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ABSTRACT

CaseStudieson VariationTolerantandLow Power DesignUsing PlanarAsymmetric
DoubleGateTransistor (August2010)
Amrinder Singh,B. E., Netaji Subhadnstituteof TechnologyIndia

Chairof Advisory Committee:Dr. JiangHu

In nanometetechnologiesprocessvariationcontrolandlow power have emegedas
thefirst orderdesigngoalafterhigh performanceProceswvariationscausehigh variability
in performanceand power consumptionof an IC, which affectsthe overall yield. Short
channeleffects (SCEs)deterioratethe MOSFET performanceandleadto higherleakage
power. DoublegatedevicessuppresSCEsandarepotentialcandidategor replacingBulk
technologyin nanometemnodes. Thresholdvoltagecontrolin planarasymmetricdouble
gatetransistor(IGFET) usinga fourth terminalprovidesan effective meansof combating
processvariationsandlow power design. In this thesis,using various casestudies,we
analyzedthe suitability of IGFET for variation control and low power design. We also
performedanextensive comparisorbetweenGFET andBulk for reducingvariability, im-
proving yield andleakagepower reductionusing power gating. We alsoproposeca nev
circuittopologyfor IGFET, which onaverageshowns 33.8%lowerleakageand34.9%lower
areaat the costof 2.8%increasan total actve modepower, for basiclogic gates.Finally,
we shavedatechniquedor reducingleakageof minimumsizeddevicesdesignedisingnew

circuit topologyfor IGFET.
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CHAPTERI

INTRODUCTION
CMOS device scalinghasbeenoneof the major driving forcesbehindhigh performance
andvery highdensityintegratedcircuits. However, to maintainthe samepacein nanometer
technologiesprocessariationcontrolandlow power designhave emegedasformidable
challenges.

Device scalingincreaseshe proceswariationsleadingto variationsin thresholdvolt-
age,channelengthandothercircuit parametersThe variationsin procesgparameterare
induceddueto the imperfectionsassociatedvith the fabricationprocess.Factorssuchas
randomdopantfluctuations)ine edgeroughnesandimperfectionsdueto sub-wavelength
lithographycausdarge variationsin device circuit parameter§l]. Accordingto ITRS[2],
variationin Vi, dueto randomdopantfluctuationsfor 45snmBulk CMOStechnologycould
be ashigh as40%. Thresholdvoltageis animportantcircuit parametekhich determines
the operatingspeedandleakagepower associateavith individual transistorsn the design.
Processvariationscan be broadly classifiedinto die-to-die (D2D) variations,within-die
variations,waferto-wafer and lot-to-lot variations. For high performancdCs, D2D and
within-die variationssignificantly impact the performanceand power consumption[3].
Processvariationslead to large variationin the operatingfrequeng and leakagepower
consumptiorof anIC. After fabrication,eachdie mustmeetfrequengy andthe maximum
power consumptiorrequirementDies operatingat low frequeng cannotbe acceptednd
contritute to yield loss. Moreover, the power budgetof an IC is fixed which puts con-
strainton the maximumallowed leakagepower for a die, at its frequeng of operation.

This die mustbeeitheracceptedtlowerfrequeng, or discardedf theleakagepower limit

Thejournalmodelis IEEE Transaction®on AutomaticControl.



is exceeded.

Active power can be reducedby lowering the supply voltagebut in orderto main-
tain the sameperformancethe thresholdvoltage (i) is alsoscaledproportionally Sub-
thresholdleakagecurrentof a transistorhasexponentialdependencen V4, which results
in higherleakage.

In nanometettechnologies SCEsfurther aggraate the problemof leakagepower.
SCEsare secondaryeffectswhich comeinto picture when physicaldimensionsof tran-
sistorreachnanometeregime. In shortchanneldevices, Vi, decreasewith reductionin
channellength. This phenomenoris alsoknown asVi, roll-off. It canleadto significant
increaséan leakagepower. Draininducedbarrierlowering (DIBL) is anothephenomenon
which reduceghe Vi, of the transistorscausinghigherleakage.In DIBL, drain biasnow
partly takes the role of gatevoltageand lowersthe built-in potentialat source-substrate
junction [4]. DIBL reduceghe gatecontrol of the channelandthe device is not ableto
completelyshut-of. Thus,in nanometetechnologiesthe contribution of leakagepower
to the total power of anIC is significant. This is a matterof concernfor portabledevices
which spendalarge amountof their time in the standbymode.Thus,it is crucialto reduce
theleakagegpower for extendedbatterylife.

In recentyears varioustechnique$ave beendevelopedto countertheimpactof pro-
cessvariations.Theimpactof processvariationscanbe significantlyreducedby adaptve
circuit designfor variationcontrol. Body biasingcanbe usedto dynamicallymodify V;, of
atransistor Reversebody biasing(RBB) increaseshe V;,, of a device which reduceshe
leakagegpower. Similarly, forwardbodybiasing(FBB) reduced/, of atransistomhichim-
provesthetransistomperformanceindthuscanbeusedto increaseéhe operatingrrequeny
of a designbut at the costof higherleakagepower. Bidirectionaladaptve body biasing
(ABB) [5] makesuseof both RBB andFBB on the samechip. Post-silicontuning using

body biasingcanalso be usedto improve yield by increasingthe numberof dieswhich



satisfythefrequeny andpower constraints.

Adaptive supplyvoltage (ASV) [3] canbe usedaswell for variationcontrol by im-
proving performanceatthecostof powerandviceversa.ABB andASV canalsobeapplied
simultaneouslyor variationcontrol[3]. Adaptve MTCMOS [6] is anothertechniquefor
active modeleakageandfrequeng control. Multiple footer devicesareinsertedbetween
the groundand the virtual groundterminal of the circuit. The total width of the footer
devicescanbe dynamicallycontrolledusinga feedbackmechanism.

In orderto minimize leakagepower, varioustechniqueshave beendeveloped.Useof
multi Vi, devices[7] is onesuchapproachn whichthe gatedying on non-criticalpathsare
replacedby high Vi, devices,and gateswhich lie on critical pathareimplementedusing
low Vi, devices.RBB canalsobe usedfor reducingleakagepower in standbymode.

