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ABSTRACT
This paper re-examines the well established clocking principles
of pipelines. It is observed that clock gating techniques that
have long been assumed optimal in reality produce a significant
amount of redundant clock pulses. The paper presents a new the-
ory for optimal clocking of synchronous pipelines, presents prac-
tical implementations and evaluates the clock power benefits on a
multiply/add-accumulate unit design. Transistor level simulations
show that dynamic clock power dissipation can be reduced by 40-
60% at pipeline utilization factors between 20-60%, on top of tra-
ditional stage-level clock gating, without affecting pipeline latency
or throughput.

Categories and Subject Descriptors
C.1.3 [Processor Architectures]: Other Architecture Styles -
Pipeline processors.

General Terms
Design, Performance.

Keywords
Optimal pipeline clocking, Transparent pipeline, Pipeline stage
unification, Adaptive pipeline depth, Dynamic pipeline scaling,
Clock gating, Low power, High performance, Microarchitecture,
Circuits.

1. INTRODUCTION
Clock power is a key design constraint in modern VLSI design.

Despite increases in leakage power, clock power remains a signifi-
cant part of the total power dissipation in modern microprocessors
[1]. Clock gating has shown to be an efficient technique to signif-
icantly reduce dynamic power dissipation [3, 5, 8, 2]. However,
despite fine grained clock gating, power consumed by the clock
remains a major contributor to overall chip power dissipation.

The work presented in this paper re-examines the fundamental
clocking principles of pipelines. Our work shows that traditional
clock gating techniques that have long been thought to gate the
clock optimally produce a significant amount of clock pulses that
are redundant to the correct operation of the pipeline. Our observa-
tions of requirements for correct pipeline operation arrive at a novel
and practical clocking solution that can significantly reduce clock
power by relaxing the clocking requirements of pipelines.
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Related work
The goal of the clocking technique presented in this paper is to re-
duce the clock power in traditional synchronous pipelines. This is
achieved by reducing the number of clock pulses required to propa-
gate a data item through the pipeline. In related work, several tech-
niques have targeted clock power reduction by reducing the number
of clock pulses generated to the latch stages in the pipeline.

Clock gating [3, 5, 8, 2] has been used to reduce dynamic clock
power through all levels of the design hierarchy from the top-most
chip level down to the individual latch level. While these tech-
niques reduce the number of clock pulses generated in the pipeline,
they all have one thing in common: To avoid data races through the
latches of adjacent pipeline stages, each latch stage is clocked at
least once for each data item propagating through the pipeline.

Collapsible pipelining techniques have been presented to reduce
clock power in pipelines [6, 7, 4]. During runtime, data latches
in collapsed pipeline stages are made “permanently” transparent
for a duration of time. The collapsing technique subsequently re-
duces the number of latches that have to be clocked. These novel
techniques can significantly reduce clock power, but are also lim-
ited in two ways. First, when collapsing pipeline stages, the logic
depth of each collapsed pipeline stage is doubled (or more de-
pending on how many stages in sequence are collapsed). This
causes the pipeline operation frequency to be cut in half (or more).
Pipeline collapsing techniques subsequently trade frequency for
power which may cause a significant drop in performance. Sec-
ond, while the pipeline can be collapsed for a duration of time dur-
ing runtime, this collapsing is static in nature and affects through-
put for the whole pipeline. Because of fundamental limitations of
these collapsing techniques, they cannot be applied dynamically on
a cycle-by-cycle basis to save clock power.
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a) Collapsible pipeline operating in deep mode
    frequency = F, throughput = T, clock power = C

a) Collapsible pipeline operating in shallow mode
    frequency = F/2, throughput = T/2, clock power = C/2

Figure 1: Prior work: a static collapsible pipeline.

