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ABSTRACT Related work

This paper re-examines the well established clocking principles The goal of the clocking technique presented in this paper is to re-
of pipelines. It is observed that clock gating techniques that duce the clock power in traditional synchronous pipelines. This is
have long been assumed optimal in reality produce a significant achieved by reducing the number of clock pulses required to propa-
amount of redundant clock pulses. The paper presents a new thegate a data item through the pipeline. In related work, several tech-
ory for optimal clocking of synchronous pipelines, presents prac- nigues have targeted clock power reduction by reducing the number
tical implementations and evaluates the clock power benefits on aof clock pulses generated to the latch stages in the pipeline.
multiply/add-accumulate unit design. Transistor level simulations  Clock gating [3, 5, 8, 2] has been used to reduce dynamic clock
show that dynamic clock power dissipation can be reduced by 40- power through all levels of the design hierarchy from the top-most
60% at pipeline utilization factors between 20-60%, on top of tra- chip level down to the individual latch level. While these tech-
ditional stage-level clock gating, without affecting pipeline latency niques reduce the number of clock pulses generated in the pipeline,

or throughput. they all have one thing in common: To avoid data races through the
latches of adjacent pipeline stages, each latch stage is clocked at
Categories and Subject Descriptors 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-

C.1.3 [Processor Architecture§: Other Architecture Styles -
Pipeline processors.

General Terms duces the number of latches that have to be clocked. These novel

Design, Performance. techniques can significantly reduce clock power, but are also lim-
ited in two ways. First, when collapsing pipeline stages, the logic

Keywords depth of each collapsed pipeline stage is doubled (or more de-

: o . o o pending on how many stages in sequence are collapsed). This
Optimal pipeline clocking, Transparent pipeline, Pipeline stage causes the pipeline operation frequency to be cut in half (or more).
unification, Adaptive pipeline depth, Dynamic pipeline scaling, pipeline collapsing techniques subsequently trade frequency for
Clock gating, Low power, High performance, Microarchitecture, power which may cause a significant drop in performance. Sec-

Circuits. ond, while the pipeline can be collapsed for a duration of time dur-
ing runtime, this collapsing is static in nature and affects through-
1. INTRODUCTION put for the whole pipeline. Because of fundamental limitations of

Clock power is a key design constraint in modern VLSI design. these collapsing techniques, they cannot be applied dynamically on
Despite increases in leakage power, clock power remains a signifi- @ cycle-by-cycle basis to save clock power.
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, BF NE ND NC Npg >A :>

despite fine grained clock gating, power consumed by the clock i 4 4 4 4

remains a major contributor to overall chip power dissipation. - - o o -
The work presented in this paper re-examines the fundamental a) f?é)!}ﬁgﬁ'é’y'i”p"?‘f#rnfugESL?‘Z‘%'%ﬂiﬁ%&“ﬁﬁi c

clocking principles of pipelines. Our work shows that traditional ... ) e ) e , I

clock gating techniques that have long been thought to gate the SN N N N N

clock optimally produce a significant amount of clock pulses that ) ZTE5)C y, TB Vo > A j‘>

are redundant to the correct operation of the pipeline. Our observa- ... i L i L1 g L

tions of requirements for correct pipeline operation arrive at a novel a) Collapsible pipeline operating in shallow mode

and practical clocking solution that can significantly reduce clock frequency = F/2, throughput = T/2, clock power = C/2

power by relaxing the clocking requirements of pipelines.
Figure 1: Prior work: a static collapsible pipeline.

Permission to make digital or hard copies of all or part of this work for

personal or classroom use is granted without fee provided that copies are  Figure 1 illustrates the concept of a static collapsible pipeline.
not made or distributed for profit or commercial advantage and that copies In deep mode all latches operate in opague mode and the pipeline
bear this notice and the full citation on the first page. To copy otherwise, to can run at full frequency. In shallow mode, every other latch stage
republish, to post on servers or to redistribute to lists, requires prior specific is made transparent, collapsing two pipeline stages into one. In

permission and/or a fee. hall de the pipeli t half f d onl
ISLPED’ 04, August 9-11, 2004, Newport Beach, California, USA. shallow mode, the pipeline runs at half frequency and only every

Copyright 2004 ACM 1-58113-929-2/04/000855.00. other latch stage is clocked.

