TA-2

Skew Scheduling and Clock Routing for Improved Tolerance to Process Variations®

GaneshVenkataramarC. N. SzeandJiangHu
Dept. of ElectricalEngineering,TexasA&M University, College Station, TX 77843,USA
{ganeshg¢nsze jianghp@ee.tamu.edu

Abstract Thesynthesif clodk networkin the presenceof
processvariation is becominga vital designissuetowardsthe
performanceof digital circuits. In this paper we proposea
clodk tree designalgorithm which is driven by the tolerance
towards processvariations. We considertoleranceto process
variation in various steges of clock tree synthesiswvhich in-
cludeclock skew scheduling abstracttreegeneationandlay-
out embedding The primary objectiveof this work is to min-
imize the maximumslkew violation and a layout embedding
techniquespecificallytargeting this objectiveis detailed. Ex-
perimentalresultsindicate the our proposedprocedue leads
to significantreductionin maximunskew violation dueto pro-
cessvariation with nggligible changein wire length.

Keywords: skew scheduling clock routing, processvaria-
tion, layoutembeddingreliability.

I. INTRODUCTION

AstheVLSI featuresizekeepsshrinking,clock skew, which
is the differencebetweenthe clock signal delayto registers,
becomesamore sensitve to manufcturingprocessvariations
[1,2]. It is reportedin [2] that interconnectvariation alone
may cause25% changeon clock skew. Therefore,it is very
importantto considettheimpactof processariationsin clock
treesynthesis.

Thesynthesiof clock treescanbedividedinto two stages:
skew schedulingand clock routing. Clock skew schedul-
ing [3, 4,5, 6] determinegherelative clock signaldelaytarget
of eachclock sink (register), andthe objective is usually to
minimize the clock period. Clock routing [7, 8, 9, 10] aims
at producinga routing treewhich fulfills the skew constraints
with otherobjectvessuchaswire lengthminimization.Clock
tree routing can usually be viewed asrecursvely memging a
setof subtreeqinitially a setof sinks)in a bottom-upman-
ner. The subtreesaremergedin pairsto createa new subtree
while the memging nodeis the new root. The clock treerout-
ing is accomplishedvhenthereis only onetreeleft. There
aretwo majordecisiongo be madein the bottom-upprocess:
(1) abstracttreegenemtion thattells which subtreeshouldbe
mergedtogether;(2) layoutembeddinghat decideshe loca-
tions of themerging points. Thesetwo decisionscanbe made
in anintegratedmannei{11] or separately8].

Clock skew schedulingcanbe appliedto improve skew tol-
eranceto processvariations [3, 4, 5, 6, 12, 13] by allocat-
ing skew safety margin which is the maximumskew change
allowed without affecting circuit functionality. The alloca-
tion of the safetymamin depend®n skew permissibleranges
[13]. Thework in [13] scheduleshe skew of eachclock sink
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pair targetingat the middle of the skew permissiblerangeby
quadratigprogramming so asto increasehe safetymargin in
generalcases. But, the work doesnot considerthe location
informationof the sinks.

An uncertaintydriven abstracttree constructionalgorithm
is proposedin [14]. However, its delay model employed is
very primitive and physicallocationsof clock sinks are not
consideredFor clock treelayoutembeddingpneof the most
influentialworksis the deferred-megeembedding DME) al-
gorithm[8]. DME aimsat the zeroskew clock routing with
wire lengthminimizationwhile it canalsobe appliedto ob-
tain non-zeroskew specification. A processvariation aware
layoutembeddingalgorithmis suggestedh [15]. In thework
of UST/DME [10], the clock routingis integratedwith incre-
mentalskew schedulingsuchthatfurtherwire lengthreduction
is obtainedcomparedvith DME. However, process/ariations
arenotconsideredn UST/DME.

