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Abstract

Clodk networksaccountfor a significantfractionof the powerdis-
sipationof a chip and are critical to the performance This paper
presentgheoryandalgorithmsfor building a low powerclodk tree
Two low power schemesare used: a reducedswing schemeand
one using multiple supplyvoltages. We analyzethe issueof tree
constructionand presentconclusiongelevantto varioustednol-
ogy genertions accoding to the National Technolagy Roadmap
of Semiconductar(NTRS) Our experimentaresultsshowthat the
powercould be savedan aveiage of 45% for a 0.25 um technol-
ogy usingmultiple supplyvoltages,and 31% usingreducedswing
buffers.

1 INTRODUCTION

The clock network constituteneof the mostimportantpartsof a
synchronou&/LSI chip asit cansignificantlyinfluencethe speed,
areaandpower dissipatiorof thesystem Recentesearclonclock
network constructiof1-9] hasdevelopedproceduregor building

azeroor nearzeroskew clock network with sharpclock edgerates
attheclockutilization points.

However, onemajor drawbackassociatedvith clock networks
is their power dissipation. Studieshave shawn thatthe clock net-
work candissipate20-50%of thetotal poweronachip. In thecon-
text of the growing importanceof low power designsfor portable
electronicsijt is necessaryo develop stratgiesto significantlyre-
ducethepowerdissipatiorof theclock network, sincethiswill lead
to amajorreductionin the overall power dissipationof the chip.

In this work, we presentnew theory and resultsfor building
low power clock treesusingmultiple supplyvoltagesor areduced
swing clock signalbeforecorverting the clock signalbackto the
original voltageatthe utilization points. This clock schemas pre-
sentedn [10] andis shawn in Figurel. Thework in [10] implicitly
assumeshat placingconvertersat sinksis the bestconfiguration,
without ary justifications.Themain contritution of this work is to
prove empirically thatthe configurationin [10] indeedis closeto
the optimal configuration.

The organizationof this paperis asfollows. In Section2, we
review previous work in the areaand placeour work in this con-
text. Section3 statesthe problemand discussesome possible
buffer schemesNext, in Sectiod4, we derive asetof theoreticate-
sultsandmake empiricalobserationsbasedon technologytrends
aspredictedoy theNTRS[11]. Thisis followedby anoutline of
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theclock network constructioralgorithmin Section5. Finally, we
presentour experimentalresultsin Section6, followed by a con-
clusion.

2 PREVIOUS WORK

Theareaof clock treesynthesidor zeroskew hasbeenwidely re-
searched After early techniqueg5, 6] thatrely on equalizingthe
pathlengthto eachsink were found to be inadequatdor RC in-
terconnectsa methodthat explicitly equalizesthe delayto each
sink of the treewereproposedy Tsay[8]. This methodperforms
a recursve bottom-upcombinationof two zero-skew subtreesiy
finding atappingpointto ensurezeroskew in thelargersubtree.

Tsays algorithm only suggestedan algorithmto zero-mege
two subtreesput did not try to minimize total wire length. The
Deferred-Meged Embedding(DME) method,which was discor/-
ered independentlyby three groups[1-3], optimally embedsa
given clock treetopologyin the Manhattanplanewith zero skew
andattemptdo minimizethetotal wire length.

In additionto ensuringzeroskew, it is alsoimperatve to ensure
thata sharpslew ratefor the clock edge. This requiresthe inser
tion of bufferswithin the clock network to isolatethe dovnstream
capacitancethusreducingthe transitiontimes. Variousbuffering
algorithmshave beenproposedhat canbe usedeitherdirectly or
adaptedor clockrouting[7,12,13].

Thelargeamountof capacitancghatis drivenby the clock net,
in conjunctionwith the fact that the clock net switcheson every
transition,leadsto a major fraction of the total chip power being
dissipatedn clock distribution. The total power dissipationcon-
sistsof two componentsstaticanddynamicpower dissipation.

In this work, we considerthe static power dissipationdue to
leakagecurrentto benggligible. We controltheshort-circuitpower
dissipationby enforcinga constraintthat the clock edgeshould
never have a transition(rise/fall) time thatis larger thana given
specificationthroughoutthe clock tree. By enforcingthis sharp
clock edgeraterequirementtheshortcircuit poweris boundedand
canbe neglectedin comparisonwith the chage/dischage power.
Note that the sharpclock edgeis alsoan inherentrequiremenin
the problemof clock network constructionandthis approachef-
fectively achievestwo objectivesfor the price of one.

