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Abstract—The scattering of electromagnetic waves from
frequency-selective surfaces (FSS) composed of rectangular
conducting patches mounted on uniaxial dielectric anisotropic
substrate is investigated by using a full-wave analysis. The mo-
ment method is used in combination with the spectral-domain
immitance approach to determine reflection and transmission
coefficients of the FSS structure as function of the geometry
parameters and dielectric anisotropy. The analysis provides very
accurate results compared to those presented by others and to
those obtained by measurements.

Index Terms—Anisotropic substrate, dielectric anisotropy, fre-
quency-selective surfaces, FSS.

I. INTRODUCTION

FREQUENCY-SELECTIVE surfaces (FSS), with con-
ducting patches or apertures in conducting screens, are

used in the development of several microwave integrated cir-
cuits and antennas [1]–[6]. For instance, microwave multiband
antennas were developed by depositing conducting patches
on a dielectric substrate [6]. Furthermore, some recent works
were reported on FSS structures with magnetized ferrimagnetic
substrates [3], with liquid substrates, and integrated with active
devices [4], [5].

The aim of this paper is to investigate the effect produced by
anisotropic dielectric substrates in the scattering characteristics
of incident electromagnetic waves on FSS structures, such as
those shown in Fig. 1.

The analysis is performed in the Fourier domain. The electro-
magnetic scattering problem is formulated and the spectral-do-
main immitance approach is used to determine the components
for the structure Green’s function. The knowledge of these com-
ponents allows, with the use of the moment method, to obtain
the reflection and transmission characteristics of the analyzed
structure.

For purposes of comparison, numerical results were cal-
culated for the reflection coefficient versus frequency, for
freestanding FSS. Furthermore, numerical results were ob-
tained for the transmission coefficient through an FSS on a
dielectric layer in order to be compared with experimental
results. A very good agreement was observed between our
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Fig. 1. FSS structures. (a) Incident plane wave. (b) Freestanding FSS. (c) FSS
on uniaxial anisotropic dielectric substrate.

results and those presented by others [7] for several particular
cases. Also, our numerical results are in good agreement with
the measured data.

II. FORMULATION OF THE FSS SCATTERING PROBLEM

The structure considered in this paper is shown in Fig. 1(c).
The basic structure is made of periodic rectangular conducting
patches, with very small thickness, mounted on an uniaxial
anisotropic dielectric layer [8].

The dielectric substrate permittivity tensor is [6]

(1)

where and are the components of the relative electric
permittivity along the - and -directions, respectively, and is
the free-space electric permittivity. Furthermore, the optical axis
in the substrate layer is oriented along the-direction, which
is perpendicular to the plane of the conducting patches [see
Fig. 1(c)].

In this paper, the spectral-domain immitance approach is used
to obtain the dyadic Green’s function [9]. The moment method
is then used to determine the reflection and transmission char-
acteristics for the FSS structures (Fig. 1).
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The first step in the formulation of the electromagnetic scat-
tering problem on an FSS is to relate the scattered fields and
the surface-induced currents on the conducting patches due to
the incident field. To accomplish that, the operator equation of
the electric field is derived for a freestanding FSS structure [see
Fig. 1(b)], considering perfectly electric conducting rectangular
patches. The derivation is then extended to analyze FSS struc-
tures on uniaxial anisotropic dielectric layers, such as the one
shown in Fig. 1(c) [6].

The scattered field from the conducting patches in the plane
– (Fig. 1) due to incident plane wave can be calculated from

the surface-induced current on the patch. Thus, the scattered
field is given by [2]

(2)

where and are the free-space magnetic permeability and
electric permittivity, respectively. In (2), is the magnetic po-
tential vector, which is given by

(3)

The asterisk in (3) means the convolution operation,is
the surface-induced current in the conducting patch, andis
the dyadic Green’s function in free space. Considering that the
patch is made of a perfectly electric conducting material, the
tangential electric field, denoted by the subscript, is given by

(4)

The superscripts and in (4) refer to the scattered and in-
cident fields, respectively. Consequently, from (2), the incident
field is expressed as

(5)

For a planar surface with a very small thickness, only the
surface current density components and exist and, as a
consequence, only and have nonzero values. Thus, (5) is
rewritten in a matrix form as

(6)

with and , according to (3).
Furthermore, by applying the Fourier transform in (6), one

obtains

(7)

Using the inverse Fourier transform, (7) is rewritten as

(8)

To extend this formulation to analyze a periodic array of
patches on a dielectric substrate, the characteristic equation,
given in (8), is modified, by substituting the dyadic Green’s
function by a new one for the periodic structure. Therefore, (8)
is rewritten as

(9)

where and are the incident electric-field components
along the - and -directions, respectively. In (9), , ,

, and are the components of the Green’s function, while
and are the Fourier-transformed current density compo-

nents along the - and -directions, respectively. The spectral
variables and are given by

(10)

(11)

where and are the periods of the cells in the- and -di-
rections, respectively. The incidence angles areand [see
Fig. 1(a)].