Figure 1 illustrates the concept of a static collapsible pipeline.
In deep mode all latches operate in opaque mode and the pipeline
can run at full frequency. In shallow mode, every other latch stage
is made transparent, collapsing two pipeline stages into one. In
shallow mode, the pipeline runs at half frequency and only every
other latch stage is clocked.
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Contributions
To summarize,thecommonlimitation of previouswork in thearea
of clock gatingis that, for a given operationfrequency (that may
changeduring runtime), all latch stagesrequiredto be active in
orderto run at that frequency have to beclocked at leastoncefor
eachdataitem passingthroughthepipeline.

In contrast,thework presentedin this papercanavoid clocking
active latchstagesby dynamicallyadaptingto the currentstateof
the pipeline, on a cycle-by-cycle basis,without reducingthe op-
erationfrequency or throughputof the pipeline. Our techniqueis
basedon theobservationthata latchstageonly needsto goopaque
in order to separateclosely spaceddataitems in a pipeline. By
keepinglatchestransparentby default, our techniqueallows data
itemsthataresufficiently separatedin time(clockcycles)to propa-
gatethroughthepipelinewithoutgeneratingany clockpulses.Such
separationoccurfrequentlyin, for example,microprocessorsdueto
pipelinestallscausedby datadependencies.

Theremainderof this paperfirst discussesthetheoreticalclock-
ing requirementsof pipelinesin Section2. Section3 presentstrans-
parentpipelinesataconceptuallevel. Practicalrealizationsfor con-
trol logic andclock blocksarepresentedin Section4. Resultsare
presentedin Section5 andconclusionsaregivenin Section6.

Assumptions
Throughoutthis paperwe assumetiming constraintsthatarestan-
dardfor statictransparentlatchbasedpipelines.Thelongpathand
shortpathdelaysthroughapipelineareallowedto bearbitraryand
standardlatch setupand hold times apply. No new timing con-
straintsare introducedby our techniqueandthe techniqueworks
with any typeof transparentlatches.

The correctoperationof a transparentpipeline,aspresentedin
thispaper, placestwo behavioral constraintson its inputandoutput
environment.First,a transparentpipelinerequiresthatthevalueof
a dataitem is heldstableat theenvironmentinput until a next sub-
sequentvalid dataitem arrives. Second,a transparentpipelinere-
quiresthattheoutputenvironmentonly latchesdataindicatedvalid
by thetransparentpipeline.Simply put, theenvironmentinput and
outputstagesneedto beclockgatedat thestagelevel in traditional
opaquefashion.

2. PIPELINE CLOCKING RE-EXAMINED
In traditionalpipelineimplementations,a fundamentalassump-

tion hasbeenthat latch stagesof a pipelinemustbe held opaque
by default in order to avoid dataracesbetweenthe latch stages.
Suchdataracesmay causedataresidingin an upstreamstageto
accidentallyoverwrite the datain a downstreamstagedueto dif-
ferencesin the depthof logic pathsbetweenlatches.By keeping
latchesopaqueby default, dataracesthroughlatchesareavoided.
However, this invariably resultsin a pessimisticclocking model
thatproducesclockpulsesthatareredundantto thefunctionalityof
thepipeline.

The following sectionsproposea new techniquefor clocking
synchronouspipelines. To eliminate redundantclocking of a
pipeline,we first introducethenotion of a transparent pipeline in
which all latchesare transparentby default. Second,we develop
a new clockingmodelin which latchesaremadeopaque(clocked)
only whena true dataraceis presentin thepipeline.Theproposed
techniquecansignificantlyreducethe numberof clock pulsesre-
quiredto propagateadataitemthrougha pipeline.

Pipelinecorrectnesscriteria
A truedataraceexistsonly if two dataitemspropagatethrougha
pipelinewithout any opaquelatchstageto separatethem. Assum-

ing arbitrarymin/maxdelayof logic pathsthroughcombinational
logic andlatches,thefollowing criteriamustbemetto ensurecor-
rectoperationof a transparentpipeline.