Therefore the major componenbf the total power dissipation
is the power thatis usedto chage anddischage the load capaci-
tancein thecircuits. Equation(1) below lists awell-known expres-
sionfor the chage/dischage power dissipation.

P = fCrViaVs (1)

wheref, Cr, Vaa, Vs arerespectiely theclockfrequeng, theload
capacitancethe supplyvoltage, andthe outputswing of the buffer.
If the outputof the buffer swingsfrom gndto V4, thenVs = Vg
andtheformulareduceso P = fCL V2.

Sincef is afundamentaparametefor the circuit, it cannotbe
changedandits effectscanonly be reducecdby techniquesuchas
clock gating,which arenot addresseth this work. Thereforethe
power dissipationof the clock network canonly bereducedby



(a) reducingthetotal load capacitanceywhichis consistentvith
attemptingto achieve the minimal wire lengthandthe min-
imal buffer power dissipation;techniquedor minimal wire
length have beenextensiely addressedh the past,for ex-
amplein [1-3,9].

(b) reducingVy4, which createsa quadraticreductionif Vs is
alsosimultaneouseduceddy the samefactor (for example,
whenVy, = kV; for somevalueof k)

(c) reducingV; without reducingV,4, which correspondgo a
linearreductionin the power dissipation.

Sinceclock netminimizationis a well-researchedrea,our paper
will useexisting resultson that subjectto build clock treesand
will, insteadfocuson buffer insertionissuesandlow voltageclock
circuits.

3 STATEMENT OF THE PROBLEM
3.1 Structure of the Clock Tree

A clockschemavith multiple supplyvoltagesvasproposedn [10]
andis illustratedin Figurel below. In this figure,anHLcorverter
is a buffer thatcorvertstheincomingclock signalto the chip from
high voltageswing to a lower voltageswing. The clock signalis
thentransmittecon thechip asalow voltagesignal,therebyensur
ing a low power clock distribution network. Intermediatebuffers
(LLconverters)areusedin the clock tree (not necessarilat every
branchingpoint) to regeneratehe signalandmaintaina sharpslev
rateasthe signal passeshroughthe network. The LLconverters,
asshavn in Figurel, are usedasrepeaters.Theserepeatersan
beassimpleasinvertersor they maybemorecomple, depending
on the clock scheme.Laterwe will shav thatwe may not usean
inverterfor thistypeof repeaterAt thepointsof useatthesinkflip-
flops, theclock signalis convertedusingthe LHconverterblock to
the highervoltageswing, which is the voltageat which it is used
by thelogic network.

The work in [10] implicitly assumeshatin orderto sare the
maximumpower, the low power region mustbe maximized,thus
minimizing the high power region. The work proposeswithout
a specificjustification, thatan HLcorverteris insertedat the root
of theclock tree,and LHcorvertersareinsertedat the clock sinks,
therebyplacingtheentireclocktreein thelow power region.
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Figurel: Low Power Clock Scheme

However, the flaw in this reasonings that while suchan ap-
proachminimizesthe interconnecipower dissipation,the cost of
the LHconvertersis not taken into account.Sincean LHcorverter
consistof anumberof transistorsplacinganLHcorverteratevery
sink could leadto the additionof an excessve numberof transis-
tors, which could have an adwerseimpactnot only on the power,
but alsoon thelayoutandthe areaof thechip.

In this work, we proposeto investigatethe tradeofs that are
requiredto be madein suchan approach.We will presentcrite-
ria requiredto determineboth a minimum power anda minimum
areasolution, draving conclusionsbasedon realistic technology
parameters.

The delay model usedhereis the well-knovn Elmore delay
model,asin otherwork onthe subject1-4,8,9]. Theslew transi-
tion time at a nodeis takento be twice the EImoredelayfrom the
previousbuffer to thatnode.

