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ABSTRACT

This paperexploresthe effectivenesof pipeliningasa power sav-
ing tool, wherethereductionin logic depthper stageis usedto re-
ducesupplyvoltageata x edclockfrequeng. We examinepowver-
optimalpipeliningin deepsubmicrortechnologybothanalytically
andby simulation.Simulationusesa70nm predictive processvith
a fanout-of-fourinverter chain modelincluding input/output ip-
ops, andresultsareshavn to matchtheorywell. The simulation
resultsshaw that power-optimallogic depthis 6 to 8 FO4andop-
timal power saving variesfrom 55 to 80% comparedo a 24 FO4
logic depth, dependingon thresholdvoltage, activity factor and
presencef clock-gating.

We decomposehe power consumptionof a circuit into three
componentsswitchingpower, leakagepower, andidle power, and
presenthefollowing insightsinto pover-optimal pipelining. First,
power-optimal logic depth decreasesnd optimal pover savings
increasefor larger actiity factors,where switching powver dom-
inatesover leakageandidle pover. Second,pipelining is more
effective with lower thresholdvoltagesat high activity factors,but
higherthresholdvoltagesgive betterresultsat lower actiity fac-
torswhereleakagecurrentdominatesLastly, clock-gatingenables
deepepipeliningandmorepower saving becausé reducegiming
elementverheadvhentheactvity factoris low.

Categoriesand Subject Descriptors: B.7.1[IntegratedCircuits]:
TypesandDesignStyles-Advancedetnolaies,Microprocessos
andMicrocomputes, VLSI

General Terms:PerformanceDesign, Theory
Keywords:Pipelining, SupplyVoltageReduction Power Scaling

1. INTRODUCTION

Pipeliningreduceghe numberof logic levels betweerregisters
andis usually employed by digital systemsdesignergo increase
achievable clock frequeng. But the time slack obtainedfrom
pipelining canalsobe usedto reducepowver consumptiorby low-
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eringsupplyvoltageata x edclock frequeng. Thistechniquecan
bevery effective for digital systemswith x edthroughputrequire-
mentsandhighly parallelcomputations Supplyvoltagescalingis
by far one of the mosteffective techniquedor tradingtime slack
for power. Supplyvoltagereductionleadsto a quadraticreduction
in active powver andalsoa supetlinearreductionin leakagepower,

asleakagecurrenthasastrongdependencondrainvoltagein deep
submicronprocessesA parallelarchitecturecould alsobe usedto

provide excesperformancéo tradefor lower power, but pipelining
hasthe advantageof a lower areapenalty Powver reductionsrom

pipelining areeventuallylimited by the power overheadof the ad-
ditional pipeline latchesor ip- ops requiredfor eachadditional
pipestage]eadingto a power-optimallevel of pipelining.

In this paper we shav how power-optimal pipelining variesfor
differentoperatingregimesin deepsubmicrontechnology We ex-
aminethetradeofs betweemipelinedepth,supplyvoltage thresh-
old voltage,andtotal power usingcircuit-level simulationsandan-
alytical models. We also explore the effect of activity factorand
clock gating.

2. RELATED WORK

Thetrendtowardsdeepepipelinesin microprocessoris clearly
seenin the evolution of Intel x86 family, with a factorof 7 reduc-
tionin logic depthperstageoverthelastdecadd9]. Thisreduction
in logic depthhascombinedwith improvementsn transistorspeed
from technologyscalingto yield an even larger increasein pro-
cessorclock frequeng. Increasingthe numberof pipeline stages
for anoperationincreasedts lateng in clock cycles,whichin turn
increaseghe numberof pipeline stalls experiencecby dependent
operations.The resultingreductionin instructionscompletedper
cycle (IPC) reduceghe performanceadwantagefrom greaterclock
frequeng, with greaterimpact on codeswith lower instruction-
level parallelism(ILP).

