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ABSTRACT

CaseStudieson VariationTolerantandLow PowerDesignUsingPlanarAsymmetric

DoubleGateTransistor. (August2010)

AmrinderSingh,B. E.,Netaji SubhasInstituteof Technology, India

Chairof Advisory Committee:Dr. JiangHu

In nanometertechnologies,processvariationcontrolandlow power have emergedas

thefirst orderdesigngoalafterhighperformance.Processvariationscausehighvariability

in performanceandpower consumptionof an IC, which affects the overall yield. Short

channeleffects(SCEs)deterioratethe MOSFETperformanceandleadto higher leakage

power. DoublegatedevicessuppressSCEsandarepotentialcandidatesfor replacingBulk

technologyin nanometernodes. Thresholdvoltagecontrol in planarasymmetricdouble

gatetransistor(IGFET) usinga fourth terminalprovidesaneffective meansof combating

processvariationsand low power design. In this thesis,using variouscasestudies,we

analyzedthe suitability of IGFET for variationcontrol and low power design. We also

performedanextensivecomparisonbetweenIGFETandBulk for reducingvariability, im-

proving yield andleakagepower reductionusingpower gating. We alsoproposeda new

circuit topologyfor IGFET, whichonaverageshows33.8%lowerleakageand34.9%lower

areaat thecostof 2.8%increasein total active modepower, for basiclogic gates.Finally,

weshowedatechniquefor reducingleakageof minimumsizeddevicesdesignedusingnew

circuit topologyfor IGFET.
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CHAPTERI

INTRODUCTION

CMOS device scalinghasbeenoneof themajor driving forcesbehindhigh performance

andveryhighdensityintegratedcircuits.However, to maintainthesamepacein nanometer

technologies,processvariationcontrolandlow power designhave emergedasformidable

challenges.

Devicescalingincreasestheprocessvariationsleadingto variationsin thresholdvolt-

age,channellengthandothercircuit parameters.Thevariationsin processparametersare

induceddueto the imperfectionsassociatedwith the fabricationprocess.Factorssuchas

randomdopantfluctuations,line edgeroughnessandimperfectionsdueto sub-wavelength

lithographycauselargevariationsin devicecircuit parameters[1]. Accordingto ITRS [2],

variationin Vth dueto randomdopantfluctuationsfor 45nmBulk CMOStechnologycould

beashigh as40%. Thresholdvoltageis animportantcircuit parameterwhich determines

theoperatingspeedandleakagepowerassociatedwith individual transistorsin thedesign.

Processvariationscan be broadly classifiedinto die-to-die(D2D) variations,within-die

variations,wafer-to-wafer andlot-to-lot variations. For high performanceICs, D2D and

within-die variationssignificantly impact the performanceand power consumption[3].

Processvariationslead to large variation in the operatingfrequency and leakagepower

consumptionof anIC. After fabrication,eachdie mustmeetfrequency andthemaximum

power consumptionrequirement.Diesoperatingat low frequency cannotbeacceptedand

contribute to yield loss. Moreover, the power budgetof an IC is fixed which putscon-

strainton the maximumallowed leakagepower for a die, at its frequency of operation.

Thisdiemustbeeitheracceptedat lowerfrequency, or discardedif theleakagepower limit

Thejournalmodelis IEEE Transactionson AutomaticControl.
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is exceeded.

Active power canbe reducedby lowering the supply voltagebut in order to main-

tain thesameperformance,the thresholdvoltage(Vth) is alsoscaledproportionally. Sub-

thresholdleakagecurrentof a transistorhasexponentialdependenceonVth which results

in higherleakage.

In nanometertechnologies,SCEsfurther aggravate the problemof leakagepower.

SCEsaresecondaryeffectswhich comeinto picturewhenphysicaldimensionsof tran-

sistorreachnanometerregime. In shortchanneldevices,Vth decreaseswith reductionin

channellength. This phenomenonis alsoknown asVth roll-off. It canleadto significant

increasein leakagepower. Drain inducedbarrierlowering(DIBL) is anotherphenomenon

which reducestheVth of the transistorscausinghigherleakage.In DIBL, drainbiasnow

partly takes the role of gatevoltageand lowers the built-in potentialat source-substrate

junction [4]. DIBL reducesthe gatecontrol of the channelandthe device is not ableto

completelyshut-off. Thus,in nanometertechnologies,the contribution of leakagepower

to the total power of an IC is significant.This is a matterof concernfor portabledevices

whichspenda largeamountof their time in thestandbymode.Thus,it is crucialto reduce

theleakagepower for extendedbatterylife.

In recentyears,varioustechniqueshavebeendevelopedto countertheimpactof pro-

cessvariations.Theimpactof processvariationscanbesignificantlyreducedby adaptive

circuit designfor variationcontrol.Bodybiasingcanbeusedto dynamicallymodifyVth of

a transistor. Reversebody biasing(RBB) increasestheVth of a device which reducesthe

leakagepower. Similarly, forwardbodybiasing(FBB) reducesVth of atransistorwhichim-

provesthetransistorperformanceandthuscanbeusedto increasetheoperatingfrequency

of a designbut at the costof higher leakagepower. Bidirectionaladaptive body biasing

(ABB) [5] makesuseof both RBB andFBB on thesamechip. Post-silicontuningusing

body biasingcanalsobe usedto improve yield by increasingthe numberof dieswhich
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satisfythefrequency andpowerconstraints.

Adaptive supplyvoltage(ASV) [3] canbe usedaswell for variationcontrol by im-

provingperformanceatthecostof powerandviceversa.ABB andASV canalsobeapplied

simultaneouslyfor variationcontrol [3]. Adaptive MTCMOS [6] is anothertechniquefor

active modeleakageandfrequency control. Multiple footerdevicesareinsertedbetween

the groundand the virtual groundterminalof the circuit. The total width of the footer

devicescanbedynamicallycontrolledusinga feedbackmechanism.

In orderto minimizeleakagepower, varioustechniqueshave beendeveloped.Useof

multi Vth devices[7] is onesuchapproachin whichthegateslying onnon-criticalpathsare

replacedby high Vth devices,andgateswhich lie on critical pathareimplementedusing

low Vth devices.RBB canalsobeusedfor reducingleakagepower in standbymode.