3.2 Level Converter Circuits

The structureof the HLcorverteris relatively straightforvard. To
corverttheclockswingfrom ahighervoltagerangeof gndto Vi
to a lower voltagerangeof gnd to V441, @ corventional buffer
driven by a supplyvoltageof Vy4z will be adequate.A corven-
tional repeatercan also be usedas a LLconverter for this clock
scheme. The structureof an LHcorverteris moreinvolved, and
the designwe useis the sameasthat utilized in earlierwork (for
example,[10,14]) andis illustratedin Figure2.
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Figure2: A LHconverterCircuit

From (1), anothervariable that we can reduceis the output
clock swing, V. ZhangandRabag [15] shav thatreducingvolt-
agesswingof thesignalonthewire is agoodapproacltfor achies-
ing improved enepy efficieng.. Thework in [15], however, pre-
sentedonly the signal drivers and recevers, and did not discuss
intermediatedriversthat could be usedfor regeneratinghe signal
asit is propagateatlower voltage.For the clock treeproblem the
useof a driver to drive a long interconnectwire without repeater
driverswould resultin unacceptabldelayandtransitiontimes.

In this paper we presenta reduced-swinglock schemewith
drivers,intermediatedriversandrecevers, illustratedin Figure 3.
Thereduced-swinglriverasshavn in Figure3 is presentedh [16]
andits outputswingsfrom Vi, t0 Vg — |Vip|. Thereforeaninter
mediatereducedswingbuffer cannotbe aninvertersincethe mag-
nitude of its input signalwould resultin a significantshortcircuit
current. We presenta reducedswing buffer consistingof 4 tran-
sistors.M4 andM5 actasaninverter andM3 andM6 effectively
alterthesupplyandgroundvoltagego Vyq — |Vip| @andVi,, respec-
tively, therebyensuringa zerosteady-statshortcircuit currentand
keepingthe outputswingthe sameastheinput swing.

Finally, thereducedswingrecever is amodificationversionof
the fully complementanself-biasedCMOS differentialamplifier
presentetby Bazeg17]. Themodificationis performedby feeding
backthe outputsignal,which is the inversionof oneof theinputs,
to theotherdifferentialinputnode.Thereforetheclock signalonly
swingsfrom Vi, 10 Vag — |Vip|.

4 BUFFER INSERTION

FromFigurel, anHLcorverteris greedilyinsertechttherootof the
clocktree.Thereforetherearetwo type of bufferswhoselocations
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Figure3: ReducedswingClock Scheme

areto be determined:LLconvertersand LHcornverters. An algo-
rithm for LLconverterinsertioncanbe similar to a generalbuffer

insertionalgorithm sincetheir positionsdo not affect power dis-

sipationsignificantly Traditionally buffer insertionhasbeenper

formedin apost-routingphasg7,12]. Vittal etal. [13] have shavn

thatsimultaneousopologydesignandbuffer insertioncando sig-

nificantly betterin termsof area risetimesandpower dissipation.
In this paper we will exploit algorithmsin both[13] and[3]. The
modificationis doneby performingbuffer insertionin the bottom
up phaseof the DME algorithm. After eachpair of subtreeds

meged,we considetthe possibility of insertinga buffer attheroot
of thetwo child subtreesThecriterionfor insertinga buffer is that
the edgerateat eachbuffer input andeachsink nodearewithin a
given specification. This not only limits the effect of input slope
onthedelay but alsocontrolsthe short-circuitpower andprovides
a sharpclock edgeat the utilization pointsat the sink of the clock

tree.

As shawn in Figure 1, we will assumethat the lowestbuffer
stagein the clock treeis the LHcorverter stage,and we want to
find thelocationsof thesetype of buffers. Let usconsiderthetotal
power dissipatedy the clock treeto consistof two components:

(i) Py ,thepowerdissipatedy buffersin thetree,and

(i) Py ,thepowerdissipatedy thewiresin theclocktree.

The location of the LHcorvertershasa major impacton the
power dissipationof theclock treefor two reasons:

(a) Sincethe LHcorvertersare at the lowest stageof the clock
tree,they aremorenumeroushanary othertype of buffer.
Moreover, they containmoretransistorger buffer thanary
otherbuffer usedin the clock tree(seeFigure3). Therefore,
moving the LHcorvertersdownstreamowardsthe sinksre-
sultsin anincreasedralueof P;.

