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ABSTRACT

AnalysisandOptimizationof VLSI Clock Distribution
Networksfor Skew Variability Reduction.(August2004)
Anand Kumar Rajaram, B.E, Anna University
Co—Chairsf Advisory Committee:Dr. JiangHu
Dr. RabiMahapatra

As VLSI technologymovesinto the Ultra-DeepSub-Micron(UDSM) era, manu-
facturingvariations,power supplynoiseandtemperaturezariationsgreatly affect the per
formanceandyield of VLSI circuits. Clock Distribution Network (CDN), which is oneof
the biggestandmostimportantnetsin any synchronoud/LSI chip, is especiallysensitve
to thesevariations. To addresghis problemvariability-avare analysisand optimization
techniquedor VLSI circuitsareneededIn thefirst partof this thesisananalyticalbound
for the unwantedskew dueto interconnecwariationis established.Experimentakesults
show thatthis boundis safer tighterandcomputationallyfasterthanexisting approaches.
This boundcould be usedin variation-avare clock tree synthesis.Theecondpart of the
thesisdealswith optimizinga given clock treeto minimize the unwantedskew variations.
Non-treeCDNs have beenrecognizedasa promisingapproacho overcomethe variation
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-treeCDNSs so obtainedare showvn to be highly
tolerantto skew variability with very little increasen total wire-length. This canbe used
in applicationssuchasASIC designwherea significantincreasen thetotal wire-lengthis

unacceptable.
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CHAPTERI

INTRODUCTION
Whenthe VLSI featuresize becomegrogressiely smaller moving into the Ultra-Deep
Sub-MicronTechnologyera, previously negligible variation effects startto affect circuit
performancendyield significantly Someof the mostimportantvariationeffectsareman-
ufacturingvariationg[1], temperaturevariationandpower supplynoise[2], which arevery
difficult to be modeled.In mary casestheinformationaboutthe variationeffectsarenot
availableduringdesigntime, makingit evenmoredifficult to controlthem.

In synchronou&/LSI circuits,the Clock Distribution Networks(CDNs)areespecially
affectedby thesevariation effects. Sincethe completesynchronougircuit operationis
beingcoordinatedy theclocksignal,any unwantedskew in the CDNswill adwerselyaffect
the performanceof the entirechip. Also, sincethe clock skew is a lower boundfor clock
period,the unwantedskew dueto variationsform a bottleneckpreventingimprovementon
clock frequeng andtherebycircuit operationabpeed.

In orderto overcomethe variationproblemandto make circuitswork reliably evenin
the presencef variations,a variation-awake circuit designmethodologyis needed.Two
importantaspect®of any variation-avarecircuit designmethodologyare’variationmodel-
ing & analysis’and’variability-avareoptimization’. In variationmodeling& analysisthe
objectve is usuallyto derive a modelfor a particularvariation effect that canbe usedto
predictthe circuit performanceFor example,onecanobtaina modelfor effect of temper
aturevariationon circuit performance Oncesucha modelhasbeenobtained thatcanbe
usedduring the planninganddesignphaseof the circuit to make surethatthe circuit will

operateunderall temperatureonditions. In variability-avare optimization,the objectve

Thejournalmodelis IEEE Transaction®n AutomaticControl.



is to come-upwith novel optimizationmethodswhich make the circuits moretolerantto
variations. One suchexampleis the wire-sizing optimization[3] doneso asto make the

clock treemoretolerantto wire-width variation.

A. Analytical Boundfor Clock Skew

In the first part of this thesis,we derive an analyticalboundfor the unwantedskew cause
by the variationsin the interconnectvidth. Interconnectariationsresultfrom mary non-
ideal conditionsin manufcturingprocesssuchasetchingerror, maskmis-alignmentand
spotdefects.For clock networks,thesevariationscauseclock skew variationsor unwanted
skews. In modernhighperformanceircuitdesignsproceswvariationinducedclock skew is
takingagreaterandgreatemportionof clock periodtime. It is foundin [4] thatinterconnect
variationsmay causeup to 25% clock skew variations. Therefore,it is very importantto
modeltheimpactof interconnectariationson clock network performanceothatit canbe
consideredluringcircuit/clockdesign.

In this work, we concentrateon the effect of wire width variation on clock skew.
Interconnectwidth is the dominatingfactor comparedo otherwire parametersuchas
wire thicknessecausavire width shrinksfasterunderthe non-uniformtechnologyscaling
andis considerablysmallerthanthe thickness.We attemptto find ananalyticalboundfor
unwantedclock skew dueto wire width variationusingwire-shapinganalysisusedin delay
driven PhysicalDesignoptimizations.Experimentakesultsshowvs that our skew boundis

saferandfasterthanexisting methods.

B. Cross-linkBased\on-treeCDN

In thesecondpartof thethesis we attemptto addresshe problemof makinga CDN toler-

antto thevariationeffects. Therearesereralwaysin whicha CDN canbe madeto betol-



erantto thevariations.Someof themarebuffer sizingandinterconnectvidth sizing[5, 6],
proceswariationawarerouting[7, 8] andnon-treeclock routing[9 10]. Amongthesemeth-
ods,thenon-treeroutingis usuallythe mosteffective becaus®f the existanceof redundant
paths. Existenceof redundanfpathsmakesthe delaysin the sinkshighly correlatedand
thatcanbeusedto make the skew variationvery small.

In this work, we proposea new type of non-treeclock routing which is obtainedby
insertinglinks in anexisting clock tree.We analyzethe effectsof insertinglinks in a clock
treeusingthetree/link delayevaluationwork[11]. Basedon the analysiswe proposdink
insertionalgorithmswhich will corvert a given clock treeto non-treequickly. Thelinks
areinsertedin the locationswherethey will be mosteffective to reduceskew variability.
Experimentalresultson the link basednon-treeCDNs so obtainedshaws that they are
significantlytolerantto the skew variability with very little increasen thewire-lengthand

power.



CHAPTERII

BACKGROUND AND PROPOSEDRESEARCH
This chaptettalksaboutsomeof the previousworksthathasbeendonein the areasof pro-
cessvariationmodeling& analysisclock skew estimationandreduction.It alsointroduces

thebasicideaof our researchn bothanalysisandoptimizationfor skew variability.

A. ReliableWorstCaseClock Skew Estimation

Realizingtheimportanceof proceswariations mary workshave beencarriedoutto model
theireffect[12,13,14,15,16, 17,18, 19]. Oneof theimportantobjectivesof thesemodel-
ing worksis to find areliableestimationon the worst casetiming performancenducedby
processvariations. This canbe eitherthe worstdelayalongtiming critical pathsin timing
analysisor the worstskew in a clock network. The estimationresultscanbe appliedasa
feedbacko guidefurtherdesigniterations.

Onecommonapproacho find theworstcaseperformancas to run Monte Carlosim-
ulationsfor a certainnumberof iterationsandpick the worstcaseperformanceamongthe
results.In orderto obtainareliable estimation the numberof iterationsis generallyvery
large andconsequentlyhe high computationatostmakesthis methodimpracticalfor use
during design. Another straightforward techniqueis to estimatethe performanceonly at
cornerpointsof processvariations. Eventhoughthis techniqueis computationallyfast, it
is overly pessimistian estimatingheworstcasedelaydueto gateprocessariationsasthe
correlationsamongthe gatesareneglected.Therefore the cornerpoint techniques useful
only whenalooseboundneedsto be found quickly. In seekinga goodbalancebetween
estimationquality andruntime,probabilitybasedapproachefl3, 19 andinterval analysis

method[12] hasbeenproposedo establisraboundfor theworstcasetiming performance.



Our proposedechniqueis basedon the obsenation that estimatingthe worst case
skew dueto wire width variationis closelyrelatedto the non-uniformwire sizingproblem
in physicaloptimizations.Thatis, estimatingthe worst caseskew betweenary two sinks
can be viewed as the problemof finding min/max delay wire shaping. Using this key
obsenation,we derive ananalyticalboundfor theworstcaseskew betweerary two sinks.
Experimentalresultsshowv that our boundis both saferand fasterthaninterval analysis

method[12].