Power gating[8] is an attractive schemeto reduceleakagepower in standbymode.

In power gating,thedesignis partitionedinto differentislands.Theislandswhich arenot

in usecanhave their power supplytemporarilyswitchedoff in orderto minimize leakage

power. During normaloperation,the power supply is driven to its nominal value. The

logic is implementedusinglow Vth devicesbut theswitchesusedto gatethepowersupply

and/orgroundterminalareimplementedusinghighVth devices.Theswitchesusedto gate

power supplyandgroundarecalledheaderandfooter respectively. During active mode,

theswitchesconductbut currentflowing throughthemleadsto IR dropwhich reducesthe

effective supplyvoltagethus reducingthe logic performance.The performancepenalty

can be reducedby using larger widths for headerand footer deviceswhich reducesthe

leakagesavings at the cost of higher areapenalty. The delay and areapenaltycan be

reducedby usingbodybiasingfor headerandfooterdevices. In this thesis,we will study

theperformanceof power gatingin IGFET basedcircuitsandcontrastwith power gating

in Bulk technology. We will alsoshow a new techniquefor eliminatingthedelaypenalty

in powergatedcircuits.
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At device level, leakagepower canbe controlledby reducingSCEsthroughprocess

level techniques.DIBL canbereducedby usingshallow junctionsandpocket implantsat

sourceanddrainjunctionsto reducethedepletionlayerwidths.DIBL canalsobemitigated

by useof thin gateoxide(to increasethe influenceof thegateon thechannel)[9]. But, it

will aggravatetheproblemof gateleakageandwould leadto unreasonablepower increase.

SCEscanalsobecontrolledby usingheavy channeldopingbut it will resultin thedegra-

dationof deviceperformancedueto mobility degradation,largerdepletioncapacitanceand

subthresholdslope. It is clear that usingBulk technology, scalingwill be very difficult

to sustainandit is time to look for alternative deviceswhich performbetterin nanometer

regimeandarescalableaswell.

Recently, planardoublegatedevices[10] [4] [9] havebeenproposedwhichminimize

SCEsdueto very thin bodyandlightly dopedchannel.It alsoreducestherandomdopant

fluctuationsin channelandmobility degradationdueto columbicscattering.Thesedevices

alsoshow bettersub-thresholdslopethanBulk CMOS dueto effective control of SCEs.

Little attentionhasbeenpaidto studytheperformanceof variationcontrolandlow power

techniqueslike ABB, power gatingin circuits implementedusingplanardoublegatede-

vices.In this thesis,usingcasestudieswehaveshown thatthesedevicesnotonly suppress

SCEsbut arealsoverysuitablefor processvariationcontrolandlow powerdesignascom-

paredto Bulk technology. Techniqueslike ABB for variationcontrol,post-silicontuning

for yield enhancementandpower gatingfor leakagepower minimizationshow very good

resultsascomparedto Bulk technologywhichprovestheir suitability for variationtolerant

andlow powercircuit design.

In DoublegateFET (DGFET),thepassivesubstrateis replacedby anactively biased

gateknown asbackgate.Theprimarygateterminalis known asfront gateandthechannel

canbemodulatedusingfront and/orbackgate[10]. FigureI.1 showsa planardoublegate

device. It consistsof a very thin body anda lightly dopedchannelwhich eliminatesthe
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leakagepathsthatarenot well controlledby thegate,theonesthatarephysicallyfar from

thegate[4]. As a result,DGFETminimizestheSCEseffectively andprovidesbetterper-

formancethanconventionalBulk devicesin sub-microndesigns.An additionaladvantage

is the reductionin capacitive load by the eliminationof both depletionand junction ca-

pacitances.All thesereasonsmake DGFETsuperiorascomparedto Bulk andanobvious

choiceto reapthebenefitsof scaling.

� �� �� �� �

� �� �� �� �

��	
	


 

 
� �� �

Frontgate

Source

Backgate

Drain

n+n+ p- Body

Fig. I.1. PlanardoublegateNFET

DGFETscanbebroadlyclassifiedinto two categories:

� Symmetric: In symmetricalDGFET, thefront andthebackgateareidentical,having

sameoxide thicknessandwork function of the gatematerial. SymmetricDGFETs

canbeusedas3 terminal(3T) or 4 terminal(4T) devices[11]. In 3T mode,front gate

andthe backgateareconnectedtogetherandprovide bettercontrol of the channel

by the gate. 3T DGFET canbe directly usedto replaceconventionalBulk CMOS

devices. In 4T mode,both the gatescan be connectedto different input signals

andthedevice actsastwo transistorsin parallel. Sucha structureis usedto merge

two parallel identical transistorswhich reducesareaandpower dueto decreasein
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diffusioncapacitance.Anotheroptionis to usefront gateonly andthebackgatecan

beconnectedto Vdd or Vss. Due to lesscouplingbetweenthe front andbackgates,

thefront gateVth can’t bemodulatedusingbackgatevoltage.

� Asymmetric: AsymmetricDGFET(IGFET) consistsof non-identicalfront andback

gates.Thebackgatematerialhashigherwork function thanfront gateandthicker

gateoxide [11]. IGFETscanbe usedlike conventionalBulk CMOS devices. The

backgateis usedto modulatetheVth of thefront channelby applyingvoltageacross

it. Backgatecanalsobeconnectedto Vdd or Vss like conventionalCMOSin which

casethe Vth of the front channelis not affected. In this work, we will focus on

asymmetricDGFETonly.

