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Abstract

Leakage poweris dominatedy critical paths,andhence
dynamicdeactivatiorof fasttransistos canyieldlarge sav-
ings. We introducemetricsfor comparing ne-grain dy-
namic deactivationtechniquesthat include the effects of
deactivationenegy and startuplatencies,aswell aslong-
termleakage current. e presenta new circuit-level tech-
nique for leakage current reduction, leakage-biasedbit-
lines that has low deactivationenegy and fast wakeup
times. We show how this technique can be applied at a
ne grain within an active microprocessar and how mi-
croarchitectural schedulingpoliciescanimproveits perfor
mance Using leakage-biaseditlinesto deactivateSSRAM
readpathswithin I-cachememoriesavesver 24%of leak-
age enegy and 22% of total I-cache enegy whenusinga
70nm process. In the register le, ne-grainedread port
deactivationsavesearly 50% of leakage enegy and 22%
of total enegy. Independentlyturning off idle register le
subbanksavever 67%of leakage enegy (57%total reg-
ister le enegy)with nolossin performance

1. Intr oduction

Enegy dissipatiorhasemepgedasa primarydesigncon-
straintfor all microprocessorsrom thosein portablede-
vicesto thosein high-performancsenersandmainframes.
Until recently the primary sourceof enegy dissipationin
digital CMOS circuits hasbeenthe dynamicswitching of
load capacitancesThe continuingreductionin featuresize
reducescapacitanceand the accompaying reductionsin
supplyvoltagehelp to further reducethe dynamicswitch-
ing enegy peroperation.To maintainperformancescaling,
thresholdvoltagesmust also be scaledalong with supply
voltage. But lowering thresholdvoltageincreasedeakage
currentexponentially andwithin a few procesgenerations
it is predictedenengy dissipationfrom staticleakagecurrent
could be comparablego dynamicswitchingenegy [4, 5].
The trendtoward ever more complex microprocessorur-
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ther exacerbateshe situation,aslarge numbersof transis-
torsareaddedfor relatively smallimprovementsn perfor
mance.Theseadditionaltransistorsnaydissipateconsider
ableleakagepower evenwhennot actively switching.

We candivide previous approache$o reducingleakage
power into two cateyories. Techniqueghattradeincreased
circuit delayfor reducedeakagecurrentinclude: corven-
tional transistorsizing, lower Vdd [32, 30], stacled gates
[25, 35, 9], longerchanneld23], higherthresholdvoltages
[19, 34, 21, 13, 1], andthicker Tox ; we collectively referto
theseasstatically-selectedlow transistordSSSTs).Tech-
niguesfor dynamicrun-timedeactvation of fasttransistors
includebody biasing[24, 17, 18, 20, 15], sleeptransistors
[24, 29, 13, 11, 16], andsleepvectors[35, 9]; we collec-
tively referto theseasdynamically-deactiatedfasttransis-
tors (DDFTs). SSSTsand DDFTs are complementanap-
proaches:SSSTgeduceleakageon non-critical pathsand
DDFTsreducdeakageoncritical paths.Both canbesimul-
taneouslyappliedto yield largeroverall savings[12].

Althoughmary leakage-reductiotechniquesreimple-
mentedat the circuit or device level, architectshave con-
siderablescopeto in uence processoleakagepower [3].
One approachis to increasethe use of SSSTsby nd-
ing additionalparallelism,so that a given throughputcan
be achieved with a larger parallelarray of units built with
slower, less-leal transistors,rather than with a smaller
numberof lowerlateng units built with fasterbut leaky
transistors. Unfortunately available parallelismis limited
in single-threadedeneral-purposapplicationsandmuch
of the compleity of modernmicroprocessors dueto the
dif culties of nding suchparallelism.

Alternatively, architectscanfocuson nding opportuni-
tiesto exploit DDFTs, wherebyfast,leaky circuits arede-
activatedwhennotrequired.This approachcanpotentially
maintainthe lowestlateng for applicationswith little par
allelism, while reducingleakagepower to acceptabldev-
els. Thedif culty with this approachs that mostexisting
circuit techniqguedor DDFTsareonly effective at reducing
leakageenenpy if acircuit block will beinactive for along
time. This limits the scopefor applying DDFTs within an



active processgrwheresomeblocks may only be inactive
for a smallnumberof cycles.

In thispaperweintroduceanew DDFT circuittechnique
for reducingleakagepower in memory arrays, leakage-
biasedbitlines (LBB). LBB usesleakagecurrentsthem-
selesto biasthe bitlines of unusednemorysubbanksnto
a low-leakagestate. LBB needhave no performancem-
pactandhasvery low transitionenegy overheadsandcan
corvertevenshortidle timesinto leakagesnegy savings.

We applyLBB totheinstructioncacheandregister le of
anout-of-ordersuperscalamicroprocessousingpredicted
procesgparameterérom 180nmto 70nm technologygen-
erations.For theinstructioncachein 70nm technologywe
sare 24% of leakageeneny, or 22% of total enegy, with a
maximumperformancepenaltyof 2.5%. For register les,
we exploit idlenessn two spatialdimensionswe deactvate
subbanksvhentheir registersare unusedsaving over 57%
of register le enepgy. We alsodeactvateunusedeadports
whenthereis notenoughparallelismto keepthembusy. We
save nearly50% of leakageenegy, or around20% of total
register le enegy in this fashion,with no lossin perfor
manceandminimal areaoverhead.