B. Clock Skew VariationReductionandNon-treeClock Routing

Aimedto reducethe effect of variationon clock skew, numerouslock routingworkshave
beenproposed5, 6, 8, 9, 20, 21]. Amongtheseworks,non-treeclock routing|[6, 8, 9, 20,
21] is apromisingapproachsinceclock signalthat propagateshroughmultiple pathscan
compensateachotheron variations.

Existingnon-treeclock networkscanbe cateyorizedasl1-dimensionastructurg8, 21]
and 2-dimensionaktructure[6, 9, 20]. One of the first non-treeclock routing works|[8]
is a 1-dimensionalapproach(seeFigure 1(a)). In the methodof [8], a fat metal piece,
which is calledcenterchunk,is placedin eachsubregyion andthe sinksin eachsubreyion
is connectedo it directly. A centerchunkis drivenby abinarytreefrom the clock source.
Sinceacenterchunkis fatanddrivenat multiple points,the skew betweerary pointsonit
is neggligible.

Anothersimilar approachs the spinemethod[2] which is employedin Pertium™4
microprocessoandillustratedin Figure1(b). Obviously, a spinein [21] playsarole sim-
ilar to the centerchunkin [8]. Onelimitation of the 1-dimensionaktructuress thatthe
variationof skew betweerdifferentregionsarenothandled.

The 2-dimensionahon-treestructureis alsocalled meshwhich canbe at eitherleaf



level (closeto clock sinks)or top level (closeto the clock source).In the leaf level mesh
approach6, 20](Figure 1(c)), a metalwire meshis overlaid on the entire chip areaand
drivenat multiple pointsdirectly from clock sourcg6] or througharoutingtree[20]. Each
clocksinkis connectedo thenearespointonthemesh.Thistechniqueas provedto bevery
effective on suppressingkew variationsin microprocessodesignsA leaflevel meshnor-

mally consumeg&normouswire resourcegandpower. Moreover, it is hardto beintegrated
with clock gating,which is a major power reductiontechnique.Therefore jts application
is mainly restrictedto high-endproductssuchasmicroprocessorsln contrastatop level

mesh(Figurel(d)) may consumdesswire andpower. In thetop level meshapproacH9],

theclock sourcedrivesa coarsaneshdirectly andclock sub-treesreattachedo the mesh.
The skew variationson the meshare nggligible, but skew variationswithin eachsub-tree

still exist andthey maynotbenggligible.

Even thoughseveral non-treeschemesave beensuggestednd appliedin realistic

designstherearestill someimportantquestionsvithout clearandthoroughanswers.

¢ Why doesa non-treenetwork have lower variability comparedvith a tree?Existing
answersarebasedn eithercommonsenser empiricalsimulationresults.However,

notheoreticalor rigorousexplanationhasbeenprovidedyet.

e Doesa non-treeclock network have to be a regular structure? If this restriction
is relaxed, a hugesolution spaceof non-treetopology can be explored. The poor
tractability of timing performancen an arbitrary non-treeneedso solved beforeit

is utilized.

e Whatis the mostefficient usageof wire resourcdor reducingskew variability? Ex-
isting non-treemethodsoften consumesxcessve amountof wire-lengthandpower.

For example,thetop level meshesn [9] resultin 59%— 168% morewire areathan



_-Center chunk

~

@)

Sinks

(d)

Fig. 1. Non-treeclock networks: (a) centerchunk; (b) spine;(c) leaf level mesh;(d) top
level mesh.Eachsink correspond$o aregisteror a clock subnetvork.



trees.High expenseon wire andpower is rarelyacceptablen ordinarychip designs
exceptin the caseof afew high-endproducts.ThereforeJow costnon-treenetworks

arestronglyneededparticularlyfor ASIC designs.

e Cannon-treetopologybe appliedto achiere usefulnon-zeraoskew efficiently? Use-
ful non-zeroskew routing[5, 22, 23, 24] becomesmore importantfor the sale of

timing[25] andpower/groundnoisereduction[26.

In thiswork, efforts aremadetowardsolvingtheabove problems We proposeanother
framework of non-treenetwork which is constructedby insertingcrosslinks in a clock
tree. An analysison impactof link insertionon skew variability is performed.The result
of this analysispartially explainsthereasonwhy a non-treemaywork betterthanatreeon
skew variationreduction.In this structure crosslinks canbeinsertedwherethey aremost
effective, sothata greatwire efficiency canbe obtained.Moreover, links canbeappliedto
achieve variationtolerantnon-zeroskew easily We suggestink insertionschemeshatcan
quickly corvertaclocktreeto anon-treewith significantlylower skew variability andvery
smallincreaseof wire-length. This methodprovidesa low costalternatve to the existing
non-treemethods.Monte Carlo simulationson benchmarkcircuits shov that our method

canachieve remarkableskew variability reductionwith very little increaseof wire-length.



CHAPTERIII

ANALYTICAL BOUND FORUNWANTED SKEWDUE TO INTERCONNECT
VARIATION
In this chapter we describeour work on the analyticalboundfor the unwantedskew due
to interconnecwvidth variation. This chapterbriefly introducesthe problemthatis being
attemptedand emphasizesomeof the importantpoints that hasbeenmentionedin the
previous two chapters.The key obsenationthatis usedin deriving the analyticalbound
is describedn Section B. The problemnatureis analyzedin SectionC. The minimum
delaywire shapingfor pathwith branchloadsis describedn SectionD. In SectionE, the
maximumdelaywire shapingis derived. The dependencef skew variationboundon the

commonpathis discussedh SectionF. Theexperimentatesultsareprovidedin SectionG.

A. Introduction

Theimpactof interconnecvariationon clock skew is intrinsically hardto be modeledef-
ficiently. Thisis becausdhe worst caseinterconnectelay doesnot alwaysoccurat the
processariationcornerpoints. This factmakesthe cornerpoint techniquenot applicable
for interconnectvariations. Furthermorejnterconnectvariationsis distributive in nature
in contrastto the localizedvariationsfor transistors. Sincean interconnecimay spana
long distance usinga singlevariableto modeleachprocesgparametesuchaswire width
or thicknessis inadequatdo capturethe differentprocessvariationlevelsin differentre-
gions.Thisis especiallytfruewhentheintra-chipvariationsstartto dominatetheinter-chip
variations[]. A naveapproacho solvethis problemis to segmentalongwire into smaller
piecesandconsiderthe variationof eachpieceindividually. However, this approachmay

increaséhe numberof variablesconsiderablhyandtherebyslow down theestimationspeed.
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B. Key Obsenation

The key obsenation in deriving our analyticalboundis : the problemof obtainingthe
worst caseskew in a clock treedueto wire-widthvariation is very similar to the problem
of delay-drivenoptimizationof wire width in PhysicalDesign Thatis, the problem of

obtainingthe worst caseskew betweenary two sinkscanbe brokendown to the problem
of finding the wire-shapinghat givesthe minimum and maximumdelayfrom the source
to the sink. Oncethe wire-shapinghatgivesmax/mindelayshasbeenobtained the worst
caseskew betweerary two sinkswill bethedifferencebetweerthemaximumdelayatone
sink andthe minimum delay at the otheror vice versa. Also, sincethis resultsin closed
form expressionsthe evaluationof the skew boundis very quick.

