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Abstract—The optimum wir e shapefor minimum signal
propagation delay acrossan ���	� line is shown to have a
general exponential form. The line inductance makes ex-
ponential tapering more attracti ve for ���	� lines than for�
� lines. For ���	� lines, optimum wir e tapering achieves
a higher reduction in the signal propagation delay as com-
paredto uniform wir esizing. Wir etapering canreduceboth
the propagation delay and power dissipation. A reduction
of ���� in the propagationdelay and of ����� in the power is
achieved for an examplecircuit.

1 Intr oduction

Interconnectdesignhasbecomea dominantissuein
high speedintegratedcircuits (ICs). With the decreased
featuresizeof CMOScircuits,on-chipinterconnectnow
dominatesbothcircuit delayandpowerdissipation.Many
algorithmshavebeenproposedto determinetheoptimum
wiresizethatminimizesacostfunctionsuchasdelay. It is
shown in [1] that theoptimuminterconnectshapewhich
minimizesthe signalpropagationdelay in an ��� inter-
connectis an exponentialfunction. Differentextensions
to this work have beenappliedto considerothercircuit
parameterssuchasfringing capacitance[2]-[4].

Wire taperingincreasesthe interconnectwidth at the
nearend(the driver end)of the line asshown in Fig. 1.
Taperingreducesthe total line resistance,increasingthe
inductive behavior of the line [5]. No previouswork has
beenpublishedthat determinesthe optimumwire shape
to minimize thepropagationdelayof an ����� line. The
inductive behavior of the interconnect,however, canno
longerbeneglected,particularlyin longinterconnectlines
[5, 6]. Wire taperingis usuallyappliedto long lines,fur-
therincreasingtheimportanceof includingtheline induc-
tancein theoptimizationprocess.

Theresearchdescribedin [7] shows thatwire tapering
improvesthespeedby only 3.5� ascomparedto uniform
wire sizingif anoptimumrepeatersystemis usedto min-
imize thepropagationdelayof an ��� line. Uniform wire�
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Figure1: Coplanartapered����� interconnect

sizing is alsoeasierto implementif a repeatersystemis
available.Theinductance,however, hasnot beenconsid-
eredin the line modeldescribedin [7]. Furthermore,for
practicalreasons,a repeatersystemis not alwayspossi-
ble. Moreover, repeaterinsertionincreasesthe dynamic
power dueto theadditionalinput gatecapacitanceof the
repeaters.

It is shown in this paperthatexponentialwire tapering
is the optimumshapefor an ����� interconnect.In this
work it is assumedthatnorepeatersareinsertedalongthe
line. Wire taperingis shown to reducethepowerdissipa-
tion aswell asthepropagationdelay.

The paperis organizedas follows. In section2, the
optimum wire shapethat producesthe minimum signal
propagationdelayof an ����� line is characterized.Dif-
ferentconstraintson interconnecttaperingarediscussed
in section3. In section4, a comparisonbetweentapered��� and ����� linesis presented.Somesimulationresults
arepresentedin section5. In section6, someconclusions
areprovided.

2 Optimum Wir eShapefor Minimum
PropagationDelay

Thesignalpropagationdelayof a distributed ����� in-
terconnectis describedin [8, 9]. Two time constants
characterizethesignalspeedandshapein long intercon-
nects,theresistive-capacitive( ��� ) timeconstantandthe
inductive-capacitive ( ��� ) time constant(or the time of
flight through the line ��� �"! ��#%$'&(��#)$*& ), where ��#%$'&
and �+#)$*& aretheline capacitanceandinductance,respec-
tively). For highly resistive (lessinductive) lines,an ���
delaymodelis adequateto characterizethe signaldelay.
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The optimum taperingfor theselines is an exponential
taperingfactor [1]. If the inductive behavior of the line
dominatesthe resistive behavior, the time-of-flight can
dictatethe time for the signal to propagatethroughthe
line [10]. Theoptimumshapethatminimizesthepropa-
gationdelayof a line is theshapefunctionthatminimizes
thetime-of-flight.

Theline inductanceandcapacitanceperunit length,re-
spectively, canbeexpressedin termsof theline width by
thesimplerelations,� #)$*&-,/.10 � �32.4,657098 (1)��#)$*& ,/.10 �:��2 .4,;5<0>= ��� 8 (2)

where� 2 is theline inductancepersquare,� � is thefring-
ing capacitanceperunit length,and ��2 is the line capac-
itanceperunit area. .4,65<0 is theline width asa function
of 5 , thedistancefrom theloadasshown in Fig. 2.

