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ABSTRACT

AnalysisandOptimizationof VLSI Clock Distribution

Networksfor Skew Variability Reduction.(August2004)

          Anand Kumar Rajaram, B.E, Anna University

Co–Chairsof AdvisoryCommittee:Dr. JiangHu
Dr. RabiMahapatra

As VLSI technologymovesinto the Ultra-DeepSub-Micron(UDSM) era,manu-

facturingvariations,power supplynoiseandtemperaturevariationsgreatlyaffect theper-

formanceandyield of VLSI circuits. Clock Distribution Network (CDN), which is oneof

thebiggestandmostimportantnetsin any synchronousVLSI chip, is especiallysensitive

to thesevariations. To addressthis problemvariability-awareanalysisandoptimization

techniquesfor VLSI circuitsareneeded.In thefirst partof this thesisananalyticalbound

for the unwantedskew dueto interconnectvariationis established.Experimentalresults

show that this boundis safer, tighterandcomputationallyfasterthanexisting approaches.

This boundcould be usedin variation-awareclock treesynthesis.Thesecondpart of the

thesisdealswith optimizinga givenclock treeto minimizetheunwantedskew variations.

Non-treeCDNshave beenrecognizedasa promisingapproachto overcomethevariation

problem. We proposea novel non-treeCDN obtainedby addingcrosslinks in an exist-

ing clock tree. We analyzethe effect of the link insertionon clock skew variability and

proposelink insertionschemes.The non-treeCDNs so obtainedareshown to be highly

tolerantto skew variability with very little increasein total wire-length.This canbeused

in applicationssuchasASIC designwhereasignificantincreasein thetotal wire-lengthis

unacceptable.
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CHAPTERI

INTRODUCTION

Whenthe VLSI featuresizebecomesprogressively smaller, moving into the Ultra-Deep

Sub-MicronTechnologyera,previously negligible variationeffectsstart to affect circuit

performanceandyield significantly. Someof themostimportantvariationeffectsareman-

ufacturingvariations[1], temperaturevariationandpowersupplynoise[2], whicharevery

difficult to bemodeled.In many cases,the informationaboutthevariationeffectsarenot

availableduringdesigntime,makingit evenmoredifficult to controlthem.

In synchronousVLSI circuits,theClockDistributionNetworks(CDNs)areespecially

affectedby thesevariationeffects. Sincethe completesynchronouscircuit operationis

beingcoordinatedby theclocksignal,any unwantedskew in theCDNswill adverselyaffect

theperformanceof theentirechip. Also, sincetheclock skew is a lower boundfor clock

period,theunwantedskew dueto variationsform abottleneckpreventingimprovementon

clock frequency andtherebycircuit operationalspeed.

In orderto overcomethevariationproblemandto makecircuitswork reliablyevenin

thepresenceof variations,a variation-aware circuit designmethodologyis needed.Two

importantaspectsof any variation-awarecircuit designmethodologyare’variationmodel-

ing & analysis’and’variability-awareoptimization’. In variationmodeling& analysis,the

objective is usuallyto derive a modelfor a particularvariationeffect that canbe usedto

predictthecircuit performance.For example,onecanobtainamodelfor effect of temper-

aturevariationon circuit performance.Oncesucha modelhasbeenobtained,thatcanbe

usedduring theplanninganddesignphaseof thecircuit to make surethat thecircuit will

operateunderall temperatureconditions. In variability-awareoptimization,the objective

Thejournalmodelis IEEETransactionsonAutomaticControl.
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is to come-upwith novel optimizationmethodswhich make the circuits moretolerantto

variations. Onesuchexampleis the wire-sizingoptimization[3] doneso asto make the

clock treemoretolerantto wire-widthvariation.

A. AnalyticalBoundfor Clock Skew

In thefirst partof this thesis,we derive ananalyticalboundfor theunwantedskew cause

by thevariationsin theinterconnectwidth. Interconnectvariationsresultfrom many non-

ideal conditionsin manufacturingprocesssuchasetchingerror, maskmis-alignmentand

spotdefects.For clocknetworks,thesevariationscauseclockskew variationsor unwanted

skews. In modernhighperformancecircuitdesigns,processvariationinducedclockskew is

takingagreaterandgreaterportionof clockperiodtime. It is foundin [4] thatinterconnect

variationsmaycauseup to 25%clock skew variations.Therefore,it is very importantto

modeltheimpactof interconnectvariationsonclocknetwork performancesothatit canbe

consideredduringcircuit/clockdesign.

In this work, we concentrateon the effect of wire width variation on clock skew.

Interconnectwidth is the dominatingfactor comparedto other wire parameterssuchas

wire thicknessbecausewire width shrinksfasterunderthenon-uniformtechnologyscaling

andis considerablysmallerthanthethickness.We attemptto find ananalyticalboundfor

unwantedclockskew dueto wire width variationusingwire-shapinganalysisusedin delay

drivenPhysicalDesignoptimizations.Experimentalresultsshows thatour skew boundis

saferandfasterthanexistingmethods.

B. Cross-linkBasedNon-treeCDN

In thesecondpartof thethesis,weattemptto addresstheproblemof makingaCDN toler-

antto thevariationeffects.Thereareseveralwaysin which aCDN canbemadeto betol-
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erantto thevariations.Someof themarebuffer sizingandinterconnectwidth sizing[5, 6],

processvariationawarerouting[7, 8] andnon-treeclockrouting[9, 10]. Amongthesemeth-

ods,thenon-treeroutingis usuallythemosteffectivebecauseof theexistanceof redundant

paths. Existenceof redundantpathsmakesthe delaysin the sinkshighly correlatedand

thatcanbeusedto make theskew variationverysmall.

In this work, we proposea new typeof non-treeclock routing which is obtainedby

insertinglinks in anexistingclock tree.Weanalyzetheeffectsof insertinglinks in aclock

treeusingthetree/linkdelayevaluationwork[11]. Basedon theanalysis,we proposelink

insertionalgorithmswhich will convert a givenclock treeto non-treequickly. The links

areinsertedin the locationswherethey will be mosteffective to reduceskew variability.

Experimentalresultson the link basednon-treeCDNs so obtainedshows that they are

significantlytolerantto theskew variability with very little increasein thewire-lengthand

power.
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CHAPTERII

BACKGROUND AND PROPOSEDRESEARCH

Thischaptertalksaboutsomeof thepreviousworksthathasbeendonein theareasof pro-

cessvariationmodeling& analysis,clockskew estimationandreduction.It alsointroduces

thebasicideaof our researchin bothanalysisandoptimizationfor skew variability.

A. ReliableWorstCaseClock Skew Estimation

Realizingtheimportanceof processvariations,many workshavebeencarriedout to model

theireffect [12, 13,14,15,16, 17,18,19]. Oneof theimportantobjectivesof thesemodel-

ing worksis to find a reliableestimationon theworstcasetiming performanceinducedby

processvariations.This canbeeithertheworstdelayalongtiming critical pathsin timing

analysisor theworstskew in a clock network. Theestimationresultscanbeappliedasa

feedbackto guidefurtherdesigniterations.

Onecommonapproachto find theworstcaseperformanceis to runMonteCarlosim-

ulationsfor a certainnumberof iterationsandpick theworstcaseperformanceamongthe

results.In orderto obtaina reliableestimation,thenumberof iterationsis generallyvery

largeandconsequentlythehigh computationalcostmakesthis methodimpracticalfor use

during design. Anotherstraightforward techniqueis to estimatethe performanceonly at

cornerpointsof processvariations.Eventhoughthis techniqueis computationallyfast,it

is overly pessimisticin estimatingtheworstcasedelaydueto gateprocessvariationsasthe

correlationsamongthegatesareneglected.Therefore,thecorner-point techniqueis useful

only whena looseboundneedsto be found quickly. In seekinga goodbalancebetween

estimationqualityandruntime,probabilitybasedapproaches[13, 19] andinterval analysis

method[12] hasbeenproposedto establishaboundfor theworstcasetiming performance.
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Our proposedtechniqueis basedon the observation that estimatingthe worst case

skew dueto wire width variationis closelyrelatedto thenon-uniformwire sizingproblem

in physicaloptimizations.That is, estimatingtheworstcaseskew betweenany two sinks

can be viewed as the problemof finding min/max delay wire shaping. Using this key

observation,wederiveananalyticalboundfor theworstcaseskew betweenany two sinks.

Experimentalresultsshow that our boundis both saferand fasterthan interval analysis

method[12].

