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Abstract

Leakagepoweris dominatedbycritical paths,andhence
dynamicdeactivationof fasttransistorscanyield largesav-
ings. We introducemetrics for comparing�ne-grain dy-
namic deactivationtechniquesthat include the effects of
deactivationenergy andstartuplatencies,aswell as long-
term leakage current. We presenta new circuit-level tech-
nique for leakage current reduction, leakage-biasedbit-
lines, that has low deactivationenergy and fast wakeup
times. We showhow this techniquecan be applied at a
�ne grain within an active microprocessor, and how mi-
croarchitectural schedulingpoliciescanimproveits perfor-
mance. Using leakage-biasedbitlines to deactivateSRAM
readpathswithin I-cachememoriessavesover24%of leak-
age energy and 22% of total I-cache energy whenusinga
70nm process. In the register �le , �ne-grainedreadport
deactivationsavesnearly50%of leakage energy and22%
of total energy. Independently, turning off idle register �le
subbankssavesover67%of leakageenergy(57%total reg-
ister �le energy)with no lossin performance.

1. Intr oduction

Energydissipationhasemergedasaprimarydesigncon-
straint for all microprocessors,from thosein portablede-
vicesto thosein high-performanceserversandmainframes.
Until recently, the primary sourceof energy dissipationin
digital CMOS circuits hasbeenthe dynamicswitchingof
loadcapacitances.Thecontinuingreductionin featuresize
reducescapacitanceand the accompanying reductionsin
supplyvoltagehelp to further reducethe dynamicswitch-
ing energy peroperation.To maintainperformancescaling,
thresholdvoltagesmust also be scaledalong with supply
voltage. But lowering thresholdvoltageincreasesleakage
currentexponentially, andwithin a few processgenerations
it is predictedenergy dissipationfrom staticleakagecurrent
could be comparableto dynamicswitchingenergy [4, 5].
The trendtowardever morecomplex microprocessorsfur-

ther exacerbatesthesituation,aslargenumbersof transis-
torsareaddedfor relatively small improvementsin perfor-
mance.Theseadditionaltransistorsmaydissipateconsider-
ableleakagepowerevenwhennotactively switching.

We candivide previousapproachesto reducingleakage
power into two categories.Techniquesthat tradeincreased
circuit delayfor reducedleakagecurrentinclude: conven-
tional transistorsizing, lower Vdd [32, 30], stacked gates
[25, 35, 9], longerchannels[23], higherthresholdvoltages
[19, 34, 21, 13, 1], andthicker Tox ; we collectively referto
theseasstatically-selectedslow transistors(SSSTs).Tech-
niquesfor dynamicrun-timedeactivationof fasttransistors
includebody biasing[24, 17, 18, 20, 15], sleeptransistors
[24, 29, 13, 11, 16], andsleepvectors[35, 9]; we collec-
tively referto theseasdynamically-deactivatedfasttransis-
tors (DDFTs). SSSTsandDDFTs arecomplementaryap-
proaches:SSSTsreduceleakageon non-criticalpathsand
DDFTsreduceleakageoncritical paths.Bothcanbesimul-
taneouslyappliedto yield largeroverall savings[12].

Althoughmany leakage-reductiontechniquesareimple-
mentedat the circuit or device level, architectshave con-
siderablescopeto in�uence processorleakagepower [3].
One approachis to increasethe use of SSSTsby �nd-
ing additionalparallelism,so that a given throughputcan
be achieved with a larger parallelarrayof units built with
slower, less-leaky transistors,rather than with a smaller
numberof lower-latency units built with fasterbut leaky
transistors.Unfortunately, availableparallelismis limited
in single-threadedgeneral-purposeapplications,andmuch
of thecomplexity of modernmicroprocessorsis dueto the
dif�culties of �nding suchparallelism.

Alternatively, architectscanfocuson �nding opportuni-
ties to exploit DDFTs,wherebyfast,leaky circuits arede-
activatedwhennot required.This approachcanpotentially
maintainthe lowestlatency for applicationswith little par-
allelism, while reducingleakagepower to acceptablelev-
els. The dif�culty with this approachis thatmostexisting
circuit techniquesfor DDFTsareonly effectiveat reducing
leakageenergy if a circuit block will beinactive for a long
time. This limits thescopefor applyingDDFTswithin an



active processor, wheresomeblocksmay only be inactive
for a smallnumberof cycles.

In thispaper, weintroduceanew DDFTcircuit technique
for reducing leakagepower in memory arrays, leakage-
biasedbitlines (LBB). LBB usesleakagecurrentsthem-
selvesto biasthebitlinesof unusedmemorysubbanksinto
a low-leakagestate. LBB needhave no performanceim-
pactandhasvery low transitionenergy overheads,andcan
convertevenshortidle timesinto leakageenergy savings.

WeapplyLBB to theinstructioncacheandregister�le of
anout-of-ordersuperscalarmicroprocessorusingpredicted
processparametersfrom 180nm to 70nm technologygen-
erations.For theinstructioncachein 70nm technology, we
save 24%of leakageenergy, or 22%of total energy, with a
maximumperformancepenaltyof 2.5%. For register�les,
weexploit idlenessin two spatialdimensions:wedeactivate
subbankswhentheir registersareunusedsaving over 57%
of register�le energy. We alsodeactivateunusedreadports
whenthereis notenoughparallelismto keepthembusy. We
save nearly50%of leakageenergy, or around20%of total
register �le energy in this fashion,with no loss in perfor-
manceandminimalareaoverhead.

