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Abstract

Full-wave analysis, based on rigorous solution of the differ-
ential or integral form of Maxwell’s equations, is too slow for
all but the smallest designs. Traditional on-chip extraction en-
gines are, therefore, being pushed to extract inductance and pro-
vide accurate high-frequency interconnect modelling while main-
taining computational efficiency and capacity. This paper de-
scribes further accuracy-improving enhancements to the comme-
cial full-chip RLCK extraction engine, Assura RLCX[ 1], based on
thereturn-limited inductance formul ation. Specifically, we incor-
porate substrate losses due to eddy currents and power-ground
losses while, based on design-driven assumptions, avoiding ex-
plicit extraction of the power-ground and substrate. Results are
validated on small testcaseswhere comparison with full-wave so-
lution ispractical.

1 Introduction

With technologyscaling,on-chipfrequenciesreincreasings
device fr valuesexceed50 GHz. In digital integratedcircuits,
slewtimesarebeingdrivenbelow50 pseccorrespondingdo fre-
guencycontentapproachindlO GHz. For manynets,the clock
beingthe mostnotable[2, inductancanustbeincludedto accu-
rately predictrise andfall timesanddelaysin timing analysis.If
aninductivenetis overdriven,anunderdampednging response
canbeobservedwhichcanresultin functionalfailurein receiving
circuitsor producereliability problemghroughgateoxide stress.
Moreoverinductivecoupling,alongwith capacitivecoupling,can
bea significantsourceof noiseon quietnetsdueto the switching
of nearbyperpetrators.

In analogintegratectircuits, on-chipfrequenciedor wireline
andwirelessapplicationsarealsopushingbeyondl0 GHz,in op-
tical communicationgircuits[3] andin RF circuits[4]. On-chip
inductancextractiontechniquesiavealreadybeerappliedto spi-
ral inductors[5 6, 7], but on-chiptransmissioriines arefinding
placesn bothdistributedeedbaclamplifiers[§ andoscillators[9].
Increasinglyalsothe parasitidnductanceof on-chipinterconnect
is becominga concern.

High-frequencyinterconnectanalysishastraditionally been
relegatedo full-wave Maxwell'sequationsolvers.Fieldsolvers,
suchasAnsoft's HFSS,which find broadusein the microwave
community solve the differential form of Maxwell's equations
with volumediscretizatiorandfinite-elementechniquesBy con-
trast, boundary-elementechniquesare integral-equation-based
solutionswhich rely on discretizingthe sources. Method-of-
moment-basedolvers[1(, suchas Agilent's Momentum, are
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widely employedin the microwavecommunity In theIC and
packagecommunitiesjntegral-equation-basesblutionare pop-
ularly representeth termsof partial-elemenequivalentircuits
(PEEC)which canbe solvedwith circuit simulationengines[1,
12]. If thecouplingdistancesreshortrelativeto thewavelength
(thatis, the distancedetweernconductorsegmentshataremag-
neticallyor electricallycoupled) thenthequasi-stati@pproxima-
tion appliesandno retardationis necessaryn the analysis[13}
Fastintegralequatiorsolvershavebeendevelopedo provideac-
curateelectrostaticmagnetostaticandfull-wave integral equa-
tion solutions[14 15, 16]. Suchsolverswhile achievinghighac-
curacy arestill very slow exceptfor the smallestproblemsizes
andtheresultingformulationsarestill intractablydensedor large
designs. As a result, parasiticextractionengines,which com-
promisesomeaccuracyto achievefull-chip capacity are being
pushedo providequasi-statidhigh-frequencyextractioncapabil-
ities; thatis, the extractorsarebeingextendedo addinductance
to themorefamiliar resistancendcapacitanceffects.

Full-chip extractionenginesgenerallyuse patternmatching
and interpolationfrom look-up tablesto calculatecapacitance,
look-up tablesthat are generallycalculatedwith useof fastin-
tegral equationsolvers. Capacitancefiavevery stronggeom-
etry dependene; therefore, considerablecare is necessaryto
achieveaccuratevalues. The extractedcapacitanceareintrinsi-
cally sparsebecauseapacitancearevery “short-ranged.Elec-
tric field lineseffectively terminateonthe closestonductorsand
more distantcouplingsare negligibly small. Physically these
smallcapacitancesanbediscardedvithoutanyeffectonthepas-
sivity of theresultingnetwork.