In IGFET, the Vth of a device can be modulatedusing the backgatewhich can be

usedto control thecircuit delayandleakagepower. Theability to controlVth at transistor

level (dueto independentbackgateterminal)andsuperiorcontrol of SCEsmotivatesus

to study the performanceof IGFET basedcircuits for variation control and low power

designusing variouscasestudies. We will also show a new techniquefor eliminating

delaypenaltyin power gatedcircuits. Finally, we will proposea new circuit topologyfor

IGFET in which the front andbackgatesareconnectedto eachotherfor leakagepower

andareabenefits.We presentthoroughanalysisto evaluatethe trade-offs involved in the

new circuit topology. The rest of the thesisis organizedas follows. In ChapterII we

discussthepreviouswork in thisdomain.In ChapterIII westudyVth controlin IGFETand

Bulk. In ChapterIV westudythevariationtoleranceof IGFETandBulk. In ChapterV we

analyzetheadaptabilityof IGFETandsuitabilityof variationcontrolusingABB technique

in IGFETandBulk. In ChapterVI westudyyield enhancementusingVth controlin IGFET

andBulk. In ChapterVII wecomparetheperformanceof powergatingtechniquein IGFET

andBulk. We alsoproposea new techniquefor eliminatingdelaypenaltyin power gated
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circuits. In ChapterVIII we presenta novel circuit topology for IGFET basedcircuits.

Finally, conclusionis presentedin ChapterIX.

Thekey contributionsof this thesisare:

� IGFETshows3.8
 lowerσ for leakagepowerand34%lowerσ for delaythanBulk

CMOSunderprocessvariations.

� We examinetheuseof Vth modulationfor variationcontrol andyield enhancement

in IGFET. Resultsshow thatIGFET basedcircuitsarehighly adaptableandperform

betterthanBulk.

� We extendthis studyto power gatedcircuits. On average,IGFET shows 17
 lower

leakagein standbymodethanBulk CMOS.

� Wealsoproposeanew solutionfor eliminatingdelaypenaltyin powergatedcircuits.

Thismethodimprovestheleakagesavingsandlowerstheareapenalty.

� Finally, we proposea novel circuit topology for IGFET which on averageshows

33.8% lower leakageand 34.9% lower areaat the cost of 2.8% increasein total

activemodepower, for basiclogic gates.Moreover, we showeda new techniquefor

reducingleakagein minimumsizeddevicesimplementedusingnew circuit topology

for IGFET.
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CHAPTERII

PREVIOUSWORK

In [12], theauthorsproposetheuseof asymmetric,planardoublegateFDSOIdevicesto

controlthefront gatethresholdvoltageandto reducethesensitivity of thethresholdvoltage

to film thicknessin FDSOIdevices. They comparethe thresholdvoltage,leakagecurrent

anddrivecurrentsfor FDSOIandasymmetric,doublegateFDSOIdevice.

Theauthorsof [13] proposenew doublegatelogic circuit schemesusingonly symmet-

rical gatesto reducethe areaandleakage/active power. The authorsproposenew circuit

style for NAND andNOR logic gates.The paralleldevicesareimplementedusingsplit

front gateandbackgatedeviceswhile connectedgatedevicesareusedfor stackedtransis-

tors.

In [14], authorsevaluatetheperformanceof connectedgateandindependentgatesym-

metricDGFETusingbenchmarkcircuitslikeNAND gateandring oscillator. In connected

gate,the front gateandbackgateareshortedwhile in independentgate,the backgateis

groundedfor NMOSandconnectedto supplyfor PMOSdevice. Theauthorsalsodesigna

VCO in whichbackgatevoltageis usedto controltheVCO frequency.

In [11], theauthorspresentvariousdoublegatedevicesincludingFinFETanddiscuss

the variousleakagemechanismsin symmetricandasymmetricDGFETs. Variouscircuit

designtechniquesusing3T and4T DGFETsarepresentedincludingSchmitttrigger and

senseamplifier.

Similarly, in [15], theauthorsreportvariouscircuit designtechniquesspecificto dy-

namiclogic likekeepercircuitry andprechargelogic usingindependentgateDGFET. They

alsodiscussacasestudywherethey comparetheperformanceof a tunableVCO designed

usingIGFETwith Bulk CMOS.

All thepreviouswork reportedaboveonly focuseson circuit designtechniquesusing
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3T and4T symmetricdoublegatedevices. Moreover, mostof the analysisandcompari-

sonis basedon standardlogic gatesandon circuits having very few gates.Noneof the

previousworksreportedabovefocusonvariationtolerance,variationcontrolandyield en-

hancementof IGFET basedcircuits. In this thesis,we will extensively analyzesuitability

andadaptabilityof IGFETbasedcircuitsfor variationcontrolandyield improvementusing

casestudieson complex benchmarkcircuits.

In [8], useof bodybiasingonpowerswitcheshasbeenproposedfor leakageminimiza-

tion andlesserdelaypenalty. [16] discussestheuseof highVth footerandbodybiasingthe

footerdevice for delaypenaltyreductionin PDSOIbasedCMOStechnology. We will ex-

aminethe performanceof IGFETs in power gatedcircuits anduseof Vth modulationin

logic insteadof footerfor delaypenaltyelimination.
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CHAPTERIII

VTH CONTROL IN BULK AND IGFET

In Bulk CMOSdevices,thebodyeffectparameterγ playsavery importantrole in Vth con-

trol usingFBB or RBB. However, with devicescaling,thebodyeffectparameterdecreases

which reducesthe effectivenessof body biasingfor dynamicVth control. In IGFET, the

backgateis stronglycoupledto the front gateandcanbe usedfor thresholdmodulation.

The backgatehasvery high thresholdvoltageascomparedto the front gate. Unlike in

Bulk CMOS,theVth of IGFET doesnot dependon γ which provideseffectiveVth modula-

tion evenin nanometertechnologies.

In Bulk CMOS,thereisafundamentallimit to whichtheFBB canbeapplieddueto the

forwardbiasingof PN junctionformedbetweendrain,sourcejunctionsandsubstrate.The

forwardbiasingof this PN junction leadsto largecurrentbetweendrain,sourcejunctions

andsubstratewhich significantlyimpactsthepower. With scaling,thesupplyvoltagealso

decreasesand thereforefurther reducesthe FBB rangein Bulk CMOS devices. On the

otherhand,in IGFET, thebackgateis isolatedfrom thebody throughanoxide layerand

thebackgatecanbeusedfor FBB until thebacksurfacebecomesstronglyinverted.Due

to very high Vth of the backchannel(about1V higherthanfront channel),a large range

of FBB canbe supportedin IGFET. RBB is usedfor sub-thresholdleakagereductionin

standbymodeby increasingtheVth of the transistors.With scaling,RBB becomesless

effective for Bulk dueto higherSCEsin nanometerregime[17]. SCEscanbereducedin

Bulk CMOSthroughtheuseof heavily dopedsubstrateandhalo implantsbut it increases

thedopinglevel neardrain,sourcejunctionswhich leadsto increasein leakagedueto band

to bandtunneling(BTBT) which reducesthe leakagesavings obtainedby RBB. IGFETs

minimizetheSCEsdueto lightly dopedchannelandverythinbody. Therefore,theproblem

of BTBT in IGFETsis lesspronouncedascomparedto Bulk CMOSandRBB usingback
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gatebiasingcanbeeffectively appliedin nanometerIGFETs.

