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ABSTRACT: At the pre- and post-processing stages of a finite-differ-
ence time-domain (FDTD) simulation, important tasks are carried out
that require knowledge of the port data (propagation constants, fields,
impedances, and so on) of the problem structure. This paper introduces
a 2D finite-difference frequency-domain (FDFD) eigenvalue formulation
specifically tailored for the computation of port data to be used in con-
Junction with the 3D-FDTD method. A key feature of the proposed
FDFD scheme is that it leads to the same numerical dispersion equation
as that of the 3D-FDTD method. This means that, for a given frequency,
the numerical propagation constants and mode patterns calculated by
the two methods are identical. This is desirable for preserving the accu-
racy of the FDTD simulation. © 2005 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 45: 1-3, 2005; Published online in Wiley
InterScience (www.interscience.wiley.com). DOI 10.1002/mop.20704
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1. INTRODUCTION

A number of external I/O ports are usually defined in the finite-
difference time-domain (FDTD) simulation of microwave circuits.
Each external port consists of a short section of uniform
waveguide/transmission line terminated by suitable absorbing
boundary conditions (ABCs). During an FDTD simulation, at the
pre- and post-processing stages, important tasks are carried out
which require knowledge of the port data (propagation constants,
fields, impedances, and so on). Moreover, in order to perform
some preprocessing tasks, such as the accurate tuning of one-way-
wave ABCs and the setting up of sources to excite only the desired
port modes, it is necessary to know the port data before starting the
FDTD simulation. Post-processing tasks include the computation
of scattering parameters and (possibly) their manipulation (for
example, shifting the reference plane).

Several approaches have been reported for computing port data
to be used in combination with FDTD simulations. For homoge-
neous rectangular waveguide ports, the propagation constants are
usually calculated directly from the numerical dispersion equation
and the mode patterns are analytically known [1]. For homoge-
neous arbitrarily shaped waveguides, cutoff frequencies and mode
patterns have been obtained by using the finite-difference frequency-
domain (FDFD) method [2]. For nonhomogeneous waveguiding
structures, two main approaches have been reported. One consists
of determining port data by using 2.5D-FDTD formulations [3, 4].
The other is based on computing the mode patterns [S] and
propagation constants [6, 7] by means of the 3D-FDTD method.

The abovementioned time-domain techniques suffer from sev-
eral drawbacks: the use of the 3D-FDTD method to determine port
data is computationally demanding; 2.5D-FDTD techniques do not
lead to true eigenvalue formulations, instead they result in a sort of
transverse resonant problem [8]. This means that obtaining port
data is difficult or even not feasible when complex modes in
lossless ports are considered.

Dispersion diagrams and mode patterns are more naturally
calculated by means of frequency-domain methods. The FDFD
technique is thus a more appropriate choice. Moreover, this
method leads to a true 2D eigenvalue problem.

When a differential problem is solved numerically by using a
finite-difference (FD) scheme, the dispersion error inherent in each
FD approximation leads to the waves in the resultant discrete
domain being governed by a numerical-dispersion equation. As a
result, not only are the numerical solutions different from the exact
ones, but also different FD schemes lead to different numerical
solutions.

At the pre- or post-processing stages of 3D-FDTD simulations,
when we use port data obtained by another FD scheme, we are
mixing numerical solutions governed by different numerical dis-
persion equations. This may result in a worsening of the overall
accuracy. For example, “large errors are produced in the calcula-
tion of the multimode scattering parameters unless the proper
evanescent constant is used” [9].

This paper introduces a 2D-FDFD eigenvalue formulation spe-
cifically tailored for the computation of port data to be used in
conjunction with the 3D-FDTD method. A key feature of the
proposed scheme is that it leads to the same numerical dispersion
equation as the 3D-FDTD method. This means that, apart from
round-off errors, for a given frequency the numerical propagation
constants and mode patterns calculated by both methods are iden-
tical. This fact is illustrated by computing the dispersion diagram
and the mode pattern of a dielectric-slab-loaded rectangular
waveguide by means of the 3D-FDTD and the proposed 2D-FDFD
methods.

2. THEORY

2.1. FDFD Eigenvalue Formulation
Consider the time-dependent Maxwell curl equations in dielectric
media, given by
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By using Yee’s scheme with spatial average for the calculation of
the effective dielectric constants at dielectric interfaces, the above
equations are approximated by the following difference expres-
sions:
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represents the curl operator in discrete form and [&,] = diag(e, ,
g, €,) is the average dielectric constant. In the above expres-
sions, ;Sa (¢ = x,, z, t) is the centered finite-difference operator
along the coordinate indicated by the subscript.
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Figure 1 FDFD unit cell

Once Maxwell’s equations have been discretized according to
the 3D-FDTD method, the goal is now to derive a frequency-
domain eigenvalue formulation for the computation of field pat-
terns and propagation constants of the ports of the FDTD structure.