Inductancesby contrast,haverelatively weak geometryde-
pendenceallowingfor accuratecalculationwith relativelysimple
analyticformulae.Magneticcoupling,howeveris denseleading
immediatelyto circuit-levelintractibility for large problemsizes.
Theinductancenatrixis densehysicallybecausenagnetidields
inducedby acurrentcanspreadnuchfurtherandmustbe*“termi-
nated”by eddy currentsinducedin nearbyconductors.Further
more the partialinductancdéormulationis mathematicallydense.
Partial inductancesare definedby flux areasthat extendto in-
finity. Physicallymeaningfulloop inductancesreonly obtained
whenthe moredistantflux areasare “cancelled”out by distant
partialmutualinductances Small mutualinductancegannotbe
discardedvithout disruptingthe passivityof the network[17].

There have beentwo recentapproacheproposedo “spar
sify” the inductanceproblem,eachwith its own advantageand
disadvantagd$8]. Thefirst approactrecognizeshattheinverse
of theinductancematrix (variouslycalledtheK-element[19* and
thesusceptanematrix[20])is mathematicallylocal”; thatis, one

1 Theuseof thetermK-elementwasperhaps pooronesinceSPICEalreadyde-
finesaK elemenassimplya(normalizedmutualinductancesWe usethisdefinition
of K is this paper



doesnothaveto combinemanydistantcouplingto obtaina phys-

ical answer As such,asfor the caseof the capacitancenatrix,

elementganbe discardedvithout disturbingthe passivityof the

network. While the formulationis nhow mathematicallysparse,
the problemis still physically denseandthe approachprovides
no mechanisnfor determiningthe interactionwindow size. The

mostsignificantdisadvantagef the technique however is that

existingsimulationtools (anddesigneintuition) arebasecnthe

concepiof inductanceatherthan“inverseinductance.”

An alternativeto the inverse-inductancapproachis the ap-
proachof return-limitedinductance[2lwhichis employedn As-
suraRLCX[1]. In this technique the powergroundnetworkis
usedto divide the chip into interactionregions. This approach
recognizeghe fact that powergroundnetsare alwaysavailable
asfail-safe high-frequencycurrentreturnsso that eddy currents
in mostcaseswill not be inducedsignificantlybeyondthe near
estpowergroundnets. The powergroundnetworkis modelled
implicitly in this approactwith the powergroundnetsactingas
virtual groundplanes. By implicit, we meanthat an equivalent
RLCK networkis generateéor thesignallineswhichincludeghe
effectsof thepowergroundineswithoutrequiringanexplicitnet-
work representationf thesewireswhich couldeasilyresultin an
intractableanalysis. This paperreportstwo accuracy-improving
enhancement® AssuraRLCX[1]: theincorporationof power
groundlossesandconsideratiomf eddycurrentiossesn thesub-
strate.

Earlierreturn-limitedinductanceextractionapproaches|lig-
nored resistive lossesin the powerground distribution. This
assumptionis frequently not justified becausehigh-frequency
currentreturnsmay choosemoreresistivereturn pathsthrough
powergroundlinesto minimizeinductanceresultingin a higher
effectiveresistancéor theline. Theseeffectsarenowconsidered.

In the metal-richenvironmentof digital integratedcircuits,
eddycurrentlossin the substratés notaconcerrbecaus¢heon-
chip powersupplyis alwaysavailableasalowerimpedanceur
rentreturnthanthesilicon substrateln analogdesignshowever
this may not bethe casesinceroutedpowergrounddistributions
aremorecommonandasparsenetalenvironments oftenpresent
in whichthesiliconsubstratéparticularlyif anepitaxialsubstrate
is used)maybethelowestimpedancesurrentreturn,oftenat the
costof considerableesistivdosses We enhancé¢heextractiornto
considettheseeddycurrentlosses.

