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1. Introduction

The increasing developments in high-speed networks
highlight the previously negligible effects of intercon-
nects, such as ringing, signal delay, distortion, reflec-
tions, and crosstalk. It is predicted that the signal degra-
dation in high-speed networks is mainly caused by these
effects of interconnects[1]. The term “high-speed” can
be defined in terms of the signals frequency. If an im-
pressed trapezoidal pulse has a rise/fall time of 0.1ns,
the maximum frequency of the signal is approximately
10 GHgz, that is, the wave length is about 3 cm. This im-
plies that an ordinary wire presumed to effectively short
two connected circuits at low frequency has too much
capacitive/inductive effects at present.

These interconnect effects can cause logic glitches and
analog signal distortion such that it fails to meet speci-
fication, accurate prediction of these effects in the entire
high-speed networks is a necessity for designs. The in-
terconnects should be modeled as distributed-constant
networks, while logic circuits are regarded as nonlin-
ear lumped-constant networks. Thus we consider that
it is important to simulate the mixed lumped- and
distributed-constant networks with transmission lines ef-
ficiently and accurately.

There are many methods to simulate these mixed
lumped- and distributed-constant networks, e.g. asymp-
totic waveform evaluation (AWE), asymptotic equivalent
circuit (AEC), and numerical inverse Laplace transfor-
mation, etc. The finite-difference time-domain (FDTD)
methods are also applied. While most FDTD methods
are based on Yee’s algorithm|[2], Fettweiss proposed the
FDTD methods based on the principle of wave digital
filters(WDF's)[3],[4]. WDFs are known to have very good
properties concerning stability under finite-arithmetic
conditions due to their inherent passivity[5]. Some pa-
pers report that more accurate numerical solutions of
Maxwell’s equation are obtained by the WDFs method
in comparison with other FDTD methods[7]. Nonlin-

ear lumped-constant circuits are also simulated by the
WDFs method [8]. In this paper we apply the FDTD
method based on the MD WDFs to simulate trans-
mission lines terminated by linear/nonlinear lumped-
constant elements.

2. Preliminaries

In this paper, wave quantities are adopted as signal
parameters instead of voltages and currents. When v and
1 are the voltage and the current at a port, respectively,
the incident and the reflected waves are defined by

a=v+ Ri and b=wv— Ri, (1)

respectively, where R is usually a positive constant,
called port resistance. In this section, the realization
of several elements by wave quantities is mentioned.

2.1. Linear building blocks

Linear elements and sources used in classical electrical
circuits can be simulated by the principles of WDF's. As
examples, we consider only a resistance, an inductance,
and parallel/series interconnects.

The voltage-current characteristic of a resistance Ry

v(t) = Roilt). 2)

If the port resistance is equal to the element value Ry,
then we have

b(t) = 0. (3)
The v — ¢ characteristic of an inductance Lg is
di(t)
t) = Lo———= 4
o(t) = Loy )

Application of the trapezoidal rule amounts to replacing
Eq.(4) by

o(t) +v(t — T) = R{i(t) — i(t — T)} (5)
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Figure 1: 3-port parallel adaptor and signal-flow diagram

where R = % and T is a positive shift of ¢t. From the
definitions of wave quantities, Eq.(5) can be written as

(6)

The simulation of the interconnections present in the
reference circuit is achieved by the so-called adaptors.
An n-port parallel (resp. series) adaptor serves to sim-
ulate a parallel (resp. series) connection of n-ports. In
Fig.1, there is an example of a 3-port parallel adaptor

where R3 = Rl?_ﬁ% and v = g—?.

b(t) = —a(t — T).

2.2. Realization of two-dimensional (2D) ele-
ments

When we simulate the transmission lines by WDF,
there are 2D elements in the reference circuit from which
the WDF is derived. The v — ¢ characteristic of the 2D
element is described by

v(z,t) = (iaﬂ + ﬁ%) i(z,t) (7)

Ox
where a and 8 are positive constant. Integrating Eq.(7)
along the line [ connecting points (xFX,t—T) and (z,t)
and applying the generalized trapezoidal rule, we have

JXETT?

5 {v(z,t) +v(zF X, t—-T1T)}

= /X2 +T2% {i(z,t) —i(zF X,t—=T)} (8)

where positive constants o and 3 are assumed to satisfy
X = % If the port resistance R is chosen equal to 27‘*,

then we obtain

b(z,t) = —alz F X, t —T). (9)

2.3. Realization of nonlinear resistors[8]

Here we mention the realization of nonlinear resistors
according to Meerkotter-Scholz[8]. Assume the current ¢
is expressed as a single-valued piece-wise linear function
of the voltage v with n + 1 segments as shown in Fig.2.
If the port resistance R has to meet one of the following
two inequalities:

. 1
— > —minG, —
v

I 7 <7m3xGl,,

(10)
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Figure 2:

then, the realization of the nonlinear resistance in terms
of wave quantities can be written in the form|§]

b(a) = b(0) + coa+ 3 ela—a,~la,)) (1)

where cq, ¢y, a,, and b(0) derived from the slopes G, are
given as

co=(00+0on)/2  c=(0n—0n-1)/2, v=1%ton
oo =(1-RG,)/(1+RG,), v=0ton
vy + Ri(vy), v=1ton

n

—(1+co)Ri(0) = Y _ e (|Ri(0) — ay| — |ay)).

v=1

ay

b(0)

3. FDTD method for transmission lines base on
MD WDFs

In this section we derive the FDTD method based on
the principle of MD WDFs for simulating transmission
lines.

