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Abstract

The design of clock distribution networks in synchronous
digital systems presents enormous challenges. Controlling
the clock signal delay in the presence of various noise
sources, process parameter variations, and environmental
effects represents a fundamental problem in the design of
high speed synchronous circuits. A polynomial time algo-
rithm that improves the tolerance of a clock distribution net-
work to process and environmental variations is presented
in this paper. The algorithm generates a clock tree topol-
ogy that minimizes the uncertainty of the clock signal de-
lay to the most critical data paths. Srategies for enhancing
the physical layout of the clock tree to decrease delay uncer-
tainty are also presented. Application of the methodol ogy on
benchmark circuits demonstrates clock tree topologies with
decreased delay uncertainties of up to 90%. Techniques to
enhance a clock tree layout have been applied on a set of
benchmark circuits, yielding a reduction in delay uncertainty
of up to 48%.

1. Introduction

The primary characteristiof the microelectronicgevo-
lution is the rapid decreasen device size, producingphe-
nomenalncrease#n circuit density functionality, andoper
ationalclock frequenciegl, 2]. The scalingof device geo-
metriessupportsthe system-on-a-chijntegration of multi-
ple subsystemE3], greatlyincreasinghe numberof on-chip
clocked elements. This developmenthasresultedin hun-
dredsof thousand®f elementaryperationdeingexecuted
in sequencespecifiedby application-specifialgorithmsand
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controlledby a clock signal, operatingwithin time periods
well below ananosecon{#4]. Theseconstraintsequiretight
timing control of the arrival timesof the clock signalat the
mary registersthroughoutan integratedcircuit. Deviations
of the clock signalfrom the tamgetdelaycancausencorrect
datato be latchedwithin a register resultingin the system
malfunctioning.

Uncertaintyof the clock signaldelayis introducedby a
numberof factorsthataffect the clock distribution network,
examplesof which include processand ervironmentalpa-
rametervariations[5, 6, 7] andinterconnecinoise[8]. Ef-
fectssuchasthenon-uniformityof theinterconneclinesand
interlevel dielectricvariationg9] introduceuncertaintyin the
delayof theclock signalarriving at differentregisters.Envi-
ronmentallyinducedparametevariationscausedy changes
in the ambienttemperaturg¢10] andexternalradiation[11]
alsoproducedelayuncertainty On-chipnoisedueto induc-
tanceeffects[12, 13] andcouplingamonginterconnect§l4]
introducesadditionalclock signal delay uncertaintyas the
clock frequenciesncreasaleepinto the multi-gigahertzAre-
queng range.Thesensitvity of a clockdistribution network
to theseeffectshasbecomean issueof fundamentalmpor-
tanceto thesynchronouslesignproblem[15, 16, 17].

An algorithmthatimprovesthe toleranceof a clock dis-
tribution network to delayuncertaintyis presentedh this pa-
per. The algorithmfocuseson the topologicaldesignof a
clockdistribution network, extractingtheclocktreetopology
basedn thetemporalcriticality of the datapaths.The con-
ceptof thealgorithmis summarizedn Section2. The steps
of thealgorithmaredescribedn Section3. Theapplication
of the proposedalgorithmto benchmarlcircuitsin orderto
enhancethe clock tree topology is discussedn Section4.
Enhancement® the physicallayoutof the clocktreearere-
viewedin Sectionb. Finally, someconclusionsarepresented
in Section6.

2. Concept of the Algorithm

The mostcrucial effect of the uncertaintyintroducedin
clock signal delaysis the increaseddelay uncertaintybe-



