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Abstract

This paper presentsan on-chip, interconnect-awae
methodolgy for high-speedanalay and mixed signal
(AMS)designwhich enablesarly incorporation of on-chip
transmissiottine (T-line) componentmto AMSdesignflow.
The proposedsolutionis basedon a setof parameterized
T-line structues,which includesingleandtwo coupledmi-
crostrip lineswith optional sideshielding accompaniedy
compactrue transientmodels.Themodelsaccountfor fre-
guencydependentkin and proximity effects, while main-
taining passivityrequirementsdue to their pure RLC na-
ture. Thesignalbandwidthsupportedoy the modelscovers
a range from DC to 100 GHz. The modelsare currently
verifiedin termsof S-pammeterdataagainsthardware (up
to 40 GHz) and againstEM solver (up to 100 GHz). This
methodolgy hasalreadybeenusedfor several designam-
plementedn SiGe(Silicon-GermaniumpBiCMOStednol-

0gy.

1 Intr oduction

The recently introduced SiGe BICMOS technology
(fr = 100GH2) ([18], [6]) enablesatremendoudncreasen
on-chipsignalbandwidthin the areasof analogandmixed
signal(AMS) design.Consequentlynew designchallenges
have risen.In multi-GHz designregimes,on-chipintercon-
necthasa major impacton an integratedcircuit (IC) per
formanceand hasto be adequatelyfactoredin the frame
of the designprocess.A traditional post-layouttreatment
of on-chipinterconnectsnay leadto eithernumerousde-
signiterationsand consequentiyo longertime-to-marlet,

or to a significantamountof over-design. This is particu-
larly true in SiGedesignswherethe frequenciesarein the
order of tensof gigahertz,and post-layoutonly consider
ation of interconnectwould probablyleadto a re-design.
IC designin the high speedAMS domainis featuredby
afrequentneedfor true-transientime-domainsimulations,
highimportanceof signalintegrity, andcharacteristiband-
widthsin themicrowaveregion. In additionto that,thetyp-
ical layoutis relatively sparsethereis no well-defined50Q
ervironmentand the designflow is basically serial (lay-
out after schematic).Due to thesecharacteristicsthereis
a needfor on-chip interconnect-aware AMS designflow,
whichincorporatesnterconnectnfluenceinto the standard
designprocedureand accountsfor transmissiorine phe-
nomenawhich aboundat suchhigh bandwidths. For the
bestof our knowledgethereis no well-establishedAMS
designflow, which addresseshe issuesdescribedabove
in time domain. In this paperwe presentsuchan on-chip
interconnect-avare designflow which is tuned for high-
speedAMS applications.Section2 of this paperdescribes
the proposednethodologywhich is the main focusof the
paper In section3 we discusghegenerabpproactusedfor
time domainon-chip T-line modeling, Section4 presents
the existing resultsof the verification of the models,and
Section5 concludeghepaper

2 An Interconnect-Avare Design
Methodology

2.1 DesignFlow

The interconnect-avare designmethodologypresented
belon adherego the mainparadigmof combiningthe mer



its of automatediesignwith the designers wisdom. Good
examplesof this emeging paradigmare constraint-based
approachegalf-automatedesignreuseandmodulegener
ators(seee.g.,[3]). Thebasicideaof theproposednethod-
ology is to designthe critical interconnectines from the
very beginningratherthanjustextractthemattheveryend.
Critical interconnectinesarethereforeidentified,modeled
andincorporatedn the netlistfrom the early phasesf the
designflow, andtheir parametergareupdatedasthe design
evolves towards maturity The primary goal of the pro-
posedmethodologyis to enablehigherpredictabilityof an
IC performanceby meansof incorporatingon-chip trans-
missionlines into the simulationusing dedicatedmodels,
co-designedwvith the methodology Basedon our design
experienceandwork by others(e.g.[7],[13]), it is assumed
thatwithin the AMS domaina designethasto accountfor
transmissionline effects for a limited set of signal lines
only, furtherreferredasthecritical linesset. This approach
is similar to the approactof critical parasiticsselection3].
A critical line is designedisinga predefinedetof allowed
interconnecstructuresThebasicfeatureof suchastructure
is thatmostof the electricfield linesandthe currentreturn
pathare containedwithin the structureboundary This set
is integratedwithin a designkit for the specifictechnology
usedandcontainsall therelevanttechnologydata,in acon-
sistentmannemwith theimplementatiorof otherlibrary ele-
ments.Thecurrentlyusedsetof allowedgeometriesnakes
useof two metallayers wherethetopmetallayercarrieshe
signalandthe bottomlayer senesasa currentreturnpath.
Futuresetscanincludeothergeometrieaswell, wherethe
selectioncriterionis the costeffectivenesf a structurein
termsof performanceversusits costfrom the layout point
of view. Themethodologydescribeds thereforenotlimited
to ary specificon-chipT-line structure aslongasthey com-
ply with the criteriadefinedin the next sub-sectionFigure
1 depictsthe proposednterconnect-aaredesignflow.