Section2 describesow powergroundlossesare considered
within thecontextof return-limitedinductancesxtraction.A mul-
tilayer Greens’function approachto handlethe magnetostatics
of the substratds describedn Section3. Section4 considers
howtheconcomitanfrequencydependeneof theinductanceand
resistanceesultingfrom both loss mechanismss handledwith
frequency-independ elementswith an equivalentladdernet-
work fit. Section5 presentgomparisorof AssuraRLCX extrac-
tion resultswith full-wave solutionandconsidersomeof thelim-
itationsandassumptionsf theapproacttonsideredhere.Section
6 concludes.

2 Magnetostatic power-ground loss modelling

In return-limitedinductanceextraction the powergroundnet-
work of the chip is usedto divide the interconnecinto a setof
disjointinteractionregions.Self-inductancearedefinedby loops
formedwith the nearesparallelpowergroundlines. Thereader
is referredto Reference$l, 21] for moredetailson the return-
limited extractionapproachSignallineswithin aninteractiornre-

gionaremagneticallycoupledasloopinductancesandsignallines
containedn two differentinteractionregionsdo not couple. In
this approachthe powergroundlines areimplicit in the extrac-
tion andwhenlossesn theselines are consideredthe resulting
signal-linemodelsacquirea frequency-dependee.

We notethan an importantpart of full-wave analysisis un-
derstandindhe interplayof displacement¢conductionandeddy
currents andthis analysisnvolvesthe simultaneougjuasi-static
PEECextractionof the signallinesandthe powergrounddistri-
bution. In thiscontextto getatruly accurateanalysisof thehigh-
frequencybehaviorof the powergroundnetsonemustcorrectly
modelthe wires of the distributionaswell asall the sourcesof
on-chipdecouplingcapacitanceDependingontheamountof on-
chipdecouplingpackagenodellingmightalsobenecessaryThe
resultingextractionand analysiseasily becomedntractable. A
betterapproacho handlelarge problemsizes(andthattakenin
return-limitedinductanceextraction)is to assumehatthepower
grounddistribution has beenwell-designedand hasa very low
impedancecomparedto the signal lines being analyzed. For
powersupplyintegrity considerationsthis is achievedin prac-
tice with powergroundgrid structuresand adequatelecoupling
capacitance.With the assumptiorof a low-impedancepower
grounddistribution, we caneasethe full-wave requirementon
the powergrounddistributionby treatingcapacitanceto power
andgroundlines as capacitanceso ideal ground. Furthermore,
eddy currentsinducedin nearesteighborpowergroundlines
canbe “sourced”from the powergrounddistributionwith zero
impedance.
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Figurel: Interactionregionclusterdefinedby asetof signallines
andtheassociategpowergroundlines.



Within AssuraRLCX, then,agiveninteractiorregionconsists
of a setof “clusters”; eachclustercontainsa setof signallines
andtheirassociate@arallelpowergroundines(referredto asthe
powergroundaggregateyvhich definethereturn-limitedloopin-
ductancesOnesuchclusteris shownin Figurel(a). Thecurrent
flowing throughthe I signalslines of the clusteris given by 7;,
giving voltagedropsof V;. The currentflowing throughthe J
groundreturnsis givenby 7;. Eachclusteris alsoaugmentedby
a“pseudoreturn'to crudelymodelall of the (low-resistancebut
high-inductancefurrentreturnsoutsidethe interactionregion;
thisenablesfrequency-dependetransitionfrom adcresistance
definedonly by theresistancef thesignalline (powergridis loss-
lessat dc) to a high-frequencyesistancelefinedby returnscon-
finedtotheinteractiorregion.Low frequencyinductancegrenot
correctlymodelled butthey haveno significancen determining
interconnnectesponseThe currentsandvoltagesarerelatedby
animpedancenatrix:

V=2ZI

whereZ is givenby R + jwL. R, asthe resistancenatrix, is
diagonal. L is the densematrix of partialinductancesFor sim-
plicity, the remaindef the discussiorassumeshattheinterac-
tion regionconsistf a singlecluster;but the derivationcanbe
easilygeneralizedo multiple clustersn theinteractionregion.
E] I; = I, = —(3_, It) sincethe (net)currentbeingdriven
downthesignallinesof theclustermustbereturning(implicitly)
throughthe powergroundlines. Fromthisandtheassumptiorof
alow-impedanc@owergrounddistribution(shownby theshunts
acrosghe powergroundnetsin Figurel(b)), we seethat

Ii —1 ‘/t
(1)-mwr (i) o

whereB is anincidencematrix. Eachcolumnof B corresponds
toasignalline orapowergroundine; eachrow of B corresponds
to asignalline or powergroundliine aggregatén onecluster The
1th columnof B is all zeroexcepffor theonesn rowscorrespond-
ing to thesamesignalline or theaggregateontainingthe power
groundline.

Invertingthe current-voltageelationyields:

( 371 ) _ (BZ—lBT)—l < }; ) )

Furthermore,
V.=S(Bz 'B")'s"1, ®)

yieldingtheequivalenimpedancenatrixof thesignallinesin the
interactionregion(asshownin Figure1(c)):

Zeq: S(Bz—lBT)—lsT (4)

S isanincidencematrix. Eachcolumnof S correspond$o asig-
nalline or aggregat®f powergroundlines;eachrow of .S corre-
spondgo asignalline. Theelemenbf the:th columnandjth row
of S'is 1if thecolumnandrow correspondo thesamesignalline;
it is -1 if the columncorrespondso the powergroundaggregate
andtherow correspond$o theassociatedignalline of thesame
cluster In section4, we show how this (frequency-dependén
impedancaés representeih the SPICEextractechetlist.

3 Magnetostatic substrate loss modelling

Therearetwo basicapproachesnecould take to modelling
thesubstrateOnecouldmeshthesubstratéasedn avolumefil-
amentpproach[2R modellingthesubstratas(in generalacou-
pledRLCK mesh(i. e.,afull PEECmodel,tantamounto a full-
wavesolutionwithingthequasi-stati@approximation[1]) Thead-
vantageof thistechniqués thatit is veryaccuratesinceall 3D ef-
fectscanbe handled(e. g., differencedn substrateeffectsdueto
well diffusionsandtheinfluenceof well or substratelugs).Sub-
stratelossescanbe accuratelymodelledin both the electrostatic
andmagnetostatiproblemsandtheir interactionsarealsomod-
elled. The maindisadvantagéo this approachdespiteits accu-
racy, is thatextractionswill be“clogged”with complexsubstrate
networks.As in the caseof explicit treatmenbf powerground,it
will quickly resultin a computationaintractableproblemfor all
but the mosttrivial problemsizes. An alternativeis to treatthe
substratemplicitly by meansf a Greens functiontreatmentaind
combinethis with theimplicit powergroundtreatmenbdf return-
limited inductanceextraction.

Toconsidesubstrateffects,wereturnto Maxwell'sequations.
Ignoringthe displacementerm (quasi-stati@pproximation)the
magnetidield is determinedy:

V x B=uJ (5)

wherethe currentdensityJ = oE + J.,., WhereJ,,. isthe
appliedcurrentdensity The (time-harmonicfields arerelatedto
thescalarandvectorpotentialsby:

E=—juA-V¢ (6)

B=VxA (7

Usingequation$ and7 (andCoulombgauge)n equatiorb yields
thefollowing relationfor the magneticvectorpotential:

V2A = juwoA - HJsrc - Hav(b (8)

If wecanassumehesubstratés well pluggedo alow-impedance
powergrounddistribution,it canberegardedasanequipotential
andthelastterm on the right-hand-sideof equation8 canbeig-
nored.All of thevoltageinducedmagnetically)n thesubstratés
droppedacrosgheresistancef thesubstrat€or equivalentlythe
eddycurrentsof the substrateare sourcedosslessly). With this
assumptiongapacitanceto the substratecanbe regardedasca-
pacitanceso theidealgroundreferenceasis donefor the caseof
capacitorgoupledto thepowergrounddistribution. Thisleadsto
animplicit treatmenbf the substratehatis equivalento thatap-
plied to the powergroundnets. This treatmenignoreslossesas
displacementurrentsn thesubstratearecollectedby plugs. The
solutionof equation8 maythenbewrittenin integralform as:

A(T) = U/ Jsrc(’f'/)G(r’f,a’)dST/ (9)
1%

whereG(r, r') is the Greens function,foundby solvingthefol-
lowing equation:

VG (r,r') = =b6(r — ') + juwoG(r,r") (10)
Fromequatior9, the Greens functionallowsoneto calculatehe

magneticfield at the field point » asa resultof a currentat the
sourcepointr’.
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Figure2: Multilayer substrateMetal layersareroutedin layerO.
y = 0 defineghe substrate-oxideterface.

If oneassumes multilayer substratestretchinghorizontally
to infinity asshownin Figure2, thenaxial symmetryappliesand
equationl0canbereducedo atwo-variableproblemin cylindri-
cal coordinates Becausehis treatmentassumes uniform two-
dimensionalsubstrateprofile, three-dimensionafeaturessuch
assubstratdaminationssometimesisedto reduceeddycurrent
lossescannotbe modelled. The spectral-domairtransformcan
thenbe reducedo aone-dimensionaHankeltransform[23].We
insteadchooseto keepthe Greens function in Cartesiancoor
dinatesbecauseve computethe filamentaryinductancein the
spectraldomain, where axial symmetryno longer applies,be-
fore computingthe transformatiorto spatialcoordinateswith a
two-dimensionaFFT. This providesus with a mechanisnfor a
quick precharacterizeldok-uptablefor determiningnductances
directlyin the presenc®f a uniform multilayersubstrate.

If the sourcepoint (z’, y', ') andfield point (z, y, z) arein
the top oxide layer, denotedask = 0, it is straightforwardto
showthatthe Greens functionbetweerpointsin layer 0 canbe
expresseasthe doubleintegral,

G(r,r')ﬂ: fooo dvjz fooo dngos(mz)clos(mz':)cos(nz)cos(nz')
(ﬁgeﬂmnm”(y’y ) 4T e Ymn e (v ))

22y (BT E —BETY)
X (ﬁ%e’YEnnmin(?!yyl) + rée—vfnnmin(y,y'))

X

(11)
where+%,> = m? + n? + jworp. ok is the conductivityof
layer k andy is the permeabilityof free-spacdall the materials
areassumedo be non-magnetic).3.' andI'"* arecoeficients
determinedy satisfyingthe appropriateboundaryconditionsat
eachmaterialinterface.This follows from similar derivationsfor
theelectrostatiproblem[24 25].

As shownin Figure2, y = 0 definesthe oxide-siliconinter
face. To satisfythe requirementhatthe Greens functionremain
boundedasy — oo, f¢ = 0,I'§ = 1. Furthermoreif thebottom
Iayerof thesubstratélayerM) extendgoy — —oo, 84y = 1and
', = 0.2 With d;, beingthey-distanceto theinterfacebetween
substratdayersk andk + 1, thevaluesof 8¢ andT'} canbefound

2For very high resistivity substratespne could argue that the backsideof the
wafermustbemodeledfor exampleasanidealgroundplace.If the backsidevere
aty = — D, thiswould requirethatthe Greensfunction (andthe magneticfield)
vanishfor y < —D. We chooseto modelthe substrateasinfinitely thick in our
contextbecaus®f the presumptiorthat otherinterconnectayerswould alwaysbe
presentisafavoredcurrentreturnoverabacksidegroundplare.

from therecursiveformula

B Bi1
< er_hfnndk =4 I‘fk+16_27};wd’°+1 (12)

wheretheelementf A aregivenby:

a=(i 1)

anda, b areexpresseds

K41 :
a = : <1 + %nk—n) (Tt =i )

2 Ymn
k41 .
p= 1 <1 _ 7%) o (vt =l )
2 Yran

We havefoundthis formulationto benumericallyrobust.
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Figure3: Geometryandspacing®f the coupledfilaments.