26



Contrib utions

To summarizethe commonlimitation of previouswork in thearea
of clock gatingis that, for a given operationfrequeng (that may
changeduring runtime), all latch stagesrequiredto be active in
orderto run at thatfrequeng have to be clocked at leastoncefor
eachdataitem passinghroughthe pipeline.

In contrastthework presentedn this papercanavoid clocking
active latch stageshy dynamicallyadaptingto the currentstateof
the pipeline, on a cycle-by-g/cle basis,without reducingthe op-
erationfrequeng or throughputof the pipeline. Our techniqueis
basedntheobserationthatalatch stageonly needgo goopaque
in orderto separateclosely spaceddataitemsin a pipeline. By
keepinglatchestransparenby default, our techniqueallows data
itemsthataresuficiently separateéh time (clock cycles)to propa-
gatethroughthepipelinewithoutgeneratingary clockpulses.Such
separatiomccurfrequentlyin, for example ,microprocessordueto
pipelinestallscausedy datadependencies.

Theremaindeiof this paperfirst discusseshetheoreticalclock-
ing requirementsf pipelinesin Section2. Section3 presentsrans-
parenfpipelinesataconceptualevel. Practicakrealizationgor con-
trol logic andclock blocksare presentedn Section4. Resultsare
presentedn Section5 andconclusionsaregivenin Section6.

Assumptions

Throughouthis paperwe assumdiming constraintghatare stan-
dardfor statictransparentatchbasedipelines.Thelong pathand
shortpathdelaysthrougha pipelineareallowedto bearbitraryand
standardatch setupand hold times apply No new timing con-
straintsareintroducedby our techniqueandthe techniqueworks
with ary typeof transpareniatches.

The correctoperationof a transparenpipeline, aspresentedn
this paper placeswo behaioral constraintonits inputandoutput
ernvironment.First, atransparenpipelinerequiresthatthe valueof
adataitem is held stableat the environmentinput until a next sub-
sequentalid dataitem arrives. Second a transparenpipelinere-
quiresthatthe outputervironmentonly latchesdataindicatedvalid
by the transparenpipeline. Simply put, the ervironmentinput and
outputstageseedto beclock gatedat the stagelevel in traditional
opaquefashion.

2. PIPELINE CLOCKING RE-EXAMINED

In traditional pipelineimplementationsa fundamentabssump-
tion hasbeenthat latch stagesof a pipeline mustbe held opaque
by default in orderto avoid dataracesbetweenthe latch stages.
Suchdataracesmay causedataresidingin an upstreamstageto
accidentallyoverwrite the datain a dovnstreamstagedueto dif-
ferencesn the depthof logic pathsbetweenlatches. By keeping
latchesopaqueby default, dataracesthroughlatchesare avoided.
However, this invariably resultsin a pessimisticclocking model
thatproduceslock pulseghatareredundanto thefunctionality of
thepipeline.

The following sectionsproposea new techniquefor clocking
synchronouspipelines. To eliminate redundantclocking of a
pipeline,we first introducethe notion of a transparent pipeline in
which all latchesare transparenby default. Secondwe develop
anew clockingmodelin which latchesaremadeopaque(clocked)
only whenatrue dataraceis presenin the pipeline. Theproposed
techniguecan significantly reducethe numberof clock pulsesre-
quiredto propagatexdataitemthrougha pipeline.

Pipeline correctnes<riteria

A true dataraceexistsonly if two dataitemspropagatehrougha
pipelinewithout ary opaqudatch stageto separatehem. Assum-

ing arbitrary min/maxdelay of logic pathsthroughcombinational
logic andlatchesthefollowing criteriamustbe metto ensurecor
rectoperationof atransparenpipeline.

e Requirement$o avoid dataraces:

— Foreachpairof distinctadjacentlataitems(A,B) prop-
agatingthrougha pipeline,whereA is downstreamof
B, atleastoneopaqudatchstagemustseparat@ from
B (andB from A in caseof acircularpipeline).

— For eachdataitem A propagatingthrougha circular
pipeline,at leastone opaquédatch stagemustseparate
A from thetail of A.

Given theserequirementgo avoid dataraces,the criteria re-
quiredto implementoptimum clocking of a transparenpipeline
canbederived. In this contet the conceptof a state holder is in-
troduced A stateholderfor a dataitem A is theopaqudatchstage
holding the mostrecentvalue of A stable. This is typically the
opaqudatch stageclosestupstreanof the currentpositionof A.

e Criteriafor optimumclockingof a pipeline:

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

— For eachdataitem A propagatingthrougha circular
pipeline,only onestagefor A is clocked,andonly once
eachiteration.