To this end, we consider solutions of the form

E"(i, j, k) = {&i, j) + e.(i, j) Zhelonm ks,
H'(i, j, k) = {h(i, j) + ho(i, j) 2helons 7

where ¥ is the numerical propagation constant. The subscript ¢
denotes quantities corresponding to coordinates perpendicular to
the propagation direction. Substituting these expressions into Egs.
(1a) and (Ib) and eliminating ¢é,, e., and h,, we arrive at the
following FDFD equations:
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where " and K, are given by
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The port cross-section is discretized by using the unit cell shown
in Figure 1. This cell is obtained by simply collapsing the 3D Yee
cell in the z direction and eliminating from it the field components
not directly involved in the formulation. Eq. (2a) is evaluated at
nodes (i, j + 1/2) and Eq. (2b) at nodes (i + 1/2, j).

Transforming the double index scheme used in the above
development, (7, j), into a single index scheme and applying Egs.
(2a) and (2b) to the whole port cross-section, we arrive at the
following eigenvalue problem:

[AllA] = A{T?[1] + Ki[&, ][], 3)

where [A] is a sparse data matrix, [/] is the identity matrix, [&,,]
is a diagonal matrix, and [h,] = [h (1), ..., h(n,), h (1), ...,
hy(n,)] T withn_ and n , being the number of /2, and /1, unknowns,
respectively. Eq. (3) can be used in two alternative ways: (i)
considering that the frequency is known and solving the resulting
eigenvalue problem,

{[A] - Kil&. ] = T[h],

for the numerical propagation constant; or (ii) assuming that ¥ is
known and solving

(&, {[A] = T[]} h] = Ki[h]

for the frequency. The latter choice can be used, for instance, to
compute numerical cutoff frequencies by simply letting ¥ = 0.

2.2. Numerical Dispersion Equation

Analogously to the FDTD case, in order to obtain the numerical
dispersion equation for the above FDFD formulation, we consider
homogeneous media and we substitute into Eq. (2) solutions of the
form:

holiy J) = hoge %€ N5 (= x, ),

which leads to the following dispersion equation:
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It can be seen that Eq. (4) has the same form as the 3D-FDTD
numerical dispersion equation (see, for instance, [9]).

3. NUMERICAL VALIDATION

To illustrate port-data computation by the proposed FDFD formu-
lation, we have considered a rectangular waveguide loaded with a
dielectric slab. The dimensions of the waveguide are a X a/2 with
a = 19.05 mm (WR75). The dimensions of the dielectric slab are
2al5 X al2, its dielectric constant is €, = 4, and it is in contact
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Figure 2 Left axis: exact phase constant; right axis: phase constant
absolute error obtained by the 3D-FDTD (dashed line) and by the FDFD
(solid line) methods
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Figure 3 Left axis: exact E; right axis: absolute error for E, obtained by
the 3D-FDTD (dots) and by the FDFD (squares) methods

with a narrow wall of the waveguide. The exact solution of this
structure can be obtained by solving its characteristic equation
[10].

Figure 2 shows the exact data for the phase constant of the TE,,,
mode (left axis), and the absolute error of the phase constant for
the same mode when the calculation is made by using the 3D-
FDTD method (right axis, dashed line) and by the FDFD method
(right axis, solid line). These results have been obtained for a
frequency band that runs from 6 to 10.5 GHz. It can be seen that
the two error curves coincide at the central part of the band, while
a small ripple is observed for the 3D-FDTD data at both ends of
the band. This ripple is a consequence of the truncation of the
time-domain response. When obtaining these results, we used the
same discretization in the transverse plane (15 X 5) and identical
values of A_ and A, for both methods.

Figure 3 depicts the exact E, field, at 9 GHz, for the mode TE,
(left axis) and the corresponding absolute error when E is com-
puted by the 3D-FDTD method (right axis, dots) and by the FDFD
method (right axis, squares). It can be seen that both FD techniques
lead to the same numerical results.

4. CONCLUSION

This paper has introduced a 2D-FDFD eigenvalue formulation
specifically tailored for the computation of port data to be used in
combination with the 3D-FDTD method. The proposed FDFD
scheme leads to the same numerical dispersion equation as the
3D-FDTD method. Port data obtained by the proposed FDFD
formulation can be used not only at the pre- and post-processing
stages of a 3D-FDTD simulation, but also to study the impact of
the FDTD discretization process on magnitudes of interest such as
propagation constants, fields, cutoff frequencies, impedances, and
so forth.
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ABSTRACT: This paper presents the design of a dual-port microstrip
patch antenna with dual-frequency operation. Two different feed mecha-
nisms—aperture coupling and inset coplanar microstrip line—are used
to excite the TM ;, and TM,,, modes, respectively, on a single square
patch. The frequency ratio of the proposed dual-frequency microstrip
antenna can be varied by changing the inset length of the coplanar mi-
crostrip line while the peripheral dimensions of the patch are fixed. Sev-
eral prototype antennas operating at frequency ratios ranging from 1.04
to 1.36 are constructed and tested. The experimental results show that
the isolation level between the two input ports of the proposed dual-
frequency antenna is primarily determined by its operating-frequency ratio.
© 2005 Wiley Periodicals, Inc. Microwave Opt Technol Lett 45: 3-5, 2005;
Published online in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/mop.20705
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1. INTRODUCTION

With the increase of multichannel wireless communications, a
compact antenna having dual-frequency and dual-polarization op-
eration is required at base stations. Microstrip patch antennas are
considered promising candidates due to their low profile and easy
integration with front-end circuits. In addition, two orthogonal

MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 45, No. 1, April 5 2005 3



