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Abstract Thesynthesisof clock networkin thepresenceof
processvariation is becominga vital designissuetowardsthe
performanceof digital circuits. In this paper, we proposea
clock treedesignalgorithm which is driven by the tolerance
towardsprocessvariations. We considertoleranceto process
variation in various stages of clock tree synthesiswhich in-
cludeclock skew scheduling, abstract treegenerationandlay-
out embedding. Theprimary objectiveof this work is to min-
imize the maximumskew violation and a layout embedding
techniquespecificallytargetingthis objectiveis detailed.Ex-
perimentalresultsindicatethe our proposedprocedure leads
to significantreductionin maximumskew violationdueto pro-
cessvariation with negligible changein wire length.

Keywords: skew scheduling, clock routing, processvaria-
tion, layoutembedding, reliability.

I . INTRODUCTION

As theVLSI featuresizekeepsshrinking,clockskew, which
is the differencebetweenthe clock signaldelay to registers,
becomesmore sensitive to manufacturingprocessvariations
[1,2]. It is reportedin [2] that interconnectvariation alone
may cause25% changeon clock skew. Therefore,it is very
importantto considertheimpactof processvariationsin clock
treesynthesis.

Thesynthesisof clock treescanbedividedinto two stages:
skew schedulingand clock routing. Clock skew schedul-
ing [3, 4, 5, 6] determinestherelativeclocksignaldelaytarget
of eachclock sink (register), and the objective is usually to
minimize the clock period. Clock routing [7, 8, 9, 10] aims
at producinga routingtreewhich fulfills theskew constraints
with otherobjectivessuchaswire lengthminimization.Clock
tree routing can usually be viewed as recursively merging a
setof subtrees(initially a setof sinks) in a bottom-upman-
ner. Thesubtreesaremergedin pairsto createa new subtree
while the merging nodeis the new root. The clock treerout-
ing is accomplishedwhen thereis only one tree left. There
aretwo majordecisionsto bemadein thebottom-upprocess:
(1) abstract treegeneration thattellswhichsubtreesshouldbe
mergedtogether;(2) layoutembeddingthatdecidesthe loca-
tionsof themergingpoints.Thesetwo decisionscanbemade
in anintegratedmanner[11] or separately[8].

Clockskew schedulingcanbeappliedto improveskew tol-
eranceto processvariations [3, 4, 5, 6, 12, 13] by allocat-
ing skew safety margin which is themaximumskew change
allowed without affecting circuit functionality. The alloca-
tion of thesafetymargin dependson skew permissibleranges
[13]. Thework in [13] schedulestheskew of eachclock sink�
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pair targetingat the middleof theskew permissiblerangeby
quadraticprogramming,soasto increasethesafetymargin in
generalcases.But, the work doesnot considerthe location
informationof thesinks.

An uncertaintydriven abstracttreeconstructionalgorithm
is proposedin [14]. However, its delay model employed is
very primitive and physical locationsof clock sinks are not
considered.For clock treelayoutembedding,oneof themost
influentialworksis thedeferred-mergeembedding(DME) al-
gorithm [8]. DME aimsat the zeroskew clock routing with
wire lengthminimizationwhile it canalsobe appliedto ob-
tain non-zeroskew specification. A processvariationaware
layoutembeddingalgorithmis suggestedin [15]. In thework
of UST/DME [10], theclock routing is integratedwith incre-
mentalskew schedulingsuchthatfurtherwire lengthreduction
is obtainedcomparedwith DME. However, processvariations
arenot consideredin UST/DME.

In order to avoid weaknessof the previous works on han-
dling the processvariations, we proposenew algorithms
suchthat the processvariationsareconsideredin both skew
schedulingandclock routing. In skew scheduling,anestima-
tion of variationsbasedonclocksink locationsis employedto
guideskew safetymargin towardssink pairswhich aremore
vulnerableto variations.This is in contrastto thework of [13]
which attemptsto allocatethe safetymargins evenly regard-
lessof the clock sink locations. In clock routing, an embed-
ding techniqueis developedto minimize the maximumskew
violation amongall sink pairsoptimally. This is a remarkable
improvementwith respectto theheuristicvariationawareem-
beddingin [15]. MonteCarlosimulationresultsonbenchmark
circuitsshow thatour techniquescanreducethe variationin-
ducedskew violations significantly comparedwith previous
work.

I I . PRELIMINARIES

A clock netconsistsa clock sourceanda setof clock sinks�����
	���
�	���
�������	����
eachof which correspondsto a register.