(b) Thewiresdownstreanof the LHcornvertersaredrivenatthe
high swing,andthereforeconsumealargeramountof power
per unit wire length. Consequentlyit is adwantageougo
move the LHcorvertersasfar downstreamaspossibleto re-
ducethevalueof P,,.

Fromthesepoints,it is clearthatthe positioningof the LHconvert-
ersplaysanimportantrole in thetotal power dissipatiorof thetree.
In light of point(a) abore, wefocuson minimizing P, by minimiz-
ing thetotal power dissipatiorof the LHcornvertersandassumehat
the power dissipationof buffersat otherlevelswill changeby only
asmallamounton moving the LHconverters.This is supportedy
thefactthatotherbuffersarefurtheruptheclocktreeandaremuch
lessnumeroughanthe LHcorverters,andfor practicalpurposes,
canbe assumedo consumea constantamountof power over all
locationsof the LHcorverters.In practice ,we foundthis assump-
tion valid.

4.1 Theoretical Results on Buffer Positioning

We now presentesultson criteriausedto determinethe positions
of the LHconverters.

-
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Figure4: Buffer Placement

Theorem 1 For a minimumbuffer area solution, LHcorverters
mustbe insertedat the clodk sinks,appiopriately sizedto meetthe
clock slew rate (transitiontime) constaints.

Proof: Total buffer areais the summationof all the area of
buffers (HLcorverter LLconverters,andLhcorverters). However,
as statedearlier we assumethat total buffer areaof an HLcon-
verterandLLcornvertersis constant. Therefore we only consider
thebuffer areaof LHconverters.Let Th andT» betwo subtreeshat
are zero-slew megedto form a larger subtree as shawn in Fig-
ure 4. Let usconsiderthe possibility of insertingan LHcorverter
in this subtree andwe considerthe two illustratedoptionsfor this
purpose:

(&) An LHcorverterof sizew, drivesthe subtreethatis formed

by meging 71 andT>
(b) Ty andT» aredriven by LHcorvertersof sizew; andws,
respectrely

In eachcasethe LHcorvertersizesarechosersothatedgeratere-
quirementdor eachsubtreecannotbe metby usingthe samel H-
corvertersizefurtherup thetree(towardsthe root) acrossa meig-
ing point. This is an essentiabonditionsinceits violation would
imply thatanotheroptimal areasolutionexistswith smaller corre-
spondingto moving the LHcornverterup the treeacrossa meging
pointto useoneminimum-sizecduffer insteadof two.

Assumethat both options correspondo the sametotal wire
lengthfor theclocktree;thisis anapproximationbut thetotal wire
lengthis obserednotto changesignificantlywhenanLHcorverter
atalow level of the clock treeis moved upwards. In orderfor op-
tion (b) to be an area-optimakolution, w; mustbe greaterthan
w2 + ws. Wewill overloadthe notationby usingthe name“w;”
to referto the LHcorverterof sizew;. We further denotethe to-
tal wire lengthin the low voltageand high voltageregionsas L4
and L., respectrely, and| asthewire lengthcorrespondingdo the
two wires betweenthe buffer w; andthe buffers w, andws, as
illustratedin Figure4.

We will now proceedo shav thatwhile option (a) is betterin
term of the numberof buffers used,option (b) is betterin terms
of thetotal buffer area. Startingfrom option (b), if the buffers w-
andws areto slideup thetreetowardstherootnode,we will shav
thatit will be essentiato increasetheir size. Therefore,aslong
asthe buffer lies on a given wire segment, its smallestareamust
correspondo apositionatthelowerendof thetree.

Considera buffer driving a subtreeas shavn by Figure 4(b)
andFigure5(b). If we wantto slide the buffer up towardsthe par
entnode,it mustbe sizedup from w to w’ in orderto satisfythe
transitiontime constraint.The relationshipbetweenw andw’ can
thenbe expresseds:

t'rise _ k' lCo
T = U)’ (C + lCo) + ’I"(]l(C + 9

whereC' andt, are,respectiely, thedelayandcapacitancelowvn-
streanof thelocationof buffer, w andl is thelengthof thesegment

k
)+ta=—C+ta (2)
w



alongwhich w is moved up to w’, andk, ro andCy are,respec-
tively, the unit buffer resistancethe unit wire resistanceand the
unit wire capacitanceThis leadsto therelation