The minimum delay non-uniformwire sizing problemfor a 2-pin wire(singleload
path)hasbeensolvedin [27, 28]. We derive the maximumwire shapingfunctionfor both
singleload pathandmulti-pin trees. The minimum delaywire shapingformulafor multi-
pin treesis alsoobtainedin our work. Previously, a moregeneralersionof this problem
was solved throughan iterative algorithm[29]. Similar to the works of [27, 28, 29], we
employ EImoredelaymodelfor our derivations.Besideghebound,we discoveredthatthe
boundfor skew betweentwo clock sinks dependson their commonupstreampath, even
thoughthe skew betweenthemis independentf the commonpath. This dependences
analyzedandfoundto be monotonen nature.Theseresultsestablishan analyticalbound
for the unwantedskews dueto wire width variation. Sincethe analyticalboundcan be
computedvery quickly, it canbe appliedto processvariation aware clock network design

aswell aschip level designplanning.
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C. ProblemAnalysis

Givena pair of sinkss; ands, in a clock routing tree, our objectie is to find the worst
caseskew or the skew bounddueto wire width variation. The skew betweerthetwo sinks
canbeexpressedsqi2 = t1 — tp wheret; andt; arethe delayfrom clock driverto s; and
S, respectrely. Whenthereis wire width variationfor the pathsfrom driverto s; ands,
the delayt; andt, vary in certainrangesof [t1 min,t1,max and [t2,min,t2max, respectiely.
Evidently, theworstcaseskew occursat 12 max = t1,max— t2,min OF d12min = t1.min — t2 max:

In mostof thepreviousworks,sometimesheskew is definedasmax(|g12max, |912.min| )
andsometimeshetermskew meanghe maximumabsolutevalueof skews amongall sink
pairsin aclock network. Thelatterdefinitionof globalskew is usuallyfor traditionalzero-
skew clock network. For modernaggressie VLSI designsusefulskews [24] areapplied
more frequently thus, we usethe conceptof local pairwise skew insteadof the single
global skew. In handling processvariationsand other delay uncertaintiestarget skews
are usually specifiedasa setof permissiblerangeq30] insteadof a setof singlevalues.
Sincetheremight be skew violation on both the upperboundside and the lower-bound
sideof a permissiblerange we considerthe maximumandthe minimum skew separately
It canbeseenhattheworstcaseskew canbeobtainedby estimatinghe maximumandthe
minimumdelaysunderprocessariations.

In orderto estimatehemaximumandtheminimumdelaysdueto wire width variation,
wereducetheroutingtreeinto asimplifiedmodeldemonstrateth Figure2. In Figure2(a),
we wish to estimatethe skew boundbetweersink s; andss. Sincethe commonupsteam
pathsy ~ v7 for s ands, doesnot contrituteto the skew betweerthem,we lump its wire
resistanceéogetherwith the driver resistanceénto a virtual driving resistorR at the neaest
commorancestomodev; for s; ands, in Figure2(b). Notethatthe valueof R doesaffect

the skew boundvalue,eventhoughit doesnot contributeto skew! This will be explained



12

sl
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s3

s4
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Fig. 2. Whenestimatingthe worst caseskew betweensink s; ands, in (a), the clock tree
canbereducedo asimplermodelin (b).

in detailin SectionF. We call the branches; ~» 51 andvy ~» 4 ascritical branches For
wiresoff thecritical branchesuchasvs ~» s, andvg ~ s3 in Figure2(a),their capacitance
canbelumpedto theirload capacitanceéo getC, andCs at nodevs andvg, respectrely. If
we attempto estimatehemaximum(minimumyelayfor sink sy, thewidth of wire vs ~ s,
shouldbethe maximum(minimum)n orderto maximize(minimizetheloadC, for branch
V7~ 1.

After thetransformationn Figure2, theworstcaseskew estimatiorbetweertwo sinks
is reducedto estimatingthe maximumand the minimum delay of a pathasin Figure 3
consideringwire width variations.Whenthe wire width w variesin therangeof [wiq, Wh;l,
we needto find a wire shapingfunction w(x) suchthat the delay from the virtual driver
R to the sink is maximizedor minimized. The minimum delaywire shapingfunction for
a pathwithout branchloadsis solvedin [27, 28]. An iterative wire shapingalgorithmis
providedin [29] to minimize aweightedsumof sink delaysin aroutingtree. Eventhough
thisalgorithmcanguarante¢he optimalwire shapingsolutionandcanbe adopteddirectly
in our case the cornvergencerateof this algorithmhasnot beenproved. Sincewe wish to
minimize the delayto only oneparticularsink insteadof a weightedsumof sinksdelays,

we areableto derive ananalyticalformulaof wire shapingin SectionD. Theformulafor
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Fig. 3. The worst caseskew estimationis equvalentto finding wire shapingto maxi-
mize/minimizethe delay

themaximumdelaywire shapings introducedn SectionE.
Thewire sheetresistances denotedasr andthewire capacitancg@erunit lengthand
unitwidth is representedsc. If therearek branchloadsasindicatedin Figure3, we define

thelumpeddownstreambranchload capacitances:

(

Co D 0<x<y

C I < I
cw={ " e 31)

| Co+C+..+C 1 k<x<lkga

This brand load functionis depictedin Figure4. Notethatlo = 0 andly,; is sameas
the pathlengthL. Thenthe downstreamwire capacitance&(x) at positionx is Cy(X) =
c [fw(x)dx. The total dovnstreamcapacitanceean be written asC(x) = C (X) + Cw(X)

The EImoredelayof the pathin Figure3 canbeexpresseds:

_ -C(x)
t=RO(L)+r | o sdx (3.2)

We candefinethe upstreanresistanceat positionx asR(x) = R+ fo W Fixing thewire
shapingfunction w(x) exceptan infinitesimal strip of width o at z andlet w(z) to be a

variabley. Thenwe may obtainthe first orderderivative of the delayfunctionw.r.t wire
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0 11 2 13 (XN Ik L X
Fig. 4. Thebranchloadfunction.

width as:

dt o ro o

Sameconclusions derivedin [28] for thesingleloadcasethuswe omitthederivationhere.

Fromthe above equatiorwe canobtaing—; = 2yL§3C(z+ %) > 0. Thusthedelayfunctionis

cornvex with respecto y or wire width.

D. TheMinimum DelayWire Shapingfor Pathwith BranchLoad

Theminimumdelaywire shapingor apathwith singleload (k= 0) is shavnin [27,28]. In

this section,we describethe minimumdelaywire shapingfor a pathwith multiple branch

loads.Letting q(x) = % RC’LC(X) , we first obtainthe minimumdelaywire shapingfunction

whenthewire width variationboundis not considered(The proofis similarto [28])

Theorem 1: Theunconstainedminimumdelaywire shapingfunctionfor a pathwith

multiple brand loadsis:

_ 2C. (X)

W(X) = == W(q(x)) e (3.4)

wheeW(x) = T, (_rr?!n_lx” is the Lamberts W function.
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For eachwire sgmentbetween; < x < lj11(0 <i < k), thewire shapingw(x) is an
exponentiafunction. Theoverallwire shapingunctionis apiecaviseexponentiafunction
which may be discontinuousat eachbranchpoint, sinceit dependson C (x) which is a
piecavise constanfunction whosevaluechangest the branchpoints. Eventhoughthere
mightbediscontinuity thiswire shapings monotonouslyncreasingvith respecto x [36].

Whenthe boundon wire width variation|wi o, W] is consideredthe situationis more
complicated.For wire sggmentbetween; < x < li+1(0 < i <Kk), therearesix caseghat

mayoccur:

e Case 1. Theshapingof entiresggmentfollows the exponentialfunctionasin Equa-

tion (3.4).
e Case 2: Thewidth is uniformly wy;.
e Case 3: Thewidth is uniformly wj,.

e Case 4. The width is wio whenx is smallerthana value g, andthe wire shaping

follows exponentiafunctionfrom g to I 1.

e Case 5: Thewidth is wyj whenx is greaterthan a value h, andthe wire shaping

follows exponentialfunctionfrom |; to h.

e Case6: Thewidthis wi, whenx is smallerthanavalueg, w,; whenx is greaterthan
avalueh, andthewire shapingfollows exponentialfunctionfrom g to h asshavnin

Figure5

We call thepositionof x = g andx = h asswitching points The methodto decidethe
switchingpointsis very complicatedasshown in [28]. Moreover, it is possiblethatall six
casedeedto be evaluatedo find the exactminimumdelaywire shaping.In practice,one

cantake the wire shapingaccordingto Equation(3.4) without consideringhe wire width
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Fig. 5. Case6 for theminimumdelaywire shapingthewire width is wi, in [0, g] andwy,; in
[h,L]. Betweeng andh, thewire shapefollows exponentiafunction.

bound,androundthe width to eitherw;, or wy; at wherethe width from Equation(3.4)
exceedghebound.Theswitchingpointscanbefoundin theroundingprocessandthewire
shapingn the exponentialsegmentbetweerx = g andx = h canberecomputediccording
to the updatedupstreanresistanceanddownstreamcapacitanceNote thatthis is slightly
differentfrom the rounding-alonéheuristicmentionedn [28]. Eventhoughthis heuristic
mayresultin suboptimakolutionsthecomputatiorbecomesnucheasierandwe obsened

thattheerrordueto thisis nggligible in practice.