In non-lineamipelines,suchasforks andjoins, A canhave mul-
tiple stateholderseachholding a part of the value of A. If ary
of thesestateholdersare overwritten, a new stateholder mustbe
providedfor A atits currentlocationin the pipeline.

The consequencef the statedclocking criteria for a transpar
entpipelineis thata latch stageonly needsto be clocked in order
to separate a pair of dataitemsmoving concurrentlythroughthe
pipeline.Thisis in contrasto thetraditionalclockingcriteriaof an
opaquepipelinethatstateshata latchstageneedgo beclockedin
orderto propagate a dataitem moving throughthe pipeline. The
first criteriais the significantlymorerelaxed of the two andallows
for atangiblereductionin requiredclock pulses.

3. TRANSPARENT PIPELINE: CONCEPT

A transparenpipeline keepsits latch stagedransparenby de-
fault. Thisdefault staterepresentthetransparentlock gatedmode
of the latch stage(transparentode). Dataracesbetweenatches
are avoided by physically separatingeachpair of dataitemscon-
currently propagatinghroughthe transparenpipeline. A pair of
dataitemsareseparatedby forcing a latch stageresidingbetween
the pair to enteran opaquestate. This opaquestatecanbe either
the opaquelyclock gatedmodeof the latch stage(opaquemode),
or the normalclocking of the latch stage(clocked mode). A latch
stagein ageneralizedransparenpipelinecanthusoperaten three
differentmodes.

Figure2illustratethebehaior of afive stagdinearpipeline.The
threemiddle latch stages2, 3, and4 form a transparenpipeline
se@gment. Theselatch stagesoperatein transparentmodeby de-
fault. Latch stagesl and5 form theinput andoutputervironment
of thetransparenpipeline. Thesdatchstagesperatén traditional
opaquemodeby default. A valid latchis associateavith eachstage
to keeptrackof thelocationof valid datain the pipeline. Thevalid
latchesareclocked eachclock cycle. In thefigure,dottedlinesin-
dicatethatthelatchis clock gatedin transpareninode.Solid lines
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Figure2: A linear thr ee-stagelransparent Pipeline

indicatethata latchis clock gatedin opaquemode(or is clocked
the currentcycle). Thick lines indicatethat the latch is the cur-
rentstateholderfor thedataitem markedinsideit, i.e., thelatchis
responsibldor holdingthe valuefor thatdataitem stable. A dark
shadav indicateghatthelatchin questiorcaptures dataitem,and
alsorepresentshe completionof onecycle of its local clock.

Considera streamof dataitems A, —, B, —, ... enteringthe
pipeline,where— representshe absencef valid data(a bubble).
Assumethe pipelineis initially empty Stagesl and5 arethen
clock gatedin opaquemode,andstage<, 3, and4 areclock gated
in transparenmode.

Clock cycle1: As dataitem A entersstagel, at clock cycle 1,
it is capturedand held stablein the datalatches. Stagel is now
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Figure 3: Clock waveforms correspondingto Figure 2.

the stateholderfor A. Sincethe datalatchesfor stage<?, 3, and
4 areclock gatedin transparenmode A cannow propagatdreely
throughthis transparensegmentof the pipeline. In the figure, the
shortpathpropagatiorof A is indicatedin lower casea. Thelong
pathpropagatiorof A is indicatedin uppercaseA. Assumingar
bitrary delayon shortpathsthroughthelogic the datainputsto the
latchesof stageb canchangeat ary time. Sincestageb is clock
gatedin opaquemode,theseunstablevaluesarenotlatched.Sub-
sequentlythereis no risk for metastabilityto occur At the end
of clock cycle 1, the longestpaththroughthe logic in stagel has
completedandthe outputof the stageis now valid.

Clock cycle2: At thestartof clock cycle 2, theassociatedalid
bit is capturedby thevalid latchin stage? to indicatethenew posi-
tion of A (notethatthevalid latchis alwaysclocked). Note, how-
ever, that sinceno valid dataitem immediatelyfollows A in the
pipeline,stagel continuego hold A stable.Thereis subsequently
no needto clock the datalatchesof stage2. The datalatchesof
stage? thereforeremainclock gatedin transparenmode.