Two registers(clock sinks) are sequentiallyadjacent[12] if
thereis only combinationallogic betweenthem.For a pair of
sequentiallyadjacentregisters� and� , theclock signalarrival
time to them��� and��� hasto satisfy[3]:

�� "!�#%$'&)(+*,� �.- ���/&0��� -21 &3��4656798;:<&)(+*,=�> (1)

where
1

is theclock cycle time,and (+*,=�> and (+*,� � arethe
maximumandthe minimum combinationallogic pathdelay
from � to � , respectively. Therefore,the clock skew � ��� �� � &?� � is boundedby � #6@ � 
 �BA � �  ;!C#D$ &E( *,� � and � 8F@ � 
 �BA �1 &G� 4656798;: &2( *,=�> which form theskew permissible range.

Whenprocessvariationsareconsidered,thevalueof � ��� is
no longerdeterministicin anactualclock routingtree. In this

 594

7A-2

0-7803-8736-8/05/$20.00 ©2005 IEEE. ASP-DAC 2005



paper, wefocusonthevariationof wire width H andeachsink
load I � . Other variationscan be handledby our work in a
similar way. As in [15], we assumethe wire width andsink
loadvariationsfollow normaldistributionsandthevariationis
approximatelyboundedby the JBK valuerepresentedby L # -H - L 8 and I #� - I � - I 8� . The skew violation due to
variationsis definedas:

��M ��! @ � 
 �BA �2NPO�Q @ � # @ � 
 �RAS&0� ��� 
 � ��� &0� 8 @ � 
 �RACA (2)

Theproblemwewill solve is formulatedasfollows.
Skew scheduling and clock routing for improved toler-

ance to process variations Given a setof clock sinks
�T���	 � 
U	 � 
�������	 � �

, andasetof skew constraintsasshown in equa-
tion (1),find theclockarrival timeassignment� � for eachclock
element

	 � andconstructa clock treesuchthat themaximum
skew violation amongall pairs of clock sinks is minimized
while wire width variesbetweenL08 and LG# andloadcapaci-
tanceIV� of eachsink

	 � variesbetweenI #� and I 8� .
As in thepreviousworks[9, 10, 15], weemploy theElmore

delaymodel. Although the Elmoredelayis sometimesinac-
curate,it hasa high fidelity [16]. Moreover, theElmoredelay
basedsolutionscanat leastserve asbasisfor further tuning
with moreaccuratemodels.

I I I . THE ALGORITHM
A. Algorithm Overview

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

In thevariationawareskew scheduling,an estimatedskew
variationbetweeneachpair of sequentiallyadjacentregisters
is computedbasedon their locations.Then,a linearprogram-
ming basedskew schedulingalgorithmis performedto max-
imize the relative skew safetymargin accordingto the esti-
matedskew variations. The delay target to eachregister is
obtainedafterthescheduling.

The variationawareclock routing is a procedureof inter-
leaving abstracttreegenerationwith layout embedding.The
abstracttree generationor the merging schemeis similar to
[17] and consistsof two steps: (1) finding a sink node WYX
(which is apartof thesubtree

1 @ W � A ) with themaximumdelay
target and(2) finding the othersink node W # (which is a part
of subtree

1 @ W � A ) to bemergedwith
1 @ W � A suchthatthemerg-

ing costis minimized.Themergingcostwill bedefinedlater.
The layout embeddingis basedon DME with consideration
on processvariations.Themergingsegmentbetweensubtrees1 @ WY��A and

1 @ WY�ZA is foundsuchthat themaximumskew viola-
tion betweensinksof two subtreesis minimized.

B. ProcessVariationAwareSkew Scheduling
In skew scheduling,delaytarget � � to eachregister � is de-

terminedwhile thepermissiblerangeof (1) is satisfied.In or-
derto improvetoleranceto processvariations,theskew safety
margin

N\[�] @ � 8F@ � 
 �BA�&<����� 
 �����^&<� #_@ � 
 �BA`A needsto bemaximized
for eachpair of sequentiallyadjacentregisters.Sincethedis-
tancebetweeneachpair of registersmay be different from
eachother, theskew variationfor eachpair is usuallydifferent
from eachotheraswell. Therefore,differentamountof safety
margin shouldbeallocatedfor differentregisterpairs.Theob-
jective of our skew schedulingschemeis to maximizeskew
safetymargin with considerationof skew variation between