1 1Co rol 1Co 1

w,(1+ C)+k(1+2C)_w (3)
Since the multiplicative factor for 1/w’ is larger than unity and
the resultingquantityis addedto a positive number this implies
thatl/w > 1/w', i.e.,w’ > w. Therefore whenboth buffersin
Figure4(b) aremadeto slide up until they arejust downstreamof
the meiging point, asshavn in Figure5(b) the sizew) > w2 and
wh > wz. Wewill now studythe resultof moving thetwo buffers
wj andwj acrossthe memging point to wy while maintainingthe
adherencé¢o thedelayspecificationasshavn in Figure5(a).

Wy
W, Ws
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Figure5: Buffer Merging
Notethatl; andl, arethe samefor both Figure5(a)and5(b).

To satisfythetransitiontime requirementttheleaf nodesthefol-
lowing relationshipmusthold.

w£1 ((l1 +12)Co + C1 + Cz) + rol1 (C;ll + Cl) +tg1 =

1,0
11Co + C1) +Toll( 10 +C1) +tar (4)

—(
wh 2

Simplifying this expressionwe find thatthe relationshipbetween
wh andw; is

wh = 11Co + C1
T (1 +1L)Co+C1 + C

Clegt
wyp = w 5
) ! Ctotal b ( )
whereCi.; is the total dovn streamcapacitancén the left sub-
tree,andC},1q: IS the sumof the down streamcapacitancén both
subtrees Similarly, definingC.;4,: asthetotal capacitancén the
left subtreethe expressiorfor w3 canbederivedas

wh = 1,Co + Co
3 (It +12)Co + C1 + Co

CM'
U G ™ ©

Thereforeadding(5) and(6), we obtaintheresult

w1 = w'2 + wg (7

Sincew), andw} aregreatetthanw» andws respectiely, andsince
w1 = wj + wj, the scenaridn Figure4(a)is worsethanthatin
Figure4(b)in termof buffer area.Fromthis, we mayconcludehat
positioningan LHcorverterlowerin thetreewill leadto a smaller
areacostaslongasthe LHcorverteris alwaysproportionallysized
soasto just meetthetransitiontime constraintsatthe sinks.
However, oncethe LHcornverter transistorsare down to their
minimum size, it will be impossibleto further reduceits areaby
pushingit further down the tree. In fact, further moves acrossa
branchingpoint would require one minimum-sizedLHcorverter

to be replicatedastwo minimum-sizedLHcorverters,andwould
thereforecauseanincreasen area.However, in practice theuseof
minimum-sizecuffersanywherein aclocktreewill notsatisfythe
transitiontime constraintsat the sinks. Thereforejt will be essen-
tial to add LHcorvertersat the sinks, appropriatelysizedto meet
thedesiredslew rates.This concludeghe proof of thetheorem.
Next, we considerthe two scenarioshavn in Figures4(a)and
4(b) in term of the power dissipation. As before,we will assume
thateachof w1, w2 andws exactly meetsthe transitiontime con-
straintsat the sinks. In orderto prove this, we introducea power
dissipatiormodelfor anLHcorverterin thefollowing form:

P = kiw+ ko, (8)

wherethe size of the buffer is characterizedby the buffer sizew,
andk; andk: arefixed constantsFor anLHcorverter we have a
multistagecircuit (see,for example,Figure 2) that mustbe sized.
We assumehatthe outputstageis sizedin suchaway thatthera-
tio of the NMOS transistorto the PMOStransistoris constantall
internal stagesare sizedso that their width increasesre propor
tionalto w. In ratioedbuffers,the linear dependencef power on
thebuffer sizew is areasonablapproximatiorsincethesizeof the
outputstagechangedy a muchlargeramountby the size of ary
input stage.Alternatively, if only the outputstageof the buffer is
sizedandtheinput stagesreleft untouchedtherelationis exact.

Therefore for the scenariocof Figure4, in orderfor option (a)
to bebetterthanoption (b),thefollowing conditionmusthold:

kiwi + k2 + k3(L1 — 1) + ka(L2 + 1) < krwz + k2 +
kiws + ka2 + ksL1 + kaLy  (9)

whereks = fV.},. Co andks = fV2, 1 Co.