As is commonin AMS designpractice adesignerstarts
with an architectureandfloorplandefinitions. During this
stagethecritical interconnectinesto be modeledwith on-
chip T-lines are identified and defined,basedon the esti-
matedlength and metallevel assignmentusingthe above
mentionedset of allowed structures. After a userdefines
the geometryof a T-line structure the embeddedlgorithm
calculategheelectricalparametersf theline: capacitance,
low- and high-frequeng inductanceseriesresistanceand
TEM impedance(odd and even impedancedor coupled
lines) at high frequeng limit. Thesecritical lines areusu-
ally thelongerhigh-speedines,whichconnectheleafcells
of the design.The numberof critical linesis thereforeusu-
ally muchlowerthanthetotalnumberof wiresin agivende-
sign. Thechoiceof critical linesalsodepend®n the signal
integrity andtiming requirementdrom a givenline, which
is highly dependenbn the specificapplication. More spe-
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cific guidelinedfor thechoiceof critical linescanbederived
from previousworks ([7],[13]) in which the considerations
for RC or RLC modelingarepresentedlt shouldbe men-
tioned that due to the much higher bandwidthcompared
with corventionalVLSI designsthe lines that have to be
modeledusing T-line modelsaremuchshorterin our case,
andmaybein theorderof few hundredmicrons.Therestof
thewiresareextractedandmodeledonly at the post-layout
stage,using standardextractiontechniqueswhich usually
do not considerinterconnecinductanceat all, or consider
it very roughly [14]. During the schematicdesignphase
the sameT-Line modelsareused,with possiblerefinement
in their geometryparameterslt may alsobe possiblethat
additionallines areidentified ascritical at a later stageof
thedesignandtheircorresponding-line modelsareadded
into the simulationmodel. However, experienceshavs that
in mostpracticaldesignexamples mostof thecritical lines
canbe identifiedat an early designstage. All the on-chip
T-Lines are automaticallynetlistedand simulatedtogether
with other circuit elementg(lik e transistorsresistorsetc.)
andtreatedequally throughoutthe designprocess.At the
physicaldesignphase,all the on-chip T-Lines are passed
into the layoutview asparameterizedells (p-cells)correct
by constructionboth from DRC and LVS points of view.
During the layout phase the actuallengthsof the T-lines
may slightly differ from their schematidevel designedral-
uesandsomestretchingandbendingmayberequired.Dur-



ing thepost-layouphasewiresmodeledasT-Linesarerec-

ognizedandtreatedasotherlibrary elementspnamelytheir

extractedgeometricalparametersre passednto the same
modelequationdor post-layoutsimulation. Therestof the

wires go througha standardextractionprocedurewhich is

fasterbut lessaccuratethan the specialtreatmentwe de-

scribedabove. The completenetlist, combining both the

T-line modelsandthe layout-extractedcomponentsis then

simulatedo completeabottom-upverificationof thedesign
process.A correctchoiceof critical linesin the schematic
phasewill make a one-iteratiorsuccess$ighly probable.

2.2 Allowed on-chip straight T-Line structures

The methodologyintroducedabove makesuseof a pre-
definedparameterizedetof T-line geometriesvith variable
dimensions. As mentionedbefore,the basicrequirement
from ary qualifiedinterconnecgeometryis the closeden-
vironmentondition,whichmeanghatthemajority of elec-
tric field lines are closedwithin the structurecrosssection
andthatthe T-Line structurecontainsits own return path,
namelythe sumof the currentsin its crosssectionis zero.
This closedernvironmentconditiondependsiot only onthe
geometrybut alsoon the properconnectvity of the return
pathof the T-line in the circuit. This conditionimpliesthat
both the electricandthe magneticcouplingto nearbypar
allel linesis keptsmall. The bottom shieldingalso elimi-
natesthe couplingto the conductie silicon substrateCon-
sequentlythe crosstalk is keptlow andtheline impedance
is well controlled. Currently two typesof shieldedstruc-
turesaresupportedsinglewire T-line andtwo coupledwire
T-line, thelatterbeingmoresuitablefor differentialdesigns.
All possiblemetallayercombinationghataresupportedy
the giventechnologycanbe usedfor signalandshielding.
Figure 2 presentghe genericgeometriesof the supported
typesof T-lines.