B. Clock Skew VariationReductionandNon-treeClock Routing

Aimed to reducetheeffectof variationonclock skew, numerousclock routingworkshave

beenproposed[5, 6, 8, 9, 20,21]. Amongtheseworks,non-treeclock routing[6, 8, 9, 20,

21] is a promisingapproach,sinceclock signalthatpropagatesthroughmultiple pathscan

compensateeachotheron variations.

Existingnon-treeclocknetworkscanbecategorizedas1-dimensionalstructure[8, 21]

and2-dimensionalstructure[6, 9, 20]. Oneof the first non-treeclock routing works[8]

is a 1-dimensionalapproach(seeFigure1(a)). In the methodof [8], a fat metal piece,

which is calledcenterchunk,is placedin eachsubregion andthesinksin eachsubregion

is connectedto it directly. A centerchunkis drivenby abinarytreefrom theclock source.

Sinceacenterchunkis fatanddrivenat multiplepoints,theskew betweenany pointson it

is negligible.

Anothersimilar approachis thespinemethod[21] which is employedin PentiumTM4

microprocessorandillustratedin Figure1(b). Obviously, a spinein [21] playsa role sim-

ilar to the centerchunkin [8]. Onelimitation of the 1-dimensionalstructuresis that the

variationof skew betweendifferentregionsarenothandled.

The 2-dimensionalnon-treestructureis alsocalledmeshwhich canbe at eitherleaf
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level (closeto clock sinks)or top level (closeto theclock source).In the leaf level mesh

approach[6, 20](Figure 1(c)), a metalwire meshis overlaid on the entirechip areaand

drivenatmultiplepointsdirectly from clocksource[6] or througharoutingtree[20]. Each

clocksinkis connectedto thenearestpointonthemesh.Thistechniqueis provedto bevery

effectiveonsuppressingskew variationsin microprocessordesigns.A leaf level meshnor-

mally consumesenormouswire resourcesandpower. Moreover, it is hardto beintegrated

with clock gating,which is a majorpower reductiontechnique.Therefore,its application

is mainly restrictedto high-endproductssuchasmicroprocessors.In contrast,a top level

mesh(Figure1(d)) mayconsumelesswire andpower. In thetop level meshapproach[9],

theclocksourcedrivesacoarsemeshdirectlyandclocksub-treesareattachedto themesh.

The skew variationson themesharenegligible, but skew variationswithin eachsub-tree

still exist andthey maynotbenegligible.

Even thoughseveral non-treeschemeshave beensuggestedandappliedin realistic

designs,therearestill someimportantquestionswithoutclearandthoroughanswers.

� Why doesa non-treenetwork have lower variability comparedwith a tree?Existing

answersarebasedoneithercommonsenseor empiricalsimulationresults.However,

no theoreticalor rigorousexplanationhasbeenprovidedyet.

� Doesa non-treeclock network have to be a regular structure? If this restriction

is relaxed, a hugesolutionspaceof non-treetopologycanbe explored. The poor

tractabilityof timing performancein anarbitrarynon-treeneedsto solvedbeforeit

is utilized.

� Whatis themostefficient usageof wire resourcefor reducingskew variability? Ex-

isting non-treemethodsoftenconsumeexcessive amountof wire-lengthandpower.

For example,thetop level meshesin [9] resultin 59% 	 168%morewire areathan
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Spines

(b)

Center chunk

(d)

Source

(a)

(c)

Source

Sinks

Sinks

Fig. 1. Non-treeclock networks: (a) centerchunk; (b) spine;(c) leaf level mesh;(d) top

level mesh.Eachsinkcorrespondsto a registeror aclock subnetwork.
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trees.High expenseon wire andpower is rarelyacceptablein ordinarychip designs

exceptin thecaseof a few high-endproducts.Therefore,low costnon-treenetworks

arestronglyneeded,particularlyfor ASIC designs.

� Cannon-treetopologybeappliedto achieve usefulnon-zeroskew efficiently? Use-

ful non-zeroskew routing[5, 22, 23, 24] becomesmore importantfor the sake of

timing[25] andpower/groundnoisereduction[26].

In thiswork, effortsaremadetowardsolvingtheaboveproblems.Weproposeanother

framework of non-treenetwork which is constructedby insertingcrosslinks in a clock

tree. An analysison impactof link insertionon skew variability is performed.Theresult

of thisanalysispartiallyexplainsthereasonwhy anon-treemaywork betterthana treeon

skew variationreduction.In this structure,crosslinks canbeinsertedwherethey aremost

effective,sothatagreatwire efficiency canbeobtained.Moreover, links canbeappliedto

achievevariationtolerantnon-zeroskew easily. Wesuggestlink insertionschemesthatcan

quickly convertaclocktreeto anon-treewith significantlylowerskew variability andvery

small increaseof wire-length.This methodprovidesa low costalternative to theexisting

non-treemethods.MonteCarlosimulationson benchmarkcircuitsshow thatour method

canachieveremarkableskew variability reductionwith very little increaseof wire-length.
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CHAPTERIII

ANALYTICAL BOUND FORUNWANTED SKEWDUE TO INTERCONNECT

VARIATION

In this chapter, we describeour work on theanalyticalboundfor theunwantedskew due

to interconnectwidth variation. This chapterbriefly introducesthe problemthat is being

attemptedandemphasizessomeof the importantpoints that hasbeenmentionedin the

previous two chapters.The key observation that is usedin deriving the analyticalbound

is describedin Section B. The problemnatureis analyzedin SectionC. The minimum

delaywire shapingfor pathwith branchloadsis describedin SectionD. In SectionE, the

maximumdelaywire shapingis derived. Thedependenceof skew variationboundon the

commonpathis discussedin SectionF. Theexperimentalresultsareprovidedin SectionG.

A. Introduction

Theimpactof interconnectvariationon clock skew is intrinsically hardto bemodeledef-

ficiently. This is becausethe worst caseinterconnectdelaydoesnot alwaysoccurat the

processvariationcornerpoints.This factmakesthecorner-point techniquenot applicable

for interconnectvariations. Furthermore,interconnectvariationsis distributive in nature

in contrastto the localizedvariationsfor transistors.Sincean interconnectmay spana

long distance,usinga singlevariableto modeleachprocessparametersuchaswire width

or thicknessis inadequateto capturethe differentprocessvariationlevels in differentre-

gions.This is especiallytruewhentheintra-chipvariationsstartto dominatetheinter-chip

variations[1]. A naiveapproachto solvethisproblemis to segmentalongwire into smaller

pieces,andconsiderthevariationof eachpieceindividually. However, this approachmay

increasethenumberof variablesconsiderablyandtherebyslow down theestimationspeed.
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B. Key Observation

The key observation in deriving our analyticalboundis : the problemof obtainingthe

worst caseskew in a clock treedueto wire-widthvariation is verysimilar to theproblem

of delay-drivenoptimizationof wire width in PhysicalDesign. That is, the problemof

obtainingtheworstcaseskew betweenany two sinkscanbebrokendown to theproblem

of finding thewire-shapingthatgivestheminimumandmaximumdelayfrom thesource

to thesink. Oncethewire-shapingthatgivesmax/mindelayshasbeenobtained,theworst

caseskew betweenany two sinkswill bethedifferencebetweenthemaximumdelayatone

sink andthe minimum delayat the otheror vice versa. Also, sincethis resultsin closed

form expressions,theevaluationof theskew boundis veryquick.

The minimum delay non-uniformwire sizing problemfor a 2-pin wire(singleload

path)hasbeensolvedin [27, 28]. We derive themaximumwire shapingfunctionfor both

singleloadpathandmulti-pin trees.Theminimumdelaywire shapingformulafor multi-

pin treesis alsoobtainedin our work. Previously, a moregeneralversionof this problem

wassolved throughan iterative algorithm[29]. Similar to the works of [27, 28, 29], we

employ Elmoredelaymodelfor ourderivations.Besidesthebound,wediscoveredthatthe

boundfor skew betweentwo clock sinksdependson their commonupstreampath,even

thoughthe skew betweenthemis independentof the commonpath. This dependenceis

analyzedandfoundto bemonotonein nature.Theseresultsestablishananalyticalbound

for the unwantedskews due to wire width variation. Sincethe analyticalboundcanbe

computedvery quickly, it canbeappliedto processvariation aware clock network design

aswell aschip level designplanning.
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C. ProblemAnalysis

Given a pair of sinkss1 ands2 in a clock routing tree,our objective is to find the worst

caseskew or theskew bounddueto wire width variation.Theskew betweenthetwo sinks

canbeexpressedasq12 
 t1 	 t2 wheret1 andt2 arethedelayfrom clock driver to s1 and

s2, respectively. Whenthereis wire width variationfor thepathsfrom driver to s1 ands2,

the delay t1 and t2 vary in certainrangesof
�
t1�min� t1�max� and

�
t2�min� t2�max� , respectively.

