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Abstract-This letter describes a voltage-source-based formu-

lation of the extended finite-difference time-domain algorithm

for the purpose of modeling microwave devices. The device-wave

interaction is fully characterized by replacing the lumped devices

with equivalent voltage sources in the device region, which in
turn generate electromagnetic fields according to Faraday’s law.
This formulation is applied to the analysis of a typical microwave
amplifier, which includes a three-terminal active MESFET device.

Simulation restdts are in good agreement with measured data.

W ITH the

difference

I. INTRODUCTION

advancement of computers, the finite-

time-domain (FDTD) method has become

a very popular tool for analysis of various electromagnetic

problems, including microwave circuits. As the size of

microwave circuits and spacing between circuit elements

become smaller, the coupling between the closely spaced ele-

ments adds more complicated effects to circuit performances.

Proper modeling of the lumped passive and/or active devices

and electromagnetic waves is critical in circuit simulation.

Extensive investigations have been presented in literatures

aiming at the extension of the FDTD method to include lumped

microwave devices in the full-wave analysis. The FDTD

method has been extended to incorporate circuit quantities of a

two-terminal device into the algofithm [1 ]–[3]. By recognizing

that the equivalent circuit model consists of two-terminal

lumped elements, three-terminal active devices can be modeled

by incorporating these elements into several FDTD cells [4],

[5]. This approach, however, may become quite cumbersome
in the modeling of active devices with complicated equivalent

circuit models. A more general approach substitutes the device

with equivalertt current sources and consequently allows direct

access to all SPICE models in the FDTD calculation [6]. This

approach has been found to be advantageous in the simulation

of practical three-dimensional circuits such as amplifiers [7],

[8].
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In the previous approach, the lumped devices are treated

as current sources thal interact with electromagnetic fields

in accordance with Ampere’s law. This letter presents a

dual approach that employs voltage sources to represent the

lumped devices and generate electromagnetic fields according

to Faraday’s law. The formulation is esta~blished to construct

an equivalent circuit of the FDTD meshes as seen from the

device. The approach is then applied to simulate practical

three-dimensional microstrip amplifier circuits.

II. FORMULATION

An active device in a microwave circuit is typically very

small in size compared to a wavelength, and it can be modeled

by its equivalent lumped circuit with a very high degree of

accuracy. In order to include the equivalent circuit model

into the FDTD analysis, the active device can be replaced

by equivalent voltage sources in the active region if the

voltage sources satisfy the voltage-cument relationship at the

inpttt/output ports and the scattering properties of the active

device.

Consider an active device in a micrcmtrip circuit. Fig. 1

shows the placement of the voltage sources at one port of the

active device; each source is aligned to the FDTD grid edges

beneath and perpendicular to the microstrip line with each ends

connected to the microstrip line or a grounded via. Those vias,

modeled as perfect conductors, provide a voltage reference

to the voltage sources. Assume that the voltage sources lie

in an active sheet parallel to the x-y plime. Without loss of

generality, consider a voltage source wilh its center denoted

by (i, j + ~, k), where two FDTD meshes con~bute to the

current flowing through the voltage source. For the right mesh,

the integral form of Faraday’s law can be expressed in terms

of circuit quantities as

d&e,h,l
–LI—F = Vloop, 1 + Vdev (1)

where L1 is the space inductance of FDTD cells, V&,1 is

the equivalent voltage obtained from the the loop integration

of the E-field along the cell boundary olher than the edge of

the voltage source, ancl ~~.,h, 1 is the loop current that flows

along the right-hand side of the active sheet through the cell
width Ax. A similar formulation can be derived for the left

mesh to obtain a circul(t equation for the loop current ~rnesh,z

which flows along the left-hand side of the active sheet. The

device current Id,” flowing into the vok:ige source equals the
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Fig. 1. The replacement of the active device by equivalent voltage sources

on the FDTD grid edges.

sum of the two loop current components on both sides of the

active sheet.

In the case that there are N voltage sources placed across

the entire width of the microstrip line, the device current IdeV

is the sum of all the loop currents. The governing equation

is derived as

dIdeV
–LtOta17 = Vtotal + Vdev (2)

where

2N

Lio~al = 1
/x

1

~
i

(4)

and Li is the space inductance of each mesh. The equivalent

circuit of the governing equation is shown in Fig. 2. The

voltage sourceiinductor pair is the equivalent circuit as seen

from the device. Through this equivalent circuit, the field

quantities in the FDTD algorithm are combined with the

circuit quantities in the device model to describe the interaction

between the device and electromagnetic fields.

