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Abstract—This paper presents a new method for the extraction for the conductors. Such models do not correctly capture the
of the frequency-dependent, per-unit-length (p.u.l.) resistance, and contribution of the proximity effect present in the current dis-
inductance parameters of multiconductor interconnects. The pro- tribution in the interconnects. Thus, the frequency-dependent
posed extractic_)n me_thodology is based on a new formulation of the u.l. resistance results are onlv a ryoximate Furthermore. none
magneto-quasi-static problem that allows lossy ground planes of p.u.l = - y PP e ) !
finite thickness to be modeled rigorously. The formulation is such Of the existing models in commercially available transient simu-
that the p.u.l. impedance matrix for the multiconductor intercon-  lators take into account the contribution of the ohmic loss in the
nect is extracted directly at a prescribed frequency. Once the ma- reference ground path in the p.u.l. resistance of the conductors.
trix has been calculated over the bandwidth of interest, rational |1 is well known that, at high frequencies, there is crowding of

function representations of its elements are generated through a th tinth . fh t thi diatelv adi ¢
robust matrix curve-fitting process. Such a formulation enables '€ CUT€Ntintheregion ot the return path immediately adjacen

subsequent transient analysis of interconnects through a variety t0 the conductors. The extent of this crowding is frequency de-

of approaches. Direct incorporation of the rational function model pendent. Consequently, not only does the return path contribute
into a general- purpose circuit simulator and a standalone multi- - to the p.u.l. resistance, its contribution is also dependent on fre-
conductor-transmission-line simulator is demonstrated. quency.

Index Terms—Broad-band transmission-line model, closed-form In this paper, a new approach is proposed for the extrac-
electromagnetic Green's functions, dispersion, dispersive mul- 4o, of the frequency-dependent p.u.l. resistance and inductance
ticonductor interconnect model, equivalent circuit, finite-dif- : .
ference time-domain simulation, frequency-dependent Iosses,p":)'rame'[erS 9f multiconductor 'nterconneCts' The propo;ed aP'
frequency-dependent per-unit-length impedance matrix, fre- Proach combines a new formulation of the magneto-quasi-static
quency-dependent per-unit-length  inductance parameters, electromagnetic modelthat describes frequency-dependent field
frequency-dependent  per-unit-length resistance parameters, penetration in the lossy conductors with a robust vector-fitting
high-speed electrical interconnections, lossy ground planes, mag-5\rithm to generate rational function approximations to the

neto-quasi-static problem, method of moments, multiconductor | ts of th Li d trix of I ductor i
transmission lines, ohmic losses, parameter-extraction method- elements of the p.u.l. iImpedance matrix of a multiconductor in-

ology, planar inhomogeneous media, proximity effect, rational terconnect.
function representations, skin effect, SPICE-compatible models, ~ The mathematical formulation is presented first, with the em-
telegrapher's equations, time-domain simulation, transmission phasis placed on the attributes of the new frequency-dependent
line, vector curve fitting. resistance and inductance extraction process. This is followed
by the generation of the rational function approximations to the

|. INTRODUCTION elements of the p.u.l. resistance and inductance matrices. Use of
- __._these rational function approximations for the development of
tCCURﬁ‘TE] predu(:jtl_or: of crosstr:lk_ Ievtels arlwd(;oulse S'St?rSPICE—compatible models for transient interconnect simulation
lon In nigh-speea Interconnects Is strongly dependen Bﬂrposes is also discussed. The paper concludes with the presen-

the accuracy W'th. which the ohmic Io_ss-mduced frequenpy ition of numerical results from the application of the proposed
pendence of the interconnect per-unit-length (p.u.l.) resistal

d induct ters | deled. Most of th i raction methodology and the dispersive interconnect simula-
and inductance parameters 1S modeied. Viost oT the exiSing i, approach to the modeling of signal dispersion and crosstalk

terconnect transient simulators rely on basic skin-effect mOdﬁJ]Smulticonductor interconnects
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Fig. 2. Layered medium for the two-dimensional Green'’s function problem.
Fig. 1. Cross section of a uniform interconnect. The conductivity of the layered medium is, in genegatiependent.