This paperis organizedas follows. Sections2 and 3
review previous work in SSFTand DDFT techniquese-
spectvely. Section4 presentghe metricswe useto com-
pareDDFT techniquesWe shov how someexisting DDFT
techniquesequirelong idle timesto be effective because
of the large enegy overheadof transitioninginto a low-
leakagestate. Section5 describeshow we estimatedthe
processparameterdor future processtechnologies. Sec-
tion 6 introducedeakage-biaseHitlinesanddescribediow
we applyit to aninstructioncache . Section7 describesiov
we apply LBB to multiport register les. Section8 dis-
cusseghe resultsfrom our evaluation,and Section9 con-
cludesthe paper

2. Statically-SelectedSlow Transistors

SSSTtechniqueseplacefasttransistorswith slow tran-
sistorson non-criticalpaths.This hasbeencommondesign
practicefor mary decadeswheretraditionaltransistorsiz-
ing reducedransistorgatewidth on non-criticalpathsto re-
duceparasiticload on critical nodesandto save switching
power. Leakages proportionalto gatewidth, andsothese
narrowver transistorsalso have lower leakage.Non-critical
pathsalsouseslower, morecomplex gatetopologiesto re-
ducearea.Thesemorecomplex gateshave deepetransistor
stackswhich alsoreducedeakage.

As leakagepowerincreasedurthertechniquesrebeing
consideredor non-criticalpaths.Leakagedecreasesuper
linearly with gatelengthanda smallincreasein transistor
lengthaway from minimumcangive a signi cant reduction
in leakagecurrentwith a smallimpacton delay Accord-

ingly, the designersof the StrongARM-1slightly length-
enedcacheandpadtransistorgo reducdeakagean standby
mode,yielding a ve-fold reductionin leakagewith only

a small performancepenalty[23]. The Alpha 21164used
this approachto control the effects of leakageon dynamic
gates[8]. Lengtheninggatesis only effective for a small
incrementin channellength, and hasthe disadantageof

increasingactive power becauseof increasedjate capaci-
tance.

At the expenseof additionalmask processingsteps,it
is possibleto manufcturetransistorsawith several different
thresholdvoltageson the samedie. By usingslower, high-
thresholdransistor®nnon-criticalpathst is possiblgore-
duceleakagecurrentwithout impactingperformancg34].
Even thoughmosttransistorsare non-critical, the achiev-
ableleakagereductionis limited, becausehe non-critical
transistordhave alreadybeenreducedn width andstacled
into complex gatesandhencehave low leakage.

3. Dynamically-Deactivated Fast Transistors

After application of SSST techniquesto non-critical
paths, leakageis even more highly concentratedn the
critical path transistors. One exampleis a recentembed-
dedPanverPC750,which employsthreethresholdvoltages:
high, standardandlow. Thelow thresholdtransistorsac-
countfor only 5% of the total transistorwidth, but around
50% of thetotal leakag€g7]. Severaltechniquesave been
developedto reducdeakagecurrentfrom transistoron the
critical path. Unlike SSSTtechniqueswherenon-critical
path transistorsare made permanentlyslower to reduce
leakage,DDFT techniquesattemptto dynamically switch
critical pathtransistordetweerfast,leaky, active operation
andinactive low-leakagestates.

OneDDFT technigue popularin low-power processors
for portabledevices,is a dynamicallyvarying body biasto
modulatetransistorthresholdvoltages24, 29, 13,11, 16].
Reversebody biasing,by settingthe p-well voltagehigher
thanVdd andthen-well voltagelowerthanGND, increases
Vr becauseof the body effect, therebyreducingleakage
current. This techniquerequirestwin or triple well pro-
cesseandthereforeincreasesnanufcturingcosts.A vari-
ation on the body biasingapproachs to fabricatehigh-Vt
transistorghenactively forward biasthe wells during nor-
mal operationto lower V1 [22]. In theidle state,the for-
ward biasis removedreturningthe transistordo their nat-
ural high-V1 state. Otheradwantagef this techniqueare
that it haslessthresholdvariationthanusing low-Vr de-
vicesdirectly, andhencecanallow higherspeedoperation
for agivenleakagecurrentbudget{22]. Becausef thelarge
capacitancanddistributedresistancef thewells, chaging
or dischaging the well hasa relatively high time constant
anddissipategonsiderablenegy. To allow thelateng and



enegy costsof transitioninginto thelow leakagestateto be
amortized theseschemesre usedwhenthe processoen-
tersasleepstatewhereit will beidle for atleast0.1-100 s
[28, 17, 30).