In this paper, all the experimentswere conductedusing 32nm processtechnology

having Vdd = 1V. PTM [18] modelswereusedfor Bulk basedcircuit simulationswhile

VerilogA basedBSIM-IMG [19] modelswere usedfor IGFET. The NMOS andPMOS

devicesin boththetechnologieshadcomparableVth anddrivecurrentaroundVDS = VGS =

1V. FigureIII.1 andIII.2 show theplot of power-delayproductversusNMOS body/back-

gatebias for a FO4 inverter and a 51 stagering oscillator designedusing Bulk CMOS

and IGFET for samearea. The bias was usedfor both NMOS andPMOS.The curves

areshown for extendedrangeof FBB andRBB. From the plots it canbe observed that

for Bulk, after 0.5V, thereis a sharpincreasein the power-delayproductdueto forward

biasingof thejunctiondiodeswhich increasespowersignificantlywhereasfor IGFET, the

power-delayproductincreasessharplyonly after 1V (Vdd) due to inversionof the back

channelbut theslopeof thecurve is very lessascomparedto Bulk. With reversebias,for

FO4 inverter, the power-delayproductis delaydominatedandthe slopeof the curve for

IGFET is comparableto thatof Bulk anddueto higherrangeof RBB, IGFEToffersbetter

delaycontrolover Bulk. In ring oscillator, RBB increasesthedelaydueto higherVth and

reducespower dueto active modeleakagereduction. For Bulk, the percentageincrease

in delayis almostcomparableto thepercentagedecreasein power dueto which thecurve

remainsrelatively flat. However, for IGFET, thepower savingsarehigherascomparedto

increasein delaydueto which thepowerdelayproductdecreaseswith RBB. Moreover, in

boththecasesabove, thepower-delayproductcurve for IGFET is alwayslower thanBulk

suggestinglow powerandhighperformancedesignusingIGFET.

Apart from this, thereare variousother reasonswhich make IGFET superiorthan

Bulk CMOS. In stacked devices in Bulk CMOS, reversebody effect is observed which

lowers the operatingspeedof wide input logic gatesbut in IGFET, reversebody effect

doesnot occurbecauseof thefloatingbody [20]. In Bulk, all thedevicessharethesame
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Fig. III.1. Power-delayproductfor FO4inverter
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Fig. III.2. Power-delayproductfor 51 Stagering oscillator
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substratedueto which bodybiasingfor individual transistorsis highly impracticaldueto

largeareapenalty. Whereasin IGFET, individual transistorscanbecontrolledwithout any

extra penalty. The frequency at which the substratebiascanbe appliedis limited by the

RCdelayof thesubstratecontactswhereasin IGFET, themaximumlimit is imposedby the

backgatecapacitanceandwire delaywhich is sameasthemainlogic delay. Thus,leading

to fasterVth modulationascomparedto Bulk.
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CHAPTERIV

VARIATION TOLERANCE

To comparethe performancein the presenceof processvariations,we performedMonte

Carlo (MC) simulationson an inverterchaincircuit designedusingBulk andIGFET. In

IGFET, the backgateof NMOS wastied to Vss while for PMOSthe backgatewastied

to Vdd. The nominal valueof supplyvoltageusedwas1V. Basedon ITRS predictions,

parametervariationswereinducedin all thetransistorsof thecircuit. The3σ valueof the

parametervariations[2] is listedin TableIV.1.

TableIV.1. Parametervariations

Parameter 3σ (%)
Channellength 12

Gateoxide 10
Thresholdvoltage 40

Powersupply 10

For a given MC run, samesupply voltagewas usedfor the combinationalcircuit.

Thicknessvariationin thebackgateoxideof IGFETwasneglecteddueto its highthickness

as comparedto front gate. 1000 MC simulationswere performedfor Bulk and IGFET

respectively.

For delaycomparison,the circuits weredesignedto have delayof 1nsandidentical

inputswereapplied.Theplot in FigureIV.1 showsthehistogramof delaydistribution. The

meanof thedelaydistributionis almostsamefor Bulk andIGEFTbut for Bulk, σ is 67.9ps

whereasIGFET shows σ of 44.6ps. The σ for Bulk is 52% higher than that of IGFET

thusshowing bettervariationtolerancein IGFET. Anotherexperimentwasperformedto

comparethevariationin circuit leakagein idle modeundertheeffectof processvariations.

For a fair comparison,both the circuits were designedfor sameareaand in idle mode,

the inputsweretied to Vss. FigureIV.2 shows thedistribution of circuit leakagefor Bulk
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andIGFET. For IGFET, meanleakageis 2.81µw andσ is 0.27µw whereasfor Bulk mean

leakageis 6.64µw andσ observedis 1.05µw which is 3.8
 thatof IGFET.
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CHAPTERV

D2D VARIATION CONTROL THROUGHVTH MODULATION

In chip design,the goal is to achieve highestfrequency of operationwhile meetingthe

power constraints.But, processvariationsleadto distribution of die frequenciesandleak-

ages.ABB is aneffective techniqueto meetthedesiredfrequency andpower constraints

by dynamicallymodifyingtheVth of thetransistors.ABB tradesoff performancefor power

andvice-versa. Chipswhich do not meetthe desiredfrequency requireFBB for higher

performanceat the costof higher leakagepower. Whereas,chipswhich fail to meetthe

leakageconstraint,needto be operatedat lower frequency andRBB is usedfor leakage

reduction.