� Requirementsto avoid dataraces:

– For eachpairof distinctadjacentdataitems(A,B) prop-
agatingthrougha pipeline,whereA is downstreamof
B, at leastoneopaquelatchstagemustseparateA from
B (andB from A in caseof a circularpipeline).

– For eachdata item A propagatingthrougha circular
pipeline,at leastoneopaquelatchstagemustseparate
A from thetail of A.

Given theserequirementsto avoid data races,the criteria re-
quired to implementoptimum clocking of a transparentpipeline
canbederived. In this context theconceptof a state holder is in-
troduced.A stateholderfor a dataitem � is theopaquelatchstage
holding the most recentvalue of � stable. This is typically the
opaquelatchstageclosestupstreamof thecurrentpositionof � .

� Criteriafor optimumclockingof a pipeline:

– For eachpair of adjacentdataitems(A,B) propagating
througha pipeline,whereA is downstreamof B, the
latchstagefor A is clockedonly whenB overwritesthe
currentstateholderfor A, and

– For eachdata item A propagatingthrougha circular
pipeline,only onestagefor A is clocked,andonly once
eachiteration.

In non-linearpipelines,suchasforksandjoins, � canhavemul-
tiple stateholderseachholding a part of the value of � . If any
of thesestateholdersareoverwritten,a new stateholdermustbe
providedfor � at its currentlocationin thepipeline.

The consequenceof the statedclocking criteria for a transpar-
entpipelineis thata latchstageonly needsto beclocked in order
to separate a pair of dataitemsmoving concurrentlythroughthe
pipeline.This is in contrastto thetraditionalclockingcriteriaof an
opaquepipelinethatstatesthata latchstageneedsto beclockedin
orderto propagate a dataitem moving throughthe pipeline. The
first criteriais thesignificantlymorerelaxedof thetwo andallows
for a tangiblereductionin requiredclockpulses.

3. TRANSPARENT PIPELINE: CONCEPT
A transparentpipelinekeepsits latch stagestransparentby de-

fault. Thisdefaultstaterepresentsthetransparentclockgatedmode
of the latch stage(transparentmode). Dataracesbetweenlatches
areavoidedby physicallyseparatingeachpair of dataitemscon-
currentlypropagatingthroughthe transparentpipeline. A pair of
dataitemsareseparatedby forcing a latchstageresidingbetween
the pair to enteran opaquestate. This opaquestatecanbe either
the opaquelyclock gatedmodeof the latch stage(opaquemode),
or thenormalclockingof the latchstage(clockedmode).A latch
stagein ageneralizedtransparentpipelinecanthusoperatein three
differentmodes.

Figure2 illustratethebehavior of afivestagelinearpipeline.The
threemiddle latch stages,2, 3, and4 form a transparentpipeline
segment. Theselatch stagesoperatein transparentmodeby de-
fault. Latchstages1 and5 form theinput andoutputenvironment
of thetransparentpipeline.Theselatchstagesoperatein traditional
opaquemodeby default. A valid latchis associatedwith eachstage
to keeptrackof thelocationof valid datain thepipeline.Thevalid
latchesareclockedeachclock cycle. In thefigure,dottedlines in-
dicatethatthelatchis clock gatedin transparentmode.Solid lines
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Figure2: A linear thr ee-stageTransparent Pipeline

indicatethata latch is clock gatedin opaquemode(or is clocked
the currentcycle). Thick lines indicatethat the latch is the cur-
rentstateholderfor thedataitem markedinsideit, i.e., thelatchis
responsiblefor holding thevaluefor thatdataitem stable.A dark
shadow indicatesthatthelatchin questioncapturesadataitem,and
alsorepresentsthecompletionof onecycle of its local clock.

Considera streamof data items �������
	��������
�
� entering the
pipeline,where � representstheabsenceof valid data(a bubble).
Assumethe pipeline is initially empty. Stages1 and 5 are then
clock gatedin opaquemode,andstages2, 3, and4 areclock gated
in transparentmode.

