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Transient Analysis of Microwave Active Circuits
Based on Time-Domain Characteristic Models
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Abstract—A modular method is presented to speed up tran-
sient simulation of microwave active circuits which consist of
linear components and active devices that are often nonlinear.
Firstly, the linear components and active devices are individually
characterized by time-domain characteristic models (TDCM’s)
and lumped equivalent circuits, respectively, to reduce the com-
puter memory. Then, based on deconvolution, the TDCM’s of
linear components are synthesized from the terminal voltages
and currents of step voltage excitation, which are simulated
by the finite-difference time-domain (FDTD) method. Finally,
transient analysis of a one-dimensional (1-D) discrete-time system
is applied to obtain the terminal responses of the microwave
active circuits, in which a larger sampled step is chosen to reduce
the simulation time. This method is employed to two realistic
circuits to validate its efficiency and accuracy. The results are in
good agreement with the time-consuming direct FDTD simulation
of entire circuits.

Index Terms—FDTD method, microwave circuits, time-domain
characteristic model, transient analysis.

I. INTRODUCTION

M OST microwave active circuits are embedded with de-
vices that are active and nonlinear. Since it is awkward

to characterize the devices in frequency domain, time-domain
analysis is well-suited for analyzing such system characteris-
tics. The finite-difference time-domain (FDTD) method is the
most suitable for this purpose because of its simple, robust,
and flexible algorithm for numerical solution of Maxwell’s
equations [1]. Recently, the FDTD has been applied to analyze
many microwave circuits such as oscillator [2], active antenna
[3], [4], amplifier [5]–[7], and mixer [8]. In these applications,
lumped elements are treated as subgrid models on an FDTD
grid [2], [3], [8] or SPICE lumped circuits [4], [6], [7] are
used to allow direct access to all SPICE models (via SPICE
itself) for simulation of lumped circuits in FDTD calculations.
However, computational requirements of FDTD are excessive
due to the spacial–temporal discretization, especially for large
circuits. Special care must be taken to avoid unstable oscilla-
tions and numerical instability when simulating nonlinear and
active components, which causes inconvenience and increases
computational time for FDTD analysis of microwave active
circuits. For circuits including many discontinuities, responses
with long time length must be calculated to obtain stable
solutions. Besides, the spacial step of an FDTD mesh should be
small for a highly accurate solution, which leads to a short time

Manuscript received June 6, 1997; revised May 11, 1998. This work was
supported by Hong Kong UPGC under Grants CUHK RGC 294/94E.

The authors are with the Department of Electronic Engineering, Chinese
University of Hong Kong, Shatin, N.T., Hong Kong.

Publisher Item Identifier S 0018-9480(98)05510-0.

step by the Courant’s stability criterion. It will take too much
time when simulating the responses by a lengthy excitation.

Large microwave active circuits are built from many mi-
crowave components and lumped elements. One way to simu-
late a large circuit is to divide it into several small modules and
then simulate them individually. The time-domain diakoptics
method has been developed accordingly in the transmission-
line matrix (TLM) [9], [10] and the FDTD method [11], [12].
All mutual interactions among modules are handled through
a convolution interface. However, this approach may become
quite cumbersome in the modeling of large complicated three-
dimensional (3-D) circuits.

For most microwave circuits, what we are interested in are
terminal voltages and currents at some ports, rather than dis-
tribution of electromagnetic fields in circuits. In other words,
we are only interested in one-dimensional (1-D) variables
at circuit ports, not 3-D variables showing field distribution
in circuits. Based on this assumption, we present a modular
computational method for transient simulation of terminal volt-
ages and currents of microwave active circuits in this paper.
In this method, a microwave active circuit is divided into
linear components and nonlinear devices. Since the nonlinear
devices in the microwave circuits are typically very small
in size compared to a wavelength, they can be modeled by
their lumped equivalent circuits with a very high degree of
accuracy. The linear components are usually characterized
with scattering parameters, which relate the incident and re-
flected waves at ports. However, for the FDTD computation of
scattering parameters, the incident waves have to be calculated
in advance on transmission lines or waveguides, which are the
same as those that made up the ports of the network. For some
components of microwave active circuits, which do not have
ports with transmission lines or waveguides, it is difficult to
calculate the incident waves. Besides, except the excitation
port, all ports have to be terminated by matched loads when
calculating the reflected waves. It means that nonreflected
truncated boundaries should be imposed on the posts. Though
various absorbing boundary conditions (ABC’s) have been
presented in the past, they cannot absorb all reflected waves.
Therefore, ABC’s are often set a distance away from ports
to minimize unwanted effects. These treatments are complex
and, thus, increase computational time.