the p.u.l. frequency-dependent inductance and resistance fidl Such a way that the presence of the lossy ground is ac-
trices for the interconnect system. counted for. This way, there will be no need to solve for the cur-

Under the assumption of the quasi-TEM approximation [1{€M distribution within the lossy ground plane; yet its impact
the extraction of the p.u.l. inductance and resistance matrickthe interconnect inductance and resistance will be taken into
is based on the solution of a two-dimensional magneto-quadgcount. This is achieved by constructﬁgor the background
static boundary-value problem for the magnetic vector potent@fometry depicted in Fig. 2. The Green’s function problem of
g(x y) = 2A(x, y). Since the current flows only in thedi- interest is well known in applied electromagnetics as the layered
rection, the magnetic vector potential has onlytliemponent. Medium problem. As shown in [2], analytic expressions for the
An expression for the electric current density inside one of tifgf€en’s functions in such media are possible. However, they are
lossy conductors is obtained from Ohm’s law and the equati#ht€ms of slowly converging integrals.

that relates the electric field to the field potentials Recently, a methodology has been proposed for the devel-
opment of closed-form Green’s functions for layered media

J(z, y) =cE(z, y) = [3]-[5]. Even though approximate, it has been shown in the
JP aforementioned papers that the derived closed-form expres-

(1) sions provide excellent accuracy. It is this methodology that is
dz used for the solution of (3). As depicted in Fig. 2, layered lossy
whereo is the electric conductivityy is the angular frequency, Substrates with position-dependent conductivity can be handled
and@ is the electric potential. Clearly, the time—harmonic varPy the proposed method. Thus, in addition to its suitability for
ation exp(jwt) is assumed in this paper, and is suppressed fée effective modeling of lossy ground planes, the proposed
simplicity. The derivative of the electric potential is constant fanethodology is an excellent candidate for the extraction of
each conductor for a given frequency of operation and systéfr-chip frequency-dependent interconnect parameters in the
excitation. Using in (1) the integral form of(z, %) in terms of presence of lossy semiconductor substrates with variable

the current densities in the conductors, the following expressig@aping.
is obtained: The development begins with the derivation of the spectral-

N domain form of (3). More specifically, the Fourier-transform
1 ) air
S (@ y) +jw > //S Gz, y; o', ) (@', ) ds’ P
n=1 "

dd G(z, y; yo) = = / g(A, y; yo) exp(jAz) dA
= 2) 21 oo
dz
whereS,, denotes the cross section of thth conductor. It is g(A, 3 o) = / G(x, y; yo) exp(—jrz)dz  (4)
noted here that, in order to account for losses in the reference =
ground conductor, the current density throughout its cross secutilized to obtain, through the Fourier transform of (3), the
tion must also be calculated. However, for the case where sudifierential equation for the spectral forg(), y; o) of the
a reference conductor can be approximated by one of infinBreen’s function
planar extent, the calculation of the current distribution over 22
its cross section can be avoided through a proper choice of the —‘g — jwpog — N2g = —ud(y — yo). (5)
Green'’s functior(z in (2). This is explained below. dy

The Green’s functiory in (2) is the solution to the partial Even though analytic solutions for (5) are possible, they are in
differential equation for the magnetic vector potential for thierms of exponential functions of the spectral variablérhe
case where the source is a line current parallel toztzeis. inverse Fourier transforms of these functions cannot be done in
Without loss of generality, the line current is placed at a poigtosed form, and the numerical evaluation of the relevant inte-
(0, yo) on they-axis. Thus, the governing equation assumes tlggals is expensive.