In orderto avoid weaknes®f the previous works on han-
dling the processvariations, we proposenew algorithms
suchthat the processvariationsare consideredn both skew
schedulingandclock routing. In skew schedulingan estima-
tion of variationshasedn clock sink locationsis employedto
guide skew safetymamin towardssink pairswhich aremore
vulnerableto variations.Thisis in contrasto thework of [13]
which attemptsto allocatethe safetymamins evenly regard-
lessof the clock sink locations. In clock routing, an embed-
ding techniqueis developedto minimize the maximumskew
violation amongall sink pairsoptimally. Thisis aremarkable
improvementwith respecto the heuristicvariationawareem-
beddingn [15]. Monte Carlosimulationresultsonbenchmark
circuits shaw that our techniquesanreducethe variationin-
ducedskew violations significantly comparedwith previous
work.

Il. PRELIMINARIES

A clock netconsistsa clock sourceanda setof clock sinks
S = {s1,s2,...s,} eachof which corresponddo a register
Two registers(clock sinks) are sequentiallyadjacent[12] if
thereis only combinationalogic betweerthem. For a pair of
sequentiallyadjacentegistersi andj, the clock signalarrival
time to themt; andt; hasto satisfy[3]:

thold — Dmin <t — tj <T- tsetu‘p - Dmaw (1)

whereT is theclock cycle time,and D,,,,, and D,,,;,, arethe
maximumand the minimum combinationallogic path delay
from i to j, respectiely. Therefore,the clock skew ¢;; =
t; — t; is boundeddy ! (i, ) = thota — Dmin andt(i,j) =
T — tsetup — Dmaz Whichform the skew per missible range.

When processvariationsare consideredthe valueof ¢;; is
no longerdeterministidn anactualclock routingtree. In this
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paperwe focusonthevariationof wire width w andeachsink
load C;. Othervariationscan be handledby our work in a
similar way. As in [15], we assumehe wire width andsink
loadvariationsfollow normaldistributionsandthevariationis
approximateljboundedoy the 3¢ valuerepresentetly W; <
w < W, andC! < C; < C¥. The skew violation dueto
variationsis definedas:

£ (i, j) = max(t'(i, j) — tij. tiy — 1°(i.5)) (2

Theproblemwe will solveis formulatedasfollows.

Skew scheduling and clock routing for improved toler-
ance to process variations Given a setof clock sinks S =
{s1, s2, ...sn }, anda setof skew constraintasshavn in equa-
tion (1), find theclockarrivaltime assignment; for eachclock
elements; andconstructa clock treesuchthatthe maximum
skew violation amongall pairs of clock sinks is minimized
while wire width variesbetweeniV,, andW; andload capaci-
tanceC; of eachsink s; variesbetweenC! andC}.

As in thepreviousworks[9, 10, 15], we employ theElImore
delaymodel. Althoughthe ElImoredelayis sometimesnac-
curate,it hasa highfidelity [16]. Moreover, the EImoredelay
basedsolutionscan at leastsene as basisfor further tuning
with moreaccuratenodels.

I11. THE ALGORITHM
A. Algorithm Overview

Our algorithm consistsof two major parts: (1) variation
awareskaw schedulingand(2) variationawareclock routing.
Thealgorithmoverview is alsoprovidedin Figure(1).

In the variationaware skew schedulingan estimatedskew
variationbetweeneachpair of sequentiallyadjacentregisters
is computedbasedon theirlocations.Then,alinear program-
ming basedskew schedulingalgorithmis performedto max-
imize the relative skew safety margin accordingto the esti-
matedskew variations. The delay target to eachregisteris
obtainedafterthe scheduling.

The variation aware clock routing is a procedureof inter-
leaving abstractree generatiorwith layoutembedding.The
abstracttree generationor the merging schemeis similar to
[17] and consistsof two steps: (1) finding a sink node v,
(whichis apartof thesubtreel’(v;)) with themaximumdelay
targetand (2) finding the othersink nodew; (which is a part
of subtreel’(v;)) to bememedwith T'(v;) suchthatthemeg-
ing costis minimized. The meming costwill be definedlater.
The layout embeddings basedon DME with consideration
on processariations.The memging segmentbetweersubtrees
T'(v;) andT(v;) is foundsuchthatthe maximumskew viola-
tion betweersinksof two subtreess minimized.