Clock cycle1: As dataitem � entersstage1, at clock cycle 1,
it is capturedandheld stablein the datalatches. Stage1 is now
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Figure3: Clock waveforms correspondingto Figure2.

the stateholderfor � . Sincethe datalatchesfor stages2, 3, and
4 areclock gatedin transparentmode � cannow propagatefreely
throughthis transparentsegmentof thepipeline. In thefigure,the
shortpathpropagationof � is indicatedin lower case� . Thelong
pathpropagationof � is indicatedin uppercase� . Assumingar-
bitrary delayon shortpathsthroughthelogic thedatainputsto the
latchesof stage5 canchangeat any time. Sincestage5 is clock
gatedin opaquemode,theseunstablevaluesarenot latched.Sub-
sequently, thereis no risk for metastabilityto occur. At the end
of clock cycle 1, the longestpaththroughthe logic in stage1 has
completedandtheoutputof thestageis now valid.

Clock cycle2: At thestartof clock cycle2, theassociatedvalid
bit is capturedby thevalid latchin stage2 to indicatethenew posi-
tion of � (notethat thevalid latch is alwaysclocked). Note,how-
ever, that sinceno valid dataitem immediatelyfollows � in the
pipeline,stage1 continuesto hold � stable.Thereis subsequently
no needto clock the datalatchesof stage2. The datalatchesof
stage2 thereforeremainclockgatedin transparentmode.

Clock cycle 3: In clock cycle 3, stage1 latchesdataitem 	 .
Sincestage1 no longerholdsdataitem � stable,stage3, where �
currentlyresides,mustcaptureandhold � stable.Thedatalatches
for stage3 arethereforeclocked this cycle andarethereafterheld
in opaquegatedmode.Stage1 is now thestateholderfor 	 , while
stage3 is thestateholderfor � . As stage2 is transparent,	 can
propagatefreely throughstages1 and 2 during this clock cycle.
The short path propagationof 	 is indicatedwith lower case � .
Sincethe datalatchesfor stage3 areopaque,� cannotpropagate
furtherthanstage2, andthereis subsequentlynorisk for dataraces
betweendata items � and 	 . The valid latchesare updatedto
indicatethat 	 residesin stage1 and � residesin stage3.

Clock cycle4: During clock cycle 4, no datalatcheshave to be
clockedasstage1 continuesto hold 	 stableandstage3 continues
to hold � stable.Thevalid latchesareupdatedto indicatethat 	
now residesin stage2 and � residesin stage4.

Clock cycle5: In clock cycle 5, thedatalatchesfor stage3 are
forcedtransparentto let 	 propagatethroughandthereafterremain

28



CB

E0 T1 T2 E3

valid[E−1] valid[E0] valid[T1] valid[T2] valid[E3]

go gt gt goCB CB CB

Figure4: Control logic implementation for a two-stagetransparent pipeline.

in transparentmode.At thesametime,thevalid bit associatedwith
� indicatesto stage5 of the output environmentthat the output
of the transparentpipeline is now valid. Stage5 is subsequently
clocked andcaptures� . Thevalid latchesareupdatedto indicate
that 	 residesin stage3 and � residesin stage5.

Clock cycle6: During clock cycle 6, no datalatchesneedto be
clockedasstage1 continuesto hold 	 stable.Thevalid latchesare
updatedto indicatethat 	 now residesin stage4.

Clock cycle7: At thestartof clock cycle 7, thevalid bit associ-
atedwith 	 indicatesto stage5 of theoutputenvironmentthatthe
outputof the transparentpipelineis againvalid. Stage5 is subse-
quentlyclocked andcaptures	 . Thevalid latchesareupdatedto
indicatethat 	 now residesin stage5.

