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Abstract —Usually, a reasonably designed
electromagnetic band-gap (EBG) structure can reduce
the surface wave of an antenna. However, it may take a
long time to design. In this paper, a dual-band circular
patch multiple-input multiple-output (MIMQ) antenna
on an EBG surface is proposed. Defects are simply
introduced into rows and columns of the EBG cells. In
this way, the band-gap bandwidth (BG-BW) of those
cells can be as large as 29.2%, which enables the EBGs
can cover two frequency bands with a large interval, and
to generate over 25 dB isolation between the antenna
elements, as well. The measured results show that the
proposed antenna, incorporating defective EBGsS,
operates at 5.71-5.97 GHz and 6.31-6.54 GHz. The -10
dB impedance bandwidth of the antenna is extended by
28.9% and 27.8% at the low and high frequency band.
In addition, its gain is enhanced by 5 dB and 6.9 dB, and
its back radiation decreased by 15 dB and 10.3 dB at
the resonant frequencies of 5.75 GHz and 6.44 GHz,
respectively. The proposed design may have many
applications in communication systems.

Index Terms — Defect, high impedance EBG structure,
MIMO antenna, mushroom EBG structure.

I. INTRODUCTION

In recent years, multiple-input multiple-output
(MIMO) technology has gained a lot of attention from
scholars in the telecommunication industry, which is
one of the ways to realize the 5-generation mobile
communication [1, 2]. The antenna array is an important
part of MIMO system. The main challenge in designing
MIMO antennas is to improve the isolation between
antenna elements while minimizing them as much as
possible [3-5]. Generally, the smaller isolation between
antennas, the smaller mutual coupling effects on them.
For some special antennas, such as base station antennas,
the isolation requirement is greater than 25 dB [6].

Submitted On: October 12, 2018
Accepted On: January 26, 2019

Some methods were proposed to improve the
isolation between antenna elements. Ismaiel and Abdel-
Rahman etched meander slots on the ground to improve
the isolation [7], but it causes the frequency offset. Yu
et al. inserted an offset circuit between feed ports [8].
However, this method will increase the complexity of
the antenna design. Wang et al. added two pairs of L-
shaped extensions to the background structure of the
antenna [9], while the isolation is only 15 dB.

In recent years, electromagnetic band-gap (EBG)
structure has been proposed to isolate antennas due to
its ease of design and beneficial to reducing an antenna
profile. Coulombe et al. embedded some coplanar EBG
structures to an antenna array [10], its isolation is better
than 25 dB. Qiu et al. introduced a perpendicular
mushroom-like EBG wall to the substrate between the
two patch antennas to obtain 30 dB isolation [11].
Although it is not suitable for low profile requirements,
it provides a superior idea for antenna isolation design.

It is found that the wider band gap of the EBG
structure, the higher isolation of the antennas. The
mushroom-like EBG are usually arranged in a periodic
[12] or quasi-periodic form [13]. It has many derivative
structures, including a two via slot-type EBG (TVS-
EBG) [14], an edge-located via EBG (ELV-EBG) [15],
a modified mushroom-like EBG (MML-EBG) [16], and
a complementary split ring resonator EBG (CSRR-
EBG) [17]. The former two adopt the way of changing
feed to improve the band-gap bandwidth (BG-BW) of
the EBGs, while the latter two achieve this goal by
carefully designing the shapes of the cells. Their BG-
BWSs comparisons are listed in Table 1. It is shown that
the latter method can broaden the bandwidth more
effectively. However, it may take a long time to design.
In 2018, we tried to destroy the periodicity of the EBGs
by introducing some defective slots only between the
rows of the EBG cells to obtain a higher BG-BW [18],
but the band gap was still not wide enough.
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In this paper, a dual-band circular patch MIMO
antenna with defective EBGs is proposed. The design
of EBG structure is based on mushroom-like EBG
structure that digs four half circular slots. And the
defects are introduced into both rows and columns of the
EBG cells. By using the proposed EBG, the bandwidth
and gain can be dramatically improved.