E. TheMaximumDelayWire Shaping

In this section,we will derive the maximumdelaywire shapingfor both singleload path

andpathwith multiple branchloads. For the easeof presentationwe startwith the single

loadsituationwherek = 0. It hasbeenshowvn in SectionC thatthedelayis a corvex func-

tion with respecto w(x). Thisis illustratedin Figure6. Thereforew(x) hasto be either

Wi, OF Whi to maximizethe delay Becauseof Equation(3.3), delayfunctionwith respect
to w(x) tendsto bemonotonoushdecreasingvhenx is large or the positionis closerto the

driver. Similarly, thedelayfunctionis morelik ely to be monotonouslyncreasingvhenthe

positionis closerto the sink side. This factcanbe translatedo the effect that w(x) will

bew, whenx is large andw(x) will bew,; if x is small. Whenthe valueof x increases,
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(a) (b) (c)
Fig. 6. Thedelayfunctionw.r.t. wire width is a corvex function. The maximum/minimum
delaywire width depend®nthe overlapbetweerthis functionandwire width range
[Wi 0, Whil.

the delayfunctionwith respecto wire width at x changesn the directionfrom (a) to (b)
to (c) in Figure 6. Therefore the maximumdelaywire shapinglookslik e the examplein
Figure7. The next problemis to find the partitioningpointx = p wherethe wire width is

switchedfrom wjq t0 Wh;.

Whenk = 0, the EImoredelayfor Figure7 canbewritten as:

t = ap’+PBp+y (3.5)
q - rc(Whi—wio)
Wo
rcL rCo

= (Whi—Wo)(RC+ — —
P (Wi o) Wio  WioWhi

rLCo

lo

1
y = RLcwo+RCo+ ErcL2+

In orderto find the p thatmaximizethe delay we first find the derivative:

dt
i 20p+ B (3.6)
Sincea is alwayshegative, g—;tz < 0 andthemaximumdelayis reachedvhen
1 Rwpg Co
= L—— 7
P= 5 L (3.7)
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Fig. 7. Themaximumdelaywire shaping.

by letting g—é = 0. In otherwords, p satisfieghefollowing equation:

Co

If we transformthe driver into a pieceof wire with width wj, whoseresistancds same
asthe driver resistanceandtreatthe load Cy asa wire of width wy; with samevalue of
capacitanc€y, thenthe above equationshavs that p makeslengthof the fat segmentthe
sameasthelengthof thethin segment.

Whenwe considerthe situationwith branchloads,i.e.,k > 0, the propertieon g—; for
Equation(3.3) do not changeandthe wire shapéds sameasin Figure7 andthe valueof p

is determinedy:

CL(p)
r/Wio FlL=p=p+ CLWhi

(3.9

Eventhoughthe wire shapan Figure7 looks strangejt mayhappenn reality. If the
pathis routedin anL-shapewith a horizontalanda vertical segment,theéwo segmentsare
usually on differentmetallayers. Therefore,it is likely that the wire width hasa abrupt

changeatlayerswitching.
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F. TheSkew BoundDependonthe CommonPath

It is easyto seethatthe variationalongthe upstreancommonpathfor a pair of sinksdoes
not contribute to the skew betweernthem. For the examplein Figure 2, the variationalong
pathsy ~+ v7 hasnothingto do with the skew valuebetweersink s; andsink s4. However,
whenthe wire width at the commonpathchangestheresistancevalueR in Figure2 also
changes Also, the maximum/minimunmwire shapingfrom v; to s; andss will changeas
well becausdoththe min-delaywire shapingandmax-delaywire shapingdepend®onthe
upstreanpath. Thereforetheskew boundis affectedby thevariationof R or theircommon
path.

Theorem 2: Givenfixedswitching points,the maximum(minimungkew betweenwo
sinksis a corvex(concavejfunctionwith respecto their commordriving resistance

Proof: Let usconsiderthe casewherethe maximumskew betweerntwo sinkss; and
s4 needto be computed.Let the distancefrom s; ands, to their nearesancestonodev;
beL; andL4, respectiely. Theload capacitanceats; ands, areCy; andCy, respectiely.
The branchloadsaretemporarilyignored,the conclusionfor pathwith branchloadsis the
sameandcanbe extendedfrom the singleload caseeasily The maximumskew between
them canbe expressedis g14max = t1,max— tamin. From SectionD andE, we know that
bothty maxandts min dependbnthevalueof R. We will analyzedo'tj;;.;nax by evaluatingc'télv—gax

dt4.,min
and—5-.

By plugging Equation(3.7) and the expressionof B into Bp, we have Bp = —ap?.

Thenthe maximumdelayEquation(3.5) canbetransformedo:

timaR) =0 pZ(R) +Y(R)
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Thenwe canobtainthe deriative:

. dp  dy
= 20(p(R)O|—R+d—R (3.10)

= C(Whi —Wio)P(R) + Licwo+Cy

_ CWO(W;;_WIO)R (3.11)

+} <(W|o + Whi) (L1C+ %))

dtl,max
dR

2 hi
Thederative of t4 min depend®n the six differentcaseslescribedn SectionD. We
will shaw thederivationsfor themostbasiccasel andthemostcomple cases. Derivations
for othercasesaresimilar, andall thesecasedeadto the sameconclusion.

For casel, the equatiorfor theminimumdelay(for singleloadcase)s givenas[27]

t4,min = %crL£(1+ 2W(R)) /W(R)? (3.12)
Ly

whereW(X) is the Lamberts W functionandX = 3 %R. Sincethe Lamberts W func-

tion satisfiesV (%)eVX) = &, we canobtainits derivative as

R W(X)
W(ER)=—"~ 3.13
) X(1+W(X)) ( )
Thenwe have the derivative of t4 min with respecto R:
dR  4WZ2(X)R (3.14)

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

014, max
dzc114,max _ CWo(Whi — W) |§r20 (3.15)
dR? 2r 4rR2W (R) (1+W(X)) '
2
Evidently, d?jliég"ax > 0 andgigmax(R) is acorvex function.

Now we considercase6 which is morecomplex andgeneral. The wire shapingfor
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caseb is depictedin Figure5. We candivide this wire into threeseggments: (i) the thin
segmentfrom x = 0 to x = g, (ii) the exponentialsegmentbetweenx = g andx = h and
(iii) thefat segmentfrom x = h to X = Ls. We useCihin = CW o0, Cexp = fgh cw(x)dx and
Cta = CWhi(L4 — h) to representhewire capacitancéor eachsegment.Similarly, thewire

resistancdor eachsegmentcan be definedas Rinin = VL—E) Rexp = fgh de and Rz =

r(Ls—h)
Whi

We canfind the wire delayfor the exponentialsegmentitself as:

t= /ghﬁ (/gxcw(z)dz> dx (3.16)

For the exponentialsegment,we cantreatthe fat segmentaspart of its driving resistance
andthe thin segmentaspartof its load capacitanceThuswe canexpressthe delayfrom

x=htox=gas:

texp = (R+ Reat) (Cexp + Ctnin +Ca) + £+ Rexp(Cihin + Ca)

Thevalueof tep canbe obtainedthroughEquation(3.12) exceptthatthe R is replacedby
R=R+ r(L\;—_h) andtheC, is replacedoy Cs=Cy+ gCWo.

hi

Thetotal pathdelayfrom x = L4 to x = 0 canbewritten as:

tamn = R(Cta + Cexp+Ctnin+Ca)