In Figure 2 (a) and (c), the width of the bottomreturn
pathlayeris largerthanthe width of the top signalwire(s)
structurein orderto insurethe closedervironmentcondi-
tion. This shieldingmethodologyreducesthe inductance
of the T-line structure,therebyreducingmary inductance
relatedsignalintegrity problemsin high-speedC designs,
suchas overshootsfringing noise,and even dampedreso-
nancesn longerwires. Bothtypesof T-line structuresllow
side shieldingof the signalline, asshown in Figures2 (b)
and(d). In thislastcaseviasareconnectedetweertheside
shieldingand the bottom shielding, ensuringequal poten-
tial onthe bottomandsideshield,sincethe via-to-viasep-
arationis much smallerthanthe shortestpossibleon-chip
wavelength.As anexample,the on-chipwavelengthwhich
correspond$ 100GHz signalis 1500y, takingtheapprox-
imationof a homogeneousilicon-oxidedielectricenviron-
ment,andassuminga relative dielectricconstanif 4.1 for

a) >
A
¢ th
Ve
QR R KK KIKKK
QIRIRKARKKIKIAKKKKEEKLKK
G R v th_g
ERRRRRRRRRRRRRERHRRRRERRRRKS —
B E——————
| Wg
b) W Ws
- -
el | tn
L] vhooo |
it h_g
Wg
-
c)
< I i th
t n
it h g
-
Wy
d ) W Ws
- -
4 s th
-~ -]
| pEoo
L
- g >
Legend |

/777 signal wire  KRXXXI shielding [ Jvia

Figure 2. Cross-sections of suppor ted ge-
ometries for on-chip T-line implementation:
Single (a,b) and two coupled lines (c,d) in a
micr ostrip geometry.



the oxide layer. At the presentstagethe methodologyfor-
bidsany metalshapecollinearwith the on-chipsignalwire
to beplacedin highermetallayersright aboveit.

3 High Bandwidth TransmissionLine Model

Simulationof signalintegrity in AMS anddigital designs
may include both time domainsimulationsand frequeny
domainsimulations. Modeling of T-Lines is more readily
achieved in the frequeng domain. In orderto allow for
time domainanalysis,it is thereforecommonto usefre-
gueny domainsimulationsandtranslatethemto the time
domainusingeitherthe inversefastFourier transform[24]
ortheinverselLaplacetransform[12]. Thismethodrequires
a periodic time domainexcitation and doesnot allow for
true transientsimulation,namelyhaving the systemin one
stateand moving in time to anotherstatewithout repeti-
tion. Anotherproblemwith this approachs thatdirecttime
domainsimulationsinherentlyenablelarge signal simula-
tion with nonlinearcomponentswhile frequeng domain
simulationsusuallyassumesmallor mediumsignalmodels
(suchas harmonicbalance)for the transistors.Large sig-
nal simulationsareessentiain AMS designswhichinclude
switching circuits and power stages. Anotherway to en-
abletime domainsimulationsof circuits including on-chip
T-Linesis to solve Maxwell's equationglirectly in time do-
main[19],[21]. This approachrequiresanelectromagnetic
field solverto be abuilt-in partof thedesignflow, implying
variousproblemsof corvergence,stability, and time con-
sumingprocessevenfor mediumsize(severaltenthsof T-
lines)designs.

The approachusedin this paperis basedon incorpora-
tion of on-chip T-line models,basedon RLC ladder net-
works. Unlike mary analyticaltime domain approxima-
tions, this approachis inherently passie by construction,
andis built to restorethe frequeny dependencef boththe
inductanceandthe resistancever thefull bandwidthfrom
DC to the transistorcut-off frequeny (100 GHz for SiGe
technology). The useof pure RLC networks enablesfur-
ther network reductionusing standardechniquessuchas
AWE [15], CFH[5], or Krylov Subspac§l0] onthe SPICE
generatednatrix. The accurag of the RLC modelsshould
be within the expectedprocessvariationof line impedance
in silicon basedmetalizationwhich is usuallyabout10%.
Theuseof quasi-TEMapproactior highbandwidthon-chip
T-Line modelsis justified by the fact that the crosssec-
tional dimensionsof the on chip T-Line structuresshowvn
in Figure2, arefew micronsatthe most,andarevery small
comparedwith the shorteston-chip wavelength. In addi-
tion to that, the dielectricrelaxationtime constantin metal
is muchsmallerthantheinverseof this requiredbandwidth.
Hence theT-Line capacitanc@erunit lengthis practically
frequengy independent.On the other hand, the frequeng
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Figure 3. Resistance (R), inductance (L) and
characteristic impedance (Zo) vs. frequency,
based on EM solver

