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ABSTRACT

Fast progresson VLSI technologymales clock skew more sus-
ceptibleto processvariations. We proposeDME/BST basedalgo-
rithms for clock treerouting to improve skew toleranceto process
variations. The worst caseskew dueto processvariationsis esti-
matedandemplo/edto guidethe decisionmakingduringtherout-
ing. Our methodcanbe appliedto generainon-zeroskew require-
ments. Minimizing total wirelengthis consideredas a secondary
objective atthe sametime. Experimentatesultson benchmarlcir-
cuitsdemonstratgreatimprovementon procesvariationtolerance
throughour algorithms.

Categoriesand Subject Descriptors
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1. INTRODUCTION

In synchronou&/LSI designsthepaceof datatransferis gener
ally coordinateddy clock signals thusclock network quality plays
akey rolein determiningVLSI systemperformanceCorventional
clock designshave placedemphasison seekingzero clock skew,
sincetheclock skew setsalowerboundon clock cycletime. Previ-
ouswork hasfocusedon zero-slew clock designundereitherpath-
lengthor Elmoredelaymodel[8, 9, 16]. Further sincethe clock
network is a major sourceof powver consumptionreducingclock
network wirelengthto lower powver consumptions alwaysdesired.
The DME(Deferred-Mege Embedding)algorithmis proposedn
[1, 2, 7] to achieve zero-slew with a minimal wirelength. In prac-
tice, however, circuits are able to operatecorrectly within some
non-zeraskew bound[4]. In [4], aboundedskew clock tree(BST)
algorithmextendsDME to furtherreduceclock treewirelength.
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In reality, designedskews maynotbeguaranteedfterchip man-
ufacturingbecausehefabricatedvire width maybedifferentfrom
expectedvaluesdueto processvariationssuchas etchingerrors,
maskmisalignmentand spot defects. Processvariationsare mit-
igatedin clock designthrough buffer insertion/sizing[3,18] and
non-treetopology[10]. Othertypesof topologiessuchasmeshor
combinedmesh-tred6, 14, 15] have alsobeenproposedo pursue
processvariationtolerantzero-skew. Eventhoughnon-treestruc-
turesare generallyeffective in overcomingprocessvariations, it
doesnot permitthe widely appliedclock gatingtechniqueandex-
cessve usageof non-treestructuresnay aggraatethe alreadyse-
verepower consumptiorproblemfor the clock network.

In modernVLSI circuit designsclock skew is moreand more
susceptiblao processvariationsbecausef the increasinglyhigh
clock frequeng, large chip areaand shrinking featuresize. This
requiresthat skew toleranceto processvariationneedsto be han-
dledin ameticulousmanner Thus,aprocessariationawareclock
treeroutingis neededn complementvith non-treestructure puffer
insertion/sizingandwire sizingto achieve a greatemprocessvaria-
tion tolerance.Our experimentalresultsshav thata carefulclock
tree designitself will make a greatdifferenceon skew tolerance
to processvariations. In [17], an abstracttree topology for im-
proving processvariationtoleranceis suggestedasedon the ob-
senationthatskew betweertwo clock sinkswill notbeaffectedby
the processvariationsalongthe sharedoortion of their source-sink
paths.Hence skew toleranceo proceswariationmaybeimproved
throughletting a pair of clock sinkswith a smallerskew permissi-
ble rangesharea greaterportion of their source-sinkpathsin the
abstracttopology However, this work usesa crudedelay model
neglectingsink location/capacitancendmoreimportantlyit is in-
completein thatit doesnot shav how to implementthe abstract
topologythroughphysicalrouting.

In thiswork, we improve uponthesedeficienciesy focusingon
the constructionof the clock treeto improve skew tolerancewith
respectto processvariations. The processvariation toleranttree
canbeadoptedaseithera completeclock network or alocal clock
systemdrivenby a buffer or ameshof aglobalclock network. The
primary objective is to minimize the maximumskew violation due
to processvariationsand the routing wirelengthis minimized as
secondarybjective. We proposeDME[1, 2, 7] andBST [4] based
algorithmsto solve theseproblems. The major distinction from
DME/BST is thataworstcaseprocessvariationlimit is considered
in additionto skew permissiblaangegduringtherouting. In exper
iments,we comparecour methodwith a naive extensionof DME
andour methodexhibits greatimprovementontoleranceto process
variations.



The remainderof this paperis organizedasfollows. Section2
pregentproblemformulation. The algorithmof minimizing skew
violation is describedn Section3. Thenthe experimentalresults
are shawvn in Section4. Our algorithmis extendedto minimize
wirelengthsubjectto skew boundsin Section5. Finally, Section
6 summarizeshe primaryresultsof this paperandoutlinesfurther
research.

2. PROBLEM FORMULA TION

LetS = {s1,52,...,5,} C R? denotea setof clock sinksin
the Manhattarplaneandso beaclock sourceif given. An abstract
topology7:(S) is definedasa rootedbinarytreewith its n leaves
besi, sa,. .., sn. A physicalembeddingf 7;(.S) is arootedrec-
tilinear SteinertreeZ: (S) suchthateachinternalnodev; € 1:(S)
is mappedto a location!(v;) in the Manhattarplane. In a binary
rootedtree, eachnodew is connectedo its unique parentby an
edgee,. Supposehe costof e, is its wirelength| e, |, thenthe
overall costof 1. (.S) is thetotal wirelengthof theedgesn 7. (.S).

For the wire width variations,both global spatialvariationsand
localrandomvariationsareappendedo the nominalwire width wq
throughthefollowing expression[15]:

w=wo+ Ax+0y+9 Q)

wherecoeficient A indicateghe spatialvariationalongthe = coor

dinatesandcoeficienté modelsthevariationalongthey direction.
Thefourth term§ is a randomvariablefollowing a normalproba-
bility distribution with meanvalue0 andstandardleviation o. As

anapproximationwe assumehatthe wire width w of is bounded
by < W; < w < W, whereW; = wo + Az + 0y — 30 and
Wy = wo + Az + 0y + 30.

