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Abstract— In this paper, a compact miniaturized EBG loaded
with surface mounting capacitor has been developed. The
dimension of the EBG patch with approximately 2/36 has been
achieved with dimension highly dependent on the capacitor
values. The integration of the capacitive loaded miniaturized
EBG with a couple of microstrip patch antenna has reduced
approximately 12dB mutual coupling within the elements at the
antenna resonance frequency of 2.2GHz. The antenna E-plane
gain has been improved for more than 2dB with 3dB reduction in
side lobes when comparing the traditional array with the array
integrated with EBG. The propagation characteristics and gain
of the array have been analyzed using CST Microwave Studio
(CST MWS). The measured results have shown good agreement
with the simulated results. The miniaturized EBG will be very
useful in minimizing the space within the array antenna
especially for the MIMO application.

Index Terms—Miniaturized EBG, Array antenna, Mutual
Coupling Reduction, MIMO

L INTRODUCTION

Array antenna normally couple through two paths; the primary
path arises from the free space radiation and the secondary
path arises from the surface waves propagation within the
array elements, which is strongly excited in the E-plane. The
surface waves cause mutual coupling effects including low
side lobe level antenna array and scan blindness for infinite,
phased array with large scanning angle which degrade the
performance of the array [1-3].

Various methods for reducing the effects of mutual
coupling have been proposed in the literature. These methods
including the optimizing of the antenna dimensions [4], adding
shorting pins to cancel out the substrate capacitive polarization
current [5], adding a dielectric layer [6] or a defected ground
plane [7, 8], and the most popular techniques is to introduce an
EBG structure within the elements [9-12].

Tunable EBG and AMC have been published in [13, 14]
by making use of lumped capacitive and inductive elements.
The design methodology for the miniature frequency selective

surface (FSS) using lumped reactive components has been
described in [14]. The capacitive and inductive elements have
been utilized to achieve similar current loops as in the FSS
band pass aperture. The design structure was fairly small with
a unit cell period of approximately A/36. The structure
resonance frequency is mainly controlled by the value of the
lumped components values that are normally associated with
tolerance and losses, which might effects the tuning frequency
and cost, as the components with a very low tolerance are
expensive.

Microstrip antenna printed on a high dielectric constant
substrate is attractive as it offers compactness and a low
profile. However, drawbacks of this design, such as the
narrow bandwidth and high excitation of surface wave need to
be considered. The bandwidth can be improved using a
thicker substrate, but this could excite severe surface waves.
Based on the study reported in [15], a strong surface wave can
be excited if the condition of h > 0.31,/2mye, is satisfied. As a
result, the mutual coupling increases and cause degradation in
the gain and, in more severe cases, a blindness angle in a
scanning array [16].

One approach to develop the miniaturized EBG structure
has been suggested by embedding a miniaturized capacitive
loaded EBG within the array element to shunt the surface
wave current, hence reducing the mutual coupling effects. The
continual research has been done based on the previous design
methodology suggested by Liu in [14]. The FSS or EBG
structure miniaturized technique has been improved by
considering a new EBG structure that has been utilized using
only the capacitor element without the inductor component.
This approach minimizes the number of elements required and
reduces the tolerance errors introduced by the electronic
components. By introducing only a capacitor component in the
structure, an electronically tunable FSS can be obtained by
replacing the capacitor with DC biased varactor diodes as
published in [17, 18]

To achieve an EBG with smaller dimensions, the element
of inductance in the current loop circuit has been generated by
inserting a connecting pin via into the structure. In order to
minimize the fabrication and assembly costs, the capacitor
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values range can be selected from those available in market.
Fine tuning of the EBG operating frequency can be
implemented by slightly adjusting the EBG patch dimensions
and the width of gap between the EBG patches. For the design
compactness and easiness of the fabrication and assembly
process, an EBG length and width range of 3mm (% 61,/45 )
to Smm ( A, ,6H,/27) has been used. Additionally, a gap range
of 0.5-1.0mm has been chosen between the patch for an
operating frequency of 2.2GHz. However, the dimensions can
be slightly increased for EBG to operate in a lower frequency,
providing enough space between the array elements and the
EBG structure.