An alternatve DDFT approachis power gating[24, 29,
13, 11, 16]. The power supplyto circuits can be cut off
by insertinga high V¢ sleeptransistorbetweenvdd and
virtual Vdd (or GND andvirtual GND). Whenturnedoff,
the sleeptransistoraddsan extra high-Vt transistorin se-
ries with the logic transistorsdramaticallyreducingleak-
agecurrent. Someof the disadantage®f sleeptransistors
are that they add additionalimpedancen the power sup-
ply network which reducegircuit speedthey requireaddi-
tional areaandroutingresourcegor the virtual power sup-
ply nets,andthey may consumeconsiderablaleactvation
enepy to switchbetweeractive andinactive states By siz-
ing the sleeptransistor[13], boostingthe gatevoltagefor
the sleeptransistor{11], or forward-biasinghe sleeptran-
sistor[16], the delay penaltycanbe reducedin exchange
for greatersleepleakagecurrentsand increaseddeactva-
tion enepy.

Another interestingDDFT techniqueexploits the fact
thattheleakagecurrentof ablock depend®ntheinputpat-
ternandinternalstate[35, 9]. A sleepvectoris acombina-
tion of input patternsandinternalstatewhich minimizesthe
leakagecurrent,andis appliedby forcing internallatches
into the correctstateandforcing inputsto the correctpo-
larity. However, the applicationof the sleepvectorcanre-
quire additionalcircuitry, which reducegerformanceand
can causespuriouscircuit switching, which resultsin sig-
ni cant deactvationenegy.

All DDFT circuits requirea policy to decidewhento
switchto alow-leakagenode.Currentmicroprocessorsse
asimplepolicy, usuallyimplementedy the operatingsys-
tem,wherebythe entireprocessois deactvatedwhenit en-
tersa sleepmode. This coarse-grairpolicy cannotreduce
active modeleakagepower.

A few researcherbave proposedmore ne-grainedde-
activation techniqueghat placeportionsof an active pro-
cessolinto low-leakagestates Thedynamically-resizeih-
structioncache[26] usesa virtual-GND power gateto sup-
ply powerto justenoughRAM subbankgo hold theactive
working setof the currentapplication. An adaptve hard-
warealgorithmis usedto determinean adequateacheca-
pacity by monitoring missratesasthe active partition size
is varied. This schemeés morecomplec thanusingleakage-
biasedbitlines, andis limited to a direct-mappednstruc-
tion cache pbut reducedeakagefurther asboth storagecell
and accesyort leakageis cut off. Cachedecay[14] dy-
namically predictswhich cacheblocks are unlikely to be
accesseth the nearfuture, markstheminvalid, thenpow-
ers them down using a power gate. Both of thesetech-
nigues have long deactvation times of thousandsof cy-

cles. Hamzaogluet al. briey describea “prechage-as-
needed’scheme[10], apparentlysimilar to our leakage-
biasedbitlines, but do not describethe dynamictransient
effectsof theleakagereductionor the useof this technique
within a microprocessorZhangetal. [36] exploredthe use
of compilercontrolleddynamicleakagereductionmecha-
nismsin a VLIW processolusingsleepvectorsandsleep
transistors.

For moregenerahpplicationof DDFT techniquesvithin
anactive microprocessoit is necessarjo havecircuit tech-
niguesthatmale it worthwhileto deactvatea circuit block
for short periodsof time, and microarchitecturaimecha-
nismsthatcandetector force,ablockinto anidle state.

4. Comparing DDFT Techniques

The goal of applyinga ne-grain DDFT techniques to
reducetotal processorenegy. When attemptingto deac-
tivate a block for a short period of time, the performance
andenepgy impactsof enteringandleaving thelow-leakage
statemustbe considered Figure 1 introduceshe different
parametersve useto compareDDFT techniques.
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Figure 1. Transition time, steady-state leak-
age current, and break-even time of DDFT
leakage-reduction techniques.

The left-hand side of Figure 1 shaws the evolution of
leakagecurrentover time on enteringthe deactvatedstate.
Oncedeactvated,a block requiressometime to reachthe
lowest leakagestate. For example, a substratebiasing
schemewill requiretime to biasthe wells, anda virtual-
GND schemerequirestime for leakagecurrentsto chaige
up the virtual-GND node. During the transition, leakage
currentcanbe substantiallyhigherthanin the steadystate.
For clarity, thisgraphonly shavstheleakagecurrent. When



switchinginto andout of thelow-leakagestatetherecanbe
substantiabwitchingcurrentspikes.

Switching betweenactive and deactvated modesre-
quiresadditionaltransitionenegy, for example,to switch
the gatesof power-gatingtransistorsor to chage anddis-
chage well capacitancesThe right-handside of Figure 1
illustrateshow we comparethe overall enegy consumed
overtime whenidling in a normal, high-leakagestatever
sustransitioninginto alow-leakagestate.The originalidle
leakageenepy is shavn by the straightline whichrisesata
constantatedependentntheleakagecurrent.Onthesame
graph,we shov an examplecurve for a DDFT technique.
The x ed enegy costsof rst moving to the low-leakage
state,thenmoving backto the active state,are summedto
givethe x edtransitionenegy cost.In additionto the x ed
transitionenegy, there may be additionalvariabletransi-
tion enegy costsproportionalto the time thatthe block is
deactvated.For example,in avirtual GND schemethevir-
tual GND nodeis slowly chagedover the transitiontime.
Theamountof enegy dissipatedvhenthe block wakesup
anddischagesthe virtual GND dependon theidle time.
Thesevariabletransitionenepgy costsarefactoredinto the
enegy curve. The curve risesmoresteeplyinitially during
the transitiontime, wherevariabletransitionenegy costs
arebeingincurredandasleakagecurrentdropsto its steady
statevalue. After thetransitiontime, the enegy curverises
moreslowly, asonly the steady-statéeakagecurrentis be-
ing dissipated.