Algorithm Overview
ClockSchedulingandRouting
Input : clock sinks,initial skew permissiblerange
Output: clock treerouting
begin
1. Variationawareskew scheduling
1.1 Estimateskew guardingbandfor

eachpair of sequentiallyadjacentregisters
1.2 Finddelaytargetto eachregister

suchthatvariationawaresafety
margin is maximized

2. Variationawareclock routing
Subtreeset a �b��	 � 
�	 � 
U������
U	 � �
While ( c�adcRegf )

2.1 Abstracttreegeneration
2.1.1 Selectsink WYX (partof subtree

1 @ W � A )
with maxdelaytarget

2.1.2 Selectanothersink WY# (partof subtree
1 @ WY�ZA )

to bemergedsuchthatthemerging
wire lengthis minimized

2.2 Variationawareembedding
Findmergingsegmentfor

1 @ WY�`A and
1 @ WY�ZA

suchthat � M ��!
@ � 
 �BA betweeneachpairhji 1 @ WY�CA andk i 1 @ WY�ZA is minimized
2.3 amlnab& @ 1 # 
_1 X�A/o Newly formedsubtree

endwhile

Fig. 1.: Schedulingandroutingalgorithm

registers. If the estimatedskew variation betweenregister �
and� is p���� , we formulatetheschedulingproblemas:

Maximize q (3)r
seqadj reg � and�

q - � 8�@ � 
 �RA�&sp����t& @ ���/&3���ZA
q - @ ���S&3���;A/&3� #6@ � 
 �BA�&)p����

where q is thesharedsafetymargin for eachpair. This for-
mulationmayallocatesafetymarginsaccordingto anticipated
variation effect insteadof an uniform allocationin previous
works [3, 6, 13]. This linear programmingproblemcan be
solvedby thebinarysearchmethodintroducedin [4].

Theestimatedskew variationis obtainedbasedon distance
betweenregisterssincethe clock routing information is not
available in the schedulingstage. For two registers� and � ,
we assumethey aremergedat themiddlepoint betweenthem
andusetheskew variationfrom thismergingasanestimation.
Let wire resistanceandcapacitancecoefficient be u and v , re-
spectively. Thena wire segmentof length w driving a loadofIV# hasdelayof

�� u^v�w � o X #x Izy . If wire width H variesaround
nominalvalueH|{ with boundof H}{�~?��H andsink loadvaries
as IVy^� � I�{�y^�S~��YIzyR� , theskew variationbetween� and� is
estimatedto be:

p���� � (+���`u� H { @ �YIVy^�So
IzyR�/����H
H { o2�YIVy^�,o IVy^������H

H { A
where (���� is theManhattandistancebetweenregister� and� .
Eventhoughthisestimationis anapproximation,it reflectsthe
trendthatvariability maygrow with distance.

C. ProcessVariationAwareLayoutEmbedding
In this section,we detail a layout embeddingschemethat

aimsto minimizethemaximumviolation in skew dueto pro-
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Fig. 2.: Merging and Embedding of subtrees

cessvariation. Processvariationawareembeddingwashan-
dled in [15], wherea heuristicwasusedto identify a single
critical pair and the layout embeddingfocussedon this pair
alone. In our work, we proposea formulationthat considers
theeffectdueto variationin all pairs.

Our embeddingfollows the DME [8] framework. DME
consistsof a bottom-upphasewhere the locus of possible
merging points is identifiedto matchthe requiredskew con-
straints.The top-down phaseidentifiesthe actuallocationof
themergingpoints.Whentwo subtreesaremergedto achieve
zeroskew, the setof possiblepointsof the new parentnode
hasthepropertythat thedistancesbetweentheparentandthe
root of the individual subtreesare fixed values. Hencethe
locuscorrespondsto a Manhattanarc commonlyreferredto
asthe merging segment [8]. We introducesomebasicnota-
tion that will be followed in the paper. Figure(2) illustrates
merging/embeddingof two nodesW � and W � . Here h 	 @ W � A (in
dashedlines) refersto themerging segmentat nodeW � of the
clock tree.

1 @ W � A refersto theentiresubtreerootedat W � . W ���
is the parentnodeformedby merging

1 @ WY�`A and
1 @ WY�ZA . � M�� ,� M�� and (+��� denotetheManhattandistancesbetweenh 	 @ WY�CA

and h 	 @ WY���ZA , h 	 @ WY��A and h 	 @ WY����A , h 	 @ WY��A and h 	 @ WY�
A re-
spectively.