This paperis organizedas follows. Sections2 and 3
review previous work in SSFTand DDFT techniquesre-
spectively. Section4 presentsthe metricswe useto com-
pareDDFT techniques.Weshow how someexistingDDFT
techniquesrequirelong idle times to be effective because
of the large energy overheadof transitioninginto a low-
leakagestate. Section5 describeshow we estimatedthe
processparametersfor future processtechnologies. Sec-
tion 6 introducesleakage-biasedbitlinesanddescribeshow
weapplyit to aninstructioncache.Section7 describeshow
we apply LBB to multiport register �les. Section8 dis-
cussesthe resultsfrom our evaluation,andSection9 con-
cludesthepaper.

2. Statically-SelectedSlow Transistors

SSSTtechniquesreplacefasttransistorswith slow tran-
sistorsonnon-criticalpaths.This hasbeencommondesign
practicefor many decades,wheretraditionaltransistorsiz-
ing reducestransistorgatewidth onnon-criticalpathsto re-
duceparasiticload on critical nodesandto save switching
power. Leakageis proportionalto gatewidth, andso these
narrower transistorsalsohave lower leakage.Non-critical
pathsalsouseslower, morecomplex gatetopologiesto re-
ducearea.Thesemorecomplex gateshavedeepertransistor
stacks,whichalsoreducesleakage.

As leakagepowerincreases,furthertechniquesarebeing
consideredfor non-criticalpaths.Leakagedecreasessuper-
linearly with gatelengthanda small increasein transistor
lengthawayfrom minimumcangiveasigni�cant reduction
in leakagecurrentwith a small impacton delay. Accord-

ingly, the designersof the StrongARM-1slightly length-
enedcacheandpadtransistorsto reduceleakagein standby
mode,yielding a � ve-fold reductionin leakagewith only
a small performancepenalty[23]. The Alpha 21164used
this approachto control theeffectsof leakageon dynamic
gates[8]. Lengtheninggatesis only effective for a small
incrementin channellength, and hasthe disadvantageof
increasingactive power becauseof increasedgatecapaci-
tance.

At the expenseof additionalmaskprocessingsteps,it
is possibleto manufacturetransistorswith severaldifferent
thresholdvoltageson thesamedie. By usingslower, high-
thresholdtransistorsonnon-criticalpathsit is possibleto re-
duceleakagecurrentwithout impactingperformance[34].
Even thoughmost transistorsare non-critical, the achiev-
able leakagereductionis limited, becausethe non-critical
transistorshave alreadybeenreducedin width andstacked
into complex gatesandhencehave low leakage.

3. Dynamically-DeactivatedFastTransistors

After application of SSST techniquesto non-critical
paths, leakageis even more highly concentratedin the
critical path transistors. One exampleis a recentembed-
dedPowerPC750,whichemploysthreethresholdvoltages:
high, standard,andlow. The low thresholdtransistorsac-
countfor only 5% of the total transistorwidth, but around
50%of thetotal leakage[7]. Several techniqueshave been
developedto reduceleakagecurrentfrom transistorson the
critical path. Unlike SSSTtechniques,wherenon-critical
path transistorsare made permanentlyslower to reduce
leakage,DDFT techniquesattemptto dynamicallyswitch
critical pathtransistorsbetweenfast,leaky, activeoperation
andinactive low-leakagestates.

OneDDFT technique,popularin low-power processors
for portabledevices,is a dynamicallyvaryingbodybiasto
modulatetransistorthresholdvoltages[24, 29, 13, 11, 16].
Reversebody biasing,by settingthep-well voltagehigher
thanVdd andthen-well voltagelower thanGND, increases
VT becauseof the body effect, therebyreducingleakage
current. This techniquerequirestwin or triple well pro-
cessesandthereforeincreasesmanufacturingcosts.A vari-
ationon thebodybiasingapproachis to fabricatehigh-VT

transistorsthenactively forward biasthewells duringnor-
mal operationto lower VT [22]. In the idle state,the for-
ward biasis removedreturningthe transistorsto their nat-
ural high-VT state.Otheradvantagesof this techniqueare
that it haslessthresholdvariation than using low-VT de-
vicesdirectly, andhencecanallow higherspeedoperation
for agivenleakagecurrentbudget[22]. Becauseof thelarge
capacitanceanddistributedresistanceof thewells,charging
or discharging the well hasa relatively high time constant
anddissipatesconsiderableenergy. To allow thelatency and



energy costsof transitioninginto thelow leakagestateto be
amortized,theseschemesareusedwhentheprocessoren-
tersasleepstatewhereit will beidle for at least0.1–100� s
[28, 17, 30].

An alternative DDFT approachis power gating[24, 29,
13, 11, 16]. The power supply to circuits can be cut off
by insertinga high VT sleeptransistorbetweenVdd and
virtual Vdd (or GND andvirtual GND). Whenturnedoff,
the sleeptransistoraddsan extra high-VT transistorin se-
ries with the logic transistors,dramaticallyreducingleak-
agecurrent.Someof thedisadvantagesof sleeptransistors
are that they addadditionalimpedancein the power sup-
ply network which reducescircuit speed,they requireaddi-
tional areaandroutingresourcesfor thevirtual power sup-
ply nets,andthey may consumeconsiderabledeactivation
energy to switchbetweenactiveandinactivestates.By siz-
ing the sleeptransistor[13], boostingthe gatevoltagefor
thesleeptransistor[11], or forward-biasingthesleeptran-
sistor [16], the delaypenaltycanbe reducedin exchange
for greatersleepleakagecurrentsand increaseddeactiva-
tion energy.