Another advantage of this design is the capability of
altering the surface characteristics by switching the pin vias in
and out, which alternately turn the EBG structure to an
artificial ground and control the propagation of surface waves,
as described in [19-21]. The simple and various techniques for
tuning the EBG wide operation frequency have shown the
design flexibility for the proposed structure.

1L CAPACITIVE LOADED MINIATURIZED EBG

An EBG structure that is based on the design methodology
as describe in [14] has been designed as shown in Figure
1.The new design has been developed for miniaturizing the
EBG overall period, p, by utilizing only the capacitive lumped
elements. The EBG structure has been etched on a double
sided FR4 substrate, where the bottom side of the conducting
surface is used as the antenna and EBG structures ground
plane. The FR4 substrate has a dielectric constant, &, of 4.3
and a thickness, 7, of 6.4mm.

The operation mechanism of the EBG structure can be
modeled as an LC filter array with a parallel external lumped
capacitance, C;, , equivalent circuit as shown in Figure 2. The
element capacitor C is due to the effects of surface area and
gap within the adjacent patches, whereas the inductance L
results from the current flowing through the vias to ground
plane. Referring to [9] , for the series of miniaturized EBG
structures with patch width, w , length, / (where /=w) and gap
width, g, which is etched on a substrate with a dielectric
constant of &, and a thickness of ¢. The capacitor and inductor
values for the EBG patches, without the external lumped
elements, can be written as [22]

C= W—(lfr)&’ cosh™t (—2‘4;+g) (1

L = ot @

where ¢, and p, are the free space permittivity and
permeability constants respectively.
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Figure 1: Unit cell for miniaturized EBG with capacitance
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Figure 2: New equivalent circuit of capacitive loaded EBG.

From the EBG equivalent circuit diagram as shown in
Figure 2, the equations for the band-gap resonance frequency
and bandwidth can be expended as [9]

fo = i @)
1 L
BW = ; Ctot @

28 ISSN:2180-1843 Vol.4 No.2 July - December 2012



Microstrip Patch AntennaArrayMutual Coupling Reductionusing Capacitive Loaded Miniaturized EBG

where C,,, is the total capacitance in parallel which is the 20

summation of C and C; (C+C;) and 5 1is the free space "‘“"‘*r?., :;-_ Capi F

characteristics impedance which is defined as 120z = RV - :E:?jf
From Equations (3) and (4) it can be noticed that the EBG ; : \ _

resonance frequency and bandwidth can be reduced by *

increasing the capacitance value. Additionally, the bandwidth ©

can be increased by increasing the surface inductance value,
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which can be achieved by increasing the thickness of the 0 i
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As illustrated in Figure 1, the miniaturized capacitive
loaded EBG unit cell composed of a PEC metal plate with a ]
connecting via at the middle. The capacitors are connected at 100 § 5
each side of the EBG patch as a connection current path to the . oo \
adjacent cell. To analyze the EBG with capacitance loaded = NI SRRLIIITTT ——
performance, the dimensions of the cell have been varied. A o i
unit cell with p =3.8mm, 7.6mm and 15mm has been 'm
simulated for comparison. The gap within the element has
been set to 0.5mm for all the dimensions. For the 3.8mm and
7.6mm EBG unit cells, 0.5pF capacitors have been loaded. Figure 4: Reflection phase for unit cell with variable lumped capacitance
However, no capacitors have been used for the basic value.
mushroom-like of 15mm EBG

Frequency / Ghz

The characteristics of the EBG against the loaded

capacitance value are shown in Figure 4. The unit cell period,

"o ‘ p has been fixed at 3.8mm with a 0.5mm gap within the cells.