For eachsink s;, let t(so, s;) denotethe delaytime from root so
to s;. Thenfor ary two sinkss; ands;, theclockskew tsxew (i, 55)
betweenthemis® t(so, s:) — t(s0,5;). Eachskew tsew (s:,5;)
is allowedto changewithin a permissiblerange[LPR;;, U P R;;)
without affecting circuit performance[1217]. The skew viola-
tion is definedas SVi; = max(LPR;;j — tsgew(2]), tskew(if) —
UPR;;). In orderto improve toleranceto processvariation, we
will first solve the minimal skew violation underprocessvariation
problemasfollows.

Minimizing Skew Violation (MinSV) Problem: Givena set
S = {s1,82,...,8,} C R of clok sinks, skew permissible
rangesfor all pairs of clock sinks,find a clock routingtree 7. (.S)
sud that the maximumskew violation amongall pairs of sinksis
minimizedwhenwire width variesbetweerV; and W.,,.

Note that the sourcelocation sq is not includedin our formu-
lation since our proposedmethodscan handleary prescribedsg
transparently Eventhoughwe consideronly wire width variation
here,our methodcanbe easilyextendedto accountfor wire thick-
nessand spacingvariations. The interconnectdelayis evaluated
throughElmoredelaymodel.

3. MINIMAL SKEW VIOLATION CLOCK
TREE

Given an abstractopology the procedureto build the minimal
skew violation clock treeis divided into two phasesas|[2, 4, 7,
9]: bottom-uptreeof meging sgmentsconstructiorandtop-davn
routingtreeembedding During the bottom-upphasea setof can-
didatelocationswhichis calledmeiging segment,is foundfor each
internal node of the given abstracttopology in order to achiere

!'Someworkstreatthe absolutevalueof the delaydifferenceasthe
skew without differentiatingthe signs.

certainskew objectives. Every candidatdocationalonga single
meiging segmentshouldyield the sameskew behaior andthetree
obtainedis calledtree of meging sggments Examplesof abstract
topologyandtree of meiging segmentsareillustratedin Figure 1.

In the top-davn embeddingprocesspne candidatdocationis se-
lectedfor eachmemging sggmentsuchthat the total wirelengthis

minimizedwhile the skew performancenbtainedin the bottom-up
phasds retained.

()

Figure 1. (a) abstract topology tree, (b) tree of merging seg-
mentsfor the abstract topology of (a).

3.1 Notations and Definitions

DEFINITION 1. Segment Distance: For any two memging
s@ments M(n;) and M(n;), the segment distance between
M(n;) and M(n;) is definedas D;; = d(M(n;), M(n;)) =
{min dr(va,vp) | va € M(ni), v € M(n;)}, whee
dr(Va,vb) = |Ta — Ts| + |ya — y»| is the rectilinear distance
betweery, andwvy.

DEFINITION 2. Nearest Pair: For any two meging seg-
ments M(n1) and M(nz), a pair of points v1 € M(n1)
and v2 € M(n2) is definedas neaest pair if d-(vi,v2) =
d(M(n1), M(n2)).

DEFINITION 3. Shortest Distance Region: For anytwo meig-
ing s@mentsM(n:) and M(n.), the shortestdistanceregion
R(M(n1), M(n2)) betweenM(n;) and M(nz) is the set of
points with the minimumsumof Manhattandistancesto M(n1)
and M(n>), i.e, R(M(n1), M(n2)) = {p | dr(p. M(n1)) +
dr (p. M(n2)) = d(M(n1), M(n2))}.

3.2 Treeof Merging SegmentsConstruction

Our objective in searchinghe meiging segmentsis to minimize
the skew violation due to processvariations. More specifically
speaking for aninternalnoden with two childrennodesn; and
n;, we look for ameging segmentfor n suchthatthe skew viola-
tion betweerary sink s, € Ty; andsink s; € Ty; is minimized.
We useTy; andTy; to denotethe subtreesootedat n; andn;,
respectiely. In orderto guidethe searchingor the mewging seg-
ment, we needto estimatethe rangeof the skew betweens, and
s;. Becauseof processvariations,the skew betweena particular
pair of sinkss, € Tp,; ands; € Ty, is notauniquevalue,instead
it is within arangelt, ..., (sr, s1); tskew (sr, s1)] @anddifferentsink
pairsmay have differentskew rangesunderprocesariations.

To minimizethemaximumskew violationsamongall sink pairs,
we needto estimateskew rangesfor all sink pairs betweentwo
subtrees[19]For example,if thereare8 sinksin T, and7 sinks
in T,,;, thenskew rangesfor 56 pairsneedto be estimated. This
is in contrasto thetraditionalzero-slkew routingwhereonly skew
betweeronepair of sinksfrom two subtreesieedto be computed.
However, estimatingskew rangedor all pairsof sinksbetweertwo
subtreegreatlyincreaseshe computationtime. Hence,we trace



the skew rangefor only the most critical sink pair betweentwo
subteeeslLet P,; = UPR,; — LPR,; and P,;» betheminimum
skew permissiblerangeamongall pairsof sinksfor the given net.
Thecriticality betweera sink pair s,- ands; is definedas:

drl

dmaz

min

P,
Criticality, =~ .

+(1-7) 2

whered,; is therectilineardistancebetweens,- ands;, dyqz IS the
maximumsink pair distanceamongall pairsof sinks of the total

net, and~ is a constantweightingfactor On the right-handside
of theabove equationthefirst termrepresentshecriticality dueto

the skew permissiblerangeandthe secondermdescribeghecrit-

icality from the spatialdistance sincethe skew betweernwo sinks
far apartfrom eachotheris moresusceptiblé¢o proceswariations.
We canpre-selecthe mostcritical sink pair betweerary two sub-
treesaccordingto equation(2) and performthe skew estimation
for only this critical sink pair whenthe meiging segmentfor their
correspondingubtreess searched.