We de ne the break-@entime asthetime at which the
two curvescrossj.e.,whentheleakageenepgy of remaining
in an active idle statematchegshe enegy consumedvhen
switchingto the DDFT low-leakagestate. The circuit must
beidle for considerablyjongerthanthe break-@entime to
save signi cant enegy.

Another important factor in comparing DDFT tech-
niguesis the wakeuplateng (not shavn). The wakeupla-
teng is thetime for ablock to becomeusableafterbeingin
aninactive state. Fasterwakeuptime is usually preferable
to fastertransitiontime becausét reducesary performance
penalty Wakeuplateny cansometimesetradedfor tran-
sition enegy, for example,using a wider transistorto ac-
celeratedischage of a biasedwell increaseghe transition
enegy to switchthetransistor

Although DDFT techniquesdo not useslower transis-
torsto reducdeakagepower, someDDFT techniquegffect
the delay and power of the active state. For example,the
NMOS sleeptransistotechniquecausewirtual GND to be
a slightly higher potentialthan GND and so the circuit is
somevhatslower.

5. ProcessTechnologies

To evaluateour DDFT technigqueswe usedmodelsof
four dual/r processesncluding180nm, 130nm, 100nm,
and 70nm processgenerations.The 180nm high-Vy and
low-Vy transistorsveremodeledafter0.18 m TSMC low-
leakageand mediumV/r processesespectiely. The pa-
rametersof the 180nm processvere scaledto future tech-
nologiesusingthe SIA roadmap6]. For example,the SIA
roadmaypredictsthatl o, remainghesameputl o ¢ jumps
twice for eachtechnologygeneration Becausef the dif -
culty in predictingfuture leakagenumberswe braclet our
resultsusing our own pessimisticand optimistic estimates
of how leakagecurrentswill scale. The pessimisticesti-
matesassumel leakagencreaseergeneratiorwhile the
optimistic estimatesassume?  leakageincreaseper gen-
eration. Importantparametersf the processearesumma-
rized in Table 1. We only consideredsubthresholdeak-
agein our estimatesalthoughgateleakagemight become
signi cant at somepoint in thesetechnologygenerations,
it is alsolikely that new gate dielectricswill make gate
leakageinsigni cant again. We believe future leakagecur-
rentsmightbeconsiderablhjhigherthatevenour pessimistic
numbersindicate, as theseare basedon a low-leakage,
moderate-performandmsecase.

Table 1. Process parameter s.

| Parametefnm) 180 ] 130] 100 70]
vdd (V) 18] 15] 12| 09
Temp(Celsius) 100 | 100 | 100 | 100
FO4delay(ps) 61.1| 474 36.7 | 24.0
16 FO4freq. (GHz) 10| 13| 1.7| 26
LVT lon ( A/ m) 732 | 732 | 732 732

LVT lot ¢ (NA/ m) (optimistic) 21.8| 436 | 87.2| 174
LVT lof 1 (NA/ m) (pessimistic) | 21.8 | 87.2 | 349 | 1395
HVT lon ( A/ m) 554 | 554 | 554 554
HVT lor ¢ (NA/ m) (optimistic) | 0.35| 0.71| 1.42 | 2.83
HVT lor ¢ (NA/ m) (pessimistic)| 0.35 | 1.42 | 5.68 | 22.6

Basedon the table, we estimatedthe scalingof active
and leakagepower for circuits. The resultsare shovn in
Figure2, wherenumbersarenormalizedo the 180nm pro-
cesslt isimportantto notethatleakagepower pertransistor
increasesigni cantly althoughvdd andthetotal areaof the
circuit decreasesThe active power is decreasingjuadrati-
cally asexpectedirom constanteld scaling.If theleakage
power was 10% of the total power at the 180nm process,
it will increaseto 47-87%for the 70nm processf the cir-
cuit is scaledunchangedIn practice devices,circuits,and
microarchitecturesvill be redesignedo limit leakageto a
manageabléraction of total power. Thetechniquesn this
papercanbe usedto help keepleakagecurrentwithin this
budgetwithout sacri cing performance.
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6. Leakage-BiaseBitlines for Caches

The L1 cachesof microprocessocan causesigni cant
leakagecurrent,asthey containa large numberof transis-
torswhichmustbehigh-speedo avoid impactingprocessor
performance.Figure 3 shavs the structureof anL1 cache
SRAM cell togetherwith the two primary leakagecurrent
pathswhen the word line is off. One leakagepath, L 1,
is from the prechagedbit-line, throughthe accesdransis-
tor, andacrossthe turned-onn-type pull-down. The other
leakagepath, L ,, is from the enabledp-type pullup to the
turned-of n-typein the cross-coupleéhverters.The pullup
transistorshave beenmadehigh-V1 sothatthereis negli-
gible leakagecurrentacrossthe turned-of p-type (L3 '
0), andthe accesandpulldown transistordiave beenmade
low-Vr to maintaincircuit speed.The currentthroughthe
leakagepath, L 4, is insigni cant since the path hastwo
turned-of transistorsandthe Vp s of the accesdransistor
is zero.

