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Abstract—In this paper, the effect of Electromagnetic Bandgap
(EBG) Superstrates on return loss of the Probe-Fed Microstrip
Antenna (PFMA) has been examined. Originally the EBG superstrate
layer made by Frequency Selective Surface (FSS) layers is used to
increase the directivity of the PFMA, but to increase the efficiency
of the whole structure including the PFMA and EBG superstrate it
is necessary to have suitable impedance matching. In this paper the
EBG superstrate as a resonance load to the primary radiation source
(PFMA) and then by choosing the appropriate geometrical parameters
of the structure we can obtain suitable impedance matching beside the
directivity enhancement of the primary radiation source.
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1. INTRODUCTION

Electromagnetic Bandgap Materials are periodic structures that are
composed of dielectric, metal or metallo-dielectric materials. These
structures can prevent wave propagation in special directions and
frequencies therefore they can be used as spatial and frequency filters.
There are several configurations of EBG structures that can be used
in antenna applications [1]; these configurations can be classified into
three categories:

- High Impedance Surfaces as two dimensional EBG structures that
can be used as microstrip antenna substrate to eliminate the
surface wave [2-5]

- Artificial Surfaces such as Artificial Magnetic Conductors and
Reactive Surfaces to design low profile antennas [6-10]

- High Directive Resonator Antennas which are designed on the
basis of creating defects in a uniform EBG structure. The
defects lead to producing special frequencies in the bandgap of
the structure in which the EM wave can propagates. In defect
modes the structure operates as a spatial and frequency filter with
high quality factor. If a primary radiation source is embedded
in defected EBG structure it is possible to make its radiation
pattern directive in the defect frequencies. There are several
configurations of EBG structures that can be used to design high
directive resonator antenna such as multilayer dielectric plates
[11-14], multilayer plates made by dielectric or metallic rods [15—
18] and multilayer Frequency Selective Surfaces (FSS) [19-21].

For some primary radiation sources such as microstrip patch antennas
or aperture antennas the EBG structure can be configured as a
superstrate. The main goal of using this configuration is to make
the radiation pattern of primary source more directive. But, beside
this purpose it is necessary to increase the efficiency of the whole
structure so that the reflected power becomes low enough and renders
good impedance matching. In this paper, we study the effect of
EBG superstrate made by FSS layers on the Return Loss (RL) of the
antenna. We show that the EBG superstrate not only improves the
antenna directivity but also increases its bandwidth. In this study we
use the probe-fed microstrip antenna as the primary radiation source
and an FSS layer with loop elements as the superstrate.

2. METHOD OF ANALYSIS

Figure 1 shows the basic geometries that we consider in analyzing
the antenna. These geometries consist of two ideal plates with special
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reflection and transmission coefficients and a primary radiation source.
In our study we use the FSS layer as a superstrate and the probe-fed
microstrip patch antenna as primary radiation source. Also, depending
on the number of the operating frequencies we can use one or more FSS
layers. To determine the characteristics of the superstrate layer we
consider it and its image in the ground plane as depicted in Figure 1b.

(r, 1) E—————
Rad. Source
Substrate Image Theory >
Ground Plane

b r: Reflection Coefficient
(@) (b) t: Transmission Coeff.
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Image of the Superstrate Layer
On Ground Plane

Figure 1. (a) Microstrip antenna and superstrate layer (b) Using
image theory to analysis of structure as EBG.

By considering the transmission matrix of each layer we can
obtain the transmission matrix of whole structure. In FSS layers
the transmission matrix equation of each layer can be determined
numerically. Ideally, each layer transmission matrix is:

1
M =] ¢t
.
¢

Also in free space the transmission matrix of free space between the
superstrate layer and its image is:

M2:{ 0 eido

Therefore, the total transmission matrix is:

Miotal = My X Mo x My =
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Figure 2. Total transmission coefficient of two-layer structure for
different values of magnitude and phase of r of each layer and distance
layers = 30 mm.

where after some derivations the total transmission and reflection
coefficients become:
2 ,—j¢ 2 2Y,—j26
T tee | and R:r[l—i-(t r?eﬂ ]
1 —r2e-72¢ 1 —r2e-72¢
in which ¢ = kod.

