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Abstract— A general approach for including lumped circuit

elements in a finite difference, time domain (FDTID) solution

of Maxwell’s equations is presented. The methodology allows
the direct access to SPICE to model the lumped circuits, while

the futt 3-Dimensional solution to Maxwell’s equations provides

the crosstalk and dispersive properties of the micrmtri]ps and

striplines in the circuit.

I. INTRODUCTION

F DTD solution of Maxwell’s equations has many applica-

tions [1]. Recently in [2], a method was proposed that

treats a few circuit elements such as resistors, capacitcms, in-

ductors, diodes, and transistors as subgrid models on the FDTD

grid. A three-dimensional implementation with improvements

was presented in [3]. Another example of a more complicated

active elment used in FDTD is presented in [4]. Here, we

present an extension of these works that allows direct access

to all SPICE models (via SPICE itself) for simulation of

lumped circuits in FDTD calculations. This is a more general

approach than the harmonic balance method [5], which has

been used previously for treating the problem of nonlinear

elements coupled to linear networks.

II. FfNITE DLWERENCE EQUATTONS

The coupling of SPICE with FDTD relies upon the use of

a different way to obtain the difference form of Ampere’s law

~~+J(E)=Vx H, (1)

The difference equation is obtained by treating, (1) as an

ordinary differential equation in time with the right hand side

constant, but in general keeping the time dependence for J(E).

The integration is performed for a timestep and connects the

electric field values at two time steps. This is the same idea

expressed for the time variable as the approach given in [6] for

the spatial variables in device simulations. For many simple

cases (the resistor, the capacitor, the inductor, and the diode),

this equation can be integrated analytically. In some regimes,
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this treatment shows better stability and accuracy properties

than methods found in [2] and [3], whereas no regimes were

found where the reverse is true.

For general circuit elements J is a complicated nonlinear

function of the electric field and its derivatives, and neighbor-

ing values, and analytic results would not be possible.

III. THE SPICE CON’YECTION

The circuit simulator SPICE gives the current through a

circuit element as a function of the voltage across the device.

Thus, in effect, it can be used to give J as a function of the

electric field E. This value of J codd be used in (1) and a

separate numerical integration could be done to provide the

difference equation for Ampere’s law.

However, an even simpler and probably more robust pre-

scription can be obtained by rewritim g (1) as

c% + I(v) ❑ =I (2)

where V is the voltage across the device, C = eA/dz is a

capacitance (A is the area of the finite difference cell, and

dx is its height), I(V) (= AJ(E) ) represents the current

flowing through the lumped circuit, and 1 represents the total

current AV x Hn+l/2. Equation (2) can be represented as

the equivalent circuit shown in Fig. l(a). Thus, instead of

using SPICE just to determine J(E), SPICE can be used

to integrate (2) directly. The lumped element may be an

arbitrarily large SPICE circuit whose description may be

contained in a standard SPICE file. The extensive device

models in SPICE can be used directly in the FDTD simulation

without the need to duplicate the model development, and

the efficient circuit integration methods used in SPICE are

also directly available without user implemented integration

schemes. The FDTD and SPICE connputer programs may be

coupled using various interprocess communication techniques.

IV. CIRCUIT EXAMPLES AND SPICE COMPARISONS

Comparisons have been made between coupled FDTD-

SPICE and complete SPICE simulations for various types

of lumped circuits placed at the encl of tr microstrip line in

three dimensions. Calculations of microstrip lines terminated

with individual resistors, capacitors, inductors. and diodes have

shown good agreement with SPICE calculations under appro-

priate conditions. Calculations with microstrip lines terminated

with more complicated, multi-element lumped circuits have

also yielded good agreement with S1?ICE.
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Fig. 1. Equivalent SPICE circuits for Ampere’s law. The lumped circuit is
included between the nodes. (a) llvo-node circuit. (b) Three- node circuit. (c)

Four-node circuit.