1
+Rfa1(§Cfa1 + Cexp + Cthin +Ca)

+t + Rexp(Cthin +Ca)
1
+F\’thin(§Cthin +Cs)

1 1
= tep+ RCra + éRfaICfaI + Rthin(écthin +Ca)

= Jer(h- (1 +2W(R) WP

1 1
+RCfa + éRfaICfaI - Rthin(écthin +Cs)
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whereX = h;zg %; Comparingthe above equationandEquation(3.12),the differences

are(i) thereareadditionaltermswith at mostlineardependencen R and(ii) Ris replaced

by R througha linear transformation Sinceboth differenceshave only lineardependence

dzt4,min
dr2

onR, they donotchangehepropertyof > 0 andqi4max(R) is still acorvex function

for case6. Othercasesanbe provedin the sameway.
For a pathwith multiple branchloads,the differenceis that the constanioad C, is

replacedby the branchload functionC_ (x). Sincethe branchload functionis piecevise

dzt4,min

constantjt doesnot changethe propertyof —=

> 0 either Sinceqgy4min = t1,min — t4,max
IS symmetricto g14max = t1,max— t4min, We canconcludethatqi4 min is a concae function
with respecto R. Q.E.D.

Accordingto Theorem2, we needto computethe wire shapingfor g4 max twice, one
with the minimum R by settingthe wire width alongthe commonpathsy ~ v7 to wy;, the
otherwith the maximumR by letting the wire width alongthe commonpathbew,. The

maximumof thetwo skew resultsis finally selectecastheworstcasebound.

G. ExperimentaResults

In orderto validatethe boundwe derived, we implementedour formulas, Monte Carlo
andthe interval analysis[12] for comparisons.EventhoughMonte Carlo methodis not
efficient, it cangenerate reliableestimationon the worstcaseperformancef the number
of iterationsis sufficiently large. Therefore the resultof Monte Carlo senesasanideal
baselingfor comparisonsThereasornto comparewith interval analysismethodis because
its objectiveis very closeto ours:to establisha boundefficiently.

The test casesare the r1 — r5 which are appliedin the boundedskew clock rout-
ing (BST) work [35]. We downloadedthe BST codefrom the GSRCbookshelf(http :
/ /vlsicaducsdedu/GRC/bookshelf /S ots/BST /) andgeneratedlock routingtreesfor
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Fig. 8. Histogramof differencecomparedwith Monte Carlo simulationfor the maximum
skew.
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Fig. 9. Histogramof differencecomparedwith Monte Carlo simulationfor the minimum
skew.
r1—r5 by runningthe BST code. The global skew boundis setto be 100ps. We assume
+30%variationson wire width. We implementedurformulas,Monte Carloandtheinter-
val analysismethodin C language .The experimentsareperformedon a PCwith Pentium
[ll, 655MHz processoand512MB memory
We evaluatedthe skew bounddueto wire width variationsfor 6725 pairsof sinksin
the five testcasesf r1 —r5 by all of the threemethods.In orderto obtaina meaningful
estimation,we segmentlong wires into small piecesof about50um for the Monte Carlo

andinterval analysis.Thereforethewire width for eachpieceis anindividual variable.For
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eachsink pair, we run Monte Carlo simulationfor 50,000trials whenthe width for each
wire pieceis selectedandomlyin the rangeof [wjq, Whi|. Whenestimatingthe minimum
delaywire shapingwe appliedthe heuristicdescribedn SectionD to decidethe switching
pointsandthe optimal wire shapingfor them. This heuristicbringsgreatimplementation

cornveniencewith nggligible quality penalty

Tablel. Comparisorof computatiortime in seconds.
Testcase #sinks| #pairs| MonteCarlo | Intenal | Ours

ri 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 resultfrom Monte Carlo simulationas baseline. The resultfrom our
boundis evaluatedby taking the differencebetweenthem. In otherwords, we evaluate
the maximum/minimumskew from our boundminusthe maximum/minimumskew from
Monte Carlosimulationfor eachpair of sinks. The boundresultfrom theinterval analysis
is evaluatedn the sameway. Figure8 and9 shaw the histogramsf the differencefor the
maximumskew andthe minimum skew, respectiely. In Figure8, the differencefrom our
boundis almostalway greatetthanzero. Meanwhile thedifferencefrom our boundfor the
minimum skew in Figure9 is almostalwaysnon-positve. This facttells that our method
generallyprovidesa boundfor the worst caseskew in practice,even thoughwe applied
heuristicin theimplementationSomesink pairshave similar pathlengthsto their nearest
commonancestomode and the driver, thusthey have similar skew variation behaiors.
Thisfactresultsin senal peaksn thehistogramsFigure8 and9 show thatthe peaksfrom
our methodarecloserto zerodifferencecomparedo the peaksfrom theinterval analysis.

Thus,ourmethodprovidesatighterboundthantheinterval analysis Moreover, our method
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giveslessnumberof underestimationcomparedvith theinterval analysis.

The computationtime for eachmethodis shavn in Tablel. In Tablel, column2
and column 3 showv the numberof sinks and the numberof sink pairs whoseskew are
evaluated. We canseethat the runtime from the Monte Carlo simulationis impractical.
Comparedvith interval analysistheruntimeof our methodis alwaysshorter

The conclusionandfutureresearctor this chaptemwill bediscussedn the chapteV

of thisthesis.



26

CHAPTERIV

REDUCING SKEW VARIABILITY BY CROSSLINK ADDITION
In this chaptey we describeour work on the crosslink basednon-treetopology This
chapterbriefly introduceghe problemthatis beingattemptecandemphasizesomeof the
importantpointsthat hasbeenmentionedin the introductorychapters.In SectionB, we
discussaboutthe skew in generalRC networks. After our analysisof the skew in RC net-
works,we thendescribeaboutthe effectsanddifferentscenario®f addinglinks in a clock
tree. Basedon this, we proposedifferentlink insertionschemesn SectionC. Finally, in

SectionD we discussabouttheexperimentaresultsfor thedifferentlink insertionschemes.

A. Introduction

As oneof thelargestnetsandoneof the mostfrequentlyswitchingnetsat the sametime,

the clock network hasparamouninfluenceon both enegy efficiency and power/ground
noise[2§. Therefore the objective of clock network designhaslong beendeliveringzero
clock skew[31] or usefulnon-zeraskew[25] with a minimumsize/wirelength[3224]. The
unwantedskew variationsin a CDN arenot only harmful to timing performancebut also
difficult to control,becauseeliableestimation®n thesevariationsaregenerallynot avail-

ableduringclock network design.

As discussedn chapter2, oneof the mosteffective methodsin reducingclock skew
variability is non-treeclock routing. Most of the existing non-treerouting belongto very
simpleandregulartype of structures.f this requirements relaxed, the resultingsolution
spacas huge.Theadwantageof alargesolutionspacas thatit is likely thatagoodnon-tree
topologywith lessvariability exists. But theobviousdisadwantages the problemof finding
thegoodnon-treetopologythatsatisfiesour requirementn suchbig solutionspaceln this

work, we attemptto addresshis problemby insertingcrosslinks in agivenclocktree.
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B. Skew in RC Network

Depth =2

Source

Nearest common parent R
W
2 2
T a6z Tu

Fig. 10. Crosslink insertion.

In this section,delayandskew variationof a non-treeRC network will be analyzed.
Elmoredelaymodelis employed dueto its high fidelity[33] andeaseof computation.A
SPICEsimulationis performedon a simplecaseto verify a conclusionfrom Elmoredelay

model.