Power gating[8] is an attractve schemeto reduceleakagepower in standbymode.
In power gating,the designis partitionedinto differentislands.Theislandswhich arenot
in usecanhave their power supplytemporarilyswitchedoff in orderto minimize leakage
power. During normal operation,the power supplyis drivento its nominalvalue. The
logic is implementedusinglow V;, devicesbut the switchesusedto gatethe power supply
and/orgroundterminalareimplementedisinghigh V4, devices. The switchesusedto gate
power supplyandgroundare calledheaderandfooter respectrely. During active mode,
the switchesconductbut currentflowing throughthemleadsto IR dropwhich reducedhe
effective supply voltagethusreducingthe logic performance. The performancepenalty
canbe reducedby using larger widths for headerand footer devices which reducesthe
leakagesavings at the cost of higher areapenalty The delay and areapenalty can be
reducedby usingbody biasingfor headerandfooter devices. In this thesis,we will study
the performanceof power gatingin IGFET basedcircuits and contrastwith power gating
in Bulk technology We will alsoshav a new techniquefor eliminatingthe delay penalty

in power gatedcircuits.



At device level, leakagepower canbe controlledby reducingSCEsthroughprocess
level techniquesDIBL canbereducedoy usingshallov junctionsandpocket implantsat
sourceanddrainjunctionsto reducethedepletionlayerwidths. DIBL canalsobemitigated
by useof thin gateoxide (to increaseheinfluenceof the gateon the channel)[9]. But, it
will aggraatethe problemof gateleakageandwould leadto unreasonablpowerincrease.
SCEscanalsobe controlledby usingheary channeldopingbut it will resultin the degra-
dationof device performancealueto mobility degradation)argerdepletioncapacitancand
subthresholdslope. It is clearthat using Bulk technology scalingwill be very difficult
to sustainandit is time to look for alternatve deviceswhich performbetterin nanometer
regimeandarescalableaswell.

Recently planardoublegatedevices[10] [4] [9] have beenproposedvhich minimize
SCEsdueto very thin body andlightly dopedchannel.lt alsoreduceghe randomdopant
fluctuationan channelandmobility degradationrdueto columbicscattering.Thesedevices
alsoshow bettersub-thresholalopethan Bulk CMOS dueto effective control of SCEs.
Little attentionhasbeenpaidto studythe performanceof variationcontrolandlow power
techniquedike ABB, power gatingin circuits implementedusing planardoublegatede-
vices.In thisthesisusingcasestudieswe have shavn thatthesedevicesnotonly suppress
SCEsbut arealsovery suitablefor proceswariationcontrolandlow power designascom-
paredto Bulk technology Techniquedike ABB for variationcontrol, post-silicontuning
for yield enhancemerdand power gatingfor leakagepower minimizationshow very good
resultsascomparedo Bulk technologywhich provestheir suitability for variationtolerant
andlow power circuit design.

In DoublegateFET (DGFET), the passve substrates replacedoy anactively biased
gateknown asbackgate.The primarygateterminalis known asfront gateandthechannel
canbe modulatedusingfront and/orbackgate[10]. Figurel.1 shavs aplanardoublegate

device. It consistsof a very thin body anda lightly dopedchannelwhich eliminatesthe



leakagepathsthatarenot well controlledby the gate,the onesthatarephysicallyfar from
thegate[4]. As aresult, DGFET minimizesthe SCEseffectively andprovidesbetterper
formancethancornventionalBulk devicesin sub-microndesigns.An additionaladvantage
is the reductionin capacitve load by the elimination of both depletionandjunction ca-
pacitancesAll thesereasonsnake DGFET superiorascomparedo Bulk andanobvious

choiceto reapthe benefitsof scaling.

Frontgate

Source Drain

. " P Body i

Backgate

Fig.l.1. PlanardoublegateNFET

DGFETscanbebroadlyclassifiednto two categories:

e Symmeric: In symmetricaDGFET, thefront andthe backgateareidentical,having
sameoxide thicknessandwork function of the gatematerial. SymmetricDGFETs
canbeusedas3terminal(3T) or 4 terminal(4T) devices[11]. In 3T mode,frontgate
andthe back gateare connectedogetherand provide bettercontrol of the channel
by the gate. 3T DGFET canbe directly usedto replacecornventionalBulk CMOS
devices. In 4T mode, both the gatescan be connectedo differentinput signals
andthe device actsastwo transistordn parallel. Sucha structureis usedto meige

two parallelidenticaltransistorswhich reducesareaand power dueto decreasen



diffusioncapacitanceAnotheroptionis to usefront gateonly andthe backgatecan
be connectedo Vyq or Vss Dueto lesscouplingbetweenthe front andbackgates,

thefront gateV;,, cant be modulatedusingbackgatevoltage.

e Asymmgic: AsymmetricDGFET (IGFET) consistsof non-identicalfront andback
gates. The backgatematerialhashigherwork functionthanfront gateandthicker
gateoxide [11]. IGFETscanbe usedlike corventionalBulk CMOS devices. The
backgateis usedto modulatethe Vi, of the front channeby applyingvoltageacross
it. Backgatecanalsobe connectedo Vyq or Vss like conventional CMOS in which
casethe Vi, of the front channelis not affected. In this work, we will focuson

asymmetridGFET only.