Another interestingDDFT techniqueexploits the fact
thattheleakagecurrentof ablockdependsontheinputpat-
ternandinternalstate[35, 9]. A sleepvectoris a combina-
tion of inputpatternsandinternalstatewhichminimizesthe
leakagecurrent,andis appliedby forcing internal latches
into the correctstateand forcing inputs to the correctpo-
larity. However, theapplicationof thesleepvectorcanre-
quireadditionalcircuitry, which reducesperformance,and
cancausespuriouscircuit switching,which resultsin sig-
ni�cant deactivationenergy.

All DDFT circuits requirea policy to decidewhen to
switchto alow-leakagemode.Currentmicroprocessorsuse
a simplepolicy, usuallyimplementedby theoperatingsys-
tem,wherebytheentireprocessoris deactivatedwhenit en-
tersa sleepmode. This coarse-grainpolicy cannotreduce
activemodeleakagepower.

A few researchershave proposedmore�ne-grainedde-
activation techniquesthat placeportionsof an active pro-
cessorinto low-leakagestates.Thedynamically-resizedin-
structioncache[26] usesa virtual-GND powergateto sup-
ply power to just enoughRAM subbanksto hold theactive
working setof the currentapplication. An adaptive hard-
warealgorithmis usedto determineanadequatecacheca-
pacityby monitoringmissratesastheactive partitionsize
is varied.Thisschemeis morecomplex thanusingleakage-
biasedbitlines, and is limited to a direct-mappedinstruc-
tion cache,but reducesleakagefurtherasbothstoragecell
andaccessport leakageis cut off. Cachedecay[14] dy-
namically predictswhich cacheblocks are unlikely to be
accessedin thenearfuture,markstheminvalid, thenpow-
ers them down using a power gate. Both of thesetech-
niqueshave long deactivation times of thousandsof cy-

cles. Hamzaogluet al. brie�y describea “precharge-as-
needed”scheme[10], apparentlysimilar to our leakage-
biasedbitlines, but do not describethe dynamictransient
effectsof theleakagereductionor theuseof this technique
within a microprocessor. Zhanget al. [36] exploredtheuse
of compiler-controlleddynamicleakagereductionmecha-
nismsin a VLIW processorusingsleepvectorsandsleep
transistors.

For moregeneralapplicationof DDFT techniqueswithin
anactivemicroprocessor, it isnecessaryto havecircuit tech-
niquesthatmake it worthwhileto deactivatea circuit block
for short periodsof time, and microarchitecturalmecha-
nismsthatcandetect,or force,a block into anidle state.

4. Comparing DDFT Techniques

Thegoalof applyinga �ne-grain DDFT techniqueis to
reducetotal processorenergy. When attemptingto deac-
tivatea block for a shortperiodof time, the performance
andenergy impactsof enteringandleaving thelow-leakage
statemustbeconsidered.Figure1 introducesthedifferent
parametersweuseto compareDDFT techniques.
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Figure 1. Transition time , stead y­state leak­
age current, and break­e ven time of DDFT
leakage­reduction techniques.

The left-handside of Figure 1 shows the evolution of
leakagecurrentover time on enteringthedeactivatedstate.
Oncedeactivated,a block requiressometime to reachthe
lowest leakagestate. For example, a substratebiasing
schemewill requiretime to bias the wells, anda virtual-
GND schemerequirestime for leakagecurrentsto charge
up the virtual-GND node. During the transition, leakage
currentcanbesubstantiallyhigherthanin thesteadystate.
Forclarity, thisgraphonlyshowstheleakagecurrent.When



switchinginto andoutof thelow-leakagestatetherecanbe
substantialswitchingcurrentspikes.

Switching betweenactive and deactivated modesre-
quiresadditionaltransitionenergy, for example,to switch
the gatesof power-gatingtransistorsor to charge anddis-
chargewell capacitances.The right-handsideof Figure1
illustrateshow we comparethe overall energy consumed
over time whenidling in a normal,high-leakagestatever-
sustransitioninginto a low-leakagestate.Theoriginal idle
leakageenergy is shown by thestraightline whichrisesata
constantratedependentontheleakagecurrent.Onthesame
graph,we show an examplecurve for a DDFT technique.
The �x ed energy costsof �rst moving to the low-leakage
state,thenmoving backto theactive state,aresummedto
givethe�x edtransitionenergy cost.In additionto the�x ed
transitionenergy, theremay be additionalvariabletransi-
tion energy costsproportionalto the time that the block is
deactivated.For example,in avirtual GND scheme,thevir-
tual GND nodeis slowly chargedover the transitiontime.
Theamountof energy dissipatedwhentheblock wakesup
anddischargesthe virtual GND dependson the idle time.
Thesevariabletransitionenergy costsarefactoredinto the
energy curve. Thecurve risesmoresteeplyinitially during
the transitiontime, wherevariabletransitionenergy costs
arebeingincurredandasleakagecurrentdropsto its steady
statevalue.After thetransitiontime, theenergy curverises
moreslowly, asonly thesteady-stateleakagecurrentis be-
ing dissipated.

