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ABSTRACT
This paperexplorestheeffectivenessof pipeliningasa power sav-
ing tool, wherethereductionin logic depthperstageis usedto re-
ducesupplyvoltageata �x edclockfrequency. Weexaminepower-
optimalpipeliningin deepsubmicrontechnology, bothanalytically
andby simulation.Simulationusesa70nmpredictiveprocesswith
a fanout-of-fourinverterchainmodel including input/output�ip-
�ops, andresultsareshown to matchtheorywell. Thesimulation
resultsshow thatpower-optimal logic depthis 6 to 8 FO4andop-
timal power saving variesfrom 55 to 80% comparedto a 24 FO4
logic depth,dependingon thresholdvoltage,activity factor, and
presenceof clock-gating.

We decomposethe power consumptionof a circuit into three
components,switchingpower, leakagepower, andidle power, and
presentthefollowing insightsinto power-optimalpipelining.First,
power-optimal logic depthdecreasesand optimal power savings
increasefor larger activity factors,whereswitching power dom-
inatesover leakageand idle power. Second,pipelining is more
effective with lower thresholdvoltagesat high activity factors,but
higher thresholdvoltagesgive betterresultsat lower activity fac-
torswhereleakagecurrentdominates.Lastly, clock-gatingenables
deeperpipeliningandmorepowersaving becauseit reducestiming
elementoverheadwhentheactivity factoris low.

Categoriesand Subject Descriptors: B.7.1[IntegratedCircuits]:
TypesandDesignStyles–AdvancedTechnologies,Microprocessors
andMicrocomputers,VLSI

GeneralTerms:Performance,Design,Theory

Keywords:Pipelining,SupplyVoltageReduction,PowerScaling

1. INTRODUCTION
Pipeliningreducesthenumberof logic levels betweenregisters

and is usuallyemployed by digital systemsdesignersto increase
achievable clock frequency. But the time slack obtainedfrom
pipeliningcanalsobeusedto reducepower consumptionby low-
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eringsupplyvoltageata �x edclock frequency. This techniquecan
bevery effective for digital systemswith �x edthroughputrequire-
mentsandhighly parallelcomputations.Supplyvoltagescalingis
by far oneof the mosteffective techniquesfor tradingtime slack
for power. Supplyvoltagereductionleadsto a quadraticreduction
in active power andalsoa super-linearreductionin leakagepower,
asleakagecurrenthasastrongdependency ondrainvoltagein deep
submicronprocesses.A parallelarchitecturecouldalsobeusedto
provideexcessperformanceto tradefor lowerpower, but pipelining
hastheadvantageof a lower areapenalty. Power reductionsfrom
pipeliningareeventuallylimited by thepower overheadof thead-
ditional pipeline latchesor �ip-�ops requiredfor eachadditional
pipestage,leadingto a power-optimallevel of pipelining.

In this paper, we show how power-optimalpipeliningvariesfor
differentoperatingregimesin deepsubmicrontechnology. We ex-
aminethetradeoffs betweenpipelinedepth,supplyvoltage,thresh-
old voltage,andtotalpower usingcircuit-level simulationsandan-
alytical models. We alsoexplore the effect of activity factorand
clock gating.

2. RELATED WORK
Thetrendtowardsdeeperpipelinesin microprocessorsis clearly

seenin theevolution of Intel x86 family, with a factorof 7 reduc-
tion in logic depthperstageoverthelastdecade[9]. Thisreduction
in logic depthhascombinedwith improvementsin transistorspeed
from technologyscalingto yield an even larger increasein pro-
cessorclock frequency. Increasingthe numberof pipelinestages
for anoperationincreasesits latency in clockcycles,which in turn
increasesthe numberof pipelinestallsexperiencedby dependent
operations.The resultingreductionin instructionscompletedper
cycle (IPC) reducestheperformanceadvantagefrom greaterclock
frequency, with greaterimpact on codeswith lower instruction-
level parallelism(ILP).

Processor architects have explored this tradeoff between
increased clock frequency and reduced IPC to determine
performance-optimalpipeliningdepth.Early work by Kunkel and
Smith [10] consideredpipelining in vector supercomputersand
found that 8–10 ECL gate levels was performance-optimalfor
scalarcode,andaslittle as4 gatelevels for moreparallelvector
code.Recently, severalauthorshave investigatedtheperformance-
optimal pipelinedepthfor superscalarmicroprocessors[5, 9, 11],
with a consensusin the rangeof 8–11FO4 delaysfor SPECinte-
gercodesandaround6 FO4delaysfor SPEC�oating-point codes,
whichgenerallyhavehigherILP. Theseperformance-optimalnum-
bersignorepoweraswell asthedesignandveri�cation complexity
thatwouldaccompany suchhigh-frequency designs(roughlytwice
theclock rateof existingsystems[11]).