J(x, y) =0 | —jwAlz, y) —

oo

form To circumvent this difficulty, a discrete solution of (5) is
2a  82a sought. For this purpose, the finite-difference (FD) method is
52 T . jwpoG = —pé(x)s(y—w).  (3) employed. The discretization process is well known and will not

be repeated here. The only issue that requires some discussion
With the lossy ground plane taken to be of infinite extent iis the handling of the semiinfinite homogeneous media that
the direction transversal to thgeaxis, it is desirable to constructextend to infinity in the positive and negative directions along
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the y-axis. In the discrete model, these semiinfinite domairtke Green'’s function. Adopting the approach in [5], the eigen-
are mapped to finite ones, using the coordinate transformatieaiuess, are sorted so thays, will have an increasingly neg-

of [6]. The specific details can be found in [3] and will not betive imaginary part ag increases. As the summation in (10)
repeated here. The FD approximation of (5) may be cast in tisessummed ovey, the contribution from eachxp(—j,/5,|z|)
following matrix form: term becomes increasingly smaller. The series can then be trun-
cated aty < M when the additional terms reach some predeter-
mined tolerance value. Since the exponential terms decay more
rapidly with largerz, fewer terms are needed as the point of ob-
servation is further displaced from the source.

(A - XNU)g = —f (6)

where the matrixA is a tridiagonal matrix of dimensiod/
equal to the number of interior nodes of the FD giidjs the
unity matrix of dimensionM, andg is the vector of the un-
known values of the spectral-domain Green'’s function at all of 1.
the FD nodes. The forcing vectérhas all its elements equal The process for the extraction of the p.u.l. frequency-depen-
to zero, except for the one at the row corresponding to the Ffant resistance and inductance matrices for the multiconductor
node where the source is located. Using the eigendecompositiag begins with the discretization of its cross-sectional geom-
A = TST ', the solution to (6) may be castin the form  etry and the numerical solution of the integral equation (2). Sev-
pr1 eral approaches have been presented over the years in the liter-
g=T(ES-XU)"r ™ ature for the numerical solution of this equation [7]-[10]. The
wherer = —T—Lf. SinceS is diagonal, it follows immediately @PProach presented here is a “volumetric” approach, where the
from the last equation that each element of the vegierof the conductor cross section is discretized into patches over which

E XTRACTION OF FREQUENCY-DEPENDENTR AND L

form the current density is assumed to be constant. To be more con-
" crete, letV,, be the number of patches in the cross section of
G = — Tongrq ) ®) conductorn, n = 1,2, ..., K. Let I,E") be the total current
=t A2 — s, flowing through patctk, k. =1, 2, ..., N,, and Ietagc"’) be the
] area of thekth patch. The current density over thth patch is
In the last equation, the constanisq¢ =1, 2, ..., M, depend then given byJ,E") _ I’En)/a;n)_ The discretization of the cross

only on the properties of the layered medium and the grid siz&,tions is done in such a manner that the skin-effect behavior is
This is also true for the elements of the matiix Finally, the

< resolved accurately at each frequency of interest. Thus, a finer
elements of the vectar depend on the position of the sourcegiq j5 ysed along the perimeter of the conductor, with the grid

This is the only vector that needs to be recalculated for differefjt, o sajected such that at the length of one skin depth is span by

source locations. _ _ _ at least two elements. The grid size increases gradually toward
The advantage of the result in (8) is that it allows for thﬁ.]e center of the conductor cross section.

inverse Fourier-transform integral to be calculated analytically. \nih this notation. the method-of-moments approximation of

Mqre spe.cifically, the spatial-domain Grgen’; fUﬂCti(_Jn at noc@) results in the following matrix representation for the discrete
m is obtained from (8) through the following integration: form of the integral equation:

M
1 > Trn " . g —
G(x, Ym; Yo) = o0 / < %) exp(jAz) dA. (Rp +jwLp) L, = =V, (11)
T ) o — S
¢ ! 9) Each element?;; of the full matrix R, represents the p.u.l.