We de�ne thebreak-eventime asthe time at which the
two curvescross,i.e.,whentheleakageenergyof remaining
in an active idle statematchesthe energy consumedwhen
switchingto theDDFT low-leakagestate.Thecircuit must
beidle for considerablylongerthanthebreak-eventime to
savesigni�cant energy.

Another important factor in comparing DDFT tech-
niquesis thewakeuplatency (not shown). Thewakeupla-
tency is thetimefor ablock to becomeusableafterbeingin
an inactive state.Fasterwakeuptime is usuallypreferable
to fastertransitiontimebecauseit reducesany performance
penalty. Wakeuplatency cansometimesbetradedfor tran-
sition energy, for example,usinga wider transistorto ac-
celeratedischarge of a biasedwell increasesthe transition
energy to switchthetransistor.

Although DDFT techniquesdo not useslower transis-
torsto reduceleakagepower, someDDFT techniquesaffect
the delayandpower of the active state. For example,the
NMOS sleeptransistortechniquecausesvirtual GND to be
a slightly higherpotentialthanGND andso the circuit is
somewhatslower.

5. ProcessTechnologies

To evaluateour DDFT techniques,we usedmodelsof
four dual-VT processes,including180nm, 130nm, 100nm,
and70nm processgenerations.The 180nm high-VT and
low-VT transistorsweremodeledafter0.18� m TSMClow-
leakageand medium-VT processesrespectively. The pa-
rametersof the180nm processwerescaledto future tech-
nologiesusingtheSIA roadmap[6]. For example,theSIA
roadmappredictsthatI on remainsthesame,but I of f jumps
twice for eachtechnologygeneration.Becauseof thedif�-
culty in predictingfuture leakagenumbers,we bracket our
resultsusingour own pessimisticandoptimistic estimates
of how leakagecurrentswill scale. The pessimisticesti-
matesassume4� leakageincreasepergenerationwhile the
optimistic estimatesassume2� leakageincreaseper gen-
eration.Importantparametersof theprocessesaresumma-
rized in Table 1. We only consideredsubthresholdleak-
agein our estimates;althoughgateleakagemight become
signi�cant at somepoint in thesetechnologygenerations,
it is also likely that new gate dielectricswill make gate
leakageinsigni�cant again.We believe futureleakagecur-
rentsmightbeconsiderablyhigherthatevenourpessimistic
numbersindicate, as theseare basedon a low-leakage,
moderate-performancebasecase.

Table 1. Process parameter s.
Parameter(nm) 180 130 100 70

Vdd (V) 1.8 1.5 1.2 0.9
Temp(Celsius) 100 100 100 100
FO4delay(ps) 61.1 47.4 36.7 24.0
16FO4freq. (GHz) 1.0 1.3 1.7 2.6

LVT I on (� A/� m) 732 732 732 732
LVT I of f (nA/� m) (optimistic) 21.8 43.6 87.2 174
LVT I of f (nA/� m) (pessimistic) 21.8 87.2 349 1395

HVT I on (� A/� m) 554 554 554 554
HVT I of f (nA/� m) (optimistic) 0.35 0.71 1.42 2.83
HVT I of f (nA/� m) (pessimistic) 0.35 1.42 5.68 22.6

Basedon the table, we estimatedthe scalingof active
and leakagepower for circuits. The resultsare shown in
Figure2, wherenumbersarenormalizedto the180nmpro-
cess.It is importantto notethatleakagepowerpertransistor
increasessigni�cantly althoughVddandthetotalareaof the
circuit decreases.Theactive power is decreasingquadrati-
cally asexpectedfrom constant�eld scaling.If theleakage
power was10% of the total power at the 180nm process,
it will increaseto 47-87%for the70nm processif thecir-
cuit is scaledunchanged.In practice,devices,circuits,and
microarchitectureswill be redesignedto limit leakageto a
manageablefractionof total power. Thetechniquesin this
papercanbe usedto helpkeepleakagecurrentwithin this
budgetwithoutsacri�cing performance.
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power for diff erent processes.

6. Leakage-BiasedBitlines for Caches

The L1 cachesof microprocessorcancausesigni�cant
leakagecurrent,asthey containa largenumberof transis-
torswhichmustbehigh-speedto avoid impactingprocessor
performance.Figure3 shows thestructureof an L1 cache
SRAM cell togetherwith the two primary leakagecurrent
pathswhen the word line is off. One leakagepath, L 1,
is from theprechargedbit-line, throughtheaccesstransis-
tor, andacrossthe turned-onn-typepull-down. The other
leakagepath,L 2, is from the enabledp-typepullup to the
turned-off n-typein thecross-coupledinverters.Thepullup
transistorshave beenmadehigh-VT so that thereis negli-
gible leakagecurrentacrossthe turned-off p-type (L 3 '
0), andtheaccessandpulldown transistorshavebeenmade
low-VT to maintaincircuit speed.The currentthroughthe
leakagepath, L 4, is insigni�cant since the path has two
turned-off transistorsand the VD S of the accesstransistor
is zero.
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111

0
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BIT_BAR
GLOBALGLOBAL

BIT

Vdd
Vdd Vdd

Vdd

Figure 3. A dual­ VT SRAM cell. High VT tran­
sistor s are shaded.