Processor architects have explored this tradeof between
increased clock frequeng and reduced IPC to determine
performance-optimgbipelining depth. Early work by Kunkel and
Smith [10] consideredpipelining in vector supercomputerand
found that 8-10 ECL gate levels was performance-optimafor
scalarcode,and aslittle as4 gatelevels for more parallelvector
code.Recently several authorshave investigatedhe performance-
optimal pipelinedepthfor superscalamicroprocessors, 9, 11],
with a consensu the rangeof 8—-11FO04 delaysfor SPECinte-
gercodesandaround6 FO4delaysfor SPEC oating-point codes,
which generallyhave higherILP. Theseperformance-optimailum-
bersignorepoweraswell asthedesignandveri cation complexity
thatwould accompan suchhigh-frequeng designgroughlytwice
theclock rateof existing systemg11]).

Several authorshave extendedsuperscalaperformancemod-



els with pawver modelsthat include the power overheadof ad-
ditional pipeline latches[12, 6]. Srinivasanet al. [12] found
that power-performanceoptimal logic depthincreaseso about18
FO4 for SPECbenchmarksand around24—-28 FO4 for TPC-C,
a commercialapplication. Hartsteinand Puzak[6] found 22.5
FO4is the pawer-performanceptimumaccordingto their power-
performancenetric. They alsofoundthatclock gatingpusheghe
optimumbackto deepepipelineq6] whichagreesvith ourresults.

This previous work focuseson processomperformancewhere
limited instruction parallelism reduces the benets of deep
pipelines, and thesestudieslimit power optimizationto the se-
lection of the correctnumberof additionalpipeline stages.Other
typesof digital systemjncludingdigital signalprocessorsjetwork
processorsandgraphicsengineshave muchgreaterdevels of par
allelism andoften have x ed throughputrequirements.For these
systemspipelining canbe usedtogethemwith voltageandthresh-
old scalingto reducetotal enegy consumptiorwhile maintaining
a x edclock rate. The useof pipelining for power reductionwas
proposedby Chandrakasaat al.[2] but without an attemptto de-
terminethe power-optimal pipelining strateyy.

3. METHODOLOGY

In this paper our maintamgetis alogic-dominantpipelinestage.
We male several simplifying assumption#n our analysis.We are
interestedn x ed-throughputesignsfor highly parallelcompu-
tations and so do not include ary performancedoss from an in-

creasedrequeny of pipeline stalls as pipeline depthsincrease.

Global wire delay doesnot scaleasfastas gatedelay as feature
sizeis reduced and somemodernmicroprocessorhave so-called
drive stagesvhich includeonly wiresandrepeater$8]. We leave

wire-dominanpipelinestagegor futurework but notethatwire RC

delaybecomerelatively lessimportantassupplyvoltageis scaled
down in a x edtechnology becausawvire resistanceemainscon-
stantwhile effective transistoresistancencreasesWe do not in-

cludelocal wire capacitancelueto the absencef detailedcircuit

layouts,but notethatwire capcanbe animportantcomponenof

totalloadin deepsubmicrontechnologyevenfor alogic-dominant
stage.
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Figure 1: Baselinepipeline stagemodel. Input and clock buffers are
not shown.

Figurel shavs thebaselingpipelinestagemodelassumedh our
study To modelawell-designecbathin acircuit, we usea simple
staticinverterchainwith eachinverterdriving four copiesof itself
to yield a FO4 load. We use24 FO4 delaysas a baselineclock
period, representinga currenthigh-performancerocessocircuit
(the high-frequeng Pentium-4hasa 20 FO4 cycle time [11], and
mostotherdesignshave somevhatshallover pipelines).

Eventhoughdifferentcircuit stylesandlogic gatesmightleadto
differentpower-optimalpipeliningresults we assumehatour FO4
inverterchainmodelis fairly representatie andinsightsgathered
from our simulationresultscan be appliedto other cases. Flip-
ops werechoserasthetiming elementsatherthanlatchesdueto
their simplicity of usage andthe PonverPCtransmission-gatep-

op waschoserbecausét is apopularchoicedueto its robustness
and enepgy-efciency [7]. While the transistorsizesof inverters
and ip- ops were x ed, the sizesof clock bufferswerevariedto
ensurethe appropriateclock rise andfall timeswhenvarying the
depthof pipelining.