tweenthe arrival times of differentclock signalsthat drive
sequentially-adjacenggistersconnectedby acombinational
path. The morestrict the setupandhold time constraintsof
a combinationaldatapath, the more sensitve the timing of
adatapathis to delayuncertainty A smalldifferencein the
clock signaldelay canviolate theseconstraintsand causea
circuit to malfunction. The clock signalis distributedalong
differentpathswithin a clock tree. Thesepathssharea com-
mon part of theclocktreefrom thesourceof theclock signal
to a branchnode,as shovn in Fig. 1. At a branchnode,
the pathssplit andthe clock signalpropagateslongdiffer-
ent, non-common parts of thetreeto arrive at theindividual
registers.As shavnin Fig. 1, theeffectsof procesandervi-
ronmentaparametewariations(PEPV)on the commonpart
of the clock tree introduceidentical delaysto thoseclock
signalsdriving sequentially-adjacentgisters[4]. Alterna-
tively, alongthe non-commorpart of the clock tree, PEPV
mayintroducedifferentclockdelaysandtherebycauseavio-
lation of thestricttiming constraint®f thecritical datapaths.

Register A Register B

Combinational logic

Non-common part
of the clock tree.
PEPV introduce
different delays to the
clock signal for each one
of the registers A and B

Common part of
the clock tree.
PEPYV introduce the

same delay to the clock

signal for both registers

Clock signal AandB

source

Figure 1. Introduction of different clock sig-
nal delays to the non-common portions of the
clock tree.

Theclocktreetopology(CTT) thatspecifieghehierarchy
of the branchnodeswithin the clock tree cangreatly affect
the delayuncertaintyintroducedalongthe clock paths[18].
In particular asthe commonportion of two pathsin a clock
tree increasesthe delay uncertaintybetweenthe leaves of
thesepathsis likely to decreaseThe commonportionof the
two pathscanbe increasedoy separatinghesepathsfrom
a branchnode deeper within the clock tree (closerto the
leaf registers). The algorithmpresentedn this paperrelies
on this principle to generatea clock treetopologywith im-
provedtoleranceto PEPV The objective of the algorithmis
to minimize the delayuncertaintyof the sensitve datapaths
within a circuit. In thisway, theoveralltoleranceof a circuit
to delayuncertaintycanbeimproved.

A synchronoudligital circuit is representedh the algo-
rithm asan edge-weightediraphG, which is calledan un-
certainty graph. An exampleof anuncertaintygraphrepre-
sentatioris shovn in Fig. 2. Eachnodew in thegraphG de-
notesaregisterin the circuit. Eachedgeu — v in G denotes
acombinationapathbetweertheregisterscorrespondingo
u andv in the original circuit. Theweightw(u,v) of each
edgerepresentshetoleranceof the correspondinglatapath

Figure 2. Graph representation of a circuit.

to PEPVwhichimposesaconstrainbnthedelayuncertainty
of the clock signalsdriving theregistersu andv. In particu-
lar, for the circuit to functioncorrectly this uncertaintymust
notexceedw(u,v). For example,the pathcorrespondindgo

theedge3—4, asshawvn in Fig. 2, is critical, sincethe path
can toleratezero uncertaintyin the clock delaysfrom the

clock sourceto the boundingregisters. Alternatively, path
4—5 cantolerateupto 3 tu (time units) of delayuncertainty

Integervaluedtime unitsareusedin this exampleandin
therestof the paperto improve the clarity of the presenta-
tion. In theimplementatiorof thealgorithm,thetoleranceof
the datapathsto delayuncertaintyis representedsingreal
numbers.

The algorithmrelies on a topologicaldelay uncertainty
metricto generatelocktreeghatsatisfytargeteduncertainty
constraints. Specifically giventwo paths,the delayuncer
tainty betweenthe clock signalsat the correspondindeaf
nodess assumedo beequalto thenumberof internalnodes
within thetree(or branchnodes)n thenon-common portions
of the paths. The basicassumptiorunderlyingthis metric
is that as the numberof non-commortree nodesbetween
two pathsincreasesthesepathssharea smallerportion of
the clock treeandthe delayuncertaintybetweerthesepaths
thereforeincreases.