Considertwo subtrees
1 @ WY��A and

1 @ WY�;A to bemerged.In our
approach,weshallshow thatthereexistsa locusof pointsthat
hasfixeddistancesfrom h 	 @ W � A andh 	 @ W � A suchthatit mini-
mizesthemaximumskew violation. Maximumskew violation
is definedasthe maximumdeviation of theskew from its al-
lowed boundsamongall sequentiallyadjacentregisterpairs.
Let

1 M ��!*,=�> denotethemaximumskew violation. Then:�}������V���|�G���6�� ��� �6���¡ �¢¡�¡£C¤¦¥�§�¨©  �ª� ¤¦  �ª� ¨\ �«
�¡£C¤¦¥�§_§ (4)

Ideally, wewould like
1 M ��!*,=�> to benegativeimplying thatthere

is no violation. We first formally statetheproblemthat is ad-
dressedin this section.
Process Variation Aware Layout Embedding
Giventwosubtrees

1 @ W � A and
1 @ W � A to bemerged,find a par-

entmerging segmenth 	 @ W ��� A such that themaximumskew vi-
olation amongall sequentiallyadjacentpairs @ 	 X 
U	 # A where	 X i 1 @ W � A and

	 # i 1 @ W � A is minimized.
Theabove problemcanalsobeformulatedmathematically

as describedbelow. For
	 X i 1 @ WY�`A and

	 # i 1 @ WY�ZA , let��X # @ � M � 
 � M � A (��X # @ � M � 
 � M � A ) denotethe maximum(minimum)
skew between

	 X and
	 # dueto processvariation. Let ��X # de-

notethenominalskew value.We intendto minimizethemax-
imum skew violation,or equivalentlymaximizetheminimum
differencebetweentheskew boundsandtheworstcaseskew
amongall pairs.This is similar to theschedulingdescribedin
section3.2andcanbewrittenas:

Maximize
� ��� (5)r u i 1 @ W � A and w i 1 @ W � A� ��� - � 8 @ u 
 w¬A/& ��X # @ � M � 
 � M � A� ��� - ��X # @ � M � 
 � M � A�&3� # @ u 
 w¬A

where
� ��� is a variablesimilar to the safetymargin in skew

scheduling.Maximizing
� ��� is equivalentto minimizingskew

violation.
Theprocedureto evaluate� X # @ � M�� 
 � M�� A and� X # @ � M�� 
 � M�� A un-

dervariationin wire-widthandloadcapacitanceswasdetailed
in [15]. Weshallstateit in brief andshow how formulation( 5)
canbetransformedinto amathematicalprogrammingproblem
with quadraticconstraints.We alsooutlinea techniquewhich
canbeusedto solve this problem.Thoughwe concentrateon
wire-width and load capacitancevariations,the formulation
givenin ( 5) is genericandcanbeeasilymodifiedto take care
of othervariationsaswell.@ ��X 
 ��X 
 ��X�A denotetheminimum,nominalandmaximumde-
lays from

	 X (which is part of the subtree
1 @ WY�`A ) to the nodeWY� . @ I #� 
 IV� 
 I 8� A representthe minimum, nominalandmax-

imum downstreamcapacitancesat node W � respectively. Let­ #� @ ­ 8� A � u�®V¯�°+± @ u²®
±
�° ¯ A and ³ � �� u^v . Then:

 C´ ¢ �¡µ � � ¤¬µ � � § � �   ´·¶?¸ µ�¹� � ¶»º «� µ � � §F¨3�¡  ¢ ¶?¸ µY¹� � ¶�º ¢� µ � � § (6)

L 8 and L # denotethe boundson the wire width. Interested
readermay refer to [15] for detailedderivation of the these
equations.

Similarly ��X # @ � M � 
 � M � A maybewrittenas:

 �´ ¢ �¡µ � � ¤¦µ � � § � �¡  ´ ¶?¸ µ ¹� � ¶�º ¢� µ � � §B¨3�   ¢ ¶¼¸ µ ¹� � ¶�º «� µ � � § (7)

Wecantransformtheformulation(5) into amathematicalpro-
grammingproblemusingequations(6) and(7).