We used the BPTM 70nm transistor models with differ-
ent thresholdvoltages[4] and HSPICE for circuit simulation.
Throughoutthe paper clock frequeny was x ed at 2GHz and
temperaturgvasconstanat100 C. Weonly consideregubthresh-
old leakage;although gate leakagemight becomesigni cant at
somepoint in thesetechnologygenerationsit is also likely that
new gatedielectricswill make gateleakagensigni cant again.

4. PIPELINING AND SUPPLY VOLTAGE

We beagin by shawing the effect of pipelinedepthon supplyvolt-
age. With delay x ed, supply voltage scalesdown as pipelining
deepenshecausehe logic amountper pipeline stagedecreases.
Synchronousircuit delayis approximatelygivenby

@)

where is thelogic depthper pipeline stagein term of FO4 de-
lay (or the numberof FO4 invertersper pipeline stage), is the
timing elementelaynormalizecby FO4delay is avelocity sat-
urationeffectfactor and  aresupplyandthresholdvoltages
respectiely. Assuming is 2 (actualvalueof in deepsubmicron
technologyis closeto 1.5 dueto theshort-channegffect),

— @)

Now assuming— is closeto zero,we getasimplelinearequation
between and ,where isaconstant:

®
— — @

Figure2 shaws the simulatedsupplyvoltageswhenvaryingthe
numberof FO4invertersperstagefor differentthresholdvoltages.
, , and representow, medium,andhigh thresh-
old voltagesrespectiely and their valuesare shavn in Table 1.
Low thresholdvoltageresultsin low supplyvoltagefor the same
delay and were calculatedusing leastsquaremethodand
shavn in Tablel1l. We canseethat  is proportionalto aswell
as (oursimpli ed equationdail to explain the effect).
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Figure 2: Supply voltage scalingshavn asvoltagerequired to achieve
2GHz with given number of FO4 logic levelsper pipeline stage.



(V) NMOS(PMOS) | name
0.17(-0.20) LVT | 0.0207 | 0.1450
0.19(-0.22) MVT | 0.0266 | 0.2119
0.21(-0.24) HVT | 0.0286 | 0.2389

Table 1: Thresholdvoltagesand supply voltage scaling coef -
cients.

5. PIPELINING POWER COMPONENTS

In this section we explorethe impactof pipeliningon the com-
ponentsof total powver consumptionwhendelayis x ed. We use
the supply voltage scalingresultsshavn above in Section4 and
investigateswitching,leakageandidle component®f pover con-
sumptionassumingno clock-gatingmechanism.

5.1 Pipelining and Switching Power

Switching power remainsthe dominant componentof total
power consumptiorwhenthe actiity factoris high, evenin leaky
deepsubmicrontechnology Switching power is the powver con-
sumedwhile chaging anddischaging loadcapacitancesTheload
capacitancemcludetransistoparasiticandwire capacitancesBe-
causewe assumeur pipelinestageis logic-dominantwire capac-
itancesarenotincludedin our simulation.

The switching power of a pipelinedlogic stagecanbe divided
betweenthat dueto logic gatesand that dueto timing elements,
andcanbemodeledas:

— (5)
— = (®)

The overheadincludesclock and switching power of timing ele-
mentsandit is inverselyproportionalto, , the numberof logic
gategerstage We assumehatthenumberof latchesncreasesin-
earlywith the numberof pipelinestagesAll the switchingpower
componentgreproportionalto . Theratio of switchingpower
coefcients — is approximatelythe ratio of the parasiticcapaci-
tancesf oneFO4inverterandonetiming element.

When is muchgreaterthan — and —, becomes
quadratico  asshavnin Eq. 7, whichrepresentshe dominance
of logic gateswitchingpower.