With technologyscaling,theleakagecurrentsfrom non-
accessedbits will reducethe effective signal from the ac-
cessedbit, requiring that SRAMs have fewer cells con-
nectedto eachbitline segment to obtain suf�cient noise
margin. We assumethat only 32 bit cells areattachedto
eachlocal bitline within a subbank,and that theselocal
bitlinesareconnectedthroughpass-transistorswitchesto a
globalbitline which in turn connectsto thesenseamp.

A key observation is that the leakagecurrent,L 1, from
eachbitline into thecell dependsonthestoredvalueonthat
side of the cell; thereis effectively no leakageif the bit-
line is at thesamevalueasthatstoredin thecell (L 4). We
might considerusinga sleepvectoron thebitlinesto force
the SRAM subbankinto a low leakagestate. For exam-
ple, it is known thatthereareusuallymorezerosthanones
storedin acache[33], soif weforcethetruebitline to azero
valuewhile keepingthecomplementbitline precharged,we
could statisticallyreducethe bitline leakageof an inactive
cachesubbank. Thereare two disadvantagesto this ap-
proach. First, if the percentageof zerobits is under50%,
the sleepvectortechniqueincreasesleakageenergy. Sec-
ond, this techniquerequiresadditionaltransitionenergy to
forcethebitlinesinto andoutof thesleepvectorstate.

We have developeda simplecircuit technique,leakage-
biasedbitlines (LBB), that reducesbitline leakagecurrent
dueto theaccesstransistorsof thesestructureswith minimal
transitionenergy andwakeuptime. Ratherthanforcezero
sleepvaluesontothereadbit linesof inactivesubbanks,this
techniquejust letsthebitlines�oat by turningoff thehigh-
VT NMOS precharging transistors. The leakagecurrents
from thebit cellsautomaticallybiasthebitline to amid-rail
voltagethatminimizesthebitline leakagecurrent.If all the
cellsstorea zero,the leakagecurrentswill fully discharge
the non-invertedbitline (“BIT” in Figure3) while the in-
vertedbitline (“BITBAR”) will beheldhigh. If all thecells
storea one, the non-invertedbitline will be held high and
the invertedbitline will discharge. For a mix of onesand
zeros,theleakagecurrentsbiasthebitline atanappropriate
midrail voltageto minimize leakage.Although the bitline
�oats to mid-rail, it is disconnectedfrom thesenseampby
the local-globalbitline switch,so thereis no staticcurrent
draw. This techniquehaslittle additionaltransitionenergy
becausetheprechargetransistorswitchesexactly thesame
numberof timesasin a conventionalSRAM—weonly de-
lay the precharge until the subbankneedsto be accessed.
Thewakeuplatency is just thatof theprechargephase.

Figure 4 comparesthe steady-stateleakagepower of
the leakage-biasedbitline and the forced-zero/forced-one
sleepvectortechniqueswith theoriginal leakagepower for
a 32-row� 16B SRAM subarraywith varying numbersof
storedonesandzeros.It is clearthattheleakage-biasedbit-
line techniquehasthelowestleakagepower independentof
storedbit values.
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Figure 4. The leakage power of 32­row� 16B
SRAM subbank for forced­zero and forced­
one sleep vector s and leakage­biased bitlines
versus percenta ge of stored zero bits.

Figure 5 comparesthe cumulative idle energy and the
LBB DDFT energy consumptionfor different processes.
TheLBB DDFT techniquemustreplacethe lost chargeon
the bitline beforethe attachedmemorycells canbe used.
Thebreak-eventime, is around200cyclesin a180nmpro-
cess.However, sinceactive energy scalesdown fasterthan
leakageenergy, thebreak-eventime decreaseswith feature
size. In a 70nm process,the break-even time is lessthan
onecycle.

Each subbankmust be precharged before use, which
will add latency to the cacheaccessif the subbankis not
known in time. We focus in this paperon the applica-
tion of LBB DFFT techniqueto the processorinstruction
cache,becauseof its predictableaccesspattern.For anN-
way set-associative cachestructure,eachway consistsof
somenumberof subbanksand we accessN subbanksin
parallel, whereeachsubbankreturnsa fetch groupof in-
structions.In themostoptimisticcase,we canassumethat
thesimplesubbankdecodehappenssuf�ciently beforethe
morecomplex word-linedecodeto allow prechargeto com-
pletebeforeword-linedrive; in thiscase,therewouldbeno
performancepenalty. In themostpessimisticcase,we can
assumethat theadditionalprechargelatency addsan addi-
tional cycle to the fetch pipeline,andhenceincreasesthe
branchmispredictionpenaltyby onecycle.

7. LBB for Multiport RegisterFiles

Multiport register �les can also consumeconsiderable
leakagepower. For example,in theproposedAlpha 21464
design,themultiportedregister�le wasseveraltimeslarger
than the 64KB primary caches[27]. Figure 6 shows an
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Figure 5. Idle energy and LBB DDFT energy of
32­row� 32B SRAM subbank for diff erent pro­
cesses (optimistic leakage current was used).