GLOBAL
BIT_BAR

GLOBAL
BIT

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

With technologyscaling,the leakagecurrentsfrom non-
accessedbits will reducethe effective signalfrom the ac-
cessedbit, requiring that SRAMs have fewer cells con-
nectedto eachbitline sggmentto obtain sufcient noise
maugin. We assumethat only 32 bit cells are attachedo
eachlocal bitline within a subbank,and that theselocal
bitlinesareconnectedhroughpass-transistoswitchesto a
globalbitline whichin turn connectdo thesenseamp.

A key obsenationis thatthe leakagecurrent,L 1, from
eachbitline into thecell depend®nthestoredvalueonthat
side of the cell; thereis effectively no leakageif the bit-
line is at the samevalueasthatstoredin thecell (L 4). We
might considerusinga sleepvectoron the bitlinesto force
the SRAM subbankinto a low leakagestate. For exam-
ple, it is known thatthereareusuallymorezerosthanones
storedin acachg33], soif weforcethetruebitlinetoazero
valuewhile keepingthe complemenbitline prechaged,we
could statisticallyreducethe bitline leakageof aninactive
cachesubbank. There are two disadwantageso this ap-
proach. First, if the percentagef zerobits is under50%,
the sleepvectortechniqueincreasedeakageenegy. Sec-
ond, this techniquerequiresadditionaltransitionenegy to
forcethebitlinesinto andout of the sleepvectorstate.

We have developeda simplecircuit techniqueJeakage-
biasedbitlines (LBB), thatreduceshitline leakagecurrent
dueto theaccessransistor®f thesestructuresvith minimal
transitionenegy andwakeuptime. Ratherthanforce zero
sleepvaluesontothereadbit linesof inactive subbanksthis
techniqugustletsthebitlines oat by turning off the high-
Vr NMOS prechaging transistors. The leakagecurrents
from thebit cellsautomaticallybiasthebitline to a mid-rail
voltagethatminimizesthebitline leakagecurrent.If all the
cellsstorea zero, the leakagecurrentswill fully dischage
the non-invertedbitline (“BIT” in Figure 3) while the in-
vertedbitline (“BITB AR”) will beheldhigh. If all thecells
storea one, the non-invertedbitline will be held high and
the invertedbitline will dischage. For a mix of onesand
zerostheleakagecurrentsbiasthebitline atanappropriate
midrail voltageto minimize leakage.Although the bitline
oats to mid-rall, it is disconnectedrom the senseamjby
the local-globalbitline switch, sothereis no staticcurrent
draw. This techniquehaslittle additionaltransitionenegy
becausehe prechagetransistorswitchesexactly the same
numberof timesasin a corventionalSRAM—we only de-
lay the prechage until the subbankneedsto be accessed.
Thewakeuplateng is justthatof the prechage phase.

Figure 4 comparesthe steady-statdeakagepower of
the leakage-biaseditline and the forced-zero/forced-one
sleepvectortechniquesvith the original leakagepower for
a 32-rov  16B SRAM subarraywith varying numbersof
storedonesandzeros.lt is clearthattheleakage-biasehit-
line techniquehasthelowestleakagepower independenof
storedbit values.
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Figure 4. The leakage power of 32-row 16B
SRAM subbank for forced-zero and forced-
one sleep vector s and leakage-biased bitlines
versus percentage of stored zero bits.

Figure 5 compareshe cumulative idle enegy and the

LBB DDFT enegy consumptionfor different processes.

The LBB DDFT techniquemustreplacethelost chageon
the bitline beforethe attachedmemorycells canbe used.
Thebreak-&entime, is around200cyclesin a 180nm pro-
cess.However, sinceactive enegy scalesdown fasterthan
leakageenepy, the break-&entime decreasewith feature
size. In a 70nm processthe break-&entime is lessthan
onecycle.

Each subbankmust be prechaged before use, which
will addlateng to the cacheaccessf the subbankis not
known in time. We focus in this paperon the applica-
tion of LBB DFFT techniqueto the processolinstruction
cache becausef its predictableaccesgattern. For an N-
way set-associate cachestructure,eachway consistsof
somenumberof subbanksand we accessN subbanksn
parallel, whereeachsubbankreturnsa fetch group of in-
structions.In the mostoptimistic case we canassumehat
the simple subbankdecodehappensufciently beforethe
morecomplex word-linedecodéo allow prechageto com-
pletebeforeword-linedrive;in this casetherewould beno
performancepenalty In the mostpessimisticcase we can
assumehatthe additionalprechage latengy addsan addi-
tional cycle to the fetch pipeline, and henceincreaseghe
branchmispredictionpenaltyby onecycle.

7. LBB for Multiport RegisterFiles

Multiport register les can also consumeconsiderable
leakagepower. For example,in the proposedAlpha 21464
designthemultiportedregister le wasseveraltimeslarger
thanthe 64KB primary cacheg27]. Figure 6 shows an
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Figure 5. Idle energy and LBB DDFT energy of
32-row 32B SRAM subbank for diff erent pro-
cesses (optimistic leakage current was used).

