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Two Port Compact MIMO Antenna for ISM Band Applications

Kanhaiya Sharma® * and Ganga Prasad Pandey?

Abstract—This article presents a compact size and high isolation 2 x 2, Multi-Input Multi-Output
(MIMO) antenna for Industrial Scientific and Medical (ISM) band and 5G lower frequency band of
5G applications. Mutual coupling has been a great challenge in these applications. To improve
isolation between elements of 2 x 2 MIMO antennas, a mushroom-shaped electromagnetic bandgap
(EBG) and a fractal shaped EBG have been investigated. The overall size of the proposed antenna
is 38.2 x 95.94 x 1.6 mm? with inter-element spacing (edge to edge) of 0.140)\. The proposed antenna
has been designed, simulated, fabricated, and tested. The resulting outcome shows that the antenna
operates in the band of 2.43-2.50 GHz and radiates in TM;p mode. By using fractal shaped EBG,
isolation of —24.67 dB is achieved. Apart from isolation, other performance parameters of the MIMO
antenna are verified. The proposed antenna is suitable for weather radar, surface ship radar, satellite
communication, and wireless local area network (WLAN) applications.

1. INTRODUCTION

In recent years, there is an advancement in technology that leads to continuous improvement in
the coverage, capacity of the wireless communication network, throughput, and consumer experience
through advanced antenna systems (AASs). AASs include mmWave communication, beamforming,
and multiple-input multiple-output (MIMO). By improving the signal quality, MIMO system can
effectively enhance throughput, system capacity, quality of service (QoS), minimize fading effects,
lower susceptibility of tapping, and improve system coverage. Microstrip antenna has numerous
advantages over other types of antennas like easy fabrication, low cost, compact size, multiband
capability, supporting linear and circular polarizations, and can be mounted on a rigid surface. In
the case of microstrip MIMO antennas, the leading cause of mutual coupling is surface waves. There
is a trade-off between coupling and size of overall MIMO antenna. Due to the limited space, a
compact antenna with high isolation is preferred for MIMO communication. The effect of mutual
coupling (MC) on the MIMO antenna was investigated in [1]. Various techniques of reducing mutual
coupling in a MIMO antenna have been studied in [2-4]. Researchers have investigated different MC
reduction techniques to achieve optimum MC. Mostly preferred and frequently used MC techniques
are presented here. For example, use of a defected ground structure (DGS) can reduce MC up to
—55dB [5]; dielectric resonator antenna can reduce MC up to —25dB [6], complementary split-ring
resonator (CSRRs) can reduce MC up to —22 dB [7], neutralization lines reduce MC up to —23dB [8, 9],
engineered parasitic patch or slot element can reduce MC by —22dB [10], reconfigurable antenna can
reduce MC up to —47dB [11], electromagnetic bandgap (EBG) can reduce MC up to —53.7dB [12],
engineered metamaterial can reduce MC up to —42dB [13], and decoupling networks can reduce MC
up to —32dB [14], respectively. DGS and EBG are preferred methods to reduce MC. Some of the
advancements in metasurfaces like realizations of various polarization-independent properties for all
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frequency spectra were studied in [15,16]. In the present study, the authors investigate different EBG
structures on a simple microstrip antenna to reduce MC between elements of 2 x 2 MIMO antenna for
5G communication. The investigation starts with a single microstrip antenna design at 2.4 GHz, then
a 2 x 2 MIMO antenna design without EBG is investigated. The model of a mushroom-shaped EBG
and bridge structure is studied. Then the model of a fractal-shaped EBG structure is is designed, and
finally, a 2 x 2 MIMO antenna with a fractal-shaped EBG structure is designed and investigated.

2. ANTENNA DESIGN

2.1. Single Antenna Design

To design the proposed antenna, first of all dimensions of a 28.6 x 38.37 x 1.6 mm? rectangular patch
antenna is designed at 2.4 GHz and simulated using CST. FR-4 (e, = 4.4) material is used to design the
antenna which is fed with inset feed. The dimension of the ground plane is taken as 38.2 x 47.97 mm?.
The design parameters of single patch antenna are tabulated in Table 1, and the design structure is

Y
Parameter Value 7y
Operating frequency 2.4 GHz [ SubW=47.97mm

Patch length (L) 28.6 mm X
Patch width (W) 38.37 mm
Substrate thickness (h) 1.6 mm W=38.37mm  —»
Dielectric constant (e,) 44 L=28.6mm SubL=38.2mm
Ground length (L) 38.2mm Sy —
Ground width (W) 95.94 mm
Feed type Inset
Feed length (L) 10 mm
Feed width (Wy) 3.08 mm
Realized Gain 4.253 dBi
Operating mode TMig Y
Directivity 5.37 dBi
Radiation efficiency | 91.71% dBi h
Total efficiency 77.18% dBi --
Ground Plane Patch
(b)
Table 1. Physical and electrical parameters Figure 1. (a) Front view, (b) side view of
of single patch antenna. rectangular microstrip antenna.
0
-5
& -10
z
= -15 —Single Antenna
@ % - s\litgloui\EtBG
-20 . Fracal €86 hation 1
-+-Fractal EBG itration 2
-25

2.25 2.3 2.35 2.4 2.45 2.5 2.55 2.6 2.65 2.7
Frequency (GHz)

Figure 2. Sq; parameter plot for 2 x 2 MIMO antenna.
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shown in Figure 1. The return loss variation with frequency is shown in Figure 2. It is clear from Figure 2
that the designed antenna is properly matched and resonates at 2.4 GHz with S7; value —26.01 dB.