A clock treetopologythat satisfiesthe delay uncertainty
constraintsof the graph shovn in Fig. 2 is illustratedin
Fig. 3. Considey for example,the critical datapath 3—4.
This path can toleratezero delay uncertaintybetweenthe
clock signalsarriving at the registers3 and 4. The clock
pathsdriving theseregisterssplit at the internalnode7 and
arrive atregisters3 and4. Thereareno non-commorbranch
nodesbetweerthesetwo clock signalpaths therefore these
pathssharethe greatesiportion of the clock tree. For data
path2—4, the clock pathssplit at the internalnode8. The
numberof non-commorbranchnodesof thetwo pathsis one
(node7) whichis equalto the delay uncertaintyconstraints
for this datapath. For datapath 4—6, the pathsfrom the
clock sourcesplit atnode9, andthenumberof non-common
branchnodesis two (nodes7 and8) which is alsoequalto
theedgeweightw(4, 6).

Clock Signal
Source

Figure 3. Clock tree topology for the circuit
shown in Fig. 2.
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(a) 1<t Iteration: The clock signalis
distributedto theregistersof the most
critical data path 3—4 from branch
node7.
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(b) Branchnode 7 replacesthe nodes
that it drives within the graph. The
weightsof theredirectedarchegbold)

arereduceddy one.

(c) 2nd Iteration: Theclock signalis
distributedto theregistersof the most
critical datapathsl— 7 and2— 7 from
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(d) Branchnode 8 replaces
the nodes that it drives
within the graph. The
weights of the redirected
archegbold) arereducedy

(e)3rd Iteration: Theclock
signal is distributed to the
registersof the mostcritical
datapath8—6 from branch
node9.

(f) Branchnode 9 replaces
the nodes that it drives
within the graph. The
weights of the redirected
archegbold) arereducedy

(9) 4th Iteration: Only one
node(10) is insertedin the
graph. The algorithmtermi-
nates.

one.

one.

Figure 4. lterations of the algorithm to reduce the input graph to a single node.

3. Description of the Algorithm

Thealgorithmpresentedh this sectionextractsthe clock
tree topology (CTT) by determiningthe hierarchyof the
branchnodesof the tree suchthat the clocked elementsof
the mostcritical datapathssharethe greatesportion of the
clock tree. The extractedtopologycanbe furtherappliedin
theprocesf clock treesynthesigo generate clock distri-
bution network with improvedtoleranceto PEPV Basedon
the information characterizinghe topology of a clock tree,
aphysicallayoutcanbedevelopedwhichincludestheinter
connecttheplacemenbf thebranchnodesandthelocation
of theinsertedclock buffers[16]. A techniquethatapplies
the concepibf this methodologyto producea physicalclock
treelayoutwith reduceddelayuncertaintyis demonstrateah
Sectionb.

The algorithmstartsby iteratively selectingfrom the un-
certaintygraphthe registersof the datapathswith the min-
imum toleranceto PEPV Thesepathscorrespondo those
edgeswith the minimum edgeweight. In eachiteration,a
new branchnodeis introducedandtheclock signalsaredis-
tributedfrom thatnodeto theselectedegisters.Theselected
register nodesarereplacedin the graphby a branchnode.
The edgesenteringor leaving the replacednodesare redi-
rectedto the introducedbranchnode,andthe edgeweights
areadjustedo reflectthe new toleranceof theseedges.The
algorithmcontinuesuntil only onenoderemainsn thegraph.
The clock tree topology that satisfiesall of the uncertainty
constraintds obtainedby unfolding the computationto es-
tablishthe connectionamongthe hierarchicallyintroduced
branchnodes.

The executionof the proposedalgorithm on the uncer
tainty graphshawn in Fig. 2 is illustratedin Fig. 4. Theal-
gorithmstartswith the graphshown in Fig. 4(a). The mini-

mum-weightedgein this graphis betweennodes3 and 4.

The clock signalis distributedto thesenodesfrom the new

branchnode?7. Node7 is insertedn theuncertaintygraphas
shavnin Fig. 4(b), replacingtheselectechodes3 and4. The
edgedeaving or enteringnodes3 and4 areredirectedo node
7. Theweightsof theseedgesarereducedy 1 tu,theamount
of uncertaintyintroducedoy thebranchnode?. Theiterative

applicationof this basicprocedurecontinuesuntil only one
noderemainsin the graph(node10) asshaowvn in Figs. 4(c)

through4(g). At this point, the algorithm extractsthe final

clocktreetopology whichis shavnin Fig. 3. Notein Fig. 3

thatnodes3 and4 (correspondindgo the mostcritical data
pathwith zerotoleranceto PEPV)sharethe greatesportion
of theclocktreefrom the clock signalsourceto branchnode
7. In the caseof alesscritical datapathsuchasthe pathbe-
tweennodes4 and6, the clock pathsto theregistershave in

commonasmallerportionof theclock tree.