The skew rangebetweens,- ands; canbe obtainedif the mini-
mum andthe maximumdelayfrom noden to s, ands; areavail-
able.Estimatingtheminimuminterconnectlelaydueto wire width
variationis actually very similar to the delay driven wire sizing
problem[5]. The differenceis that the wire width variationrange
dueto processvariationis muchsmallerthanthatin the wire siz-
ing problem.Suchsmallvariationrangeallows usto emplo/ some
simple wire sizing schemeto estimatethe minimum interconnect
delay It is statedin [5] that single width sizing is a reasonable
approximationto the optimal wire sizing. For a wire sgmentof
length! andwidth w, its resistances rl/w andits capacitancés
clw, wherer andc arecoeficientsfor resistanceandcapacitance.
If it hasacapacitveloadC'y, its interconnectlelayin Elmoredelay
modelist = %rle + %CL. Evidently the minimumdelayis ob-
tainedwhenw = W, andthe maximumdelayoccursif w = W;.
Whenwe estimateheminimumdelayfrom anoden toasink s, in
aroutingtreeinsteadof a 2-pin path,thewire width alongthe path
fromn to s,- is W,, while wire width for any branchingsggmentnot
onthis pathhasto betheminimum¥;. Sincethosebranchingsey-
mentsare pure capacitve loadto then — s, path,the minimum
wire width impliesthe minimumload. The maximumdelaydueto
processvariationin arouting treecanbe estimatedsimilarly. An-
otherobsenation is that processvariationsat ary wiresnotin 7,
do not affect the skaw betweens, ands;. Therefore the meging
segmentsfor n’s parent/ascendamodesfoundin later searchings
may maintainthe skews betweenary sink pairsbetweent,,. and
-

Oncethe skew rangelt, ;... (Sr, S1); tskew (sr, 51)] fOr the most
critical sink pair s, € Ty, ands; € T, is obtainedwe canchoose
the meging seggmentfor the internalnoden, which is the parent
nodeof n, andn;, suchthatthecenterof this skew rangecoincides
with the centerof permissiblerange[LPR,;, U PR,] for s, and
s1. Whentheskew rangeis greatetthantheskew permissibleange,
suchselectionminimize the maximumpositive skew violation. If
the skew rangeis smallerthanthe permissiblerange this selection
methodmaximizethe safetymaigin.

Supposewe are working on the tree of meging segmentsfor
anoden with childrenn; andn;. Furthermorelet Ty (,,) and
Tn(n;) denotetwo subtreesof merglng segmentsrootedat n;'s
melglng sgmentM(n;) andn;’s memging sggmentM(n;), re-
spectiely. Let v; € M(n;) andv; € M(n;). The search-
ing for the memging point v is startedby modeling the min-
imum(maximum) delay (v, s»)(t(v, s»)) and t(v, s;)(t(v, s1))
fromv to s, ands;, respectrely.

£V, 57) = Hviy 5) + 5 - e, P+ S - O
(v, 57) = E(vi, 8r) + 22 - |ew, [ + Taeil . T,
Hv, 51) = tvg, 1) + 2 - Jeu, |2 + V‘éj e
B, 51) = F(vg,50) + 5 - ew, [* + Dot - Ty

wheree,, is the edgebetweenv andw;, e, is the edgebetween
v andv;. Notation CT is the tree capacnance)f Tnin,) Where
the wire width anngthe pathfrom v; to s, is W, andary other
wire width in this subtreeis w;. Notationsof C’T , Cr ; CTj are
definedsimilarly. Therefore,the lower boundt,,,,, (s, s;) and
upperboundz;yeq, (s-, s1) of the skew betweens,. ands, are

tskew(ST7 Sl) - t(U 57‘) (U Sl)
tskew(s'r‘7 Sl) = t(’l) Sr) (’U Sl)
If welet|e,;| = z and|e,;| = Dij — |ey;| = Dij — z, where
Dij = d(M(ns), M(n;)), then
Cr. Cr,
zzkew (ST’ Sl) =rc-z: DU + TZ( Tful‘ WTZJ) +K
- Cr. . —
Tokew(Srys1) =7c- 2+ Dij +r2(F + 52) + K
- .D2. D;;-Cr
whereK = t(vs, ) — L(vg, 1) — (“optd 4+ ——2 % =) andK =
rc-D2, T DL_] cT
t(vi, sr) — t(vj,81) — (—52L + —5—L)-

Thus, for ary 0 < z < Djyj, the 'skew is within the bound
B. = [t%},. (57 81); Taew(Sr, 51)]. In particular if |e,,| = 0, the
minimum andthe maximumskew aregivenast?, . (sr, 1) = K
andfogew (s, 51) = K. Whenle,,| = Di;, then

- _ D2 D;:-C
th3 (sm51) = 1(viy 51) — (v, W+ (2 +T’7f>
—Dy; - D? D;;-C
topnw (Sro81) = t(vs, 57) — t(vy, s1) + (= i TjiT)

wi

Supposethat the skew permissible range for s, and s
is [LPR., UPRTZ] and let MO = [t%ew(sr81) +
tgke’w (87“7 Sl)]/2 M sk:ew = [tskew( ) + tskew(ST’ 81)1/2' and
Mpr = [LPRy+UPRy]/2. In otherwords ,Mpr isthecenter
of thepermissiblerange, M2, ( Skew) is the centerof the skew
rangewhenz = 0(z = Dy;). ThereeX|st threescenarlos(Flg—

< Mpr < M (ii) M < Mpg; (iii)

skew

ure2): (i) M,

skew

M° skew = Mpr

t
slce'w’

Figure2' (a) M?

0w < Mpr <MD
]\[ skew > Mpr.