2.2. Design of a 2 X 2 Antenna without EBG Structure

There is a trade-off between antenna size and mutual coupling. For a MIMO antenna, it is a challenge
to design a compact antenna with low mutual coupling. To design a 2 x 2 MIMO antenna, investigation
starts with two identical elements with inter-antenna spacing (edge to edge) of 0.14\, and the overall
size of antenna is 38.2 x 95.94 mm?. The design structure of the 2 x 2 MIMO antenna without an EBG
structure is shown in Figure 3. The variation of transmission parameters (S2;) of different stages of the
evolution of the antenna system is shown in Figure 4, from which it is clear that the simulated mutual
coupling between two antennae is —19.35 dB.
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Figure 3. 2 x 2 MIMO antenna without an EBG structure.

| T

—— Without EBG
-*-Mushroom shaped EBG|
-+>-Fractal EBG itraltion 1
— Fractal EBG itration 2

Sz (dB)

-28 \*f PP» G X |
2.25 2.3 2.35 2.4 2.45 2.5 2.55 26 2.65 2.7
Frequency (GHz)

Figure 4. Sy parameter plot for 2 x 2 MIMO antenna.

3. DESIGN OF DECOUPLING STRUCTURE

To improve isolation between two elements of the MIMO antenna, mushroom-shaped EBG and fractal-
shaped EBG structures are investigated.
3.1. Mushroom Shaped EBG Structure

A mushroom type EBG structure is designed at 2.4 GHz and used in the center of two radiating elements.
The analysis of a mushroom type EBG structure is investigated in [17]. The square patch of side 4 mm
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is created, and in the center of the square patch, a via of diameter 0.7 mm is created, which extends up
to ground. To connect one mushroom structure with the other structure, bridge structure of dimension,
0.25 x 1 mm? is designed. Two mushroom-shaped EBG structures are placed at a distance of 5 mm from
each other as shown in Figure 5. The eight square patches and seven connecting bridges are designed
and optimized to achieve the best isolation for the 2 x 2 MIMO antenna designed earlier. The complete
structure is shown in Figure 6.

d
—P.ﬂ— P

EBG patch

Figure 5. Bridge connection between two unit cells.

¥ Mushroom shaped EBG structure

Figure 6. 2 x 2 MIMO antenna with mushroom-shaped EBG.

3.2. Fractal Shaped EBG

The first iteration of fractal-shaped EBG antenna is designed by creating an annular square slot of
width 0.5 mm. The outer side of rotated square is 2.82 mm while the slot is configured within outer
boundary of square by a gap of 0.38 mm. Second order fractal is obtained by putting another annular
rotated slot with 0.5 mm slot width and 1.41 mm side. The gap between big and small annular rotated
squares is kept as 0.5 mm. Two fractal-shaped EBG structures are placed at a distance of 4.5 mm apart
from each other. The dimensions of fractal-shaped EBG structure is optimized to achieve the least
mutual coupling between elements of MIMO antennas. The fractal-shaped EBG structures are shown
in Figures 7 and 8 for the 1st and 2nd iterations, respectively.
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+—— K=4.5mm

K=4.5mm

Figure 7. Fractal shaped EBG iteration 1. Figure 8. Fractal shaped EBG iteration 2
(dimensions are m = 2.82mm, n = 1.41, d =
0.5 mm, dd = 0.38 mm).

4. DESIGN AND ANALYSIS OF 2 x 2 MIMO ANTENNA WITH FRACTAL EBG

Two different EBG structures are investigated to improve isolation between two elements of MIMO
antenna. In the first case, 8 EBG structures and seven bridges are placed in the center of the gap
between antennas. All EBG patches are shorted with the ground using vias of diameter d = 0.7 mm.
In the second case, eight fractal-shaped EBG structures are placed in the center. The stepwise detailed
design structures are shown in Figures 9 and 10 using the 1st and 2nd order fractal-shaped EBG.

Figure 9. 2 x 2 MIMO antenna with the 1st iteration fractal EBG.

4.1. Current Distribution

The decoupling effect at 2.44 GHz between port 1 and port 2 is shown in Figures 11 and 12. The figures
show that the current density at port 1 is intensive when it is excited, and port 2 is matched with 50 2
load or vice versa. It may be concluded that the current is effectively reduced by a mushroom-shaped
EBG structure. It is also clear from Figures 11 and 12 that in both cases, 2 x 2 MIMO antenna radiates
in dominant mode TMjgg in the band of 2.39 to 2.48 GHz.
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Figure 10. 2 x 2 MIMO antenna with the 2nd iteration fractal EBG.
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Figure 12. Current distribution at 2.44 GHz when Port is excited and Port matched.