Clock cycle 3: In clock cycle 3, stagel latchesdataitem B.
Sincestagel nolongerholdsdataitem A stable stage3, where A
currentlyresidesmustcaptureandhold A stable.The datalatches
for stage3 arethereforeclocked this cycle andarethereafteheld
in opaquegatedmode.Stagel is now the stateholderfor B, while
stage3 is the stateholderfor A. As stage2 is transparentB can
propagatefreely throughstagesl and 2 during this clock cycle.
The short path propagationof B is indicatedwith lower caseb.
Sincethe datalatchesfor stage3 are opaquep cannotpropagate
furtherthanstage?, andthereis subsequentinorisk for dataraces
betweendataitems A and B. The valid latchesare updatedto
indicatethat B residesn stagel and A residedn stages3.

Clock cycle4: During clock cycle 4, no datalatcheshave to be
clockedasstagel continuedo hold B stableandstage3 continues
to hold A stable. The valid latchesare updatedo indicatethat B
now residesn stage2 and A residesn staged.

Clock cycle5: In clock cycle 5, the datalatchesfor stage3 are
forcedtransparento let B propagatéhroughandthereafteremain
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Figure 4: Control logic implementation for a two-stagetransparent pipeline.

in transparentode.At thesameime, thevalid bit associateavith
A indicatesto stage5 of the output ervironmentthat the output
of the transparenpipelineis now valid. Stage5 is subsequently
clocked andcapturesA. Thevalid latchesareupdatedo indicate
that B residesin stage3 and A residesn stageb.

Clock cycle6: During clock cycle 6, no datalatchesneedto be
clockedasstagel continuedo hold B stable.Thevalid latchesare
updatedo indicatethat B now residesin staged.

Clock cycle7: At the startof clock cycle 7, thevalid bit associ-
atedwith B indicatesto stageb of the outputenvironmentthatthe
outputof thetransparenpipelineis againvalid. Stage5 is subse-
quentlyclocked and capturesB. The valid latchesareupdatedto
indicatethat B now residesn stage5.

Figure3 illustratesthe clock waveformsgeneratedor the exam-
ple illustratedin Figure?2. Figure3(a)illustratesthe clock wave-
formswhenstage2, 3, and4 malke useof transpareninodeclock
gating. Figure 3(b) illustratesthe clock waveformswhenstage<2,
3, and4 malke useof traditional opaguemode clock gating. As
canbereadily obsened from Figure3(a),thethree-stagéranspar
ent sggmentof the pipeline generateshe equivalent of only one
clock pulsein orderto let dataitems A and B propagatehrough
it. In comparisonthe traditionally opaqueclock gatedpipelinein
Figure3(b) hasto generate total of six clock pulsesto propagate
A and B throughit. The exampleclearly illustratesthe potential
benefitof transparentodeclock gatingin pipelineswith moderate
utilization factors.

4. TRANSPARENT PIPELINE: IMPLEMEN-
TATION

Thereare mary waysto implementa transparenpipeline. To
betterfocusthe presentatioron the main conceptsof transparent
pipelining,asimpleandefficient specialcaseimplementatiorfor a
two-stagenon-stallableransparenpipelineis givenin this paper
The presentedechniquecanbe readily extendedto cover general
N-stagestallablepipelinesaswell.

Thespecialcasemplementatiorcoveredin this sectionis possi-
ble whenthetransparenpipelinesggmenthastwo stage®r less.In
this case the behaior of the opaqueclock gatedmodeequalsthe
behaior of theclockedmode.Thenumberof operatiormodeghat
alatchstagehasto supportcanthusbereducedrom threedown to
two, providing a solutionvery similar to traditionally clock gated
pipelines. The two operationmodesthat needto be supportedcare
(1) normally clockedmode,and(2) transpareninodeclock gating.

4.1 Control logic

A pipelinestagethatis clock gatedin transparenmodehasto
be ableto detectwhetherit shouldswitchto clocked modeor stay
transparentClocked modeonly hasto beenteredn orderto sepa-
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ratetwo dataitemspropagatingconcurrentlythroughthe transpar
ent sggmentof the pipeline. For a given clock cycle, ary trans-
parentpipeline stageshouldentera clocked operationmodeonly
underthefollowing conditions:

e A transparenpipelinestagel’ shouldbe clockedonly if:

1. valid datais presentattheinputof 7', and

2. valid datais presenattheinputof ary transparenstage
upstreanof T', or valid datais presentattheinputof the
ervironmentinput stage.