  Ref clk

Fast

Slow

Counter

D/A

D/A
Vbp

Vbn

Phase

Detector
up-down

5 bit

NMOS

PMOS
Critical pathreplica

Fig. V.1. DLL usingcritical pathreplicafor ABB

In orderto comparethe performanceof Bulk andIGFET in variationcontrol using

bidirectionalABB, we implementeda critical pathreplicabaseddelaylockedloop (DLL)

circuit [5]. The aim of the circuit is to minimize the leakagepower while ensuringthat

thecritical pathmeetstiming. The circuit canalsobe usedfor leakagesavingswhenthe

intendedtargetfrequency is lower thanthemaximumfrequency like in dynamicfrequency

scalingbasedenvironment. The circuit is shown in FigureV.1. It consistsof a critical

pathreplicawhich is usedto replicatethedelayof thecritical pathin thecircuit. Instead

of replicatingthecritical path,the inputsandoutputsof thecritical pathcanalsobeused
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directly but it is intrusive to the design. We createda critical pathreplicausinga chain

of buffers whosetotal delay is matchedto the critical path delay of the circuit. Here,

weassumethatbuffer chaincanbeeffectively usedfor modelingthecritical path.A phase

detectoris usedto detectwhenthecritical pathreplicais fasterthanthetargetfrequency and

vice-versa.Theoutputof thephasedetectoris connectedto a5 bit up-down counterwhich

digitally recordsthe phasedifferencebetweeninput referenceclock signalandoutputof

thecritical pathreplica.Thecounterincrementsor decrementsdynamically. Theoutputof

the up-down counteris connectedto digital to analog(D2A) converterwhich createsthe

body biasfor NMOS andPMOSdevices in the circuit andthe critical pathreplica. For

simplicity we have usedonly oneup-down counterfor NMOS andPMOSdevices. One

D2A converteris usedfor NMOS andPMOSrespectively.

TheDLL circuit wasimplementedin 32nmtechnologyfor targetfrequency of 1GHz.

Thecritical pathreplicawasdesignedto matchdelayof 1ns.In orderto simulatethecorner

case,we induced3σ variation(obtainedfrom MC simulations)in thecircuit correspond-

ing to the worst casedelay for Bulk andIGFET. For a fair comparison,samebody bias

rangewasusedfor Bulk andIGFET. Thebodybiasrangeof +320mVfor FBB to -320mV

for RBB in 20mV stepswasused.SPICEsimulationswererun to determinethe locking

behavior of theDLL for Bulk andIGFET.

FigureV.2 shows theplot of frequency vs. time unitsandPMOSbody/backgatebias

voltagevs. time units,for Bulk andIGFET(worstcase).Dueto bettervariationtolerance,

under3σ variations,IGFET operatesat a higher frequency than Bulk when no bias is

applied.Thebiaschangeswith time andthefrequency risestowardsthetarget frequency.

Thebody/backgatebiascurvesfor Bulk andIGFETalmostoverlap.TheDLL lockswithin

rangeof 10psof thetargetclockperiod.Fromthecurvesit canbeseenthatBulk andIGFET

lock when the body bias reachesthe maximumvalue. The locking time is also almost

samefor both the technologiessuggestingeffectivenessof adaptively modulatingVth in
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Fig. V.2. DLL operation

IGFET basedcircuits. The locking time for IGFET canbe further reducedby increasing

themaximumbiasrange.Similar experimentsweredonefor bestcasedelayvariationas

well andsimilar resultswereobtainedbut they havebeenomittedherefor brevity.
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CHAPTERVI

ENHANCING YIELD USINGVTH MODULATION

After fabrication,eachchip shouldmeetminimum frequency andmaximumpower con-

straints.But, processvariationscanleadto significantyield lossdueto significantdevia-

tion in circuit delayandpower from the intendedtarget. Thechipswhich operateat low

frequency or consumeexcessive power contribute to yield loss. A die which violatesthe

power constraintcanbeacceptedat low frequency or it might bediscardedif the leakage

poweris excessive.Post-silicontuningusingbodybiasingis effectivefor tighteningthede-

lay andpowerdistributionfor improvingyield. In thissectionwecomparetheeffectiveness

of post-silicontuningusingbodybiasingfor yield enhancementin Bulk andIGFET.

Weimplementedacombinationalcircuit having sameareafor Bulk andIGFET. For a

fair comparison,themaximumandminimumbodybiasrangeof +320mVand-320mVwas

usedfor both. MC simulationsweredoneusingtheparametervalueslisted in TableIV.1.

The resultingdevice parameterswere usedto simulatethe effect of processvariations.

Dif ferentsamples(from MC simulations)have differentdelayandpower. Sampleswhich

violate themaximumdelayor maximumpower constraintarecompensatedfor delayand

power usingbody biasing. For a violating sample,multiple SPICEsimulationsaredone

to find the optimumbiasvoltage. Due to high runtimerequirementswe performedthis

experimentonasetof 700samplesonly.

FigureVI.1 shows the power-delayscatterplot for the combinationalcircuit imple-

mentedusingBulk technology. Thedelayandpower numbersshown arenormalizedwith

maximumdelayandpower constraint. A large numberof samplesviolate the delayor

power constraints.After compensation,thesamplewhich violatesdelayconstraintis now

acceptedat higherpower but within themaximumlimit. Similarly, thesampleswhich vi-

olatepower constraintareacceptedat higherdelaybut within maximumdelayconstraint.
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Fig. VI.1. Scatterplot for Bulk
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Fig. VI.2. Scatterplot for IGFET

A small numberof samplesarestill not ableto meetthe delayandpower constraintand

contributeto yield loss.FigureVI.2 shows thescatterplot for IGFET basedcircuit andre-

sultsaftercompensationfor delayandpower. A comparisonof resultsaftercompensation

for Bulk andIGFET revealsthatIGFETsresultin a tighterdistribution thanBulk. In fact,

betterresultscanbeobtainedfor IGFETby increasingtherangeof backgatebiaswhich is

notpossiblein Bulk dueto reasonsexplainedearlier.
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CHAPTERVII