Evidently, theworstcaseskew occursat q12�max 
 t1�max 	 t2�min or q12�min 
 t1�min 	 t2�max.

In mostof thepreviousworks,sometimestheskew is definedasmax�� q12�max��� q12�min  �
andsometimesthetermskew meansthemaximumabsolutevalueof skewsamongall sink

pairsin aclocknetwork. Thelatterdefinitionof globalskew is usuallyfor traditionalzero-

skew clock network. For modernaggressive VLSI designs,usefulskews [24] areapplied

more frequently, thus, we usethe conceptof local pair-wise skew insteadof the single

global skew. In handlingprocessvariationsand other delay uncertainties,target skews

areusuallyspecifiedasa setof permissibleranges[30] insteadof a setof singlevalues.

Sincetheremight be skew violation on both the upper-boundsideand the lower-bound

sideof a permissiblerange,we considerthemaximumandtheminimumskew separately.

It canbeseenthattheworstcaseskew canbeobtainedby estimatingthemaximumandthe

minimumdelaysunderprocessvariations.

In orderto estimatethemaximumandtheminimumdelaysduetowirewidthvariation,

wereducetheroutingtreeinto asimplifiedmodeldemonstratedin Figure2. In Figure2(a),

we wish to estimatetheskew boundbetweensink s1 ands4. Sincethecommonupstream

paths0 � v7 for s1 ands4 doesnot contributeto theskew betweenthem,we lump its wire

resistancetogetherwith thedriver resistanceinto a virtual driving resistorR at thenearest

commonancestornodev7 for s1 ands4 in Figure2(b). Notethatthevalueof R doesaffect

theskew boundvalue,eventhoughit doesnot contributeto skew! This will beexplained
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s1

s2

s3

s4

s0

v5

v6

v7

R
C2

C1

C4

C3

v5

v6

v7

s1

s4

(a) (b)

Fig. 2. Whenestimatingthe worst caseskew betweensink s1 ands4 in (a), the clock tree

canbereducedto asimplermodelin (b).

in detail in SectionF. We call thebranchesv7 � s1 andv7 � s4 ascritical branches. For

wiresoff thecritical branchessuchasv5 � s2 andv6 � s3 in Figure2(a),theircapacitance

canbelumpedto their loadcapacitanceto getC2 andC3 at nodev5 andv6, respectively. If

weattemptto estimatethemaximum(minimum)delayfor sinks1, thewidth of wire v5 � s2

shouldbethemaximum(minimum)in orderto maximize(minimize)theloadC2 for branch

v7 � s1.

After thetransformationin Figure2, theworstcaseskew estimationbetweentwosinks

is reducedto estimatingthe maximumand the minimum delayof a pathas in Figure3

consideringwire width variations.Whenthewire width w variesin therangeof
�
wlo � whi � ,

we needto find a wire shapingfunction w � x� suchthat the delayfrom the virtual driver

R to thesink is maximizedor minimized. Theminimum delaywire shapingfunction for

a pathwithout branchloadsis solved in [27, 28]. An iterative wire shapingalgorithmis

providedin [29] to minimizea weightedsumof sinkdelaysin a routingtree.Eventhough

thisalgorithmcanguaranteetheoptimalwire shapingsolutionandcanbeadopteddirectly

in our case,theconvergencerateof this algorithmhasnot beenproved. Sincewe wish to

minimize thedelayto only oneparticularsink insteadof a weightedsumof sinksdelays,

we areableto derive ananalyticalformulaof wire shapingin SectionD. Theformulafor
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R

w(x)

x
l l l l lk+1

C1C2Ck C0

k 2 1 0

Fig. 3. The worst caseskew estimationis equivalent to finding wire shapingto maxi-

mize/minimizethedelay.

themaximumdelaywire shapingis introducedin SectionE.

Thewire sheetresistanceis denotedasr andthewire capacitanceperunit lengthand

unit width is representedasc. If therearek branchloadsasindicatedin Figure3, wedefine

thelumpeddownstreambranchloadcapacitanceas:

CL � x� 


C0 : 0 � x � l1

C0 � C1 : l1 � x � l2
... :

...

C0 � C1 � ����� � Ck : lk � x � lk� 1

(3.1)

This branch load function is depictedin Figure4. Note that l0 
 0 and lk� 1 is sameas

the path lengthL. Thenthe downstreamwire capacitanceC � x� at positionx is Cw � x� 

c x

0 w � x� dx. The total downstreamcapacitancecanbe written asC � x� 
 CL � x� � Cw � x�
TheElmoredelayof thepathin Figure3 canbeexpressedas:

t 
 RC � L � � r
L

0

C � x�
w � x� dx (3.2)

We candefinetheupstreamresistanceat positionx asR� x� 
 R � L
x

r
w � x� . Fixing thewire

shapingfunction w � x� except an infinitesimal strip of width δ at z and let w � z� to be a

variabley. Thenwe may obtainthe first orderderivative of the delayfunction w.r.t wire
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Fig. 4. Thebranchloadfunction.

width as:

dt
dy 
 R� z 	 δ

2
� cδ 	 rδ

y2C � z � δ
2
� (3.3)

Sameconclusionis derivedin [28] for thesingleloadcase,thusweomit thederivationhere.

Fromtheaboveequationwe canobtain d2t
dy2 
 2rδ

y3 C � z � δ
2 ��� 0. Thusthedelayfunctionis

convex with respectto y or wire width.

D. TheMinimum DelayWire Shapingfor Pathwith BranchLoad

Theminimumdelaywire shapingfor apathwith singleload � k 
 0� is shown in [27,28]. In

this section,we describetheminimumdelaywire shapingfor a pathwith multiple branch

loads.Letting q � x� 
 L
2

rc
RCL � x� , we first obtaintheminimumdelaywire shapingfunction

whenthewire width variationboundis not considered.(Theproof is similar to [28])

Theorem 1: Theunconstrainedminimumdelaywireshapingfunctionfor a pathwith

multiplebranch loadsis:

w � x� 
 2CL � x�
cL

W � q � x��� e2W � q � x��� (3.4)

whereW � x� 
 ∑∞
n� 1

�! n� n " 1

n! xn is theLambert’s W function.
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For eachwire segmentbetweenl i � x � l i � 1 � 0 � i � k� , thewire shapingw � x� is an

exponentialfunction.Theoverallwire shapingfunctionis apiecewiseexponentialfunction

which may be discontinuousat eachbranchpoint, sinceit dependson CL � x� which is a

piecewiseconstantfunctionwhosevaluechangesat thebranchpoints.Eventhoughthere

mightbediscontinuity, thiswire shapingis monotonouslyincreasingwith respectto x [36].

Whentheboundon wire width variation
�
wlo � whi � is considered,thesituationis more

complicated.For wire segmentbetweenl i � x � l i � 1 � 0 � i � k� , therearesix casesthat

mayoccur:

� Case 1: Theshapingof entiresegmentfollows theexponentialfunctionasin Equa-

tion (3.4).

� Case 2: Thewidth is uniformly whi.

� Case 3: Thewidth is uniformly wlo.

� Case 4: The width is wlo whenx is smallerthana valueg, and the wire shaping

followsexponentialfunctionfrom g to l i � 1.

� Case 5: The width is whi whenx is greaterthana valueh, and the wire shaping

followsexponentialfunctionfrom l i to h.

� Case 6: Thewidth is wlo whenx is smallerthanavalueg, whi whenx is greaterthan

avalueh, andthewire shapingfollowsexponentialfunctionfrom g to h asshown in

Figure5

We call thepositionof x 
 g andx 
 h asswitchingpoints. Themethodto decidethe

switchingpointsis very complicatedasshown in [28]. Moreover, it is possiblethatall six

casesneedto beevaluatedto find theexactminimumdelaywire shaping.In practice,one

cantake thewire shapingaccordingto Equation(3.4) without consideringthewire width
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Fig. 5. Case6 for theminimumdelaywire shaping,thewire width is wlo in
�
0� g� andwhi in�

h� L � . Betweeng andh, thewire shapefollowsexponentialfunction.

bound,androundthe width to eitherwlo or whi at wherethe width from Equation(3.4)

exceedsthebound.Theswitchingpointscanbefoundin theroundingprocessandthewire

shapingin theexponentialsegmentbetweenx 
 g andx 
 h canberecomputedaccording

to theupdatedupstreamresistanceanddownstreamcapacitance.Note that this is slightly

differentfrom therounding-aloneheuristicmentionedin [28]. Eventhoughthis heuristic

mayresultin suboptimalsolutions,thecomputationbecomesmucheasierandweobserved

thattheerrordueto this is negligible in practice.