Theorem 2 Let P; bethe powerin theclock treecorresponding
specificpositioningof the LHconvertess, sizedto meetthe transi-
tion time constaintsat the sinks.Let P, bethe powercorrespond-
ing to LHcorverters beinginsertedat any higher locationin the
tree appiopriately sizedsothat thetransitiontime constaints are
satisfied. The powerdissipationP1 < P> providedthe following
conditionholds:

k2 > k1(w1 — (w2 +w3)) + 1(ka — k3) (10)

Proof: Followsimmediatelyfrom a simplificationof (9).

Theinequalityin (10) statesthat k2 mustbe greaterthanthe
sumof the power dissipatiordueto thesizeincreasef the buffers,
whichis thefirsttermontheright handside,andthe power savings
dueto thelow power region of wire segment?, whichis thesecond
term. In orderfor (10) to betrue, k2 > ki(w; — (w2 + w3)) and
k2 > l(ksa—ks3), sincebothtermsof theright handsidearepositive
(from therelationshipbetweenw; , w2 andws shavn in the proof
of Theorem2, andfrom the definition of ks andk4). The latter
conditioncanbeexpresseds! < k2 / (ks — ks3).

Considetthelevel corverterin Figure2, andconsidelk to cor-
respondo the power dissipationof all transistorsout the two that
constitutethe output stage,assuminghem (temporarily)to be at
minimumsize. Usingthe NTRSroadmag11] andthe device pa-
rametersn [18], we calculatehemaximumallowablevalueof ! for
varioustechnologiesn Tablel in orderfor (10)to betrue. Theta-
blealsoshavstheaveragevalueof theminimumpairwisedistance
betweersinks(calculatedisinganapproactsimilarto Edahiro[3])
andtheminimal distanceof themeiging nodesupto thefirst buffer
level of benchmarks; throughrs [8].

Notingthatthevalueof ! increase$inearlywith k2, we obsere
thatevenif we permitk, to correspondo realisticnon-minimum
sizesof thetransistorsn thenon-outpustageof the LHcorverter
it will beimpossibleto approachheaverage valuesin thebench-
marks. Moreover, criterion (10) actually requiresk, to be even



Tablel: RequiredandAverageWire Length

Technology(nm) 250 | 180 | 150 | 130 | 100
Max allowablel (um) | 26.5] 9.7 28| 75| 4.9
[ Benchmarks [ ri [ra [ r3 [ ra [ 75 ]
AVg. I Sinks(pim) 293 | 274 | 248 | 205 188
Avg. 1 1°° (um) 463 | 357 | 366 | 315 | 293

largerthanthat correspondingo the valuesof I in the tablein or-
derto overcomethe contritution of thefirst termon theright hand
side, k1 (w1 — (w2 + ws)). Therefore for thesebenchmaricir-
cuits, the useof LHconvertersat pointsotherthanthe leaf nodes,
appropriatelysizedto meettransitiontime constraintsjs likely to
almostalwaysresultin a higherpower dissipationthanthe useof
LHcorvertersat the leaf nodes. The only situationwheremaoving
an LHconverter upstreantowardsthe root will be adwantageous
will bein the casewheretwo sinksare very closeto eachother
Thealgorithmwe will proposan Section5 will allow for thatpos-
sibility. We find, in fact, in our resultsthatthe LHcorvertersare
always insertedat the sink nodesfor r1, andthereis a very few
casesvherethe LHcorvertersarenotinsertedat sinksfor ro — rs.
Thefiguresin Tablesl correspondo the multiple V54 case It was
obseredthatthenumbersorrespondingo theuseof asingleVyq
with reducedswingbufferswerealsosimilar.

5 PROPOSED ALGORITHM

The clock tree constructiorprocedurds similar to previous work
in mary ways, andis outlinedhere. The primary differenceis in

the useof anHLcorverterattheroot of thetreeandLHcorverters
at variouspointsin the clock tree. An outline of the algorithmis

illustratedin Figure6. Thealgorithmmaintaingwo sets:A andB.