Using contour integration techniques, it can be shown that"esistance of filament with respect to the current in filament
j, wherei andj may index filaments on separate conductors.
/°° exp(jAz) Do "

exp (—j \/%|$|) ’ The value ofR;; is computed by the expression in (12), where

oo A2 — sy Jv/Sq d;; is one ifi equalsj and zero, otherwise
Im (\/a) <0. (5“ 1
_ _ _ _ _ R;j= —wlIm Gz, yis xj, yj) ds; dsj |
In view of this relationship (9) assumes the simple form 03 @G5 ) Js.J Js;
.M . (12)
R e (—dy/5ql])
G, Ym3 vo) = 3 221 (Lmqrq) /5 -~ (10 gimijarly, each element,; of the full matrixL,, represents the
a=

p.u.l. inductance of filamernitwith respect to the current in fil-
Thus, the Green’s function for the magneto-quasi-static problement;, as shown in the following:
in a layered medium is expressed in closed form, in terms of a

finite sum of complex exponentials. The dependence orythe L.  — Re l 1 // Gz, yis @, y;) dsi ds;
vy aiaj s, s vy Sy NERR-N] (3 g .

coordinates is built in the constant coefficients of the terms in
the finite sum. The dependence orappears explicitly in the (13)
argument of the exponentials.

From (10), it is seen that the number of summation terms isThe Green'’s functiold?(x;, v;; «,, y;) usedin (12) and (13)
equal to the number of grid points in the FD grid. However, onlgiccounts for the presence of any layered lossy media, in addition
a subset of these terms contributes significantly to the valuetofany ground or reference plane losses, through the expression
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in (10). The vector of unknownk, contains the filament cur- , x10°
rents 0|
T 1T r ¢ el
L= {1, W Ty} w = |
. . S [Z124
Each of the vectork-,,n = 1, 2, ..., K contains the filament g5} 4
currents of the:th conductor. Finally, recognizing that the p.u.l. m
voltage drop is the same for all filaments in the same conduct 3 " 4 o s 10
the vectorV,, in (11) may be written in terms of th& voltage %10
dropsV,,,n =1, 2, ..., K as follows: » T e S
1]\71 0]\71 T 0]\71 " 5 i
0N2 1N2 T 0N2 Vo % i
Vp = =PV (15 §
: : . : : 20l _
Ony Ony -+ Inyd LV % 2 4 6 s 10
. F H 9
wherely, ,n = 1,2, ..., K is a column vector of ones of requency (i) x10
length N,, (equal to the number of filaments in conductg;, , .
. Fig. 3. Comparison between (18) and (20). The solid line represents the
On,,n=12 ..., K isavector of zeros of Iength, and the extracted p.u.l. impedance from (18), while the rational function approximation

vectorV contains thek p.u.l. voltage drops in th& conduc- of (20) is indicated by the circle markers.

tors. From the above equations, the vector of filament currents

can be written in terms of the p.u.l. voltage drops as follows:  For the case of the frequency-dependent p.u.l. impedance ma-
. . trix, the development of such a form is based on the modal net-

L, = - (Ry +jwLy) PV. (16) work theory of the skin effect in lossy conductors [13]. Ac-

cording to this theory, the frequency dependence of the cur-

rent distribution inside a lossy conductor can be described in

terms of an equivalent network of resistors and inductors whose

impedance is consistent with the form

Recognizing that the total curreft in conductom is given by
I, = 1;{,” - Ic., the vectorI of the K net currents in the(
conductors is obtained from (14) as follows:

I=-P" (R, +jwL,) 'PV. (17) @
Zpu(s) = Ro+sLo+ » —5 Ry (20)
From (17), it is immediately obvious that the p.u.l. impedance =1 % 1a

matrix of the K'-conductor transmission line is given by . ) , , .
wheres = jw. Itis noted that the network is realizable if &}

are negativeR is positive definite, and all of the elements of
L, are positive. For the sake of completeness, the dual closed

Finally, the frequency dependent p.u.l. resistance and ind form for the frequency-dependent admittance mali, =

. ) LE? C,uisgivenb
tance matrices for th&-conductor line are pul T 5Cpu 1S g y

—1
Zyu = |[PT (Ry + jwL,) " P| . (18)