CL

x

Driver

W(x) W0

Figure2: ����� line taperedby a generalwidth tapering
function .4,;5<0

Thetime-of-flight for thesignalis

� � � ? @BA2 � 2.4,;5<0
@DC
2 , � 2�.4,6E90>= � �F0�GHEIGF5 8 (3)

where J is the line length. If functions K and L ,6570 are
definedasK M �32.4,6570 @DC2 , � 2�.4,6E90>= � �F0�GHE 8L ,65<0 M @ C

2 .4,6E90NGFE 8
respectively, andEuler’s differentialequationis usedto
minimize (3), assimilarly describedin [1], theoptimumL ,65<0 shouldsatisfythedifferentialequation,

L7O ,65<0 �QP � 2 � 2R L ,6570>= P � � � 2 JR S (4)

Thus, .4,6570 � . 2	T7UWV�XZY*X[ C 8 (5)

whereR �Q\^]`_a X Ab X . . 2 is obtainedby substituting(5) into
(3) anddifferentiating(3) with respectto . 2 . Settingthe

resultto zeroproducesthenonlinearequationwhich can
besolvednumerically.

As shown in (5), theoptimumtaperingfunctionof the
width of an ��� line is an exponentialfunction. For ei-
theran ��� or ��� line, thegeneralform of theoptimum
shapingfunctionthatminimizesthepropagationdelayis
anexponentialfunction. The ��� and ��� modelsarethe
two limiting casesof a general����� interconnect.The
optimumtaperingfunction of an ����� line mustsatisfy
the generalexponentialform .4,;5<0 �dc*Tfe C , where c is
theline width at theloadend,asshown in Fig. 2, andg is
the taperingfactor. Theoptimumvalueof c and g for an����� line reducesto thevaluegivenin [1] if the line in-
ductanceis negligible (an ��� line) andto thevaluegiven
in (5) if theline resistanceis negligible (an ��� line). The
optimumvalueof c and g for an ����� line is between
thesetwo limits.

As describedin [6, 11], for an ����� line, the signal
propagationdelayis minimumwhenthe line is matched
with thedriver. Thematchingcondition,from [11], is� &6h �ji k A #)$Hl*, c 8 g 0 i 8 (6)

which can be usedto determinethe optimum tapering
function. k A #)$Hl , c 8 g 0 is thelossycharacteristicimpedance
of a line, where

i k A #)$Hl , c 8 g 0 i �nmoop q � A #)$Hl*, c 8 g 0�\+=r,ts � A #%$Fl*, c 8 g 0�0Z\s � A #%$Fl', c 8 g 0 8 (7)

s �uP*vw �Nh 8 (8)

and � &6h is the equivalentoutputresistanceof the driver.� A #%$Fl , c 8 g 0 , � A #%$Hl , c 8 g 0 , and � A #%$Hl , c 8 g 0 aretheline resis-
tance,inductance,andcapacitanceasfunctionsof c andg , respectively. �Nh is thesignaltransitiontime at thenear
endof the line which is determinedfrom thereducedor-
dermodeldescribedin [11].

As thereis oneequation,(6), andtwo unknowns, c andg , therearetwo degreesof freedomin designinganopti-
mum ����� line taperedfor minimumdelay. For a widthc , thereis an optimumtaperingfactor g<x e & which satis-
fies (6) andat which the propagationdelayis minimum.
Otherdesignconstraints,suchastheminimumandmax-
imum line width andpower dissipation,arediscussedin
section3 to determineapowerefficientsolution.

3 Constraints on Optimum Tapering
for y1zB{ Lines

Taperingan interconnectassignsa smallwidth for the
line at thefarend.Theline width increasesatthenearend
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asshown in Fig. 2. Asdiscussedin section2, thewidth in-
creasesexponentiallyto obtaintheminimumpropagation
delay. By choosingc andsolving(6) asa nonlinearequa-
tion in oneunknown,theoptimumtaperingfactorg<x e & can
bedetermined.Therearetwo practicallimits for choosingc ,
(1) c�| .~} #%$ , where.~} #%$ is theminimumwire width

of a targettechnology.