It can be seen that the total transmission of the structure depends
on the distance of the layers and also the transmission and reflection
coefficients of each layer. Figure 2 shows the total transmission
coefficient of the structure versus frequency. The little displacements
of the resonance frequencies is due to the phase of reflection coefficient
of the superstrate layer and also the quality factor of the structure
at each resonance frequency depends on the magnitude of reflection
coefficient r of superstrate layer.

One of the most useful features of using the FSS in the design
of the superstrate layer is that we can adjust its reflection coefficient
and obtain the desired quality factor at each resonance frequency. An
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Figure 3. (a) Return loss of probe fed microstrip antenna (b)
Directivity and gain of probe fed microstrip antenna.

important point that must be mentioned here is that only the even
resonant frequencies in Figure 2 can be used because it is necessary
that the tangential electric fields on the symmetrical plane (ground
plane) be zero and this cannot occur at odd resonance frequencies.

3. DESIGN OF THE PATCH ANTENNA AND FSS
LAYER

3.1. Design of the Probe-fed Patch Antenna

The operating frequency we are considering is 14 GHz. In our design we
use a rectangular patch with 6.5 mm side and probe located 1.15 mm
from its center. The return loss and directivity of the antenna are
shown in Figure 3.

3.2. Design of the FSS Layer

There are different FSS configurations that we can use for designing
the high directive antenna, but since we want to achieve good
impedance matching beside the directivity enhancement, the choice
of the geometry of the FSS elements is important. In this study we
examine an FSS structure with loop element geometry and its effect
on the return loss of the antenna. Because the FSS superstrate layer
and its image in the ground plane are periodic in two dimensions here
we analyze, by using periodic boundary condition, only one cell of



220 Pirhadi, Hakkak, and Keshmiri

the structure using the periodic boundary conditions. This can be
done by using a suitable numerical method such as periodic method of
moment. In our study we use the Ansoft Designer Software based on
the Method of Moment (MOM) [22]. This software includes the tool to
analyze 2-D planar periodic structures based on the periodic Greens
function. In the following we peruse the transmission and reflection
coefficients of the structure. A single layer F'SS structure operates as
an ideal plate with the transmission and reflection coefficients that
change with frequency. The changes with frequency can be controlled
by adjusting the physical and geometrical parameters of the FSS cells,
such as type of elements, cell size and thickness and permittivity
of the dielectric of substrate. Here, we use a substrate with low
permittivity (RT/duroid 5870) and we consider only the effects of FSS
element geometry. Figure 4(a) depicts the magnitude and phase of
the transmission and reflection coefficient of a single layer FSS with
square loop of different dimensions. By considering the FSS layer
and its image in the ground plane and also the dielectric substrate
of the patch antenna (Figure 1(b)) we can obtain the reflection and
transmission coefficients of the whole structure. Figure 4(b) shows
the transmission coefficient of both the FSS structures and its image.
As we can see, there are resonance frequencies where the transmission
coefficients of the structure are perfect. We use the radiation source
imbedded in the superstrate layer to directive its radiation pattern at
these frequencies.

4. ANALYSIS OF THE WHOLE STRUCTURE

After determining the resonance frequency of the structure we can use
it with a primary radiation source such as patch antenna. Because
the effect of the patch antenna, the distance of designed superstrate
layer from ground plane, h, needs to be tuned to achieve maximum
directivity at the desired resonance frequency. In practice, we cannot
use the FSS structure with infinite number of elements, therefore
we must limit the number of elements. Also the number of FSS
elements only limits the amount of directivity enhancement because
the directivity depends on the aperture size of the new structure
and this directly depends on the FSS size. We use FSS structure
with 5x5 (= \) elements. There are several parameters that must
be adjusted to obtain desired phenomena (Directivity and VSWR).
By using the designed patch antenna with superstrate layer at the
appropriate distance we can enhance its directivity. Figure 5 depicts
the return loss and directivity of the antenna for different values of
distance of the superstrate layer from the ground plane.
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Figure 4. (a) Magnitude and phase of reflection coefficient of one-

layer FSS (b) Magnitude of transmission coefficient of two-layer FSS
(FSS and its Image in the ground plane.)
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5. BANDWIDTH OF THE STRUCTURE