Q2
1
Rpul(w) =Re {Zpul} Lpul(w) = ; Im {Zpul} . (19) Ypul(s) = GO + SCO + Z

q=1

1
s — DBy

G,  (21)

However, for the examples in this papé€k,,, and C,, are
assumed to be independent of frequency. The representation
of the p.u.l. impedance matrix in the form of (20) is achieved
According to [11], the SPICE-compatible model for a multhrough the vector-fitting algorithm VECTFIT [14]. Using the
ticonductor transmission line (MTL) with frequency-dependeifitequency-dependent values Bf,, calculated at several fre-
losses is developed from the semidiscrete approximation of tipgencies over the bandwidth of interest, VECTFIT fits simulta-
generalized telegrapher’s equations, where the spatial derimaously all elements i#,,.,;. VECTFIT makes no assumptions
tives for the transmission-line voltages and currents are appravout the frequency dependence of the elements due to the gen-
imated using a FD scheme. While in [11], compact differencesality of the form of (20). It was found that one pole was suf-
were used to achieve a discrete approximation of high ordécient to capture the rather smooth frequency variation of the
standard second-order accurate finite differences may alsodbements in the p.u.l. impedance matrix.
used. To achieve a form compatible with the modified nodal Fig. 3 depicts the elements of the first row Bf,, for the
analysis (MNA) formulation [12], the frequency-dependent el&oupled stripline geometry of Fig. 4. The stripline structure is
ments of the p.u.l. impedance matrix of the MTL need to be castrtically inhomogeneous due to the finite thickness and finite
in a closed form that corresponds to the response of a realizateductivity of the reference planes. The FD approximation of
passive circuit. (5) discretizes the planar layered regions (bottom copper plane:

IV. SPICE-COMPATIBLE FORM OF THEp.U.l. MTL IMPEDANCE
MATRIX
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R L m E
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Fig. 4. Cross section of a stripline geometry where 50 pm,w = 50 pm,
t = 10 gm,g = 10 pm, andh = 200 um. The relative dielectric constant
e, = 4. All of the signal lines and reference conductors are copper metal.

j=1.2,..K i#j

Fig. 6. Equivalent circuit for conductof, accounting for resistive and
inductive coupling.

pairs. As a result, the voltage drdfgﬂ' is simply a scaling in
magnitude of the voltage drdg{j. Therefore, the voltage drop
due toR% can be realized by

R B R
A + V- V7= }_?—;IJ Vi (24)
q

Fig. 5. Circuit representation df_J,. This now defines the coupling between off-diagonal residues

by reusing the self-term circuit elements quantities from Fig. 5.

o # 0, inner dielectric = 0, and top copper plane: # 0) SO The yoltage sourc; is then the sum of voltage drops due to
that the losses within the lossy reference planes are mcorporaég%oumed line residues or

into the background media.

Once the p.u.l. impedance is cast into the SPICE-compatible K@l
and realizable form of (20), it can be rewritten as follows: ki = Z Z Ve i F (25)
j=1 g=1
Q1
Zpu(s) =Ro + sLo + Z s R, The complex impedance of each conductor in a p.u.l. section
=1 By of the MTL system is generically modeled by the circuit shown
. in Fig. 6. The model uses standard resistance, inductance, mu-
R =R Z iR tual inductance, and voltage-controlled voltage-source SPICE
0 0 P elements. It is important to emphasize that this SPICE-compat-
=t ible p.u.l. equivalent circuit captures the frequency-dependent
R — 1 R behaviors ofR i (w) andLyu(w) terms, including all off-di-
TP agonal coupling terms, for an MTL system.
_ 1 —
Ly = P, Ry (22) V. TRANSIENT SIMULATION OF THE DISPERSIVEMTL