POWERGATING IN BULK AND IGFET

Power gating is an effective techniquefor leakagepower reductionin sleepmodebut it

hasa performancepenaltyassociatedwith it. High Vth switchesareusedfor powersupply

gatingwhereasthelogic is implementedusinglow Vth devices.A PMOSor NMOSdevice

canbeusedfor powergatingbut NMOSis preferreddueto lowerareapenalty. FigureVII.1

showstheblockdiagramof apowergatedcircuit.

logic

Low Vth

footer
High VthEnable

Gnd

Vdd

Fig. VII.1. Powergatedcircuit

In power gatedcircuits, due to the finite voltagedrop acrossthe footer, the virtual

groundline bouncesabovegroundpotential.Groundbouncereducestheeffectivegate-to-

sourcedrivevoltagewhichreducestheswitchingspeedandhencethemaximumoperating

frequency of the circuit. In Bulk devices, groundbouncealso manifestsas rise in Vth

of the NMOS devices due to finite source-to-substratevoltage. This further lowers the

operatingspeedwhereasin IGFET, body effect is not presentleadingto fasteroperation

in power gatedcircuits. Moreover, in Bulk devices,dueto finite diffusioncapacitancethe

capacitanceassociatedwith thevirtual groundnodeis quitehighif acommonfooteris used

for all thelogic gateswhich furtherreducestheswitchingspeedbut IGFET doesnot have
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diffusionparasiticcapacitance.Thedelaypenaltydueto power gatingcanbereducedby

usingwider footerdevicesbut it amountsto areapenaltyandmostimportantlydiminishing

returnson leakagepowersavingsin sleepmode.

To analyzethe delay, areapenaltyandsleepmodeleakagesavings in the two com-

petingtechnologies,we implementedpower gatingin ISCAS85benchmarkcircuit C432

having 150 logic gates.SinglehighVth footerdevice wasusedfor theentirecircuit. The

circuit wasdesignedfor samearea.Theleft partof FigureVII.2 showsthechangein delay

penaltywith thechangein footersize. Thedelaypenaltyfor IGFET is alwayslesserthan

Bulk andfor smallfootersize,delaypenaltyis quitehigh for Bulk ascomparedto IGFET.

The right part of Figure VII.2 shows the ratio of circuit leakagein sleepmodewithout

powergatingandleakagein sleepmodewith powergatingusingdifferentfootersize.For

IGFET, on averagethe leakagesavings in sleepmodeare17
 higherthanBulk. In sleep

mode,the virtual groundterminalfloatsandslowly chargesto Vdd. Due to lower DIBL

effect, IGFETshowshigherleakagesavings.

The delay penaltydue to power gating can be reducedby lowering the Vth of the

highVth footerdevice in active modeby FBB [8] [16]. For circuit C432,useof FBB for

footerdevice, reducedthedelaypenaltyfor Bulk by 3.6%whereasfor IGFET only 2.4%



23

improvementin delaywasobserved. FBB on footer reducesits resistancewhich in turn

reducesthevirtual groundbounce.Thereductionin bounceimprovesthevoltagedriveand

alsoreducesthenegative effect of increasingtheVth of theBulk NMOS devices. Due to

this, Bulk shows betterdelayimprovementwith FBB on footerdevice. Thedelaypenalty

canbereducedby forwardbiasingthefooterbut cannotbeeliminated.

TableVII.1. UsingFBB in powergatedcircuit

Body bias(V) Bulk dly (ps) IGFET dly (ps) Bulk pwr (µw) IGFET pwr (µw)
0.00 405.3 238.3 112 82.1
0.05 391.2 237.5 113 84.3
0.10 378.2 234.0 116 86.4
0.15 366.3 229.8 118 87.7
0.20 353.8 225� 0 120 89� 5
0.25 343� 9 221.2 122 91.3

We proposetheuseof applyingFBB on thelogic gatesinsteadof footerin theactive

modeof operation.TableVII.1 showstheresultsof applyingFBB onthelogic gates(rather

thanfooter) in benchmarkcircuit C432for reducingdelaypenalty. ColumnI shows body

biasvoltage.ColumnsII andIII show thedelayof apathfor Bulk andIGFETcircuit having

samearea.ColumnsIV andV show thetotal power for Bulk andIGFET in active mode.

Footersizeof 1 µm wasusedfor boththecircuits.Withoutpowergatingthesamepathhas

a delayof 346psand225psfor Bulk andIGFET respectively. Thetotal power for Bulk is

143µw and93.5µw for IGFET. Fromthetableit canbeseenthatthedelaypenaltyfor Bulk

reducesto zeroat0.25Vwhile for IGFETthereis nodelaypenaltyat0.2V. EvenafterFBB

the total power in active modeis lesserthanwithout power gating. The groundbounce

associatedwith virtual groundmanifestsitself asreducedleakagepower in activemodefor

powergatedcircuits.Thepositivevirtual groundvoltageresultsin negativegate-to-source

voltagefor off-stateNMOS devicesin thecircuit, which leadsto exponentialdecreasein

sub-thresholdleakageof thosedevices.Thepercentagereductionin leakagedueto ground

bouncedependsontheactivity factorof thecircuit. FigureVII.2 for thesamecircuit shows
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thatwithout any bias,thedelaypenaltyreaches1% for footersizeof 10µm. Biggerfooter

device leadsto higherdynamicpower in activemodeandlesserleakagesavings.Thus,use

of FBB on logic gatesin powergatedcircuitseliminatesdelaypenalty, reducestotalactive

modepower (comparedto nonpower gatedcase)andimprovesleakagepower savings in

sleepmode. The biasvoltagecanalsobe adaptively controlledusingDLL basedcircuit.

The areapenaltyof implementingbody biasingin Bulk CMOS is high dueto the useof

triple well processbut in IGFET the areaoverheadis limited by the additionalrouting

resourcesrequiredto connectthebackgateof thedevicesonwhich FBB is applied.
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CHAPTERVIII

TIED GATESTOPOLOGYFORIGFET

Here,we proposea new circuit topology for IGFET which providessignificantleakage

andareasavingsat thecostof minimal increasein total activemodepower. In IGFET, the

channelassociatedwith thebackgatedoesnot conductdueto veryhigh thresholdvoltage

but it canbeusedto vary theVth of the front gatechannel.In this novel circuit style,we

connectthe front gateandbackgateof the IGFET device. This will modulatetheVth of

thedevicedependingontheinputsignalduringtheactivemodeoperation.For NMOS,Vth

canbereducedby applyingapositivevoltageonthebackgatewhereasfor PMOS,positive

voltagelower thanVdd is required.

