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Abstract— In the paper we present fast and effective methottansmission line. Such parameters for both frequesand

of modeling of coupled interconnect in Spice sinnodaby
means of S-parameters. The paper presents an apdvased
on the method of successive approximations, buhgakto
account the dependence on the frequency of linanpaters.
The concept is to use the rational approximatiothefmatrix
of per-unit-length parameter of the line calculafed each
frequency. In our approach we implemented the edatf
parameters of transmission line to the Spice sitaula
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|. INTRODUCTION

Modeling of transmission lines in the time-domaénan
ongoing challenge for the people involved in thawation of
integrated circuits and/or printed circuit boards fagh
frequency. The literature on this subject is veighrand
presenting it here is almost impossible. Among mameyhods
and approaches we would like to focus on two, winciude
further references. In first paper [2] the authaesents
approach based on dyadic Green'’s function and wéitting
of per-unit-length impedances and admittancesawfsimission
line to obtain Z matrix of n-port of multiconductor

time domains was obtained in [1]. In this paper
implementation of the model into the Spice simulate
presented.

The paper is organized as follows. In next sectimre is
presented the integral equations approach to thpediive
transmission line. In third section we apply thetimod of
successive approximation to calculate the scagerin
parameters of multiconductor line and present ttepgsed
model in SPICE. In fourth section we present anmetary
transmission line calculations. We conclude inl&st section.

Il.TELGRAHER S EQUATIONS IN INTEGRAL FORM

A. Telegrpher’'s equations for dispersive multiconducto
transmission line

Let us consider a multiconductor transmission line,
consisting of N+1 conductors of which one is coesid as
reference one. The telegrapher’s equations dmniolg:

dv(p,
- TPD — (2,00 +2:) 16.2)

dI (p,
- g] ) = (Y,(p) + Y1(p))V(p,y)
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transmission line. The every entry of Z matrix he tsum of where

rational functions of complex frequency s, whatilf@ates the
transformation to the time-domain and the modetihgircuit
in SPICE. The biggest problem is the necessitalte iccount
a large number of terms in every entry of mentioAadatrix.
On the other hand in paper [3] was developed meitfod
conversion of differential telegrapher’'s equatiam® integral
equations and next solving them by the method otessive
approximation. In that approach we obtain first esrd
approximation of the solution in simple analytiéam, which
is valid for low loss transmission lines. The drawek of that
approach was not including the skin effect and edigic
dispersion.
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y=z/d, t=Y)p, p=sT,T=dJL3,C},
d-length of the line
{1 - entry of original inductance matrix
¢, - entry of original capacitance matrix

In this paper we present an improved version & th (1) matricesZ; andY; are rational form of per-unit-length

approach based on the method of successive apmtiaira impedance and admittance of the multiconductorstrassion
[3], taking into account the line parameters depené on the line obtained as in [2] by means of vector fittiteghnique [5].
frequency. For this purpose, as in [3], we usedbecept of The next step is partial decoupling of the multitoctor
rational approximation of the matrix of per-unipfgh transmission line. It is done, as e.g. in [3], byatrx
parameters of the line calculated for each frequeht our transformations:

approach we base on scattering parameters of n-wire



U=Xxv, J=P L.(p,y) = exp [—(Plk,k + pA)y] L.(p,0) +
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Equations (5) are integral telegrapher’'s egs. amdbe solved
analytically or numerically. We calculate now (5) imeans of
P= diag[l/ A |wtL1/? the method of successive approximations.

where:
1 1
X = L2Wdiag |—|,
\/A_k 1 1
W, A, -eigenvector and eigenvalues of mattpCLz.

Equations (2) is partially decoupled, matricks'LP~! = PCX , o . .
are diagonal. Now we introduce current waves by risnat 1 Ne first order approximation is not difficult td@in (see[2]).

I1l.SCATTERING PARAMETERS OF THE MULTICONDUCTOR
TRANSMISSION LINE AND THE SPICE MODEL

transformation: Here we are giving first order approximation of thiest of
equations (5) and it has the following form:
[1-30 160
I.07200 111 =° 1l e_(Plk,k"'pA)(l_y)I_(p’ 1) —

1 (P tpA)E=3) pr,—~(P1yp+pA)(1-6) (6)
After some matrix manipulation we obtain new fornfi o fye P1oe dI-(p, 1) +

telegrapher equations: [ e~ (Priicph) ) P, e~ (Priactph)E ge 1,(p,0),
y

i I_ —A 0 I_ _ Pl —Pz] [I_]
dy [I+] + p[ 0 A] [IJ P, —Pyl I, + 3) Substituting y=0 in (6) we obtain the relationships
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1
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PZ _ %X_l(X_lRP_l _ PGX), fol e—(P1k‘k+pA)(f—0) Pioe—(l’lk,k+p/\)(1—f)df] I (p’ 1)
Q, = EX‘l(X‘lX‘lll (P)P~! + PY,(p)X), In (7) we can easily identify scattering paramese:s
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In (3) the diagonal entries of mat® we move to the left side e_("lk.kw“)(l_y) - (8)
d aft ipulati btain (4). S = (1
an a}ier someranlpuilolns vie 0 alnlg ) 2(P) f e—(Plk,kﬂJA)f Pl’oe_("lk'k”")(l_f)dé.
E [exp[_( 1k k +p )] —] - exp[_( 1k k + 0
pA)|Piol - — exp[— Py + pA)]P21+, A. Scattering matrices in frequency domain
a (4) Calculation of integrals (8) is straightforward ahe results are
= [exp[(Pr + PO|1 ]| = exp|(Puy + following
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B. Integral equations for dispersive multiconductor