8-readport, 4-write port, register �le cell. Becausethere
aremany leakagepathsin a multiport register�le cell, we
choseabaselinedesignthatwasalreadyoptimizedfor leak-
agepower. Thecell hasahigh-VT storagecell connectedto
multiple low-VT single-endedreadports. The write ports
arenotaslatency critical andsotheseaccesstransistorsare
high-VT . To reduceactive andleakageenergy further, we
make thecell asymmetrical,with all readportsarrangedso
that if thecell storesa zero,thesingle-endedbitline is not
discharged[31]. Our experimentsshowedthataround75%
of thebits readfrom theregister�le arezero.
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Figure 6. An embed ded dual VT unbalanced
8­read, 4­write register �le cell. High VT tran­
sistor s are shaded.



As with the cacheSRAM, the register �le array is di-
videdinto subbankswith local bitlinesconnectedto global
bitlines to save switching energy and to increasespeed
and noise margin. The LBB techniquecan be applied
to the single-endedreadport bitlines. By turning off the
precharger on an idle subbankreadport, leakagecurrents
will discharge the bitlines towardsgroundif any bits are
holding a one, reducingbit line leakagecurrent signi�-
cantly. If thedeadtime is longenough,theenergy overhead
to prechargethebitline beforeanaccessbecomesrelatively
smallcomparedto theleakageenergy saved. Notethatthis
techniquedoesnot corrupt the statestoredin the register
�le. Figure7 showsthehierarchicalbitlinesandamodi�ed
columncell for theLBB multiportedregister�le.

We deactivate read ports using two orthogonaltech-
niques.The�rst deactivatesdeadregisterswhosecontents
are not needed. We exploit the fact that in a superscalar
machinewith registerrenaming,thecontentsof a physical
registerarenot neededfrom thetime theregisterentersthe
free list until the time it is next written. If all the registers
in a subbankaredead,thenall subbankreadportscanbe
turnedoff. Becausethe register is allocatedin the decode
stageof thepipelineandwritten to severalcycleslater(and
beforeany readaccess),thereis ampletimeto prechargethe
�oating bitline with noperformanceimpact.
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Figure 7. Leakage­biased bitline scheme for
multipor ted register �le . Each local bitline
can be left unprec harged, biased by local
leakage currents.

As a comparison,we consideredan alternative DDFT
approachto turn off deadregistersusing a virtual-GND
sleeptransistor(Figure 8). This approachhasthe advan-

tagethatregisterscanbeturnedoff individually, ratherthan
a subbankat a time, but hasthedisadvantagethat the read
accesstime increasesdueto thesleeptransistorin thepull-
down path.Thedelaypenaltycanbereducedby increasing
the sizeof the sleeptransistor, but this also increasesthe
steady-stateleakagecurrentandthe transitionenergy. We
sizedthesleeptransistorto giveanoverall5% slowdown.

The secondtechniquedeactivatesidle readports. In a
superscalarmachine,whenfewer thanthemaximumnum-
berof instructionsissue,someregister�le readportswill be
idle. Thereis no performanceimpactwhenthe port is re-
activatedbecauseit is known whethera readport is needed
beforeit is known which register will be accessedin the
pipeline. The port precharge time canbe overlappedwith
register�le addressdecode.

Table 2 shows the energy consumptionwhen read-
ing/writing 32-bit zerosor onesfrom the 32� 32-bit reg-
ister �le with theunbalancedembeddeddualVT cells. All
read/writeenergy numbersare per single read/writeport.
The energy consumptionfor 180nm was measuredusing
Hspicesimulationandthosefor otherprocesseswerescaled
usingFigure2. Theaveragereadandwrite energy numbers
werecalculatedassuming75%of valuesstoredin thereg-
ister �les and write dataare zero and that the valuesare
statisticallyindependent.Thetotal active energy consump-
tion is simply the sumof total readenergy andtotal write
energy.

VirtualGND1

VirtualGND2

R2 Sleepb

R1 Sleepb

Figure 8. Idle register deactiv ation scheme
using NMOS high VT sleep transistor s.

Table3 shows thesteady-stateleakagepower whendif-
ferentleakagetechniquesareappliedto theregister�le and
the idle leakagepower of the original circuit for different
processes.Weagainassumed75%of thebits in theregister
�le arezeroswhenmeasuringthe leakagepower. We also
includenumbersfor thesleepvector�x ed-zerostechnique.
All threetechniques,sleepvector(SV), leakage-biasedbit-
line (LBB), andNMOS sleeptransistor(NST) reducethe
leakagepower to lessthan1.5%of theoriginal idle power
whenin thesteadystate.

Figure 9 shows the sleep-timedependentenergy con-
sumptionof theregister�le DDFT techniquesacrosstheset
of processtechnologies.We canseethat all of the DDFT
techniquesbecomeapplicableatshortertimescalesastran-
sistorsscaledown. This is partly becauseleakagecurrent



Table 2. The active read and write energy con­
sumption of 32� 32b multipor ted register �le
subbank for diff erent processes.

tr. length(nm) 180 130 100 70

zeroreadE(pJ) 6.0 2.9 1.4 0.5
onereadE(pJ) 17.3 8.2 4.0 1.4
avg. readE(pJ)(E r ) 8.8 4.2 2.0 0.7
0-to-0write E(pJ) 0.7 0.4 0.2 0.1
0-to-1write E(pJ) 16.5 7.9 3.8 1.3
1-to-0write E(pJ) 2.2 1.0 0.5 0.2
1-to-1write E(pJ) 13.0 6.2 3.0 1.0
avg. write E(pJ)(Ew ) 4.7 2.3 1.1 0.4

Table 3. The leakage power of 32� 32­b multi­
por ted register �le subbank (optimistic leak­
age current was used).