B. Process/ariationAware Skew Scheduling

In skew schedulingdelaytargett; to eachregisteri is de-
terminedwhile the permissiblerangeof (1) is satisfied.In or-
derto improvetoleranceo proceswariations the skaw safety
maugin min (¢ (i, j) —ti;, ti; —t'(i, j)) needgo bemaximized
for eachpair of sequentiallyadjacentegisters.Sincethe dis-
tancebetweeneachpair of registersmay be different from
eachother, the skew variationfor eachpairis usuallydifferent
from eachotheraswell. Therefore differentamountof safety
maugin shouldbeallocatedor differentregisterpairs. Theob-
jective of our skew schedulingschemes to maximize skew
safetymaigin with consideratiorof skew variation between

Algorithm Overview
Clock SchedulingandRouting

Input: clock sinks,initial skew permissiblerange
Output: clocktreerouting

begin
1. Variationawareskew scheduling
1.1 Estimateskew guardingbandfor
eachpair of sequentiallyadjacentegisters
1.2 Find delaytargetto eachregister

suchthatvariationawaresafety
maigin is maximized
2. Variationawareclock routing
SubtreesetB = {s1, 82, ..., Sn }
While (|B| > 1)
2.1 Abstracttreegeneration

2.1.1 Selectsink v, (partof subtreel’(v;))
with maxdelaytarget
2.1.2 Selectanothersink v; (partof subtreel’(v;))

to be memgedsuchthatthe merging
wire lengthis minimized
2.2 Variationawareembedding
Find meming segmentfor T'(v;) andT (v;)
suchthatt° (i, j) betweeneachpair
m € T'(v;)andn € T'(v;) is minimized
2.3 B — B — (T3, T,) + Newly formedsubtree

endwhile

Fig. 1.: Schedulingandroutingalgorithm

registers. If the estimatedskew variation betweenregisteri
andj is d;;, we formulatethe schedulingoroblemas:
Maximize M 3)
V seqadjregi andj
M < (i, j) = 6 — (ti = ¢5)
M < (t;i —t5) = t'(i.§) = 3y

where M is the sharedsafetymamin for eachpair. This for-

mulationmayallocatesafetymaminsaccordingo anticipated
variation effect insteadof an uniform allocationin previous
works [3, 6, 13]. This linear programmingproblemcan be
solvedby thebinarysearchmethodintroducedn [4].

The estimatedskew variationis obtainedbasedn distance
betweenregisterssincethe clock routing information is not
availablein the schedulingstage. For two registersi and 7,
we assumehey aremeigedat the middle point betweerthem
andusetheskew variationfrom this memging asanestimation.
Let wire resistancend capacitanceoeficientber andc, re-
spectvely. Thenawire sggmentof length/ driving a load of
C) hasdelayof %rcl2 + %OL. If wire width w variesaround
nominalvaluewg with boundof wq + dw andsinkloadvaries
asCr; = Cyr; £ dCp;, theskew variationbetween andj is
estimatedo be:

D;ir Cpr; - dw Cpri-dw
§ij = 2 (dCpi + —2— +dCp; + —H—
2’LUO Wo wWo

)

whereD;; is the Manhattardistancebetweerregister: and;.
Eventhoughthis estimationis anapproximationit reflectsthe
trendthatvariability may grow with distance.

C. Proces&/ariationAwarelLayout Embedding
In this section,we detail a layout embeddingschemethat
aimsto minimize the maximumviolation in skew dueto pro-
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ms(y )

Fig. 2.: Merging and Embedding of subtrees

cessvariation. Processvariation aware embeddingvas han-

dledin [15], wherea heuristicwas usedto identify a single

critical pair and the layout embeddingfocussedon this pair

alone. In our work, we proposea formulationthat considers
the effectdueto variationin all pairs.