(2) c�� .�}
� C TH��e A , where .~}
� C is themaximumwire
width of a targettechnology.

Thesetwo constraintsshouldbesatisfiedwhile design-
ing a taperedline. c cannotbe lower thanthe minimum
wire width allowedby the technology. Alternatively, in-
creasingc mayresultin awidthatthenearend(thelargest
widthof theline)whichmaybegreaterthanthemaximum
availablewire width.

Another importantdesignconstraintis power dissipa-
tion. Wire sizingaffectsthetwo primarytransientpower
components,the dynamicpower dissipatedin charging
anddischarging theline capacitanceandtheshort-circuit
power dissipatedwithin the load gate. The short-circuit
power is minimum when the line is matchedwith the
driver [12, 13], which is also the optimum solution for
minimumdelay.

Thedynamicpower is directly proportionalto the line
capacitance.To decreasethe line capacitance,the line
width shouldbeasnarrow aspossible,astheline capaci-
tanceincreasessuperlinearlywith thewidth [14]. In order
to satisfyboth high speedand low power designobjec-
tives, c shouldbe chosenequalto .~} #)$ . The optimum
valuefor the taperingfactor g x e & is obtainedby solving
(6) for c = . } #)$ . Optimumwire taperingis comparedin
section4 with uniformwire sizingfor both ��� and �����
lines.

4 Tapering versusUniform Wir e Siz-
ing in y1{ and y1zB{ Lines

Interconnecttaperingis more efficient in ����� lines
than in ��� lines. Two effects reducethe signalpropa-
gationdelayof anexponentiallytapered����� line. The
first effect is the shapeof the line structurewhich mini-
mizesboththe ��� and ��� timeconstants.

The secondeffect is an increasein the inductive be-
havior of theline. Taperinganinterconnectline decreases
theline resistance,reducingtheattenuationalongtheline.
This effect increasesthe inductive behavior of the line.
Theinductivebehavior of theline canbecharacterizedby� ����� �����\ q ] � �����a � ����� , the dampingfactorof a line [5]. As

describedin [5], when
���

1.0,theinductive behavior of

a line cannotbe ignored.As shown in Fig. 3, thedamp-
ing factordecreasesasthe line taperingfactorincreases,
makingtheline behavemoreinductively. For

���
1.0(the

dottedlines),thedampingfactordoesnotconsiderthein-
ductivebehavior of theline sincetheline is underdamped.
Theinductiveeffectof a line with

���
1.0 is negligible.
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Figure3: Interconnectdampingfactorasafunctionof the
taperingfactorfor differentline parameters

Theline inductanceshieldspartof theline capacitance
anddecreasestheequivalentoutputresistanceof thegate
that drives the line. The signal propagationdelay de-
creasesastheinductivebehavior of thelinebecomesmore
pronounced[11]. Thiseffectmakesline taperingmoreat-
tractive in long ����� lines.

Anothercriterionto optimizetheinterconnectwidth for
minimum propagationdelay is uniform wire sizing. A
minimum width coplanarinterconnectline is illustrated
in Fig. 4 for two sizingcriteria.

A uniform wire size assumesa constantinterconnect
width alongthe line length. As shown in [7] for an ���
line, optimumwire taperingwith repeaterinsertionout-
performsuniform wire sizing with repeaterinsertionby
3.5%.

Exponentialwire taperingoutperformsuniform wire
sizing asdiscussedin section2. As with wire tapering,
uniform wire sizingdecreasestheline resistance,making
the inductive behavior greater;however, the superlinear
increasein theline capacitancelimits theeffectof theline
inductanceonreducingthesignalpropagationdelay. Wire
tapering,however, producesasmallerdelaythanthedelay
achievedfrom uniformwire sizing. Optimumwire taper-
ing producesa greaterdelayreductionin ����� linesthan
in ��� lines asthe inductive behavior of the line further
decreasesthe delay. The line inductancemakestapering
moreefficient thanuniformwire sizingin ����� lines.
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Figure 4: Coplanarinterconnecta) minimum width b)
uniformsizingc) exponentialtapering

For an ����� line, taperingnot only reducesthe prop-
agationdelay, but alsodecreasesthe total power dissipa-
tion ascomparedto uniform wire sizing. An increasein
theinductive behavior of theline reducesthesignaltran-
sition time at the load, reducingthe short-circuitcurrent
and, consequently, the total transientpower dissipation
[12, 15]. Simulationresultsare presentedin section5
that illustratethe efficiency of exponentialwire tapering
on both the propagationdelayand power dissipationof����� lines.