We now usethis multilayerGreensfunctionto derivethepar
tial inductancdor filamentarysegmentg“dressed’by the pres-
enceof thesubstrate)Thecurrentdensityof afilamentarycurrent
Taty =di,z =0,-10:/2 < z < 11/2inthez directionis given
by:

J(:c/, v, z') = Ié(z')ﬁ(y/—dli) [u(z' +4L/2) - u(z/ — 11/2)] 2
13)

Figure3 showsthe geometryof the sourcefilamentandcoupled
filamentfor this calculation. Combiningequation®, 11, and 13
yieldsthefollowing expressiorior the magneticvectorpotential,

A(z,y,z)=2 (i—’;) fooo dm fooo dncos(mz)cos(nz)w
(,3;679%mar(y,dl)+pge—79nnmw(y,d1))
Youn (BeT§ =85 T
x (ﬁ%ewﬂmmin(%dl) + Fée—winmin(%dn)

(14)
Computingthe mutualinductanceo anotherfilamentaty =
doyz=d, h/2+86<z<Uh/2+ 6+ (seeFigure3d)

11/246412
M= / A(d, dy, 2')d=' (15)
11/2+6

yields,

M= (i—’;) fooo dm fooo dncos(md)J—Si:é:lilT{2)
. sinln(ly /24 8+1a)]=sin[n(1 /240)]

n
0 0
(ﬁge‘ymnma‘r(dl)d2)+F0"e_7mnma‘r(dl)d2)) (16)
(BLTe—puTY)
% (ﬂéevgnnmin(dl,d2) + Fée—vgnnmin(dl,dQ))




Equationl16 explicitly appliesto filamentarycurrents.To ex-
tendthis treatmento wiresof finite crosssection,we exploitthe
geometricameandistance(GMD) approximation[2g ®. In the
free-spaceased = I'¢ = 1andg¢ = T’} = 0 andthisintegral
canbedoneexactly, to yield thewell-knowninductancdormula
of Grover[26].

We canapproximatdheintegralof equationl6 by enclosing
thez andz dimensionsn aboxof dimensiond.; and /., respec-
tively. Furthermorewe grid the substratén z andz, sothe L4,
L1, d, 11,13, andé areintegralmultipliesof thegrid spacing:. Af-
ter sometrigonometricmanipulationsthe summatiorbecomes:

Ly—1 Ly—1
— I 1 2
M= 2L, Lya2 Zm:l n=1 fm"

«{eos () cgr (#=0E0) 4 cos (324 cos (22lattl)

—cos (T"L—7;d) cos <7"W(ZIL+;2+5)) — cos ("]i—jd) cos ("LL;?)}

wheref,.» is givenby:

(ﬁgEVEnnm‘”f(dl)42)+Fge—79nnmar(d1)42))
Jonn = (BoT3=A5T) (18)
y (%ev&nmm(dl,dz) n Fée—vfmmmwl,dn)

Defining M. as:
Li—1Lg—1
~ 123 m7nTu nmTv
YRS E Z cos 7 cos T 1

m=1 n=1
(19)

equationl7 becomes:
M = Md,l1+6 + Md,12+5 - Md,ll+12+5 - Md,a (20)
M., canbe efficiently calculatecby meansof a fast Fourier

transform(FFT) by creatinganextendegequencg,., from fy,,
asfollows:

fmn TTLZO,...Ll—l;RZO,...LQ—l
TI’L:L1,...2L1—1;'H:0,...L2—

m=0,...L1—1n=1La,. ~~2L§L— 1 by Z,: whereV = Z .. TandZ i, = Ry +sLy +sLa(Ro +
. 2 —

f2M—m,n
fm,QN—n
f2M—m,2N—n

Ymn =

m:Ll,...ZLl—l;n:Lg,..