The correctnes®f the CTT generatiomalgorithmcanbe
proved by aninductive argumentshaving thatafter eachit-
erationthe generatedlock tree satisfiesall relevantuncer
tainty constraintsThealgorithmhaspolynomialcompleity,
terminatingin O(n?) stepswheren is the numberof nodes
in the uncertaintygraph. The numberof iterationsis n, and
within eachiteration,the numberof updateds proportional
ton.

4. Enhanced clock tree topology

The processn whichthe proposedalgorithmreduceghe
non-commorportionof the clock treethatdrivesthecritical
datapathsof a circuit is illustratedin Fig. 5. Thetopology
generatedby the proposedalgorithmis comparedwith a bi-
nary tree topology underthe assumptiorthat the delay un-
certaintybetweerthe clock signalsimmediatelyfollowing a



branchnodeis constantandequalto « tu. In this case,n a
binary clock treeasshawvn in Fig. 5(a), the clock delayun-

certaintyfor thedatapathl—3is 3a dueto thebranchnodes
7, 8,and10. In the extractedclock treetopologyasshaovn

in Fig. 5(b), the correspondinglelayuncertaintyfor the data
pathl—3is 2a dueto thebranchnodes7 and8. A 33%re-

ductionin delayuncertaintyis thereforeintroducedto those
clock signalsthatdrive thedatapath1—3. In the sameway,

thedelayuncertaintyfor the datapaths2—4 and4—6is re-

ducedby 33% and25%,respectiely. Thereforethetiming

mauginsfor thosedatapathsin thecircuit shovn in Fig. 5(b)

canbelessstrictthanfor thecircuit shovnin Fig.5(a). In this

example theclockperiodis notdecreasesdincethedelayun-

certaintyfor the mostcritical datapath3—4 is the samefor

bothclock treetopologies.

The proposedalgorithmhasbeentestedon a numberof
benchmarlcircuits (seeTablel). In thesetests the average
reductionin delayuncertaintyfor a setof critical datapaths
hasbeendetermined.By reducingthe delay uncertaintyof
thesecritical datapaths the overalltiming constraintcanbe
relaxed,therebyreducingtheclock periodandimproving the
overallcircuit performance.

In evaluatingthebenchmarlcircuitsit is assumedhatthe
original clocktreetopologyis abalancedree. Thereduction
in delayuncertaintyis determinedor four differentbranch-
ing factors(BF) of thebalancedree. Thebranchingactorof
atreeis thenumberof brancheseaving from a branchnode
within a tree. Theresultsof theseexperimentsarelistedin
Table1. It is shavn thatthe delay uncertaintyof the criti-
cal datapathscanbereducedy upto 90%. Notein Tablel
thatthesmallerthebranchingactorof theoriginal clocktree
topology the greaterthe reductionin delayuncertainty As

Clock Signal Source

(b) Algorithmically extractedclock treetopologyfor the
samecircuit

Figure 5. Comparison between a binary tree
and the algorithmicall y extracted CTT.