—#= P=15mm The capacitance value has been set to 0.5pF, 1pF and 2pF. The

150 . =@= P=3.8mm EBG unit cell reflection phase results show that the resonance
: =4 = P=7.6mm

frequency has decreased by more than 20% when the capacitor
value is doubled. As the chosen capacitance is large compared
to the surface sheet capacitance, the bandwidth has been
reduced from 0.55GHz to 0.32GHz, i.e. by approximately
42% when the capacitance value is doubled from 0.5pF to
IpF. The bandwidth is further reduced by 50% when the
capacitor value is doubled from 1pF to 2pF. The simulated
results show that the characteristics of the developed EBG
structure are highly dependent on the loaded lumped capacitor
en value and marginally effected by the EBG dimensions.
1 The EBG structure has been scaled and optimized using a
50Q microstrip transmission line as shown in Figure 5 to
determine the best parameter for the EBG inserted with pin for
it to have the band gap frequency which could cover the
antenna operating frequency. For the analysis purposes, the
‘ . . antenna operating frequency has been selected as 2.2GHz.
Figure 3: Reflection phase for a unit cell EBG. Based on the impedance calculations in CST MWS, the
width of the transmission line has been determined as 12.4mm
Figure 3 shows that a resonance frequency of for it to match With'SOQ impedance at 2.2GHZ. The parame.ter
approximately 2.2 GHz has been achieved for the 15mm and 15 cloiseily. related with thf: FR4 substrate thickness and relative
3.8mm EBG, which suggest a 75% reduction in the unit size. permittivity constant.. Dlscr.ete .pons have beep connected at
Doubling the miniature unit cell period has shown only ~14% both edges o.f the microstrip line for calculating the surface
shift in the resonance frequency and almost no reduction in mutual coupling across the EBG structure.
bandwidth. Although the element sheet resistance increases
with the increment of the cell periodicity, it is always very
small with compared to the loaded lumped capacitance, hence
resulting in a small reduction in the EBG operation frequency
and the bandwidth of approximately 22% that has been
achieved for all sizes.

-100

-200

Frequency / GHz
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Figure 5: EBG structure with microstrip transmission line

Figure 6 shows the mutual coupling across the optimized
EBG surface. The mutual coupling of the EBG without via
has been included for comparison purposes. It has been
noticed that switching the pin via in and out has alternately
switch the EBG characteristics from suppressing to
propagating the surface waves. The optimized dimensions of
the EBG have been determined as: p=3.8mm; l=w=3.3mm);
¢=0.5mm and C;=IpF. The structure substrate has been
constructed using an FR4 material with a dielectric constant of
€, =4.3 and a thickness of 6.4mm

220 4

230 4

Mutual Coupling / dB

-40

501 $12 EBG without via
= S12 EBG with via

-60 T T T T T T T
14 1.6 1.8 20 22 24 26 28 3.0

Frequency / GHz

Figure 6: Surface mutual coupling for EBG structure

A.  Two elements Microstrip Patch Array Antenna
Two patch antennas that are arranged in the E-plane as
shown in Figure 7 have been simulated. Typically the space
between adjacent array elements is chosen as 0.5 — 1.04, at
the antenna operation frequency. Based on [23, 24], for a thick

and high-permittivity dielectric substrate, the E-plane
configured microstrip exhibits a stronger mutual coupling with
compared to the H-plane for elements separated by more than
0.52¢. Hence, the analysis of mutual coupling reduction will
be focused on the E-plane coupling.

Microstrip patch antenna

«— L

-

FR4 substrate

t
w
v

‘ period, p |

¥ | Thickness, ¢

¥

500 coaxial port Ground plane

Figure 7: Microstrip patch array antenna with miniaturized EBG

An array of two square microstrip patch antennas, each
with a width of W and a length of L, has been designed on a
double sided FR4 substrate as shown in Figure 7. The array
antenna has been etched on the top side of the substrate,
whereas the bottom side has been utilized as the common
ground plane for the array and later for the EBG structure. The
substrate and ground plane length and width have been set to
218mm and 92mm, respectively

Both of the antenna patches have been fed using 50Q
coaxial probes as shown in Figure 7. The array elements have
been arranged in-phase, such that the radiating edges are in
line to each other. This kind of arrangement radiates power
that is directed towards 0° when the phase gradient within the
elements is set to 0°. Due to the transmitted and received
signal characteristics, the broadside signal will suffer deep null
at 0° if the phase gradient within the array has been set to
180°. Another possible array arrangement is to place the
radiating edges to or in opposite directions to each other.
These arrangements operate in reverse characteristics
compared to the in-phase configuration. The transmitted signal
from one element is 180° out of phase with that from the other
element, thus a deep null will be observed with a 0° phase
gradient within the elements. The array power radiation can be
directed towards 0° when the phase gradient between the
elements is set to 180°.