Table 1: The lowest frequency (f.), highest frequency
(fu) and band-gap bandwidth in different EBG structures

fL fu BG-

Ref. YPe | GHy) | (GH2) | BW
[14] TVS-EBG 3.01 3.38 | 11.6%
[15] ELV-EBG 3.60 406 | 12.0%
[16] MML-EBG 5.10 6.00 | 16.2%
[17] CSRR-EBG 3.31 433 | 26.7%
Proposed — 5.68 7.62 | 29.2%

1. DESIGN AND ANALYSIS

A. Dual-band circular patch MIMO antenna design

Figure 1 shows a circular patch MIMO antenna in
the C-band. The MIMO antenna is designed on a FR-4
substrate, whose thickness is h=2 mm and the electrical
parameters are &=4.4 and tandé =0.02. The MIMO
antenna is a circle patch and the radius of the circular
patch is 11.5 mm. As Fig. 1 shows, the lengths and
widths of slots are denoted by Iy, Iz, I3, l4, I5, g, I7, and d,
respectively. The center of the circle patch is denoted by
ri. This antenna is excited by a coaxial cable with a
50 Q SMA connector, it has a diameter of r,=1 mm. The
two elements of MIMO antenna distance is dy.

MIMO antenna (top view)

[ )

z FR-4

M : e = g

|
MIMO antenna {side view)

Ground

Fig. 1. Configuration and parameters of circular patch
MIMO antenna and substrate, for MIMO antenna:
1:1=10.5 mm, 1,=7 mm, [3=8 mm, 1,=10 mm, ls=7 mm,
=8 mm, I;=10mm, d=0.5 mm, r;=11.5 mm, r,=1 mm,
dy=33.6 mm, and h=2 mm.

Figure 2 exhibits the simulated S1, of circular patch
MIMO antenna. The MIMO antenna has two resonant
modes generated at nearly 5.75 GHz and 6.44 GHz,

respectively. Its bandwidth is 320 MHz at lower
frequency and 200 MHz at higher frequency with a
standard of Si1< -10 dB. The radiation efficiency of this
antenna is about 73.9% at 5.75 GHz and 70.5% at 6.44
GHz, respectively.
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Fig. 2. S;1 and radiation efficiency of the MIMO
antenna.

B. High impedance EBG structure design

Figure 3 (a) shows the schematic of the high
impedance EBG in three different cases. EBG has
thickness of 2 mm with a dielectric constant of 4.4.
Figure 3 (b) shows the 1x2 EBGs structure proposed.
Figure 3 (c) presents the 10x16 EBG cells operating
as a two-port waveguide formed by a pair of perfect
electric conductor (PEC) along the z-axis and perfect
magnetic conductor (PMC) along the y-axis. They are
divided into seven parts: #1, #2, #3, #4, #5, #6, and #7.
By changing the distances of gx, gy, and g, between each
part, the asymmetrically distribution of EBGs can be
realized. Besides, when gy and gy equals dx, the EBGs
are periodically arranged.

Figure 4 shows that the EBG structure can be
equivalent to parallel LC resonant circuit. The gap
between radiation patches of adjacent EBG structures
can be equivalent to capacitance C. Because the metal
through-hole connects the radiation patch with the
ground structure, the current forms a loop between the
radiation patch and the ground structure, which can be
equivalent to the inductance L. This high impedance
surface (HIS) can effectively suppress the surface wave
outside the band-gap. For an EBG structure with patch
width W, gap width g, substrate thickness h, the values
of the L and C are determined by the following formula
[19]:

L= #Ohv (l)

_ Weo(1+ep) —1 (2W+g
C—in cosh (—g ), 2

where &, is the electric constant, while g, and y, is the
permittivity and permeability of free space, respectively.
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The frequency band gap also can be predicted as:

w = 1/VLC, ®)
BW = Aw/w = 1/n,/L/C, )

where 7 is the free space impedance, which is 120 .