Our embeddingfollows the DME [8] framework. DME
consistsof a bottom-up phasewhere the locus of possible
meming pointsis identifiedto matchthe requiredskew con-
straints. The top-dovn phasedentifiesthe actuallocation of
thememing points. Whentwo subtreesarememgedto achiere
zero skew, the setof possiblepoints of the new parentnode
hasthe propertythatthe distancedbetweerthe parentandthe
root of the individual subtreesare fixed values. Hencethe
locus correspond$o a Manhattanarc commonlyreferredto
asthe merging segment [8]. We introducesomebasicnota-
tion thatwill be followedin the paper Figure (2) illustrates
meging/embeddingf two nodesy; andv;. Herems(v;) (in
dashedines)refersto the memging segmentat nodew; of the
clock tree. T'(v;) refersto the entiresubtreerootedat v;. v;;
is the parentnodeformed by memging T'(v;) andT'(vj). e,
ey; and D;; denotethe Manhattardistancesetweenns(v;)
and ms(vi;), ms(v;) andms(v;;), ms(v;) andms(v;) re-
spectvely.

Considettwo subtree§’(v;) andT (v;) to bememed.In our
approachwe shallshow thatthereexistsalocusof pointsthat
hasfixeddistancegrom ms(v;) andms(v;) suchthatit mini-
mizesthe maximumskew violation. Maximumskew violation
is definedasthe maximumdeviation of the skew from its al-
lowed boundsamongall sequentiallyadjacentregister pairs.
LetTvio denotethe maximumskew violation. Then:

max

Toie, = rgaﬁ(tl(i,ﬁ — tij, tiy — t"(4,5)) 4)

Ideally, we wouldlike T'?, to benegative implying thatthere
is no violation. We first formally statethe problemthatis ad-
dressedn this section.

Process Variation Aware L ayout Embedding

Giventwo subteesT (v;) andT'(v;) to bememged,find a par-
entmeging sggmentmns(v;;) sud thatthe maximunskew vi-
olation amongall sequentiallyadjacentpairs (s,., s;) whee
sy € T'(v;) ands; € T'(v;) is minimized.

The above problemcanalsobe formulatedmathematically
as describedbelon. For s, € T(v;) ands; € T(vj;), let
tri(ev, s €v;) (tri(ew, €v,)) denotethe maximum (minimum)
skew betweens,. ands; dueto processvariation. Let ¢,; de-

notethenominalskew value.We intendto minimizethe max-
imum skew violation, or equivalently maximizethe minimum
differencebetweenthe skew boundsandthe worstcaseskew
amongall pairs. Thisis similar to the schedulingdescribedn
section3.2andcanbewritten as:

Maximize S;; (5)
VreT(v;)andl € T(v))
Sij <t"(r,1) — tri(ew,, ev,)
Sij < tr(ew, en,) = t'(r,1)

where S;; is a variablesimilar to the safetymargin in skew
scheduling Maximizing S;; is equivalentto minimizing skew
violation.

Theprocedurdo evaluatet, (e, , e,;) andt,(e., , e,,) un-
dervariationin wire-width andload capacitancewasdetailed
in [15]. We shallstateit in brief andshav how formulation( 5)
canbetransformednto amathematicabrogrammingproblem
with quadraticconstraints We alsooutline atechniquewhich
canbe usedto solwe this problem. Thoughwe concentraten
wire-width and load capacitancerariations,the formulation
givenin ( 5) is genericandcanbe easilymodifiedto take care
of othervariationsaswell.

(tr,tr, t,) denoteheminimum,nominalandmaximumde-
laysfrom s, (which is partof the subtreeT’(v;)) to the node
v;. (CL,C;, C) representhe minimum, nominal and max-
imum downstreamcapacitanceat nodev; respectiely. Let
al(a¥) = r%(r%) and¢ = 1rc. Then:

Tri(eu, e0,) = (B + G2, + al'es,) — (b + de2, +ahes,)  (6)

W, and W, denotethe boundson the wire width. Interested
readermay referto [15] for detailedderivation of the these
equations.