In this analysis, a microstrip patch array antenna with in-
phase arrangement has been utilized. Simulated results for the
E-plane coupled microstrip antennas are dispicted in Figure 9.
The square patch has a size of 28.6mm, and resonated at a
frequency of 2.2GHz, where a minimum|S;;|of -17dB has
been achieved in conjunction with an impedance bandwidth
of ~4.43%. Figure 9 also presents the mutual coupling for the
array antenna which has been seperated 0.8X;,, (109mm)
between the antennas, where A,,gu, is the free space
wavelength at the antenna resonance frequency of 2.2GHz. A
mutual coupling of approximately -26 dB has been achieved.
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B.  Mutual Coupling Reduction using a Miniaturized
Capacitive Loaded EBG

The miniaturized capacitive loaded EBG structure
performance has been analyzed to assess its’ capability in
reducing the mutual coupling in a microstrip patch array. Four
columns of the miniaturized EBG structure have been placed
between the array elements that are separated by a period of
109mm as shown in Figure 8. The array and dielectric
constant have been kept identical to those in the previous
structure of an array without EBG. The lumped capacitor
components have been connected along the E-plane
configuration, and expected to suppress the surface wave
propagation between the elements. This arrangement has been
chosen since the surface waves effect the E-plane radiation

power with a marginal effect on the H-plane radiation [5, 7].

Capacitor

. !

\EBG

¥ 4

Figure 8: Microstrip patch array antenna with EBG

= == S11Amay
=== S12Amay
— 51,1 EBG 3.8mm

-20 4 — 51,2 EBG 3.8mm

S-parameters / dB

1.8 1.9 2.0 2.1 22 2.3 24 2.5 26
Frequency / GHz

Figure 9: S-parameters for a patch array antenna

The simulated reflection coefficient for an array that is
integrated with a miniaturized EBG is shown in Figure 9,
where it can be noticed that the antenna resonates at
approximately 2.2GHz. The existence of the EBG structure
has a slight effect on the matching characteristics since the
antenna still offers a good matching which indicates sufficient
spacing within the EBG structure and the array elements.

The transmission coefficient result at 2.2GHz has been
reduced from -26dB to -35dB when the EBG structure is
utilized. These results show that the surface waves within the
array elements have been suppressed remarkably when a
miniaturized EBG is integrated within the elements.

Figure 10 illustrates the surface current density, where it can
be noticed that the EBG structure reduces the current density
between the elements. Figure 10(b) illustrates that the
amplitude of the surface current between the array element
and EBG structure is almost zero, but a much higher density
can be observed at the middle of the latter. These results
confirm the suppression of the surface current by the EBG
structure, which dictates the reduction in mutual coupling and
improvement in the isolation between the array elements.

2,88
1.78
159
1.4
1.2
1.8
(X
0.656
.49
n.281

(b)

Figure 10: Array surface current at the resonance frequency 2.2GHz.
(a) Patch Array (b) Array with a miniaturized EBG.

The radiation performance of the simulated and the results
for the E-, and H-, plane radiation patterns are shown in
Figures 11 and 12, respectively. The radiation pattern
indicates that the power radiation for the array with EBG has
exposed about 2dB increment in gain at 0°. The E-plane
radiation pattern has approximately 3dB reduction in the
radiation side lobes when EBG structure has been placed
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within the array element. These results illustrate that the
integration of the EBG elements within the array has
effectively suppressed the surface wave and improved the
antenna radiation performance. The H-plane pattern shows a
marginal difference between the patterns of an array with and
without EBG. This is owing to the fact that almost no surface
waves are excited in the H-plane even without EBG structure.
Furthermore, the array is arranged in E-plane configuration,
which has no definite effect on H-field radiation power.

v Array
e EBG 3.8mm

-180

Figure 12: H-plane Radiation pattern for array antenna at 2.2GHz

C. Fabrication and Measurement

The prototypes of two elements array with and without a
miniaturized EBG have been fabricated using double sided
FR4 printed circuit board as shown in Figure 13 and 14. A
finite ground of 218mm x 92mm has been chosen for both
structures. The measured S-parameters are shown in Figure
15, which illustrates the performance of the array in term of
the reflection coefficient and mutual coupling.