The extended FDTD time-marching scheme can be de-

scribed as follows:

Step 0) The electric fields En–l, magnetic fields IIn– *,

device voltage V&4, and device current I~e~+ are

given, where the superscript denotes the time step.

Step 1) The update of electric fields E“ is formed from

En–l and Hm–~ by employing Ampere’s law.

Note that the electric fields on the active sheet have

yet to be determined since Ampere’s law is not
applicable, in the device region.

Step 2) The voltage source V&al is calculated from nearby

electric fields by (3). The FDTD meshes as seen

from the device satisfy (2). Combining (2) and

the device circuit model, the values of the device
n+;voltage and current at the next time step, Vd,v

and I~e~+, can be solved by using typical circuit
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Fig. 2. The equivalent circuit of the configuration in Fig. 1, as seen from
the device.

approaches, e.g., the backward difference scheme

for the state equation [9], with the initial values of

v ‘–+ and l~e~~,dev respectively. The electric fields

En on the active sheet are then determined by the
device voltage V&, which is approximated by the

n+~ ;average of Vdev and V~~j -.

Step 3) The magnetic fields H’+ ~ are updated from H“– ~

and En by employing Faraday’s law.

It is worth noting that Steps 1) and 3) in the updating

algorithm for the electric and magnetic fields are exactly the

same as those in the conventional FDTD algorithm.

III. APPLICATIONS

The model is applied to analyze an actual microwave

amplifier as in [8], which includes dc biasing circuits,

impedance-matching circuits, and a three-terminal GaAs

MESFET, NE72084. The layout of the amplifier and the

equivalent lumped circuit model of the active device are

depicted in Figs. 1 and 2(b) of [8].

The FDTD simulation is performed with uniform grids of

space steps Ax = 13 roil, Ay = 7.5 roil, and A.z = 10

roil. The entire computation domain is divided into a grid of

90 (width) x 25 (height) x 230 (length} cells. Higdon’s second-

order absorbing boundary condition is used as in [10]. The

radial stubs in the dc biasing circuits is modeled by the stair-

case approximation. The lumped resistors and capacitors in

biasing circuits and matching circuits are treated as distributed

elements and incorporated into the FDTD algorithm as in [1].

The dc power supply is modeled as an RF short circuit. The

active region occupies eight cells in the longitudinal direction

for the modeling of the packaged active device. For this two-

port device, two sets of voltage sources are placed at the gate

and drain ports. The numbers of voltage sources at the gate
and drain ports are eight and four, respectively.

The S-parameters of the amplifier are calculated by taking

the Fourier transform of the observed time response. Calcula-

tions show that the gain at 6 GHz is 9.33 dB and the matching

point of the lS1l I curve is 5.75. GHz. Measured data and the
results of using current-source approach as in [8] are plotted

in Fig. 3 for comparison. In Fig. 3(a), measured data smaller

than –2 dB are truncated because of the choice of the scale

in experiment. The matching point of measured data is at 5.6

GHz, and the gain is 9.23 dB at 6 GHz. The results of the

voltage-source approach and ihe current-source approach are

very similar, since both approaches are dual of each other. The
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Fig. 3. The calculated results of two different approaches and measured

S-parameters. (a) lS~~ 1. @) lS~~ 1.

matching point is shifted if a different number of equivalet

voltage sources is employed. The trend is the same as that

in [11], which uses equivrdent current sources. The spike in

the ISzl I curve at about 1 GHz is related to low-frequency

oscillation. It has been found that the modeling of the dc power

supply strongly affects the magnitude of the spike. In any case,

FDTD simulations can predict those out-of-band dips near 1

and 11 GHz in the lS1l I curve.

IV. CONCLUSION

A voltage-source approach is proposedl for the extended

FDTD analysis of microwave circuits, which may include

three-terminal active devices. In this aplproach, the active

device, substituted by equivalent voltage sources in the active

region, can be viewed as a black box. The approach is then

applied to the analysis of an actual microwave amplifier circuit.

Simulation results show good agreement with measured data.

In general, the voltage-source approach can be used for

multi-port active devices. Utilizing equivalent voltage sources

to model the device-wave interaction, the extended FDTD

method can analyze the entire microwave circuit as a whole.
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