A single transmission line with the length d can be
written by the following telegraph equation:

f@:L@+RZ‘7 f@:C@+GU

ox ot ox ot (12)

where L, C, R, and G are assumed be time- and space-
invariant for the sake of simplicity. We hereafter define
two partial differential operators D, and D;:

0 0
% Dt:&

Replacing i(z, t) and v(z, t) by iq(z, t) and riy(z, t), re-
spectively, where r is an arbitrary positive value, Eq.(12)
can equivalently be expressed as

(13)

xT

LDt+R T’Dz Z.a _ 0
rD, r*(CD;+QG)) \i,)  \0/)"

Regarding i, and i} as loop currents, we obtain a mul-
tidimensional reference circuit as shown in Fig.3, satisfy-
ing Eq.(14) as the mesh equation. In Fig.3, we introduce

(14)
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Figure 3: Reference circuit and a MD WDF for single
transmission lines

an arbitrary positive constant § and this constant ¢ sat-
isfies:

0<6<L and 0 <6 < r2C. (15)

From the conditions in (15), all inductances in Fig.3 are
positive. This implies that all port resistances of the
corresponding WDF' are positive and full robustness of
numerical analysis is achieved[3].

From the reference circuit in Fig.3, the WDF arrange-
ment in Fig.3 is immediately obtained by applying pro-
cedures mentioned in Sec.2. Now we can simulate the
transmission line in Eq.(12) by the FDTD method based
on the principle of MD WDF in Fig.3, i.e. wave quanti-
ties are updated according to MD WDF.

4. Realization of boundary conditions

In this section we consider the realization for the
lumped-constant networks at the boundaries x = 0 and
x = d by the MD WDF. Here we treat only the output
port (x = d) because the realization of the input port
(x = 0) can be treated in a similar way as in the output
port.

As an example, let us consider a mixed lumped- and
distributed-constant circuit in Fig.4. This transmission
line is terminated by the voltage-controlled nonlinear re-
sistance at the output port. Assume the the current i of
the nonlinear resistor can be expressed as a single-valued
function of the voltage v, i.e.,

i(d,t) = f(v(d, 1)) (16)
Eq.(16) can be rewritten as
ia(d;t) = f(rip(d,t)). (17)

Eq.(17) can be represented as the circuit consisting of
ideal gyrators, ideal transformers, a current-controlled
voltage source, and the nonlinear resistor as shown in
Fig.5 where R, = R; + Rs + R5, Ry = Ry + R4 + Rg,
m = 1/R,, and n = r/Rp. Applying the wave quantities
to the circuit in Fig.5, we get the MD WDF at x = d in
Fig.5. Using these proposed MD WDF's at the bound-
aries, we can derive the FDTD method for the mixed
lumped- and distributed-constant circuits in Fig.fig:fig6.

Rs transmission line
|

|

i (x, 1)
E V(x, 1)

Figure 4: Mixed lumped- and distributed-constant cir-
cuit
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Figure 5: Reference circuit and MD WDF for the bound-
ary at x =d

5. Numerical examples

5.1. Example 1

Let us consider the circuit in Fig.4 with Rg = 0(Q).
Per-unit-length parameters are given as:

R =0(2/m)
G =0(G/m)

L=1.0x10"%H/m)
C =1.0x107"%F/m).

The length of the transmission line denoted by d is
0.25(cm). Here we assume that the transmission line is
terminated by the linear resistor Ry,. The output voltage
v(d,t) is shown in Fig.6.

5.2. Example 2

Let us consider the circuit in Fig.4. Per-unit-length
parameters, the length d and the resistor R4 are the same
values as in Example 1. The transmission line is assumed
to be terminated by the passive nonlinear resistor whose
v — i characteristic is given as:

i=f(v)=15%x10"%v+0.5 x 1072 {|v — 0.5| — 0.5} .
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Figure 6: v(d,t) in Example 1
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Figure 7: v(d,t) in Example 2

The output voltage is illustrated in Fig.7.

5.3. Example 3

Let us simulate the circuit in Fig.4 terminated by the
locally active nonlinear resistor. Per-unit-length param-
eters, the length d and the resistor R, are the same values
as in Example 1. The v — ¢ characteristic of the termi-
nated nonlinear resistor is shown in Fig.8. The output
voltage is illustrated in Fig.9.

6. Conclusion

This paper gives the FDTD method based on the prin-
ciple of MD WDFs for simulating mixed lumped- and
distributed-circuits. We propose the MD WDF for the
boundary condition with nonlinear lumped-constant el-
ements(Fig.5).
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