With this, M., is givenby:

Y . u 2L, -1 x~2Ly—1
A[“v - 8L, Lga? Zm:l Zn:] fmn (21)
]m27ru) (]n27‘rv)
xezp( 2, J ¢TP\ 3L,

For N metallayers, N(N + 1)/2 FFTs arecalculatedas part
of technologycharacterizatior§i. e., they only needto be cal-
culatedonceanddo not degradehe computationakfficiency of
the extractionengine)to provide look-up tablesfor M., to al-
low calculationof M accordingto equation20. It is well-known
thata fine enoughgridding mustalso be chosen(smallera and
morepointsin FFT)to coveradequatspectracontento achieve
reasonablexccuracy This is particularly true for small values
of d for which, M., hasa (logarithmic)singularity Forthere-
sultspresentechere,we havechosena as0.25um anda max-
imum interactionregionsize of 256 um x 256pum, requiringa

3In AssuraRCLX, we arestill ignoring skin effect, assuminguniform current
crosssectiondor wires. For frequenciedeyond10 GHz, it will certainlybe nec-
essaryto modify this assumptiorthrougha volumefilamentdecompositioror by
meanf anexpansiorio amoreefficientbasis[2T

2048 x 2048 FFT. We post-procesthe FFT with a cubic-order
interpolatiorformula[28],whichallowsusto achieveseveraper
centaccuracydownto the smallesfilamentspacingrequiredfor
self-inductancealculationin the GMD approximation.This al-
lows usto avoidthe complexity of alternatesolutiontechniques
in the nearfield, the approachhatis generallytakenin moreac-
curatefield solvers[29.

4 Ladder network

To modelthefrequencydependencef equatior4 alongwith
the frequencydependencef the substratdossusingfrequency-
independenelementgand,thereby makingthe extractedhetlist
compatiblevith SPICEsimulation),aladdemetworkasshownin
Figure4 is introducedor eachsignalline branch.

Representingll » signalbranchesvithin aninteractiorregion,
the currentcomponentbecomevectors,whereeachelementof
the vector correspondso a differentsignalline. Consequently
L., Ly, Ry, R, aren x n matrices. R, hasoff-diagonalele-
mentsresultingin transresistancesodelledn SPICEascurrent-
dependentoltagesources.

Figure4: Ladderetworkfor asignalsegment.

Then x n impedancenatrix of thisreducechetworkis given
leQ)‘lRQ. We cannow expandZ s;; in momentsarounds =
oo!

M_ =1
My=Ri+ R,

Themomentof equatiord cansimilarly beexpandedrounds =
oo yielding:
M_, =8L's"
M,=SL'BL'RL™'B"L'S”

whereL’ = (BL~'B7T)~'. Notethe M _, andM correspond
to theinfinite-frequencyinductanceandresistancesespectively

To incorporatethe substrateorrectionandits associatedre-
guencydependenceyerecognizehatin thepresencef thesub-

strate, -
L— Re(LsubstTate(fma.r))

and N
R— R+ Im(Lsubstrate(fma.r))Zﬂ-f'ma.r

whereL . .p:¢rqte iISthecomplexdenseeomplexpartialinductance
matrix constructedy FFT lookupsfrom equation20. We evalu-
atethe correctionatthe userspecifiedrequencyf,,qz -



Similarly, expandinghe two lowest-ordemomentsof Z ¢,
arounds = 0 yields:
Mo = R

M£:L1+L2

whichcorrespondothedcresistancandinductancerespectively
Themomentof equatiord canbesimilarly expandeérounds =
0 yielding:
M}, =S(BR'B")'s”

Mi=S(BR'B")"'BR'LR'B"(BR'B")"'s”
With the pseudoreturni is simply the diagonalmatrix of sig-
nalline resistances.

Thefitting hereis trivial. M _, determinesL, M deter

minesR;, M determined,, and M, determinesR,. Specif-
ically, Ry =My, - R; ansz = Mi — L

5 Comparisons with full-wave analysis

In orderto validateour extractionresults we havedeveloped
a setof two-port ground-signal-groundGSG) coplanarwaveg-
uide structuresof the form shownin Figure 5 runningover dif-
ferentsubstrates.Thesestructuresare simple enoughto enable
full-wave solutionwith Ansoft's HFSSengine,a finite-element
solver, yielding S parameters Portsare definedat the nearend
andfar-end. Structuredike this canbeeasilyfabricatecandmea-
suredwith microwaveprobesandanetworkanalyze(with proper
referencaleembeddingtructures)[8] We similarly calculatethe
S-parameterBom Spectresimulationof the AssuraRCX SPICE
netlist. Frequency-domaianalysids afar moreprecisemeanf
accessin@ccuracythantime-domainsimulations,sincewe can
examingheaccuracywith which high-frequencgomponentsre
propagateéndreflectedcomponentshatcouldin generabeat-
tenuatedandlost as part of the Fourier spectrumof a “digital”
time-domairwaveform.We presentheresultsfor for arepresen-
tativetestcasdnere,atestcasavhich alsodemonstrateemaining
source®f inaccuracyin the extraction.