As s tends to zero in (22), all terms @ .(s = 0) tend to Th_e advantage of 'Fhe pole/re_sidue repres_entations of_(20) and
zero, excepR,. Therefore Zyu(s = 0) = Ry is the p.u.l. (21) is that they facilitate the mp!emgntaﬂon of_a varle'Fy of
dc resistance, which means that it is a diagonal matrix.s Aghumerical schemes for trgnsm|33|on-llne ana!yS|s b.oth in the
tends to infinity, the terms in the summation oveapproach fr.equency.and time domains. A; already_ mgntloned in the pre-
R,. AsaresultL is then the p.u.l. external inductance since th@OUS section, a SPICE-compatible subcircuit model, as shown

summation ovey is purely resistive at high frequencies. Eacl! Fig- 6, can be synthesized from (20) and (21) in terms of
element ofZ,,,; can then be realized by the circuit shown ilumpedR, L, C, andG elements. Alternatively, standalone dis-

Fig. 5. persive MTL simulators may also be devised. The development
The p.u.l. equivalent circuit for each of thé conductors is ©f Such a simulator is described below.

shown in Fig. 6. The circuit is constructed by building upon The development begins with the discretization of the volt-

the circuit in Fig. 5 for the self-impedance case<{ j). The 29€S and currents along the MTL in order to effect second-order

addition of the off-diagonal elements &, is represented as accurate FD approximations of the spatial derivatives in the gen-

mutual inductance coefficients eralized telegrapher’s equations
y i 9 _
ki — —‘9 —. i j. (23) ~5, V(z, 8) =Zpu(s)I(z, s)
\/ LELE 9
. ——=—1I(z, s) = Y,u(s)V(z, s). (26)
The addition of the off-diagonal elementsRf, is represented ®

as a voltage-dependent voltage soukzeSince the same set of For this purpose, the unknown voltages and currents along the
poles are used in the characterization of e\vé#y, the off-diag- MTL are staggered in space, as shown in Fig. 7. Since each

onal elements oR,, are proportional to each of tH& i/, L) current node is placed at the center of two adjacent voltage
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1 for the transient analysis of the MTL. The update equations are

vV Vl Vl I: 1 V
! n = o+,
L Zyy et .1 : NX‘@__\__ as follows:
-V V2 V2 n 2 V2 -
52 1 »” n+. My
O pl—E N
M A AR A _ [ }_1
s 1 L N = [(h/A)Cy + (h/2)G
Oz SR (h/A)Cy + (/)G
Az=h< A, /20 : [((h/At)Co — (h/2)Go) VAt
Fig. 7. Spatial discretization of the MTL voltages and currents. + (ISTL—I/Q)N _ Iglnz+1/2)At>:|

. . . o (m+3/2)At
nodes, the resulting discrete model is also reminiscent of tﬁe
partial element equivalent circuit (PEEC) discretization of con-

ductors. When the p.u.l. impedance and admittance matrices —

[(h/At)Lo + (h/2)Ro + (h/z)S}

on the right-hand side of (26) are replaced by their equivalent AN Lo — (h/2 _ (RS T/ 2)At
closed-form expressions in (20) and (21), the following terms ((h/AD)TLo — (h/2)Ro — (h/2)S) L
. . m+1)A m+1)A / m
result: + (ng oAty t)"‘ZRqGPqNCn,?t
K K B B 1 ¢
Z Z“(S)Ij(s) = Z (R(()“) + SL(()“)) IJ(S) S =— Z F (1 — GPth) Rq
j=1 j=1 q q
K Q1 1 Czlﬁt
+ R Li(s) 7
]z::l q; 15— p = PrA AL _ 2_]13(1 (1 — ) (Iglm+1/2)m
K K (m—1/2)At
ij ij +I, .
> Yi()Vits) = |30 (667 + 506 ) Vits) )
j=1 j=1 (30)
K Q2 . .
1 In addition, the equations
DG 5 Vils). (@)
q

j=1 q=1

(ng+l)At 1 ng)m)

I(rn,—l—l/?)At _ [(1/2)R5]_1
i (Vgrn—l—l)&t i Vgnl)At)

