking
The generalway to considerSOA rules with the Device
Checkerwhile circuit simulationis split into threesteps:

1. De�ne andenablechecksin the ADE Device Checking
tool,

2. Carryout simulationasusualand

3. Analyzeviolationsby ADE Violation Displaytool.

This �o w is convenientfor designphasebecauseof the
manualinspectionwith the Violation Display tool. But the
veri�cation of circuitsneedanautomatedviolation measur-
ing for dataextraction. Generally, ADE calculator[17] ex-
pressionsareusedto realizeperformanceextraction. Viola-
tionscanbedeterminedby usingthepv command[18].

Especiallyfor veri�cation or regressionanalysisof circuit
performancesit is suf�cient to get informationaboutexis-
tenceof violation or countof violations. This information
canbeaddedbesidetheperformancemeasurement.Details
of violatione.g.typeof check,deviceor valuegeneratea lot
of datawhich aremoreimportantfor violation analysisand
designimprovement.

ZMD' s in house veri�cation environment zmd-
Analyser [19] is an extension of the ADE to carry out
cornerand Monte Carlo analysis. Measurementsare used
for performanceextraction. It is possibleto usecalculator
expressions[17], Oceancommands[18] andadditionalSkill
scripts[20] for dataextractionandpostprocessing.

The supportof Skill scripts is the key to realizerobust
dataextractionandpostprocessing.Becauseviolationscan
exist or not exist the pv commandcanreturnvaluesor nil
respectively. Script1 shows anexamplefor a Skill script to
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Figure 3: SOA diagram.

checkexistenceof violations. If at leastoneviolation exists
oneis returnedotherwisezerois generated.An examplefor
simplepostprocessingis givenin Script2. As thecalculator
expressionsandOceancommandsdoesnotsupportviolation
countingtheSkill scriptwasdeveloped.

if(pv("violation1" "value"
?result "tranViolations-violations")

then 1
else 0

)

Script 1: Skill scriptto checkviolationsfrom device checking.

prog(count()
count = 0
while(
evalstring(
sprintf(nil "pv(\"violation%L\" \"value\"
?result \"tranViolations-violations\")" (count+1)))

count++
);while

return(count)
)

Script 2: Skill scriptto counttheviolations.

Theexampleof veri�cation with devicecheckingis a lin-
ear voltageregulator for providing a constantsupply volt-
ageof 3.3V togetherwith 12mA supplycurrent. Figure5
showsasimpli�ed schematicof thiscircuit, containingabout
35 active and7 passive devices. The designchallengeis to
handlea wide rangeof theexternalsupplyvoltageof about
25V with themagnitudeup to 36V andthedemandedoper-
atingtimeof about100.000hoursfor industrialapplications,
hencea strongcomplianceof theSOA constraints.Most of
our attentionwasdirectedtowardsthe power consumption
and voltagerelation with maximumbulk current. For the
last onewe checked the gatevoltagerangeneartwo-thirds
of therelateddrainvoltage.

As theX-FAB PDK of the0.35µm technology[21] only
providesSOA documentsin form of tables,theADE Device
Checkingcapabilitywasusedto de�ne SOA rulesfor design
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L*W > A min

Vgs  < V gs2

Figure 4: Constraintsfor specialdevices(seeFig. 3).
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Figure 5: Voltageregulator to supplythe circuit. Grey marked is
thehigh voltagepart.

andveri�cation. About10checkswereaddedfor thedevice
typesnmos,pmosandhigh voltagepmosto checkabout35
active devices. The setupeffort is moderatebecauseabout
threeSOA rulesperactivedevicetypeareneeded.Violations
wereinvestigatedby ADE Violation Displaytool duringde-
signphase.Finally, theveri�cation of performanceparame-
tersanddevice violationswascarriedout over PVT corners
by usingzmdAnalyser. Here,theScripts1 and2 wereused
to monitor the SOA rulesvia 2 parametersdeviceViolation
and deviceViolationCount. This method generatesclear
arrangedresultsfor the outputprotocol to recognizeprob-
lems.Comparedto this solutionthede�nition of SOA rules
by performancemeasuringwould needabout350singleex-
pressions.

Additionalto thecommonSOA constraintslikemaximum
voltages(e.g.Vgs,Vds,Vgb) andcurrentIds wedetectedpower
consumptionof high voltagedevices,wherethegate-source
voltageis closeto 2/3 of the drain-sourcevoltage. The de-
tecteddevicesmaybedeviceswith a possiblehigh substrate
in�uence. Asaresultof thisanalysisthreehighvoltageFETs
fall into suchbehavior. A �rst actionwill be theplacement
of specialguardstructuresaroundthesethreedevicesto slow
down thegeneratedsubstratecurrent.