dependencef both inductanceand resistancedue to the
skin effectis very strongasis clearly demonstrateéh Fig-
ure 3, which shaws the frequeny dependengof R, L and
Zy for the measuredtructureof Figure4. The strongfre-
gueny dependencef the T-line inductanceandresistance
is consistentvith the skin depthvalues,which canbe well
belov 1y in the frequeny rangeof interest. A T-line is
implementedby a network consistingof several cascaded
RLC segments,the numberof which is calculatedso that
thereare at least20 segmentsper one on-chipwavelength
correspondingo the high edgeof therequiredbandwidth.

The large frequengy dependenvariation of the induc-
tanceresultsfrom the useof signalmetallayerswith rela-
tively high thickness(few microns)in orderto reducethe
losses,and from the factthatin all structuresof Figure 2
the separatior(h) is of the sameorderof the thicknesd(ty),
unlike standardmicrowave structureson GaAs substrate
wherethe separations usuallydeterminedy the substrate
thicknessthatis muchlargerthanthe line thickness. This
smallerseparatiorin our casesneanghata biggerportion
of theinductancds dueto the skin-efect dependeninter-
nal inductancecomparedwith the mutualinductancepart.
The large frequeng dependencef the resistancealsofol-
lows from therelatively large thicknessof the signalmetal
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layer, comparedvith the smallskin depthat thesehigh fre-
guencies.

Several possibleRLC networks which depictthis RLC
frequeny behaior have beenproposedin the literature
(e.g.[25] [10] [17] [16] [23] [26] [27] ) which canbegen-
eralizedfor the caseof coupledinesby addingtherequired
crossinductanceand crosscapacitance&eomponents.The
methodwe usefor calculatingthecomponentsf suchRLC
network is asfollows. Eachmodelof a transmissiorline
consistof severalRLC segmentsouilt from fixedelements,
arrangedn sucha way thatthe total inductanceandresis-
tancearefrequeny dependentThe calculationof the val-
uesof theRLC network componentincludesseveralsteps,
whicharegivenbelow.

(2) In thefirst step,the static(low frequeng) valuesof the
RLC parametersf theT-Line perunitlengtharecalculated.
The static resistancecalculationis obvious in rectangular
crosssectionsunlesscheesingholesappearin the copper
lines, which requiresthe developmentof approximatere-
sistanceexpressions. Several approachesre reportedin
the literature for modeling of low frequeng line capaci-
tanceandinductancen rectangulageometriedy expres-
sions(e.g. [2] [4] [8] [11] [22] [28] [29] ). As partof this
study closedform, semi-analyticabxpressionsveredevel-
opedfor the specificcaseof the structureof Figure2. The
modelscomply with basicelectrostatiand magneto-static
principlesandhave correctasymptotichehaior with about
10%error (with respecto EM solver) in the entiregeome-
try parameterange. This level of precisioncomplieswith
theT-Line impedancevariationsin atypical silicon process.

In addition,a 10% variationin RLC datausuallycausesn-

significantdeviationsin the time domainsimulatedwave-
form shapes.

(2) In the secondstepof thecalculation the high frequeny

limit TEM inductancematrix is calculatedrom the capac-
itancedata(e.g. [11] pp. 115-120),makinguseof quasi-
TEM approximation.

(3) In thethird step,theseboundaryRLC valuesareusedto

calculatethe actualvaluesin areducedRLC network, in a
way that correctly describeghe T-line behavior acrossthe
wholefrequeng rangeof interest.

The algorithm embeddedn eachon-chip T-Line com-
ponentrecevesthe geometryparametergw,s,d andlayer
selectionasshowvn in Figure 2) and constructshe equiva-
lentRLC network describedaborve, whichis thenusedby a
circuit-level simulator

The above generalapproachto interconnectmodeling
hasbeenappliedto numerousdesignprojectsin IBM and
othercompanies.The specificdetailsof the T-line models
thatarecurrentlybeingusedwill be publishedelsavhere.