hy

substrate

Figure 5: Simple GSG coplanarwaveguideconfigurationsfor
full-wave comparisons.

In thisexample 1 = 0.5um, hy = 2.715um, w1 = 2um,
wo = 4um, ws = 10pm, di = 30pum, andd> = 50um.
The substratas very heavily doped,1mQ — ¢m (without even
thelightly dopedepitaxiallayerwhichberequiredo constructie-
vices),to accentuateéhe substrateeffects. The groundlines are
neitherequalwidth nor equidistantfrom the signallines, given
anadditionalproximity-efect frequencydependeneto theresis-
tanceandinductanceThegroundlinesarestrappecavery500um
andthesubstratés pluggedrom bothgroundinesevery500um.
Figure6 showsthe S-parameteresultsfrom 50 MHz to 20 GHz
in Smithchartform (althoughwe havenot sketchedhe contours

of constantesistancandreactancéhatarecommonlydrawnon

Smithcharts).HFSSgivesthe HFSSresult. RL w/o ladder gives
the AssuraRLCX resultwithoutanyconsideratiorof substrater

powergroundlossesthisis the AssuraRLCX resultwithoutthe
accuracyorrectionglescribedn thispaper RL w/ ladder, no sub-

strate includesthe powergroundlossesbut no effectsfrom the
substrate RL w/ ladder, substrate includessubstratdossaswell

aspowergroundloss. We commenthattheHFSSresultsrequire
in excesf 18 hoursof computetime. The extractionin Assura
andsimulationin Spectreaequiresa coupleof minutes.

S12 showssteadilybetteragreementvith HFSSaslossmech-
anismsareaddednto the Assuraextraction.Evenwith bothsub-
strateandpowergroundlossesconsideredye arestill underrep-
resentinghe loss. We attributethis to the failure to considerthe
current-crowdingkinandproximity effectsin Assura.At 20GHz,
the skin depthis approximately0.7um. Skin effectsissuesare
actually mitigatedin this testcaséecauseof the comparatively
large amountof currentreturningthroughthe substratemaking
thewire thicknesgatherthanthe width the morecritical dimen-
sionfor the skin effect. The S;; resultsalsoshowsimilarly im-
provingagreemenastheaccuracyeaturesareaddednto the As-
suraextraction.High-frequencydiscrepancief thereal part of
S11 areonceagainattributedto current-crowdingeffects.

01 : :

—— HFSS
— - RLwlladder, substrate ‘

- RL wiladder, no substrate Si11
— - RLwio ladder

0 0.1 0.2 0.3 0.4 0.5

S12
0.5

Figure6: S parameterérom 50 MHz to 20GHzfor the coplanar
ground-signal-grountestcase.



6 Conclusions

In this paper we havedescribedenhancement® the return-
limited inductanceextractionapproactasimplementedn Assura
RCLXwhichhandldossesn thepowergroundandsubstrateThe
approachis basednthedesign-driverassumptiorthatthesignal
lines are routedwithin a low-impedancepowergroundnetwork
andthatthesubstratés well pluggedortapped)nto thisnetwork.
This allow implicit treatmentof the effects of the substrateand
powergrounddistributiononsignalline responseyhichcanmake
signal-lineextractionpracticalon a full-chip basis. Comparison
with finite-elementull-wave analysisshowstheefficacy of these
accuracyenhancementsTo accuratelymodel beyond10 GHz,
non-uniformcurrentdistributionsacrosswire cross-sectionwill
haveto besupportedn the extractionenginein a futureenhance-
ment.
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