8-readport, 4-write port, register le cell. Becausehere
aremary leakagepathsin a multiport register le cell, we
choseabaselinedesignthatwasalreadyoptimizedfor leak-
agepower. Thecell hasahigh-V; storagecell connectedo
multiple low-V¢ single-endedeadports. The write ports
arenotaslateng critical andsotheseaccessransistorsare
high-Vr. To reduceactive andleakageenepy further, we
male the cell asymmetricalwith all readportsarrangedso
thatif the cell storesa zero, the single-endeditline is not
dischaged[31]. Ourexperimentsshavedthataround75%
of thebits readfrom theregister le arezero.

vdd

RITE[0:3] WRITEB[0:3]
READ[0:7]
WWL[0:3] ;
L = e
La vdd %
RWL[0:7] —I:“D_|

fy

Figure 6. An embedded dual V; unbalanced
8-read, 4-write register le cell. High Vr tran-
sistor s are shaded.



As with the cacheSRAM, the register le arrayis di-
videdinto subbankswith local bitlines connectedo global
bitlines to save switching enegy and to increasespeed
and noise mamgin. The LBB techniquecan be applied
to the single-endedeadport bitlines. By turning off the
prechageron anidle subbankreadport, leakagecurrents
will dischage the bitlines towardsgroundif ary bits are
holding a one, reducingbit line leakagecurrentsigni -
cantly If thedeadtimeis longenoughtheenegy overhead
to prechagethebitline beforeanaccesdecomeselatively
smallcomparedo theleakagesnegy saved. Notethatthis
techniquedoesnot corruptthe statestoredin the register
le. Figure7 shovsthehierarchicabitlinesandamodi ed
columncell for the LBB multiportedregister le.

We deactvate read ports using two orthogonaltech-
niques.The rst deactvatesdeadregisterswhosecontents
are not needed. We exploit the fact thatin a superscalar
machinewith registerrenaming the contentsof a physical
registerarenot neededrom thetime theregisterentersthe
freelist until thetime it is next written. If all theregisters
in a subbankare dead,thenall subbankreadportscanbe
turnedoff. Becausehe registeris allocatedin the decode
stageof the pipelineandwrittento severalcycleslater(and
beforeary readaccess)thereis ampletimeto prechagethe
oating bitline with no performancempact.

Global Bitline

Precharge (=1)
vdd

p— Sleep (=1)

Figure 7. Leakage-biased bitline scheme for
multipor ted register le . Each local bitline
can be left unprec harged, biased by local
leakage currents.

As a comparisonwe consideredan alternatve DDFT
approachto turn off deadregistersusing a virtual-GND
sleeptransistor(Figure 8). This approachhasthe adwan-

tagethatregisterscanbeturnedoff individually, ratherthan
a subbankat a time, but hasthe disadwantagethatthe read
accesdime increaseslueto the sleeptransistoiin the pull-
down path. Thedelaypenaltycanbereduceddy increasing
the size of the sleeptransistoy but this alsoincreaseghe
steady-statéeakagecurrentandthe transitionenegy. We
sizedthe sleeptransistorto give anoverall 5% slowdown.

The secondtechniquedeactvatesidle readports. In a
superscalamachine whenfewer thanthe maximumnum-
berof instructiondssue someregister le readportswill be
idle. Thereis no performancempactwhenthe portis re-
activatedbecausét is known whetherareadportis needed
beforeit is known which registerwill be accessedn the
pipeline. The port prechage time canbe overlappedwith
register le addresslecode.

Table 2 shawvs the enegy consumptionwhen read-
ing/writing 32-bit zerosor onesfrom the 32 32-hbit reg-
ister le with theunbalancecdmbeddediual V; cells. All
read/writeenegy numbersare per single read/writeport.
The enegy consumptionfor 180nm was measuredising
Hspicesimulationandthosefor otherprocessewerescaled
usingFigure2. Theaveragereadandwrite enegy numbers
were calculatedassumingr/5% of valuesstoredin the reg-
ister les andwrite dataare zero and that the valuesare
statisticallyindependentThetotal active enegy consump-
tion is simply the sum of total readenegy andtotal write
enegy.

00000000,
oo e

VirtualGND2
|

}» R2 Sleepk

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

Table3 shaws the steady-statéeakagepower whendif-
ferentleakageechniquesreappliedto theregister le and
the idle leakagepower of the original circuit for different
processeslNe againassumed5%of thebitsin theregister

le arezeroswhenmeasuringhe leakagepower. We also
includenumberdor the sleepvector x ed-zerogechnique.
All threetechniquessleepvector(SV), leakage-biasedit-

line (LBB), and NMOS sleeptransistor(NST) reducethe
leakagepower to lessthan1.5% of the original idle power
whenin the steadystate.