E. TheMaximumDelayWire Shaping

In this section,we will derive themaximumdelaywire shapingfor bothsingleloadpath

andpathwith multiple branchloads.For theeaseof presentation,we startwith thesingle

loadsituationwherek 
 0. It hasbeenshown in SectionC thatthedelayis aconvex func-

tion with respectto w � x� . This is illustratedin Figure6. Therefore,w � x� hasto beeither

wlo or whi to maximizethedelay. Becauseof Equation(3.3), delayfunctionwith respect

to w � x� tendsto bemonotonouslydecreasingwhenx is largeor thepositionis closerto the

driver. Similarly, thedelayfunctionis morelikely to bemonotonouslyincreasingwhenthe

positionis closerto the sink side. This fact canbe translatedto the effect that w � x� will

be wlo whenx is large andw � x� will be whi if x is small. Whenthevalueof x increases,
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Fig. 6. Thedelayfunctionw.r.t. wire width is a convex function. Themaximum/minimum

delaywire width dependsontheoverlapbetweenthis functionandwire width range�
wlo � whi � .

thedelayfunctionwith respectto wire width at x changesin thedirectionfrom (a) to (b)

to (c) in Figure6. Therefore,themaximumdelaywire shapinglooks like theexamplein

Figure7. Thenext problemis to find thepartitioningpoint x 
 p wherethewire width is

switchedfrom wlo to whi.

Whenk 
 0, theElmoredelayfor Figure7 canbewrittenas:

t 
 αp2 � βp � γ (3.5)

α 
 	 rc � whi 	 wlo �
wlo

β 
 � whi 	 wlo ��� Rc� rcL
wlo

	 rC0

wlowhi
�

γ 
 RLcwlo � RC0 � 1
2

rcL2 � rLC0

wlo

In orderto find the p thatmaximizethedelay, wefirst find thederivative:

dt
dp 
 2αp � β (3.6)

Sinceα is alwaysnegative, d2t
dp2 � 0 andthemaximumdelayis reachedwhen

p 
 1
2
� Rwlo

r � L 	 C0

cwhi
� (3.7)



18

hi

0p

lo

R

x
l l l lk+1

C1C2Ck C0

k 2 1

ww

Fig. 7. Themaximumdelaywire shaping.

by letting dt
dp 
 0. In otherwords,p satisfiesthefollowing equation:

R
r # wlo

� � L 	 p� 
 p � C0

cwhi
(3.8)

If we transformthe driver into a pieceof wire with width wlo whoseresistanceis same

as the driver resistanceand treat the loadC0 asa wire of width whi with samevalueof

capacitanceC0, thentheabove equationshows that p makeslengthof thefat segmentthe

sameasthelengthof thethin segment.

Whenweconsiderthesituationwith branchloads,i.e.,k � 0, thepropertieson dt
dy for

Equation(3.3)do not changeandthewire shapeis sameasin Figure7 andthevalueof p

is determinedby:

R
r # wlo

� � L 	 p� 
 p � CL � p�
cwhi

(3.9)

Eventhoughthewire shapein Figure7 looksstrange,it mayhappenin reality. If the

pathis routedin anL-shapewith a horizontalanda verticalsegment,thetwo segmentsare

usuallyon differentmetal layers. Therefore,it is likely that the wire width hasa abrupt

changeat layerswitching.



19

F. TheSkew BoundDependson theCommonPath

It is easyto seethatthevariationalongtheupstreamcommonpathfor apair of sinksdoes

not contributeto theskew betweenthem.For theexamplein Figure2, thevariationalong

paths0 � v7 hasnothingto do with theskew valuebetweensinks1 andsinks4. However,

whenthewire width at thecommonpathchanges,theresistancevalueR in Figure2 also

changes.Also, themaximum/minimumwire shapingfrom v7 to s1 ands4 will changeas

well becauseboththemin-delaywire shapingandmax-delaywire shapingdependson the

upstreampath.Therefore,theskew boundis affectedby thevariationof Ror theircommon

path.

Theorem 2: Givenfixedswitchingpoints,themaximum(minimum)skew betweentwo

sinksis a convex(concave)functionwith respectto their commondriving resistance.

Proof: Let usconsiderthecasewherethemaximumskew betweentwo sinkss1 and

s4 needto becomputed.Let thedistancefrom s1 ands4 to their nearestancestornodev7

beL1 andL4, respectively. The loadcapacitanceat s1 ands4 areC1 andC4, respectively.

Thebranchloadsaretemporarilyignored,theconclusionfor pathwith branchloadsis the

sameandcanbeextendedfrom thesingleloadcaseeasily. Themaximumskew between

themcanbe expressedasq14�max 
 t1�max 	 t4�min. From SectionD andE, we know that

botht1�maxandt4�min dependonthevalueof R. Wewill analyzedq14$max
dR by evaluatingdt1 $max

dR

and dt4 $min
dR .

By pluggingEquation(3.7) and the expressionof β into βp, we have βp 
 	 αp2.

ThenthemaximumdelayEquation(3.5)canbetransformedto:

t1�max� R� 
 αp2 � R� � γ � R�
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Thenwecanobtainthederivative:

dt1�max

dR 
 2αp � R� dp
dR � dγ

dR
(3.10)


 c � whi 	 wlo � p � R� � L1cwlo � C1


 cwlo � whi 	 wlo �
2r

R (3.11)

� 1
2

� wlo � whi �%� L1c � C1

whi
�

Thederivativeof t4�min dependson thesix differentcasesdescribedin SectionD. We

will show thederivationsfor themostbasiccase1andthemostcomplex case6. Derivations

for othercasesaresimilar, andall thesecasesleadto thesameconclusion.

For case1, theequationfor theminimumdelay(for singleloadcase)is givenas[27]

t4�min 
 1
4

crL2
4 � 1 � 2W � x̂����# W � x̂� 2 (3.12)

whereW � x̂� is theLambert’s W functionandx̂ 
 L4
2

cr
C4R. SincetheLambert’s W func-

tion satisfiesW � x̂� eW � x̂� 
 x̂, wecanobtainits derivativeas

W&'� x̂� 
 W � x̂�
x̂ � 1 � W � x̂��� (3.13)

Thenwehave thederivativeof t4�min with respectto R:

dt4�min

dR 
 rcL2
4

4W2 � x̂� R (3.14)

CombiningEquation(3.10) and (3.14), we can get the secondorder derivative of

q14�max:

d2q14�max

dR2 
 cwlo � whi 	 wlo �
2r � l2

4r2c

4rR2W � x̂��� 1 � W � x̂��� (3.15)

Evidently, d2q14$max

dR2 � 0 andq14�max� R� is aconvex function.

Now we considercase6 which is morecomplex andgeneral.The wire shapingfor
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case6 is depictedin Figure5. We candivide this wire into threesegments:(i) the thin

segmentfrom x 
 0 to x 
 g, (ii) the exponentialsegmentbetweenx 
 g andx 
 h and

(iii) the fat segmentfrom x 
 h to x 
 L4. We useCthin 
 cwlog, Cexp 
 h
g cw� x� dx and

Cf at 
 cwhi � L4 	 h� to representthewire capacitancefor eachsegment.Similarly, thewire

resistancefor eachsegmentcan be definedasRthin 
 rg
wlo

, Rexp 
 h
g

r
w � x� dx andRf at 


r � L4  h�
whi

.

Wecanfind thewire delayfor theexponentialsegmentitself as:

t̃ 

h

g

r
w � x�

x

g
cw� z� dz dx (3.16)

For theexponentialsegment,we cantreatthe fat segmentaspartof its driving resistance

andthe thin segmentaspartof its loadcapacitance.Thuswe canexpressthedelayfrom

x 
 h to x 
 g as:

texp 
 � R � Rf at ��� Cexp � Cthin � C4 � � t̃ � Rexp � Cthin � C4 �

Thevalueof texp canbeobtainedthroughEquation(3.12)exceptthattheR is replacedby

R̃ 
 R � r � L4  h�
whi

andtheC4 is replacedby C̃4 
 C4 � gcwlo.