(b) M°

skew

< Mpr, (C)

k:ew’

Let@Q = t(vi, sr) + t(vi, Sr) —

E(U j o Sl))-
I?1 case(i), nowire snaking[16]is necessarandwe canobtain

(UPRTZ‘FLPRTZ—FL('U]',S[)—F

reDy; + - Dw(w + Wu)fQ @)
z =
Cp. +Cp,  Cr,+Cr,
r(2¢- Dsj + T’Wu L+ T’;,l TJ)




by aligningthe centerof the skew rangeto the centerof the permis-
sible range. This alignmentis equivalentto solving the following
equation:

izkew ($ry$1) — LPRy; = UPRy — skew(sm s1)

For case(ii), welet |e,; | = 0 andneedto extendtheedgelength
of e,, sothatl|e,,| > D;;. By solving

t.‘;:éqj;(sﬁ Sl) — LPR,y =UPR,; — tskew(sh Sl)
we have
Cr,  Cr,
\/[T Wl } —4re@ —r( V;;'L + WTJ)
il T . 4
l Z| 2rc 4)
SinceM,, < Mpr,Q <0 andtherefore[r( T Sz

Wy

4re@ > 0. For the samereasonthe RHS of equatlon(4) is guar
anteedo be positive andthereis alwaysa feasiblesolution.

Similarly, for case(iii), we let |e,,| = 0 andextendthe edge
lengthof e,,; sothat|e., | > D;; andby solving

lew; | —lew;
isk:ew UPRTZ - tsk‘ejw<5"'7 Sl)

we have
Vi
(5)

Fromthe above analysisa meging point minimizing skew vio-
lation for s, ands; alwaysexists. A feasiblemeiging segmentis
a collectionof all suchmeming pointsof s, ands;. In addition,
lew, | + |es; | is definedasmenging cost. It is obviousthatfor each
pair of v; andv;, thefeasiblemerging segmentof v is actuallythe
intersectiorof two Manhattarcircleg centereditv; andv;, respec-
tively. Consequentlyit is a Manhattarar¢. The memging segment
M(n) is choseramongthesefeasiblemeiging segmentsin a way
suchthatthe toleranceviolation is minimizedandmeiging costis
alsominimized.If v; andv; is anearespair, thenthememing cost
is minimized. Therefore,it is sufficient to selectnearespointsof
M(n;) andM(n;) to constructM (n). Similarto [1], we have the
following Lemma:

(8r,81) = LPR; =

C Cr;
TP +4reQ = 1( + )

2rc

|e'Uj| =

LEMMA 1. If twomeging sgmentM (n;) and M(n;) do not
intersect,thenthere existsa neaestpair v; € M(n;) andv; €
M(n;) sud thateitherv; or v; or bothis an endpoint of M(n;)
or M(n;).

According to Lemma 1, the memging seggment M (n) is built
as follows. SupposeM(n;)'s end points are v;, and v;, and
M(n;)'sendpointsarev;;, andv;,. First,therectilineardistances
dr (Viy,v5,), dr(Vig,Vjy)s dr(Vig,s vj,), @Nd dy (vsy, v5,) @arecom-
puted.Thenall pairsof pointswhoserectilineardistancesreequal
to d(M(n;), M(n;)) areselectedFor eachsuchpairof points,the
feasiblemeging segmentis found. Any two feasiblemeiging seg-
mentsaremegedif they overlap. The processepeatsuntil nofea-
siblemeging segmentoverlapwith eachother Finally, thelongest
feasiblememging segmentis picked up asmeiging segmentif there
are more than one feasiblemeging segmentsleft. Basically if
thereis no needto extend edge, the resulting meiging segment

2Manhattan Cir cleis acollectionof all pointswith equaldistance
from a point (center). Basically Manhattancircle is a squarero-

tatedby 45 degree.

3Manhattan Ar cis aline sggmentof aManhattarcircle. Its slope
is either—1 or +1.

(a) (b) (c)

Figure3: (a) An examplesuchthat D;; = d(M(n;), M(n;)) =
9 and M(n;) is not parallel to M(n;), supposeno edgeexten-
sionis needed,|e,, | is found to be 3, (b) An examplesuchthat
D;; = d(M(n;), M(n;)) = 9 and M(n;) is parallel to M(n;),
supposeno edgeextensionis needed, |e,, | is 4, () An exam-
ple suchthat D;; = d(M(n;),M(n;)) = 7 and M(n;) is not
parallel to M(n;), supposeedgee,, needsto be extendedto
|6Ui| =9

M(n) is inside the shortestdistanceregion R(M(n;), M(n;))
(Figure 3(a) and (b)). Otherwise,someadjustmentis appliedto
M(n) asfollows. Forinstancein Figure3 (c), M (n) containsonly
vj;, Ismegingsegmentif it is restrictedwithin R(M(n; ), M(n;)).
In orderto obtainmoreflexibility, M (n) is allowedto extendalong
M(n;) suchthatall pointsv. of M(n;) with d, (ve, M(n;)) < 9
maybeincludedin M(n). Thereforejn Figure3 (c), M(n) isthe
line segmentv;, ve.

3.3 Algorithms and Their Analyses

Algorithm 1 Merging SegmentConstruction(inodernode).

Input: Two nodednodeandrnodeof 73 (.S)
Output: A routingtreewith internalnodesembedded.

1. pick alnodes clock sink s, ;

. pick arnodes right sinks; ;

. D «+— d(M(Inode), M(rnode));

LPR « lower boundof permissiblerangeof s, andsy;
U PR «+ upperboundof permissiblerangeof s, ands;;

. computet’, . Fopew, t50, ANATokew)
. ]\/[skew — (ESkew + zgkew)/z?
-D
. ]\[skew ( iew + tskew)/2;
. Mpr — (LPR+UPR)/2;

Cif (M < Mpr < ME_.) then
computelenode| accordlngo Equation(3);
D — elnode|;

© © N O U~ ®WN
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11. elseif (MZ%.,, < Mpg) then
Taxtendelnode| accordingo Equation(4);
€rnode| — Y,
12. else
Plnode|
extendemodel accordingo Equation(5);
13. endif

14. constructthe meging segment accordingto rules de-
scribedin Section3.2 and return the resulting meiging
segment;

To build the treeof meging segmentstheinitial clock abstract
topologytreeis processedh bottom-upfashion.Merging segment
of aninternalnodeis basedon its left andright childrens meig-



ing sggments.Merging. SegmentConstructior(Algorithm 1) is the
mainroutineconstructingsuchmeiging segments.Insidetheroute,
sink s, of Inode andsink s; of rnodeareidentified, distancebe-
tweenM (Inode) andM (rnode) arecomputedpermissibleange
of s, ands; is fetchedandall skews are calculated. Finally, the
meiging segmentis formedaccordingto rulesdescribedn Section
3.2.