The terms in the brackets on the right-hand side of the equa-
tions are familiar and describe the resistive, inductive, conduc-
tive, and capacitive coupling between the conductors in the spez,, . ; /o) 1,
cific spatial segment. Lumped-element representations for thert, =
are straightforward. The remaining terms can be written in a
much simpler form by introducing the following auxiliary vec-5.a ,sed to update the voltag@.%zrl)m andeIZJ,(,I)At atthe

[(1/A)C)] [ (Vg’:‘“)“ - V}t"wﬂ (31)

tors: near and far ends of the MTL, respectively. Even though (31)
@ 1 is written for the specific cases where linear voltage sources
I (s) = s—_ P L(s), g=1,2,..., are connected at the near end and capacitors are connected at
! the far end, discrete approximations for the time-dependent
VEq)(s) _ 1 V,(s), g=1,2,.... Q. (28) voltage—current relationship of any type of lumped elements
s — By could have been used.

) ) ) ) . The selection of the time and spatial discretizatidvisandh
It was shown in the previous section that the terms in (28) dize gesignated by the user prior to performing the time-domain
rectly lead to a SPICE-compatible equivalent-circuit represeljm jation. If the wave phenomena is sufficiently sampled (i.e.,
tation of dependent current and voltage sources. Alternatively, » . /10) and the courant stability condition is met, no
the inverse Laplace transforms of these expressions yield mﬁé-time instabilities were observed.

following convolution relationships:
VI. NUMERICAL IMPLEMENTATION

10() = exp(Pyt) + (1),  ¢=1,2,..., Q1 o _
In order to demonstrate the numerical implementation of the
V§q)(t) = exp(B,t) * V,(s), g=1,2,...,0Q2. (29) proposed methodology, the interconnect stripline of Fig. 4 was
analyzed using the driving and termination conditions indicated
Efficient recursive schemes are available for the implementia-Fig. 7. All conductors were assumed to be copper with con-
tion of these convolutions [15]. Utilizing (29) in the time-do-ductivity 5.8 x 10" S/m. The elements of the p.u.l. capacitance
main form of (28), a leapfrog time-integration scheme is usedatrix areC11 = C33 = 1.1649 pF/cm,C22 = 1.2407 pF/cm,
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Fig. 9. Far-end voltage waveform on the victim line (line 2). The dashed line
Fig. 8. Far-end voltage waveform on the driven line (line 1). The dashed liggows the re_sults of the constant model \(vhere the p.u.l. inductan_ce matrix and
shows the results of the constant model where the p.u.l. inductance matrix 8d°-U.I- resistance were used. The solid and dashed-dotted lines show the
dc p.u.l. resistance were used. The solid and dashed—dotted lines show'@s@onses of the frequency-dependent model of (18). Top: SPICE simulations
responses of the frequency-dependent model of (18). Top: SPICE simulati#i§)d the technique of Section IV. Bottom: FD simulations using the technique
using the technique of Section IV. Bottom: FD simulations using the technigQé Section V.

of Section V.
4
C12 = C21 = C23 = C32 = —0.2678 pF/cm, andC13 = é
C31 = —0.0083 pF/cm. The source waveform is a trapezoidal & [
pulse train of amplitude 2 V, a period of 1 ns, a 50% duty cycle, Baf
and rise and fall times of 50 ps. Lines 1 and 3 are driven by ¢ 2
voltage source with a matched input resistance. The input of th § T
quiet line, i.e., line 2, is shorted to ground. All three lines are E‘o > - . ,
10 10 10 10

20-cm long and terminated into 1-pF capacitors. Frequency (GHz)