ProcessTech.(nm) 180 130 100 70

Original (uW) 177.9 214.1 263.6 276.7
SV steady-state(uW) 2.0 2.4 3.0 3.1

LBB steady-state(uW) 2.0 2.4 3.0 3.1
NST steady-state(uW) 1.8 2.2 2.7 2.9

growsasa fractionof active power, but alsopartly because
mostof the transitionenergy costscaleswith active power
andso the relative overheadof switchingis reduced.Fig-
ure10 is anexpandedview of thegraphfor the70nm pro-
cesstechnology.
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Figure 9. Sleep­time­dependent cum ulative
leakage energy of diff erent register �le DDFT
techniques for diff erent processes (optimistic
leakage current was used).

We seethat for the sleepvector technique,the break-
even time is around200 cyclesat the 180nm process,but
shrinksto only 24 cyclesin the 70nm process.The sleep
vectortechniquehashigh �x edtransitionenergy costs,and
so below the break-even time, the energy consumptionis
muchhigherthantheoriginal leakageenergy.

For theleakage-biasedbitline, thebreak-eventimein the
180nm processis only around10 cycles. Moreover, the
cumulativeenergy risesslowly from theinitial deactivation
time,andis notmuchlargerthantheoriginal leakagebefore
the break-even time. With technologyscaling,the break-
eventime becomeslessthana cycle andthis techniquecan
thereforegiveusefulleakageenergy savingsevenfor a few
cyclesof deadtime.

The NMOS sleep-transistorperforms better than the
leakage-biasedbitlinesin thecoarserfeaturesizes,but suf-
fers from a long transitiontime in the �ner -pitch process
technologies. The time taken to charge the virtual GND
nodeleavesthisschemewith highercumulativeleakageen-
ergy for small numbersof cyclesin the 70nm technology,
thoughat large numbersof cycles the cumulative energy
dropsbelow thatof theleakage-biasedbitline scheme.
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Figure 10. Expanded view of cum ulative leak­
age energy in 70 nm process technology (op­
timistic leakage current was used).

8. Evaluation

In this section,we usedetailedsimulationof anout-of-
orderprocessorto estimatethe energy savings that canbe
achieved by using DDFT techniqueson instructioncache
subbanksanda multiportedregister�le.

8.1. Simulation Methodology

We instrumentedSimpleScalar3.0b[2], anout-of-order,
superscalarprocessorsimulator, to track theactivity of the



Table 4. Simulated Processor Con�guration
IssueWidth 4
RUUs 64
IntegerPhysicalRegisters 100
IntegerALUs (Mult/Div) 4 (1)
FPALUs (Mult/Div) 1 (1)
Load/StoreUnits 2
Load/StoreQueueDepth 32
Instructionlength 4 Bytes
I-Cache/D-Cache 16KB/4-Way/32BBlock
Uni�ed L2-Cache 256KB/4-Way/64BBlock

6 cycle latency
MemoryLatency First access:50cycs.

Subsequently:2 cycs.

instructioncacheandthephysicalregister�le. Weobtained
resultsfor a four-wideissuemachinewith thecon�guration
shown in Table4. We alsosimulateda four-wide issuema-
chinewith 128 RUUs andperformedcachesimulationon
aneight-wideissuemachinewith 256RUUs,but theresults
weresimilar andthuswe omit themfor brevity. We used
the SPECint95benchmarksuiteandthe benchmarkswere
runontheirreferencedatasetsuntil 100million instructions
hadcommitted.In the�gures thatfollow, blackbarsdenote
theoptimisticassumptionsof futureleakageasdescribedin
Section5. White barsdenotethe pessimisticview of the
future(greaterleakage).

8.2. CacheSubbank Deactivation Results

Figure 11 shows the energy savings achieved for the
instruction cachesubbankdeactivation scheme. For the
180nm generation,thereis a net energy increase,but for
all otherprocesstechnologiesthereis a netenergy savings.
In the70nmgeneration,over20%of total instructioncache
energy is saved.

As discussedin Section6 therecan be a performance
penaltyfrom theadditionalprechargelatency if thesubbank
precharge cannotbe overlappedwith the rest of the bank
addressdecode.We modeledtheeffect of lengtheningthe
fetchpipelineby onecycle to allow for subbankprecharge,
which increasesbranchmispredictionlatency from 3 to 4
cycles.Our resultsshow thatthis decreasesIPC by around
2.5%on averageacrossall benchmarks.We notethat this
estimateof performanceimpactis highly pessimistic,asthe
precharge latency is much lessthanonecycle andthe ex-
tendedpipelinecouldbeusedto supporta muchlarger in-
structioncache.
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Figure 11. I­cache energy savings for sub­
bank deactiv ation.

8.3. DeadRegisterDeactivation Results

To quantifyenergy savedby deactivatingdeadregisters,
wemodi�ed SimpleScalarto modelamachinewith asepa-
rateuni�ed physicalregister�le poolholdingbothcommit-
tedarchitecturalregistersandrenamedregisters.We main-
tain a setof physicalregister tagswhich move betweena
free list and the register updateunits. We restrictedour
study to the integer register �le. The numberof physical
registersis determinedby the numberof writable archi-
tectedregisters(�x ed by the ISA at 33) plus the number
of valuesthatcanbeproducedby in-�ight instructions.