Maximize ½ �ª� (8)¾'¿�À � �¡Á � § andÂ À � �¡Á � §½ �ª��Ã �¡ �«�� ¿ ¤ Â §B¨   ´ ¶   ¢ §F¨ ¸ �¡µ�¹� � ¨©µY¹� � §B¨Ä� º «� µ � � ¨ º ¢� µ � � §½ �%� Ã �6¨Å �¢�� ¿ ¤ Â §F¨   ¢ ¶   ´ § ¶?¸ �¡µ�¹� � ¨�µ�¹� � § ¶ � º ¢� µ � � ¨ º «� µ � � §µ � � ¤¦µ � �tÆGÇ µ � � ¶ µ � �,Æ0È �ª�
Theaboveformulationis quitedifferentfrom thework in [15]
wherea 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, this is aheuristicandtherecouldbeother
pairs(otherthanthecritical one)whichcouldfaceasignificant
deviation in skew dueto processvariations. Formulation(5)
attemptsto overcomethis difficulty. Theparentmerging seg-
mentcannotexist if @ � M�� o¼� M��,É (+���ZA andthefinal constraint
takescareof that.Theformulationappearsto beadifficult one
to solvebecauseof thepresenceof quadraticconstraints.But,
we canconsidertwo separatecases:case1 doesnot require
any wire snakingandcase2 requireswire snaking.In eachof
thesecases,the formulationcanbe transformedin to another
onewith linear constraints.The methodto identify the need
for wire snakinghasbeenpresentedin [15] andwill not be
repeatedheredueto spaceconstraints.
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Case 1: No wire snaking
In thiscase,� M�� oP� M�� � (+��� . Definethefollowingparameters:

ÊÄË � ¿ ¤ Â § � �¡ �«�� ¿ ¤ Â §B¨   ´·¶   ¢ § ¶?¸ È ¹�ª� ¶�º ¢� È �%� (9)Ê
¹ �
¿ ¤ Â § � �6¨Å �¢¡� ¿ ¤ Â §�¨   ¢ ¶   ´ §F¨ ¸ È ¹�ª� ¨ º «� È �%�Ì Ë �)Í ¸ È �ª� ¶»º «� ¶»º ¢� ¤ Ì

¹ �2Í ¸ È �ª� ¶©º «� ¶©º ¢�
With nosnakingformulation(8)getsmodifiedin to thefollow-
ing linearprogrammingproblemwith justonevariable:

Maximize ½ �ª� (10)¾}¿�À � �¡Á � § andÂ À � �¡Á � §6¤ ½ �%��Ã Ê Ë � ¿ ¤ Â §�¨ Ì Ë µ � �½ �ª��Ã Ê ¹ �
¿ ¤ Â § ¶ Ì ¹ µ � � ¤Îµ � �ÅÆÏÇ

Noticethattheconstraintsin (10) representstraightlineswith
a positive slopeof Ð � or the negative slopeof &ÑÐ � . For the
samepair of subtrees

1 @ WY��A and
1 @ WY�ZA , Ð � and Ð � are the

samefor all @ u 
 wÒA . We have two setsof lines with lines in
the samesetparallel to oneanother. Figure (3) givesa plot
of the lineswhentherearetwo suchpairs. Theupperhalf of
the figure gives4 straightlines that representthe 4 inequal-
ity constraints(in (10) ) correspondingto the 2 pairs. The
lower half plots the valuesof

� ��� as � M � is increased. Leth � @ u � 
 w � A ��N\[�] X"ÓZÔÅÕ M��DÖ�× # ÓZÔÅÕ M��¬Ö h � @ u 
 wÒA and h � @ u � 
 w � A �N\[�] XUÓZÔÅÕ M��%Ö�× # ÓZÔÅÕ M��¦Ö h � @ u 
 wÒA .Lemma 1
If no snakingis required,that is Ø - � M�� 
 � M�� - (+��� , thenthe
optimalsolutionto (10) existsat apoint

µ � � �
ÊÄË � ¿ Ë ¤ Â Ë §B¨ Ê ¹ �

¿
¹ ¤ Â ¹ §Ì Ë ¶ Ì ¹

(11)

Theproof is Lemma1 is straightforwardandFigure(3) gives
thegeometricintuition behindtheproof.
Case 2: With wire snaking
Wire snakingcould meaneither @ � M�� � Ø 
 � M�� eÙ(+���ZA or@ � M�� � Ø 
 � M�� eÚ(+���ZA . We discussthe latter and the equa-

tions can be modified to fit the former. Let h?Û � @ u 
 w¬A �
@ � 8�@ u 
 w¬AR& � X o©��# A andh Û� @ u 
 w¬A � @ &�� #_@ u 
 w¬AR& ��#Üo�� X A . When
we substitute� M�� � Ø in formulation(8) weget:

Maximize ½ �ª� (12)¾}¿�À � �¡Á � § andÂ À � �¡Á � §½ �%��Ã Ê Û Ë � ¿ ¤ Â § ¶?¸ µ ¹� � ¶�ºz¢� µ � �½ �ª� Ã Ê Û ¹ �
¿ ¤ Â §B¨ ¸ µ ¹� � ¨ º «� µ � � ¤Îµ � �,ÆÏÇ