A more suitable equivalent circuit for the linear components
is the time-domain characteristic model (TDCM) [13], which
relates the terminal voltages and currents at ports. One of the
advantages in using the TDCM is that the TDCM can be syn-
thesized from the terminal voltages and currents by waveform
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relaxation iteration [14]–[16], where a linear component is
driven by a step pulse voltage source at one port and loaded
by resistors at other ports, which not only relaxes the restraint
on loads at ports, but also includes the interaction between
the component and loads. This procedure is briefly reviewed
in Section II. Based on the models of linear components
and nonlinear devices in hand, the terminal responses of the
microwave active circuit are obtained by means of transient
analysis of discrete-time systems. Besides the division of
circuits to reduce the computer memory, another approach to
reduce the computational time in this method is to enlarge the
sampled step in simulation because there is no limitation of
stability criterion as in FDTD simulation.

Two realistic examples are demonstrated in Section III to
validate the method and illustrate the features. Good agree-
ments are found when the simulated results are compared with
direct FDTD simulations. Large reduction in computational
time is observed. Finally, conclusions are drawn in Section IV.

II. TIME-DOMAIN CHARACTERISTIC

MODEL OF A LINEAR NETWORK

A linear component in the microwave active circuit can
be considered as an N-port linear network. For the sake of
conciseness, we shall focus the following discussion on the
one- and two-port network. For a one-port network, the input
impedance is usually used as characteristic variable in
the frequency domain, which is defined as

(1)

where , represent the terminal voltage and current
in the frequency domain at the port, respectively. Transformed
into the time domain, (1) becomes1

(2)

where , the inverse Fourier transform of , is
known as the transient input impedance, and
denotes the deconvolution operator. For discrete-time systems,
convolution operator is replaced by convolution summation as

(3)

where , , ( is
the time step), and

(4)

which is known as the discrete transient input impedance.
From (3), the deconvolution in the discrete-time system is
formulated as

(5)

1Frequency- and time-domain functions are assigned by upper and lower
case letters, respectively, such asfV (!), I(!)g andfv(t), i(t)g.

Fig. 1. (a) Linear two-port network. (b) TDCM. (c) Port 1 is derived by a
voltage source and port 2 is terminated by a resistor. (d) Port 1 is terminated
by a resistor and port 2 is drived by a voltage source.

The TDCM of a two-port network [see Fig. 1(a)] is shown in
Fig. 1(b), which is described by the time-domain characteristic
formulation

(6)

(7)

where

(8)

(9)

, denote the terminal voltages and currents at
ports 1 and 2, respectively. , , , are known as
the transient characteristic impedances and transfer functions
of ports 1 and 2, respectively.

In order to apply the waveform relaxation algorithm, assume
that a voltage source, giving step pulse excitation , and
with an internal resistor is imposed at port 1, and a resistor

terminates port 2, as shown in Fig. 1(c). The terminal
voltages at ports 1 and 2 are , , respectively. The
terminal currents at ports 1 and 2 are

(10)

(11)

In the opposite direction [as shown in Fig. 1(d)], similar
results can be obtained. Therefore, using the Gauss–Seidel
iteration, we obtain the following iteration equations for the
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Fig. 2. (a) Layout of an active antenna. (b) Time-domain equivalent circuit.

transient characteristic impedances and transfer functions:

(12)

(13)

(14)

(15)

and

(16)

(17)

where is iteration count. is required for
the zeroth iteration. For symmetric networks, ,

, thus, only (12) and (13) are needed.

III. N UMERICAL RESULTS

Two examples—an active antenna and a mixer—are con-
sidered to check the efficiency and accuracy of this method.
FDTD analysis of the two circuits have been proved in [3]
and [8].

