Archiv fur Elektrotechnik, Vol. 75, 1992, pp. 255-260

Time Domain Simulation of Skin- and Proximity-Effect
in Multiconductor Transmission Lines

by
E. Groteluschen, K.-P. Dyck, H. Grabinski

Abstract- A new method of modeling the skin- and proximity-effect within
transmission lines is presented. This technique is used in connection with an
algorithm for a fast time domain simulation of the signal propagation in lossy
interconnect systems. The frequency-dependence of the liparameters is
taken automatically into consideration by the chosen approach and does not
need to be known in advance. In addition the simulation of line systems in a
nonlinear circuit environment (such as digital circuits) is possible, since the
algorithm operates in the time domain. The validity of the computed results
in the time domain has been proven by a comparison with results gained from
frequency domain simulations. Simulation results are giverfor different
planar transmission line systems. It was found that the influence of skin- and
proximity-effect is negligible for lines currently used in VLSI circuits. This is
also true in cases where the dimensions of the cross-section of the lines are
significantly larger then the depth of penetration caused by thekin-effect
(e.g. on PCBs).

l. Introduction

Transmission lines with frequency-dependent losses caused by skin-effect have been investigated
for manyyears. Mbst of thepublishedapproaches operate in tiiequency domain [1 4]. But

since nearly all line systems are embedded imordinearcircuit environment (especially in case

of digital circuits), the use dinear integral transformations, such as Fourier transformation, are

not practical. Therefore only time domain simulation techniques are further considered.
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In 1976 Miersch and Ruehliggosed a transmission line model consisting of lumped elements to
simulate the influence of frequency-dependent losses of single lines [5]. In later publications by the
same authors capacitances and inductances were substituted by lossless transmission lines to avoid

time consumptive and inaccurate numerical integrations [6, 7].

Another approach done by Yen et al. was to divide the whole cross section of a single transmission
line into subsections, fromnwhich equivalent circuits consisting césistors and inductors were
derived [8]. Thelossy transmission line is then described by a lossless transmissipn
representing the line delay, and the above mentioned equivalent circuits to represent the influences
of the skin-effect. Using these equivalent circuits in conjunction with the lossless transmission lines,

the transient behaviour of the line can be simulated in the time domain.

Djordjevi¢ et al. presented a convolution techniggeng Green's functiorfsr lines, by which
lossy transmission line systemwasn be calculated [9]. Applying this method it is possible to take
the influences of skin- and proximieffect into account, provided that the frequency-dependence

of the line parameters is known in advance.

Recently some simulation techniques were presented using the "Fmiemetaethod" to compute
appropriate equivalent circuits, whiglere then usedithin generapurpose network atfysis

programs like SPICE to represent the lines [10, 11].

In particular three disadvantages arise when using the above mentioned simulation methods. First,
most interconnections consist of coupled line systems. Thus, anadyzghgtransmission lines

only is not sufficient. Merely the method proposed by Djordjevial. [9] provides the simulation

of lossy linesystemsSecondusingthe methods described above, the frequency-dependence of

line parameters have to be calculated in advance. In general, this can tificaltyand time
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consuming (except for cylindrical conductors of simple geometries such as coaxial cables). Third,
describing the frequency-dependence of line parameters by equivalent circuits is not useful at all,
since the calculation of networks containing lumped capacitors and inductances requires the use
of numerical integratiomoutines. Forarge line systems methods mdimerical integration in
generalfail due toexcessive computer runtime and the occurence of numerical instabilities. The
main reason for this is, that a network is described by a quasistationary approach using a system
of ordinary differentialequations, whereas a transmission line system is describeddbyo&

partial differential equations. Thusyithin a networkall events takeplace simultaneously (in
contrast to lines). Therefore the attempt, to approximate lines or line systems by network elements
will lead tothe previously mentioned problemslote, that thedisadvantages of numerical
integration routines also arise withe method proposed lyjordjevi¢c et al. [9]: due to the

convolution technique lots of numerical integrations are necessary.

In order to avoid the problems mentioned above, this paper presents a new time domain simulation
technique foltossy line systems, which includdéee consideration afkin- and proximity-effect.

The basic idea of this new approach is to model the original line system (i.e. the line system with
frequency-dependefihe parameters) by an extended line system edttstantine parameters.

The extended line system can then be simulated by an algorithm which takes into account the non-
guasistationary behaviour of coupled line systems [14]. A brief description of this algorithm will

be given in chapter II.

