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Finite-Difference Time-Domain Approach for the Development
of an Equivalent Circuit for a Single Step Microstrip
Discontinuity in the Substrate
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Abstract

The finite-difference time-domain (FDTD) method is applied to analyze a single step microstrip discontinuity
in the substrate, and an equivalent circuit model comprised of two inductors and a capacitor has been developed
using the numerical results. The microstrip discontinuity newly introduced in this paper has a thickness change
of the substrate in the longitudinal direction with a uniform strip width. The discontinuity can be applied to the
feeding circuit design for the patch antennas and interconnections between microwave circuit modules. The
simulation results are compared with those computed by HFSS, and two results showed a good agreement. An
equivalent circuit developed from the FDTD results, which is accurate within 2.4% in magnitudes of Sy; and Sy,

can be applied for the computer-aided design of microwave circuits.

I. INTRODUCTION

An accurate characterization for the discontinuities
of the microstrip line is very important for the design
of microwave circuits. So extensive research results
for the discontinuity analysis have been published!'!™
Bl Among the various forms of microstrip discon-

tinuities, transitions between different types of
structures, such as triplate-to- microstrip[‘”, coaxial-
to-microstrip[‘”, and microstrip-to-microstripm, have
been analyzed for the usage in the antenna feeding
systems. And similar structures have been dealt for
an interconnection between microwave integrated
circuit (MIC) and monolithic microwave integrated
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circuit (MMIC) modules™ and a double step micro-
strip discontinuity in the substrate”.

In this research, we characterize a single step
microstrip discontinuity in the substrate to illuminate
the effect of a substrate thickness change in the
microstrip line with a uniform strip width, and the
equivalent circuit for the given structure is presented.
To analyze the proposed discontinuity, we use the
FDTD method. The FDTD method, first formulated
by Yee!® has several advantages in the viewpoint of
the flexibility in modeling complex circuit structures
and its simplicity in the computer program impleme-
ntation of Maxwell's equations. But no perfect
boundary condition to confine the computational do-
main has been developed yet. And this method
requires large computer memory and high speed
CPU, so mesh parameters must be chosen appro-
priately. The background theory for the FDTD
method is explained briefly in section I before the
numerical simulation is performed in section II. In
section I, an equivalent circuit for the single step
microstrip discontinuity in the substrate is developed
from the results of the FDTD simulation.

II. FINITE-DIFFERENCE  TIME-DOMAIN
METHOD

Maxwell's curl equations in the homogeneous and
lossless medium can be expressed as Eq. (1) and
@

ﬂ—‘%l=—vxf )
e%:vx?f Q)

where E is the electric field, H is the magnetic
field, ¢ is the permittivity, and , is the perme-
ability. The FDTD method is developed to compute
Z and H at each node in the computational
domain, using the difference equations discretized
from the curl equations. For example, the difference

equations for HZ*Y(ij,k) and EXT'(, 5,k

around a node (i, 7, k) at time step n are given as

follows:"%

H Y2 G5, B =H Y6, 5, B
At] EXi 5, B —EXNi,j—1,k)

el sy
+At'£(z,],k)—Ey(i,J,k-l)] 3)
el Ay

E;NG, 5, B =E;(i,j, B

[ HIRG i1, D~ HEPYRGL G
Ay

At
€1
_atf H3+'/2(i,j+l,k)—HL’“/Z(i.j,k)] @
el Az
where Ax, Ay, and Az are the mesh size for
each coordinate, and A¢ is the time step. Other
components can be obtained similarly applying the
central difference approximation for differentiation. If
a node is located at the boundary of several media,

the average permittivity, f_‘.le,»/m, is used. For the

numerical stability of the difference equations, the
stability condition, so called Courant condition, must
be satisfied,"”

ent<[(8x) P4+ (ay) 2+ (2270 (5)

where ¢=1/V pe is the speed of light in the
material being modeled. 2x, Ay, and Az must
be chosen properly for field values to have enough
space resolution, and a¢ for enough frequency
resolution.

The leap-frog algorithm where the magnetic and
electric fields are calculated alternately from each
other for time-marching begins as an excitation pulse
is applied on the source plane. In this paper, we
adopted a static electric field distribution across the
source plane to obtain numerically stable results. The
excitation pulse can be expressed with the time
variation of Gaussian function as follows:”

ACET ©

E )= ege VT )

1241



BETHESEALEE £ 1158 H7% 20005F 107

where e, and ey, represent x and y components

of the static electric field in the source plane,
respectively. The static field can be obtained easily
by applying the finite difference method (FDM) to
the source plane. The electrostatic field distributions
across the source plane of the microstrip line to be
analyzed in this paper are shown in Fig. 1 for an
illustrative purpose. Parameter ¢, is used to avoid
abrupt perturbation in the excitation and T to control
the pulse width which affects the frequency range in
the analysis.

Various absorbing boundary conditions (ABC) are
proposed to confine the modeling space and to
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Fig. 1. Static electric field distributions across the
source plane of the microstrip line.
(a) Potential distribution.
(b) Contour plot of | E
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absorb the reflected wave from the discontinuity at
the source plane. Here the time-space extrapolation
technique is applied”".

E(N,pz,naf)=E[(N,— 1) az,(n—n)af]
®
where N, is the node index at the boundary
plane in the z direction, #, is the number of time
steps required for the incident wave to travel one
mesh size Az.
Characteristic impedance Z, of the microstrip line

is calculated from the ratio of the voitage V(H to
the current J(f) as Eq. (9)[7].