In IGFET, the V4, of a device can be modulatedusing the back gatewhich can be
usedto controlthe circuit delayandleakagepower. The ability to controlVi, attransistor
level (dueto independenback gateterminal)and superiorcontrol of SCEsmotivatesus
to study the performanceof IGFET basedcircuits for variation control and low power
designusing various casestudies. We will also shav a new techniquefor eliminating
delaypenaltyin power gatedcircuits. Finally, we will proposea new circuit topologyfor
IGFET in which the front and back gatesare connectedo eachotherfor leakagepower
andareabenefits.We presenthoroughanalysisto evaluatethe trade-ofs involvedin the
new circuit topology The restof the thesisis organizedas follows. In Chapterll we
discusghe previouswork in thisdomain.In Chapteidll we studyV;, controlin IGFET and
Bulk. In ChapterlV we studythevariationtoleranceof IGFET andBulk. In ChapteV we
analyzetheadaptabilityof IGFET andsuitability of variationcontrolusingABB technique
in IGFET andBulk. In ChapteVI we studyyield enhancemenisingV; controlin IGFET
andBulk. In ChapteN1l we compargheperformancef powergatingtechniquen IGFET

andBulk. We alsoproposea new techniquefor eliminatingdelay penaltyin power gated



circuits. In ChapterVIll we presenta novel circuit topology for IGFET basedcircuits.
Finally, conclusionis presentedn ChaptenX.

Thekey contributionsof this thesisare:

e IGFET showns 3.8x lower o for leakagepower and34%lower o for delaythanBulk

CMOSunderprocessariations.

¢ We examinethe useof V;, modulationfor variationcontrolandyield enhancement
in IGFET. Resultsshav thatIGFET basedcircuitsarehighly adaptablendperform
betterthanBulk.

¢ We extendthis studyto power gatedcircuits. On average JGFET shonvs 17x lower

leakagen standbymodethanBulk CMOS.

¢ Wealsoproposeanew solutionfor eliminatingdelaypenaltyin power gatedcircuits.

This methodimprovestheleakagesavingsandlowersthe areapenalty

e Finally, we proposea novel circuit topology for IGFET which on averageshavs
33.8% lower leakageand 34.9% lower areaat the cost of 2.8% increasein total
actve modepower, for basiclogic gates.Moreover, we shoveda new techniquefor
reducingleakagen minimumsizeddevicesimplementedisingnew circuit topology

for IGFET.



CHAPTERII

PREVIOUSWORK
In [12], the authorsproposethe useof asymmetric planardoublegateFDSOIl devicesto
controlthefront gatethresholdvoltageandto reducethe sensitvity of thethresholdvoltage
to film thicknessn FDSOI devices. They comparethe thresholdvoltage,leakagecurrent
anddrive currentsfor FDSOlandasymmetricdoublegateFDSOl device.

Theauthorsof [13] proposenew doublegatelogic circuit schemesisingonly symmet-
rical gatesto reducethe areaandleakage/actie power. The authorsproposenew circuit
stylefor NAND andNOR logic gates. The paralleldevicesareimplementedusing split
front gateandbackgatedeviceswhile connectedjatedevicesareusedfor stacledtransis-
tors.

In [14], authorsevaluatethe performancef connectedjateandindependengatesym-
metricDGFET usingbenchmaricircuitslike NAND gateandring oscillator In connected
gate,the front gateandbackgateare shortedwhile in independengate,the backgateis
groundedor NMOS andconnectedo supplyfor PMOSdevice. Theauthorsalsodesigna
VCO in which backgatevoltageis usedto controlthe VCO frequeng.

In [11], theauthorspresenwariousdoublegatedevicesincluding FinFET anddiscuss
the variousleakagemechanismsn symmetricandasymmetricDGFETSs. Variouscircuit
designtechniquesusing 3T and4T DGFETsare presentedncluding Schmitttrigger and
sensamplifier

Similarly, in [15], the authorsreportvariouscircuit designtechniquespecificto dy-
namiclogic lik e keepercircuitry andprechagelogic usingindependengateDGFET. They
alsodiscussa casestudywherethey comparethe performancef atunableVCO designed
usinglGFET with Bulk CMOS.

All the previouswork reportedabove only focuseson circuit designtechniquesising



3T and4T symmetricdoublegatedevices. Moreover, mostof the analysisand compari-
sonis basedon standardogic gatesand on circuits having very few gates. None of the
previousworksreportedabove focuson variationtoleranceyariationcontrolandyield en-
hancemenof IGFET basedcircuits. In this thesis,we will extensvely analyzesuitability
andadaptabilityof IGFET basectircuitsfor variationcontrolandyield improvementusing
casestudieson complex benchmarlcircuits.

In [8], useof bodybiasingonpowerswitcheshasbeenproposedor leakaganinimiza-
tion andlesserdelaypenalty [16] discussesheuseof high 4, footerandbodybiasingthe
footerdevice for delaypenaltyreductionin PDSOlbasedCMOS technology We will ex-
aminethe performanceof IGFETsin power gatedcircuits and useof Vi, modulationin

logic insteadof footerfor delaypenaltyelimination
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CHAPTERIII

Vry CONTROL IN BULK AND IGFET
In Bulk CMOSdevices,the bodyeffect parametey playsaveryimportantrolein Vi, con-
trol usingFBB or RBB. However, with device scaling,thebodyeffect parametedecreases
which reduceghe effectivenessof body biasingfor dynamicVi, control. In IGFET, the
backgateis strongly coupledto the front gateand canbe usedfor thresholdmodulation.
The back gatehasvery high thresholdvoltageas comparedo the front gate. Unlike in
Bulk CMOS,theV;, of IGFET doesnotdependony which provideseffective Vi, modula-
tion evenin nanometetechnologies.

In Bulk CMOS, thereis afundamentalimit to whichthe FBB canbeapplieddueto the
forwardbiasingof PN junctionformedbetweendrain,sourcgunctionsandsubstrate The
forward biasingof this PN junctionleadsto large currentbetweendrain, sourcejunctions
andsubstratevhich significantlyimpactsthe power. With scaling,the supplyvoltagealso
decreasesand thereforefurther reduceshe FBB rangein Bulk CMOS devices. On the
otherhand,in IGFET, the backgateis isolatedfrom the body throughan oxide layerand
the backgatecanbe usedfor FBB until the backsurfacebecomesstronglyinverted. Due
to very high 4, of the backchannel(about1V higherthanfront channel),a large range
of FBB canbe supportedn IGFET. RBB is usedfor sub-thresholdeakagereductionin
standbymodeby increasingthe 4, of the transistors. With scaling,RBB becomedess
effective for Bulk dueto higher SCEsin nanometeregime[17]. SCEscanbereducedn
Bulk CMOS throughthe useof hearily dopedsubstrateandhaloimplantsbut it increases
thedopinglevel neardrain,sourcgunctionswhich leadsto increasen leakagedueto band
to bandtunneling(BTBT) which reduceghe leakagesavings obtainedby RBB. IGFETS
minimizethe SCEsdueto lightly dopedchanneblndverythinbody. Thereforetheproblem
of BTBT in IGFETSsis lesspronouncedscomparedo Bulk CMOSandRBB usingback
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gatebiasingcanbe effectively appliedin nanometetGFETS.