1. Delayln RC Network

The EImoredelayat nodei in an RC network is givenby t; = ¥ ;R jC; whereC; is the
groundcapacitancatnodej. Thetransferresistancd ; is equalto the voltageat nodei
when 1A currentis injectedinto node j andall othernodecapacitorsarezero[1(. A non-
treeRC network canberepresentetly a graphG = (V, E) with the nodesetV composed
by the source sinksand Steinernodes.The graphcanbe decomposedo a spanningree
T = (V, Er) andasetof link edge€, suchthatE = Er UE,. Asanalternatveapproach[11]

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

In Figure 10, a network is indicatedby the solid lines and a crosslink is inserted
betweennodeu € V andnodew € V. If thelink hasa wire resistanceof R and wire
capacitancef Cj, thelink insertioncanbedecomposetb insertingaresistorof R, between
u andw andaddinga capacitorof % at nodeu andw. Adding link capacitorsdoesnot
changethe network topologythusits effect canbe estimatedeasily If the ElImore delay
from the sourceto ary sinki ist; beforethelink insertion thedelayf; afteronly addingthe

link capacitorss givenby:

ﬁ=ti+%(R,u+R,w) (4.1)

Theimpactof thelink resistancdr canbe analyzedthroughthe techniqueby Chanand
Karplus[1]. Accordingto [11], thedelayatnodei is changedrom f; to f; givenby:

o tu—tw
f=ti——— " 4.2
Ry (4:2)
whererj,ry andr,, areequalto the EImoredelayati, u andw whenC, = 1,C, = —1 and

the othernodecapacitancarezero.

2. Skew Variability BetweenLink Endpoints

If alink is insertedbetweennodeu and nodew, let usfirst look at its impacton skew
betweenu andw. If the delayfrom the sourceto u andw aret, andty, respectely, the
skew betweenthemis quw = ty —tw. Accordingto Equation(4.1)and Equation(4.2)the

skew Gy afterthelink insertionis:

. R

Quw=5——— “
w R +ru—rw

(Quw+ E(Ru,u— Raw)) (4.3)

The effect of thelink capacitanc€; andthelink resistancdR, canbe separatedThelink

capacitanceftenchangeshe skew valueasthevalueof Ry is oftendifferentfrom Ry.
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The effect of the link resistancdr; canbe found by neglectingC; andthe following

equation.

. R

Quw = mqu,w (4.4)

Thus,the effect of R dependn thevalueof q,w. A caseof our specialinterestis when
the nominal skew betweenu andw is zero. In this case,R, doesnot affect the nominal
skew andqyw mayrepresenthe unwantedskew dueto variations.Then,we canreachthe
following usefulconclusions.

Lemma 1: If twodistinctivenodesn an RCnetworkhavezeio nominalskew between
them,insertinga resistorbetweerthemalwaysreducesheir skew variability.

Proof: Whena resistorR, is insertedbetweentwo distinctive nodesu andw which
have zeronominalskew betweerthem,thenthe skew variationbetweerthem,qyw , will be

scaledby afactorof R HFf'HW accordingo equation(4.4)Sincer is obtainedoy computing

the EImore delay whenC, = 1, C, = —1 andthe capacitanceat other nodesare zero,
r'u = Ruu— Ruw. Accordingto the computatiorof thetransferresistanceR, , > R,w and
ry > 0. Similarly, ry = Ryw — Ryw < 0. Sinceu andw aretwo distinct nodeswith zero
nominalskew, neitherr, = 0 norry, = 0 canhappen.Thus,r, —ry > 0 is alwaystrueand

therefore|

Quw| < |Quw| is alwaystrue.

Lemma 2. In a clok tree consideringthat a resistorR, is insertedbetweentwo
disjoint pathsp~+» b and p~ r, where b andr are two leaf nodesand p is their neaest
commonancestomode and link endpointsu € p~r andw € p~ b alwayshavezeio
nominalskew, thevariability of skew g, , becomesmallerwhentheresistoris movedfrom
p toward leaf nodesb andr.

Proof: Theresistorinsertionis illustratedin figure 10. Thevariationof skew between

r andb afterinsertingresistorR, betweeru andw canbeexpresseds:
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Q?,b = Ou,w + GQurwb (4.5)

where gqurwb = tur — twp Is the differencebetweendelaysof pathu~- r and path
w~ b. Sincethe RC network is atreebeforeinsertingthe resistancer, and—r,, arethe
totalresistancalongpathp~» uandp~» w, respectrely. ThusRqop = R +ry—rwisthe
total resistancalongthe loop of p ~» u~» w~» p. Original variationof skew betweerr
andb is grp = Quw + Qurwb- Theeffect of insertingthe resistances to scalethe value of
Qu.w by %Op < 1. Whentheresistoris movedfrom the nearestommonancestotowardsr

andb, %Op becomesmallerandsmallerandgreaterportionof g, is scaleddown.
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Fig. 11. Skew variationvs. link positionfrom both SPICEandEImoredelaymodel.

Lemmal andLemma2 arebasedn EImoredelaymodelwhichis oftencriticizedfor
its inaccurag and particularlyfor neglectingthe resistve shieldingeffect[34]. However,
the resistve shieldingeffect is prominentonly at nodescloseto the sourcewhile clock
sinksaregenerallyfar away from the sourcenode.Hence theinaccurag of EImoredelay

at clock sinksis usuallyinsignificant. A SPICEsimulationis performedon a simplecase
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to verify Lemma2 anddemonstratéhefidelity of EImoredelaymodel.In thissimplecase,
two sinksaredrivenby asourcedirectly. Thetwo sinkshave thesamdoadcapacitancand
the samedistanceof 100umfrom the source.We let the driver resistancewire width and
thesink capacitanc@ave +15%variationfollowing a normaldistribution. We obtainskew
variationbetweenthe two sinkswhena link is insertedbetweentwo source-sinkpathsat
20um 40um 60um 80umandl100umaway from thesource.Thesizeof thelink is constant
in eachtest. The worst caseskew andthe standarddeviation of skew variationfrom both
SPICEmodelandthe EImoredelaymodelareplottedin Figure11. This plot shows that
thereis strongcorrelationbetweerSPICEresultsandEImoredelayresults.In addition,the

SPICEsimulationresultssupportthe conclusionof Lemma2.

3. Skew Variability BetweenAny EqualDelayNodes

FromEquation(4.1) and(4.2), the skew betweertwo arbitrarynodei and j afterinserting

link betweeru andw is:

Gi,j =ai,j + %(Ri,u‘|‘ Rw—Rju— Rj,W) — %(ri - rj) (4.6)

Evidently, thelink capacitanc€; usuallychangeshe nominalskew. If only thelink

resistancdy| is consideredthe skew becomes:

li—1rj
R +ry—rw

A

Gi,j = di,j — Qu,w (4.7)

We considerthe casewherethe nominalskew is zerobetweernu andw aswell asi and j.
In this case R doesnot affect the nominalskew between andj. Further bothqyw and

0i,j canbetreatedasskew variations.Then,Equation(4.7ranbeinterpretedasthatay, is

li—rj
R+ru—rTw

the signsof quw, gi,j andrj —rj.

scaledby

andaddedto ¢ j. Whetherthe magnitudeof ¢ j is reduceddependon

If we considerin the context of insertinglinks in aclocktreeT = (V, Tg), thenodeu
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isin asub-treels C T andthenodew is in anothersub-treely C T asshown in Figure10.
Therootnodeof Ty and Ty arethetwo child nodesof the nearestommonancestonodep
betweeru andw. Theeffectof R ong; ; dependsnthelocationsof i andj in T andcan
beanalyzedn threescenariossfollows.

Scenario 1. Oneof i and j is in sub-treeTs andthe otheris in sub-treeTy, ex.,
i € T andj € Ty. Sincei andu arein the samesub-treetheir delayt; andt, have certain
correlationwith respecto tj ort,,. Similarly, delayt; is morecorrelatedwith t,, thanwith
tj orty. Thereforethereis certaincorrelationbetweeng; j andqyw. If the correlationis
sufficiently strong,q;,j andqy,w usuallyhave thesamesign. As ry —ry, > rij —rj > 0 (proof
is similar to Lemmal), the link resistancanay reducethe variability of skew betweeni
andj. In aspecialcasewheni isuandj isw, i.e., g j andqyw have perfectcorrelation,
thelink resistancalwaysreduceskew variability asstatedn Lemmal.

