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Reduction of the mutual coupling in patch
antenna arrays based on EBG by using a
planar frequency-selective surface structure

EHSAN BEIRANVAND, MAJID AFSAHY AND VAHID SHARBATI

This paper describes a new configuration of frequency-selective structure (FSS) structures to reduce mutual coupling between
the radiating elements. Also, the antenna performance before and after the implementation of FSS have been investigated. The
proposed configuration provides an improvement in mutual coupling by 14 dB (measured value) with a reduced edge-to-edge
spacing of 23 mm. The reduction of mutual coupling between antenna elements is interesting in the electromagnetic and
antenna community. The use of electromagnetic band-gap structures constructed by microstrip technology is a way to
appease the mutual coupling problem. Periodic structures such as FSS can help in the reduction of mutual coupling using
their ability of suppressing surface waves propagation in a given frequency range. The goal of this present study is to use
it in patch antenna arrays, keeping both the element separation smaller than A, for grating lobes evasion and the patch
antenna size large enough to have good antenna directivity. The results showed that the proposed configuration eliminates
disadvantages of similar structures presented in the previous works.
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. INTRODUCTION

Nowadays, an important challenge in communication trade is
to reduce the total size of devices. Also in antenna engineering,
array size reduction has attracted interest in recent years [1],
which results in the lower antenna efficiency and loss of band-
width and in addition, reduces the performance of either
diversity gain or spatial multiplexing designs [2]. To overcome
the above contradiction, a lot of methods such as: multiple
dielectric substrates [3], electromagnetic band-gap (EBG)
structures [4, 5], and defected ground plane structures
(DGS) [6] have been proposed [3-10].

Periodic structures as EBG have the ability of suppressing
surface wave propagation in a frequency band. DGS structures
were selected as a solution to enhance the back-radiation,
resulting in reduced front-to-back ratio. Furthermore, multi-
layer dielectric substrates increase the weight of the antenna
arrays. Other method to reduce mutual coupling in patch
antenna arrays is to use metamaterial insulators. Such meta-
material insulators operate in a certain frequency band gap,
also indicated as insulating region [11], in which effective per-
mittivity and permeability have opposite signs. Therefore, it
should be pointed out that the insulating region occurs in a
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narrow bandwidth, which is the main limitation connected
to this structure.

The purpose of this research was to reduce both the
element separation and the mutual coupling in array struc-
tures. In this regard, a new design to separate two closely
packed patch antennas is suggested. This design utilizes the
frequency-selective structure (FSS) planer structure to
decrease the mutual coupling between two neighboring
patches and does not require a complicated fabrication
process. Some of these previous works are dedicated to
EBGs that include vias to the ground plane, ie. non-
completely planar, as it is the case of [12-14]. EBG-based solu-
tions are not an interesting solution because of electrical loss
incurred while using the vias and complicated fabrication.
So the planar FSS was used without vias to reduction
mutual coupling. Also the properties of FSS structure were
applied to suppress surface wave in Fabry-Perot antenna
and improve the antenna bandwidth [15]. Based on the
ideas discussed, a new configuration of FSS structures has
been suggested for both mutual coupling reduction and mini-
aturization purposes. Therefore, when the FSS structure is
used on the same layer of antenna, the mutual coupling can
be removed and the radiation pattern improves. In our
design, two same rectangular patches fed by a coaxial probe.
This study describes a new configuration of FSS structures
to reduce mutual coupling between the radiating elements.
Additionally, the antenna performance before and after the
implementation of FSS have been investigated.

The paper is organized as follows. The initial design of both
the antenna and the planar FSS structure on a same layer
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Fig. 1. (a) Top view of two-element antenna array separated by the FSS structure. (b) Side view of two same rectangular patches fed by a coaxial probe.

Table 1. Dimensions of patch antenna and all dimensions are in mm.

w, L, W, L x y d h

28.75 28.75 80 100 18.2 17.37 23.25 1.6

dielectric structure was presented in Section II. Section III,
include results and discussion such: an investigation on the
decreasing of the number of elements used in the FSS struc-
ture to best reduction of mutual coupling. Also, this section
includes a study of the validity of the proposed design when
the distance between patches is decreased. Finally, a conclu-
sion is given in Section IV.

Il. INITIAL DESIGN

A) Antenna configuration

The structure of patch antenna usually consists of a pair of
parallel conducting layers separating a dielectric medium.