. . S = e—(Pu,iﬂﬁli) +
transmission line 2(p)m:l:]
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Integrating first of equations (4) from y to 1 atket second ( 103 &) ”])
from O to y we obtain: where
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B. Spice model

Our proposed model of wire transmission line (Fig.:
uses the scattering parameters determined in #ndops
sections. In the first step we made a partial dplog of
the n-wiretransmission lines with the use of matrix X ¢
P, as it was done in the first section. This procedis
illustrated in Fig.2.
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Fig.1 Multiconductor (n-wirejransmissio line.
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Fig.2 Spice model of miticonductor transmissic line, where
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ex1/2 = Lm=1%kmVm,1/2 Jk1/2 = Zm=1Pimim1/2 -
Then, basing on equations (10,9ve create subcircu
(nT.subck} containing partially decoupled transmissiolines

model using scattering parameters. Fig.3 showscaivaent
circuit of the k-th transmissidine (k =1, ..., n

I_(p,0) = $;(p)1,(p,0) + S2(p)I_(p, 1),

1,(p,1) = S,(0)1.(p,0) + S1(»)1-(p, 1)

(10a)

(10b)

where
I—(p' 0) = bl(p)' I+(p' 1) = bZ(p)-

I,(p,0) =a,(p), I_-(p,1) = a,(p).

IV.RESULTS

As an example we have considered o transmissiol
line with frequency dependent parameters. The depen
of the per-unit-length parameters, Z; Y, and Y, on

frequency can be calculated by means of electrogtax
field solvers e.gprogram LINPAR [4].However, in our
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Fig.3 Subcircuit nT.subckt (Fig.2), km =1,..

example we used the following relationships to demonst
the skin effect (Fig.4and dielectric dynamic

Zy(p) = Ry +pLo + (0.1 +107*%/p ) = Zy(p) + Z; (),

Y Go +pCy [ 1 len =1
(p) = Go +pCy +Tp‘r

where
Ro=102, Lo= 2nH, G=10uS, & = 4,&,, =1,T = 2ns.

) =Y, (p) + Y1 (p),
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Fig.4 A typical frequency dependence of the real par
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Fig.5 Transmission line inductance dependence on freg.
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Fig.6 Dependence of shunt conductance and shurtance of the

line on frequency.

The above relationships on the per-uaitgth parameteras a
functions of frequency wergpproximated by means rational
functions using very efficient algorithrectol fitting [5,6].
Than we haveimplemented the proposed transmission
model into the Spice simulato&imulated circuit consists
the voltage pulse sourcésf the trapezoid shape = 2V, T,=
T; = 500ps, Tn = 2ns) with sourcaesistance <1502 and
transmission line loaded by capacitq=CpF
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Fig.7 Comparisothe SPICE model with IFFT calcttion of the

same model fothe considered transmission line wfrequency
dependent p-liparameters
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Fig.8 Input ul_const and output u2_covdtages at the near ¢

far ends of the considered transmission line with G
p-u-lI parameters.

The first for constant parametersy(andZy), and the second
one for variable parametems a function ¢ the frequency

discussed above and shouwmn Figs 4, 5 and 6 (¥Y; and
Zyt+Z;). Voltage at theénput and outpt lines for both sets of
data are shown in Figs ¥-In Fig.9 can be seen pulse
distortion caused by the skaffeci and dielectric permittivity
dependenceon frequency. The output voltage has lo
magnitude. Theomparison of the model in SPICE with IF
calculation are presented in Fig The IFFT is done to the
same set of simplified formulas which are modete8PICE

< T
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---ul_freq
15 =l u2_const
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Fig.9 comparison ovoltages at the near and
far ends of the considered transmission for constant and

frequency dependep-u-l parameters.

V.CONCLUSIONS

We have shown #t it is possible to general approach
based on the method of successive approximatiothéocast
of multiconductor transmission line with frequerdgpenden
parametes. As a result we obtain closed form (it meang
order approximation) of scattering parameters
multiconductor transmissiotine (first order approximatior
both in frequency and time domain. In the caseoof loss
transmission linean approximatio gives very good results.
Comparing with the approach based yadic Green's function
[2] the presented approach is simpler, of course nagsL
sufficiently small losses of the multiconductor transmis:
line. The presented approach permits for impleation of the
model to the SPICECurrently we are workir on the
implementation of the modelf n-wire transmission line into
the program SPICE.
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