Figure3 illustratestheclockwaveformsgeneratedfor theexam-
ple illustratedin Figure2. Figure3(a) illustratesthe clock wave-
formswhenstages2, 3, and4 make useof transparentmodeclock
gating. Figure3(b) illustratestheclock waveformswhenstages2,
3, and 4 make useof traditional opaquemodeclock gating. As
canbereadilyobservedfrom Figure3(a),thethree-stagetranspar-
ent segmentof the pipeline generatesthe equivalent of only one
clock pulsein orderto let dataitems � and 	 propagatethrough
it. In comparison,the traditionallyopaqueclock gatedpipelinein
Figure3(b) hasto generatea total of six clock pulsesto propagate
� and 	 throughit. The exampleclearly illustratesthe potential
benefitof transparentmodeclockgatingin pipelineswith moderate
utilization factors.

4. TRANSPARENT PIPELINE: IMPLEMEN-
TATION

Therearemany ways to implementa transparentpipeline. To
betterfocus the presentationon the main conceptsof transparent
pipelining,asimpleandefficientspecialcaseimplementationfor a
two-stagenon-stallabletransparentpipelineis given in this paper.
The presentedtechniquecanbe readilyextendedto cover general
N-stagestallablepipelinesaswell.

Thespecialcaseimplementationcoveredin thissectionis possi-
blewhenthetransparentpipelinesegmenthastwo stagesor less.In
this case,thebehavior of theopaqueclock gatedmodeequalsthe
behavior of theclockedmode.Thenumberof operationmodesthat
a latchstagehasto supportcanthusbereducedfrom threedown to
two, providing a solutionvery similar to traditionally clock gated
pipelines.The two operationmodesthatneedto besupportedare
(1) normallyclockedmode,and(2) transparentmodeclockgating.

4.1 Control logic
A pipelinestagethat is clock gatedin transparentmodehasto

beableto detectwhetherit shouldswitchto clockedmodeor stay
transparent.Clockedmodeonly hasto beenteredin orderto sepa-

ratetwo dataitemspropagatingconcurrentlythroughthetranspar-
ent segmentof the pipeline. For a given clock cycle, any trans-
parentpipelinestageshouldentera clocked operationmodeonly
underthefollowing conditions:

� A transparentpipelinestage� shouldbeclockedonly if:

1. valid datais presentat theinput of � , and

2. valid datais presentattheinputof any transparentstage
upstreamof � , or valid dataispresentattheinputof the
environmentinputstage.

Whenever the statedconditions do not hold, the transparent
pipeline stageshouldoperatein a transparentclock gatedmode.
Giventhis simplecondition,it is possibleto provide a straightfor-
ward implementation.Thefirst conditioncanbe implementedby
observingthevalid bit feedinginto stage� . Fromthesecondcon-
dition, it is clear that a look-behindfunction is neededto detect
whetherthereis anotherdataitem upstreamof stage� . This look-
behindfunctioncanbeimplementedby observingthevalid bits of
theupstreampipelinestages.

The clock gating conditionsfor the two transparentstages���
and ��� , with the input environment ��� and output environment
��� , thenbecome:

� �������! #"%$'&(��)+*��-,/.10-��243�5� �����(6 3 "7$'&��8)+*��9,:.;0 ��243=<4>@? *��-,/.10 �! 5� ����� 6(A "7$'&��8)+*��9,:.;0 6 3B<!>C? )+*��-,/.10-��243ED!FG*��-,/.10-�! �5�5� ����� �!H "%$'&(��)+*��-,/.10I6(AJ5

Figure4 illustratesthenecessarycontrol logic for animplemen-
tationof a synchronouspipelinewith two transparentstages.