4 Experimental Verification

A commonway for characterizationof transmission
linesis S-parametemeasurementisinga Vector Network
Analyzer(VNA). Thus,in orderto verify ourmodelagainst
measurechardware, the resultsof the EM solver (Ansoft)
simulation and Spectre(Cadence)simulation of on-chip
T-line modelswere expressedn S-parameteformalism.
Measurement®sf single T-line structureswere performed
usingthe 8510CAgilent 40 GHz VNA, standardd0 GHz
coaxialcablesand40 GHz Cascadesround-Signal-Ground
(GSG) type coplanarprobes. An LRRM type calibration
was used, followed by on-chip de-embeddindadditional
on-chip "open” calibrationand Y parameteisubtraction).
The estimatedcalibration errors are small: contactresis-
tancelower than 0.1Q, residualtip inductancdower than
10pH, residualpad capacitancdower than 5fF. These
numbersare at leastan order of magnitudesmallerthan
ary measuredlata. Thetwo coupledline structuresequire
four port S-parametemeasurementsyhich canbedirectly
transformedo evenmodeandodd modeS-parametedata.
Thesemeasurementare currently in preparatiorand will
bereportedelsavhere.

Electromagnetisimulationof on-chipT-Line structures
canbe obtainedby standardull wave S-parametesolver.
2D calculationis sufficient in our case,sincethe on-chip
T-Line is modeledper unit length,andthe end-efectsdue
to theloadingaretreatedby the sourceandload modelsin
thecircuit simulationlevel. Forthereasonpresentegrevi-
ously(Section3) aquasistaticEM solverwasusedfor veri-
fication. Theabsolutenumericalcorvergenceaccurag was
verified by comparingthe resultsof two independenEM



solversbasedon two differentnumericalmethodsnamely
finite element(Ansoft EM2D) andboundaryelement(An-
soft SI2D) , to lessthan1%. TheresultingRLC datawas
then mathematicallycorvertedto 50Q-basedS-parameter
data. The modelsof T-lines underdiscussionvere simu-
latedby meansf astandardircuit-level simulator(Specte
by Cadencgin S-parametesimulationmode.

Figure 5 comparesmeasuredresults, EM solver and
model simulationdatafor a representatie single on-chip
T-Line structurewith the geometrycrosssectiongivenin
Figure4 with dimensionf w = 5.72, th = 4y, s= 147,
h = 4pandthy = 1.4y, andtwo lengths:102Qu and401Qy,
using aluminum-coppemetalization. In this structurewe
getaDC resistancg@erunitlengthof 1.25Q /mm compared
with anAC resistancef 8.3Q/mmat60GHz. In thissame
structurewe geta DC (static)inductanceperunit lengthof
0.8nH/mmcomparedvith anAC inductanceof 0.3nH/mm
at60GHz. Thehighfrequeng limit quasiTEM inductance
in this geometryis 0.28nH/mm The strongfrequeng de-
pendencef the RLC dataof thesestructuress explained
in the previous section. The characteristiampedanceof
thesestructuresvariesfrom 51— 16.3] Q at 1 GHz to
451-3.6j Q at 10 GHzandabout43 Q at60 GHz. The
resultsof EM solver basedmodel verificationfor the two
wires T-line structureof figure 2 (c) arepresentedn Figure
6. As canbe seenfrom Figures5 and6, the S-parameters
dataobtainedby theabove-describethreemethodsarein a
reasonablagreementThedeviations,however, aremostly
dueto the errorsin the staticRLC values,obtainedby the
semi-analyticalexpressionsusedin the model. Hence,a
betterapproximatiorcanbeachievedby usingmoresophis-
ticatedexpressiongor the staticRLC values.

Judgingby the experiencegainedsofar by severalusers
of the presentednterconnect-waredesignmethodologyit
seemshat the currently obtainedmodelaccurag is suffi-
cientfor mosttypical AMS designs.

5 Conclusions

A novel methodologyis suggestedhat introduceson-
chip T-Lines into the standardAMS designflow. This
methodologyhasprovedto be a costeffective way to ac-
count for interconnecteffects during the design process
by providing a meansfor controlling the signal integrity
on critical wires in high-speedAMS designs. This sug-
gestedmethodologyis a careful combinationof the mer
its of designautomationwith designers wisdom, as well
as the merits of microwave and VLSI designmethodolo-
gies. On-chip T-line modelshave already beenapplied
to several SiGe designprojectsinside and outside IBM.
Among theseprojectsare: datacornversioncircuits (ADC
and DAC), Pin Electronic Drivers, post-amplifiercircuit
for WCDMA transcerer systemandhigh-speednultiplex-
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Figure 5. Comparing the model to field-solver
and measured hardware for a single line.

ers/demultipleers.lIt is currentlybeingusedsuccessfullyn
40[Gb/s]OC768SiGedesigns.Experiencehasshavn that
it is importantto let the designehave theinformedchoice
to selectthecritical linesin theearlydesignstagesthatit is
essentiato properlyshieldthecritical linesby theirown re-
turn paths,andthattruetransientRLC network basednod-
elsarehighly costeffective in smallto mediumsizedesigns
upto very high frequencies.
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