Table 1. Reduction in delay uncer tainty of the

most critical data paths. BF describes the
branc hing factor of the original binary tree.
Number || Avg. reduction(%) of delayuncertainty
Benchmark of for a setof critical datapaths
Files Registers || BF=2 | BF=4 [ BF=8 [ BF=16
S27cp 20 33.3% 25% 0% 0%
S386 20 39.5% | 18.7% | 12.5% 0%
mméa 23 72.9% 50% 37.5% 0%
S1196 46 83.3% | 66.7% 50% 50%
S1238 46 60% 30% 0% 0%
multl6b 48 83% 66.7% 50% 50%
mult32a 66 84.5% | 71.1% | 58.9% 50%
S8381 67 58.9% | 35.7% | 13.2% 5.9%
S953 68 66.4% | 45.2% | 23.8% 21.4%
S641 77 84.8% | 71.8% | 60.4% 50%
sbc 120 84.3% | 70.2% | 57.1% 50%
S9234 209 82% 66.3% | 52.1% | 44.6%
S5378 246 84.2% | 70.3% | 58.1% | 48.8%
S385841 446 90% 80% 75% 66.7%
diffeq 454 87.7% | 77.6% | 65.6% 60.6%
dsip 644 88.7% | 79.4% | 66.7% | 64.8%
bigkey 683 88.7% | 79.4% | 66.7% | 64.8%

the branchingfactordecreaseghe numberof branchnodes
within the clock treeincreasesndthetreebecomesleeper
More non-commorbranchnodescan,thereforeperemoved
betweerthe clock pathsthat drive the registersof the criti-
cal datapaths,achiezing a higherreductionin delayuncer
tainty. Whenthe branchingfactorincreasesthe numberof
non-commorbranchnodesbetweenhepathss reducedand
theachievedreductionin delayuncertaintyis smaller

As shavnin Tablel, in certainsmallercircuitsthereduc-
tionin delayuncertaintyis zerowhenthe branchingfactoris
high. In thesespecificcasesthe clock pathsdriving thereg-
istersof thecritical pathsalreadysharethe greatestommon
portionof theclocktree,thereforeadecreasen delayuncer
tainty is not possible.Alternatively, the larger circuits have
a deepclock tree evenin thosecaseswherethe branching
factoris high. A significantreductionin delayuncertaintyin
thesecircuitsis shavn for all of thebranchingfactors.

5. Enhanced clock tree layout

The proposedmethodologycanalso be exploited within
the layout domainto further reducedelay uncertainty The
placemenbf thebranchnodeof theclocktreeis determined
in orderto reducethe lengthof the non-commorportion of
the clock tree for thoseclock pathsthat drive the registers
of the critical datapaths.The delayuncertaintyof the clock
signalsdriving thesecritical datapathsis therebyreduced.

Theinputto thebranchnodeplacemenprocesss a setof
physicalcoordinateshatspecifythelocationsof theregisters
within a circuit. Eachregisteris, therefore representedsa
terminalpoint. Theroutingof theclocklinesis only allowed
alongthe grid formed by the intersectionof the horizontal
andvertical lines throughthe terminalpoints. As shavn in



Table 2. Reduction in wire length and delay uncer tainty for the most critical data paths

Wire lengthof thenon-common Delayuncertainty
DataPaths portionof theclocktree betweerclock signalpaths
MWL tree | RDUtree | Reduction]| MWL tree | RDU tree | Reduction
3—4 7.3 4.9 32% 3.6 2.0 43%
11— 4 7.9 55 30% 4.0 2.5 35%
2—3 135 11.1 17% 6.9 55 20%
1—-3 12.6 10.2 19% 6.5 5.3 17%
10 -3 7.4 5.7 22% 3.5 3.2 10%
6—4 12.4 12.6 -1% 4.1 3.8 5%
8§ —3 1.9 1.9 0% 0.8 0.8 0%
11 -3 0.6 0.6 0% 0.3 0.3 0%
| Average || 79 | 65 [ 17% | 37 | 29 [ 21% |

[19], a Minimal RectilinearSteinerTree existsin this grid
which connectsall of the terminal points. The root of the
treeis the sourceof the clock signalwhichis assumedo be
atthecenterof asquareplanethatcontainsall of theterminal
points.