Several authorshave extendedsuperscalarperformancemod-



els with power modelsthat include the power overheadof ad-
ditional pipeline latches[12, 6]. Srinivasanet al. [12] found
thatpower-performanceoptimal logic depthincreasesto about18
FO4 for SPECbenchmarksand around24–28FO4 for TPC-C,
a commercialapplication. Hartsteinand Puzak[6] found 22.5
FO4is thepower-performanceoptimumaccordingto their power-
performancemetric. They alsofoundthatclock gatingpushesthe
optimumbackto deeperpipelines[6] whichagreeswith ourresults.

This previous work focuseson processorperformance,where
limited instruction parallelism reduces the bene�ts of deep
pipelines,and thesestudieslimit power optimization to the se-
lection of the correctnumberof additionalpipelinestages.Other
typesof digital system,includingdigital signalprocessors,network
processors,andgraphicsengines,have muchgreaterlevelsof par-
allelism andoften have �x ed throughputrequirements.For these
systems,pipelining canbe usedtogetherwith voltageandthresh-
old scalingto reducetotal energy consumptionwhile maintaining
a �x edclock rate. The useof pipelining for power reductionwas
proposedby Chandrakasanet al.[2] but without an attemptto de-
terminethepower-optimalpipeliningstrategy.

3. METHODOLOGY
In this paper, our maintargetis a logic-dominantpipelinestage.

We make several simplifying assumptionsin our analysis.We are
interestedin �x ed-throughputdesignsfor highly parallel compu-
tationsand so do not include any performanceloss from an in-
creasedfrequency of pipeline stalls as pipeline depthsincrease.
Global wire delaydoesnot scaleas fast asgatedelayas feature
sizeis reduced,andsomemodernmicroprocessorshave so-called
drive stageswhich includeonly wiresandrepeaters[8]. We leave
wire-dominantpipelinestagesfor futureworkbut notethatwireRC
delaybecomerelatively lessimportantassupplyvoltageis scaled
down in a �x ed technology, becausewire resistanceremainscon-
stantwhile effective transistorresistanceincreases.We do not in-
cludelocal wire capacitancedueto theabsenceof detailedcircuit
layouts,but notethat wire capcanbe an importantcomponentof
total loadin deepsubmicrontechnologyevenfor a logic-dominant
stage.

INPUT

24 stages

OUTPUT

Figure 1: Baselinepipeline stagemodel. Input and clock buffers are
not shown.

Figure1 shows thebaselinepipelinestagemodelassumedin our
study. To modela well-designedpathin a circuit, we usea simple
staticinverterchainwith eachinverterdriving four copiesof itself
to yield a FO4 load. We use24 FO4 delaysas a baselineclock
period, representinga currenthigh-performanceprocessorcircuit
(thehigh-frequency Pentium-4hasa 20 FO4 cycle time [11], and
mostotherdesignshave somewhatshallower pipelines).

Eventhoughdifferentcircuit stylesandlogic gatesmight leadto
differentpower-optimalpipeliningresults,weassumethatourFO4
inverterchainmodel is fairly representative andinsightsgathered
from our simulationresultscan be appliedto other cases. Flip-
�ops werechosenasthetiming elementsratherthanlatchesdueto
their simplicity of usage,andthePowerPCtransmission-gate�ip-

�op waschosenbecauseit is a popularchoicedueto its robustness
and energy-ef�ciency [7]. While the transistorsizesof inverters
and�ip-�ops were�x ed, thesizesof 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 frequency was �x ed at 2GHz and
temperaturewasconstantat100 � C. Weonlyconsideredsubthresh-
old leakage;althoughgate leakagemight becomesigni�cant at
somepoint in thesetechnologygenerations,it is also likely that
new gatedielectricswill make gateleakageinsigni�cant again.

4. PIPELINING AND SUPPLY VOLTAGE
Webegin by showing theeffectof pipelinedepthonsupplyvolt-

age. With delay �x ed, supplyvoltagescalesdown as pipelining
deepensbecausethe logic amountper pipeline stagedecreases.
Synchronouscircuit delayis approximatelygivenby
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where



is the logic depthper pipelinestagein term of FO4 de-
lay (or the numberof FO4 invertersper pipelinestage),
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is the
timing elementdelaynormalizedby FO4delay, $ is avelocitysat-
urationeffect factor, ����� and �

�% aresupplyandthresholdvoltages
respectively. Assuming$ is 2 (actualvalueof $ in deepsubmicron
technologyis closeto 1.5dueto theshort-channeleffect),
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Figure2 shows thesimulatedsupplyvoltageswhenvaryingthe
numberof FO4invertersperstagefor differentthresholdvoltages.