Figure 9 shows the sleep-timedependenenegy con-
sumptionof theregister le DDFT techniquesicrosgheset
of procesgechnologies.We canseethatall of the DDFT
techniquedecomeapplicableatshortertime scalesastran-
sistorsscaledown. This is partly becausdeakagecurrent



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) 60| 29| 14| 05
onereadE(pJ) 17.3| 82| 40| 14
avg. readE(pJ)(E:) 88| 42| 20| 0.7
0-to-Owrite E(pJ) 07| 04| 0.2]0.1
0-to-1write E(pJ) 165| 79| 38| 1.3
1-to-Owrite E(pJ) 22| 10| 05| 0.2
1-to-1write E(pJ) 13.0| 62| 3.0| 1.0
avg. write E(pJ)(Ew) 47 23| 11|04

Table 3. The leakage power of 32 32-b multi-

ported register le subbank (optimistic leak-
age current was used).
| ProcesJech.(nm) | 180 [ 130] 100] 70|
Original (uW) | 177.9 | 214.1 | 263.6 | 276.7

SV steady-statéuW) 2.0 2.4 3.0 3.1
LBB steady-statéuWw) 2.0 2.4 3.0 3.1
NST steady-statéuW) 1.8 2.2 2.7 2.9

grows asa fraction of active power, but alsopartly because
mostof the transitionenepgy costscaleswith active power
andso therelative overheadof switchingis reduced.Fig-
ure10is anexpandedview of the graphfor the 70nm pro-
cesgechnology

180nm 130nm
50 50
Ejdle
40 40
~ ep., Vegtor
5
£30 30
3 eakage-biased Bitline
E 20 20
o 10 OS Sleep Transistpr 10
[y 0f
0 500 1000 0 500 1000
100nm 70nm
50 50
40 40
=)
£30 30
>
o
@ 20 20
c
3
10, 10
0f 0
0 500 1000 0 500 1000
cycles cycles

Figure 9. Sleep-time-dependent cumulative
leakage energy of diff erent register le DDFT
techniques for diff erent processes (optimistic

leakage current was used).

We seethat for the sleepvectortechnique,the break-
eventime is around200 cyclesat the 180nm processput
shrinksto only 24 cyclesin the 70nm process.The sleep
vectortechniquehashigh x edtransitionenegy costs,and
so belaw the break-@entime, the enegy consumptionis
muchhigherthantheoriginal leakageeneny.

For theleakage-biaselitline, thebreak-&entimein the
180nm processis only around10 cycles. Moreover, the
cumulative enegy risesslowly from theinitial deactvation
time,andis notmuchlargerthantheoriginal leakagebefore
the break-e@entime. With technologyscaling,the break-
eventime becomedessthana cycle andthis techniquecan
thereforegive usefulleakagesnegy savingsevenfor afew
cyclesof deadtime.

The NMOS sleep-transistoiperforms better than the
leakage-biasetitlinesin the coarseffeaturesizes,but suf-
fers from a long transitiontime in the ner-pitch process
technologies. The time taken to chage the virtual GND
nodeleavesthis schemewith highercumulative leakageen-
ergy for small numbersof cyclesin the 70nm technology
thoughat large numbersof cycles the cumulative enegy
dropsbelow thatof theleakage-biasehitline scheme.

70nm

Eidle

Sleep Vector

energy (pJ)
»

NMOS Sleep Transistor

Leakage-Biased Bitline

0 10 20 30 40 50
cycles

Figure 10. Expanded view of cumulative leak-
age energy in 70nm process technology (op-
timistic leakage current was used).

8. Evaluation

In this section,we usedetailedsimulationof an out-of-
orderprocessoto estimatethe enegy savings thatcanbe
achieved by using DDFT techniqueson instructioncache
subbanksanda multiportedregister le.

8.1 Simulation Methodology

We instrumentedsimpleScalaB.0b[2], anout-of-order
superscalaprocessosimulator to trackthe actiity 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/StoreJnits 2

Load/StoreQueueDepth | 32

Instructionlength 4 Bytes

I-Cache/D-Cache 16KB/4-Way/32BBlock

Uni ed L2-Cache 256KB/4-Way/64BBlock
6 cyclelateny

Memory Lateny Firstaccess50cycs.
Subsequently2 cycs.

instructioncacheandthephysicalregister le. We obtained
resultsfor afour-wide issuemachinewith the con guration
shown in Table4. We alsosimulateda four-wide issuema-
chinewith 128 RUUs and performedcachesimulationon
aneight-wideissuemachinewith 256 RUUs, but theresults
were similar andthuswe omit themfor brevity. We used
the SPECint95benchmarksuite andthe benchmarksvere
runontheirreferencelatasetsuntil 100million instructions
hadcommitted.In the gures thatfollow, blackbarsdenote
theoptimisticassumptionsf futureleakageasdescribedn

Section5. White barsdenotethe pessimisticview of the
future (greatedeakage).

8.2 CacheSubbank Deactivation Results

Figure 11 shows the enegy savings achieved for the
instruction cachesubbankdeactvation scheme. For the
180nm generationthereis a net enegy increase but for
all otherprocesgechnologieshereis anetenegy savings.
In the70nm generationpver 20%o0f totalinstructioncache
enegy is saved.

As discussedn Section6 therecan be a performance
penaltyfrom theadditionalprechagelateng if thesubbank
prechage cannotbe overlappedwith the restof the bank
addresslecode.We modeledthe effect of lengtheningthe
fetch pipelineby onecycle to allow for subbankprechage,
which increasesdranchmispredictionlatengy from 3 to 4
cycles. Ourresultsshav thatthis decreasedC by around
2.5% on averageacrossall benchmarks We note that this
estimateof performancémpactis highly pessimisticasthe
prechage latengy is muchlessthanonecycle andthe ex-
tendedpipelinecould be usedto supporta muchlargerin-
structioncache.
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Figure 11. I-cache energy savings for sub-
bank deactiv ation.