O
On the other hand, if getsmuch smallerthan — and —,
becomesinversely proportionalto , as shawvn in

Eq.8, whichrepresentthedominancef timing elemenswitching
power:

— 8
Notethatthe — termin Eqg.6 malesrelative
scaledown slovly when — is large. Sincea higher process
hasahigher—, asshavn in Tablel, ahigher  procesgetsless
switchingpower saving from pipelining.
Theoptimallogic depth  is givenby:
- - = - ©

The equationindicatesthat the capacitanceatio of a timing ele-
mentandanFO4inverter — is positively correlatedo . Thatis,
largertiming elementparasiticdeadto lessdeeppipelining. How-
ever, is notassensitveto — asit isto —. Thismeanghat

andtiming elementdelay affect  andcorrespondinglpptimal
power saving moresigni cantly (Eq. 4).
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Figure 3: Switching power scaling

Figure 3 shavs the switching power obtainedthroughHSPICE
simulationof our model pipeline stage. Optimal logic depth
was6 andoptimal power saving wasfrom 79 to 82% comparedo
the baselineof . The graphsshav that lower threshold
voltagesgivesslightly lower optimal logic depthandalsoslightly
greateiswitchingpower saving. Thevariancesrequitesmallsince
thevarianceof — is small.

5.2 Pipelining and LeakagePower

The rapid reductionin gate length and accompaying down-
scalingof thresholdvoltagesover the lastfew procesgyenerations
hasled to an exponentialgrowth in leakagepower. Within a few
processgenerationsit is predictedpower dissipationfrom static
leakagecurrentcould be comparabldo dynamicswitchingenegy
[1, 3].

The leakagepower of our pipelinedcircuit canbe given by the
following equations:

— (10)

—— — (1)
where is a constantrepresentingeakagecurrentslope, is
a Drain-Induced-Barriet.owering (DIBL) coefcient, and — is
theratio of leakagepower of one FO4 inverterversusonetiming
element. As in the switching powver model, the leakagepower in
a stagecanbe divided into logic gateleakageandtiming element
leakagewith timing elementeakagednverselyproportionalto
When is muchgreaterthan — and —, becomespro-

portionalto theproductof —andtheexponentiaterm

(12

The exponentialterm, representshe dependence
of leakagecurrenton the drain voltage (from DIBL). In mod-
ern deepsubmicrontechnology for an appropriatesupply volt-
agerange,this termis larger than but smallerthan ,
thereforeleakagepower is reducedn a superlinearfashionas
decreaseshoughlessthanthe quadraticreductionfor switching
power. Also, it is notedthattheexponentiatermscaleslonn faster
as decreasewhen islarger A higher  processhashigher

asshavnin Tablel, andsoit is expectedhathigher  process
will seegreateleakagepowner saving from pipelining,whichis the



oppositeto theswitchingpower case put higher
lessabsolutdeakageto begin with.
Ontheotherhand,if = becomesnuchsmallerthan — and —,
becomesnverselyproportionato  justasin the
case:

processebave

— (13)

Figure4 shaws the simulatedleakagepower while varying the
numberof logic gatesper stage. Optimal logic depth was
aroundsix and optimal powver saving was around70-75%. The
graphsshaw thatlowerthresholdvoltagesgiveslessleakagepower
saving andslightly greateroptimallogic depth.
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Figure 4: Leakagepower versuslogic depth per stage.

5.3 Idle Power without Clock-Gating

Clock-gatingis a popularswitching power reductiontechnique
which inactivatesthe clock signalto timing elementswithin anin-
active block whena circuit block is idle. But clock gatingis not
alwayspossibledueto theincreaseontrolcompleity or theinsuf-

cient setuptime of the clock enablesignal. This sectionfocuses
ontheimpactof pipeliningonanidle pipelinestagewithout clock-
gating. Thefollowing sectiondiscusseshe effectsof clock-gating.