The dyadic Green’s function components are determined as

(12)

(13)

(14)

where [8]

(15)

For the uniaxial anisotropic case with an optical axis in the
-direction (Fig. 1), we define

(16)

(17)

(18)

(19)

and is obtained by considering .
The impedances and in (15) are given by

(20)

(21)
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Fig. 2. FSS dielectric layers considered in the derivation of the incident field
expressions.

The transverse components of the incident field on the con-
ducting surfaces are derived by using the-directed potential
vector in each of the dielectric layered regions, shown in Fig. 2.

Enforcing the appropriate continuity conditions at each di-
electric interface (Fig. 2), two expressions for the incident fields
on the conducting surfaces are obtained as follows.

For TE modes:

(22)

For TM modes:

(23)

We then substituted the expressions for the incident fields and
dyadic Green’s function in the operator equation for the induced
current density shown in (9). Finally, this equation is solved for
the FSS structure on a anisotropic dielectric substrate.

The reflection and transmission coefficients are given by [2]

(24)

(25)

(26)

(27)

where and are, respectively, the propagation constant
and Kronecker delta.

The scattered fields in the top () and bottom () regions of
the structure (Fig. 2) due to incident fields on the conducting
surfaces are given by

(28)

where the components of the Green’s function in the top of the
structure are given by (12)–(14).

The components of the Green’s function in the bottom region
of this structure are given by

(29)

(30)

(31)

where

(32)

and

(33)

(34)

The reflected and transmitted fields in the top and bottom
regions of the FSS structure are given, respectively, by

(35)

(36)

for TE modes, and as

(37)

(38)

for TM modes.
Substituting (35)–(38) into (24)–(27), the reflection and

transmission coefficients for the FSS structure are determined.

III. N UMERICAL RESULTS

In this section, we present some numerical and experimental
results to illustrate the application of techniques discussed pre-
viously in order to obtain reflection and transmission character-
istics of FSS structures. Results obtained in this study were com-
pared to results presented by Gross [7] and to measurement data,
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Fig. 3. Frequency behavior of the reflection coefficient from a freestanding
FSS with rectangular conducting patches.

Fig. 4. Numerical results for an FSS structure with rectangular patches on a
dielectric anisotropic substrate compared with experimental data.

Fig. 5. Reflection coefficient from an FSS structure on a dielectric layer for
different values of the patch aspect ratio W/L.

shown in Figs. 3 and 4, respectively. Curves for the reflection
coefficient versus frequency on FSS structures with anisotropic
substrate materials are shown in Figs. 5 and 6.

The first comparison analysis was performed for the case
shown in Fig. 3 where a freestanding FSS was considered
( ) for a TEM incident mode and a plane wave
normally incident ( ). The reflection is seen to peak
around 11 GHz. As can be seen, a very good agreement was
obtained between these results.

The second comparison analysis was performed for the case
shown in Fig. 4 between numerical and experimental results for

Fig. 6. Reflection coefficient from an FSS structure on an anisotropic
dielectric layer for TE and TM incident modes.

an FSS structure on a dielectric layer. In this case, an FSS struc-
ture with rectangular conducting patches on an isotropic dielec-
tric substrate was considered. The substrate material used in the
implementation of the prototypes was Fiberglass (

). A TE incident mode and a plane wave normally incident
( ) were considered. The total reflection occurs
around 8 GHz for cm, and 7.2 GHz for cm.
As can be seen, a very good agreement was obtained between
numerical and measured results.

Fig. 5 shows the reflection coefficient versus frequency for
various values of the patch aspect ratio W/L, where W and L
are, respectively, the patch width and length. The substrate ma-
terial considered in this analysis was the pyrolytic boron nitride
(PBN). As expected, the resonant frequency and bandwidth in-
creases when the aspect ratio W/L increases.

Fig. 6 shows curves of the reflection coefficient for TE and
TM incidences. For TE incidence, the resonance occurs at

GHz and the bandwidth is 5.93 GHz. For TM incidence,
the resonance occurs at GHz and the bandwidth is
6.79 GHz.

IV. CONCLUSIONS

The scattering of electromagnetic waves from FSS structures
with rectangular conducting patches printed on a dielectric
anisotropic substrate has been investigated in the spectral
domain to determine reflection and transmission character-
istics. Numerical results have been obtained as a function of
the structural parameters. It has been observed that the use of
anisotropic substrates increases the flexibility in the design of
FSS structures on dielectric layers.
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