Scenario 2: Bothi and j arein the samesub-treeTs or Tg. In this scenariof; and

ri—rj

ri have samesign and Rt T

is generallysmallerthan0.5. Thus, the skew variation
betweeni andj is increasedr decreasetly a smallfractionof |qyw|. Sincei andj arein
the samesub-treetheir skew variationin originaltreeis usuallynotlarge either

Scenario 3: Oneof i and ] is in thesub-tre€l, andthe othernodeis disjoint with Tp,.
For example,i is in Tp like b and j is notin Ty, like d in Figure 10. If nodej is disjoint
with Tp, thereis no overlapbetweerary source-to} pathandT,. Hencerj = 0 andthere
is no predictablecorrelationbetween j andqyw. In theworstcaseof signs,g; ; hassign
oppositeto guwfi. Sincethe nominalskew betweenu andw is zero,ry ~ —ry ~ |rj| in
general. Therefore, R mayincreaseor decreasehe skew variationbetween and j by a
half of the skew variationbetweeru andw.

In summarythelink resistancd? usuallyreduceskew variability in Scenaridl, may
increaseskew variability a little in Scenario2, andmay increaseskew variability morein

Scenarid.
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C. Link InsertionBasedNon-treeClock Routing

1. Algorithm Overview

Our objectve is to designa clock routing algorithmthat canachiese low skew variability
andlow wire consumptionBasedontheanalysisn SectionB, we proposedo constructhe
clock network by insertingcrosslinks to a clock tree. In this incrementabpproachmary
existing clocktreeroutingalgorithms[32 24] canbeutilized andthe non-treeclock routing

problembecomesnoremanageable.

¥ Source v
X0 ~ Tapping point =~
() (b)

Fig. 12. Tunelocationx of tappingpoint p suchthatnominalskew betweersinksin sub-tree
Ti andT; is sameasspecifications.If thereis greatimbalancebetweenl; andT;,
wire snakingmaybenecessargsin (b).

Eachlink insertioncanbe decomposedo addinglink capacitancdo its endpoints
andinsertinglink resistanceBasedon the analysisin SectionB, the nominalskews may
be affectedby a link capacitance.The nominal skew changecan be removed by tuning
tappingpointsasin [31]. An exampleof thetuningis shavnin Figure12. Eventhoughthe
locationof thetappingpointis determinedasedn Elmoredelaymodelin [31], thebasic
ideain [31] canbeappliedon ary delaymodel.As long asa delaymodelis monotonethe
locationof the tappingpoint canbe found througha binary search.After tuning tapping
points, the link resistancecanbe inserted. Accordingto the analysisin SectionB, link
resistancaloesnot affect nominalskew whenits two endpointshave zeronominal skew

beforelink insertion.
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We addlink capacitancéo all selectechodepairssimultaneouslyandperformtuning
only onceat eachtappingpoint beforeinsertinglink resistancesThetuning proceedn a
bottom-uptraversalof the clock tree.During thetraversalwhenatappingpointis encoun-
tered,thetuningis performedin the sameway asin [31]. After thetuningis completed,
theclock treeshouldprovide skews sameasthosein theinitial tree.

Our algorithmflow canbe summarizeds:
1. Obtaininitial clocktree.
2. Selectnodepairswherecrosslinks will beinserted.
3. Add link capacitanceéo the selectechodes.
4. Tunetappingpointsto restoreoriginal skew.

5. Insertlink resistanceo the selectechodepairs.

2. SelectingNodePairsfor Link Insertion

In thealgorithmflow, the majorproblemis how to choosehenodepairsfor link insertions.
We alwayschoosenodepairswith zeronominalskew sothatnonominalskew is affectedby
thelink resistanceWe alsoprefernodepairscloseto eachothersothatthelink capacitance
C is small and lesswire snakingmay happenin tuning tapping points. Basedon the
analysisn SectionB, we investigatea rule basedselectionschemeanda minimumweight

matchingbasedselectionscheme.

a. RuleBasedSelectionScheme

Therule basedapproachs deriveddirectly from Equation(4.3andLemmaz2 in Section2.
Theconclusionsn Section3 arelessrigorousthanthosein Section2 andhardto betrans-

latedto clearrules.Lemmaz2 indicateghatthe skew variability reductionfor a pair of sinks
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is moreeffective whenthelink is closerto the sinks. Thereforewe restrainthe nodepairs
to besink pairsfor zeroskew routing.

a rule: In theinitial tree,Ro0p = R + 'y — 'y is thetotal resistancelongtheloop of
p~ u~» W~ p. Accordingto Equation(4.3)thelink resistancas more effective when
theratioa = %op is smaller Thusthefirstruleis theratioa < dmax

B rule. Basedon Equation(4.3)the impactof the link capacitancean be reduced
whenp = I%(Ru,u — Ryw)| is smallor no greaterthana certainboundPmax. In addition
to restrainingthe link size,this rule is in favor of nodepairsthathave similar pathlength
from thesource.

yrule: Thenearestommonancestor(NCAhodefor a sink pair hascertaindepthin
theoriginal tree. For theexamplein Figure10,the NCA p of r andb hasdepth2. We call
this depthasthelevel of the nodepair anddenoteit asy. Lemmaz2 impliesthatthe value
of y needgo be smallor no greaterthana boundymax

It canbe obsered thatthereis redundang in the threerules. But accordingto our
experimentalresults,all threerulesarenecessaryn general.Therule basedhodepair se-
lection schemes simply choosingall the sink pairsthat satisfyall the threerules. The
advantageof this schemads its simplicity. The weaknesss the neglection of the effects
discussedn Section3 which areconsideredn the minimumweightbasedmatchingalgo-

rithm.

b. Minimum WeightMatchingBasedSelection

Accordingto Lemmal, whenalink resistanceés insertecbetweera pairof nodesijt always
reduceskew variationbetweerthem.However, theeffectof thislink onskew of othernode
pairsis very subtle.

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

betweeru andw in asub-treel, may hurtthe variability of skew betweerasinkin T, and
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asink outsideT,. Scenario3 canbe avoided by choosingnodepairs betweenleft child
sub-treeandright child sub-treeof anodeof depthl. For example links betweersub-tree
Tp andsub-treeTy of depthl nodeh in Figure 10 canavoid scenario3, sincethereis no
sinksoutsideof T,,. Node pairsfor theselinks canbe characterizedy the depthof their
nearestommonancestonodeh, which canbecalledy level by usingthetermin theyrule
of previoussection.Thereforewe needto have nodepairswith y= 1.

Links insertedbetweersub-tre€ly andsub-tre€l,, oftenimprove skew variability be-
tweensinksbetweenTy and T, accordingto analysisof scenariol. However, theselinks
may increaseskew variability betweensinkswithin Ty or T, asdiscussedn scenario2.
Thesedeggradationcanbe compensated links areinsertedbetweensub-sub-treewithin
sub-tre€Ty or Tp. In otherwords,nodepairsof y = 2 needto be considered.This proce-
durecanberepeatedecursvely till yis sufficiently large. The sub-treesorrespondingo
large y aremostly smallandthe skew variability insideis usuallyinsignificant. The main

algorithmdescriptionon this recursve proceduras givenin Figure13.

Procedure: Seled¢NodePRairs(Ty)

Input: Sub-treel, rootedat nodev

Output: NodepairsetP

.| < left child nodeof v

. < right child nodeof v

. P — PairBaweenTeegT,, T;)

. If Depth(v) == DepthLimit, returnP
. P — PUSeledNodeRairs(T))

. P— PU SeledNodeRairs(T)

N~ o o0 b~ W DN P

. ReturnP

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

Right subtree

Fig. 14. A bipartite graphmodelfor selecting4 node pairs betweentwo sub-trees.Each
nodecorresponds$o a sub-sub-treeén a sub-tree. An edgeweightis the shortest
Manhattardistancebetweereaf(sink)nodesof two sub-sub-trees.