To improve the RL and enhance the bandwidth of the antenna, it
must be noticed that the patch antenna is a resonance structure and
the superstrate layer is added to it as resonance load. Therefore the
circuit model of the structure includes two parallel resonance circuits
(Figure 6). In this case we have further parameters that help match
the source to free space. The first resonance circuit is tuned by the
primary radiation source parameters and the second resonance circuit
is tuned by the parameters of superstrate layer. The most important
parameters in tuning the input impedance of the structure are the
probe location, the superstrate displacement from ground plane and
the geometry of the FSS elements. In the following, we examine
these parameters and their effects on the directivity and RL of the
antenna. At first we tune the probe location and then study the effect
of geometrical parameters of the FSS element.

5.1. Effect of Probe Feed Location

As can be seen from Figure 6, although we obtain high directivity, the
reflected power is too high and the efficiency of the antenna is low.
Figure 7 shows the effect of probe location on the RL of structure.
It must be noticed that the probe displacement does not affect the
antenna directivity.

5.2. Effect of the FSS Element Size

Another important parameter that affects both the directivity and RL
of the EBG resonator antenna is the geometry of the FSS element.
The quality factor of total transmission from two layer FSS depends
on the FSS reflection coefficient of single layer FSS (Figure 4(b)). In
our structure, this parameter can be controlled by the loop diameter, d.
To obtain the desired resonance frequency both the distance of the FSS
layer from the ground plane and the diameter of loop must be adjusted.
But to achieve appropriate impedance matching, it is necessary to fine
tune the loop diameter near resonance frequency. Figure 8(a) shows
the effect of loop diameter on the RL of the antenna. Because the
loop diameter deviations are very little the directivity is not affected
seriously. In Figure 8(b) we can see that for the loop diameter 2.1 mm,
accepted level for both directivity enhancement and RL is obtained.
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Figure 5. (a) RL of the antenna for different values of h, (b)
Directivity of the antenna (¢ =0, § =0),dl = 1.15mm, d = 2.1 mm.
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Figure 6. Effect of EBG superstrate as resonance load.
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Figure 7. Reflected power coefficient for different probe locations,
h=11.1mm, d = 2.1 mm.

6. FINAL DESIGN

The parametric study of the structure shows that by choosing an
appropriate probe feed location, distance of superstrate layer from
ground plane and diameter of the loop element of FSS structure leads
to good impedance matching besides directivity enhancement of the
Microstrip Probe Fed Patch Antenna. Figure 9 shows the RL and
directivity of the designed structure with d = 4.2mm, h = 11.1 mm
and probe feed location = 1.8 mm. We can also see that the bandwidth
increases 11.3% while the bandwidth of single patch antenna is about
4%. To confirm our simulation both of Ansoft Designer (based on
MOM) [22] and HFSS [23] (based on FEM) results are depicted in
Figures 10, 11.
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Figure 8. (a) Effect of loop diameter on the RL for fine tune, (b)
Effect of loop diameter on the directivity for fine tune (¢ =0, 6 = 0),
h=11.1mm, dl = 1.8 mm.
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Figure 9. The RL and directivity (¢ = 0, 8 = 0) of optimum designed

structure.
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Figure 10. Antenna configuration and electric field distributions at
14 GHz.

In Figure 10, the antenna configuration and electric field
distributions at 14 GHz are shown. The FE-; H-, and 45°-plane
radiation patterns of antenna at 13.5, 14, and 14.8 GHz are shown
in Figure 11.

7. CONCLUSIONS

The effect of EBG structures on microstrip antenna performance has
been examined. We observe that beside the gain enhancement of the
antenna this structure can be used to match the input impedance of
antenna because, in fact, the EBG structure acts as a load. This
work may be extended to study other types of feeding schemes of the
microstrip antenna such as stripline and slot feeding. Also, the process
of this paper can be used to design dual band EBG resonator antennas
that use two-layer FSS structure as superstrate layer.
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