A. Active Antenna

The active antenna consists of a microstrip antenna and a
Gunn diode. Its layout and time-domain equivalent circuit are
shown in Fig. 2. The active current source of the equivalent
circuit for the Gunn diode is given by the polynomial

(18)

where coefficient , ,
capacitance pF, and series resistance , as
given in [3].

Fig. 3. Discrete transient impedance of microstrip antenna.

The microstrip antenna is equivalent to a transient input
impedance across the Gunn diode. In order to obtain the
transient impedance, the Gunn diode is replaced by a resistive
voltage source giving step pulse excitation. The terminal
voltage and current are then calculated by the FDTD
method. The process is called the FDTD characterization.
The FDTD mesh space is , where

mm, mm, and mm. The
waveforms are then substituted into (5). Fig. 3 shows the
discrete transient impedance . Since attenuates to zero
rapidly, it is enough to calculate 1500 time steps, with a time
step ps. is set to zero for .

According to the equivalent circuit shown in Fig. 2(b), the
voltage and current satisfy

(19)

(20)

Discretizing the above equations by time-average difference,
we have

(21)

and

(22)

where denotes the derivative of in terms of .
Since the FDTD simulation of voltage and current is set off

a half time step

(23)
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Fig. 4. Comparison of voltage across Gunn diode calculated based directly
on the time-domain model and FDTD method.

Fig. 5. Comparison of steady-state voltage across a Gunn diode calculated
based directly on the time-domain model and FDTD method.

From (21) to (23), therefore, the difference equations for
and are obtained as

(24)

(25)

where

(26)

(27)

(28)

Fig. 6. Comparison of frequency spectrum of voltage across Gunn diode
calculated based directly on the time-domain model and FDTD method.

TABLE I
COMPUTATIONAL TIME OF THE ACTIVE ANTENNA

Fig. 7. Layout of an unbalanced mixer.

with the assumption that V
(noise). The voltage across the Gunn diodeis given by

(29)

Fig. 4 shows the calculated based on the above equations
(dashed line). The direct FDTD simulation is also carried out
for comparison, which is also depicted in Fig. 4 as a solid line.
It can be seen that both have good agreements, except some
difference in transient state. Figs. 5 and 6 show both compar-
ison of steady-state and their frequency spectra, which are
obtained by a discrete Fourier transform. Computational time
based on the TDCM is about 4/15 compared with that of direct
FDTD simulation, as shown in Table I.

B. Mixer

The drawing of an unbalanced mixer is shown in Fig. 7,
in which a Schottky diode is connected between a uniform
microstrip and a filtering microstrip stub in series. Two series-
connected voltage sources are imposed at the input port, while
the output port is terminated by a load resistor. In our simula-
tion, the mixer system is divided into five modules, namely
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Fig. 8. Characteristic model of the mixer system.

two series-connected voltage sources, a uniform microstrip
line, a Schottky diode, a T-junction with an open microstrip
stub, and a load resistor. The voltage sources, diode, and
load resistor are characterized by their lumped equivalent
circuits, while the microstrip line and T-junction (both are
symmetric) are characterized by the TDCM’s. Fig. 8 shows
the equivalent circuit of the mixer system. In order to extract
the transient characteristic impedances and transfer functions
of the uniform line and T-junction, a step excitation voltage
source with 50- internal resistor and a 50- load resistor
terminate the ports. The FDTD method is adopted to simulate
the terminal voltages and currents. The FDTD mesh space is

for characterization of the uniform
microstrip, while for the T-junction,
where mm, mm, and
mm. The time step ps. is simulated
for the uniform microstrip, and for the T-junction
microstrip, so that the terminal voltages and currents reach the
steady-state values. Then, the steady-state voltage and current
values are expanded to make the entire waveforms having

, which is two cycle periods of output voltage of
the mixer. These waveforms are then subsampled and each
has 800 data points. Using waveform relaxation synthesis for
symmetric circuits, we obtain the transient functions from
the terminal responses. The discrete transient characteristic
impedance of the uniform microstrip line is shown in
Fig. 9(a), together with the discrete transient transfer function

, shown in Fig. 9(b). Fig. 10 shows the discrete transient
characteristic impedance and transfer function of
the T-junction microstrip.