A is asetof non-hufferednodesandis initialized to a setof sinks,
while B is a setof buffered meiging segmentsandis initialized
to anemptyset. The meging segmentscorrespondo the rootsof
subtreesand a buffered meging segmentis onethat hasbuffers
placedat theroot of its two child nodes.

Algorithm: Bottom-upBuffer Insertion
Input: setof sinksS, technologyparameters
Output: Treeof bufferedmeiging segments
BEGIN
A=S,B=%
while (JA| > 1 or |B| > 0)
if (|IB| > 0)and(|]A| = 0)
A=B;B=&
G(E,V)=DT(A)
I =Find.independentdge$G)
for (i = 0; ¢ < |I|; i++)
a =Zeramengeb, ¢);
A=A—{b,c}
if (buffer insertioncriterionsatisfied)
b = Insertbuffer(b);
¢ = Insertbuffer(c);
a = Zeramemgep, ¢);

B =BU{a}
E|SeA=AU{a}

END
Figure6: Algorithm Clustering-Base8uffer Insertion

A zeroskew clock treeis constructedusing the methodde-
scribedin [3]. First, it builds DelaunayTriangulationon A, and

builds anearesheighborgraph.A setof independenedgess then
constructedby selectingedgesfrom the nearestneighborgraph.
For eachof theindependentdgesazero-slew memgeis performed
for the meging sgmentsthat areconnectedy the selectednde-
pendentedge. The two meigedsegmentswill be deletedform A
andthe nev mewging segmentwill be checledto seeif it still sat-
isfiesthe transitiontime constraint.We checkif the nodestill sat-
isfiesthetransitiontime by pretendingnserta buffer attheroot of
thenew subtree Then,it checkdor transitiontime violation. If the
transitiontime exceedthe limit, the buffersareinsertedat the root
of thetwo child nodes.Then,thetwo child nodesarezeromemged
again.If buffersareinsertedat its child nodes thenthis nodewill
be addedo abufferedseggmentsetB; if not, it is addedo A. The
procedurecontinuesuntil the set A is empty which occurswhen
all nodesat the this level are buffered. Oncewe have addedthe
first level of clock buffers, we swapthe setsA andB, andrepeat
thewholeprocedurea gain. Thealgorithmproceedsintil thereare
only onenodeleftin A andB is empty At thispoint,theprocedure
returnsatreeof sggments.Thideadsto thefollowing result.

Theorem 3 AlgorithmBottom-upBuffer Insertionensuesthatfor
anypathfromrootto sinksthere will beanequalnumberof buffers.

Theadditionof thefirst level of LHconverterscanbeperformed
asaspecialinitialization case Theminimumareasolutionis found
by applyingthe abore proceduredirectly, using LHconvertersat
thefirst level. The minimum power solutionis found by applying
a dynamicprogrammingprocedure pasedon the separablerop-
erty of the clock tree power computation.For eachmeging point,
we storeatuple[Solg, Soly g]. Theparameter$olp andSoly s
correspondrespectiely, to thebestsolutionsofar for the situation
wherean LHconverter has, or hasnot, beenaddedto the down-
streamsubtree.

Eachsolutionis parameterizetly thetotal pawer of thedown-
streanmsubtreeandthelocationof themeiging segmentfor theroot
of thesubtree Whentwo subtreesarememged,thetwo Soly s so-
lutions are combinedto createan Solyp solution at the current
level. An Solg solutionmay be createdeitherby combiningthe
two Solp solutionsfrom the subtreesor by combiningthe two
Soly g solutionsandplacinganLHcorverteratthe meiging point,
sizedin orderto meetthe transitiontime requirementst the leaf
nodes. This continuesup the tree until the requiredbuffer sizeis
largerthanthe maximumsize,andat this point, the optimal solu-
tion is chosen.For thebenchmarks;, — rs, it wasalmostalways
foundthatthe optimal positionof the setof bufferswasat the leaf
nodes.Therearevery few caseqlessthan1%) thatthe corverters
aremoved upto the highernodes.