4.2 Clock block
A clockblock (CB) supportingtransparentmodeclockgatingin

a two stagetransparentpipeline is straightforward to implement.
Figure5 illustratesa transparentandanopaquemodeclock block
for a two-phaseclocked master/slave pipeline. The transparent
modeclock block containsonemasterandoneslave latch inter-
nally. Theselatchesare usedto latch the clock gating signal to
preventglitcheson theclock. Sinceboththemasterandslave data
latches(not shown) aregatedin transparentmode,themasterand
slaveclocksignalsbothneedtobegatedin theirhighstate(logic 1).
In traditionalopaqueclock gatingthegatingsignalfor themaster
andslave clockscanboth betaken from the internalmasterlatch.
However, whenclock gatingin transparentmode,theclock polar-
ity at theinput to theclockgatingpoint for theslaveclock,gate�9K
in Figure5, makesgate �9K sensitive to glitcheson the clock gat-
ing input while theinternalmasterlatchis transparent.Thegating
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Figure5: Two-phaseclock block implementations.

signalfor theslave clock mustthereforebetakenfrom theinternal
slave latchinstead.

5. RESULTS

5.1 Power contributors
The power savings achievable in a transparentpipelinedepend

on two factors. First, power is saved by reducingthe numberof
clock pulsesthataregeneratedin thepipeline.This is dueto keep-
ing latchestransparentso thatdataitemsthataresufficiently sep-
aratedin time canpropagatethroughthe pipelinewithout requir-
ing the latch stagesto be clocked. Second,however, additional
power is consumedasaneffect of increasedglitching on datasig-
nals. Opaquelatchesact asbarriersandprevent glitcheson data
signalsto propagatedown the pipeline. In transparentsegments
of thepipeline,latchesareheldtransparent.Glitchescantherefore
propagatedown thepipelineandcauseextraswitchingof wiresand
transistors.Thepower savingsachievablein transparentpipelines
is subsequentlyatradeoff betweenhow muchpower is savedby re-
ducingthenumberof clockpulsesthathave to begeneratedversus
how muchadditionalpower is consumedby additionalglitchingon
datasignals.

5.2 Evaluation results
For atechniquethatadaptsdynamicallyto thecurrentutilization

of thepipeline,it is importantto evaluatetheamountof savedclock
poweroverarangeof pipelineutilizationfactors.Introducedglitch
power dependsonbothpipelineutilization anddataswitchingfac-
tors.Glitch powerthereforehasto beevaluatedoverarangeof both
thesefactors.It is importantto estimateworstcaseboundsfor the
introducedglitch power in orderto determinethe practicalappli-
cability of transparentpipelines.Thedesignchosenfor evaluation
purposesis thereforebasedon logic with a high glitch tendency.

Thetransparentpipelinetechniqueswereevaluatedonahighfre-
quency Multiply/Add-Accumulate(MAAC) unit illustratedin Fig-
ure6. This typeof designwaschosensinceaddandmultiply func-
tions arebasedheavily on XOR-type logic that hasa high glitch
tendency. The unit implementsa 32x32fix-point Booth encoded
multiplier with final adder. Theunit featuresabypasspathto allow
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Figure6: Transparently pipelined MAA C unit.

addinstructionsto enterthefinal adderdirectly without having to
passthroughthemultiply stages.A forwardingpathis providedto
themultiplier to allow multiply-accumulateinstructions.Theunit
wasimplementedasa seven stagepipelinein a 0.13micron tech-
nologywith a targetfrequency of 3 GHz.

Two implementationsof the unit are evaluated. The first de-
sign implementstraditionalopaquestagelevel clock gatingof all
pipelinestages.Theseconddesignimplementsstages2,3, 5, and6
in a transparentclockgatedmode(shadowedlatchstagesin Figure
6). The unit was simulatedat the transistorlevel undera range
of pseudorandomly generatedinput vectorsfor the data inputs
andvalid inputs. The valid signalsindicatethe utilization of the
pipeline. Thesimulationincludesall datapathlogic, control logic,
latches,clockgatinglogic, clock blocks,andclockbuffers.

Thegraphin Figure7 illustratestheclockpower of thetranspar-
ently clock gatedpipelinestagesascomparedto thesamepipeline
stagesclock gatedin traditionalopaquemodeover a pipelineuti-
lization (valid switch factor) rangeof 0-50%. The averageclock
power saving over thegivenutilization rangeis 52%. Therelative
clock power saving peaksat 61%ata pipelineutilization of 20%.