Modifications must be made for the more general lumped

circuit, which is a two-port device, To investigate this more

general situation, we have tried modeling the circuit depicted

in Fig. 2. The lumped circuit consists of a dc voltage source,

several capacitors, several inductors, and a transistor. The

resistive voltage source and the load resistor could be modeled

with SPICE, but they are modeled with the analytic integration

of ( 1). The equivalent circuit for a time advance of the electric

fields connecting the SPICE lumped circuit to the FDTD

calculation is shown in Fig. l(b). The calculation is carried

out in a three-dimensional FDTD model with a ground plane,

a lumped resistive voltage source at the end of one microstrip,

the lumped circuit connecting the first and second microstrips,

and then the second microstrip terminated by a matched load.

In this implementation there may be several cells between

the source microstrip line and the load microstrip line. This

violates causality, since the field at one location is related to

the instantaneous value of a field at another location, However,
the time delay between the lines is assumed to be so small

that the electric fields at the microstrip lines are treated as a

lumped circuit. There are 30,000 time steps in the calculation,

cAt = O.5Ax, uniform gridding, outgoing radiation boundary

conditions are used, and the relative dielectric constant is unity

everywhere. The wavelength is much larger than microstrip

dimensions, and so good agreement between the coupled

FDTD-SPICE calculation and the SPICE calculation should

be obtained.

Fig. 3 shows the voltage at the input to the lumped transistor

circuit and the voltage across the load resistor for SPICE and

the coupled FDTD-SPICE algorithm. For this calculation, the
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Fig 2. A simplified VHF amplifier circuit. Here Cl = 77PF’,
Cz = 10PF,LI = 82nH, L3 = 23nH, Lz = 50nH, C3 = 46PF,

VCG = 9 volts, and default values are used for the bjt with a collector
emitter capacitance of 60PF, the impedances of the microstrip lines are
47.9 Ohms, the load resistor and the voltage source resistor each have a
value to match the transmission lines, the voltage sonrce is a sine wave with

amplitude 1.3 V with frequeucy 137 MHz, and the delay times of the two
transmission line segments is 0.16667 ns and 0.09667 ns, respectively.
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Fig 3. The voltage at (a) the input to the lumped transistor circuit and (b)
across the output resistor with SPICE alone (dashed IIines) and FDTL-SPICE
(solid lines).

lines were separated by 2,5 times the width of the microstrip,
The agreement is excellent. Poorer agreement is obtained as

the separation of the microstrip lines is made comparable to

their width, which is presumably due to parasitic coupling.

In another test, the coupled FDTD-SPICE code was used

to simulate avoltage source connected to an inverter by a

microstrip, which is in turn connected by a microstrip to

another inverter. For these simulations, a simple TTL inverter

is used that consists of two bjt transistors, two resistors, and

a power supply. The FDTD model is similar to that described

for the previous simulation.

Qualitative agreement with the SPICE simulations is

achieved as shown in Fig. 4, but it is not as good as the
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Flg 4. The voltage at (a) the output of the first iuverter aud at (b) the input
of the second inverter with SPICE alone (dashed lines) and FDTD-SPICE
(solid lines).

previous case. This is possibly related to the higher frequencies

present in these simulations. The maximum freqpeneies are

determined by the rise time of the input voltage (which is a

ramped square wave with a rise time of about 10ops) and the

rise time of the output of the first inverter (which is about

50ps for the parameters used in this simulation). The highest

frequency components of the pulse are not highly resolved

resolved by the finite difference grid (there are 1000 time

steps in the total simulation).
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The still more general four-node lumped circuit is depicted

in Fig. 1(c). For this case, the lulmped circuit still related

electric fields at two different locations. However, each node

may possess a unique voltage. This method may be extended

to an arbitrarily large number of nodes.

V. CONCLUSIONS

A simple and effective approach has been developed for

coupling SPICE lumped elements into FDTD calculations.

Test calculations confirm the approach. This technique has also

been extended to couple PISCES device simulations directly

with the electromagnetic solver. In this way the work in [7] can

be extended to include not only SPICE and PISCES devices,

but also the electromagnetic field calculations.
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