Based on the equivalent circuit shown in Fig. 8, we derive
four network equations, in the frequency domain

(30)

(31)

(32)

(33)

and two terminal conditions

(34)

(35)

(a)

(b)

Fig. 9. Transient functions of the uniform microstrip.

where , and the voltage across the diode

(36)

Eliminating all waveform variables except input voltage
, output voltage , diode voltage , and

diode current , and then transforming the equations into
time domain, we have

(37)

(38)

(39)
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(a)

(b)

Fig. 10. Transient functions of the T-junction microstrip.

where , , , , and are constructed
by the transient functions and delta function . Circuit
simulation is carried out by use of convolution summation
on the discrete time version of (37)–(39). The source voltage
and theI–V relation of the diode are given as [8]

(40)

(41)

where GHz, GHz, A,
mV, and the junction capacitance of the diode

is modeled by

(42)

where pF, V, , ,
and . Newton’s method is employed to solve for the

Fig. 11. Comparison of simulated input voltages.

Fig. 12. Comparison of simulated diode voltages.

diode voltage from (37) and (42), since (37) is a nonlinear
equation.

As described above, the time step is usually very small
in FDTD simulation, since it is limited by the Courant’s
stability criterion. However, the criterion is unnecessary in the
simulation based on TDCM’s. Therefore, a large sampled step
can be chosen, provided that each sampled waveform varies
slowly. In other words, if the general shape of each sampled
waveform is still maintained, the sampled step can be used.
The sampled waveforms are used to calculate the sampled
transient functions. These sampled transient functions are used
to find the terminal voltages. As sampled data points are used
for calculation, the simulation time is highly reduced. In this
example, input, diode, and output voltages are simulated, each
with 800 data points, as shown in Figs. 11–13 (dashed lines).
Since the sampled step is , it means that the simulated
period has 8000 ps.

Direct FDTD simulation for the mixer system is also carried
out to validate the accuracy of the simulation based on the
TDCM, in which the FDTD mesh space is
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Fig. 13. Comparison of simulated output voltages.

TABLE II
COMPUTATIONAL TIME OF THE UNBALANCED MIXER

. Spacial steps are the same as that of the FDTD
simulation of the uniform line and the T-junction, but the
time step ps, not 0.2 ps from Courant’s stability
criterion, to avoid divergence of a damped Newton–Raphson
procedure to iteratively seek for the solution of electric field of
the nonideal diode [8]. It means that 80 000 time steps must be
carried out for 8000-ps simulation. Hence, the computational
effort required by the simulation significantly increases when
including nonlinear lumped elements.

The solid lines in Figs. 11–13 show input, diode, and
output voltages simulated directly by FDTD. One can see that
both results simulated directly by FDTD and based on the
TDCM’s have good agreement. Table II lists the comparison
of both computational times. Computational time taken by the
simulation based on TDCM is about 1/14 of that required by
direct FDTD simulation.

IV. CONCLUSIONS

In this paper, we have presented a time-domain modular
method to speed up transient analysis of microwave circuits.
By dividing a large complex nonlinear circuit into linear
components and nonlinear devices, then characterizing each
individually in TDCM’s or lumped equivalent circuits, com-
putational memories are reduced. Since the limit imposed by
Courant’s stability criterion is broken, a large time step can
be chosen for simulation. Thus, computation is speeded up
significantly. When the circuit is modified, only a few seg-
ments need to be recalculated, the time-consuming repetitive
computation of the entire circuit is avoided. Application to two

realistic circuits has demonstrated the efficiency and accuracy
of this method. We believe that this method may also become
one candidate for the implementation of parallel computation
in time-domain simulations. While a direct FDTD implemen-
tation including active devices will take into consideration all
electromagnetic phenomena in the circuit (including mutual
coupling, multimode competition, etc.), the proposed TDCM
has significantly reduced the full-wave analysis capability by
assuming a 1-D connection between the active device and
segmentations of the passive circuit/antenna, which may fail
to catch some of the wave phenomena in tightly integrated
circuits where a full-wave analysis becomes important.
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