5 Simulation Results

In orderto determinetheoptimumtaperingfactor, the
line impedanceparameters( � A #%$Fl , � A #)$Hl , and � A #)$Hl ) are
expressedin terms of the designparametersc and g .
Closedform expressionsfor the line parametersarepro-
videdin theAppendix.

A 0.24 � m CMOS technologyis usedto demonstrate
the efficiency of taperingan ����� line. A � mm long
interconnectline with ����� S ��� m, . } #)$ ��� S � � m,.~}�� C � P � � m, and ¡ } #%$��j¢ S �3� m is consideredasan
example.A long interconnectdrivenby a CMOSinverter
is modeledby twenty ����� sections.Theline is shielded
by two groundlines with a ¢ S � � m width. A CMOS in-
verteris theload.

As listed in Table1, differentcircuits areconsidered.. $ and . $ A arethewidth of theNMOS transistorof the
driving andloadinverters,respectively. �Nh �<£ $ is thetran-
sitiontimeof thesignalat theinputof thedriving inverter.
Fromthediscussionin section3, c is chosento minimize
thepowerdissipationbasedon theminimumvalueof the
line width .~} #)$ . The width of eachsectionandcorre-

spondingline impedanceparametersaredescribedin the
Appendix.

Table1: Circuitsparametersof examplecircuits¤¦¥ ¤ ¥�§ ¨W©ª¬« ¥  ®
( ¯ m) ( ¯ m) (psec) ( ¯�° ) ( ° ª<± )

Circuit1 15 5 50 0.5 550
Circuit2 20 1 50 0.5 600
Circuit3 15 15 20 1.0 400

The minimum delay is determinedfor both uniform
wire sizing andexponentialline tapering. As shown in
Fig. 5, wire taperingoutperformsuniform wire sizing
for all of the circuits. For an ����� line, the reduction
in the minimum delayis greaterascomparedto an ���
line,makingtaperingmoreefficientin ����� lines.A ¢��²�
reductionin delayfor an �³��� line ascomparedto a re-
ductionof ´H� for an ��� line is achievedwhenoptimum
taperingis usedratherthanuniformwire sizing.

In addition to a smaller propagationdelay, the total
transientpowerdissipationis lower. A taperedline with c
equalto theminimumwidth reducesthetotal line capac-
itance,therebydecreasingthe dynamicpower (as com-
paredto uniform wire sizing). Furthermore,the power
dissipationis furtherdecreasedin an ����� line sincethe
short-circuitpoweris lower. Thereductionin powerdissi-
pationfor several ��� and ����� linesis shown in Fig. 6.
A reductionin powerdissipationof asmuchas ¢�µ²� for an����� line ascomparedto ¢F¢�� for an ��� line is achieved
whenoptimumtaperingis usedratherthanuniform wire
sizing.

0

2

4

6

8

10

12

14

16

18

Circuit1 Circuit2 Circuit3

R
ed

u
ct

io
n

 (
%

)

RC
RLC

tpd-UWS -tpd-TWS

tpd-UWS
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6 Conclusions

The optimumwire shapethat producesthe minimum
signalpropagationdelayin a distributed ����� line is de-
terminedin this paper. It is shown that an exponentially
taperedinterconnectminimizesthe time of flight of an��� line. Thegeneralform for theoptimumshapingfunc-
tion of an ����� line is c*T e C . The optimumwire width
at theloadend c andtheoptimumtaperingfactorg which
achievetheminimumdelayandlow poweraredetermined
for thedriverandloadcharacteristics.

Optimumwire taperingascomparedto uniform wire
sizing is moreefficient in ����� lines than in ��� lines.
The line inductancemakes taperingmore attractive in����� linessincetaperingproducesa greaterreductionin
delayascomparedto uniform wire sizing. A reduction
in delayof ¢��F� for an ����� line ascomparedto ´F� for
an ��� line is achievedwhenoptimumtaperingis applied
ratherthanuniformwire sizing.