8.3 DeadRegisterDeactivation Results

To quantifyenegy saved by deactvating deadregisters,
we modi ed SimpleScalato modelamachinewith asepa-
rateuni ed physicalregister le pool holdingbothcommit-
tedarchitecturalegistersandrenamedegisters.We main-
tain a setof physicalregistertagswhich move betweena
free list and the register updateunits. We restrictedour
studyto 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 valuesthatcanbe producedyy in- ight instructions.

Figure12 presentsesultsfor the deadregisterdeactva-
tion techniques.For referencewe presentwo variantsof
the NMOS sleeptransistor(NST) technique.Thetwo vari-
antsof NST areFIFO andLIFO freelist policies. A FIFO
policy (or circular queue)is the corventionalfree list pol-
icy, but aLLIFO policy (stack)hasthe advantageof keeping
someregistersdeadfor very long times. Experimentswith
the 70nm processevealthatLIFO givesanadditional2.4
to 10.0%savings over FIFO in termsof total register le
enegy saved. The gure alsoshaws the bene ts of LIFO
increasincasfeaturesizedecreases.

We alsoshaow resultsfor LBBs usedin asubbankdreg-
ister le, whereasubbanksreadportsaredeactvatedwhen
all registersin the subbankaredead. The allocationpolicy
is a stackof subbankswhereregistersareallocatedfrom a
new bankonly whenthe previousbankis empty As shovn
in Figure12, despitethe increasedjyranularityof deactva-
tion, LBB is competitve with NST in termsof enegy sav-
ings. Becauseéhe cumulative sleepenegy of LBB circuits
is lessthanthat of NST circuits for the majority of sleep
times encounteredn practice,LBB outperformsNST by
31.5%for theworstcasdeakage.In addition,LBB hasno



Leakage energy savings (70nm process) Total energy savings (70nm process)

percent (%)

O > St D o & ©
§ O SFES S

Leakage Energy Savings

Total Energy Savings

70 70|/ HE NST Queue

I NST Stack

60 60| X LBB 8 regs/bank
] LBB 16 regs/bank

20 20
10 10
o o

180 130 100 70 180 130 100 70
Process (nm)

percent (%)

Process (nm)

Figure 12. Register le energy savings by
dead register deactiv ation.

performancepenalty whereasNST hasa 5% performance
slowdown. The gure alsoshaows that having fewer regis-
tersperbank(eightratherthansixteen)allows deactvation
ata ner granularitywhich translatego greatersavings.

8.4. Reg le Global ReadPort Deactivation Results

Figure 13 shaws the enegy savings achieved by deacti-
vatingthe readports. As with cachesubbankdeactvation,
thereis anetenegy increasdor the 180nm generationbut
for theremainingprocessechnologiesthereis anetenegy
sasings. In the 70nm generationnearlyhalf of theleakage
enegy is removed, resultingin a total register le enegy
savings of over 20%with no performanceenalty

As the processos issuewidth increasesthe peaknum-
ber of readportsincreases.However, IPC doesnot scale
linearly with issuewidth, soin generala greaterpercent-
ageof readportswill beidle. Thus,we expectthe enegy
savingsto begreaterfor wider-issueprocessors.

The savings from global read port deactvation can be
combinedwith thosefrom deadsubbankdeactvation, giv-
ing greatettotal enegy savingswhile still avoidingary per
formancepenalty

9. Conclusion

Most leakagecurrentis dissipatedon critical paths,es-
pecially after slower, low-leakagetransistorsare usedon
non-critical paths. To reduceleakageenegy further with-
out impactingperformancejt is desirableto dynamically
deactvatethe fasttransistorson the critical path. This pa-
perhasshowvn that ne-grain leakagereductiontechniques,
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Figure 13. Register le energy savings by
global read port deactiv ation.

wherebya small pieceof a processoiis placedin a low-
leakagestatefor a shortamountof time, canyield signi -
cantenegy savings in future procesgechnologies.To at-
tain savings, the circuit-level leakagereductiontechnique
must have low transitionenegy and rapid wakeup times.
We presenteakage-biasebitlines, a circuit techniquethat
hastheseproperties.To exploit a DDFT techniquethe mi-
croarchitecturenustbe designedo force blocksto beidle
for multiple cyclesandpreferablyto give earlynoticewhen
theblocksareto bereavakened.

We have presentedhreeapplicationsof leakage-biased
bitlinesthatapplytheseprinciplesandhave shavn how they
enableleakagecurrentreductionsin the context of a wide
superscalaprocessar SRAM readpathdeactvation saves
over22%of leakageenegy andnearly24%of total I-cache
enegy whenusinga70nmprocessDynamicallydeactvat-
ing idle registersreducegegister le leakagesnegy by up
to 67.1%andtotal register le enegy by 57.1%. Dynam-
ically deactvating readportswithin a multiportedregister
le sares42.7-49.8%of leakageenegy and 3.9-22.3%of
total enegy dependingon the predictionof the future pro-
cess.We areinvestigatingfurther circuit techniqueof this
typefor othercomponent®f a superscalamicroprocessor
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