Similarly t,;(e.,, e,,) maybewrittenas:
tri(eo;s €0;) = (tr + de, + aiew,) — (B + ded, + afes;)  (7)

We cantransformtheformulation(5) into amathematicapro-
grammingproblemusingequationg6) and(7).
MaximizeS;; (8)
Vre T(’U‘,,) and! T(’Uj)
Sij < (" (r0) —tr + 1) — ¢(63Jl - eij) — (a5 ew; — aé'ei)j)
Sij < (_tl(rﬂ l) - E +t_7") + ¢(61211 - ef}j) + (aflew - a}be’uj)
€v;y Cu; >0 Cy; + €y; > Dij

Theabove formulationis quitedifferentfrom thework in [15]
where a single pair of critical sinks were identified. After
this, embeddingwas donein sucha way that the centerof
the worst caseskew matcheswith the centerof the permissi-
blerange.However, thisis aheuristicandtherecouldbe other
pairs(otherthanthecritical one)which couldfaceasignificant
deviation in skew dueto processvariations. Formulation(5)
attemptgo overcomethis difficulty. The parentmerging seg-
mentcannotexistif (e,, +e,; < D;;) andthefinal constraint
takescareof that. Theformulationappearso beadifficult one
to solve becaus@f the presencef quadraticconstraintsBut,
we canconsidertwo separateecases:casel doesnot require
any wire snakingandcase2 requireswire snaking.In eachof
thesecasesthe formulationcanbe transformedn to another
onewith linear constraints. The methodto identify the need
for wire snakinghasbeenpresentedn [15] andwill not be
repeatedheredueto spaceconstraints.
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Case 1: Nowire snaking
Inthiscaseg,, +¢,; = D;;. Definethefollowing parameters:

ma(r,0) = (t“(r,1) = & + 1) + D} + a3 D ©)
ma(r,1) = (=t'(r,1) =% + t) — 6D; — af Dy
k1= 2¢Dij + Oé? + Oté', ko = 2¢D¢j + Oé;j' + Oéé
With no snakingformulation(8)getsmodifiedin to thefollow-
ing linearprogrammingproblemwith justonevariable:
MaximizeSij
Sij S mai (r, l) — klevi
ey, >0

(10)
Vre'(v)andl € 1'(vy),
Sij < mQ(Tﬂ l) + k2evi7

Noticethatthe constraintsn (10) represenstraightlineswith
a positive slopeof k, or the negative slopeof —k;. For the
samepair of subtreesT'(v;) and T'(v;), k1 and ko are the
samefor all (r,1). We have two setsof lines with lines in
the samesetparallelto one another Figure (3) givesa plot
of the lineswhentherearetwo suchpairs. The upperhalf of
the figure gives4 straightlines that representhe 4 inequal-
ity constraints(in (10) ) correspondingo the 2 pairs. The
lower half plots the valuesof S;; ase,, is increased. Let

my(ri,l) = mianT(vi)JGT(UJ‘)ml(r’l) andms(ra, lo) =
InianT(’Ui):leT(vj) ma (T’ l)
Lemmal

If nosnakingis requiredthatis 0 < e,,,e,;, < D;j, thenthe
optimalsolutionto (10) existsata point
_ ml(rl, ll) — m2(7‘2, ZQ)
vi ki + ko

(11)

The proofis Lemmal is straightforvardandFigure(3) gives
the geometridntuition behindthe proof.
Case 2: With wire snaking
Wire snakingcould meaneither (e,, = 0,e,, > D;;) or
(es; = 0,ey; > Dyj). We discussthe latter and the equa-
tions can be modified to fit the former Let m)(r,l) =
(t“(r,l) =t + 1) andmy (r, 1) = (—t'(r, 1) — 1 + t.). When
we substitutez,,, = 0 in formulation(8) we get:
MaximizeSij
Vr e T(v;) andl € T(vj)

