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Abstract—The optimum wir e shapefor minimum signal
propagation delay acrossan RLC line is shovn to have a
general exponential form. The line inductance makes ex-
ponential tapering more attractive for RLC' lines than for
RC lines. For RLC lines, optimum wir e tapering achieves
a higher reduction in the signal propagation delay as com-
paredto uniform wir e sizing. Wir etapering canreduceboth
the propagation delay and power dissipation. A reduction
of 15% in the propagationdelay and of 16% in the power is
achieved for an examplecircuit.

1 Intr oduction

Interconnectdesignhas becomea dominantissuein
high speedintegratedcircuits (ICs). With the decreased
featuresize of CMOS circuits, on-chipinterconnechow
dominatedothcircuit delayandpower dissipation Many
algorithmshave beenproposedo determinghe optimum
wire sizethatminimizesacostfunctionsuchasdelay It is
shavn in [1] thatthe optimuminterconnecshapewhich
minimizesthe signal propagatiordelayin an RC' inter-
connectis an exponentialfunction. Differentextensions
to this work have beenappliedto considerother circuit
parametersuchasfringing capacitanc§?]-[4].

Wire taperingincreaseghe interconnectwidth at the
nearend (the driver end)of the line asshown in Fig. 1.
Taperingreduceghe total line resistanceincreasingthe
inductive behaior of theline [5]. No previouswork has
beenpublishedthat determinegshe optimumwire shape
to minimize the propagatiordelayof an RLC line. The
inductive behavior of the interconnecthowever, canno
longerbeneglected particularlyin longinterconneclines
[5, 6]. Wire taperingis usuallyappliedto long lines, fur-
therincreasingheimportanceof includingtheline induc-
tancein theoptimizationprocess.

Theresearctdescribedn [7] showvs thatwire tapering
improvesthe speedy only 3.5% ascomparedo uniform
wire sizingif anoptimumrepeatesystemis usedto min-
imize the propagatiordelayof an RC line. Uniform wire
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Figurel: CoplanartaperedR LC' interconnect

sizingis alsoeasierto implementif a repeateisystemis
available. Theinductancehowever, hasnot beenconsid-
eredin theline modeldescribedn [7]. Furthermorefor
practicalreasonsa repeateisystemis not always possi-
ble. Moreover, repeatelinsertionincreaseghe dynamic
power dueto the additionalinput gatecapacitancef the
repeaters.

It is shawvn in this paperthatexponentialwire tapering
is the optimum shapefor an RLC interconnect.In this
work it is assumedhatno repeaterareinsertedalongthe
line. Wire taperingis shavn to reducethe power dissipa-
tion aswell asthepropagatiordelay

The paperis organizedas follows. In section2, the
optimumwire shapethat producesthe minimum signal
propagatiordelayof an RLC line is characterizedDif-
ferentconstraintson interconnectaperingare discussed
in section3. In section4, a comparisorbetweertapered
RC andRLC linesis presentedSomesimulationresults
arepresentedh section5. In section6, someconclusions
areprovided.

2 Optimum Wir e Shapefor Minimum
PropagationDelay

The signalpropagatiordelayof a distributed RLC in-
terconnectis describedin [8, 9]. Two time constants
characterizeéhe signalspeedandshapen long intercon-
nectstheresistve-capacitie (RC) time constanandthe
inductive-capacitie (LC) time constant(or the time of
flight throughthe line t; = +/LintCint), Where Cipy
andL;,; aretheline capacitancandinductancerespec-
tively). For highly resistve (lessinductive) lines,an RC
delaymodelis adequatdo characterizeéhe signaldelay



The optimum taperingfor theselines is an exponential
taperingfactor[1]. If theinductive behaior of theline
dominatesthe resistve behaior, the time-of-flight can
dictatethe time for the signalto propagatethroughthe
line [10]. The optimumshapethat minimizesthe propa-
gationdelayof aline is theshapdunctionthatminimizes
thetime-of-flight.