Thetotal pathdelayfrom x 
 L4 to x 
 0 canbewrittenas:

t4�min 
 R� Cf at � Cexp � Cthin � C4 �
� Rf at � 12Cf at � Cexp � Cthin � C4 �
� t̃ � Rexp � Cthin � C4�
� Rthin � 12Cthin � C4 �


 texp � RCf at � 1
2

Rf atCf at � Rthin � 12Cthin � C4 �


 1
4

cr � h 	 g� 2 � 1 � 2W � x̃�(��# W � x̃� 2

� RCf at � 1
2

Rf atCf at � Rthin � 12Cthin � C4 �
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wherex̃ 
 h g
2

rc
R̃C̃4

. Comparingtheabove equationandEquation(3.12),thedifferences

are(i) thereareadditionaltermswith at mostlineardependenceonRand(ii) R is replaced

by R̃ througha linear transformation.Sincebothdifferenceshave only lineardependence

onR, they donotchangethepropertyof d2t4 $min

dR2 � 0 andq14�max� R� is still aconvex function

for case6. Othercasescanbeprovedin thesameway.

For a pathwith multiple branchloads,the differenceis that the constantloadC4 is

replacedby the branchload functionCL � x� . Sincethe branchload function is piecewise

constant,it doesnotchangethepropertyof d2t4 $min

dR2 � 0 either. Sinceq14�min 
 t1�min 	 t4�max

is symmetricto q14�max 
 t1�max 	 t4�min, we canconcludethatq14�min is a concave function

with respectto R. Q.E.D.

Accordingto Theorem2, we needto computethewire shapingfor q14�max twice,one

with theminimumR by settingthewire width alongthecommonpaths0 � v7 to whi, the

otherwith themaximumR by letting thewire width alongthecommonpathbewlo. The

maximumof thetwo skew resultsis finally selectedastheworstcasebound.

G. ExperimentalResults

In order to validatethe boundwe derived, we implementedour formulas,Monte Carlo

andthe interval analysis[12] for comparisons.Even thoughMonte Carlo methodis not

efficient, it cangeneratea reliableestimationon theworstcaseperformanceif thenumber

of iterationsis sufficiently large. Therefore,the resultof Monte Carlo servesasan ideal

baselinefor comparisons.Thereasonto comparewith interval analysismethodis because

its objective is verycloseto ours:to establishaboundefficiently.

The test casesare the r1 	 r5 which are applied in the boundedskew clock rout-

ing (BST) work [35]. We downloadedthe BST codefrom the GSRCbookshelf � htt p :

#)# vlsicad� ucsd� edu# GSRC # bookshelf # Slots# BST #*� andgeneratedclockroutingtreesfor
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Fig. 8. Histogramof differencecomparedwith Monte Carlo simulationfor the maximum

skew.

Fig. 9. Histogramof differencecomparedwith Monte Carlo simulationfor the minimum

skew.

r1 	 r5 by runningtheBST code.Theglobalskew boundis setto be100ps. We assume
+

30%variationsonwire width. Weimplementedour formulas,MonteCarloandtheinter-

val analysismethodin C language.Theexperimentsareperformedon a PCwith Pentium

III, 655MHz processorand512MB memory.

We evaluatedtheskew bounddueto wire width variationsfor 6725pairsof sinksin

the five testcasesof r1 	 r5 by all of the threemethods.In orderto obtaina meaningful

estimation,we segmentlong wires into small piecesof about50µm for the Monte Carlo

andinterval analysis.Therefore,thewire width for eachpieceis anindividualvariable.For
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eachsink pair, we run Monte Carlo simulationfor 50,000trials whenthe width for each

wire pieceis selectedrandomlyin therangeof
�
wlo � whi � . Whenestimatingtheminimum

delaywire shapingweappliedtheheuristicdescribedin SectionD to decidetheswitching

pointsandtheoptimalwire shapingfor them. This heuristicbringsgreatimplementation

conveniencewith negligible quality penalty.

TableI. Comparisonof computationtime in seconds.
Testcase #sinks #pairs MonteCarlo Interval Ours

r1 267 266 8277 3 0.46
r2 598 597 35684 7 4.72
r3 862 861 70288 14 9.65
r4 1903 1902 180270 90 38.31
r5 3100 3099 408750 277 77.5

We take the result from Monte Carlo simulationas baseline. The result from our

boundis evaluatedby taking the differencebetweenthem. In otherwords,we evaluate

themaximum/minimumskew from our boundminusthemaximum/minimumskew from

MonteCarlosimulationfor eachpair of sinks.Theboundresultfrom theinterval analysis

is evaluatedin thesameway. Figure8 and9 show thehistogramsof thedifferencefor the

maximumskew andtheminimumskew, respectively. In Figure8, thedifferencefrom our

boundis almostalwaygreaterthanzero.Meanwhile,thedifferencefrom ourboundfor the

minimumskew in Figure9 is almostalwaysnon-positive. This fact tells thatour method

generallyprovidesa boundfor the worst caseskew in practice,even thoughwe applied

heuristicin theimplementation.Somesink pairshave similar pathlengthsto their nearest

commonancestornodeand the driver, thus they have similar skew variation behaviors.

This factresultsin serval peaksin thehistograms.Figure8 and9 show thatthepeaksfrom

our methodarecloserto zerodifferencecomparedto thepeaksfrom theinterval analysis.

Thus,ourmethodprovidesatighterboundthantheintervalanalysis.Moreover, ourmethod
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giveslessnumberof under-estimationscomparedwith theinterval analysis.

The computationtime for eachmethodis shown in Table I. In Table I, column 2

and column 3 show the numberof sinks and the numberof sink pairs whoseskew are

evaluated. We canseethat the runtimefrom the Monte Carlo simulationis impractical.

Comparedwith interval analysis,theruntimeof our methodis alwaysshorter.

Theconclusionandfutureresearchfor this chapterwill bediscussedin thechapterV

of this thesis.
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CHAPTERIV

REDUCINGSKEWVARIABILITY BY CROSSLINK ADDITION

In this chapter, we describeour work on the crosslink basednon-treetopology. This

chapterbriefly introducestheproblemthatis beingattemptedandemphasizessomeof the

importantpointsthat hasbeenmentionedin the introductorychapters.In SectionB, we

discussabouttheskew in generalRC networks. After our analysisof theskew in RC net-

works,we thendescribeabouttheeffectsanddifferentscenariosof addinglinks in aclock

tree. Basedon this, we proposedifferentlink insertionschemesin SectionC. Finally, in

SectionD wediscussabouttheexperimentalresultsfor thedifferentlink insertionschemes.

A. Introduction

As oneof thelargestnetsandoneof themostfrequentlyswitchingnetsat thesametime,

the clock network hasparamountinfluenceon both energy efficiency andpower/ground

noise[26]. Therefore,theobjective of clock network designhaslong beendeliveringzero

clock skew[31] or usefulnon-zeroskew[25] with aminimumsize/wirelength[32, 24]. The

unwantedskew variationsin a CDN arenot only harmful to timing performancebut also

difficult to control,becausereliableestimationson thesevariationsaregenerallynotavail-

ableduringclock network design.

As discussedin chapter2, oneof themosteffective methodsin reducingclock skew

variability is non-treeclock routing. Most of theexisting non-treeroutingbelongto very

simpleandregular typeof structures.If this requirementis relaxed,theresultingsolution

spaceis huge.Theadvantageof alargesolutionspaceis thatit is likely thatagoodnon-tree

topologywith lessvariability exists.But theobviousdisadvantageis theproblemof finding

thegoodnon-treetopologythatsatisfiesour requirementin suchbig solutionspace.In this

work, weattemptto addressthis problemby insertingcrosslinks in agivenclock tree.
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B. Skew in RC Network
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Fig. 10. Crosslink insertion.

In this section,delayandskew variationof a non-treeRC network will beanalyzed.

Elmoredelaymodelis employeddueto its high fidelity[33] andeaseof computation.A

SPICEsimulationis performedon a simplecaseto verify a conclusionfrom Elmoredelay

model.

1. DelayIn RC Network

The Elmoredelayat nodei in an RC network is given by ti 
 ∑ j Ri � jCj whereCj is the

groundcapacitanceat node j. ThetransferresistanceRi � j is equalto thevoltageat nodei

when1A currentis injectedinto node j andall othernodecapacitorsarezero[10]. A non-

treeRC network canberepresentedby a graphG 
 � V� E � with thenodesetV composed

by thesource,sinksandSteinernodes.Thegraphcanbedecomposedto a spanningtree

T 
 � V� ET � andasetof link edgesEl suchthatE 
 ET , El . As analternativeapproach[11]

more suitablefor analysis,the delay from the sourceto eachnodecan be evaluatedby
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startingwith delaysin thetreeT andthenincrementallyinsertingevery link edgein El .