After treeof memging sggmentsds finalized theclockroutingtree
is embeddedop-dovn sameasin DME [1]. Firstthelocationfor
clock sourceis determinedthenall descenderg’locationsarere-
cursively located. In particular eachclock sink’s locationis itself
andeachinternalnodes locationis derived from its parents loca-
tion andthe conditionwhetherthereexists extension.

In fact, Algorithm 1 is analogoudo a postordertree traversal.
Therunningtime of postordelis O(IV') whereNN is the numberof
edgesof the tree. Furthermoreall computationsn the algorithm
canbedonein constantime. Therefore bothtreeof meging sey-
mentsand clock routing embeddingcan be madein time O(N).
Note thatif atreehasn leaves,the numberof the trees edgess
usuallyO(n).

4. EXPERIMENT AL RESULTS

Thealgorithmof MinSV have beentestedon five benchmaricir-
cuitswidely emplo/edin theliterature[4, 7, 8,9, 15, 16]. As [15],
thewire widthsarescaledunderthe0.18 microntechnologywhile
the sink’s loading capacitancegemainthe same.We assumehat
the wire width follows the variation definedin equation(1) with
nominalwidth wy = 0.54, standarddeviation o = 0.162 for the
local variationterm §, and spatialvariation coeficient A = 6 =
d,i% wheredmq. is the maximumrectilineardistanceamongall
pair of sinks. The weightingfactor+ in selectingthe critical sink
pairsis 0.5. The wire resistanceper unit lengthis 0.0042/w2
wherew is the wire width, and per unit lengthandwidth capaci-
tanceis 3.18¢ — 6pF, thedriver'sresistancés 18.2€2, andtheunit
of pin's loadingcapis 0.01pF. Theinitial clock routing abstract
topologyis constructedy applyingthemethodintroducedn [16],
which recursvely partitionsinksinto two equalpartsin horizontal
andverticaldirectionsalternately However, our algorithmsarenot
dependentn specifictopologies. Any othermethodssuchas[1, 2,
7,8,9,11,12,13, 17] canbe usedto generatehe initial abstract
topology The experimentsare carriedout on a SUN Blade-100
workstationwith 512M memory

Sincethereis no previous work which addresseghe construc-
tion of proceswariationtolerantclock trees we have implemented
an extendedDME algorithmfor comparisons.nsteadof seeking
zero-slew, asin theoriginal DME algorithm,theobjective hasbeen
modifiedto targetthe skew betweereachsink pairto beatthecen-
ter of its permissiblerange. SinceDME algorithmitself is not ca-
pableof dealingwith randomprocessariations thelocal variation
term ¢ is ignoredfor the skew estimationduring the DME algo-
rithm. Eventhoughthe correspondinghangeon the algorithmis
trivial, skew toleranceto ary designuncertaintiess improved due
to theincreasedyuardingband.However, the wire width variation
is nothandleddirectly asin our algorithms.

Differentpermissiblerangedor eachpair of sinkswereapplied
using uniformly distributed randomnumbersover [0.0, 1.0]. For
eachpair of sinkss; ands;, LPR;; is negatve andU P R;; is pos-
itive, respectiely. We useaconstanSCALEto controlthe LPR;;
andU PR;; (= randomnumber* SCALE). For eachSCALE, two
typesof casesare considered:(1) LPR;; andU PR;; aresym-
metric, thatis |LPR”| = ‘UPR—L'_”; (2) ‘LPRU‘ and |UPR”|
differ, but notalot, thatis |LPR;; + UPR;;| < 2¢ALE Results
for SCALE = 1 and SCALE = 0.1 areshavn in Tables(1—

2), whereS meansll permissibleangesaresymmetricwhile N .S
indicatesthatall tolerancerangesarenot symmetric.

Figure 4: Clock routing treefor r5.

To comparehetoleranceo theproceswariation,two clockrout-
ing treesareconstructedvith the samesetof permissibleangesy
DME andMinSV, respectiely. For eachroutingtree,Elmoredelay
of eachsinkandmaxskew andmaxskew violationamongsinksare
computedwith width variation. Tables(1-2) exhibit experimental
resultsfor benchmarks-1-r5. The total wirelengthare listed in
column2 and3. Thewirelengthgeneratedrom MinSV is some-
timesgreaterandsometimedessthanthewirelengthresultedrom
DME, but all of thedifferencesareon anggligible level. The skew
performances evaluatedthroughthe numberof skew violations
andthe maximumskew violations. The numberof skew violations
are shawvn in column4 and 5, and the percentagemprovements
from MinSV arein column.Our algorithmconstantlyoutperforms
the DME by large magin of 32% — 57% in term of numberof
skew violations. In column7 and8, the experimentalresultsshav
thatMinSV alwaysyieldssignificantlylessvalueon the maximum
skew violation andthe averageimpravementfrom MinSV is 32%.
Therightmosttwo columnsshav the CPUtime whichindicatethat
our algorithmrunsat speedaboutthe sameasDME.

Comparingheresultsbetweersymmetricpermissibleangeand
non-symmetrigpermissiblerange we canseethat non-symmetric
permissibleangesisuallycausegreatemirelengthandworseskew
violations. Thisis dueto thefactthatwire snakingoccursmoreof-
tenwhenwe alignthe skews to non-symmetrigermissibleranges.
ThesmallerSCALE valuein Table(2) impliestighter permissible
rangesand consequentlyhe skew violationsareworse. Figure4
shavs theembeddedlock routingtreefor thebenchmark5.