In chapter Il a transmission line model is introduced which provides the simulation of skin- and
proximity-effectand which can be simulated by meanghefalgorithm described in chapter II.

Some simulation results are presented in chapter IV.
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[I. The Algorithm

Due to its importance for this work, a very efficient algorithm for time domain simulation of lossy
transmission linesvith constant line parametersiivibe describedoriefly. For a moredetailed

information cf. [14].

It can be shown, that for most interconnecticaspecially on chipgne camassume that the
guasistationary case exists within the cross section of a system of parallel uniform lines [13]. Thus,
we can restrict ourselves to cases where the quasi-TEM approximavaidisA system of
uniform lossy transmission lines in a nonhomogeneous medium with respect to the cross section

is then described by a system of partial differential equations:

-0V ol
W:RllJfL/E, (1a)
-al oV
ng’V+C’E . (1b)

V and| are theolumn matrices of line potentials and limerentsR’ L/ G’/ and’/ are
square matrices of the resistaroefficients, inductance coefficients, conductacwefficients,

and Maxwell's capacitance coefficiera#i,per unit lengthrespectively. In generd®’ is a full
matrix. Qnly for the case of ailealgroundplane isR’ a diagonal matrix containing the ohmic
resistances per unit length of the lines. As the conductance r@trix is not of importance for all

further considerations, it is assumed to be zero for the following.
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Since an analytical solution of (1) is not

V() Vi“(2)
k theidea ofthe algorithm is to 1 =, T = e
nown, theidea ofthe algorithm is to %(% — O L 41
\ \ I
divide the lossy line system intghort (- O — #2
. o R Zo || .| |Rbz
segments irthe direction of the wave | © | e
o I I
I I
propagation. Each segment then consist ; : %% — 4n
‘ _1 1 1 L_ | ‘ ‘
of a lossless line system and ang, L. Tps,
attenuation network (Fig. 1). N v 2 7 |
lossless attenuation
line system network

The system of coupled ifterential o ,
Fig. 1. Circuit model of th&k-th segment of a lossy line system.

equations of théosslesdine system can

be transformed into a set of decoupled equations by an appropriate linear transformation (similarity

transformation). For the lossless system a solution can then be found in accordance with the "Solu-

tion of d'’Alembert” which is well-known for a lossless single line. This analytical solution for the

line system leads to the circuit depicted in Fig. 1.

Let x, be the stangposition andxk/+1 be the end position of thssless line system die k-th
segment, then voltageg,(t)  amf(t)  can be expressed by voltagesreemts at the

boundaries of the line system (Ndtas not an exponent but an index !):
k k k
Vi(t) =V (x, 1t - TH)+ Z,®1 (x,, 1t - T¥) , (2a)
Kre\ _ / k / k
VA1) =V (X, 1t -T4) - Z,®1 (%, 1t - TH) . (2b)
Here 1 is thadentity matrix andZ, ishe matrix of characteristic impedances. The mafrix

represents thdelay times ofhe linesystem othek-th segment. The linear operafsr  acts as

a simple matrix multiplication inthe case ofT=0 Else ® extendd to a squamtrix,
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performs the matrix multiplication with, , takes the diagonal elements only and puts them into
a column matrix again [14]. The description of a lossless line system (eq. 2) is then in completely

analogy to that of a single line.

For simplification let all segments of the entire line system have the sameAen@ibnsidering
the attenuation network shown in Fig. 1, voltaygét) id) dé-thesegment can be

expressed by appropriate voltages ofittle, (k-1)-th and(k+1)-th segment at time$t - T

Vi(t) = (1-A)® V5 (1t -T) + A, @V, (1t -T) (3a)

Vo(t) =(1-A)®Vy (1t -T) + A, @V, (1t -T) (3b)
whereA, andA, are defined to be:

A=A,=Z,2" (4)

with 7:-7 +%AXR’ . (5)

The matricesA; and, descritiee attenuation of thiessy line system.A;, and, are not
equal for the cas&’ = 0 ). Using equations (2) - (5) the line system can now be simulated in the
time domain. The required number of segments essentially depends on the magnitude of the ohmic

line losses.

The benefit of the described algorithm is thatnumerical integrations at adlre required for the
simulation of line systems. Asrasult, the computauntime becomes extremethortand no

numerical instabilities arise. In addition, the accuracy of the results is very high. The algorithm is
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implemented in a computer program called LISIM. LISIM has the capability to simulate coupled

lossy line systems of arbitrary size in a nonlinear circuit environment [15, 16].