4.2 Invoking Model Encapsulation
As wedescribedearlierin thesection,thereis no tool which
sharesthe samecon�guration for SOA purposes.Another
wayto integratetheSOA functionalityinto theanalogdesign
�o w is to modify thedevicemodelsusedby thecircuit simu-
lator. Contraryto themethoddescribedin [14,22] wherethe
designengineercreatestheequivalentcircuit of theprimitive
devicewith theintegratedSOA checkerfor thesimulationan
integrationof thechecker to thedevice modelwill bemore
comfortable.We could achieve the following bene�ts with
thismethod:

• ThesameSOA violationsaredetectedin all tools.

• The setuptime is reducedto a simple changeof the
modelpath.

• A modi�cation of theschematicview is notnecessary.

• The SOA limits canbe provided by the semiconductor
foundry.

In additionto this requirementtheprecisionof themodi-
�ed devicemodelmustbeguaranteed.It mustbeguaranteed
to usethesamecharacterisationfor thespecialSOA model
andthe normaldevice model. To achieve this requirement
theSOA functionalitymustbeintegratedsimilar to thefunc-
tionality asshown in Figure2.

To take a look into thecurrentfoundryprocesses,a PDK
from X-FAB SemiconductorFoundriesAG was analyzed
[21,23]. The foundry providesa set of modelswherethe
SOA functionality is integrated.TheSOA investigationcir-
cuit is written in adescriptionlanguageandplacedadhocto
thedevice model. During simulationtheSOA investigation
circuit checksall SOA limits andwritestheviolationsinto a
�le in a humanreadableformat.

procedure(checkSOAviolation(@optional (arg1 "exist"))
/*
Udo.Sobe@zmd.de

Description:
Simple Skill function to check existence of SOA
violations or count SOA violations from a LOG file.

Application:
checkViolation_va_xfab(s_mode)

Arguments:
s_mode=="exist":=>0:no SOA violations exist,

1:at least one SOA violations exist
s_mode=="count":=>count of violations

Examples:
checkSOAviolation()
checkSOAviolation("count")

*/
prog((count fileName filePort lineString)
;init
count=0
fileName=strcat(openResults() "/../../soac.err")
;if file exist then open the file and check every line
if(isFile(fileName) then

rexCompile("leaving SOA")
filePort = infile(fileName)
when(filePort

while(gets(lineString filePort)
if(rexExecute(lineString) then count++);if

) ;while
) ;when
close(filePort)

);if
;return result
case(arg1

("exist" if(count!=0 then return(1) else return(0)))
("count" return(count))

);case
);prog

);procedure

Script 3: SimpleSkill function to checkexistenceof SOA viola-
tionsor countSOA violationsfrom a log �le.

An analysisof the model �les shows, that the limit for
SOA a rectangularshapewith the limits of VGS2 andVDSmax
hasbeenchosen.This areais markedin Figure3 aspartof
“Area1”. Additional to theVGS andVDS limit, the limits of
VDB andVSB arede�ned andevaluated.

For thetime beingthemodelencapsulationintegratedin-
sidethePDK is limited to thepartof SOA1 focusedonhigh



voltagedesign(cf. Fig. 3). Neverthelesstherecanbecircuit
demandsto usethe whole SAO1. Additionally it could be
wise to take into accountoperatingconditionswith higher
substratecurrent.

Additionally effort by a designcenteris necessaryto in-
cludethe above mentionedhumanreadablelog �le into an
automatedveri�cation analysisover PVT corners.As men-
tionedin section3 thelog �le formatdiffersbetweenPDKs.
With the help of a parserit is possibleto evaluatethe exis-
tenceof SOA violationsduringveri�cation e.g.by usingthe
zmdAnalyser. Script3 shows a verysimpleexample,which
alsosupportsdistributionof simulationjobs,too.

5 Summary and Outlook

In this paperwe have shown how reliability constraintsof
currentPDKscanbeappliedfor veri�cation over PVT cor-
ners.Model encapsulationis widely usedin PDKs. In gen-
eral the setupis conservative to ensurequality by FAB for
a wide �eld of applications.Furthermorewe discussedthe
ADE designcheckingtechniquewhichis usefulto de�ne ad-
ditionalSOA rules.

Today, both techniquesaredirectedon the designphase
whereinteractive tasksdominate.Challengesandsolutions
to automateSOA violation measuringfor veri�cation are
presented.Herewehavepresentedhow PDKswhichdeliver
model encapsulationcan be improved by simple enhance-
mentsto supportsuchan automation.Both techniquescan
becombinedandcomplementtheSOA basedDfR method.
Furthermorethis featureis thebasisfor regressionanalysis
of analogandmixedsignalcircuits.

In additionto theSOA checkingwedirectedour intention
on bulk currentsto de�ne deviceswith distinctly high sub-
stratecurrent,henceto be able to de�ne measuresagainst
softdegradationof thecircuit, too.

Theveri�cation with devicecheckingfor SOA constraints
and substratecurrentby utilization the zmdAnalysercom-
plementsour SOA constraintsmatrix methodfor designop-
timization.

In this context, besidesthe substratecurrentand future
predictionof long-termreliability via simulation,our main
attentionis focusedon thein�uence of high temperatureson
parameterchange.
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