The proposed antenna is designed on an FR4 substrate, with
dimensions of 28.75 x 28.75 X 1.6 mm?, permittivity 4.8.
The proposed antenna-fed two-coaxial probes are shown in
Fig. 1. Feed point is located when 50 ) resistance occurs.
The designed patch antenna has a fractional bandwidth
(—10dB) of 2.41%, which ranges from 6.38 to 6.54 GHz
maximum gain is 5.5dB at the center frequency of
6.46 GHz. In the following section, the design of FSS structure
is presented. The input impedance of the patch antenna
depends on its geometrical shape and dimensions. The dimen-
sions of the modified antenna are also shown in Table 1. Also
all dimensions were calculated from standard formulae as
introduced by Balanis [16].

The result of mutual coupling between two patches before
placed ESS structure is shown in Fig. 2. This figure shows the
S-parameter of arrays antenna without FSS structure. The far-
field characteristics of the antenna array are depicted in Fig. 3.
This figure shows the simulated E-plane radiation pattern at
the 6.4 GHz resonant frequency of the antenna without the
FSS structure. The maximum gain is 5.5 dB at the frequency
center of 6.4 GHz.
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Fig. 2. Simulated mutual coupling between patch antennas and input impedance of both antennas.
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Fig. 3. Simulated far-field characteristics of antenna unit cell in patch antenna
array without FSS structure
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Fig. 4. Schematic representation of the unit cell of the suggested FSS structure.

Table 2. Dimensions of FSS unit cell and all dimensions are in mm.

Wum't Lum‘t Wt Lt Wl LI Wu La

10 10 8.75 8.75 8.2 8.2 5.4 5.4

B) FSS configuration

When periodicity of structure is small compared with the
operating wavelength, the operation FSS structure can be
described using an equivalent LC circuit model [16]. The
inductor L, results from the current flowing along neighbor
patches through narrow lines and the capacitor C is used to
model the gap effect between the patches.

The surface impedance equals to the impedance of a paral-
lel resonant circuit and the central frequency of the band gap
is calculated as below [17]:

jowL

=—
1— w?LC’ @

(2)

From Fig. 2, it is clear that enhancement of the equivalent
capacitance or inductance results in decreasing the resonant
frequency and it leads to achieve a compact structure. This
study suggests a novel planar compact FSS structure. The
schematic of the unit cell of suggested FSS structure is
shown in Fig. 4. Dark parts in this figure represent the metallic
periodic structure which is etched on a dielectric substrate.
The FSS structure was realized by a periodic distribution of
metallic elements printed on a dielectric slab. The FSS unit
cell was formed of one metallic square loop and one metallic
square patch printed on the dielectric substrate. The FSS array
was designed on a square dielectric similar to the antennas
substrate. The dimensions of FSS unit cell were tabulated in
Table 2.

One of the main properties of the FSS structures is the
ability to suppress surface waves at frequencies located in
the band-gap region compared with another periodic struc-
ture such as mushroom-like EBG structure. The FSS structure
is easy to fabricate. The drawbacks of patch antenna are solved
through the integration of FSS structures. The frequency band
gap of the FFS structure can be tuned by changing the geomet-
rical dimensions of FSS unit cell. In this case, the antenna
operate frequency is 6.46 GHz. The parameters of the FSS
structure are designed in a way that the desired frequency
band gap can accommodate the operate frequency of the
antenna. To indicate the desired band gap, the dispersion
diagram was used because it is an effective tool for considering
band-gap characteristics of the FSS structures. The FSS struc-
ture printed on antenna substrate. The dispersion diagram in
Fig. 5 shown the first band gap includes desired the frequency
band.

The performance of the unit cell is considered by Ansoft
HESS. Periodic boundaries are added on four sides such that
an infinite periodic structure could be modeled. The band
gap of this structure is 2 GHz which ranges from 5 to
7 GHz.

In Fig. 5, the horizontal axis is named based on the
Brillouin zone. Brillouin zone is the smallest indivisible part
of the FSS periodic structure. Each of the three point I', X,
and M is three sides of the triangle Brillouin zone that the cal-
culations of electromagnetic waves have been made on; and
the band gap will be achieved [18].