I1l. A Model for Simulation of Skin- and

Proximity-Effect

To simulatethe transienbehaviour of a line

current system taking into accountskin- and
line #1  #2 tubes

proximity-effect, eachconductor is now

divided into a number of parallel linesalled
current tubes. Thus, each lingelf (of a line

system) is modeled by a lisgstenof coupled

circuits current tubes (FigR). The currendensity in

line #1 line #2 eachtube is assumed to kepproximately

U constant with respect to its cross section. This

T

% is guaranteed if the geometrical dimensions of

each curent tube is chosen to be smaller than

#2 X = > the skin depth.

D et

For a sufficiently high conductivity of the line

line /1 -O- | 1
- || O] - . . :
. e e e material, (dielectric) displacement currents in
LS SNS
8 o1 o 8 8
B‘é Lo | —@—a‘é a‘é B the conductocan be neglected as compared
-0 -0 O _
42 O O O to conduction current. Thus, coupling of
O -0 O
[ HO- O [ HO-

current tubes isessentially galvanic and

Fig. 2. A 2-line system modeled by a 10-line system cmagnetlc' Irthe modelthe galvanic coupling

coupled current tubes.
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is achieved by a short-circuit afl current tubes belonging to the same line in each segment, cf.
Fig. 2. Thus, the current tube voltages at a posxiare the same for all current tubes of a line.
It is evident, that the whole current of the line equals the sum of all tube currents. The short-circuit

mentioned above can be realized by introducing a new Mai follows:

Let the original line system be composeadhdihes and let theth line be divided intg, current
tubes p, > 1). A non-ideal ground plane may be divided into a reference ling,andrent tubes
n
(cf. [3]). This results in an extended system vgth Z p; current tubes. A new raatrix  with
i=0

the dimensiond x n) is then introduced, whose elements are defined as:

{ 1, if current tube belongs to ling,
Ei,j = (6)
L0, else.

With ET being the transpose of matifi equation (4) now read:

A =2Z,Z1-E(2E"ZE)*ETZ?] | (7a)
A,=Z,2'E(ETZ'E)'ETZ?! . (7b)

HereinZ, andZ havthedimension ¢ x q). If the lines are not divided into current tubes (i.e.

g = n), the matrixE equals the identity matrix and equations (7) and (4) are identical.

As an example Fig. 8hows a 2-line system € 2): lines #1 and #2 are divided iqgo= 6 and
p, = 4 current tubes, respectively. This resultg in10. Matrix ET is then given by:

1111110003
ET_

"loooo0oo0oo0111
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To determine the inductance coefficients of the extended line systeqalifie systemq > n), the
stationary values athe self and mutual inductancgser unitlength of each tube have to be
calculated. In case aoaxial and rectangulaonductorghis can be done hysing analytical

formulas [3].

Even though coupling capacitances between two current tubes in the same line can be neglected
due to the galvanic coupling mentioned above, the algorithm nevertheless raljwapscitance
coefficients ofthe g-line system.Therefore the capacitance betwemty two lines has been
distributed ovearll current tubeselonging tothoselines. Due to the short-circuitsientioned

above this distribution of the capacitances can be varied over a wide range without changing the
simulation results. But due to numerical reasons this capacitance should be divided into physically

reasonable partial capacitances, e.g. each partial capacitance has the same magnitude.

IV. Some simulation results

The performance of the method described above will be demonstrated through examples of signal
propagation taking skin- and proximity-effect irgocount. In thgiven examples all peripheral
elements (except signal sources ahdhic load resistances) are omitted, so thaly effects

resulting from the influences of lines are observed.

To prove thevalidity of the computed results in tifiest examplethe output ginal of a coaxial

cable was simulated. Since the frequency dependence of the line parameters of a coaxial cable is
well-known and can be determined by the analytical formulas (8), the pulse response can also be
computed in a simple way in the frequency domain using 'Fast Fourier Transformation' (FFT). The

complex impedance per unit length of the center conductor is given by:
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kr, Jy(kr, i
R’ +joL; = Rj— 0 ith k= @), 9ok - L (8)
2 Jy(kr) 2 b

HereinRy is the dc resistance per unit length gitde radius of the center conductgr. J and J are
complex Bessel functions of the first kind ani the skin depth. The coaxial cable is assumed to
be 600 m longlts center conductdnas a radius d3.45 mm and isnade up otopper §., =

56:10° S/m). Theouter conductohas an inner radius df475 mm and waassumed to have
infinite conductivity. The dielectric is assumed to be lossless with a relative dielectric constant of
2.15. This leads to a nominal characteristic resistance of ab&utBte cable is stimulated by an
ideal signal source and loaded on the output with a resistance(hfl&Qhis example the input

voltage is a pulse with a rise and fall time of 25 ns and a high time of 1 ps.