Theline inductanceandcapacitanceerunit length,re-
spectvely, canbeexpressedn termsof theline width by
thesimplerelations,

Lin(W) = W) 1)
Cine(W) = CoW(z) + Cy, (2)

whereL, istheline inductanceersquare(’ is thefring-

ing capacitanc@er unit length,andCy is theline capac-
itanceperunit area. W (z) is theline width asa function
of z, thedistancerom theloadasshovnin Fig. 2.
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wherel is the line length. If functionsF andu(z) are
definedas

L") / (CoW (y) + Cy)d,

/W )dy,

respectiely, and Euler’s differential equationis usedto
minimize (3), assimilarly describedn [1], the optimum
u(z) shouldsatisfythedifferentialequation,

F
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wherec = 29250l y70is obtainedby substituting(5) into

3) anddlfferentlatlng(3) with respecto W,. Settingthe

resultto zeroproduceghe nonlinearequationwhich can
be solvednumerically

As shawvn in (5), the optimumtaperingfunctionof the
width of an LC line is an exponentialfunction. For ei-
theran RC or LC line, the generalform of the optimum
shapingfunctionthat minimizesthe propagatiordelayis
anexponentiafunction. The RC and LC' modelsarethe
two limiting casesf a generalRLC interconnect.The
optimumtaperingfunction of an RLC' line mustsatisfy
the generalexponentialform W (z) = geP*, wheregq is
theline width attheloadend,asshovnin Fig. 2, andp is
thetaperingfactor The optimumvalueof ¢ andp for an
RLC line reducedo thevaluegivenin [1] if theline in-
ductances negligible (an RC' line) andto thevaluegiven
in (5) if theline resistancés negligible (an LC line). The
optimumvalue of ¢ andp for an RLC line is between
thesetwo limits.

As describedn [6, 11], for an RLC line, the signal
propagatiordelayis minimumwhenthe line is matched
with thedriver. Thematchingcondition,from [11], is

RtT‘ = |Zli"€(qap)|7 (6)

which can be usedto determinethe optimum tapering
function. Z;;,¢ (¢, p) is thelossycharacteristiempedance

of aline, where
\/Rllne q p

|Zlme (q7 J

and Ry, is the equivalentoutputresistancef the driver.
Riine(q,P), Liine(q, p), andCiin. (g, p) aretheline resis-
tance,inductanceand capacitancasfunctionsof ¢ and
p, respectiely. ¢, is thesignaltransitiontime at the near
endof theline which is determinedrom the reducedor-
dermodeldescribedn [11].

As thereis oneequation(6), andtwo unknowns,q and
p, therearetwo degreesof freedomin designingan opti-
mum RLC line taperedor minimumdelay For awidth
g, thereis an optimumtaperingfactor p,,: which satis-
fies (6) andat which the propagatiordelayis minimum.
Otherdesignconstraintssuchasthe minimumandmax-
imum line width and power dissipation,arediscussedn
section3 to determinea power efficient solution.

WLline (q7 p))2

, (7
wclzne(qap) ( )
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3 Constraints on Optimum Tapering
for RLC Lines

Taperingan interconnectassignsa small width for the
line atthefarend. Theline width increasestthenearend



asshavnin Fig. 2. Asdiscusseth sectior2, thewidthin- aline cannotbeignored. As shavn in Fig. 3, thedamp-
creasegxponentiallyto obtaintheminimumpropagation ing factordecreaseasthe line taperingfactorincreases,
delay By choosingg andsolving(6) asanonlinearequa- makingtheline behare moreinductively. For ¢ > 1.0(the
tionin oneunknavn, theoptimumtaperingactorp,,; can dottedlines),thedampingfactordoesnot considethein-
bedeterminedTherearetwo practicallimits for choosing ductive behaior of theline sincetheline is underdamped.

q,

Q) g > Wiin, WhereW,,;,, is theminimumwire width
of atargettechnology

(2) ¢ < Wiaze P, whereW,,q, is the maximumwire
width of atargettechnology

Thesetwo constraintshouldbe satisfiedwhile design-
ing ataperedine. ¢ cannotbe lower thanthe minimum
wire width allowed by the technology Alternatively, in-
creasingy mayresultin awidth atthenearend(thelargest
width of theline) whichmaybegreatethanthemaximum
availablewire width.

Anotherimportantdesignconstraintis power dissipa-
tion. Wire sizing affectsthe two primarytransientpower
componentsthe dynamicpower dissipatedin chaging
anddischagingtheline capacitancandthe short-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 theline
capacitance.To decreasdhe line capacitancethe line
width shouldbe asnarronv aspossibleastheline capaci-
tanceincreasesuperlinearlywith thewidth [14]. In order
to satisfy both high speedand low power designobjec-
tives, q shouldbe choserequalto W,,,;,,. The optimum
valuefor the taperingfactor p,,; is obtainedby solving
(6) for g = Wi, . Optimumwire taperingis comparedn
sectiord with uniformwire sizingfor both RC' andRLC
lines.

4 Tapering versusUniform Wire Siz-
ing in RC and RLC Lines

Interconnectaperingis more efficientin RLC' lines
thanin RC lines. Two effectsreducethe signal propa-
gationdelayof an exponentiallytaperedRLC' line. The
first effectis the shapeof the line structurewhich mini-
mizesboththe RC andLC' time constants.