6 EXPERIMENTAL RESULTS

Our algorithmwastestedon the five benchmark$rom [8], andthe
resultsareshavnin Table2. Theparameterthatwe usedarebased
on a 250nm technologyasspecifiedin [11,18]. Thetotal power
valuesshawvn on the tablearethe sumof P, and P,, of the clock
tree. The valuesof P, and P, arecalculatedusing1, 8, respec-
tively. Power dissipatedby the sinksis constantandis ignored.
Thebuffer resistanceRy,is calculatedasfollows. For themultiple
supplyvoltagesschemethe R4, of a LLconverteris computedby
Ran * Vaanm [Vadr, whereRy g is adriver resistanceinderVyqm,
andthe R4 for LHconverteris the sameas an inverter For the
reducedsignal swing schemethe R, of a LLconverterand LH-
corverteraretwice asmuchasthatof aninverterof the samesize.
Sinceour algorithmis a modificationversionof algorithmDME,
theskew of theclocktreeis zero. The “wire snaking”techniques
used,if necessaryfor finding a tappingpoint. Due to unavailabil-
ity of transistomodelsfor 0.25um technologywe wereunableto
measurehe actualclock skew.



Table2: Power Dissipationof Clock Trees

BM CL Dual Vg4 Low Swing
(mW) (mW) (mW)

r1 26.93 | 13.34(50.5%)| 16.31(39.4%)

ro 49.63 | 27.67(44.2%)| 33.43(32.6%)

T3 62.19 | 35.11(43.5%)| 43.80(29.6%)

rqe | 130.57| 71.77(45.0%)| 90.44(30.7%)

rs | 183.02| 105.67(42.3%) 134.62(26.4%)

A comparisorof theresultsof ouralgorithmwith algorithmCL
from [3] shavedthatthewire lengthusedin thetwo is similar. Ta-
ble 2 shavsthecomparisorof powverdissipatiorbetweeralgorithm
CL, augmenteavith abufferinsertionalgorithm,andouralgorithm
areshavn underthe othertwo columns. The resultsare basedon
a500 M H z clock ratewith thetransitiontimesaccountingor no
morethan10% of the clock period. The percentag@ower savings
relative to CL areshavn in parenthesesTheresultsof our power
minimizationalgorithmusingVaggr = 2.5V andVgqr = 1.8V
areshavn next under“Dual Vg4." Finally, we shav the resultsof
applying our powver minimization algorithmunder Vyguy = 2.5V
only, but usinga lower swing voltage,V; thatvariesfrom V;,, to
Vaar — |Vip|; weassuméi, = |Vip| = 0.2V44. Theseresultsare
presentedinderthe columnmarked“Low Swing” Notethatnum-
berof LHconvertersusedaresimilarto numberof sinks. However,
therearevery few casesvhereLHcorvertersaremovedto higher
levels. For example,thereare3, 10, 14, 28, and56 LHcorverters
insertedatonelevel from sinksfor benmarks-1 to rs, respectrely.
No LHcorverteris insertedat ary higherlevel for all benchmarks.

From Table 2, the power is saved whenusing multiple supply
voltagesandreducedswingbuffersareanaverageof 45%and31%
respectrely. An “upper bound”on the possiblepower savings is
APpoz = 1 — (“;jﬁ)2 = 52% for the“Dual V44" case. For
the “Low Swing” case the valueof AP,,,, canbe calculatedto
be40%. FromTable2 we obsere thatwhenusingmultiple supply
voltagestheresultsarecloserto theidealvalues.Thisis becausa
reducedswingrepeateconsistof 4 transistorasshavn in Figure
3 andits resistance Ry, is twice that of aninverter of the same
size.Thereforejt requiresmorerepeatedriversto beinsertednto
the clock treein orderto maintainthe specifiedclock rate. These
addedbuffers increasethe total power dissipation. However, it is
obseredthatin all casessignificantsavingsareachiezed by each
method.

6.1 CONCLUSION

We have presentedan analysisof the problemof clock treerout-

ing at differentvoltagesfor distribution andutilization, for various
technologygenerationsaccordingto the NTRS. Our implementa-
tion guaranteethatnumberof buffersalongary pathfrom rootto

sinksis equal,andusesalow voltageto distributethe clock signal
beforerecorvertingit to ahigh voltageattheutilization points.We

apply our algorithmto the low power clock schemespbnescheme
usesreduced-swindpuffer, while the other user multiple supply
voltages.The experimentalresultsshav thatthe low power clock

schemesisingour algorithmprovide significantsavzingsin thetotal

power dissipation.
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