For the time domain simulation the cross section of the center conductor was divided into 3 and
10 concentric rings, respectively. As a result of the skin-effect the variation of the current density
iIs muchstronger in the outaings than irthe center rings. Therefore the thickness of the outer
rings should be chosen to bmallerthen the radius of the center ringsthis exampleall the
concentric rings were chosen so that the resistances (per unit length) of all the current tubes were

the same.

1.04

0.8 F\}

Results of thesimulationsare shown in

Fig. 3. Curves #1 and #2 show the signal__
-

— 0.61
response of theme domain simulation &,
; 0.4
usingq = 3 andq = 10 current tubes, =
41| 4
0.24
respectively. Curve #3 shows the #3|] 42 \
0.0 —
response of thefrequency domain 30 | 35 | 40 | 40 | 50
time [ps]

simulation. In additioncurve #4 shows

withou"fig' 3. Output voltages of a coaxial cable. Curvesa#id #2
represent the time domain simulation result; curves #3 and
#4 show the results of the frequency domain simulation.

the calculated response



Archiv fur Elektrotechnik, Vol. 75, 1992, pp. 255-260

considering any skin-effect (i.e. only dc values of line parameters were used). For all simulations

the coaxial line was segmented into 100 segments.

Due to thesmall mismatch athe output, theroltage at the end of the pulse is not exactly equal

to zero but negative for the case of the frequency independent computation (curve #4). Excellent
agreement has been obtained between the time domain and the frequency domain simulation results
for the case off = 10 (curve #2 an#t3). As a result o$kin-effectthe (inner) inductance of the

cable decreases and the speed of propagation increases with frequency. Therefore the delay time
is about 270 ns shorténan if skin-effect is absent. Beyond thise effective resistance of the

center conductor increases due to current displacement. This leads to dispersion effects which can
be recognized frorthe shape of the computed curves. Even for the cage &f current tubes

(curve #1) the computed output voltage matches the correct result very closely.

In the second example a line system consisting of two coupled copper strip-type transmission lines
at a temperature of 77 K is analyzed. A similar example proposed and (in case of a single line)
simulated by Goshal and Smith [11]. As a result of the high conductivity of copper ab{y K (
~ 450 S/um)the skin depth isvery smallcompared to the geometriaimensions otheline.
Therefore thisexample iswell-
suited to show thenfluence of

_ _ skin- and proximity-effect in
line #1 line #2

multiconductor transmission lines.
L groullld plalne L L ILI L L L L L i |
(a) _
Both lines oftheanalyzed system
50 Q line . .
’—@—50-:;2 O # have a width of 5 um, a thickness
— #2
J- of 2 um and a length of 10 cm.

(b)
The spacing betwesdhe lines is
Fig. 4. Aline system consisting of two coupled lines.
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2.5 um. The entire line system is embedded in a homogeneous polyimide dielectric with a relative
dielectric constant of 3.5 (Fig. 4a). In this example the lines are driven by a source impedance of
50Q. The far ends of the transmission lines are left open (Fig. 4b). The stimulating source voltage
for line #1 is a pulse with a rise afall time of 0.1 ns and ahigh time of0.9 ns. The source

voltages of line #2 is chosen to be constant zero for all times.

For thetime domain simulation eacdonductor isuniformly divided into 21current tubes with
rectangular cross sections. The groptahe is divided into a reference line gy& 38 current

tubes. Thigesults inq = 80. Thenumber of segments is chosen tol0® for the entire line

system. The computed signal response is shown in Fig. 5. Curves #1 and #2 show the computed
outputvoltages ofines #1and#2, respectively. To show the influences of skin- and proximity-
effect the same simulation was done without dividing the conductors into current tubes. The results

of the latter simulation are depicted in Fig. 5, curves #3 and #4.