In Figure 10, a network is indicatedby the solid lines and a crosslink is inserted

betweennodeu - V and nodew - V. If the link hasa wire resistanceof Rl and wire

capacitanceof Cl , thelink insertioncanbedecomposedto insertingaresistorof Rl between

u andw andaddinga capacitorof Cl
2 at nodeu andw. Adding link capacitorsdoesnot

changethe network topology,thusits effect canbe estimatedeasily. If the Elmoredelay

from thesourceto any sink i is ti beforethelink insertion,thedelayt̃i afteronly addingthe

link capacitorsis givenby:

t̃i 
 ti � Cl

2
� Ri � u � Ri � w � (4.1)

The impactof the link resistanceRl canbe analyzedthroughthe techniqueby Chanand

Karplus[11]. Accordingto [11], thedelayat nodei is changedfrom t̃i to t̂i givenby:

t̂i 
 t̃i 	 t̃u 	 t̃w
Rl � ru 	 rw

r i (4.2)

wherer i,ru andrw areequalto theElmoredelayat i, u andw whenCu 
 1� Cw 
 	 1 and

theothernodecapacitancearezero.

2. Skew Variability BetweenLink Endpoints

If a link is insertedbetweennodeu andnodew, let us first look at its impacton skew

betweenu andw. If the delayfrom thesourceto u andw aretu andtw, respectively, the

skew betweenthemis qu� w 
 tu 	 tw. Accordingto Equation(4.1)andEquation(4.2),the

skew q̂u� w afterthelink insertionis:

q̂u� w 
 Rl

Rl � ru 	 rw
� qu� w � Cl

2
� Ru� u 	 Rw� w �(� (4.3)

Theeffect of thelink capacitanceCl andthe link resistanceRl canbeseparated.Thelink

capacitanceoftenchangestheskew valueasthevalueof Ru� u is oftendifferentfrom Rw� w.
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The effect of the link resistanceRl canbe found by neglectingCl andthe following

equation.

q̂u� w 
 Rl

Rl � ru 	 rw
qu� w (4.4)

Thus,theeffect of Rl dependson thevalueof qu� w. A caseof our specialinterestis when

the nominalskew betweenu andw is zero. In this case,Rl doesnot affect the nominal

skew andqu� w mayrepresenttheunwantedskew dueto variations.Then,wecanreachthe

following usefulconclusions.

Lemma 1: If twodistinctivenodesin anRCnetworkhavezero nominalskew between

them,insertinga resistorbetweenthemalwaysreducestheir skew variability.

Proof: Whena resistorRl is insertedbetweentwo distinctive nodesu andw which

havezeronominalskew betweenthem,thentheskew variationbetweenthem,qu� w , will be

scaledbyafactorof Rl
Rl � ru  rw

accordingto equation(4.4).Sinceru is obtainedby computing

the Elmore delay whenCu 
 1, Cw 
 	 1 and the capacitanceat other nodesare zero,

ru 
 Ru� u 	 Ru� w. Accordingto thecomputationof thetransferresistance,Ru� u . Ru� w and

ru . 0. Similarly, rw 
 Ru� w 	 Rw� w � 0. Sinceu andw aretwo distinct nodeswith zero

nominalskew, neitherru 
 0 nor rw 
 0 canhappen.Thus,ru 	 rw � 0 is alwaystrueand

therefore, ˆqu� w /�0 qu� w  is alwaystrue.

Lemma 2: In a clock tree, consideringthat a resistorRl is insertedbetweentwo

disjoint pathsp � b and p � r, where b and r are two leaf nodesand p is their nearest

commonancestornode, and link endpointsu - p � r and w - p � b alwayshavezero

nominalskew, thevariability of skew qr � b becomessmallerwhentheresistoris movedfrom

p toward leafnodesb andr.

Proof: Theresistorinsertionis illustratedin figure10. Thevariationof skew between

r andb afterinsertingresistorRl betweenu andw canbeexpressedas:
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ˆqr � b 
 Rl

Rl � ru 	 rw
qu� w � qur� wb (4.5)

wherequr� wb 
 tu� r 	 tw� b is the differencebetweendelaysof path u � r and path

w � b. SincetheRC network is a treebeforeinsertingtheresistance,ru and 	 rw arethe

total resistancealongpathp � u andp � w, respectively. ThusRloop 
 Rl � ru 	 rw is the

total resistancealongthe loop of p � u � w � p. Original variationof skew betweenr

andb is qr � b 
 qu� w � qur� wb. Theeffect of insertingthe resistanceis to scalethevalueof

qu� w by Rl
Rloop

� 1. Whentheresistoris movedfrom thenearestcommonancestortowardsr

andb, Rl
Rloop

becomessmallerandsmallerandgreaterportionof qr � b is scaleddown.

Fig. 11. Skew variationvs. link positionfrom bothSPICEandElmoredelaymodel.

Lemma1 andLemma2 arebasedonElmoredelaymodelwhich is oftencriticizedfor

its inaccuracy andparticularlyfor neglectingthe resistive shieldingeffect[34]. However,

the resistive shieldingeffect is prominentonly at nodescloseto the sourcewhile clock

sinksaregenerallyfar away from thesourcenode.Hence,theinaccuracy of Elmoredelay

at clock sinksis usuallyinsignificant.A SPICEsimulationis performedon a simplecase
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to verify Lemma2 anddemonstratethefidelity of Elmoredelaymodel.In thissimplecase,

two sinksaredrivenby asourcedirectly. Thetwo sinkshavethesameloadcapacitanceand

thesamedistanceof 100µm from thesource.We let thedriver resistance,wire width and

thesinkcapacitancehave
+

15%variationfollowing anormaldistribution. Weobtainskew

variationbetweenthe two sinkswhena link is insertedbetweentwo source-sinkpathsat

20µm, 40µm, 60µm, 80µmand100µmawayfrom thesource.Thesizeof thelink is constant

in eachtest. Theworstcaseskew andthestandarddeviation of skew variationfrom both

SPICEmodelandtheElmoredelaymodelareplottedin Figure11. This plot shows that

thereis strongcorrelationbetweenSPICEresultsandElmoredelayresults.In addition,the

SPICEsimulationresultssupporttheconclusionof Lemma2.

3. Skew Variability BetweenAny EqualDelayNodes

FromEquation(4.1)and(4.2), theskew betweentwo arbitrarynodei and j afterinserting

link betweenu andw is:

q̂i � j 
 qi � j � Cl

2
� Ri � u � Ri � w 	 Rj � u 	 Rj � w �1	 q̂u� w

Rl
� r i 	 r j � (4.6)

Evidently, the link capacitanceCl usuallychangesthenominalskew. If only thelink

resistanceRl is considered,theskew becomes:

q̂i � j 
 qi � j 	 r i 	 r j

Rl � ru 	 rw
qu� w (4.7)

We considerthecasewherethenominalskew is zerobetweenu andw aswell asi and j.

In this case,Rl doesnot affect thenominalskew betweeni and j. Further, bothqu� w and

qi � j canbetreatedasskew variations.Then,Equation(4.7)canbeinterpretedasthatqu� w is

scaledby r i  r j
Rl � ru  rw

andaddedto qi � j . Whetherthemagnitudeof qi � j is reduceddependson

thesignsof qu� w, qi � j andr i 	 r j .

If we considerin thecontext of insertinglinks in a clock treeT 
 � V� TE � , thenodeu
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is in asub-treeTf 2 T andthenodew is in anothersub-treeTg 2 T asshown in Figure10.

Therootnodeof Tf andTg arethetwo child nodesof thenearestcommonancestornodep

betweenu andw. Theeffect of Rl on qi � j dependson thelocationsof i and j in T andcan

beanalyzedin threescenariosasfollows.

Scenario 1: One of i and j is in sub-treeTf and the other is in sub-treeTg, ex.,

i - Tf and j - Tg. Sincei andu arein thesamesub-tree,their delayti andtu have certain

correlationwith respectto t j or tw. Similarly, delayt j is morecorrelatedwith tw thanwith

ti or tu. Therefore,thereis certaincorrelationbetweenqi � j andqu� w. If the correlationis

sufficiently strong,qi � j andqu� w usuallyhavethesamesign.As ru 	 rw . r i 	 r j . 0 (proof

is similar to Lemma1), the link resistancemay reducethe variability of skew betweeni

and j. In a specialcase,wheni is u and j is w, i.e., qi � j andqu� w have perfectcorrelation,

thelink resistancealwaysreducesskew variability asstatedin Lemma1.

Scenario 2: Both i and j arein the samesub-treeTf or Tg. In this scenario,r i and

r j have samesign and r i  r j
Rl � ru  rw

is generallysmallerthan0� 5. Thus, the skew variation

betweeni and j is increasedor decreasedby a small fractionof  qu� w  . Sincei and j arein

thesamesub-tree,their skew variationin original treeis usuallynot largeeither.