Figure12 presentsresultsfor thedeadregisterdeactiva-
tion techniques.For reference,we presenttwo variantsof
theNMOS sleeptransistor(NST) technique.Thetwo vari-
antsof NST areFIFO andLIFO free list policies. A FIFO
policy (or circular queue)is the conventionalfree list pol-
icy, but a LIFO policy (stack)hastheadvantageof keeping
someregistersdeadfor very long times. Experimentswith
the70nm processreveal thatLIFO givesanadditional2.4
to 10.0%savings over FIFO in termsof total register �le
energy saved. The �gure alsoshows the bene�ts of LIFO
increasingasfeaturesizedecreases.

We alsoshow resultsfor LBBs usedin asubbankedreg-
ister�le, whereasubbank'sreadportsaredeactivatedwhen
all registersin thesubbankaredead.Theallocationpolicy
is a stackof subbanks,whereregistersareallocatedfrom a
new bankonly whenthepreviousbankis empty. As shown
in Figure12, despitethe increasedgranularityof deactiva-
tion, LBB is competitivewith NST in termsof energy sav-
ings. Becausethecumulative sleepenergy of LBB circuits
is lessthan that of NST circuits for the majority of sleep
times encounteredin practice,LBB outperformsNST by
31.5%for theworstcaseleakage.In addition,LBB hasno
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Figure 12. Register �le energy savings by
dead register deactiv ation.

performancepenalty, whereasNST hasa 5% performance
slowdown. The �gure alsoshows that having fewer regis-
tersperbank(eightratherthansixteen)allowsdeactivation
ata �ner granularitywhich translatesto greatersavings.

8.4. Reg�le Global ReadPort Deactivation Results

Figure13 shows theenergy savingsachievedby deacti-
vatingthereadports. As with cachesubbankdeactivation,
thereis anetenergy increasefor the180nmgeneration,but
for theremainingprocesstechnologies,thereis anetenergy
savings. In the70nmgeneration,nearlyhalf of theleakage
energy is removed, resultingin a total register �le energy
savingsof over20%with noperformancepenalty.

As theprocessor's issuewidth increases,thepeaknum-
ber of readports increases.However, IPC doesnot scale
linearly with issuewidth, so in generala greaterpercent-
ageof readportswill be idle. Thus,we expecttheenergy
savingsto begreaterfor wider-issueprocessors.

The savings from global readport deactivation can be
combinedwith thosefrom deadsubbankdeactivation,giv-
ing greatertotalenergy savingswhile still avoidingany per-
formancepenalty.

9. Conclusion

Most leakagecurrentis dissipatedon critical paths,es-
pecially after slower, low-leakagetransistorsare usedon
non-criticalpaths. To reduceleakageenergy further with-
out impactingperformance,it is desirableto dynamically
deactivatethe fasttransistorson thecritical path. This pa-
perhasshown that�ne-grain leakagereductiontechniques,

0

20

40

60

Leakage energy saving at 70nm process

co
m
p
 g
cc   g

o
jp
eg   l

i

m
88

k
pe

rl
vo

rt    
 
 a
vg

p
e

rc
e

n
t 

(%
)

0

20

40

60

Total energy saving at 70nm process

co
m
p
 g
cc   g

o
jp
eg   l

i

m
88

k
pe

rl
vo

rt    
 
 a
vg

p
e

rc
e

n
t 

(%
)

180nm 130nm 100nm  70nm

0

20

40

60

Leakage energy saving across processes

p
e

rc
e

n
t 

(%
)

180nm 130nm 100nm  70nm

0

20

40

60

Total energy saving across processes

p
e

rc
e

n
t 

(%
)

Figure 13. Register �le energy savings by
global read por t deactiv ation.

wherebya small pieceof a processoris placedin a low-
leakagestatefor a shortamountof time, canyield signi�-
cantenergy savings in future processtechnologies.To at-
tain savings, the circuit-level leakagereductiontechnique
must have low transitionenergy and rapid wakeup times.
We presentleakage-biasedbitlines,a circuit techniquethat
hastheseproperties.To exploit a DDFT technique,themi-
croarchitecturemustbedesignedto forceblocksto be idle
for multiplecyclesandpreferablyto giveearlynoticewhen
theblocksareto bereawakened.

We have presentedthreeapplicationsof leakage-biased
bitlinesthatapplytheseprinciplesandhaveshownhow they
enableleakagecurrentreductionsin the context of a wide
superscalarprocessor. SRAM readpathdeactivationsaves
over22%of leakageenergy andnearly24%of total I-cache
energywhenusinga70nmprocess.Dynamicallydeactivat-
ing idle registersreducesregister�le leakageenergy by up
to 67.1%andtotal register�le energy by 57.1%. Dynam-
ically deactivating readportswithin a multiportedregister
�le saves42.7-49.8%of leakageenergy and3.9-22.3%of
total energy dependingon thepredictionof the futurepro-
cess.We areinvestigatingfurthercircuit techniquesof this
typefor othercomponentsof a superscalarmicroprocessor.
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