The secondeffect is an increasein the inductive be-

havior of theline. Taperinganinterconnectine decreases

theline resistanceseducingtheattenuatioralongtheline.
This effect increaseghe inductive behaior of the line.
Theinductive behavior of theline canbecharacterizetty

( = fuine [Cune the dampingfactorof aline [5]. As
describedn [5], when( < 1.0,theinductive behaior of

Theinductive effectof aline with ¢ > 1.0is negligible.
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Figure3: Interconnectlampingfactorasafunctionof the
taperingfactorfor differentline parameters

Theline inductanceshieldspartof theline capacitance
anddecreasethe equivalentoutputresistancef the gate
that drives the line. The signal propagationdelay de-
creasesastheinductivebehaior of theline becomesnore
pronouncedl11]. Thiseffectmakesline taperingmoreat-
tractivein long RLC lines.

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

A uniform wire size assumes constantinterconnect
width alongtheline length. As shawvn in [7] for an RC
line, optimumwire taperingwith repeateiinsertionout-
performsuniform wire sizing with repeateiinsertionby
3.5%.

Exponentialwire taperingoutperformsuniform wire
sizing asdiscussedn section2. As with wire tapering,
uniform wire sizingdecreasetheline resistancemaking
the inductive behaior greater;however, the superlinear
increaseén theline capacitancémits theeffectof theline
inductancenreducinghesignalpropagatiorelay Wire
taperinghowever, produceg smallerdelaythanthedelay
achievedfrom uniformwire sizing. Optimumwire taper
ing produces greaterdelayreductionin RLC linesthan
in RC linesasthe inductive behaior of the line further
decreasethe delay Theline inductancemakestapering
moreefficientthanuniformwire sizingin RLC lines.
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Figure 4. Coplanarinterconnecta) minimum width b)
uniform sizingc) exponentiatapering

For an RLC line, taperingnot only reduceghe prop-
agationdelay but alsodecreasethe total power dissipa-
tion ascomparedo uniform wire sizing. An increasen
theinductive behaior of theline reduceghe signaltran-
sition time at the load, reducingthe short-circuitcurrent
and, consequentlythe total transientpower dissipation
[12, 15]. Simulationresultsare presentedn section5
thatillustratethe efficiency of exponentialwire tapering
on both the propagationdelay and power dissipationof
RLC lines.

5 Simulation Results

In orderto determinethe optimumtaperingfactor, the
line impedanceparameter{Ryine, Liine, and Cyiy.) are
expressedin terms of the designparameters; and p.
Closedform expressiongor the line parametersre pro-
videdin the Appendix.

A 0.24 ym CMOS technologyis usedto demonstrate
the efficiengy of taperingan RLC line. A 5 mm long
interconnectine with T = 0.5 um, W,;n = 0.5 um,
Winaz = 20 um, andSy,;, = 1.0 um s consideredsan
example.A longinterconnectrivenby a CMOSinverter
is modeledby twenty RLC' sections.Theline is shielded
by two groundlineswith a 1.0 um width. A CMOS in-
verteris theload.

As listedin Table 1, differentcircuits are considered.
W, andW,, arethewidth of the NMOS transistorf the
driving andloadinverters respectiely. t,._r, is thetran-
sitiontime of thesignalattheinput of thedriving inverter
Fromthediscussionn section3, ¢ is choserto minimize
the power dissipatiorbasedn the minimumvalueof the
line width W,,;». The width of eachsectionandcorre-

spondingline impedancegarametersiredescribedn the
Appendix.

Table1: Circuitsparametersf examplecircuits

W Wi tr—in q p

(pm) | (pm) | (psec)| (pm) | (m™?)
Circuitl 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 and exponentialline tapering. As shown in
Fig. 5, wire taperingoutperformsuniform wire sizing
for all of the circuits. For an RLC line, the reduction
in the minimum delayis greaterascomparedo an RC
line, makingtaperingmoreefficientin RLC lines. A 15%
reductionin delayfor an RLC' line ascomparedo are-
ductionof 7% for an RC line is achiezedwhenoptimum
taperingis usedratherthanuniform wire sizing.

In additionto a smaller propagationdelay the total
transienipowerdissipations lower. A taperedine with ¢
equalto the minimumwidth reduceghetotal line capac-
itance, therebydecreasinghe dynamicpower (as com-
paredto uniform wire sizing). Furthermorethe power
dissipationis furtherdecreaseth an RLC' line sincethe
short-circuitpoweris lower. Thereductionn powerdissi-
pationfor several RC and RLC' linesis shovnin Fig. 6.
A reductionin powerdissipatiorof asmuchas16% for an
RLC lineascomparedo 11% for anRC line is achieved
whenoptimumtaperingis usedratherthanuniform wire
sizing.
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Figure5: Reductionin propagationdelay UWS stands
for Uniform Wire Sizing and TWS standsfor Tapered
Wire Sizing.