In order to evaluate the impact and necessity of taking intc ¢ . .
account the frequency-dependence of the p.u.l. resistance a é’
inductance matrices, the time-domain responses of the syste Al
are compared with those obtained when the frequency depe §3.2
dence is not taken into account. For the frequency-independe
simulation, the p.u.l. resistance is set equal to the dc resistan:
of each line while the p.u.l. inductance matrix is taken to be 5285 - o 4
that obtained under the assumption of perfect conductors (i.e " " equency GHE) 10
neglecting the internal inductance of any conductor with finite
conductivity). Figs. 8 and 9 compare the multiline far-end tran-
sient responses generated by the constant and frequency-depen-

dent models. Fig. 10. Frequency dependence of the p.u.l. resistance (top) and inductance
The impact of the frequency dependence of the p.u.l. resiattom) of the single stripline configuration with = 50 pm,t = 10 gm,
tance and inductance both on the rise time (and, hence, defay) ° #™ and# = 100.m.
of the received signal and its amplitude is evident. Fig. 10 helps
explain this significant discrepancy by providing a comparisomhich shapes the rising and falling sides of the pulse, is suf-
of the frequency-dependent p.u.l. resistance and inductance &dréng higher attenuation that the low-frequency portion. Figs. 8
single conductor between two closely spaced copper and pand 9 display the signal distortion that results from this type of
fect electric conductor (PEC) reference planes. At the upgagh-frequency attenuation. As aresult, there is a significant dif-
end of the frequency bandwidth of interest, the frequency-dierence in the delays of the responses generated by the constant
pendent resistance is 3—7 times larger than its dc value andaawd frequency-dependent models. Fig. 10 also illustrates the ad-
additional 25%—35% larger for a copper reference plane. Catitional inductance present in conductors when the frequency
sequently, the high-frequency portion of the pulse spectruwnf, operation is not high enough to constrict the current flow

3

er-unit-le

——— PEC reference planes
Copper reference plane
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solely near the conductor surface. The figure illustrates that the3]
low-frequency inductance can be 20% larger then the high-fre-
guency inductance. Also, the extracted inductance values incor-
porating a copper reference plane are 10% larger than the PE@]
reference plane case of Fig. 10. Since the inductance directly
affects the velocity of propagation of a signal, its frequency de- 5
pendency results in dispersion (or spreading) of time-domain re-
sponses. Evidence of this type of signal distortion can be seenin
Figs. 8 and 9. Fig. 10 also shows the sizeable chanBg,if{w)
andL,,;(w) values between PEC and copper reference planesie]
Some evidence of this is seen in Figs. 8 and 9; however, Fig. 10
highlights the discrepancy between reference plane models fom
a geometry with a much thinner dielectric substrate.

As the vertical separation between reference planes de-
creases, a system of conductors becomes more tightly couple&‘%]
The physical spacing between signal conductors relative to the
distance between the reference planes determines the currerbﬁ
return path. Since the coupling amongst a system of conductorg
will simultaneously depend on the layout (broadside versus
edge side), width«(), thickness 1), height ¢), and spacing
(s) of the conductors, a complete phenomenological study iglo]
necessary and already underway.

Throughout the results shown in Figs. 8 and 9, the SPICE sini1]
ulation results using the equivalent circuit of Section IV were
presented along with results from the dispersive FD techniqug2]
of Section V. The agreement between the waveforms computed
from these two methods is very good. The flexibility of thg., [13]
representation of (20) to lend itself to multiple analysis tech-
niques is a significant benefit to the extraction-fitting procesg4l
described in this paper.

[15]
VIl. CONCLUDING REMARKS

In summary, a new approach has been introduced for the dé&L6]
velopment of SPICE-compatible models for high-speed inter-
connections exhibiting dispersion due to ohmic loss. The new
approach combines a rigorous modeling of the frequency depen-
dence of the field penetration inside the lossy conductors with gn
versatile curve-fitting scheme to develop equivalaL.circuits
that describe the frequency dependence of the p.u.l. impedance
matrix for an MTL.

These models are subsequently combined with semidiscrete
approximations of telegrapher’s equation to generate SPIGHy
compatible models for the dispersive MTL. This equivalent-cif
cuit model and its accompanying transient SPICE simulatio
build upon the results presented in [16] and [17].

The emphasis of the numerical application was on int
connects where the loss was solely due to the ohmic los
the signal and reference conductors. Hence, only the p.
inductance and resistance matrices were frequency depend

However, the proposed model can also handle the genegglﬁatSandiaNaﬁ(;nal
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