_ WA _i-wanz+pazm
z=—qFe )

where V(# is the Fourier transform of the line
integration of the electric field from the center of the
metal strip to the ground plane, and I(f) is the
Fourier transform of the closed-contour integration of
the magnetic field around the metal strip. The phase
correction factor in Eq. (9) is to compensate that
electric and magnetic fields are calculated half the
time step away and half the mesh length apart.

Fig. 2 shows the perspective view ¢f a microstrip
single step discontinuity in the substrate. To simplify

port 1

Fig. 2. P.erspective view of a microstrip single step
discontinuity in the substrate.
a=50Ax, b=32Ay, c=27A), d=400 Az,
W=10Ax, Hi=8Ay, and H.=3Ay, &,=
10.2.
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computations, the microstrip structure is shielded
with four electric walls. The width of the enclosing
box is five times larger than the strip width, and the
height is four and nine times larger than the substrate
height in the port 1 side and in the port 2 side,
respectively. For the shielded uniform microstrip line
of 502 on the substrate with the dielectric constant
of 10.2 and the thickness of 0.635 mm, the lowest
cutoff frequency of the higher order modes is
calculated as 36 GHz!'. Thus the chosen box size s
adequate for the analysis in the frequency range from
dc to 30 GHz

As a preparatory procedure for the S-parameter
calculation, the analysis of the corresponding uni-
form microstrip line is required. Fig. 3 shows the
calculated results from the FDTD method for
characteristic impedances of uniform microstrip lines
having the same strip width and dielectric constant
but different substrate thickness. In this figure, Z;
represents the characteristic impedance for the
structure of the port 1 side and Z, for the structure
of the port 2 side. For a two-port circuit having
different characteristic impedance at each port, the
generalized S-parameters can be expressed as”.
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Fig. 3. Characteristic impedances of uniform shiel-
ded lines. W=0.593 mm, (e,=10.2,
H=0.635 mm for Zy, and H>»=0.238 mm
for Zo2.

ViV Zy; ..
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(10)

where superscripts + and represent the incident and
reflected waves, respectively. The generalized S-par-
ameters are used in this paper.

. NUMERICAL SIMULATION AND
EQUIVALENT CIRCUIT

The dimensions of a microstrip single step
discontinuity in the substrate shown in Fig. 2 are
W=104x, H,=8ay, and H,=3ay, with
€,=10.2. The size of the computational domain is

5040xx324yx40042, and the number of time
iterations are 4000. The mesh parameters are
ax=0.0593 mm, Ay=0.0794 mm, Az=0.0875
mm, and Af=1.26785 pus. The longitudinal space
increment Az is less than A,./20, so the numerical
dispersion can be neglected[w]. The parameters of the
Gaussian time function are f,=600a¢t and T=60
At. Here space and time increments are chosen so
that the Courant condition is satisfied, and the
number of time steps required for the pulse to travel
one longitudinal space step is six for the time-space
extrapolation absorbing boundary condition. Fig. 4
shows the time-domain field distribution just beneath

t=24004t

Fig. 4. Time domain field distribution of Gaussian
pulse propagation and reflection at 2400
time steps.
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(b) Fig. 6. Si and Sy for the single step discontinuity.
Fig. 5 Time domain signals observed at 50 Az (2) Magnitudes. (b) Phases.
away from the reference plane for the A L=00750H  L=00175nH A
single step discontinuity. (a) Incident and 4 o e :
reflected signals. (b) Reflected signal. i =
Zolf) | = C=0074pF Lz
the microstrip at 2400 time steps. The incident,
reflected, and transmitted waves for the whole time v v
duration, observed at 50 Az away from the reference T T
plane 7T, are shown in Fig. 5. In this figure, we can Fig. 7. Equivalent circuit for the singl: step discon-
notice that the field amplitude of the transmitted tinuity shown in Fig. 2.
wave is larger than that of the incident wave because
the substrate thickness of the port 2 side is decreased meters obtained from the time domain simulation are
compared with that of the port 1 side. The S-para- presented in Fig. 6, and they are compared with
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those computed by HFSS™L There is a good
agreement between the two results and the energy
conservation property in the closed structure is well
satisfied. It is observed that the magnitudes of the
S-parameters exhibit quite a flat variation as the
frequency increases as in the microstrip step-
in-width®. And it can be noticed that the single step
discontinuity has a considerable discontinuity effect.
The computation time for this FDTD simulation is
about 12 hours on a HP730 workstation.

The single step discontinuity is modeled with an
equivalent circuit from the S-parameters computed
by the FDTD method. The equivalent circuit shown
in Fig. 7 is comprised of two series inductors and
one parallel capacitor. The S-parameters computed
from the equivalent circuit are shown in Fig. 6 to
check its validity. The equivalent circuit well repr-
esents the single step discontinuity for the frequency
range up to 30 GHz within 2.4% in magnitudes of
S and Sy

I. CONCLUSION

A single step microstrip discontinuity in the
substrate has been analyzed using the finite-diff-
erence time-domain method. The numerical results
show that the magnitudes of the S-parameters exhibit
quite a flat variation in the wide range of frequency.
Using the S-parameters obtained " from the FDTD
method, an equivalent circuit is developed for the
single step discontinuity, which is useful for a sim-
ulation in the computer-aided design. The analysis
results for the discontinuity are applicable to the
design of patch antenna feeding circuits or intercon-
nections between microwave circuit modules.
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