5. MINIMIZING WIRELENGTH SUBJECT
TO SKEW CONSTRAINTS

Besidesmproving processvariationtoleranceijt is desirableto
minimize total wirelengthfor the clock tree and therebyreduce
power dissipation. Therefore we further proposean algorithmon
minimizing wirelengthsubjectto skew constraints.

Minimizing Wirelength Subject to Skew Constraints (Min-
WSC) Problem: GivenasetS = {s1,s2,...,s,} C R of clock
sinks,a setof skew permissiblerangesfor ead pair of clodk sinks,
findaclock routingtree?. (.S) sud thatthetotal wirelengthis min-
imizedwhile the maximurnmpositiveskew violation amongall pairs
of sinksis non-positivevhenwire width variesin [W;, W.,].



totalwirelength(uum) #slew violations max skew violation (n.s) CPU(s)

DME MInSV | DME T MinSV | imprv | DME [ MinSV | imprv ME T MinSV
r1-S 168376 168251 89 40| 55% [ 0.141] 0.126| 11% 0.1 0.1
rI-NS | 179702 179630 102 58| 43% | 0.082] 0.057] 30% 0.1 0.1
r2-S 351085 3520441 190 91 52% | 0.365| 0.206]| 44% 0.2 0.2
r2-NS | 383169 384651 243 157 35% | 0.492| 0.392| 20% 0.2 0.2
r3-S 440309 440989| 264 114 57% | 0.302 0.250| 17% 0.4 0.4
r3-NS | 494090 494161| 318 189 | 41% | 0.329 0.274| 17% 0.4 0.4
r4-S 885678 885523 496 230 54% | 1.543] 0.454| 71% 2.2 2.2
r4-NS | 1009232] 1008957| 659 383 42% | 0.588| 0.359| 39% 2.1 2.1
r5-S | 1309794| 1311689| 834 393 53% | 1.449] 0.649| 57% 6.9 7.0
r5-NS | 1552413 1552719 1139 671 41% | 1.215] 1.101 9% 6.9 6.9

Table 1: The resultswhen SCALE is 1.
totalwirelength(uum) #slew violations maxskew violation (ns) CPU(s)

DME MInSV | DME T MinSV | imprv | DME [ MinSV | imprv ME T MinSV
r1-S 168376 168252 161 100| 38% | 0.142 0.127| 11% 0.1 0.1
rI-NS | 169835 170020 166 101| 39% | 0.098] 0.093 5% 0.1 0.1
r2-S 351085 352044 354 225| 36% | 0.371] 0.207| 44% 0.2 0.2
r2-NS | 349704 351290 351 235 33% | 0.171] 0.060| 65% 0.2 0.2
r3-S 440309 440990| 462 285] 38% | 0.320] 0.251| 22% 0.4 0.4
r3-NS | 443812 443676 491 311 37% | 0.302] 0.248| 18% 0.4 0.4
r4-S 885678 885523 1028 616 40% | 1.537| 0.454| 70% 2.1 2.2
r4-NS | 888685 888342 1051 655| 38% | 0.458| 0.363| 21% 2.2 2.2
r5-S | 1309794| 1311689 1449 989 32% | 1.449] 0.650| 55% 7.0 6.9
r5-NS | 1310697| 1311156 1665 1045 37% | 0.993] 0.763| 23% 7.0 6.9

Table2: The resultswhen SCALE is0.1.

The procedureo build the minimal positive skew violation and
minimal wirelengthclock treeis similar to the algorithm MinSV
exceptthatmerging regionsareexploited otherthanmerememging
segments. In section3, points whoseskew range[;skew,fskew]
closerto the centerof permissiblerange[LPR, UPR] are pre-
ferred during tree of meiging segmentsconstruction. If we only
seeknon-positve skew violation, suchmeiging schemenay cause
unnecessargxtra wirelength. In orderto avoid suchextra wire-
length, all meiging points whosecorrespondingskew rangesare
within permissiblerangeare consideredas candidates. Usually
thesemeging pointsmay form a polygonmeging region instead
of amemging segmentandary meging within this region will not
causepositive skew violation. Merging regionsallow usmoreroom
during the top-dawvn routing phaseto find a minimum total wire-
length. The basicideais similar to the BST algorithm[4]. How-
ever, the scenariosn our work aremuchmorecomplicateddueto
thefactthateachsink pair may have its distinct permissiblerange
in contrastto the singleglobal skew boundin BST. Moreover, the
factthat at eachpoint v; on ajoining segmentJ,, (of aninternal
noden), the skew betweenary pair of sinksin the subtreerooted
atn is arangeinsteadof a singlevaluemakesthe meiging regions
moredifficult to obtainthanBST.

5.1 Notations and Definitions

DEFINITION 4. Shortest Distance Region: 4 For anytwo con-
vex polygonalregionsP; and P, with boundaries3(P;) andB(Ps),
respectively the shortestdistanceregion R( P, P;) betweenP;
and P; is the setof pointswith minimumsumof Manhattandis-
tanceso B(Py) andB(P,),i.e, R(P1, P2) = {p | d-(p, B(P1))+
- (p, B(P2)) = d(B(P1), B(FP2))}.

“Note thatshortestistanceregion hereis definedbasedon meg-

ing regions andis differentfrom the shortestdistanceregion de-
finedin Section3.

DEFINITION 5. Shortest Distance Segments: For anytwocon-
vex polygonalregions P1 and P> with boundaries3(P: ) andB(P),
respectivelythe shortestdistancesegmentsof B(P;) and B(P,)
are definedas Sp,(P1) = B(P1) N R(Py1, P2) andSp,(P2) =
B(P2) NR(Py, P»)

DEFINITION 6. Joining Segment: Letn be an internal node
with childrenn; andn; with meging region M (n;) and M(n;),
respectivelyThesggmentof M (n;) and M (n;) usedto build the
mewging region M(n) are calledjoining sgmentsdenotedasJ ,,
andJy,;.