In this paper all the experimentswere conductedusing 32nm processtechnology
having Vgq = 1V. PTM [18] modelswere usedfor Bulk basedcircuit simulationswhile
VerilogA basedBSIM-IMG [19] modelswere usedfor IGFET. The NMOS and PMOS
devicesin boththetechnologiehvadcomparablé/4, anddrive currentaroundVps = Vgs =
1V. Figurelll.1 andlll.2 show the plot of power-delayproductversusNMOS body/back-
gatebiasfor a FO4 inverteranda 51 stagering oscillator designedusing Bulk CMOS
and IGFET for samearea. The biaswas usedfor both NMOS and PMOS. The curves
are shovn for extendedrangeof FBB and RBB. From the plots it canbe obsened that
for Bulk, after 0.5V, thereis a sharpincreasean the power-delay productdueto forward
biasingof the junctiondiodeswhich increasepower significantlywhereador IGFET, the
power-delay productincreasesharplyonly after 1V (Vyq) dueto inversionof the back
channelbut the slopeof the curve is very lessascomparedo Bulk. With reversebias,for
FO4 inverter the power-delay productis delay dominatedandthe slopeof the curve for
IGFET is comparabléo thatof Bulk anddueto higherrangeof RBB, IGFET offersbetter
delaycontrolover Bulk. In ring oscillator RBB increaseshe delaydueto higherV;,, and
reducespower dueto actve modeleakagereduction. For Bulk, the percentagencrease
in delayis almostcomparabldo the percentagelecreasén power dueto which the curve
remainsrelatively flat. However, for IGFET, the power savings are higherascomparedo
increaséan delaydueto which the power delayproductdecreasewith RBB. Moreover, in
boththe casesabove, the power-delayproductcurve for IGFET is alwayslower thanBulk
suggestingow power andhigh performancelesignusinglGFET.

Apart from this, there are variousother reasonswvhich make IGFET superiorthan
Bulk CMOS. In stacled devicesin Bulk CMOS, reversebody effect is obsened which
lowersthe operatingspeedof wide input logic gatesbut in IGFET, reversebody effect

doesnot occurbecausef the floating body[20]. In Bulk, all the devicessharethe same
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substratedueto which body biasingfor individual transistorgs highly impracticaldueto
large areapenalty Whereasn IGFET, individual transistorscanbe controlledwithout any
extra penalty The frequeng at which the substratebias canbe appliedis limited by the
RCdelayof thesubstrateontactsvhereasn IGFET, themaximumlimit isimposedoy the
backgatecapacitancandwire delaywhich is sameasthe mainlogic delay Thus,leading

to fasteVi, modulationascomparedo Bulk.
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CHAPTERIV

VARIATION TOLERANCE
To comparethe performancean the presencenf processvariations,we performedMonte
Carlo (MC) simulationson an inverter chaincircuit designedusingBulk and IGFET. In
IGFET, the back gateof NMOS wastied to Vss while for PMOS the back gatewastied
to Vgg.- The nominalvalue of supply voltageusedwas 1V. Basedon ITRS predictions,
parametewrariationswereinducedin all the transistor=f the circuit. The 3o valueof the

parametewariations[2] is listedin TablelV.1.

TablelV.1. Parameterariations

Parameter 30 (%)
Channelength 12
Gateoxide 10
Thresholdvoltage 40
Power supply 10

For a given MC run, samesupply voltage was usedfor the combinationalcircuit.
Thicknessrariationin thebackgateoxideof IGFET wasneglecteddueto its highthickness
as comparedo front gate. 1000 MC simulationswere performedfor Bulk and IGFET
respectrely.

For delay comparisonthe circuits were designedo have delay of 1nsandidentical
inputswereapplied.Theplotin FigurelV.1 shonsthehistogramof delaydistribution. The
meanof thedelaydistributionis almostsamefor Bulk andIGEFT but for Bulk, o is 67.9ps
whereadGFET shaws o of 44.6ps. The o for Bulk is 52% higherthanthat of IGFET
thus shaving bettervariationtolerancein IGFET. Anotherexperimentwas performedto
comparehevariationin circuit leakagen idle modeunderthe effect of processvariations.
For a fair comparison poth the circuits were designedfor sameareaandin idle mode,

theinputsweretied to Vss. FigurelV.2 shows the distribution of circuit leakagefor Bulk



15

andIGFET. For IGFET, meanleakages 2.8luw ando is 0.27w whereador Bulk mean
leakagds 6.64uw ando obsenedis 1.05.w whichis 3.8x thatof IGFET.
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Fig. IV.1. Delaydistribution histogram
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Fig. IV.2. Leakagedistribution histogram
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CHAPTERV

D2D VARIATION CONTROL THROUGH Vry MODULATION
In chip design,the goal is to achieve highestfrequeng of operationwhile meetingthe
power constraints But, processvariationsleadto distribution of die frequenciesandleak-
ages.ABB is an effective technigqueto meetthe desiredfrequeny and power constraints
by dynamicallymodifyingthe Vi, of thetransistorsABB tradesoff performancdor power
andvice-versa. Chipswhich do not meetthe desiredfrequeng require FBB for higher
performanceat the costof higherleakagepower. Whereaschipswhich fail to meetthe
leakageconstraint,needto be operatedat lower frequeny and RBB is usedfor leakage

reduction.
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Fig. V.1. DLL usingcritical pathreplicafor ABB