=

�<> , ?

�<> , and @

�A> representlow, medium,andhigh thresh-
old voltagesrespectively and their valuesare shown in Table 1.
Low thresholdvoltageresultsin low supplyvoltagefor the same
delay.

��4

and
�;9

werecalculatedusing leastsquaremethodand
shown in Table1. Wecanseethat

�
4

is proportionalto �
�% aswell

as
�;9

(oursimpli�ed equationsfail to explain theeffect).
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Figure2: Supply voltagescalingshown asvoltagerequired to achieve
2GHz with given number of FO4 logic levelsper pipeline stage.
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�% (V) NMOS(PMOS) name �

4

�

9

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: Thr esholdvoltagesand supply voltage scaling coef�-
cients.

5. PIPELINING POWER COMPONENTS
In this section,we exploretheimpactof pipeliningon thecom-

ponentsof total power consumptionwhendelayis �x ed. We use
the supply voltagescalingresultsshown above in Section4 and
investigateswitching,leakage,andidle componentsof power con-
sumptionassumingno clock-gatingmechanism.

5.1 Pipelining and Switching Power
Switching power remains the dominant componentof total

power consumptionwhentheactivity factoris high, even in leaky
deepsubmicrontechnology. Switching power is the power con-
sumedwhile charginganddischarging loadcapacitances.Theload
capacitancesincludetransistorparasiticandwire capacitances.Be-
causewe assumeour pipelinestageis logic-dominant,wire capac-
itancesarenot includedin our simulation.

The switchingpower of a pipelinedlogic stagecanbe divided
betweenthat due to logic gatesand that due to timing elements,
andcanbemodeledas:
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The overheadincludesclock andswitchingpower of timing ele-
mentsandit is inverselyproportionalto,




, the numberof logic
gatesperstage.Weassumethatthenumberof latchesincreaseslin-
earlywith thenumberof pipelinestages.All theswitchingpower
componentsareproportionalto �

*

���

. Theratio of switchingpower
coef�cients

���

��� is approximatelythe ratio of the parasiticcapaci-
tancesof oneFO4inverterandonetiming element.
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quadraticto




asshown in Eq.7, which representsthedominance
of logic gateswitchingpower.
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On the other hand, if



getsmuch smaller than �
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becomesinversely proportional to



, as shown in
Eq.8, whichrepresentsthedominanceof timing elementswitching
power:
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�% processgetsless

switchingpower saving from pipelining.
Theoptimallogic depth
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The equationindicatesthat the capacitanceratio of a timing ele-
mentandanFO4inverter

���

��� is positively correlatedto



�

. Thatis,
largertiming elementparasiticsleadto lessdeeppipelining. How-
ever,
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is notassensitive to
���

��� asit is to �

�
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� . Thismeansthat �
�% 

andtiming elementdelay
�

affect



�

andcorrespondinglyoptimal
power saving moresigni�cantly (Eq.4).
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Figure3: Switching power scaling.

Figure3 shows the switchingpower obtainedthroughHSPICE
simulationof our modelpipelinestage. Optimal logic depth #%$

was6 andoptimalpower saving wasfrom 79 to 82%comparedto
the baselineof #'&)(�* . The graphsshow that lower threshold
voltagesgivesslightly lower optimal logic depthandalsoslightly
greaterswitchingpowersaving. Thevariancesarequitesmallsince
thevarianceof +�,

+.-

is small.

5.2 Pipelining and LeakagePower
The rapid reductionin gate length and accompanying down-

scalingof thresholdvoltagesover thelast few processgenerations
hasled to an exponentialgrowth in leakagepower. Within a few
processgenerations,it is predictedpower dissipationfrom static
leakagecurrentcouldbecomparableto dynamicswitchingenergy
[1, 3].