In Out

Vdd

Gnd

Fig. VIII.1. InverterusingtiedgateIGFET

FigureVIII.1 showsaninverterimplementedusingtiedgateIGFET. Considerarising

input at the input of the inverter, the outputwill have a correspondingfalling transition.

Whenthe input is rising, thevoltageat thebackgateof theNMOS device will behigher

than0 which will modulatetheVth dueto forward biasingthusreducingthe propagation

delay. Similarly for a falling input transition,theFBB on PMOSdevice reducestheprop-
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agationdelay. It is interestingto notethat for staticinputs,theleakageof thelogic gateis

notaffected.Consideraninverterhaving logic 0 asinput. Theleakageof theinverteris de-

terminedby theNMOS device. Since,thebackgateis alsoconnectedto 0 in this case,the

Vth of theNMOSdevice is notaffectedandit incursnoadditionalleakagepenalty. Similar

caseholdsfor staticinput 1.

FigureVIII.2 shows the NMOS, Ids vs. Vgs curves for tied gateIGFET andbasic

IGFET. Vds=50mVwasusedfor thesecurves. Theresultsshow that the linearregionVth

of tiedgateIGFET is around95mV lower thanbasicIGFET.

We implementedaninverteranda 2 input nandgateusingtied gateIGFET andbasic

IGFET. TableVIII.1 showstheresults.T1 refersto theminimumsizelogic gatewith back

gatetied to Vss for NMOS andtied to Vdd for PMOS.T2 refersto thesamelogic gatebut

implementedusingtied gateIGFET. T3 refersto T1 upsizedto matchthe samedelayas

T2. In TableVIII.1, ColumnI shows the type of logic gate. ColumnII shows average

propagationdelayandColumnIII showsaverageleakagepower in standbymode.Column

IV shows total power in active modeandColumnV shows theratio of total device width



27

to minimumdevicewidth.

For inverter(T2) thereis a gainof 25.9%in delayoverT1 andaveragegainof 35.2%

in leakageover T3. For nandgate(T2), delayis 27.8%lower thanT1 andaveragegainin

leakageoverT3 is 32.5%.Tied gatestopologyprovidesareasavingsof 37.8%for inverter

and32%for nand.But, thetotal power for T2 is 2.3%higherfor inverterand3.4%higher

for nandgate.Thetotal active modepower dependson thegatecapacitanceswitchedand

theshortcircuit current.T2inv andT2nand have smallerareathanT3inv andT3nand which

meanslower gatecapacitance.But, the short circuit current increasesdue to dynamic

Vth lowering. Theselogic gatesprovide leakageandareasavings which is a significant

advantage.

TableVIII.1. Tiedgatetopologyfor Inv andNand

Logic gate Avg dly (ps) Avg lkg (nw) Tot. pwr (µw) Tot. fet width / wmin

T1inv 21.2 0.22 0.80 2.8
T2inv 15.7 0.22 0.90 2.8
T3inv 15.7 0.34 0.88 4.5

T1nand 22.3 0.29 1.14 6.8
T2nand 16.1 0.29 1.20 6.8
T3nand 16.1 0.43 1.16 10.0

Thistopologycannotbeusedin Bulk CMOSasit will forwardbiasthejunctiondiodes

andthedeviceoperationwill fail. In orderto supportthisargument,wedesignedtwo min-

imum sizedinvertersusingBulk technology. Thefirst oneis conventionalCMOSinverter

andin thesecondone,gateis tied to substratefor NMOS andPMOSrespectively. For the

sameload,first invertershowsanaveragepropagationdelayof 20.5pswhile for thesecond

inverterthepropagationdelayis 12.7ps.But, theactive modepower for thefirst inverter

is 0.9µw whereastheactive modepower for thesecondinverteris 5.18mwwhich is very

high. This explainstheinfeasibility of this techniquefor Bulk. In IGFET, thebackgateis

isolatedusingoxidewhichmakesthis techniqueverysuitablefor IGFET.
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VIII.1. Impactof outputloadandinput slew rate

In this section,we analyzethe impactof outputloadandinput slew rateon thedelayand

power of logic gatesimplementedusingtied gateIGEFT. We designeda minimum sized

inverteranda 2 input nandgateusingtied gateIGFET. We designedanotherinverterand

nandgatebut usingnormal IGFET suchthat their delay is identical to the gatesimple-

mentedusingtied gateIGFET, for sameloadandinput slew rate. In thefirst experiment,

wevarytheoutputloadonly keepinginputslew ratefixedandanalyzethedelayandpower

respectively.

FigureVIII.3 showsthedelayvs. outputloadplot. For smallvaluesof load,thedelay

is samefor gatesimplementedusingtiedgateIGFETandbasicIGFET. For largevaluesof

load,thedelayof tiedgateIGFET is worsethanIGFET by just 1-2ps.This plot shows the

ability of tied gatetopologyto effectively drive large load. FigureVIII.4 shows theactive

modepowervs. outputloadplot for thesamelogic gates.Theactivemodepower is mostly

dominatedby theoutputloadhenceall logic gatesshow almostsimilar power.

In thesecondexperiment,we analyzethedelayandpower for theselogic gateswith
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changein input signalslew rate. FigureVIII.5 shows the plot for delayvs. input signal

slew. For largevaluesof input slew, logic gatesimplementedusingtied gateIGFET show

betterdelaythangatesimplementedusingIGFET. Thedifferencein delaybecomesmore

prominentwith furtherincreasein thevalueof inputslew. FigureVIII.6 showstheplot for

active modepower vs. input slew. Theplot shows thatgatesimplementedusingtied gate

IGFET consumehigherpower thangatesimplementedusingIGFET andthegapin power

widenswith increasein slew. The gatesimplementedusingtied gateIGFET show better

delaybut worsepower. In orderto understandthe behavior clearly, FigureVIII.7 shows

thepowerdelayproductplottedagainstinput slew for boththetechniques.