In orderto comparethe performanceof Bulk and IGFET in variation control using
bidirectionalABB, we implementeda critical pathreplicabaseddelaylockedloop (DLL)
circuit [5]. The aim of the circuit is to minimize the leakagepower while ensuringthat
the critical pathmeetstiming. The circuit canalsobe usedfor leakagesazings whenthe
intendedametfrequeng is lowerthanthe maximumfrequeng like in dynamicfrequeny
scalingbasedervironment. The circuit is shovn in FigureV.1. It consistsof a critical
pathreplicawhich is usedto replicatethe delayof the critical pathin the circuit. Instead

of replicatingthe critical path,the inputsandoutputsof the critical pathcanalsobe used
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directly but it is intrusive to the design. We createda critical path replicausinga chain
of buffers whosetotal delayis matchedto the critical path delay of the circuit. Here,
we assumehatbuffer chaincanbe effectively usedfor modelingthe critical path. A phase
detectoiis usedto detectwhenthecritical pathreplicais fasterthanthetargetfrequeng and
vice-versa.Theoutputof the phasedetectoris connectedo a5 bit up-dovn counterwhich

digitally recordsthe phasedifferencebetweeninput referenceclock signaland outputof

thecritical pathreplica. The counterincrementsr decrementslynamically The outputof

the up-dowvn counteris connectedo digital to analog(D2A) corverterwhich createghe
body biasfor NMOS and PMOS devicesin the circuit andthe critical pathreplica. For

simplicity we have usedonly one up-davn counterfor NMOS and PMOS devices. One
D2A corverteris usedfor NMOS andPMOSrespecitiely.

TheDLL circuit wasimplementedn 32nmtechnologyfor targetfrequeng of 1GHz.
Thecritical pathreplicawasdesignedo matchdelayof 1ns.In orderto simulatethecorner
case we induced3o variation(obtainedfrom MC simulations)in the circuit correspond-
ing to the worst casedelay for Bulk and IGFET. For a fair comparisonsamebody bias
rangewasusedfor Bulk andIGFET. Thebodybiasrangeof +320mVfor FBB to -320mV
for RBB in 20mV stepswasused. SPICEsimulationswererun to determinethe locking
behaior of theDLL for Bulk andIGFET.

FigureV.2 showns theplot of frequeng vs. time unitsandPMOSbody/backgatebias
voltagevs. time units,for Bulk andIGFET (worstcase).Dueto bettervariationtolerance,
under 30 variations,IGFET operatesat a higher frequeny than Bulk when no biasis
applied. The biaschangeswith time andthe frequeng risestowardsthe tamgetfrequeng.
Thebody/backgatebiascurvesfor Bulk andIGFET almostoverlap. TheDLL lockswithin
rangeof 10psof thetargetclock period. Fromthecurvesit canbeseerthatBulk andiIGFET
lock whenthe body bias reacheghe maximumvalue. The locking time is also almost

samefor both the technologiessuggestingeffectivenessof adaptiely modulatingViy, in
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IGFET basedcircuits. Thelocking time for IGFET canbe furtherreducedby increasing
the maximumbiasrange. Similar experimentswere donefor bestcasedelayvariationas

well andsimilar resultswereobtainedbut they have beenomittedherefor brevity.
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CHAPTERVI

ENHANCING YIELD USING Vg MODULATION

After fabrication,eachchip shouldmeetminimum frequeng and maximumpower con-
straints. But, processvariationscanleadto significantyield lossdueto significantdevia-
tion in circuit delayandpower from the intendedtarget. The chipswhich operateat low
frequeny or consumeexcessve power contritute to yield loss. A die which violatesthe
power constraintcanbe acceptedat low frequeng or it might be discardedf the leakage
poweris excessve. Post-silicortuningusingbodybiasingis effective for tighteningthede-
lay andpowerdistributionfor improving yield. In thissectiorwe compardaheeffectiveness
of post-silicontuningusingbodybiasingfor yield enhancemernt Bulk andIGFET.

We implementedh combinationatircuit having sameareafor Bulk andIGFET. For a
fair comparisonthemaximumandminimumbodybiasrangeof +320mVand-320mVwas
usedfor both. MC simulationsweredoneusingthe parameteralueslistedin TablelV.1.
The resulting device parametersvere usedto simulatethe effect of processvariations.
Differentsamplegfrom MC simulations)have differentdelayandpower. Samplesvhich
violate the maximumdelayor maximumpower constraintarecompensatefbr delayand
power using body biasing. For a violating sample,multiple SPICEsimulationsare done
to find the optimum bias voltage. Due to high runtime requirementsve performedthis
experimenton a setof 700samplesonly.

FigureVI.1 shaws the power-delay scatterplot for the combinationalkircuit imple-
mentedusingBulk technology The delayandpower numbersshavn arenormalizedwith
maximumdelay and power constraint. A large numberof samplesviolate the delay or
power constraints After compensationthe samplewhich violatesdelayconstraints now
acceptedat higherpower but within the maximumlimit. Similarly, the sampleswvhich vi-

olate power constraintareacceptedat higherdelaybut within maximumdelayconstraint.
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Fig. VI.2. Scattemlot for IGFET

A small numberof samplesarestill not ableto meetthe delayand power constraintand
contributeto yield loss.FigureVI.2 shavs the scatterplot for IGFET basectircuit andre-
sultsaftercompensatiofior delayandpower. A comparisorof resultsafter compensation
for Bulk andIGFET revealsthatIGFETsresultin atighterdistribution thanBulk. In fact,
betterresultscanbe obtainedior IGFET by increasingherangeof backgatebiaswhichis

not possiblein Bulk dueto reasongxplainedearlier



21

CHAPTERVII

POWNER GATING IN BULK AND IGFET
Pawer gatingis an effective techniquefor leakagepower reductionin sleepmodebut it
hasa performancegenaltyassociatedavith it. High V4, switchesareusedfor power supply
gatingwhereaghelogic is implementediusinglow V;,, devices.A PMOSor NMOS device
canbeusedfor powergatingbut NMOS:is preferreddueto lowerareapenalty FigureVIl.1

shownsthe block diagramof a power gatedcircuit.