With a minimumwire width at the far endandan op-
timumtaperingfactor, boththepropagationdelayandthe
power dissipationare reduced. The line inductancein-
creasesthesavings in power in anoptimally taperedline
ascomparedto uniformwire sizing.A reductionin power
dissipationof ¢�µ¬� for an ����� line ascomparedto ¢H¢*�
for an ��� line is achievedwhenoptimumtaperingis ap-
plied ratherthanuniform wire sizing. Summarizing,ta-
peringimprovesboththespeedandpowercharacteristics
of an ����� line.
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Appendix : ImpedanceParametersof
Tapered y1zB{ Inter connect
Practically, implementinga continuouslyshapedline

is not preciselypossible.However, dividing the line into
sectionsof length J;¶ � A· , where ¸ is the numberof
sections,effectivelyapproximatesacontinuousshape.As
shown in Fig. 7, the width of the line sectionsincreases
exponentiallyasthesectionapproachesthenearend,pro-
ducingthe optimumshape.Given the geometricdimen-
sionsof the line andshield,the line impedanceparame-
tersareexpressedasfunctionsof thetaperingparameters,c andg .

Smin
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Figure7: Coplanartaperedline

Expressingthe line inductancein termsof the dimen-
sionsof thewire structurerequiresthatthecurrentreturn
pathbe determined.In the coplanarstructureshown in
Fig. 7, the returnpath is assumedto be in the adjacent
groundlines. This structureis commonin global inter-
connectssuchasclocknetworksor databusses[16].

For a small numberof line sections ¸ , the section
lengthis muchlarger thantheotherphysicaldimensions
(suchasthesectionwidth . # , theseparationbetweenthe
sectionandtheground ¡`# , andtheline thickness� ). Ta-
pering is moreeffective in long (global) lines (e.g., J �¢��F�H��� m) astheline inductanceandresistancearesignif-
icant. Theselines aredivided into several sections(e.g.,¸ � P � ), making the ratio betweenthe sectionlength
andtheotherdimensionslarge(e.g.,

A)¹b �(º »*�Wº ¼ � ¢��F� ). Ne-
glectingskin andproximity effectsandfor J ¶¾½ ¡`# 8 . # ,and � , thetotal line inductanceis

� A #%$Hl , c 8 g 0 �r�32 [ ¸u¿9À = w P`Á , c 8 g 0(Â= � S PHPJ ¶ ·Ã #)Ä ¶ ¢. # , c 8 g 0Å J6ÆDÇ ·È#)Ä ¶ , c*TFÉ # � ¶�Ê e A ¹ = � 0(Ë ] 8 (A.1)
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where �+2Ì� � 2 J;¶P*v 8À � � S Í µ w ´ Å � S � J;Æ ,/.�Î�= � 0�= � S ¢H¢,Ï.ÐÎ
= w � 0 8
Á , c 8 g 0 � J;Æ ¡ . Î , c 8 g 0 Å ¡ .�ÎI, c 8 g 0J ¶ 8¡ . Î , c 8 g 0 � P ¡ } #%$�=Ñ. Î = c*TFÉ · � ¶NÊ e A)¹ S

Thewidth of eachline sectionis

. # , c 8 g 0 �ÓÒ . # � ¶ T e A ¹ for i
�

1 8c for i = 1 S (A.2)

The inductanceof anexponentiallytaperedline is de-
terminedfrom (A.1) and comparedwith the inductance
extractedby the field solver FastHenry[17]. The error
betweenthe two solutionsis lessthan0.78� for a taper-
ing factorrangingfrom 0 to 800 Ô~� ¶ .

Thetotal line resistanceis

� A #)$Hl , c 8 g 0 �Õ�³Ö J ¶ ·Ã #)Ä ¶ ¢.�#^, c 8 g 0 8 (A.3)

where � Ö is theline resistancepersquare.Thetotal line
capacitanceis

� A #%$Fl , c 8 g 0 � J ¶ ·Ã #)Ä ¶ � » lN×W# 8 (A.4)

where � » l�×W# is the capacitanceof eachsectionper unit
length. A closedform expressionfor � » l�×W# in termsof.~#Z, c 8 g 0 and ¡ #�, c 8 g 0 �Ø¡ } #)$>= É bÚÙ � b � É)Û º e Ê6Ê\ is obtained
from [14].
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