Alternatively, the non-commonpart betweenthe clock
pathsthatdrive theregistersof the critical datapathscanbe
minimized ratherthan the overall wire length of the clock
tree. Sincethe non-commonportion of the clock tree is
reduced the delay uncertaintyof the clock signalon these
clock pathsis alsoreduced.The delayuncertaintyof aline
segmentis determinedy anormaldistribution functionwith
azeromeananda varianceproportionalto the lengthof the
segment.Thetotaldelayuncertaintyalongaclock pathis the
sumof the delayuncertaintieof all of the sgmentsalong
that path. Furthermorethe delay uncertaintybetweentwo
differentclock pathsis equalto the sumof thedelayuncer
tainty valuesof all of the sgmentswithin the non-common
portion of thesepaths. A similar model was proposedby
FisherandKungin [20].

The proposednethodologyhasbeentestedon a number
of benchmarlcircuits. The generatedlock treelayoutsare
comparedvith minimalwire lengthtreesto determineghere-
ductionin delayuncertainty A minimalwire length(MWL)
treefor abenchmarlcircuitis shavn in Fig. 6(a). A reduced
delayuncertainty(RDU) tree,basedon the modelproposed
in this paperfor the samecircuitis shavn in Fig. 6(b).

The length of the non-commorportion of the clock tree
andthe delayuncertaintyof the critical pathsfor thesetwo
differentlayoutsarecomparedandtheseresultsarelistedin
Table2. Thelengthof the non-commorportionof the clock
pathsis reducedon averageby 17% with an averagereduc-
tion in delay uncertaintyof 21%. The overall wire length
of the RDU treeshawn in Fig. 6(b) is increasedy 4.5%as
comparedwith the wire lengthof the MWL tree shavn in
Fig. 6(a). Theincreasedvire lengthproducesanincreasen
the non-commorportion of the clock treefor certain,less
critical, datapaths. The reductionof delay uncertaintyin
thesepathsis, therefore,small or zero, aslisted in Table2
for datapaths6—4, 8—3,and11—3.

The averagereductionin the delayuncertaintyand wire
lengthof the non-commorportionof theclock treefor a set
of benchmarlcircuitsis listed in Table3. Notein Table3
that the overall wire length of the RDU treesincreasesas
comparedwith thewire lengthof the MWL trees. A trade-
off, thereforegxistsbetweerareductionin delayuncertainty
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Figure 6. Comparison of the layout of a clock
distrib ution network based on two diff erent de-
sign objectives



Table 3. Reduction in delay uncer tainty and wire length of the non-common portion of the clock tree

for a set of benchmark circuits

Increasen Averagewire lengthof thenon- Averagedelayuncertainty
Circuit wire length commonportionof theclocktree betweerclock signalpaths
for RDU trees || MWL tree | RDU tree | Reduction|| MWL tree | RDU tree | Reduction

ex6 +13% 51 4.8 6% 2.5 1.2 54%
bbara +12% 8.2 54 34% 2.5 1.2 48%
s420 +5% 5.9 51 13% 3.2 1.8 45%
opus +1% 6.1 55 10% 2.7 1.8 33%
S4201 +13% 9.1 9.1 0% 3.7 2.6 30%
ex4 +5% 8.0 6.4 19% 2.8 2.2 21%
s208 +7% 6.9 7.0 -1% 2.4 2.0 14%
dk16 +8% 5.0 4.7 5% 1.8 1.6 11%
dk17 +25% 6.6 5.8 11% 2.1 1.9 6%

andanincreasén wire lengthwhenapplyingthis clock tree
topologysynthesisnethodology

6. Conclusions

A methodologyfor generatinga clock distribution net-
work with hightoleranceto processandernvironmentalvari-
ationsis presented.An algorithmthat extractsa clock tree
topologyin orderto minimize the delay uncertaintyof the
clock signalsthat drive the most critical datapathsis pre-
sented Thehierarchyof thebranchnodesof theclocktreeis
determinedsuchthatthe clocked elementsf the mostcrit-
ical datapathssharethe greatestportion of the clock tree.
Simulationresultsfrom the applicationof the algorithmto
benchmarlcircuits demonstratesignificantimprovementin
thetoleranceof acircuit to procesandernvironmentalaria-
tions. Furtherexperimentdn thelayoutdomaindemonstrate
asignificantreductionin the delayuncertaintyof thecritical
datapathswith a smallpenaltyon the overall wire lengthof
theclocktree.
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