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Abstract

A compactskin effect circuit model isised toformulate a time domaiboundary condition for
lossy transmission lines. The resulting losslessHikidticonductor equations can bsed in various
time domain calculations, including FDTD.

Introduction

In the frequencydomain, surfacampedanceboundary conditiongSIBCs) have beenused
effectively to removeconductors fronthe solution space hereby gaining computationapeed. In
the timedomain, esche[1] hasformulated a convolution-based time-domain integral equdiian
uses aransformation of frequency domain surfaogpedance into théime domain. Recently,
attempts have been made to overcome these difficutieg Prony’smethod[2, 3] or Chebyshev
approximation [4], which allows the transformation of frequency domain surfgesdance intdime
domain exponentials. However, these proceduregan be computationallarduous and the
applications have been primariiynited to radiationproblems where high frequency approximations

(i.e., the surfaceimpedance is a purelpcal quantityand equal to ©d) are sufficientfor accurate
results. A neweffective internal impedance I(f that gives accuraterequency domain results from
DC to very high frequency has albeen demonstratdé]. Here weshow howthis modelcan be
transformed into a very efficient time domain boundary condition for finite conductivity conductors.

Circuit Representation

In [5] the Ell was used as a boundary conditiomdoelerate thgolume filament methof6]. In
this surface ribbon method (SRM), the Ell is approximated using the surface impedance of an isolated
conductor. Figure 1(a) shows how EIll approximations for a rectangular condretoalculated7].
The EIl of the half plate (Fig. 14) is approximated using:

/ Wianh - japtoo D , (1)
WhereW |s the width of the ribbon anﬁ is the thickness of the conductofhe EIll of each triangle
(Fig. 1a,B) is approximated using:
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whereW is the base an#ll is the height of the iso-triangle.

For time domain calculation itwould be advantageous teplace thefrequency dependent
equations for the Ell approximations (egs. 1 and 2) with frequency independent circuit models. In [8]
a compact circuit modetonsisting of four resistors arttree inductors (Fig. 1(b)) was used to
accurately model the skin effect in circular conductors. The valueacbhf element are related by the
simple rules

ZB:

(2)
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R =RR ,i =1,2,3. L =LL =12 (3)

R1 Lisg
where RR and LL are constants to be determined. Requiring the dc resistance and inductance of this
circuit model to equal the value from egs. 1 and 2 yields

RR®+ RRZ + RR+(1-ag) = 0, with aR:qL:i, 5= — 2 (a)
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wherea| = Cag = Ly /Ly » Wma 1S highest frequency of interesttime inputwaveform,and p is
the conductor deptparameter, e.g.the height of thaso-triangle, thickness of hafflateT/2, or
radius of acircle (for circular conductors).C; and C, areconstants unique tthe geometry of the
conductor:(0.56, 0.315)for the iso-triangle(10.8, 0.2)for the half plateand (0.53, 0.315)for a
circular conductor.

Using egs. 3-5, the values of the circuit model can be determined for a given gemndtrgtor.
In the s-domain, this model can be represented as

3+ azs +aS+a,

9= R i ©

where eq. 6 is easily convertible ttme domain exponentidiorm. Figure 2showsthe accuracy of
this model for a half plate. The accuracy for other geometries is presented in [8].
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Figure 2)Surface impedanceomparison in s-domain.
solid line: eqg. 1, dotted line: circuit representation.
W=100pum, T=20um.

Figure 1:(a) Ell calculation of rectangulaconductor;
(b) Compact equivalent circuit model for the Ell.

Formulation of Multiconductor Transmission Line Equation

To formulate a transmission line equation, first one of the ribbons on the return conductor (ground
conductor) is considered as a “ground ribbon” (labeled as'thilon) andall the otherribbons are
considered as signal ribbons. In the 2-dimensional frequency domain, the eqaatiwa formulated
as [5, 6]
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. 0
[Zai[l1]+ jef L] = 1V (7)
Equation 7 is formulated under the assumption that all the currents are returned throigtither()
and can be represented in the s-domain as

%[V(s)] = [Zs 1]+ L1(9)] = gzﬁ (9] +[Ud1(9)] - (®)
Equation 8 can be transformed into the time domain as
%[V(t)] =[2(t)] D%[I(t)] +[L]%[I(t)] , ©)

where [Z(t)] is inverselLaplace transform of ézﬂé (which is a ratnal function) and*' is
S
convolution. Using the circuit representation for the Ell's given alﬁé(/@] can be easily converted

into a sum of exponentials. If2], the convolution issolved with anapproximate recursive
relationship

Y(nat) = X(nat) 0K [Pt = Kat+ePAty((n-1)at) (10)
Applying eg. 10 to eq. 9 results in
2 V0] = (1L +IRKI) [100] V(0] = [T 210+ [ves)] 1)

where [Vds(t)] is a dependent voltag®urce (per unit lengthhat depends orthe poles ofthe Ells

and current values at the previous time, piid is a matrix thatlepends otthe residues othe Ells

and loop inductances of the ribbons. Note fh&t is time independent, and so eq. 11 is \@nyilar

to the equation thaesults for a lossless transmission lifenother equation can be deriveding
Kirchoff's current law,

0 0
E[|(t)] =[G][V(t)] +[C]E[V(t)] : (12)

To verify the equations givelnere, anFDTD method[9] is applied toeqgs. 11 and 2; this does
require the inversion ofL'], but since[L'] is timeindependentthe inverse need bealculatedonly
once. As arexample problem i§. 3 showsthe crosssection oftwo, coupled,finite thickness
microstrip lines over #&nite width ground plane.All conductors (includinghe groundplane) have
finite conductivity. Figure 4 compares the FDTD time domain calculatiorF&iidresults usindpoth
the full dispersion curve and simple R-L-C transmissionline model. Table 1compares the
computation times required for various methods.

Conclusions

New time domain multiconductor transmission line equations including frequency depskident
effect and proximity effect have beeerived. Due to thesimplicity of the resultingequations,
various pre-existing simulation techniques can be easily applied. FDTDglesuls goodagreement
with FFT result, withsubstantially faster computation compared to even weffigient frequency
domain calculations.

This work was sponsored by the DARPA under grant number AFOSR F49620-96-1-0032.
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20 pm

- A - -
> l 20 um method pre- main calculation
. - calculation (FDTD or FFT)
10 pm : 10 um SRM-FDTD 0.5 sec 89.5 sec
A SRM-FFT 149 sec 0.5 sec
200 pm 20 pm
< : > FM-FFT 163,095 sec 0.5 sec

Figure 3: Cross section of coupled microstrip lines usegaéjle 1.~ Computation time comparisorfSparc 20
a?est ' P P wor?<station). SRM-FDTD:method used in this paper;

SRM-FFT: Surface ribbon method [5] in frequency
domain, then FFT applied; FM-FFT: Filamenetimod|[6,
10]in frequency domain, then FFT applied.
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Figure 4: Resultdor coupledmiscrostrips over a finiteground plane (fig. 3); source resistancesedwas 5 Q,
termination resistance 5Q, line lengths 10 cm.(a) Far endresponse of the activne. (b) Farendresponse of the
quite (victim) line. Solid line: FFT result; dotted line: FDTD technique in this paper; dashedJiheCRircuit.
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