The graphin Figure8 illustratesthe absoluteclock power sav-
ingsof thetransparentlyclockgatedpipelinestagesoverapipeline
utilization rangeof 0-100%.The two curvesin Figure8 illustrate
thetransparentclock power savingswhenthedatainput switching
factoris at 0% andat 100%respectively. Thedifferencebetween
thecurvesillustratestherangebetweenbestandworstcaseglitch-
ing power introducedas a result of keepinglatchestransparent.
Fromthisgraphit canbeobservedthattheintroducedglitch power
is never morethan10%of theclock power savings. This is anim-
portantresultasit shows thattransparentpipeliningtechniquescan
be appliedadvantageouslyeven in situationswherethe datalogic
hasahighglitch tendency. Figure8 alsoclearlyillustratestherange
of pipelineutilization for which transparentpipelining is mostef-
fective. The transparentpipeline operatesmost efficiently in the
utilization rangebetween20-60%wheretheclock power dissipa-
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Figure 7: Clock power dissipation for MAA C unit over a
pipeline utilization range of 0-50% (opaque = traditional
opaquestage-level clock gating, transparent = proposedtrans-
parent stage-level clock gating).

tion is reducedby 40-60%. Theabsolutepower saving peaksat a
pipelineutilizationof 50%.

Anotherimportantthingto notein Figure8 is thatasthepipeline
utilization factor increases,the introduceddataglitch power de-
creasesasmorelatchstagesareopaqueandthereforeactasglitch
barriers.As canbeobserved in thefigure,thetransparentpipeline
thereforealwaysperformsasgoodas,or better, than the opaque
clock gatedpipelinein termsof power.

Lastly, it is importantto keepin mind that sincethe presented
transparentpipelining techniqueadaptsdynamically to the cur-
rentutilization stateof thepipeline,on a cycle-by-cycle basis,la-
tency, throughput,and IPC of the pipelinearenot affected. The
power saving benefitsof transparentpipeliningareachievedwith-
out any performancedegradation. The only limitation in the ap-
plicationof transparentpipeliningtechniquesis in keepingthede-
lay on the clock gatingsignalswithin the target cycle time. This
limits the practical length of a transparentpipeline segment. In
highfrequency pipelinesthis limit is typically betweenthreeto five
pipelinestagesanddependsgreatlyon signalarrival times, latch
count,andwire distribution.

6. CONCLUSIONS
Thispaperhasre-examinedtheclockingprinciplesof traditional

synchronouspipelines.It hasbeenshown thatclockactivity canbe
significantly reduced,on top of traditional stagelevel clock gat-
ing, through use of transparentpipelining techniques. The pa-
per presentsa new theory for optimal clocking of synchronous
pipelinesandoutlinesthe conceptualoperationof suchoptimally
clocked pipelines. Practicalcircuit implementationsfor control
logic and clock blocks are presentedand the clock power bene-
fits areevaluatedonahighfrequency multiply/add-accumulateunit
design.Transistorlevel simulationsof datapath,control logic, and
clock blocks show that dynamicclock power can be reducedby
40-60%at pipelineutilization factorsbetween20-60%on top of
traditionalstagelevel clock gating.This power benefitis achieved
without negatively affecting pipeline latency or throughput. It is
alsoshown that dataglitch power introducedasa resultof keep-
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Figure8: Absoluteclock power savings for transparently clock
gatedMAA C unit, on top of traditional stage-level clock gating,
over a pipeline utilization range of 0-100%. The two curves
illustrate best/worst case bounds for intr oduced data glitch
power.

ing latchstagestransparentis limited to below 10%of theachieved
clock power savings,makingtransparentpipeliningtechniquesap-
plicableevenfor logic with highglitch tendencies.
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