1. RESULT AND DISCUSSION

A) Reduction of the number of element

This section investigated the number of FSS elements to
obtain lowest mutual coupling. The subjects were told in
the INITIAL DESIGN, an appropriate FSS element for the
band gap in antenna operating frequency is obtained.
Therefore in this section for obtaining the minimum
mutual coupling between antenna elements, we focused on
the optimal number and the optimal arrangement of FSS
elements. The results of the consideration of mutual coup-
ling for antenna without FSS structure, antenna with five
FSS elements with single-column, antenna with 10 FSS ele-
ments with two-column is shown in Fig. 6. As shown in this
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Fig. 6. Simulated mutual coupling comparison for the three studied cases: without FSS structure, with one-column ESS, and with two-column FSS. For the FSS
dimensions are presented in Table 2.
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Fig. 7. Simulated mutual coupling comparison for the two studied cases: with a 10-element FSS, and with a six-element FSS for the FSS dimensions are presented
in Table 2.
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Fig. 8. Simulated mutual coupling as a function of the patch separation with (solid lines) and (dashed lines) without FSS. Distanced is increased by a step of 0.05A
from 0.5\ to 0.065A. FSS dimensions are the same for all curves, and for FSS dimensions are presented in Table 2.
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Fig. 9. Photographs of the fabricated planar periodic structure (a) with six elements FSS and (b) with 10 elements FSS.
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Fig. 10. Measured prototype without FSS and with two different FSS (with six
parameters of the FSS are presented in Table 2.

figure, the lowest mutual coupling is obtained for 10 FSS
elements with two-columns. Then, the mutual coupling is
investigated for two another states. The mutual coupling
for antenna with six elements FSS with two-column,
antenna with 10 FSS elements with two-column is shown
in Fig. 7. This figure shows that the mutual coupling for
antenna with 10 FSS elements with two-column is lowest.

and 10 elements FSS). Distance between edges of patch antennas is 23.25 mm and

The coupling in this state is less than —46 dB for frequency
range of 5.30-7.20 always.

B) Distance effect

As in the previous section, the optimal number of FSS arrays was
determined to be 10 FSS elements with two columns. In this
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Table 3. Mutual coupling between two-element patch antenna array with
and without FSS structures in antenna resonant frequency.

Status Antenna without  Antenna with six  Antenna with 10
FSS structure elements FSS elements FSS
(dB) (dB) (dB)
Simulated —32.5 —45 —46.5
Measured —33.6 —42.5 —45

section, the effect of increasing distance was examined between
the antenna arrays. As shown in Fig. 8, by increasing the distance
between the antenna arrays mutual coupling decreased.
However, the amount of distance enhancement between the
antenna arrays to increase the size of the antenna, and the
antenna efficiency was low. It is worth mentioning that, the
purpose of this paper is to reduce the mutual coupling
between the antenna arrays and keeping both the element separ-
ation smaller than A, for grating lobes evasion and the patch
antenna size large enough to have a good antenna directivity.

C) Experimental results

At the end two-sample studied antennas were fabricated.
Figure 9 shows the antennas that were fabricated. The
results of measuring Si1 and Si2 for the antenna arrays
without FSS structure, antenna with 10 FSS elements with
two-column and antenna with six elements FSS with two-
column is shown in Fig. 10. This study confirms the results
that were obtained by simulation, and also shows that the
optimum number of FSS arrays is 10 arrays, and the
optimal arrangement for FSS arrays, is two columns. Finally,
Table 3 shows the mutual coupling between two-element
patch antenna array with and without FSS structures in
antenna resonant frequency.

I'vV. CONCLUSION

The fundamental aim of this research was to explore the
potential effect of mutual coupling between two-element
patch antenna arrays, where the periodic FSS structure was
placed between the elements. Periodic structures such as FSS
can help in the reduction of mutual coupling using their
ability of suppressing surface waves propagation in a given fre-
quency range. The properties of FSS were verified using
band-gap analysis. Compared with the other decoupling tech-
niques, the suggested decoupling design provides a good
coupling suppression level for closely spaced patches
antenna and involves an easy and straightforward fabrication
process. The proposed configuration affords an improvement
in mutual coupling by 14 dB (measured value) with a reduced
edge-to-edge spacing of 23 mm. According to the results, if
the number of FSS elements is further mutual coupling
reduced. However, more than 10 FSS elements are caused to
enlarge the size of the antenna. The 10 elements are optimal.
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