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A Dynamic Model for Printed Apertures in
Anisotropic Stripline Structures

J. C. da S. Lacava, A. V. Proaño De la Torre, and Lucio Cividanes

Abstract—This paper presents a full-wave analysis method for
printed apertures in anisotropic stripline structures. Both electric
and magnetic anisotropy of the most general form are assumed.
Working in the Fourier domain, closed-form expressions for the
transformed electromagnetic fields are derived. Special attention
is dedicated to the particular case of dielectrics with uniaxial
anisotropy. In this case, spectral Green’s functions in compact and
closed form are obtained. Effects of the anisotropic ratio on the
input impedance of a printed slot are presented.

Index Terms—General anisotropy, input impedance, method of
moments, printed apertures, spectral domain, stripline structures.

I. INTRODUCTION

T HE analysis of the electromagnetic fields created by
sources embedded in stratified planar media finds ap-

plication in many different fields such as optoelectronics,
microwave circuitry, and antennas [1]. Often, the planar
printed antennas and microwave circuits can exhibit one or
more anisotropic layers. These layers can be naturally (e.g.,
crystalline materials) or artificially anisotropic (as a result of
the manner under which they are manufactured or introduced
to improve the circuit/antenna performance) [2].

Using a Fourier-transform domain field representation in con-
junction with matrix analysis techniques, the radiation from a
dipole near a general anisotropic layer has been investigated [3].
Also, the dispersion relation for this general medium has been
derived and studied in [4].

Printed aperture in the ground plane of a microstrip line is a
versatile radiating element. One particularly interesting applica-
tion of such a structure is the active antenna phased array, which
includes active devices (like phase shifters and amplifiers) in the
dielectric layers. The main advantages of this kind of antenna
are wider bandwidth, less interaction via surface waves, better
isolation and negligible direct radiation from the feed network
[5]. This open microstrip structure has been analyzed in the lit-
erature [6], and the strong backlobe radiation due to the resonant
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Fig. 1. Geometry of a printed aperture in anisotropic stripline structure.

aperture is its main disadvantage. In order to avoid this undesir-
able radiation, a stripline can be used to feed the aperture.

The purpose of this paper is to present a dynamic model to
calculate the electromagnetic fields radiated by apertures in gen-
eral anisotropic stripline structures. Working in the Fourier do-
main, expressions for the transformed electromagnetic fields are
derived and, consequently, dyadic spectral Green’s functions
can be determined. This is a very convenient approach to pro-
vide efficient application of the method of moments. For brevity,
in this paper, only the results obtained for the particular case of
three dielectric layers with uniaxial anisotropy are discussed. As
the calculation is carried out in the Fourier domain, the spec-
tral Green’s functions can be obtained in compact and closed
forms. To better visualize the behavior of these functions, a typ-
ical three-dimensional (3-D) graphic in the spectral plane is pre-
sented. Using the method of moments, the input impedance of
a printed slot is calculated. The characteristic equations for the
TM and TE modes excited in the uniaxial layers sandwiched be-
tween the ground planes are also analyzed.

II. THEORY

The structure under consideration consists of a thin con-
ducting strip located at the interface between two anisotropic
layers, which are sandwiched between two ground planes. The
aperture is printed in the ground plane located on the– -plane
of a rectangular coordinate system, with a protection layer cov-
ering it, as illustrated in Fig. 1. In our formulation, we consider
each layer as a linear and homogeneous medium with general
anisotropy, i.e., a medium where the electromagnetic properties
are described by tensors of permittivity and permeability
(the index or identifies each anisotropic layer). The
planar interface separates the cover layer from the free
space region ( , permittivity , and permeability ).

The theory used in this paper considers the stripline structure
as a boundary value problem where the surface electric current
density on the conducting strip and the tangential
electric-field component in the aperture plane are
the virtual sources of the electromagnetic fields. Starting from
Maxwell’s equations, the wave equations in the anisotropic
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layers and in the free-space region are determined. In our
approach, the wave equations are solved in the Fourier domain
and the boundary conditions for the electromagnetic fields
are applied at the interfaces , , , and

. Expressions for the spectral electromagnetic fields are
determined by solving the resulting set of equations. Finally,
to obtain the fields in the space domain, the inverse Fourier
transform is applied.

A. Electromagnetic Fields in General Anisotropic Layers

In this section, the expressions for spectral electromagnetic
fields in general anisotropic layers are derived. For time–har-
monic variations, assuming time dependence of the form,
the wave equations for source-free media are given by

(1)

(2)

with the tensors and , in matrix form, expressed as follows:

and

Working in the Fourier domain, the following expressions for
the transformed field components are obtained. To simplify, we
eliminate, in the subsequent equations, the indexes that identify
the parameters related to theth layer, resulting in

(3)

(4)

where and are the Fourier spectral variables, and
, and are functions to be deter-

mined ( , , or ). The propagation constants (
or ) are obtained by solving the fourth-order character-

istic equation

(5)

where

(6)

(7)

(8)

(9)

(10)

(11)

The parameters and ( or ) are defined
as or . When , then and when

, then , where

The expressions for the electromagnetic fields in the space
domain are obtained through the inverse Fourier transform of

and . For the th solution of and the
th component of the field, we have

(12)

(13)
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Introducing (12) and (13) in the Maxwell’s curl equations, we
can write , , , , and as a function of in
the following way:

(14)

(15)

(16)

(17)

(18)

where

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

With the above procedure, we have drastically reduced the
number of unknowns in each anisotropic layer, resulting in only
the transformed fields to be determined.

B. Electromagnetic Fields in Free-Space Region

Using a procedure similar to that presented in Section II-A,
and suppressing the wave propagating toward negativesince
this region is unbounded for , it is possible to obtain all
the fields in the free-space region [7].