DEFINITION 7. Well-behaved EImore Delay Line Segment: Let
a joining segmentJ,, with respecto an internal noden bea line
seggmentwith endingpointsv; andv,. For ead pointv, onJy, let
u denoted, (v1, vp), thend, (v2, vp) = |In| — u. If for anyleaf
nodes;, in thesubteerootedat n

tH(vp, sk) = K -u? 4+ a1 -u+fr
t(vp, sk) = K - u® + g -u + fa

whee K, a1, a2, 81, and 32 are constantsthenJ, is a well-
behaveElmore delayline sggment.

5.2 Treeof Merging RegionsConstruction

Supposewe are working on the tree of meiging regions for a
noden with childrenn; andn; andlet T,y andTan;) de-
note two subtreesof meiging regionsrootedat n;'s meging re-
gion M(n;) andn;’smemingregion M(n;), respectiely. M(n)
is constructecbasedon the skew betweenI'y(,,)’s sink s, and
M(n;)'ssinks;. First,shortestlistancesegmentsS (., (M (n;))
andS u(n,) (M (n:)) arefound andareusedasjoining segments
J,, and Jn,;. We assumethat J,, and J,, are well-behaed:
whenJ,, andJ,; areparallel Manhattanarcs, delay functions



onJ,, andJ,; areconstantandwhenJ,, andJ,; are paral-
lel nen-Manhattararcsdelayfunctionson J,,, andJ,; have same
quadraticderms.
First of all, let uslook at certain pair of pointsv; andv; on
Jn; andJ,, suchthat d, (vi,v5) = d(Jn,, Jn]). If the skew

rangeBsgew = [fskew(er s1), Skew(er s1)] and permissible
rangeBpr = [LPR,, UPR.], whereD;; = d(Jn,,Jx;),
therearefour scenarios(1) Bpr and B, do not overlap, (2)
Bpr andBg.., partially overlap, (3) Bpr covers Bk, cOM-
pletely and (4) Bpr is covered by Bskew completely When
LPR,; = t%..(sr,s1) andUPR,; = tskew(s""sl) both case
(3) andcase(4) occurandwe treatthis ascase(S) for simplicity.
Case(1). happenswhen (a) UPR, < 1%, (sr,51) OF (b)
LPR, > tskew(sr, s1). In subcasda), welet |e,,| = 0 ande,;
hasto be extendedaccordingto Equation(5). In subcas€b), we
firstlet|e,,| = 0 andcomputde., | = z bysolvingzZ, ., (s, s1) =

LPR. If theresultsatlsflesf‘ vil (sr,s1) < UPRy, thenweare

skew

done. Otherwise |e,;| = 0 ande,, hasto be extendedaccording
to Equation(4). In this case,the memging region is reducedto a
meiging segment.

Case(2). happensvhenLPR,; < tskew(sr, s1) andtskew(sr,a’z)
UPR,. If tskew(sr s1) <UPRy < tSkew(sr,sz) Ortskew(sr,sl)
LPR, < tskew(5r~sl) thene,; or ey, is extendedasCase(l).
Otherwise either (c) Toxew (57, 9;) < UPR; < fskew("‘rssl) or
(d) 200 (s7y 851) < LPRyy < tskew(s'r’sl) is true. By solving
glevi ‘skew(sr, s1) = UPR,;, wehave
re-DZ; T'Dz’j'QTj

UPR. —f(’l}i ST) —|—t(’Uj Sl) —|—( I 4 T)

Zlo = 3

rc- D”—I—r( i W“)

(6)
andthe edgelengthof e,, canbeary valuein [0, z;,] for subcase
(c). Similarly, we canobtain

c-ng r-D;;-Cr,

LPRy — t(vi, sr) + E(vy, 81) + (T

Zhi =
rec- Dy +r( —|— S )

@)

by solvingt!®»:! skew(s., s;) = LPR,; and|e., | canbeary value
in [zns, Dyj;] for subcaséd).

Case (3). happenswhen LPR,; < t%..(sr81) <
fiew(sr,sl) < UPR,. Thevalueof |e,,| is in [0, D;;] and
lev; | = Dij — lew, |.

Case(4). happensvhent®, . (sr,s1) < LPRy < UPR, <

zf,;gw(sr, s1). If thereexistssomez = |e,, | suchthat LPR,; <
trow (5, 81) < Takew(sr,s1) < UPR,, then|e,,| hasto be
within [210, 2h4] and|evj| = D;j — |ey,|. Otherwise,|e,,| is ob-
tainedby solving

i‘evi‘ (ST’SZ) - skew(s'msl)

skew

LPR, =

and|evj\ = D»L'j — |evi|.

Thenlet us considemwhenpointsv; andv; move alongJ,, and
Jn simultaneouslyThedelayfunctionsaret(v;, s») = K - u? +

Fui Br, Lvi,sr) = K - uf + az - ui + Pa, vj, 1) =

K uf +as-uj + Bs, andt(vj, s;) = K -uj + aa - u; + B1, where
0<u < |Jn1| and0 < U4 < |Jn]| andK, a1, 2, a3, (4, ﬁl,
32, B3, and B34 areconstants.

If welet|e,,| = zand|e,;| =
thenfor merging pointv,

UPR, —

Djj—z,whereD;; = d(J,,, Jn; );

t(v,sr) = 5 - -z + t(vs, sr)
t(v,sp) = - 2% + V?/T -z + t(vi, sr)
Hv, 1) = % - (Dyy — 2)* + Jgt - (Dyy — 2) + vy, 1)
H(v,s1) = % - (Dig — 22+ Tt (Dyy — 2) + (05, 1)

Let usconsiderthefollowing two cases:

Case(a). J», andJ,; arebothManhattararcs.Sincet(vi, s»),
t(vi, sr), t(vj, s1), andt(v;, s;) areconstantgseeexplanationater),
without loss of generality we may assumethat t(v;, s») = [,

f(’Ui, ST) = (o, E(’Uj, Sl) = (I3, andf(vj, Sl) = (4. Therefore,
z Gy Ty
Eskew (S”" Sl)a - (TC Dl] + W + W ) z+ tsk:ew a

r-Crp,

Ezkew(sﬁsl)a - (TC Dl] + W, W, + J) z+ tskew a
and

re-D2. D;
—sk:ew ,a (181 ) ( 2 = + TIJ/ViJ

rc-D,i TDv,] lCT (8)
skew ,a — (ﬂQ ) (— )

Case(b). WhenJ,, andJ,; arenot Manhattanarcs,we have
u; = u;. Thereforetheskew rangeis givenby

Eskew (ST Sl)b - (()[1 - 014)214 + tskew (ST Sl)a
tskew (57“3 Sl)b - ((12 - a3)u1 + tskew (ST7 Sl)

—-

————UrR,
ut™!