Thepowerdelayproductis higherfor tied gateIGFET thanIGFET. But, we saw that

IGFETbasedlogic gateshaveworsedelaythantiedgateIGFET for highervaluesof slew.

In orderto getsamedelayfrom IGFETbasedlogic gate,biggertransistorswill berequired

which will ultimately leadto higheractive power, higherleakageandarea.Whereas,tied

gateIGFET basedlogic gatessave leakageandareaat thecostof small increasein active

modepower.
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VIII.2. Impactof variationin gateoxidethickness

In this section,we studythe impactof variationin gateoxide thicknesson thedelayper-

formanceof tied gateIGFET topologyandIGFET. For this, we implementeda 51 stage

inverterchainusingminimumsizedinvertersfor boththetopologies.We introduceda 3σ

variationof 10% in the front gateandbackgateoxide thickness.For the inverterchain

circuit designedusingIGFET, variationwasintroducedin front gateoxide only whereas

for the inverterchaincircuit designedusingtied gateIGFET, variationwasintroducedin

front gateoxideandbackgateoxide. 1000MC simulationsweredoneon inverterchain

circuitsdesignedfor samearea.For IGFETbasedcircuit weobservedmeandelayof 299ps

andσ of 3.6psin delay. For tied gateIGFET basedcircuit, themeandelayis 247psandσ

of 4psin delayis observed.Thevariationof oxidethicknessfor backgatedoesnot impact

the delayperformancemuchdueto thicker gateoxide whosethicknessis around5 
 the

oxidethicknessof thefront gate.
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VIII.3. LeakagereductionusinghighVth tied gateIGFET

Earlier, we showedthat tied gateIGFET canbeusedfor reducingareaandleakagewhen

designedfor the samepropagationdelayas IGFET. In this section,we proposeanother

techniqueto reduceleakageusing tied gateIGFET. Considera logic gateimplemented

usingIGFET having delayD1, areaA andleakageL1. Considerthesamelogic gateim-

plementedusingtied gateIGFET suchthat it hasareaA, delayD2 andleakageL2. In this

case,D2 is lesserthanD1 andL2 = L1. Since,D2 is lower thanD1, we canachieve same

delayasD1 but by increasingtheVth of thedevicesusedin thelogic gate.

Such a logic gate will have lower leakage. In active mode, the gatecapacitance

switchedremainsthe samebut the shortcircuit currentmight vary dependingon the ef-

fectiveVth of thedevicesandinputsignalslew. In orderto quantifytheleakagesavings,we

designedaminimumsizedinverteranda2 inputnandgateasexplainedabove. Theresults

areshown in TableVIII.2. ColumnI showsthetypeof logic gate.Invl vt andNandl vt refers

to logic gatesdesignedusinglow Vth devices. Invhvt andNandhvt refer to the logic gates

designedusinghighVth devices.ColumnII shows theaveragepropagationdelay. Column
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TableVIII.2. Hvt andLvt gatesdesignedusingtiedgatetopologyfor Inv andNand

Logic gate Avg dly (ps) Avg lkg (nw) Tot. pwr (µw)
Invl vt 21.2 0.22 2.05
Invhvt 21.5 0.16 2.10

Nandl vt 22.8 0.29 2.17
Nandhvt 22.0 0.21 2.18

III shows averageleakagein standbymode. ColumnIV shows total active modepower.

Resultsshow that Invhvt has27.2%lower leakagethanInvl vt for thesamepropagationde-

lay but at thecostof 2.4%higheractive modepower. Similarly, 2 input nandgateshows

27.5%lower leakageat thecostof 0.46%higheractivemodepower.

This techniqueis highly useful for minimum sizeddevices. For a given delayand

areaof a logic gatedesignedusingIGFET, samedelaycanbeachievedby usinga smaller

logic gatedesignedusingtied gateIGFET. But, in minimumsizedevices,thesizecannot

bereducedfurtherdueto limitationsonminimumdevicesizewhichcanbefabricated.An

IC designedusingstandardcell basedmethodologycontainsa largenumberof minimum

sizeddevices.For theselogic gates,leakagecanbesubstantiallyreducedby increasingthe
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Vth of the device while maintainingthesameperformance.Moreover, this techniquecan

beusedin memoryarrayswheredueto areaconsiderationsthesizeof thebitcell devices

is small.Useof highVth devicesimpactstheperformancebut usingtiedgateIGFETbased

bitcell, sameperformancecanbeobtainedwhile substantiallyloweringleakage.

Now, a questionmayarisethat,how a tied gateIGFET basedcircuit compareswith a

circuit implementedusingsymmetricDGFET. A logic gateimplementedusingsymmetric

DGFETsavesareaby usingasingledevicehaving two channelsin placeof two individual

devices.It alsoreducesthedynamicpowerdueto lowerself loadingbut thetotalamountof

leakagepowerof thelogic gateremainsthesame.Whereas,logic gatesimplementedusing

tied gateIGFET savesareaandleakagepower aswell. If both the gatesof a symmetric

DGFET areconnectedto eachother, it lowersthe propagationdelaybut it increasesthe

dynamicpower dueto highergatecapacitanceandthe leakagepower doubles.Whereas,

in tiedgateIGFET, theoxidethicknessof backgateis around5 
 thatof thefront gatedue

to which thegatecapacitanceof thedevice doesnot getaffectedmuchandmoreover the

leakagein thestandbymoderemainscompletelyunaffected.
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CHAPTERIX

CONCLUSIONS

We have shown thatplanarasymmetricdoublegatetransistorsenablelow power andhigh

performancecircuitsin nanometerregime. IGFET providesbettervariationtolerancethan

Bulk and is highly suitablefor variationcontrol andyield enhancementusingVth mod-

ulation. Moreover, power gatedcircuits implementedusingIGFET suffer from minimal

delay, areapenaltyandwe alsoshowed how delaypenaltycanbe completelyeliminated

while providing higher leakagesavings. Finally, we proposeda tied gatestopology for

IGFET which providesvery high leakageandareasavingsat thecostof minimal increase

in total power.
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