C. Boundary Conditions and Spectral Green’s Functions

For the stripline structure presented in Fig. 1, after applying
the boundary conditions [7], we obtain a set of 14 equations
with 14 unknowns. Solving this set of equations, expressions
for the transformed electromagnetic fields inside and outside
the anisotropic layers are derived. Consequently, dyadic spectral
Green’s functions can be determined. For brevity, in this paper,
only the results obtained for the particular case of three dielec-

tric layers with uniaxial anisotropy are discussed ( ,
, and ). Examples of these func-

tions are as follows:

(29)

(30)

where

(31)

(32)

(33)

(34)

and are the characteristic equations of the TM and
TE modes excited in the uniaxial layers sandwiched between the
ground planes, is the component of the dyadic spectral
Green’s function in layer 1 that relates with ,
is the dyadic component in layer 2 that relates with ,

is the Fourier transform of the component
, , and or .

Since the electromagnetic fields in the space domain are ob-
tained through the inverse Fourier transform, double integrals
in the spectral variables and must be calculated. In gen-
eral, these calculations are numerically complex so that an in-
sightful analysis of the spectral Green’s functions must be made.
To visualize the typical behavior of these functions, the real part
of the complex function was computed along the inter-
face and plotted in Fig. 2. The following parameters
were used in this computation: mm, mm,

GHz, , , , and
with the same loss tangent for the two uni-

axial layers. In this particular configuration, the complex func-
tion has only one pole. This pole is related to the propa-
gation constant of the fundamental mode that can be excited in
the region between the ground planes. The behavior of the real
and imaginary parts of in the vicinity of the pole is ob-
served in Fig. 3, plotted for and . In
this case, the pole is positioned near rad/m.

Using (33) and (34), dispersion curves for propagating modes
in the region between the ground planes, under lossless condi-
tion, are plotted in Fig. 4. We can observe from theses curves
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Fig. 2. 3-D graphic for the real part ofG .

Fig. 3. Behavior of the real and imaginary parts of the complex function
G near the pole position. ——:Real[G ]. – – –:Im[G ].

Fig. 4. Dispersion curves for propagating modes in the region between the
ground planes.

that: 1) the fundamental mode of propagation is nondispersive
(quasi-TEMmode) and has no cutoff frequency and 2) for the
TM and TE modes, the expected dispersive behavior is obtained.

III. M ETHOD OFMOMENTS AND INPUT IMPEDANCE

Coupled integral equations can be obtained by enforcing the
following boundary conditions: the total tangential magnetic
field must be continuous across the rectangular slot and the

Fig. 5. Plant view of a rectangular slot fed by an open stripline:W is the slot
width andW is the stripline width.

Fig. 6. Graphics for the real and imaginary parts of the normalized input
impedancez .

total tangential electric field must vanish along the stripline sur-
face. These integral equations are solved numerically by the
well-known method-of-moments technique. In this approach,
the electric current density on the stripline and the tangential
electric-field component in the aperture plane are expanded as
a set of basis functions. Sinusoids were used to represent inci-
dent and reflected traveling waves of the fundamental stripline
mode, and triangular subsectional functions were used near the
open end. Triangular subsectional functions were also used for
the tangential electric-field component in the aperture plane. As
test functions, only triangular subsectional modes (with edge
conditions) were used. Solving the resulting linear system, tan-
gential electric-field component in the aperture plane, reflection
coefficient, and current distribution on the stripline can be ob-
tained. After that, calculating the characteristic impedance
and the propagation constant of the stripline, the antenna input
impedance can be determined.
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Fig. 7. Normalized input impedance for isotropic case: (1.7–2.3) GHz.

Fig. 5 shows the plant view of a rectangular slot fed by an
open-end stripline. For brevity, only results for the antenna with

mm, mm,
, , loss tangent ,

mm, mm, mm, mm, and
mm, are presented. Graphics for the normalized input

impedance , calculated at ,
are plotted in Fig. 6 with the following values for the anisotropic
ratio : 1.0, 1.1, 1.2, and 1.3. As observed, increasing
the anisotropic ratio the input impedance is affected by a non-
negligible quantity and the resonant frequency decreases.

For the isotropic case
, the normalized input impedance calcu-

lated from the uniaxial theory is presented in Fig. 7. Good agree-
ment between our calculation (MMAPP) and that obtained by
using the software Ensemble1 is observed.

IV. CONCLUSIONS

This paper has described a full-wave technique for analysis
of printed apertures in anisotropic stripline structures. This ver-
satile geometry has the advantage of negligible radiation from
the feed network, in contrast with the open structure of a printed
aperture in the ground plane of a microstrip line. This is an im-
portant consideration when designing active phased-arrays an-
tennas in order to avoid the undesirable backlobes.

Working in the Fourier domain, expressions for the trans-
formed electromagnetic fields have been derived. Dyadic spec-
tral Green’s functions for the particular case of three dielectric
layers with uniaxial anisotropy have been discussed. Typical
3-D graphic in the spectral plane have been presented. Using the
method of moments, the input impedance of a printed slot has
been calculated. The effect of the anisotropic ratio on
the normalized input impedance has been presented. As a result
of our calculation, it is clear that by increasing this anisotropic
ratio, the antenna input impedance is affected by a nonnegligible

1Ensemble: Design, Review, & 1D Array Synthesis, Version 4.1a, Boulder
Microwave Technologies Inc., Boulder, CO, 1996.

quantity, while the resonant frequency decreases. The character-
istic equations for the TM and TE modes excited in the uniaxial
layers sandwiched between the ground planes have also been an-
alyzed. As expected from similar stripline (isotropic) structures,
it has been found that the fundamental mode of propagation is
quasi-TEMand has no cutoff frequency.
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