Wheneer the statedconditions do not hold, the transparent
pipeline stageshouldoperatein a transparentlock gatedmode.
Giventhis simplecondition,it is possibleto provide a straightfor
ward implementation.The first conditioncanbe implementecby
observingthevalid bit feedinginto stageT’. Fromthe seconcton-
dition, it is clearthat a look-behindfunction is neededo detect
whetherthereis anotherdataitem upstreanof stageT’. Thislook-
behindfunctioncanbeimplementedy observingthe valid bits of
theupstreanpipelinestages.

The clock gating conditionsfor the two transparenstagesT’
and T», with the input environment Ey and output ervironment
E3, thenbecome:

gater, = not(validg_,)

gater, = not(valideg_, and validg,)

gater, = not(validr, and (validg_, or validg,))
gateg, = not(validr,)

Figure4 illustratesthe necessargontrollogic for animplemen-
tationof a synchronougpipelinewith two transparenstages.

4.2 Clock block

A clockblock (CB) supportingransparentnodeclock gatingin
a two stagetransparenpipelineis straightforvard to implement.
Figure5 illustratesa transparenandan opaquemodeclock block
for a two-phaseclocked master/slae pipeline. The transparent
modeclock block containsone masterand one slave latch inter
nally. Theselatchesare usedto latch the clock gating signalto
preventglitcheson the clock. Sinceboththe masterandslave data
latches(not shawvn) aregatedin transparenmode,the masterand
slave clock signalshothneedto begatedn theirhigh state(logic 1).
In traditionalopaqueclock gatingthe gatingsignalfor the master
andslave clockscanboth be taken from the internalmastenatch.
However, whenclock gatingin transparenmode,the clock polar
ity attheinputto theclock gatingpointfor theslave clock, gategs
in Figure5, malesgategs sensitve to glitcheson the clock gat-
ing inputwhile theinternalmastedatchis transparentThe gating
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signalfor the slave clock mustthereforebetakenfrom the internal
slave latchinstead.

5. RESULTS

5.1 Power contributors

The power savings achiezablein a transparenpipeline depend
on two factors. First, power is savzed by reducingthe numberof
clock pulseshataregeneratedh the pipeline. Thisis dueto keep-
ing latchestransparenso that dataitemsthat are suficiently sep-
aratedin time can propagatehroughthe pipeline without requir
ing the latch stagesto be clocked. Second,hawever, additional
power is consumedasan effect of increasedylitching on datasig-
nals. Opaguelatchesact asbarriersand prevent glitcheson data
signalsto propagatedown the pipeline. In transparensggments
of thepipeline,latchesareheldtransparentGlitchescantherefore
propagatelown thepipelineandcauseextra switchingof wiresand
transistors.The powver savings achiezablein transparenpipelines
is subsequentlptradeof betweerhow muchpoweris savedby re-
ducingthe numberof clock pulsesthathave to begeneratediersus
hov muchadditionalpoweris consumedby additionalglitchingon
datasignals.

5.2 Evaluation results

For atechniquethatadaptsdynamicallyto the currentutilization
of thepipeline, it isimportantto evaluatetheamountof savedclock
power over arangeof pipelineutilization factors.Introducedylitch
power dependn both pipelineutilization anddataswitchingfac-
tors. Glitch powverthereforenasto beevaluatedoverarangeof both
thesefactors. It is importantto estimateworstcaseboundsfor the
introducedglitch power in orderto determinethe practicalappli-
cability of transparenpipelines.The designchoserfor evaluation
purposess thereforebasedn logic with a high glitch tendeng.

Thetransparenpipelinetechniquesvereevaluatedonahighfre-
queng Multiply/Add-Accumulate(MAA C) unitillustratedin Fig-
ure6. Thistype of designwaschosersinceaddandmultiply func-
tions are basedhearily on XOR-typelogic that hasa high glitch
tendeng. The unit implementsa 32x32fix-point Booth encoded
multiplier with final adder Theunit featuresa bypassathto allow
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Figure6: Transparently pipelined MAA C unit.

addinstructionsto enterthe final adderdirectly without having to
passthroughthe multiply stagesA forwardingpathis providedto
the multiplier to allow multiply-accumulateénstructions. The unit
wasimplementecasa seven stagepipelinein a 0.13 microntech-
nologywith atargetfrequenyg of 3 GHz.