Sij < mq(r,l) + gz&ef,j —+ aéevj

(12)

’
Sis < ma(r,1) — pey, — ajen;, €y >0

The optimal solution for (12) is obtainedin a mannersim-

ilar to that discussedor casel. Here, we have non-linear
terms.But still the coeficientsof e, ande%j arethe samefor

all (Ta l) Let mll(’rly ll) = minTET('Hi),IGT(’LJj) m/l (Ta l) and
mQ/(T% 12) = mianT(ui),leT(vj) my (T, l)

Lemma?2

If wire snakingis requiredwith e,, = 0 ande,; > D;;, then
the optimal solutionto (12) exists at a point e, ; thatsatisfies
thefollowing equation:

mi(ri,ln) + e, + ajey; = ma(ra,l2) — pey, — afey;  (13)

D. Alternative LayoutEmbedding

An alternatve embeddingorocedurevasalsoperformedio
malke a comparisorwith our proposedscheme.This method
closelyfollows [15] with a key difference.In [15], onecriti-
cal pairwasselectedusinga weightedfunctionthatconsiders
both the physicaldistanceas well asthe permissiblerange.

my(ry.l;
myry, ) +k, ey
my(r,lp) myr, L) +k, ey
m(ry,h)
\ my(r, ) - k ey
Mtk my(ry, b)) - k; ey
ey
i thimal Point
B o
ey

Fig. 3.: Plot of S;; with two pairs

Herewe considerthe feasibleskew range(FSR)[10] instead
of the permissiblerange. The FSRmatrix is updatedafterev-

ery meming. After suchan updation,it is possiblethat the

feasibleskew rangeof two sinks(says, ands;) getsreduced.
Interestedreadermay referto [10] for a detaileddescription
of theFSRmatrix andtheprocessisedto updateit afterevery

merge. In sucha scenariowe reducethe rangeby an addi-

tional factor (§,;) whosevalue equalthe differencebetween
the maximumandthe nominal skew multiplied by a scaling
factor This way, we have anincrementalkchedulingscheme
thatreflectsthe effect dueto processvariation.

E. AbstractTree Generation

We first selecta sink node (s,, in a subtreerooted at
v;) Which hasthe maximumdelay target. The secondnode
is selectedbasedon basis of expectedwire length added.
Considera sink node s,, in a subtreerooted at (v;). We
computethe valuesof ¢,, ande,; by the following proce-
dure. To computethe actualvaluesof e,, ande,,, we first
needto find two sink pairs (r1,{1) and (rz,l3) such that
mi(ry, 1) = mineer(y,)ier,) ma(r, 1) andma(re, la) =
Min,.c7(v,),1eT(v;) M2(7, ). This could be prohibitingly ex-
pensve for all pairs. Sowe usethe heuristicwherewe assign
(r1,01) = (r2,1l2) = (m,n). Thenby usingthe procedurele-
tailed earlier we identify the needfor snakinganduseequa-
tion (11) or (13) to computee,, ande,,. This senesasthe
merging cost. We claim that sucha heuristicperformsbetter
andhave experimentatesultsto supportheclaim. Thisproce-
durewill bereferredto asembedding@ware abstracttopology
construction

F. Algorithm Compleity

Thecompleity of theprocessariationawareschedulings
O(nm) wheren is thenumberof sinksandm is thenumberof
constraintdor thelinearprogrammingormulation. Thecom-
plexity of eachembeddings O(n) andthe total runtimefor
O(n) embeddingss O(n?). Eventhoughm = O(n?) in the-
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Case| #Sinks BASE CASE
WireLen #Vio | MaxVio | Runtime
rl 267 | 1971347 0.206 3.434 00:01
r2 598 | 3849918 18.60 69.91 00:06
r3 862 | 4591019 33.37 88.52 00:13
r4 1903 | 9531821| 553.389 573.64 00:51
r5 3101 | 14391465| 1523.3| 1392.39 02:31

TABLE |: Resultsfor the base case

ory, in practicem = O(n). Thereforethe overall complexity
of our algorithmis O(n?).