Due to capacitive coupling, a relatively

1.0
#3
high voltage is observed on the coupled °8 = -
Z. 06
line #2. This voltageremains almost o
%ﬂ 0.4 /#4
-«
constant during the pulse. In addition, in g 0.2 \
0.0
the case when skin- and proximity-effect 7 >~ -
-0.2
0.0 0.5 1.0 1.5 210 2.5 3.0

are notconsidered, there are significant

time [ns]

voltage peakes athis line atthe signal
Fig. 5. Output voltages of a 2-line system at 77 K. Curves #1 and

slopes. As a result of dispersion these #2 show the signal responses if skin- and proximity-effect
) are considered; curves #3 and #4 show the results if not.

peakes ardéeveleddown (due toskin-
effect). The delay time of the signals is 0.62 ns if the frequency dependence is considered and 0.65

ns if not. In contrast to the first example, the reduction in delay time due to skin- and proximity-

effect is only of little importance. Furthermore it can be shown that the influence of the non-ideal
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ground plane on the coupling is small. The computation of this example took 2580 s CPU-time on

a computer operating with 12 Mflops.

The third example is a line system which may be used in current VLSI circuits. It consists of nine
coupled lines. All linehiave a width of fum, athickness of 3000 A and a length of 1 cm. The
distance from line to line (center to center) ip@. The conductors arassumed to be of
aluminium @, = 35 S/um). All required data (capacitances, inductances etc.) were obtained from
computations for the "slow-wave" mode [17][18]l lines except the center line (the Hihe)

were stimulated with identical signals (simultaneous switching) while the 5th line (center line) was
grounded at the input. The rise time of the input voltage was 0.1 ns, the high time 4.4 ns and the
fall time 0.5 ns. The lingystem waslivided into 50 segments and each lvesdivided into 5

current tubes (thugy = 45).

For simplification purposesonly the
computedoutput voltages oflines #4
(curves #1 andt3) and #5 (curves #2
and #4) are shown in Fig. 6. Curves #1

and #2 represent thiesults if skin- and

proximity-effect are considered, and
curves #3 and #4 show theutput
voltages forfrequency independent line

parameters.

Fig. 6. Output voltages of a 9-line system. Curves #1 and #2
represent the computed response if skimd proximity-
effect are considered; curves #3 and #4 show the results if
not.

In this examplehe skin depth isrelati-
vely large compared to the geometrical dimensions (cross section) of the conduet@rg 4m

for f = 1 GHz). Therefore the current density is almost constant with respect to the cross section
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and the influence of skin- and proximity-effect is vergall. As aresult the curves afeardly
distinguishable fronone another. Theelay time isabout 140 psand 190 psrespectively.
However, due to magnetic coupling a significant voltage rise can be observed only after 580 ps.
Reflexions are observable after 3 x 580 ps = 1.74 ns. The increasing influence of the coupling on

the propagation of fast signals can be observed especially at the signal slopes.

As expected, thenfluence of skin-and proximity-effect isiegligible. Ifthe dimensions of the
conductor cross section are chosen to be larger than in the last example (e.g. on PCBs) the current
density in the conductors is no longer constant (with respect to the cross section) and the effective
ohmic resistance increases with frequency. But due to the small dc resistance of the conductors,
the line system is almost lossless and skin- and proximity-effect have no influence on the output
signal shape. Observable is that only the delay time reduces fractionally due to the decrease of the
inner inductance.

V. Conclusions

This paper has presented an algorithm for the time domain simulations of wave propagation along
coupled lossy line systems taking the influences of skin- and proximity effect into account. For the
algorithm the entire lingystem is partitioned into segments, each subdivided ilogsgpart,
consisting of an ohmic network, and a lossless part, described by a lossless line system. In addition,
to take skin- and proximity-effect ineccount, eachonductor(includingthe groundplane) is

further divided into current tubes, which are essentially coupled magnetically and galvanically. The
frequency-dependence tbfe line parameters @itomaticallytaken into consideration with this
approach. Since the algorithm exclusively operates in the time domain, the influence of a nonlinear

circuit environment (such as in digital circuits) can be easily taken into account.
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Three examples with their respective simulation resudt® presented in this paper. In the first
examplethe accuracy of the computed results was proven by a comparison with an appropriate
simulation in thefrequency domain (using FFTQr the case of @oaxial cableTwo further
examplesdlemonstrated thiafluence ofskin- and proximity-effect on the transient behaviour of
planar line systems. In case of commonly used VLSI interconnect systems it was found that this
influence was negligible, because the geometrical dimensions of the conductor cross sections are
in general smaller than the skin depth. With increasing geometrical dimensions (e.g. line systems
on boards) the current density in the conductors is no longer constant within the cross section, but
since such line systenpgoducesmall Issses only, skin- and proximity-effect have nearly no

influence on the output signal shape.

The influence of skin-effect ithe Si-substrate of large VLSI circuits7, 18] hasnot been
explicitely examined in this paper. In this case frequency-dependent shunt conductances must also

be taken into account. This will be subject of further investigations.
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