Based on the above formulas, L is proportional to h,
the band gap increases with the increasing of L, and
decreases with the decreasing of L when uo and 7o
are constant. W will affect the value of C when other
variables are fixed. C is inversely proportional to the
value of the band gap.
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Fig. 3. (a) Configuration and parameters of the proposed
EBG for high impedance EBG in the three different
cases: a=6.3 mm, ¢=3.4 mm, rz=1 mm, for 1x2 EBGs:
dx=0.5 mm, h=2 mm; for 10x16 EBGs: g=5 mm,
gy=36.7 mm, and g,=2.7 mm. (a) EBG cell in three
different cases, (b) 1x2 EBGs structure, and (c) 10x16
EBGs structure.
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Fig. 4. Two-dimensional model for mushroom EBG
type.

Figure 5 displays the effect of the slots above the
electromagnetic band-gap for three cases. As seen in the
above figures, under the condition of the same size, by
etching circle slots on the case 3, the bandwidth of EBG
is the largest. Figure 6 presents the S,; of proposed EBG
structure. While, when gy, gy, and g; > dx, the band-gap
is broadened, because the EBG periodical structure is
broken [18].
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Fig. 5. Simulated S» of case 1, case 2, and case 3.
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Fig. 6. S1 of the proposed EBG structure.


file:///F:/æ��é��è¯�å�¸/7.3.0.0817/resultui/dict/

ZHANG, CHEN, MA, LI, XU: DESIGN OF DEFECTIVE EBG STRUCTURES

The dispersion diagrams are plotted in Fig. 7. From
this diagram, the frequency band-gap between mode 1
and mode 2 is observed for the proposed EBG cell. The
intersections with the light lines are used to determine
the upper limit of the band-gap for the surface waves.
Case 3 is proposed, the frequency of electromagnetic
band gaps of the EBG structure is 5.68 GHz to 7.62 GHz,
and the band gaps are 1.94 GHz.
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Fig. 7. Dispersion diagram for case 3.

C. A dual-band circular patch MIMO antenna with
high impedance EBG structure

Figure 8 demonstrates the configuration and
parameters of the proposed EBG antenna. The d; and
d» equal 6.85 mm, the Width is 80 mm and Length is
135 mm.

Length

Width

Fig. 8. Configuration and parameters of the proposed
EBG antenna.

Figure 9 shows the Si; of the proposed EBG antenna.
As can be observed, the EBG antenna bandwidth is
5.6 GHz to 6.0 GHz and 6.22 GHz to 6.46 GHz,
respectively. The bandwidth is 400 MHz in low frequency
and 240 MHz in high frequency, respectively. The
radiation efficiency of proposed antenna is about 61.1%
at 5.75 GHz and 56.1% at 6.44 GHz. Figure 10 shows

the current distributions of proposed EBG antenna. It
demonstrates that the proposed EBG structure can more
obviously suppress the surface wave of the antenna. The
radiation of the EBG antenna is clearly stronger than that
of the MIMO antenna.
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Fig. 9. S11 and radiation efficiency of the proposed EBG
antenna.

For a MIMO antenna system, the isolation is an
important parameter. It can be described as |S»|. Figure
11 presents a slot in the ground planar of the MIMO
antenna. The length and width of the slot are expressed
by glength and gwidth, respectively. The MIMO antenna
observed the isolation by changing the size of slot. When
the glength equals 50 mm and gwidth equals 1.5 mm, the
isolation of MIMO antenna can reach maximum.

Figure 12 compares the mutual coupling of the
proposed EBG antenna with the MIMO antenna and slot
in ground. It is shown that the proposed EBG structure
is more significant in improving the mutual coupling of
MIMO antenna system compared with slot in ground.
Especially, at low frequency, the isolation can be
enhanced by about 11.5 dB with EBG than about 0.3 dB
with slot line.
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Fig. 10. Current distributions of MIMO antenna and the
proposed EBG antenna at 5.75 GHz and 6.44 GHz.
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Fig. 11. Slot in ground planar of MIMO antenna.
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Fig. 12. Simulated isolation (|S21|) of the proposed EBG
antenna.