The optimal solution for (12) is obtainedin a mannersim-
ilar to that discussedfor case1. Here, we have non-linear
terms.But still thecoefficientsof � M�� and � � M � arethesamefor

all @ u 
 w¬A . Let h �_Ý @ u � 
 w � A �ÞN\[�] XUÓZÔÅÕ M��%Ö�× # ÓZÔÅÕ M��¦Ö h Û � @ u 
 wÒA andh � Ý @ u �Y
 w � A �2N\[�] X"ÓZÔ²Õ M � Ö�× # ÓZÔ²Õ M � Ö h Û� @ u 
 w¬A .Lemma 2
If wire snakingis requiredwith � M � � Ø and � M � eß( ��� , then
the optimal solutionto (12) existsat a point � M�� that satisfies
thefollowing equation:Ê Û Ë � ¿ Ë ¤ Â Ë § ¶¼¸ µ�¹� � ¶�º ¢� µ � � � Ê Û ¹ �

¿
¹ ¤ Â ¹ §B¨ ¸ µ�¹� � ¨ º «� µ � � (13)

D. AlternativeLayoutEmbedding
An alternativeembeddingprocedurewasalsoperformedto

make a comparisonwith our proposedscheme.This method
closelyfollows [15] with a key difference.In [15], onecriti-
cal pair wasselectedusinga weightedfunctionthatconsiders
both the physicaldistanceas well as the permissiblerange.

m (r ,l )

m (r ,l )

m (r ,l )

m (r ,l )

2 21
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2 2 2
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  i
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 1 

                    S

Fig. 3.: Plot of à �%� with two pairs

Herewe considerthe feasibleskew range(FSR)[10] instead
of thepermissiblerange.TheFSRmatrix is updatedafterev-
ery merging. After suchan updation,it is possiblethat the
feasibleskew rangeof two sinks(say

	 X and
	 # ) getsreduced.

Interestedreadermay refer to [10] for a detaileddescription
of theFSRmatrixandtheprocessusedto updateit afterevery
merge. In sucha scenario,we reducethe rangeby an addi-
tional factor ( p X # ) whosevalueequalthe differencebetween
the maximumandthe nominalskew multiplied by a scaling
factor. This way, we have an incrementalschedulingscheme
thatreflectstheeffectdueto processvariation.

E. AbstractTreeGeneration
We first select a sink node (

	 * in a subtreerooted atWY� ) which hasthe maximumdelay target. The secondnode
is selectedbasedon basis of expectedwire length added.
Considera sink node

	��
in a subtreerooted at @ WY�ZA . We

computethe valuesof � M � and � M � by the following proce-
dure. To computethe actualvaluesof � M � and � M � , we first
need to find two sink pairs @ u � 
 w � A and @ u � 
 w � A such thath � @ u � 
 w � A ��N\[�] XUÓZÔÅÕ M��ªÖ�× # ÓZÔÅÕ M��ÒÖ h � @ u 
 wÒA and h � @ u � 
 w � A �N\[�] XUÓZÔÅÕ M��%Ö�× # ÓZÔÅÕ M��¦Ö h � @ u 
 wÒA . This could be prohibitingly ex-
pensive for all pairs.Sowe usetheheuristicwherewe assign@ u ��
 w � A � @ u �Y
 w � A � @ h 
 ktA . Thenby usingtheprocedurede-
tailedearlier, we identify the needfor snakinganduseequa-
tion (11) or (13) to compute� M�� and � M�� . This servesasthe
merging cost. We claim that sucha heuristicperformsbetter
andhaveexperimentalresultstosupporttheclaim. Thisproce-
durewill bereferredto asembeddingawareabstract topology
construction.

F. Algorithm Complexity
Thecomplexity of theprocessvariationawareschedulingisá @ k h A wherek is thenumberof sinksandh is thenumberof

constraintsfor thelinearprogrammingformulation.Thecom-
plexity of eachembeddingis