IV. EXPERIMENTAL RESULTS

The proposedrocedurevastestedon five benchmarlcir-
cuits[7]. The valuesof thetechnologyparametersisedwere
asfollows: nominal wire width = 0.18 um, per unit resis-
tance= 0.0042() and per unit capacitance= 3.18-6pF/im?.
The benchmarkcircuits do not containthe timing informa-
tion (permissiblerangefor eachsink pair). So, we generated
the permissiblerangesrandomlysuchthat for every (s, s;),
t'(r,1) < 0 < t*(r,1). Thepermissiblerangesverenot sym-
metric but chosensuchthat |[t*(r,1)| — [t'(r,1)]| < 100ps,
t'(r,1) € (—600ps, —100ps) andt(r,1) € (100ps, 600ps).
Thecodewaswrittenin C andrunonaSunSolarisUltra Sparc
machinewith 2 GB RAM.

We ran our experminentsfor five methods (basedon
schedulingfopologyandembeddingienotedas:

e BASE CASE: No scheduling,topology basedon dis-
tance embeddindollows [15]

e SP-DISTANCE: Processvariation aware scheduling,
topologybasedn distanceembeddindollows [15]

o MP-DISTANCE: Processvariation aware scheduling,
topologybasedn distancethe nev embeddingscheme

e SP-eAVARE: Processvariation aware schedulingand
topology embeddindgollows [15]

o MP-eANVARE: Processvariation aware schedulingand
topology, thenew embeddingscheme

In theabove mentionednethodsBASE CASE is almostsim-
ilar to [15] and MP-eAWARE representour completeso-
lution proposed. Expermimentswere run on the remaining
threemethoddo show the effect of eachindividualtechnique,
therebyproviding a betterinsight. Monte Carlo simulations
(1000 runs) were done for all five methods. In eachrun,
the wire width andload capacitancevere chosenat random
from auniformdistributionwith meanbeingthenominalvalue
and standarddeviation setsuchthat 3o corresponddo 10%
deviation from the nominal value. The resultsfor all vari-
ants different methodsare takbulatedin Tablesl, 11 andIll.
Table | shows the resultsfor BASE CASE, Table Il for SP-
DISTANCE andMP-DISTANCE, Tablelll for SP-eAVARE
and MP-eAWARE. The sub columnsrepresentwire length
(WireLen), Numberof violations (#Vio), averagemaximum
violationin ps (Max Vio) Runtime (in min:sec)andimprove-
ment (of maximumviolation in percentageeomparedo the
base).

As it is evident from the Table Il thereis a signifi-
cant differencein the maximum skew violation in our pro-
posedschemeandthe basecase . Moreover (MP-DISTANCE,
MP-eANVARE) perform better than (SP-DISTANCE, SP-
eAWARE) highlighting the effectivenessof our embedding
technique Our primaryfocusis to reducethe maximumskew
violation andnot numberof violationssincethe former hasa
greaterimpacton the choiceof the clock frequeng. For ex-
ampleconsidertwo scenarios:case(a) 50 violationswith a
maximum violation of 25 ps andcase(b) 1 violation of 50
ps. Case(a) could be handledby slowing the clock by 25 ps
whereascase(b) would requirea reductionof 50 ps in clock
speed. Neverthelessproposedechniqueresultsin a signifi-
cantgainin thenumberof violationsaswell.

V. CONCLUSION

In this paper both skew schedulingand clock routing al-
gorithmsare proposedo improve skew toleranceto process
variations. In the proposedskew schedulingalgorithm, pro-
cessvariationsare consideredlirectly in skew safetymaigin
allocationsso that a larger safetymargin canbe obtainedfor
registersfar apart. In the clock routing algorithm,a new lay-
out embeddingechniqueis developedto optimally minimize
the maximumskew violation dueto processvariations. The
effectivenessf the proposedalgorithmsis validatedthrough
Monte Carlo simulationson benchmarlcircuits.
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