Vvdd

T

Low Vth
logic

Enable High Vth
footer

Gnd

Fig. VII.1. Power gatedcircuit

In power gatedcircuits, dueto the finite voltage drop acrossthe footer, the virtual
groundline bouncesabove groundpotential. Groundbouncereduceghe effective gate-to-
sourcedrive voltagewhich reduceghe switchingspeedandhencethe maximumoperating
frequeny of the circuit. In Bulk devices, ground bouncealso manifestsasrise in Vi,
of the NMOS devices dueto finite source-to-substrateoltage. This further lowersthe
operatingspeedwhereasn IGFET, body effect is not presenteadingto fasteroperation
in power gatedcircuits. Moreover, in Bulk devices,dueto finite diffusion capacitanceéhe
capacitancassociate@vith thevirtual groundnodeis quitehighif acommonfooteris used

for all thelogic gateswhich furtherreduceghe switchingspeedout IGFET doesnot have
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Fig. VII.2. Delaypenaltyandleakagesavingscomparison

diffusion parasiticcapacitanceThe delay penaltydueto power gatingcanbe reducedoy
usingwider footerdevicesbut it amountdo areapenaltyandmostimportantlydiminishing
returnson leakagepower savingsin sleepmode.

To analyzethe delay areapenaltyand sleepmodeleakagesavingsin the two com-
petingtechnologieswe implementedpower gatingin ISCAS85benchmarlkcircuit C432
having 150 logic gates.Single high \;,, footer device wasusedfor the entirecircuit. The
circuit wasdesignedor samearea.Theleft partof FigureVIl.2 shovsthechangdn delay
penaltywith the changen footersize. The delaypenaltyfor IGFET is alwayslesserthan
Bulk andfor smallfootersize,delaypenaltyis quite high for Bulk ascomparedo IGFET.
The right part of Figure VI1.2 shaws the ratio of circuit leakagein sleepmodewithout
power gatingandleakagen sleepmodewith power gatingusingdifferentfootersize. For
IGFET, on averagethe leakagesavingsin sleepmodeare17x higherthanBulk. In sleep
mode,the virtual groundterminalfloatsandslowly chagesto Vyg. Dueto lower DIBL
effect, IGFET shows higherleakagesavings.

The delay penalty due to power gating can be reducedby lowering the V4, of the
high \;, footer device in active modeby FBB [8] [16]. For circuit C432,useof FBB for

footer device, reducedthe delaypenaltyfor Bulk by 3.6% whereador IGFET only 2.4%
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improvementin delaywasobsened. FBB on footer reducests resistancevhich in turn
reduceghevirtual groundbounce.Thereductionin bouncemprovesthevoltagedrive and
alsoreduceghe negative effect of increasingthe V;,, of the Bulk NMOS devices. Dueto
this, Bulk shavs betterdelayimprovementwith FBB on footer device. Thedelaypenalty

canbereducedyy forwardbiasingthe footer but cannotbe eliminated

TableVIl.1. UsingFBB in power gatedcircuit

Bodybias(V) | Bulkdly (ps) | IGFETdly (ps) | Bulk pwr (uw) | IGFET pwr (uw)
0.00 405.3 238.3 112 82.1
0.05 391.2 2375 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 2250 120 895
0.25 3439 221.2 122 91.3

We proposethe useof applyingFBB on the logic gatesinsteadof footerin theactve
modeof operation.TableVIl.1 shonvstheresultsof applyingFBB onthelogic gateqrather
thanfooter)in benchmarlcircuit C432for reducingdelaypenalty Columnl shows body
biasvoltage.Columnsll andlll shav thedelayof apathfor Bulk andIGFET circuit having
samearea.ColumnslV andV show thetotal power for Bulk andIGFET in actve mode.
Footersizeof 1 um wasusedfor boththecircuits. Without power gatingthe samepathhas
adelayof 346psand225psfor Bulk andIGFET respectrely. Thetotal power for Bulk is
143uw and93.5uw for IGFET. Fromthetableit canbe seerthatthe delaypenaltyfor Bulk
reducego zeroat0.25Vwhile for IGFET thereis nodelaypenaltyat0.2V. EvenafterFBB
the total power in active modeis lesserthanwithout power gating. The groundbounce
associatedavith virtual groundmanifestdtself asreducedeakagepowerin active modefor
power gatedcircuits. The positive virtual groundvoltageresultsin negative gate-to-source
voltagefor off-stateNMOS devicesin the circuit, which leadsto exponentialdecreasén
sub-thresholdeakageof thosedevices. The percentageeductionin leakagedueto ground

bouncedepend®ntheactvity factorof thecircuit. FigureVIl.2 for thesamecircuit shavs
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thatwithout any bias,the delaypenaltyreached % for footersize of 10um. Biggerfooter
device leadsto higherdynamicpowerin actve modeandlesseleakagesavings. Thus,use
of FBB onlogic gatesn power gatedcircuitseliminatesdelaypenalty reducegotal active
modepower (comparedo non power gatedcase)andimprovesleakagepower savingsin
sleepmode. The biasvoltagecanalsobe adaptvely controlledusingDLL basedcircuit.
The areapenaltyof implementingbody biasingin Bulk CMOS is high dueto the useof
triple well processbut in IGFET the areaoverheadis limited by the additionalrouting

resourcesequiredto connectthe backgateof the deviceson which FBB is applied.
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CHAPTERVII

TIED GATESTOPOLOGYFORIGFET
Here, we proposea new circuit topology for IGFET which provides significantleakage
andareasavingsat the costof minimalincreasen total active modepower. In IGFET, the
channelassociateavith the backgatedoesnot conductdueto very high thresholdvoltage
but it canbe usedto vary the i, of the front gatechannel.In this novel circuit style, we
connectthe front gateandbackgateof the IGFET device. This will modulatethe i, of
thedevice dependingntheinputsignalduringthe active modeoperation.For NMOS, Vi,

canbereducedy applyingapositive voltageonthebackgatewhereagor PMOS,positive

voltagelowerthanVdd is required.