Two implementationsof the unit are evaluated. The first de-
signimplementstraditional opaquestagelevel clock gating of all
pipelinestagesThesecondlesignimplementstage<, 3, 5, and6
in atransparentlock gatedmode(shadaedlatchstagesn Figure
6). The unit was simulatedat the transistorlevel undera range
of pseudorandomly generatednput vectorsfor the datainputs
andvalid inputs. The valid signalsindicatethe utilization of the
pipeline. The simulationincludesall datapatHogic, controllogic,
latchesclock gatinglogic, clock blocks,andclock buffers.

Thegraphin Figure?7 illustratesthe clock power of thetranspar
ently clock gatedpipelinestagesascomparedo the samepipeline
stagesclock gatedin traditionalopaquemodeover a pipeline uti-
lization (valid switch factor) rangeof 0-50%. The averageclock
power saving over the given utilization rangeis 52%. The relative
clock power saving peaksat 61% at a pipelineutilization of 20%.

The graphin Figure 8 illustratesthe absoluteclock pover sav-
ingsof thetransparentlylock gatedpipelinestagever a pipeline
utilization rangeof 0-100%. The two curvesin Figure8 illustrate
thetransparentlock power savingswhenthe datainput switching
factoris at 0% andat 100% respectiely. The differencebetween
the curwesillustratesthe rangebetweerbestandworstcaseglitch-
ing power introducedas a result of keepinglatchestransparent.
Fromthis graphit canbeobsenredthattheintroducedglitch powver
is never morethan10% of the clock power savings. Thisis anim-
portantresultasit shavs thattransparenpipeliningtechniquegan
be appliedadwantageouslyvenin situationswherethe datalogic
hasahighglitchtendeng. Figure8 alsoclearlyillustratestherange
of pipelineutilization for which transparenpipelining is mostef-
fective. The transparenpipeline operateamost efficiently in the
utilization rangebetween20-60%wherethe clock power dissipa-
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tion is reducedby 40-60%. The absolutepower saving peaksat a
pipelineutilization of 50%.

Anotherimportantthingto notein Figure8 is thatasthepipeline
utilization factor increasesthe introduceddataglitch powver de-
creaseasmorelatch stagesare opaqueandthereforeactasglitch
barriers.As canbe obseredin thefigure,the transparenpipeline
thereforealways performsas good as, or better thanthe opaque
clock gatedpipelinein termsof power.

Lastly, it is importantto keepin mind that sincethe presented
transparenfpipelining techniqueadaptsdynamically to the cur
rentutilization stateof the pipeline,on a cycle-by-g/cle basis,la-
teng, throughput,and IPC of the pipeline are not affected. The
power saving benefitsof transparenpipelining are achieved with-
out ary performancedegradation. The only limitation in the ap-
plication of transparenpipeliningtechniquess in keepingthe de-
lay on the clock gating signalswithin the target cycle time. This
limits the practicallength of a transparenpipeline sgment. In
highfrequeny pipelinesthislimit is typically betweerthreeto five
pipeline stagesand dependgyreatly on signal arrival times, latch
count,andwire distribution.

6. CONCLUSIONS

This papethasre-examinedthe clockingprinciplesof traditional
synchronougipelines.lt hasbeenshavn thatclock actiity canbe
significantly reduced,on top of traditional stagelevel clock gat-
ing, through use of transparenpipelining techniques. The pa-
per presentsa new theory for optimal clocking of synchronous
pipelinesandoutlinesthe conceptuabperationof suchoptimally
clocked pipelines. Practicalcircuit implementationdor control
logic and clock blocks are presentedand the clock power bene-
fits areevaluatedon ahighfrequeng multiply/add-accumulatanit
design.Transistorlevel simulationsof datapathgcontrollogic, and
clock blocks shav that dynamicclock power can be reducedby
40-60%at pipeline utilization factorsbetween20-60%on top of
traditionalstagelevel clock gating. This power benefitis achiered
without negatively affecting pipeline lateny or throughput. It is
alsoshavn that dataglitch power introducedas a resultof keep-
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gatedMAA C unit, ontop 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
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ing latchstagegransparenis limited to belav 10%of theachieved
clock power savings, makingtransparenpipeliningtechniquesp-
plicableevenfor logic with high glitch tendencies.
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