Thefollowing equationgnodelidle powver with no clock-gating
mechanisnassimply the sumof the switchingpower of thetiming
elementsaandthe total leakagepower. Becauseof the exponential

dependencof leakagecurrenton asrepresenteth the
term, approximatelyfollows the switchingpower of thetim-
ing elementsvhen  is high andfollows the total leakagepower

when s low.

— — - (14)
— — (15)
- —— — ~(16)
When is muchgreatethan— and—, becomepropor
tionaltotheproductof ~ andtheexponentiafunctionof orjust

proportionalto , dependingpn
17)

(18)

When ishigh, shavsalinearreductionas decreases,
whichis slowerthanaquadratiaeductionasin switchingpower or
a superlinear reductionasin leakagepower. Thus, we can ex-
pectthatidle power savings from pipelining are lower thanthose
of switchingandleakagepower saving when is high.

Ontheotherhand,if is muchsmallerthan — and —,
becomesnverselyproportionalto

— (19)

- (20)

Figure4 shaws the simulatedidle power without clock-gating,
varying the numberof FO4 invertersper pipeline stage. Optimal
logic depth was 8, which is greaterthan the optimal logic
depthsfor switchingandleakagepower. Also, optimal power sav-
ing wassmaller(50to 70%)comparedo theswitchingandleakage
power cases.For idle stagesthe overheadof timing elementss
moresigni cant comparedo active stages.The graphsshawv that
lower thresholdvoltagesgivesmoreidle power saving andslightly
lower optimallogic depth.
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Figure5: Idle power scaling

6. RESULTS

In this section,we combinethe resultsfor the individual power
componentgo calculateoptimal logic depthsand optimal power
savings for different operatingregimes including thresholdvolt-
age,actvity factor and presencef clock-gating. Pover-optimal
pipelining varies dependingon actiity factor and because
thesechangehe proportionof switchingpower andleakagepower
(or idle power with no clock-gatingmechanism)andeachimpacts
pipelining power differently asseenin Section5. This sectionis
divided into two parts:the rst partdetailsthe casewhenthereis
a clock-gatingmechanisnfor pipeline stagesandthe secondpart
considerghe casewithout clock-gating.

6.1 Casel: Clock-Gating Present

Figure 6 shaws the simulatedtotal powver whena clock-gating
mechanisnis presenfor differentactiity factors.With alow ac-
tivity factor total powver curvesfollow leakagepower curvesand
high leadsto morepower sazing by pipelining. As the activity
factorincreasestotal power curvesfollow switchingpower curves
andhigh leadsto lesspower saving by pipelining.

Figure7 shavs the simulatedoptimaltotal power saving whena
clock-gatingmechanisnis present.With zeroactvity factor op-
timal power savings comparedo a 24 FO4 designvary from 70



to 75% dependingon . Sinceswitching power savings from
pipelining are less dependenupon , optimal power savings
reacharound80% egardlesof asactiity factorincreases.

Becauséothswitchingpower andleakaggower areminimized
when is 6 asseenin Section5.1 andSection5.2, optimallogic
depthwasfoundto be 6 regardlessof actity factoror threshold
voltagewhen a clock-gatingmechanisnis present. However, as
seenin Figure3 andFigure 4, both switching andleakagepower
cunes are quite at aroundthe optimum and power saving by
pipelining is quite insensitve to modestdeviations from the op-
timum. Therefore 8 FO4 delaysperstagemight be a betterchoice
sinceit simpli es designcompleity with a small loss of power
saving.
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Figure 6: Total power scalingwith a clock-gatingmechanism.
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Figure 7: Optimal power saving with a clock-gatingmechanism.

6.2 Case2: No Clock-Gating Present

Figure 8 shaws the simulatedtotal power without clock-gating
for differentactivity factors.With alow actiity factor total powver
curvesfollow idle power curvesandlow leadsto more power
saving (Section5.3). As the activity factorincreasestotal power
curvesfollow switchingpower curves.