Vdd

Gnd

Fig. VIII.1. Inverterusingtied gatelGFET

FigureVIll.1 shavsaninverterimplementedisingtied gatel GFET. Considerarising

input at the input of the inverter the outputwill have a correspondindalling transition.
Whenthe inputis rising, the voltageat the backgateof the NMOS device will be higher
than0 which will modulatethe Vi, dueto forward biasingthusreducingthe propagation

delay Similarly for afalling inputtransition,the FBB on PMOSdevice reduceghe prop-
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agationdelay It is interestingto notethatfor staticinputs,theleakageof the logic gateis
notaffected.Consideraninverterhaving logic 0 asinput. Theleakageof theinverteris de-
terminedby the NMOS device. Since thebackgateis alsoconnectedo 0 in this casethe
Vin of the NMOS device is not affectedandit incursno additionalleakagegoenalty Similar
caseholdsfor staticinput 1.

FigureVIIl.2 shavs the NMOS, Ids vs. Vgs curvesfor tied gatelGFET andbasic
IGFET. Vds=50mVwasusedfor thesecurves. Theresultsshov thatthe linearregion Vi
of tied gatelGFET is around95mV lower thanbasiclGFET.

We implementedaninverteranda 2 input nandgateusingtied gatel GFET andbasic
IGFET. TableVIIl.1 shavstheresults.T1 refersto theminimumsizelogic gatewith back
gatetied to Vss for NMOS andtied to Vyg for PMOS. T2 refersto the samelogic gatebut
implementedusingtied gateIGFET. T3 refersto T1 upsizedto matchthe samedelayas
T2. In TableVIIl.1, Columnl shows the type of logic gate. ColumnlIl shavs average
propagatiordelayandColumnlll shovs averagdeakagegrowerin standbymode.Column

IV shows total power in active modeandColumnV shows theratio of total device width
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to minimumdevice width.

For inverter(T2) thereis againof 25.9%in delayover T1 andaveragegainof 35.2%
in leakageover T3. For nandgate(T2), delayis 27.8%lower thanT1 andaveragegainin
leakageover T3 is 32.5%. Tied gatestopologyprovidesareasavings of 37.8%for inverter
and32%for nand.But, thetotal powerfor T2 is 2.3%higherfor inverterand3.4%higher
for nandgate. Thetotal active modepower depend®n the gatecapacitanceswitchedand
the shortcircuit current. T 2j,, and T 2,a3nq have smallerareathanT 3i,, and T 3,,ang Which
meanslower gate capacitance.But, the shortcircuit currentincreasesdue to dynamic
Vih lowering. Theselogic gatesprovide leakageand areasavings which is a significant

advantage.

TableVIIl.1. Tied gatetopologyfor Inv andNand

Logicgate | Avgdly (ps) | Avglkg (nw) | Tot. pwr (uw) | Tot. fet width / wimin
T Liny 21.2 0.22 0.80 2.8
T2y 15.7 0.22 0.90 2.8
T3inv 15.7 0.34 0.88 4.5
T1nand 223 0.29 1.14 6.8
T 2nand 16.1 0.29 1.20 6.8
T 3nand 16.1 0.43 1.16 10.0

Thistopologycannotbeusedn Bulk CMOSasit will forwardbiasthejunctiondiodes
andthedevice operatiorwill fail. In orderto supportthis algumentwe designedwo min-
imum sizedinvertersusingBulk technology Thefirst oneis corventionalCMOS inverter
andin the secondone,gateis tied to substratdor NMOS andPMOSrespectely. For the
samedoad.,firstinvertershovs anaveragepropagatiordelayof 20.5pswhile for thesecond
inverterthe propagatiordelayis 12.7ps.But, the active modepower for the first inverter
is 0.9uw whereaghe actve modepower for the secondnverteris 5.18mwwhich is very
high. This explainsthe infeasibility of this techniquefor Bulk. In IGFET, the backgateis

isolatedusingoxidewhich makesthis techniquevery suitablefor IGFET.
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VIII.1. Impactof outputloadandinputslew rate

In this section,we analyzetheimpactof outputload andinput slew rate on the delayand
power of logic gatesimplementedusingtied gateIGEFT. We designeda minimum sized
inverteranda 2 input nandgateusingtied gateIGFET. We designedanotherinverterand
nandgatebut using normal IGFET suchthat their delay is identical to the gatesimple-
mentedusingtied gatelGFET, for sameload andinput slew rate. In the first experiment,
we varytheoutputloadonly keepinginputslew ratefixedandanalyzethedelayandpower
respectiely.

FigureVIIl.3 shavsthedelayvs. outputloadplot. For smallvaluesof load,thedelay
is samefor gatesmplementedisingtied gatel GFET andbasicl GFET. For large valuesof
load,thedelayof tied gatelGFET is worsethanIGFET by just 1-2ps.This plot shovs the
ability of tied gatetopologyto effectively drive large load. FigureVIIl.4 showvsthe active
modepowervs. outputloadplot for thesamedogic gates.Theactve modepower is mostly
dominatedoy the outputload henceall logic gatesshov almostsimilar power.

In the secondexperiment,we analyzethe delayandpower for theselogic gateswith
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changein input signalslew rate. FigureVIII.5 shaws the plot for delayvs. input signal
slew. For large valuesof input slew, logic gatesmplementedusingtied gatelGFET showv
betterdelaythangatesimplementedusinglGFET. The differencein delaybecomesnore
prominentwith furtherincreasen thevalueof input slewn. FigureVIIl.6 shavstheplot for
actve modepower vs. input slew. The plot shawvs thatgatesmplementedusingtied gate
IGFET consuméhigherpower thangatesmplementedusinglGFET andthe gapin power
widenswith increasdn slew. The gatesimplementedusingtied gatelGFET show better
delaybut worsepower. In orderto understandhe behaior clearly, FigureVIII.7 shavs
the power delayproductplottedagainsinput slew for boththetechniques.