I1l. EXPERIMENTAL RESULTS AND
DISCUSSION

Figure 13 depicts the photographs of the fabricated
EBG antenna. Figure 14 shows the measured Si; of
the MIMO antenna and proposed EBG antenna. The
measured results show that -10 dB impedance bandwidth
of the MIMO antenna is 4.5% (5.71-5.97 GHz) at the
lower band and 3.6% (6.31-6.54 GHz) at the high band.
When EBGs are asymmetrically arranged, the frequency
bands become 5.8% (5.7-6.04 GHz) and 4.6% (6.30-
6.60 GHz). Compared to the MIMO antenna, the
bandwidth of proposed EBG antenna is extended by
28.9% in low frequency and 27.8% in high frequency,
respectively.

Fig. 13. Photographs of the fabricated EBG antenna.
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Fig. 14. Measured and simulated Si11 of the antenna with
or without EBG.

As Fig. 15 shows, when the frequency is 5.75 GHz,
the gain of EBG antenna is 7 dB and the back radiation
is -25 dB. The gain of MIMO antenna is 2 dB and the
back radiation is -10 dB. Compared with the MIMO
antenna, the gain of EBG with antenna is increased by 5
dB and the back radiation is decreased 15 dB in the E-
plane. It is also shown that the cross-polarization is low
at low frequency and the simulation results are basically
consistent with the measured results. Figure 16 shows
the gain of proposed EBG antenna is 8 dB and its back
radiation is -20.5 dB at 6.44 GHz. While, the gain of
traditional MIMO antenna is 1.1 dB with -10.2 dB back
radiation. Compared with MIMO antenna, the gain of
EBG antenna is added 6.9 dB and the back radiation is
reduced 10.3 dB in the E-plane. The radiation patterns
of the cross-polarization get worse at 6.44 GHz than at
5.75 GHz. There are some differences between the test
results and the simulation results due to its fabrication
tolerance.
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Fig. 15. Measured and simulated E-plane radiation
patterns of the antenna at 5.75 GHz.
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Fig. 16. Measured and simulated E-plane radiation
patterns of the antenna at 6.44 GHz.

Figure 17 presents the measured and simulated
isolation (|S21|) of the proposed EBG antenna compared
with MIMO antenna. The measured average isolation
is around 43 dB at low frequency and 26 dB at high
frequency band. Compared with the MIMO antenna, the
isolation of EBG antenna is significantly improved and
the measured results are in good agreement with the
simulated results.
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Fig. 17. Measured and simulated isolation (|Sx|) of
proposed EBG antenna compared with MIMO antenna.

IV. CONCLUSION

A dual-band circular patch MIMO antenna with
defective EBG structure is proposed. First and foremost,
the MIMO antenna resonates at around 5.75 GHz and
6.44 GHz, the frequency covers 5.71 GHz to 5.97 GHz
and 6.31 GHz to 6.54 GHz, respectively. Moreover, a
high impedance EBG structure is proposed, the band gap
of EBG structure is 5.68 GHz to 7.62 GHz. It can cover
the frequency of the MIMO antenna. Last but not least,
three rows of high impedance EBG cells are designed

on the substrate to surround the MIMO antenna. By
breaking the periodicity of the EBG structure, the
performance parameters of the antenna will be better.
The EBG with antenna has a wider bandwidth, which
is extended 28.9% in low frequency and 27.8% in high
frequency, respectively. In addition, the minimum
isolation of the antenna is 26 dB.

The proposed EBG antenna has a higher gain and
lower back radiation. When the frequency is 5.75 GHz,
the gain of EBG antenna is increased 5 dB and back
radiation is reduced 15 dB in the E-plane. In the H-plane,
the gain of EBG antenna is increased 5 dB and back
radiation is reduced 15 dB. When the frequency is 6.44
GHz, the gain of EBG antenna is increased 6.9 dB and
back radiation is reduced 10.3 dB in the E-plane. In the
H-plane, the gain of EBG with antenna is increased 4.5
dB and back radiation is decreased 7.7 dB. From the
above results, the performance parameters of the
proposed EBG antenna have been significantly improved
and have a reasonable design.
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