Scenario 3: Oneof i and j is in thesub-treeTp andtheothernodeis disjoint with Tp.

For example,i is in Tp like b and j is not in Tp like d in Figure10. If node j is disjoint

with Tp, thereis no overlapbetweenany source-to-j pathandTp. Hence,r j 
 0 andthere

is no predictablecorrelationbetweenqi � j andqu� w. In theworstcaseof signs,qi � j hassign

oppositeto qu� wr i. Sincethe nominalskew betweenu andw is zero, ru 3 	 rw 3  r i  in

general.Therefore,Rl may increaseor decreasethe skew variationbetweeni and j by a

half of theskew variationbetweenu andw.

In summary, thelink resistanceRl usuallyreducesskew variability in Scenario1, may

increaseskew variability a little in Scenario2, andmay increaseskew variability morein

Scenario3.
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C. Link InsertionBasedNon-treeClockRouting

1. Algorithm Overview

Our objective is to designa clock routingalgorithmthatcanachieve low skew variability

andlow wire consumption.Basedontheanalysisin SectionB, weproposeto constructthe

clock network by insertingcrosslinks to a clock tree. In this incrementalapproach,many

existingclocktreeroutingalgorithms[32, 24] canbeutilizedandthenon-treeclockrouting

problembecomesmoremanageable.

x
Source

jpi

(a) (b)

p j i

Tapping point

Fig. 12. Tunelocationx of tappingpoint p suchthatnominalskew betweensinksin sub-tree

Ti andTj is sameasspecifications.If thereis greatimbalancebetweenTi andTj ,

wire snakingmaybenecessaryasin (b).

Eachlink insertioncan be decomposedto addinglink capacitanceto its endpoints

andinsertinglink resistance.Basedon theanalysisin SectionB, thenominalskews may

be affectedby a link capacitance.The nominalskew changecanbe removed by tuning

tappingpointsasin [31]. An exampleof thetuningis shown in Figure12. Eventhoughthe

locationof thetappingpoint is determinedbasedonElmoredelaymodelin [31], thebasic

ideain [31] canbeappliedonany delaymodel.As longasadelaymodelis monotone,the

locationof the tappingpoint canbe found througha binarysearch.After tuning tapping

points, the link resistancecanbe inserted. According to the analysisin SectionB, link

resistancedoesnot affect nominalskew whenits two endpointshave zeronominalskew

beforelink insertion.
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We addlink capacitanceto all selectednodepairssimultaneouslyandperformtuning

only onceat eachtappingpoint beforeinsertinglink resistances.Thetuningproceedin a

bottom-uptraversalof theclock tree.During thetraversal,whena tappingpoint is encoun-

tered,the tuning is performedin thesameway asin [31]. After the tuning is completed,

theclock treeshouldprovideskewssameasthosein theinitial tree.

Our algorithmflow canbesummarizedas:

1. Obtaininitial clock tree.

2. Selectnodepairswherecrosslinks will beinserted.

3. Add link capacitanceto theselectednodes.

4. Tunetappingpointsto restoreoriginal skew.

5. Insertlink resistanceto theselectednodepairs.

2. SelectingNodePairsfor Link Insertion

In thealgorithmflow, themajorproblemis how to choosethenodepairsfor link insertions.

Wealwayschoosenodepairswith zeronominalskew sothatnonominalskew isaffectedby

thelink resistance.Wealsoprefernodepairscloseto eachothersothatthelink capacitance

Cl is small and lesswire snakingmay happenin tuning tappingpoints. Basedon the

analysisin SectionB, we investigatea rulebasedselectionschemeandaminimumweight

matchingbasedselectionscheme.

a. RuleBasedSelectionScheme

Therulebasedapproachis deriveddirectly from Equation(4.3)andLemma2 in Section2.

Theconclusionsin Section3 arelessrigorousthanthosein Section2 andhardto betrans-

latedto clearrules.Lemma2 indicatesthattheskew variability reductionfor apairof sinks
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is moreeffectivewhenthelink is closerto thesinks.Therefore,we restrainthenodepairs

to besinkpairsfor zeroskew routing.

α rule: In theinitial tree,Rloop 
 Rl � ru 	 rw is thetotal resistancealongtheloop of

p � u � w � p. Accordingto Equation(4.3),the link resistanceis moreeffective when

theratio α 
 Rl
Rloop

is smaller. Thusthefirst rule is theratio α � αmax.

β rule: Basedon Equation(4.3),the impactof the link capacitancecanbe reduced

whenβ 
  Cl
2 � Ru� u 	 Rw� w �4 is small or no greaterthana certainboundβmax. In addition

to restrainingthe link size,this rule is in favor of nodepairsthathave similar pathlength

from thesource.

γ rule: Thenearestcommonancestor(NCA)nodefor a sink pair hascertaindepthin

theoriginal tree.For theexamplein Figure10, theNCA p of r andb hasdepth2. We call

this depthasthelevel of thenodepair anddenoteit asγ. Lemma2 impliesthat thevalue

of γ needsto besmallor nogreaterthanaboundγmax.

It canbe observed that thereis redundancy in the threerules. But accordingto our

experimentalresults,all threerulesarenecessaryin general.Therule basednodepair se-

lection schemeis simply choosingall the sink pairs that satisfyall the threerules. The

advantageof this schemeis its simplicity. The weaknessis the neglectionof the effects

discussedin Section3 which areconsideredin theminimumweightbasedmatchingalgo-

rithm.

b. Minimum WeightMatchingBasedSelection

Accordingto Lemma1,whenalink resistanceis insertedbetweenapairof nodes,it always

reducesskew variationbetweenthem.However, theeffectof thislink onskew of othernode

pairsis verysubtle.

Accordingto the analysisin Section3, scenario3 needsto be avoided,sincea link

betweenu andw in asub-treeTp mayhurt thevariability of skew betweenasink in Tp and
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a sink outsideTp. Scenario3 canbe avoidedby choosingnodepairsbetweenleft child

sub-treeandright child sub-treeof anodeof depth1. For example,links betweensub-tree

Tp andsub-treeTd of depth1 nodeh in Figure10 canavoid scenario3, sincethereis no

sinksoutsideof Th. Nodepairsfor theselinks canbe characterizedby the depthof their

nearestcommonancestornodeh, whichcanbecalledγ level by usingthetermin theγ rule

of previoussection.Therefore,weneedto havenodepairswith γ 
 1.

Links insertedbetweensub-treeTd andsub-treeTp oftenimproveskew variability be-

tweensinksbetweenTd andTp accordingto analysisof scenario1. However, theselinks

may increaseskew variability betweensinkswithin Td or Tp asdiscussedin scenario2.

Thesedegradationcanbe compensatedif links areinsertedbetweensub-sub-treeswithin

sub-treeTd or Tp. In otherwords,nodepairsof γ 
 2 needto beconsidered.This proce-

durecanberepeatedrecursively till γ is sufficiently large. Thesub-treescorrespondingto

largeγ aremostlysmallandtheskew variability insideis usuallyinsignificant.Themain

algorithmdescriptionon this recursiveprocedureis givenin Figure13.

Procedure: SelectNodePairs� Tv�
Input: Sub-treeTv rootedat nodev

Output: NodepairsetP

1. l 5 left child nodeof v

2. r 5 right child nodeof v

3. P 5 PairBetweenTrees� Tl � Tr �
4. If Depth � v� 
�
 DepthLimit, returnP

5. P 5 P , SelectNodePairs� Tl �
6. P 5 P , SelectNodePairs� Tr �
7. ReturnP

Fig. 13. Main algorithmof selectingnodepairsfor link insertion.
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Right subtree

Left subtree

Fig. 14. A bipartitegraphmodel for selecting4 nodepairsbetweentwo sub-trees.Each

nodecorrespondsto a sub-sub-treein a sub-tree.An edgeweight is the shortest

Manhattandistancebetweenleaf(sink)nodesof two sub-sub-trees.