á @ ktA andthe total runtimeforá @ ktA embeddingsis
á @ k � A . Eventhoughh �âá @ k � A in the-
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Case #Sinks BASE CASE
WireLen #Vio Max Vio Runtime

r1 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 I: Results for the base case

ory, in practiceh �gá @ ktA . Therefore,theoverall complexity
of our algorithmis

á @ k � A .
IV. EXPERIMENTAL RESULTS

Theproposedprocedurewastestedon five benchmarkcir-
cuits [7]. Thevaluesof the technologyparametersusedwere
as follows: nominal wire width = 0.18 ã h , per unit resis-
tance= 0.0042 ä andper unit capacitance= 3.18-6pF/ã h � .
The benchmarkcircuits do not contain the timing informa-
tion (permissiblerangefor eachsink pair). So,we generated
the permissiblerangesrandomlysuchthat for every @ 	 X 
�	 #_A ,� #6@ u 
 w¬A É Ø É � 8B@ u 
 w¬A . Thepermissiblerangeswerenot sym-
metric but chosensuchthat c�c � 8�@ u 
 w¬A6cF&åc � #6@ u 
 w¬A6c�c É f�Ø
Ø�æ 	 ,� #6@ u 
 w¬A i @ &,ç�Ø
ØZæ 	;
 &+f�Ø�ØZæ 	 A and � 8�@ u 
 wÒA i @ f�Ø�ØZæ 	;
 ç
Ø
Ø�æ 	 A .
Thecodewaswrittenin C andrunonaSunSolarisUltra Sparc
machinewith 2 GB RAM.

We ran our experminentsfor five methods (based on
scheduling,topologyandembedding)denotedas:

è BASE CASE: No scheduling,topology basedon dis-
tance,embeddingfollows [15]

è SP-DISTANCE: Processvariation aware scheduling,
topologybasedon distance,embeddingfollows [15]

è MP-DISTANCE: Processvariation aware scheduling,
topologybasedon distance,thenew embeddingscheme

è SP-eAWARE: Processvariation aware schedulingand
topology, embeddingfollows [15]

è MP-eAWARE: Processvariation aware schedulingand
topology, thenew embeddingscheme

In theabovementionedmethods,BASE CASEis almostsim-
ilar to [15] and MP-eAWARE representsour completeso-
lution proposed. Expermimentswere run on the remaining
threemethodsto show theeffectof eachindividual technique,
therebyproviding a betterinsight. Monte Carlo simulations
(1000 runs) were done for all five methods. In eachrun,
the wire width and load capacitancewerechosenat random
from auniformdistributionwith meanbeingthenominalvalue
andstandarddeviation set suchthat JRK correspondsto 10%
deviation from the nominal value. The resultsfor all vari-
ants different methodsare tabulated in TablesI, II and III.
Table I shows the resultsfor BASE CASE, Table II for SP-
DISTANCE andMP-DISTANCE, TableIII for SP-eAWARE
and MP-eAWARE. The sub columnsrepresentwire length
(WireLen), Numberof violations (#Vio), averagemaximum
violation in æ 	 (Max Vio) Runtime(in min:sec)andImprove-
ment (of maximumviolation in percentagecomparedto the
base).

As it is evident from the Table III there is a signifi-
cant differencein the maximumskew violation in our pro-
posedschemeandthebasecase.Moreover(MP-DISTANCE,
MP-eAWARE) perform better than (SP-DISTANCE, SP-
eAWARE) highlighting the effectivenessof our embedding
technique.Our primaryfocusis to reducethemaximumskew
violation andnot numberof violationssincetheformerhasa
greaterimpacton the choiceof the clock frequency. For ex-
ampleconsidertwo scenarios:case(a) 50 violationswith a
maximumviolation of 25 æ 	 and case(b) 1 violation of 50æ 	 . Case(a) couldbehandledby slowing theclock by 25 æ 	
whereascase(b) would requirea reductionof 50 æ 	 in clock
speed.Nevertheless,proposedtechniqueresultsin a signifi-
cantgainin thenumberof violationsaswell.

V. CONCLUSION

In this paper, both skew schedulingandclock routing al-
gorithmsareproposedto improve skew toleranceto process
variations. In the proposedskew schedulingalgorithm,pro-
cessvariationsareconsidereddirectly in skew safetymargin
allocationsso that a largersafetymargin canbe obtainedfor
registersfar apart. In theclock routingalgorithm,a new lay-
out embeddingtechniqueis developedto optimally minimize
the maximumskew violation dueto processvariations. The
effectivenessof the proposedalgorithmsis validatedthrough
MonteCarlosimulationson benchmarkcircuits.

REFERENCES

[1] S. Zanella,A. Nardi, A. Neviani, M. Quarantelli,S. Saxena,
andC. Guardiani,“Analysisof theimpactof processvariations
on clock skew,” IEEE Transactionson SemiconductorManu-
facturing, vol. 13,no.4, pp.401–407,2000.

[2] Y. Liu, S. R. Nassif,L. T. Pileggi, andA. J. Strojwas,“Impact
of interconnectvariationson theclock skew of a gigahertzmi-
croprocessor,” in DAC 2000, pp.168–171.