Appendix : Impedance Parameters of
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Figure6: Reductionin total power dissipation

6 Conclusions

The optimumwire shapethat produceshe minimum
signalpropagatiordelayin adistributed RLC line is de-
terminedin this paper It is shavn thatan exponentially
taperedinterconnectminimizesthe time of flight of an
LC line. Thegeneraform for theoptimumshapingunc-
tion of an RLC line is geP*. The optimumwire width
attheloadendq andtheoptimumtaperingfactorp which
achievetheminimumdelayandlow poweraredetermined
for thedriverandload characteristics.

Optimumwire taperingas comparedo uniform wire
sizing is more efficientin RLC linesthanin RC lines.
The line inductancemakes taperingmore attractive in
RLC linessincetaperingproduces greatereductionin
delayas comparedo uniform wire sizing. A reduction
in delayof 15% for an RLC line ascomparedo 7% for
an RC lineis achievedwhenoptimumtaperingis applied
ratherthanuniformwire sizing.

With a minimumwire width at the far endandan op-
timum taperingfactor boththe propagatiordelayandthe
power dissipationare reduced. The line inductancein-
creaseshe savingsin power in anoptimally taperedine
ascomparedo uniformwire sizing. A reductionin power
dissipationof 16% for an RLC' line ascomparedo 11%
for an RC line is achievedwhenoptimumtaperingis ap-
plied ratherthan uniform wire sizing. Summarizing ta-
peringimprovesboththe speedandpower characteristics
ofanRLC line.
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Tapered RLC Inter connect

Practically implementinga continuouslyshapedine
is not preciselypossible.However, dividing the line into
sectionsof length[; % where N is the numberof
sectionseffectively approximates continuousshape As
shavn in Fig. 7, the width of the line sectionsncreases
exponentiallyasthesectionapproachethenearend,pro-
ducingthe optimumshape.Giventhe geometricdimen-
sionsof the line andshield, the line impedanceparame-
tersareexpressedsfunctionsof thetaperingparameters,
q andp.
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Figure7: Coplanattaperedine

Expressinghe line inductancan termsof the dimen-
sionsof thewire structurerequiresthatthe currentreturn
pathbe determined. In the coplanarstructureshown in
Fig. 7, thereturnpathis assumedo be in the adjacent
groundlines. This structureis commonin global inter-
connectssuchasclock networksor databusseg16].

For a small numberof line sectionsN, the section
lengthis muchlargerthanthe otherphysicaldimensions
(suchasthe sectionwidth 1;, the separatiorbetweerthe
sectionandthe groundsS;, andtheline thicknessT'). Ta-
peringis more effective in long (global) lines (e.g., I >
1000 pm) astheline inductanceandresistancaresignif-
icant. Theselines aredividedinto several sectionge.g.,
N < 20), makingthe ratio betweenthe sectionlength
andtheotherdimensiondarge (e.g., # > 100). Ne-
glectingskin andproximity effectsandfor I; > S;, W;,
andT, thetotal line inductances

Liine(q,p) = LO[N (A + gB(qvp))

0.22% 1
L & Wi(g,p)
N

In (1_[((16(’.1)’”1 + T)) ], (A.1)

i=1

+



where

UL
Lo = 2’
A = 08637—05n(W, +T)+ —2
= 0. . 9 W, + 37’
SW,(q,
B(g,p) = InSW,(g,p) - %,
SWQ(QJP) = 2Snin+ Wg + qe(N—l)Pll_
Thewidth of eachline sectionis
: [ Wi_iePr fori>1,
wan={ J ozl e

The inductanceof an exponentiallytaperedine is de-
terminedfrom (A.1) and comparedwith the inductance
extractedby the field solver FastHenry[17]. The error
betweerthe two solutionsis lessthan0.78% for a taper
ing factorrangingfrom 0 to 800m~!.

Thetotalline resistancés

N
1
Ryine ’ = Rpl = > A.3
tine (4, P) DIZ;W%%M i
whereRp is theline resistancgersquare.Thetotal line
capacitanceés
N
Cline (q,p) =h Z CSecia (A4)
i=1

where Cs,.; is the capacitancef eachsectionper unit
length. A closedform expressionfor C's.; in termsof
W;(q,p) andS;(q,p) = Smm+w isobtained
from [14].
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