A sub-problemto besolvedis how to selectnodepairsbetweentwo sub-treesTl and

Tr . This is thesubroutinePairBetweenTrees� Tl � Tr � in line 3 of Figure13. We decompose

eachsub-treeinto k sub-sub-treesandselectk nodepairsbetweensub-sub-treesin Tl and

sub-sub-treesin Tr . This problemcanbe modeledin a bipartitegraphandsolvedby the

minimum weight matchingalgorithm. If the sub-treeTl is decomposedto sub-sub-tree

setSl 
76 Tl1 � Tl2 � ����� Tl k 8 andTr is decomposedto Sr 
96 Tr1 � Tr2 � ����� Trk 8 , eachnodein the

bipartitegraphcorrespondsto asub-sub-tree.Thereis anedgebetweeneachnodein Sl and

eachnodein Sr . Theedgeweightbetweena sub-sub-treepair Tl i andTr j is theManhattan

distancebetweenthe nearestsink pair u - Tl i andw - Tr j . An exampleof the bipartite

graphwith k 
 4 is shown in Figure14. Theminimumweightmatchingresultmayselect

a setof nodepairsbetweenSl andSr with the minimum total link length. The rationale

behindthis schemeis to distribute the links evenly in a sub-treesuchthat the scenario2

effect is less.
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3. Non-zeroSkew Routing

Thelink insertionbasednon-treeclock routingcanbeeasilyextendedto achievenon-zero

skews. Nodepairscanbeselectedsameasin Figure13. If asink pair � a� c� havenon-zero

nominalskew qa� c 
 ta 	 tc � 0, a link canbeinsertedbetweensink c anda point k in the

parentedgeof a suchthatnominaldelaytc 
 tk asillustratedin Figure10.

D. ExperimentalResults

TheexperimentsareperformedonaLinux machinewith dual1GHzAMD microprocessor

and512M memory. Thebenchmarkcircuitsarer1-r5 downloadedfrom GSRCBookshelf

� htt p : #)# vlsicad� ucsd� edu# GSRC # bookshelf # Slots# BST #*� . Thevariationfactorsconsid-

eredin theexperimentsincludetheclock driver resistance,wire width andeachsink load

capacitance.We let thedriver resistance,wire width andthesink capacitancehave
+

15%

variationfollowing anormaldistribution. In theexperiments,theskew variationsandwire-

lengtharecomparedamongclock trees,tree+linksandmeshes.For eachclock network, a

MonteCarlosimulationof 1000trials is performedto obtainthemaximumskew variation

(MSV) andthe standarddeviation (SD) of skew variations. A skew variationis the max

sinkdelayminusthemin sinkdelayin a trial.

Theclock treesareobtainedby runningtheBST [35] codewhich is alsodownloaded

from thesamewebsiteof GSRCBookshelf.WhenrunningtheBSTcode,theglobalskew

boundis setto 0 sothatzeroskew clocktreesareobtained.Thesizeof benchmarkcircuits,

skew variationsandwire-lengthof clock treesaregivenin TableII.

Weimplementedtheproposedlink insertionbasedmethodsandleaf level meshmeth-

odsto constructnon-treenetworksincludingfour variants:

� Link-R: Theproposedlink insertionbasednon-tree,with rule basednodepair selec-

tion.
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TableII. Maximumskew variation(MSV), standarddeviation(SD)andtotalwire-lengthof

trees.TheCPUtime is from runningBST code.
Testcase # sinks MSV SD wirelen CPU(s)

r1 267 0.265 0.042 1320665 1
r2 598 0.759 0.112 2602908 3
r3 862 0.934 0.166 3388951 4
r4 1903 2.321 0.317 6828510 12
r5 3101 5.792 1.149 10242660 18

� Link-M: Theproposedlink insertionbasednon-tree,with theminimumweightmatch-

ing basednodepair selection.

� Mesh-S:sparseleaf level meshdrivenby anH-tree.

� Mesh-D:denseleaf level meshdrivenby anH-tree.

The experimentalresultson thesefour variantsareshown in TableIII. The valueof the

maximumskew variation(MSV),standarddeviation(SD)andwire-lengthareexpressedas

theratiowith respectto theresultsof clock trees.

In Link-R, therulesareαmax 
 0� 1, βmax 
 10 for r1-r3,βmax 
 50 for r4 andr5, and

γmax 
 1. Theserulesarechosenempiricallyasthey yield relatively low variationresults.

In Link-M, k 
 2 for γ 
 1 for r1 andr2, i.e.,2 links areinsertedat thelevel of γ 
 1. Since

r3 is larger, k 
 4 at γ 
 1 is applied.Testcaseof r4 andr5 arethelargest,hence,we insert

links with k 
 2 at level γ 
 2 in additionto 4 links at γ 
 1.

Theobservationsfrom TableIII include:

� The minimum weight matchingbasedlink methodis always superiorto the rule

basedmethodonbothvariability andwire-length.For this reason,weskip resultsof

rule basedmethodwith otherrule parameters.

� A densemeshalwaysyields lessvariationsthana sparsemesh,but consumesmore

wire-lengthasexpected.

� All four variantswork betteron larger netsthanon smallernets. For a large net,

a treeis densein term of the numberof wire segments,thereforeredundantsignal
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TableIII. Skew variationsandwire-lengthin termsof treeresults.Sizeof a tree+linknet-

work is thenumberof links. Sizeof ameshis #rows � #columns.
Case Method size MSV SD wirelen CPU(s)

r1 Link-R 6 0.65 0.97 1.053 0.039
Link-M 2 0.60 0.80 1.009 0.068
Mesh-S 11 : 11 0.99 0.99 1.69 0.045
Mesh-D 21 : 21 0.76 0.66 2.42 0.045

r2 Link-R 20 0.72 0.90 1.027 0.087
Link-M 2 0.68 0.84 1.009 0.098
Mesh-S 15 : 15 0.84 0.82 1.76 0.046
Mesh-D 29 : 29 0.60 0.48 2.38 0.046

r3 Link-R 29 0.76 0.88 1.074 0.13
Link-M 4 0.64 0.83 1.017 0.18
Mesh-S 19 : 21 0.26 0.36 1.69 0.046
Mesh-D 35 : 37 0.15 0.19 2.47 0.046

r4 Link-R 19 0.53 0.35 1.013 0.38
Link-M 6 0.46 0.35 1.008 0.43
Mesh-S 27 : 29 0.23 0.34 1.68 0.048
Mesh-D 55 : 57 0.09 0.18 2.32 0.048

r5 Link-R 57 0.31 0.15 1.030 0.53
Link-M 6 0.26 0.14 1.008 0.52
Mesh-S 37 : 39 0.08 0.10 1.61 0.051
Mesh-D 75 : 77 0.03 0.06 2.31 0.051

propagationpathscanbeestablishedwith lessefforts. In otherwords,a link of same

sizehasmorechanceto shorttwo treesegmentsin a densertree(or largernet) than

in asparsetree(or smallernet).

� Exceptr1, ameshusuallyprovideslowerskew variability thana link basednon-tree.

But, thewire increaseof a meshis muchgreaterthana link basednon-tree.For all

solutionsfrom Link-M, thewire-lengthincreaseovera treeis nevergreaterthan2%.

� Themethodof Link-M resultsin 32%	 74%reductiononthemaximumskew varia-

tion, and10%	 86%reductiononthestandarddeviation,exceptfor r1. Considering

lessthan2% wire increase,suchsignificantimprovementindicatesgreatwire usage

efficiency.

The CPU time in secondsaredisplayedin the right-mostcolumnin Table III. The
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CPU time for link insertionincludesthe time for nodepair selectionandtuning tapping

points. EventhoughtheCPUtime of link insertionis usuallygreaterthanconstructinga

mesh,it is still negligible, especiallycomparedwith thetimeof clock treeconstruction.

An experimenton non-zeroskew routing is performedon r1. The resultshows that

Link-M reducesstandarddeviation by 11%over treewith 2% increaseon wire-length. A

densemeshreducesstandarddeviationby 15%with 179%increaseon wire-length.

Theconclusionandfutureresearchfor this chapterwill bediscussedin thechapterV

of this thesis.
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CHAPTERV

CONCLUSION

In thefirst partof thethesis,ananalyticalboundfor theunwantedskew dueto wire width

variationhasbeenobtained.Experimentalresultsshow thatour methodis safer, fasterand

moreaccuratethantheinterval analysis.Sincethis boundcanbeobtainedvery quickly, it

canbeappliedto interconnectvariationdrivendesignanddesignplanning.

In the secondpart of the thesis,a low costnon-treeclock routing methodhasbeen

proposedto reduceskew variability. The non-treenetwork is obtainedby insertingcross

links in agivenclocktree.Theeffectof link insertiononskew variationhasbeenanalyzed.

Basedontheanalysis,link insertionalgorithmshavebeendeveloped.Experimentalresults

show thatthismethodcanreduceskew variationsremarkablywith little extrawire resource.

Thismethodcanbeappliedto achievelow variationnon-zeroskew aswell. Itsaccuracy can

beimprovedby adoptinga higherorderdelaymodel. Theefficiency of link insertioncan

befurther improvedby consideringskew permissibleranges[30]so that links areinserted

only betweennodeswith tight permissibleranges.

This thesiswork is onestepfurthertowardaddressingthechallengingskew variation

problem.
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