A sub-problento be solvedis how to selectnodepairsbetweenwo sub-treedl; and
Tr. Thisis the subroutinePairBeweenTeeg T}, T;) in line 3 of Figure13. We decompose
eachsub-treeinto k sub-sub-treeandselectk nodepairsbetweensub-sub-treem T; and
sub-sub-trees T;. This problemcanbe modeledin a bipartite graphandsolved by the
minimum weight matchingalgorithm. If the sub-treeT, is decomposedo sub-sub-tree
set§ = {T1,Ti2,...Tik} and T, is decomposedo S = {T;1, Tr2,...Trk}, eachnodein the
bipartitegraphcorrespond$o asub-sub-treeThereis anedgebetweereachnodein § and
eachnodein §. Theedgeweightbetweera sub-sub-tre@air Tj; andT;; is the Manhattan
distancebetweenthe nearessink pair u € T; andw € T;j. An exampleof the bipartite
graphwith k = 4 is shavn in Figure14. The minimumweightmatchingresultmay select
a setof nodepairsbetweenS andS with the minimum total link length. The rationale
behindthis schemeis to distribute the links evenly in a sub-treesuchthat the scenario2

effectis less.
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3. Non-zeroSkew Routing

Thelink insertionbasedon-treeclock routing canbe easilyextendedo achieze non-zero
skews. Nodepairscanbe selectedsameasin Figure13. If asink pair (a,c) have non-zero
nominalskew gac = ta —tc > 0, alink canbeinsertedbetweensink c anda pointk in the

parentedgeof a suchthatnominaldelayt; = tx asillustratedin Figurel0.

D. ExperimentaResults

TheexperimentsaareperformedonaLinux machinewith duallGHz AMD microprocessor
and512M memory The benchmarlcircuitsarerl-r5 downloadedirom GSRCBookshelf
(http: //visicaducsdedu/GSRC/bookshelf /Sots/BST /). Thevariationfactorsconsid-
eredin the experimentancludethe clock driver resistancewire width andeachsink load
capacitanceWe let the driver resistancewire width andthe sink capacitancéave +15%
variationfollowing anormaldistribution. In theexperimentstheskew variationsandwire-
lengtharecomparedamongclock trees tree+linksandmeshesFor eachclock network, a
Monte Carlosimulationof 1000trials is performedio obtainthe maximumskew variation
(MSV) andthe standarddeviation (SD) of skew variations. A skew variationis the max
sink delayminusthe min sink delayin atrial.

Theclock treesareobtainedoy runningthe BST [35] codewhichis alsodownloaded
from the samewebsite of GSRCBookshelf.Whenrunningthe BST code theglobal skew
boundis setto 0 sothatzeroskew clock treesareobtained.Thesizeof benchmaricircuits,
skew variationsandwire-lengthof clock treesaregivenin Tablell.

Weimplementedheproposedink insertionbasednethodsandleaflevel meshmeth-

odsto construcinon-treenetworksincludingfour variants:

¢ Link-R: Theproposedink insertionbasechon-treewith rule basednodepair selec-

tion.
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Tablell. Maximumskew variation(MSV), standardieviation (SD) andtotal wire-lengthof
trees.The CPUtimeis from runningBST code.

Testcase #sinks| MSV | SD wirelen | CPU(s)
rl 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

e Link-M: Theproposedink insertionbasedon-treewith theminimumweightmatd-

ing basednodepair selection.

¢ Mesh-S:sparseleaflevel meshdrivenby anH-tree.

¢ Mesh-D:densdeaflevel meshdrivenby anH-tree.

The experimentalresultson thesefour variantsare shovn in Tablelll. The valueof the

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

theratio with respecto theresultsof clocktrees.

In Link-R, therulesaredmax= 0.1, Bmax= 10for r1-r3, Bmax= 50 for r4 andr5, and

Ymax= 1. Theserulesarechoserempirically asthey yield relatively low variationresults.

In Link-M, k= 2for y=1forrlandr2,i.e.,2links areinsertedatthelevel of y= 1. Since

r3islarger, k=4 aty= 1is applied.Testcas®f r4 andr5 arethelargest,hencewe insert

links with k = 2 atlevel y = 2 in additionto 4 links aty = 1.

Theobsenationsfrom Tablelll include:

e The minimum weight matchingbasedlink methodis always superiorto the rule

basednethodon bothvariability andwire-length.For this reasonwe skip resultsof

rule basedmethodwith otherrule parameters.

¢ A densemeshalwaysyieldslessvariationsthana sparsemesh,but consumesnore

wire-lengthasexpected.

¢ All four variantswork betteron larger netsthan on smallernets. For a large net,

atreeis densein term of the numberof wire sggments thereforeredundansignal
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Tablelll. Skew variationsandwire-lengthin termsof treeresults. Sizeof a tree+link net-

work is thenumberof links. Sizeof a meshis #rowsx #columns
Case| Method | size | MSV | SD | wirelen| CPU(s)

ri Link-R 6 0.65 | 0.97| 1.053 | 0.039
Link-M 2 0.60 | 0.80| 1.009 | 0.068
Mesh-S| 11x 11| 0.99 | 0.99| 1.69 0.045
Mesh-D| 21x21| 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| 15x 15| 0.84 | 0.82| 1.76 0.046
Mesh-D| 29x29 | 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| 19x 21| 0.26 | 0.36| 1.69 0.046
Mesh-D| 35x37 | 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| 27x 29| 0.23 | 0.34| 1.68 0.048
Mesh-D | 55x 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| 37x39| 0.08 | 0.10| 1.61 0.051
Mesh-D| 75x 77| 0.03 | 0.06| 2.31 0.051

propagatiorpathscanbe establishedvith lessefforts. In otherwords,alink of same
sizehasmorechanceto shorttwo treeseggmentsin a densettree(or larger net) than

in asparsedree(or smallernet).

e Exceptrl, ameshusuallyprovideslower skew variability thanalink basechon-tree.
But, the wire increaseof a meshis muchgreaterthana link basednon-tree.For all

solutionsfrom Link-M, thewire-lengthincreaseover atreeis never greaterthan2%.

e Themethodof Link-M resultsin 32%— 74%reductionon the maximumskew varia-
tion, and10%— 86% reductionon the standardieviation, exceptfor r1. Considering
lessthan2% wire increasesuchsignificantimprovementindicatesgreatwire usage
efficiengy.

The CPUtime in secondsaredisplayedin the right-mostcolumnin Tablelll. The
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CPUtime for link insertionincludesthe time for nodepair selectionandtuning tapping
points. Eventhoughthe CPUtime of link insertionis usually greaterthanconstructinga
meshi,it is still negligible, especiallycomparedvith thetime of clock treeconstruction.
An experimenton non-zeroskew routingis performedonrl. The resultshows that
Link-M reducesstandarddeviation by 11% over treewith 2% increaseon wire-length. A
densameshreducestandardieviation by 15%with 179%increaseon wire-length.
Theconclusionandfutureresearctor this chaptemwill bediscussedn the chapteV

of thisthesis.
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CHAPTERV

CONCLUSION
In thefirst partof the thesis,ananalyticalboundfor the unwantedskew dueto wire width
variationhasbeenobtained Experimentatesultsshav thatour methodis safer fasterand
moreaccuratahanthe interval analysis.Sincethis boundcanbe obtainedvery quickly, it
canbeappliedto interconnecvariationdrivendesignanddesignplanning.

In the secondpart of the thesis,a low costnon-treeclock routing methodhasbeen
proposedo reduceskew variability. The non-treenetwork is obtainedby insertingcross
links in agivenclocktree.Theeffectof link insertionon skew variationhasbeenanalyzed.
Basedontheanalysisjink insertionalgorithmshave beendeveloped.Experimentatesults
show thatthis methodcanreduceskew variationsremarkablywith little extrawire resource.
Thismethodcanbeappliedto achievelow variationnon-zercskew aswell. Its accurag can
be improved by adoptinga higherorderdelaymodel. The efficiency of link insertioncan
be furtherimprovedby consideringskew permissibleranges[30kothatlinks areinserted
only betweemodeswith tight permissibleranges.

This thesiswork is onestepfurthertoward addressinghe challengingskew variation

problem.
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