Figure.13: Front and back view of the two-element traditional microstrip
path array

Figure 14: Front and back view of the two-element microstrip path array
with miniaturized EBG

From Figure 15, it can be observed that the array elements,
in both arrays, are matched at 2.2GHz with |S;,| approximately
-20dB. The antenna S,; is remain stable when integrated with

EBG illustrates that the chosen gap between the radiating
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patches and the EBG structure is large enough. The operation
bandwidths are approximately 4.45% for both array
configurations. The measured mutual coupling between the
elements at an operating frequency of 2.2GHz is reduced from
-28dB to -40dB due to the integration of the miniaturized EBG
into the array. A mutual coupling reduction of 12dB has been
measured, which is better than the 9dB reduction which
achieved in the simulation results. The comparison of the
simulation results in Figure 9, and measurement results for
both array configurations has shown very good agreement.

220 4

S-parameters / dB

= = = S11 Array (measured)
= S11 EBG 3.8mm (measured)
-60 1| = = = S12 Array (measured)
——— S12 EBG 3.8mm (measured)

-70 T T T T T T T
1.8 1.9 20 241 22 23 24 25 26

Frequency / GHz

Figure 15: Measured S-parameters results of two-element arrays with and
without miniaturized EBG

The E-plane radiation pattern has been measured as shown
in Figure 16 and 17. The measured results indicate that the
array with the EBG has approximately a 2dB increment in
gain with compared to the array without EBG. Additionally,
the results illustrate the side lobes reduction for the array with
the miniaturized EBG compared to the traditional array. Good
agreement has been achieved between the simulations and
measurements on the evaluation of the EBG performance to
improve the antenna radiation pattern. The result is also
related to the effectiveness of the miniaturized EBG on
suppressing the surface wave within the array elements.

For the array without EBG, the measured radiation pattern
has illustrated no deep reduction at +40° as observed from the
simulated results. However this has no major impact on the
overall performance, as the results are within the acceptable
range and the main focus of this measurement is to analyze the
performance of the miniaturized EBG. Reduction of radiation
side lope for the array with EBG with compared to the
traditional ~array illustrates the effectiveness of the
miniaturized EBG to suppress the surface wave.

30 7 . -30
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\ -15 I’
- \ 7N
60 -60
Ty JAd N\
N\ 25 [\
‘ N\ 30 \
\ i

AT LR T I T -90
~40 -35 -30 -25 -20 -15 194/ -5

120 -120

== == Array (simulated)
m= Array (measured)
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Figure 16: Comparison normalized E-plane Radiation pattern for array
antenna at 2.2GHz. Array antenna without EBG
with 3.8mm EBG

(b) Array antenna

T I T ¥
-35 -30 -25 -20 -15

NS~

= == EBG 3.8mm (simulated)
=== EBG 3.8mm (measured)

By
-150

-180

Figure 17: Comparison normalized E-plane Radiation pattern for array
antenna at 2.2GHz. array with 3.8mm EBG

III. CONCLUSION

In this paper, a novel compact miniaturized capacitive
loaded EBG with a period of 3.8mm (A,/36) has been
developed and implemented in the design of a microstrip patch
array to reduce the strong mutual coupling between the
elements. The designed miniaturized EBG is approximately
75% smaller than the mushroom-like EBG, and with an
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approximately 22% operating bandwidth. The compact size of
the EBG has been achieved by loading capacitive components
within the EBG cells. The EBG operating frequency is mostly
dependant on the loaded capacitor value and less influenced
by the dimensions of the EBG elements.

The introduction of the miniaturized EBG structure between
the array elements has demonstrated its capability of
suppressing the surface waves. This was evident by the 12dB
reduction of the mutual coupling at the resonance frequency.
The incorporation of the miniaturized EBG in the array
structure has improved the antenna E-plane gain by more than
2dB, with a 3dB reduction in the side-lobes without sacrificing
the antenna compact size nor matching and bandwidth. A very
good agreement has been achieved between measurement and
simulations in all cases.
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