Thepower delayproductis higherfor tied gatelGFET thanIGFET. But, we sav that
IGFET basedogic gateshave worsedelaythantied gatel GFET for highervaluesof slew.
In orderto getsamedelayfrom IGFET basedogic gate,biggertransistorswill berequired
which will ultimatelyleadto higheractive power, higherleakageandarea.Whereastied
gatelGFET basedogic gatessave leakageandareaat the costof smallincreasen active

modepower.
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VIII.2. Impactof variationin gateoxidethickness

In this section,we studythe impactof variationin gateoxide thicknesson the delayper
formanceof tied gatelIGFET topologyandIGFET. For this, we implementeda 51 stage
inverterchainusingminimum sizedinvertersfor both the topologies.We introduceda 3o
variationof 10% in the front gateand back gateoxide thickness. For the inverterchain
circuit designedusing IGFET, variationwasintroducedin front gateoxide only whereas
for the inverterchaincircuit designedusingtied gatelGFET, variationwasintroducedin
front gateoxide andbackgateoxide. 1000MC simulationswere doneon inverterchain
circuitsdesignedor samearea.For IGFET basedtircuit we obsenedmeandelayof 299ps
ando of 3.6psin delay For tied gatelGFET basedcircuit, the meandelayis 247psando
of 4psin delayis obsened. Thevariationof oxidethicknesdor backgatedoesnotimpact
the delay performancanuchdueto thicker gateoxide whosethicknessis around5x the

oxidethicknes=f thefront gate.
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VIII.3. Leakageeductionusinghigh Vth tied gatel GFET

Earlier, we shovedthattied gatelGFET canbe usedfor reducingareaandleakagewvhen
designedfor the samepropagationdelay as IGFET. In this section,we proposeanother
techniqueto reduceleakageusingtied gate IGFET. Considera logic gateimplemented
usingIGFET having delayD1, areaA andleakagel.1. Considerthe samelogic gateim-
plementedusingtied gatelGFET suchthatit hasareaA, delayD2 andleakage_.2. In this
caseD2 s lessethanD1 andL2 = L1. Since,D2 is lowerthanD1, we canachie/e same
delayasD1 but by increasingheV;;, of thedevicesusedin thelogic gate.

Sucha logic gatewill have lower leakage. In active mode, the gate capacitance
switchedremainsthe samebut the shortcircuit currentmight vary dependingon the ef-
fective Vi, of thedevicesandinputsignalslew. In orderto quantifytheleakagesavings,we
designeda minimumsizedinverteranda 2 input nandgateasexplainedabove. Theresults
areshavnin TableVIll.2. Columnl shavsthetypeof logic gate.Inv,; andNand; refers
to logic gatesdesignedusinglow V;,, devices. Invy andNand, referto thelogic gates

designedisinghigh Vi, devices. Columnll shavsthe averagepropagatiordelay Column
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TableVIIl.2. Hvt andLvt gatesdesignedisingtied gatetopologyfor Inv andNand

Logicgate | Avgdly (ps) | Avglkg (nw) | Tot. pwr (uw)
Vit 21.2 0.22 2.05
I MV 215 0.16 2.10
Nand 22.8 0.29 2.17
Nandhw 22.0 0.21 2.18

Il shawvs averageleakagein standbymode. ColumnlV shows total actve modepower.
Resultsshow thatlnvyy has27.2%lower leakagethanlinv; for the samepropagatiorde-
lay but at the costof 2.4% higheractive modepower. Similarly, 2 input nandgateshows
27.5%lower leakageat the costof 0.46%higheractve modepower.

This techniqueis highly useful for minimum sizeddevices. For a given delayand
areaof alogic gatedesignedisinglGFET, samedelaycanbe achiezedby usinga smaller
logic gatedesignedusingtied gatelGFET. But, in minimum sizedevices,the size cannot
bereducedurtherdueto limitationson minimumdevice sizewhich canbefabricated An
IC designedusingstandardcell basedmethodologycontainsa large numberof minimum

sizeddevices.For thesdogic gates)eakagecanbe substantiallyfreducedy increasinghe
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Vih of the device while maintainingthe sameperformance.Moreover, this techniquecan
be usedin memoryarrayswheredueto areaconsiderationshe size of the bitcell devices
is small. Useof highV;, devicesimpactsthe performanceut usingtied gatel GFET based
bitcell, sameperformanceanbe obtainedwhile substantialljoweringleakage.

Now, a questionmayarisethat, how atied gatelGFET basedcircuit comparesvith a
circuitimplementedisingsymmetricDGFET. A logic gateimplementedusingsymmetric
DGFET saresareaby usinga singledevice having two channelsn placeof two individual
devices.lIt alsoreduceghedynamicpowerdueto lower selfloadingbut thetotalamountof
leakagegpower of thelogic gateremainghesame Whereaslogic gatesmplementedising
tied gatelGFET savesareaandleakagepower aswell. If boththe gatesof a symmetric
DGFET are connectedo eachothet it lowersthe propagationdelay but it increaseghe
dynamicpower dueto highergatecapacitanceandthe leakagepower doubles.Whereas,
in tied gatel GFET, the oxide thicknes=f backgateis around5x thatof thefront gatedue
to which the gatecapacitancef the device doesnot get affectedmuchandmoreorer the

leakagan the standbymoderemainscompletelyunafected.
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CHAPTERIX

CONCLUSIONS
We have shavn thatplanarasymmetriadoublegatetransistoreenablelow power andhigh
performanceircuitsin nanometeregime. IGFET providesbettervariationtolerancethan
Bulk andis highly suitablefor variation control andyield enhancementising Vi, mod-
ulation. Moreover, power gatedcircuits implementedusing IGFET suffer from minimal
delay areapenaltyandwe alsoshoved how delay penaltycanbe completelyeliminated
while providing higherleakagesavings. Finally, we proposeda tied gatestopology for
IGFET which providesvery high leakageandareasavings at the costof minimal increase

in total power.
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