1t 0y
o 'z

®

Figure 5: (d) merging regionwhen J,,; and J,.; are parallel
well-behaved Manhattan arcsand skew condition is in (a), (e)
merging regionwhen J,,; and J,; are parallel well-behaved
horizontal line segmentsand skew condition is in (b), and (f)
merging regionwhen J,,; and J,; are parallel well-behaved
with slopem > 0 and skew condition isin (c), where 1t° stands
for tskew(sr, 51), ut® FOr Eopeny (51, 51), 12 fOr 039 (s, 51), and

Zskew
D .
ut” for tskléw(sr, s1).

Basedntheabove discussionsyhenw; andv; aremovedalong
Jn,; andJ,; simultaneouslyonecaseis replaceddy anotheiif one

of thefour line segmentsrepresentlngskw (sr, s1), fgkew (sry 81),
this (8, 81), andi, (sr, s1) intersectseither one of horizon-

tglﬁme sagmentsregle'ggentingLPer or UPR,;. Thereforethe
meging region of J,,, andJ,; canbeformedin constantime by
consideringconditionsat all possibleintersectionssincethereare
atmostg intersectionsFigure5 illustratessomeexamples.
Notethatduringthe constructionthefollowing mayhappen<i)
Jn; andJ,; areparallelManhattanarcswith non-constantielay
functionsor (ii) the delayfunctionson J ., andJ ., have different
quadraticterms. Underthesesituations,ary pair of pointscanbe
picked up to constructthe meming region aslong asthey satisfy

vi € Jn,;, V5 € Jnj, andd, (vi,v;) = d(Jni,Jnj).



5.3 Merging RegionConstruction Procedure

Supposeve areworking onthemeigingregionfor anoden with
childrenn; andn;.

Stepl. Findjoining segmentsTy,, = S(n ;) (M(ni)) anddn; =
S M(ny (M(ny5)) andthencomputeDzj = d(Jn;, In;).

Step 2. Basedon skew permissiblerangebetweens, and s;
[LPR.;,UPR,,;] and delay functions t(v;, s»), £(vs, sr),
t(vj, s1) andi(v;, s;) definedfor pointsv; onJ,, andv; on
Jn;, computedelay functionsof t(v, s,.), (v, sr) t(v, s1)
andi(v, s1). Next, functionst?, .. (sr, s1) andtagew (Sr, 51)
arecalculated.

Step 3. If J,, andJ,; arebothwell-behaed Manhattanarcs
parallelto eachother thenwe may obtainthe memging re-
gion accordingto the relationbetweenB;.., andBpgr as
describedn Section5.2.

Step4. If J,,, andJ ., arebothwell-behaednon-Manhattamrcs
parallelto eachother thenall possibleintersectionbetween

Egkew(sh 81)’ fgkew (S”‘? Sl)' EsDkigw (S"“ﬂ Sl) or ts}:eu) (ST? Sl)
andline sggmentsL PR,; or U PR, areobtainedfirst. For
eachintersection the positionsof v; andv; arelocatedon
Jn;, and J,, andafeasiblerange[Levi,er] (Le,, <
Ue,,) for ey, is found. Furthermore feasiblerangeis also
computedvhenv; andv; areendingpointsof J,., andJ.,;.
Thenfor eachfeasiblerange thepossibldocations‘or meg-
ing pointv when|e,, | = Le,, or |e,,| = U.,, arelocated
|nS|deshortesdlstancereglon R(Jn;, In;) of Jn andJ,

in theManhattarplane.Finally, themlnlmal polygonenclos-
ing theselocationsis constructegsthe merging region.

Thefollowing Lemmasshav the correctnes®f the meiging re-
gion constructionprocedure(theroofs are omitted due to page
limit). Theboundarie®f mewging region areeitherManhattararcs
or rectilinearline sggmentswhenJ,,, andJ,; areparallelwell-
behaed Manhattararcs. However, boundarieof meiging region
could be ary kinds of line segmentsif J,, andJ,, areparallel

well-behaednon-Manhattamrcs.
LEMMA 2. If J,,, and J,; are two well-behavedManhattan

arcs parallel to ead other thenany Manhattanarc or rectilinear
line sgment/ € R(Jn,, J»;) is alsowell-behaved.

LEMMA 3. If J,,, andJ,,; are two parallel well-behavedon-
Manhattarjoining sgmentsthenanyline segment € R(J»,;, Jx;)
is alsowell-behavedf the delayfunctionst andt definedover J,,
andJ,; havethesamequadatic term.

LEMMA 4. M(v) is a polygonwith at most20 boundarysey-
ments.

6. CONCLUSION AND FUTURE WORK

In orderto copewith the increasinglysevere impacton clock
skew from processariation,we proposeDME/BST basedorocess
variationawareclock treerouting algorithmsto improve skew tol-
eranceto processvariations. Experimentalresultsshav that our
methodprovidesgreatimprovementon skew toleranceto process
variations. In this work, we adopt existing techniqueson con-
structinginitial abstractopology However, thesetechniquesare
eitherbasedon clock sink locationdistributions[16], or only skew
permissiblerangesbetweenclock sink pairs[17]. In future, we
will investigatenew techniqueson abstractopology construction
thatconsiderdoththe sink physicalproximitiesandsink temporal
specificationgo enablea betterskew tolerancefor clock routing
tree. Processvariationson clock bufferswill be consideredn fu-
tureaswell.
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