Figure 9 shavs the simulatedoptimal total powver saving when
thereis no clock-gatingmechanismWith zeroactvity factor op-
timal power savingsarearound5 to 15%lessthanthe clock-gating

presentasebecausef the timing elementswitchingpower over
headwhichis not presentvhenthereis a clock-gatingschemeOp-
timal power savings reach80% slowly asactiity factorincreases
comparedo the clock-gatedcase.lt is notedthatlow getsthe
mostpower saving regardlesof activity factor

FigurelOshavstheoptimallogic depthavhenclockis notgated
for differentthresholdvoltages. Becausehe idle power is mini-
mizedwhen is 8 (Section5.3), optimallogic depthsremainat 8
until actwvity factorreachesaround0.2 (0.3athigh ) andafter
0.2(0.3athigh ), it fallsto 6.
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Figure 8: Total power scalingwith no clock-gating mechanism.
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Figure 9: Optimal power saving with no clock-gating mechanism.

7. DISCUSSION

Our study hasa numberof limitations. The numberof latches
wasassumedo grow linearly with the numberof pipelinestages,
whereagrevious authorshave useda superlineatatch countscal-
ing formulaof theform |, with anexponent [12,6]. It
is not clearhow latch countsscalein highly parallelarchitectures,
but largervaluesof wouldincreaseheoptimallogic depth.

Dependingon the computationbeing parallelized, additional
statein theform of largermemoryarraysmightberequiredto track
theincreasechumberof operationsn ight. A growth in the size
of thesememorystructuresvould tendto increasesnegy per op-
erationand henceincreaseoptimal logic depthper stage though
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Figure 10: Optimal logic depth with no clock-gating mechanism.

we expectthis effect to be minor asmemoriesaregenerallylower
power thanprocessinginits.

Our studydid notincludetheeffectsof glitching on power. Oth-
ershave notedthatglitching actwity reducedinearly with pipeline
depthasit becomedesslikely thatinputsto a gatewould have
very differentpathlengths[12]. This effect would tendto pushthe
optimumtowardsshallover pipelinestages.

We did notincludeparasiticwire capacitanceAdding wire load
capacitanceo our modelwill increaseotal switchingpower, and
sowill againpushtheoptimumtowardsshallover pipelinestages.

For deeplypipelinedcircuits,fastpathproblemsaremorelik ely,
astherewill be anincreasdn the numberof shortlogic pathsbe-
tweentiming elementsand an decreasén the relative wire delay
Becauseclock frequeng is not increasedclock skew and jitter
problemsarenot asapparentsin afrequeng-scaleddesign,but
clock jitter might increaseaspower supplyto the clock driversis
reduced.

Onebene t of supplyscale-dovn is thatwire delaybecomesel-
atively lesssigni cant asgatesslow down. This helpsreducesome
of thedesigneffort of building a highly pipelinedcircuit compared
with pipeliningfor increasedtlock frequeng.

8. CONCLUSIONS

Pipelining canbe an effective powerreductiontool whenused
to supportvoltagescalingin digital systemamplementinghighly
parallelcomputationsSimulationresultsshav thatpowver-optimal
logic depthis 6 to 8 FO4andoptimal power saving variesfrom 55
to 80% comparedwith a 24 FO4 designdependingon threshold
voltage,activity factor andthepresenc®f clock-gating.

Even thoughthe exact power-optimal pipelining is technology-
dependentwe can gain someimportantinsightsfrom the simu-
lation results. First, higher actvity factorsdecreasehe pover
optimal logic depth and increasethe optimal power saving be-
causepipeliningis mosteffective atsavzing theadditionalswitching
power. Second pipelining is more effective with lower threshold
voltages resultingin lower logic depthsandlowestpower, except
for low actwity factorswhenleakagepower is dominant. Third,
clock-gatingenablesieeperpipeliningandmore power saving be-
causeit reducegtiming elementoverheadwhen actiity factoris
low.

Therefore power-optimalpipeliningwith clock gatingshouldbe
anefcient low-powertechnigueor highthroughputblocksin sys-
temsimplementinghighly parallelcomputations.
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