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ABSTRACT

By use of waveform relaxation iteration algo-
rithm and numerical convolution and deconvolu-
tion techniques, time-domain characteristic model
of symmetric two-conductor coupled transmission
lines is synthesized from the terminal responses
which issmulated by the FDTD method. The ex-
tracted model is applied to simulate the responses
of the coupled lines with step pulse excitation and
typical loadsto validate the accuracy of themodel.
Results favorably compare with the direct FDTD
simulation.

1. INTRODUCTION

The present trend towards increasing density of
packaging in VLS| and theimplementation of high
speed devices has led to increasing demands for
the characterization of interconnects which con-
sist of paralel conductors embedded in dielec-
tric media modeled as coupled transmission lines.
Asclock ratesincrease and inter-line spacings de-
crease, the conventional lumped-impedance
model and coupled transmission-line model with
frequency-independent parameters based on as-
sumption of TEM or quasi-TEM wave propaga-
tion may become invalid. Instead, a nonuniform
coupled lossy transmission-line model character-
ized with frequency-dependent parameters should
be used. Characteristic model is one of most suit-
able models for this purpose. In past, it was syn-
thesized from static parameters or ABCD matrix
of the system [1, 2], which may become invalid or
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awkward in high-speed circuits. Therefore, a sub-
ject of synthesisof characteristic model of coupled
transmission lines in high-speed circuits arises.

Recently, an efficient synthesis method based
on waveform relaxation iteration and numerical
convolution and deconvolution for distributed-
lumped circuits and transmission lines has been
presented [3]-[5]. It is the purpose of this pa
per to extend the method to synthesize the time-
domain characteristic model (TDCM) of sym-
metric two-conductor coupled transmission lines.
FDTD method is adopted to simulate the electro-
magnetic fields in the coupled lines to get the ac-
curate response voltages and currents. Because
the responses come from Maxwell’s equations di-
rectly, theassumption of TEM or quasi-TEM wave
propagation is unnecessary. As an example, this
method is applied to synthesizethe TDCM of cou-
pled microstrip lines. Then the extracted model
is used to simulate the terminal responses of the
coupled microstrip lineswith step pules excitation
and typical loads to validate its accuracy. The re-
sults are compared with the direct FDTD simula-
tion, which shows a good agreement.

2. ANALYSIS

The characteristic model of symmetric coupled
transmission lines such as the coupled microstrip
lines as shown in Fig. 1(a) is shown in Fig. 1(b).
From the model, in frequency-domain, we obtain

Va — ZOIa + Wa (1)
Vo = Zolp + W (2
W, = H(Vy+ Zol) (3)
Wb = H(Va + ZOIa) (4)
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Figure 1. (a) Structure of coupled microstrip
lines (b) Characteristic model of coupled trans-
mission lines

where
Vo =W, W)l Vo= (15, V)T
I, =1, L]"  I,=[I31)"
W, = [Wi, Wo]T Wy, = [Wa, Wy]T
. Z11 Z12 _ Hll H12
ZO_[le Zn]’H_ [le Hn]

where Z, and H are known as characteristic
impedance matrix and transfer parameter matrix,
respectively.

For even-mode excitation, (1) and (2) become

‘/16 = Z06]16 —|— He(‘/Be ‘I‘ ZOe]?)e) (5)

‘/36 = ZOBI.?)B + He(‘/le + ZOejle) (6)
where

Zoe = Zou + Zoiz (7)

H., = Hy+ Hy (8)

Transforming (5), (6) into time-domain and em-
ploying the Gauss-Seidel iteration, we obtain the
following waveform relaxation iteration algorithm
for transient even-mode characteristic impedance,

20, and transfer function, 4., !

NO. {v1c — A=Y x (v3, + zéi_l) * i3) }
Oe {Z.le}
S ) R
hgk) — {v35 Zpe ¥ Z36} (9)

{vle —I' Z(()]Z) * ile}

where £ isiteration count. z,. and h. arethein-
verse Laplace transform of Z,. and H., respec-
tively. Symbols * and H represent convolution
and deconvolution operators, respectively. The
initial conditions =", ~(® may be chosen as ze-
ros. When FDTD isadopted to simulate the termi-
nal responses, numerical convolution and decon-
volution are necessary [4, 5]. For odd-mode exci-
tation, in the same manner we can obtain the simi-
lar algorithm for transient odd-mode characteristic
impedance, z,,, and transfer function, #,, which
only need change the subscript e of variablesto o
in (9). Similar to (7), (8),

200 = 2011 — R012 (10)

ho = hi1 — hio (11)

where 211, 2012, h11 and hy, are inverse Laplace
transformof Zy,1, Zo12, Hi1 and H, 4, respectively.
Therefore, aslong as zg., zq., . and k, areknown,
the TDCM of symmetric coupled lines can easily
be obtained from (7), (8), (10) and (11).

3. EXAMPLE

Consider the coupled microstrip lines as shown
in Fig. 1(a) to demonstrate the efficiency of above
method. First of all, FDTD method[6]-[8] is used
to smulate the even and odd-mode terminal re-
sponse voltages and currents. Excitation sources
are chosen as resistive voltage sources with step
pulse excitation(rise time is 50A¢) and 505 inter-
nal resistor. Loads are 5052 resistors. The sources
and loads bridge the strip and ground plane at the
center of the lines at the terminals. Fig. 2 shows
the FDTD simulation of v, vs., v1, and vs,. Once
simulation for 1000 time stepstakes 4 minutesand
25 seconds on SUNstation Ultral.

Next, These simul ated responses are substituted
into (9) to extract the even-mode transient char-
acteristic impedance and transfer function, which
takes 5 seconds in four iteration steps. The

1 Frequency and time-domain function are assigned by uppercase and
lowercaseletterssuch as{V, I'} and {v, i }, respectively.
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Figure 2. FDTD simulation of terminal re-
gponse voltages of the coupled microstrip lines
with even and odd-mode excitation, respec-
tively.

mean-sguare error of iteration nearly equals zero.
In similar manner, odd-mode ones are extracted.
.3 g’]OWS the rnglted 2011[n], 2012[71], hn[n] and
h12 [n] .

Finally, the extracted model is applied to Sim-
ulate the terminal responses of the coupled mi-
crostriplineswithloadsasshownin.4wherer; =
509, ry = 109, C = 1pk, ry = 3009. The wave-
form relaxation simulation technique [1] is used.
The smulated results, which take 11 seconds in
four iteration steps with nearly zero iteration error,
and comparisons with the direct FDTD simulated
results which take 5 minutes are shown in Fig. 5.

4. CONCLUSIONS

The waveform relaxation algorithm has been
extended to synthesize the TDCM of symmetric
two-conductor coupled transmission linesin high-
speed circuits from FDTD simulated terminal re-
sponses. The model is general, so the assumption
of TEM or quasi-TEM wave propagationis unnec-
essary. The efficiency of the modeling procedure
have been demonstrated by application of coupled
microstrip lines. The extracted model has been
used for the transient analysis of the coupled lines
withtypical excitation and loads. Good agreement
between the simulated responses and direct FDTD
simulation have affirmed the validity of themodel.
Extending thismodeling procedure to nonuniform
multi-conductor coupled lossy transmission lines
characterized with frequency-dependent parame-
tersis being explored.
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Figure 3. Transient matrix elements of time-
domain characteristic model

Figure 4. Coupled microstrip linesexcited by a
step pulsesignal and terminated by a capacitor
and tworesistors
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Figure 5. Comparisons of terminal response
voltagessimulated by time-domain characteris-
tic model and by FDTD
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