[3] J. P. Fishburn, “Clock skew optimization,” IEEE Transactions
onComputers, vol. 39,no.7, pp.945–950,1990.

[4] R.B. DeokarandS.S.Sapatnekar, “A graph-theoreticapproach
to clock skew optimization,” in ISCAS1994, pp.407–410.

[5] A. Takahashiand Y. Kajitani, “Performanceand reliability
driven clock schedulingof sequentiallogic circuits,” in ASP-
DAC 1997pp.37–42.

[6] C. Albrecht,B. Korte,J. Schietke, andJ. Vygen, “Cycle time
and slack optimizationfor VLSI-chips,” in ICCAD 1999 pp.
232–238.

[7] R. S. Tsay, “An exact zero-skew clock routing algorithm,,”
IEEETCAD1993, vol. 12,pp.242–249.

[8] T.-H. Chao,Y.-C.Hsu,J.-M.Ho,K. D. BoeseandA. B. Kahng,
“Zero Skew Clock Routing with Minimum Wirelength,” in
IEEE Transactionson CircuitsandSystems-II, vol. 39,no.39,
pp.799–814,1992.

[9] J. Cong, A. B. Kahng, C.-K. Koh, and C.-W. A. Tsao,
“Bounded-skew clock andSteinerrouting,” ACM Transactions
on DesignAutomationof Electronic Systems, vol. 3, no.3, pp.
341–388,1998.

5

 598



Case SP-DISTANCE MP-DISTANCE
WireLen #Vio Max Vio Runtime Improv.(%) WireLen #Vio Max Vio Runtime Improv.(%)

r1 1866923 0.007 0.0653 00:03 98.11 1831421 0.001 0.0047 00:01 99.85
r2 3844554 6.983 42.57 00:16 39.11 3800512 2.93 17.80 00:06 74.54
r3 4385608 27.55 93.87 00:40 -6.04 4367335 15.95 58.73 00:14 33.65
r4 9248079 516.73 544.63 02:40 5.07 9328236 521.49 488.19 00:56 14.90
r5 14368114 1491.21 1383.35 05:09 0.65 14441731 1474.21 1251.36 02:20 10.13

TABLE II : Single pair and multiple pair embedding schemes -when abstract topology is distance based

Case SP-eAWARE MP-eAWARE
WireLen #Vio Max Vio Runtime Improv.(%) WireLen #Vio Max Vio Runtime Improv.(%)

r1 1810806 0.015 0.156 00:03 95.46 1810911 0.0 0.0 00:01 100.00
r2 3740438 2.013 20.139 00:14 71.19 3718947 0.747 7.37 00:06 89.46
r3 4375701 30.993 85.721 00:39 3.16 4377841 16.27 69.19 00:14 21.84
r4 9246696 496.53 522.21 02:31 8.97 9213758 457.41 483.28 00:55 15.75
r5 13963649 1422.69 1228.44 04:57 11.77 14165250 1337.42 1128.81 02:21 18.93

TABLE III : Single pair and multiple pair embedding schemes -when abstract topology is embedding aware

[10] C.-W. A. TsaoandC.-K. Koh, “UST/DME: a clock treerouter
for generalskew constraints,” ACM Transactionson Design
Automationof Electronic Systems., vol. 7, no. 3, pp. 359–379,
2002.

[11] M. Edahiro, “A clustering-basedoptimization algorithm in
zero-skew routings,” in DAC 1993, pp.612–616.

[12] J.L. NevesandE. G. Friedman,“Optimal clock skew schedul-
ing tolerantto processvariations,” in DAC 1996, pp.623–628.

[13] I. S. Kourtev andE. G. Friedman,“Clock skew schedulingfor
improved reliability via quadraticprogramming,” in ICCAD
1999, pp.239–243.

[14] D. Velenis,M. C. Papaefthymiou,andE. G. Friedman,“Re-
duceddelayuncertaintyin highperformanceclockdistribution
networks,” in DATE 2003,pp.68–73.

[15] B. Lu, J.Hu,G.Ellis, andH. Su,“Processvariationawareclock
treerouting,” in ISPD2003pp.174–181.

[16] K. D. Boese,A. K. Kahng, B. A. McCoy, and G. Robins,
“Near-Optimal Critical Sink Routing Tree Constructions,” in
IEEE TCAD1995, vol. 14,no.12,pp.1417–1436.

[17] R. Chaturvedi and J. Hu, ”A simple yet effective merging
schemefor prescribed-skew clock routing,” ICCD 2003, pp.
282-287.

6

 599