The leakagepower of our pipelinedcircuit canbegiven by the
following equations:
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where bdc�e is a constantrepresentingleakagecurrentslope, f is
a Drain-Induced-Barrier-Lowering (DIBL) coef�cient, and gR,

g�-

is
the ratio of leakagepower of oneFO4 inverterversusonetiming
element.As in the switchingpower model,the leakagepower in
a stagecanbe divided into logic gateleakageandtiming element
leakage,with timing elementleakageinverselyproportionalto # .
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representsthe dependence
of leakagecurrent on the drain voltage (from DIBL). In mod-
ern deepsubmicrontechnology, for an appropriatesupply volt-
agerange,this term is larger than jk5�X

=

but smallerthan jk5Z#

=

,
thereforeleakagepower is reducedin a super-linear fashionas #

decreases,thoughlessthanthe quadraticreductionfor switching
power. Also, it is notedthattheexponentialtermscalesdown faster
as # decreaseswhen W[8 is larger. A higher

?Gl�m

processhashigher
W

8
asshown in Table1,andsoit is expectedthathigher

?
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process
will seegreaterleakagepowersaving from pipelining,which is the



oppositeto theswitchingpowercase,but higher � �! processeshave
lessabsoluteleakageto begin with.
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Figure4 shows the simulatedleakagepower while varying the
numberof logic gatesper stage. Optimal logic depth




�

was
aroundsix and optimal power saving was around70–75%. The
graphsshow thatlower thresholdvoltagesgiveslessleakagepower
saving andslightly greateroptimallogic depth.
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Figure4: Leakagepower versuslogic depth per stage.

5.3 Idle Power without Clock­Gating
Clock-gatingis a popularswitchingpower reductiontechnique

which inactivatestheclock signalto timing elementswithin anin-
active block whena circuit block is idle. But clock gating is not
alwayspossibledueto theincreasecontrolcomplexity or theinsuf-
�cient setuptime of theclock enablesignal. This sectionfocuses
ontheimpactof pipeliningonanidle pipelinestagewithoutclock-
gating.Thefollowing sectiondiscussestheeffectsof clock-gating.

Thefollowing equationsmodelidle power with no clock-gating
mechanismassimply thesumof theswitchingpowerof thetiming
elementsandthe total leakagepower. Becauseof theexponential

dependency of leakagecurrenton
�����

asrepresentedin the �

�������
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term, "�#%$�&�' approximatelyfollows theswitchingpower of thetim-
ing elementswhen

���(�

is high andfollows thetotal leakagepower
when
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is low.
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When
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is high, "�#%$�&�' showsalinearreductionas
.

decreases,
whichis slower thanaquadraticreductionasin switchingpoweror
a super-linear reductionas in leakagepower. Thus, we can ex-
pect that idle power savings from pipelining arelower thanthose
of switchingandleakagepower saving when
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is high.
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Figure4 shows the simulatedidle power without clock-gating,
varying the numberof FO4 invertersper pipelinestage.Optimal
logic depth

.a`

was 8, which is greaterthan the optimal logic
depthsfor switchingandleakagepower. Also, optimalpower sav-
ing wassmaller(50to 70%)comparedto theswitchingandleakage
power cases.For idle stages,the overheadof timing elementsis
moresigni�cant comparedto active stages.Thegraphsshow 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

componentsto calculateoptimal logic depthsandoptimal power
savings for different operatingregimes including thresholdvolt-
age,activity factor, andpresenceof clock-gating. Power-optimal
pipelining varies dependingon activity factor and bAc�d because
thesechangetheproportionof switchingpower andleakagepower
(or idle power with noclock-gatingmechanism),andeachimpacts
pipelining power differently asseenin Section5. This sectionis
divided into two parts: the �rst part detailsthecasewhenthereis
a clock-gatingmechanismfor pipelinestagesandthe secondpart
considersthecasewithout clock-gating.

6.1 Case1: Clock­Gating Present
Figure6 shows the simulatedtotal power whena clock-gating

mechanismis presentfor differentactivity factors.With a low ac-
tivity factor, total power curves follow leakagepower curvesand
high b

c(d leadsto morepower saving by pipelining.As theactivity
factorincreases,total power curvesfollow switchingpower curves
andhigh b

c�d leadsto lesspower saving by pipelining.
Figure7 shows thesimulatedoptimaltotalpower saving whena

clock-gatingmechanismis present.With zeroactivity factor, op-
timal power savings comparedto a 24 FO4 designvary from 70



to 75% dependingon � �% . Sinceswitching power savings from
pipelining are less dependentupon � �% , optimal power savings
reacharound80%regardlessof � �% asactivity factorincreases.

Becausebothswitchingpowerandleakagepowerareminimized
when




is 6 asseenin Section5.1 andSection5.2,optimal logic
depthwasfound to be 6 regardlessof activity factoror threshold
voltagewhena clock-gatingmechanismis present. However, as
seenin Figure3 andFigure4, both switchingandleakagepower
curves are quite �at aroundthe optimum and power saving by
pipelining is quite insensitive to modestdeviations from the op-
timum. Therefore,8 FO4delaysperstagemightbea betterchoice
sinceit simpli�es designcomplexity with a small loss of power
saving.
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Figure6: Total power scalingwith a clock-gatingmechanism.
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Figure7: Optimal power saving with a clock-gatingmechanism.

6.2 Case2: No Clock­Gating Present
Figure8 shows the simulatedtotal power without clock-gating

for differentactivity factors.With a low activity factor, totalpower
curvesfollow idle power curvesandlow �

�% leadsto morepower
saving (Section5.3). As the activity factorincreases,total power
curvesfollow switchingpower curves.

Figure9 shows the simulatedoptimal total power saving when
thereis no clock-gatingmechanism.With zeroactivity factor, op-
timal powersavingsarearound5 to 15%lessthantheclock-gating

presentcasebecauseof the timing elementswitchingpower over-
headwhichis notpresentwhenthereis aclock-gatingscheme.Op-
timal power savings reach80% slowly asactivity factorincreases
comparedto theclock-gatedcase.It is notedthat low �;�% getsthe
mostpower saving regardlessof activity factor.

Figure10showstheoptimallogic depthswhenclockis notgated
for different thresholdvoltages. Becausethe idle power is mini-
mizedwhen




is 8 (Section5.3),optimallogic depthsremainat 8
until activity factorreachesaround0.2 (0.3 at high � �! ) andafter
0.2(0.3at high � �! ), it falls to 6.
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Figure8: Total power scalingwith no clock-gatingmechanism.
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Figure9: Optimal power saving with no clock-gating mechanism.

7. DISCUSSION
Our studyhasa numberof limitations. The numberof latches

wasassumedto grow linearly with thenumberof pipelinestages,
whereaspreviousauthorshave useda superlinearlatchcountscal-
ing formulaof theform


��

, with anexponent�

�
�����

[12, 6]. It
is not clearhow latchcountsscalein highly parallelarchitectures,
but largervaluesof � would increasetheoptimallogic depth.

Dependingon the computationbeing parallelized,additional
statein theform of largermemoryarraysmightberequiredto track
the increasednumberof operationsin �ight. A growth in thesize
of thesememorystructureswould tendto increaseenergy perop-
erationandhenceincreaseoptimal logic depthper stage,though
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Figure10: Optimal logic depth with no clock-gatingmechanism.

we expectthis effect to beminor asmemoriesaregenerallylower
power thanprocessingunits.

Ourstudydid not includetheeffectsof glitchingonpower. Oth-
ershave notedthatglitching activity reduceslinearlywith pipeline
depthas it becomeslesslikely that inputs to a gatewould have
very differentpathlengths[12]. Thiseffect would tendto pushthe
optimumtowardsshallower pipelinestages.

Wedid not includeparasiticwire capacitance.Addingwire load
capacitanceto our modelwill increasetotal switchingpower, and
sowill againpushtheoptimumtowardsshallower pipelinestages.

For deeplypipelinedcircuits,fastpathproblemsaremorelikely,
astherewill bean increasein thenumberof shortlogic pathsbe-
tweentiming elementsandan decreasein the relative wire delay.
Becauseclock frequency is not increased,clock skew and jitter
problemsarenot asapparentasin a frequency-scaleddesign,but
clock jitter might increaseaspower supplyto the clock driversis
reduced.

Onebene�t of supplyscale-down is thatwire delaybecomesrel-
atively lesssigni�cant asgatesslow down. Thishelpsreducesome
of thedesigneffort of building a highly pipelinedcircuit compared
with pipeliningfor increasedclock frequency.

8. CONCLUSIONS
Pipeliningcanbe an effective power-reductiontool whenused

to supportvoltagescalingin digital systemsimplementinghighly
parallelcomputations.Simulationresultsshow thatpower-optimal
logic depthis 6 to 8 FO4andoptimalpower saving variesfrom 55
to 80% comparedwith a 24 FO4 designdependingon threshold
voltage,activity factor, andthepresenceof clock-gating.

Even thoughtheexact power-optimal pipelining is technology-
dependent,we can gain someimportant insightsfrom the simu-
lation results. First, higher activity factorsdecreasethe power-
optimal logic depth and increasethe optimal power saving be-
causepipeliningis mosteffectiveatsaving theadditionalswitching
power. Second,pipelining is moreeffective with lower threshold
voltages,resultingin lower logic depthsandlowestpower, except
for low activity factorswhen leakagepower is dominant. Third,
clock-gatingenablesdeeperpipeliningandmorepower saving be-
causeit reducestiming elementoverheadwhen activity factor is
low.

Therefore,power-optimalpipeliningwith clockgatingshouldbe
anef�cient low-power techniquefor highthroughputblocksin sys-
temsimplementinghighly parallelcomputations.
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