4.2. S-Parameters and Excitation Mode

The variation of S7; with frequency for a single antenna, 2 x 2 MIMO without EBG and with mushroom-
shaped EBG and with fractal-shaped EBG is shown in Figure 2. By observing this figure, it is clear
that the single patch antenna radiates at 2.40 GHz; 2 x 2 MIMO antenna without EBG radiates at
2.40 GHz, with mushroom-shaped EBG, 2 x 2 MIMO antenna radiates at 2.44 GHz; and with fractal
shaped EBG MIMO antenna of first and second iteration fractals radiates at 2.43 GHz and 2.43 GHz,
respectively. It may be concluded that after applying an EBG structure frequency shifts from 2.40 GHz
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Table 2. Radiation pattern parameters for 2 x 2 MIMO antenna.

Parameter | Without EBG | With EBG | | ractal EBG | Fractal EBG
Iteration 1 Iteration 2
3 dB Beamwidth 59.3° 103.1° 59.6° 59.8°
Mainlobe dir. 0.0° 8.0° 0.0° 0.0°
SLL —-8.8dB —-8.2dB —-8.3dB —-8.2dB

179

to 2.44 GHz due to coupling. The separation between two elements of the MIMO antenna is 0.14A,
which reduces the size of the 2 x 2 MIMO antenna. Without using an EBG structure, the isolation
between two elements of MIMO is —19.35dB. By introducing a mushroom-shaped EBG structure in
between two elements of MIMO antenna, the isolation value is improved to —21.30 dB, using first-order
fractal isolation improved to —23.449dB, and finally, using the 2nd order fractal shaped EBG, the
isolation between two elements of MIMO antenna becomes —24.05dB. The proposed antenna radiates
at 2.44 GHz, and impedance bandwidth of the simulated antenna is 81.3 MHz ranging from 2.39 to

2.48 GHz.

Throughout impedance bandwidth, the simulated isolation value for the proposed 2 x 2

MIMO antenna is —24.05dB. The proposed fabricated antenna is shown in Figure 13. The simulated
and measured results of S1; /522 and isolation (S12/S21) are shown in Figure 14. The fabricated antenna

operates around 2.47 GHz, and minimum isolation of —24.67 dB is obtained.
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Figure 14. Simulated and measured S parameters.
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—— E-Plane
—— H -Plane

Figure 15. Radiation pattern at 2.44GHz Figure 16. Radiation pattern at 2.44 GHz with
without EBG structure. EBG structure.

Figure 17. Radiation pattern at 2.44 GHz with  Figure 18. Radiation pattern at 2.44 GHz with
fractal shaped EBG structure iteration 1. fractal shaped EBG structure iteration 2.

———5im E Pattern

———5im H patter

Measured H pattern

Measured E Pattern

Figure 19. Simulated and measured radiation pattern at 2.47 GHz.

4.3. Radiation Characteristics

The simulated E and H field radiation patterns at 2.44 GHz of antenna without and with an EBG
structure are shown in Figures 15, 16, 17, and 18. The detailed radiation pattern parameters are
tabulated in Table 2. The proposed antenna radiates in broadside, and patterns also suggest for
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dominant mode radiation. The measured radiation pattern at 2.47 GHz is shown in Figure 19. The
result shows close agreement with simulated pattern.
4.4. Directivity, Realized Gain and Radiation Efficiency

The directivity, realized gain, radiation efficiency, and total radiation efficiency of 2 x 2 MIMO antenna
with or without an EBG are tabulated in Table 3. Due to high dielectric losses, the total efficiency of
proposed antenna is approximately 51.50%.

Table 3. Directivity, realized gain and efficiency parameters for 2 x 2 MIMO antenna.

Parameter Without EBG | With EBG Fractal. EBG Fractal. EBG
Iteration 1 Iteration 2
Directivity 7.16 dBi 7.28 dBi 7.08 dBi 7.08 dBi
Realized Gain 4.40 dBi 4.68 dBi 4.27 dBi 4.11dBi
Rad. efficiency 58.53% 55.29% 54.46% 53.12%
Total efficiency 52.99% 54.99% 52.46% 50.46%

4.4.1. Envelope Correlation Coefficient (ECC) and Diversity Gain

The ECC (p) is one of the diversity parameters of the MIMO antenna, which illustrates the correlation
between radiating elements of the MIMO antenna. The acceptable value of p is < 0.5, and diversity
gain is > 9.95 dB. In this investigation, we use FR-4 material which is lossy, so to calculate ECC far field
radiation patterns are preferred for printed antenna, and details of calculating ECC are investigated
in [35]. The details of ECC and DG are given in Table 4. The simulated and measured ECCs and DGs
are shown in Figures 20 and 21, respectively. The measured and simulated results are close to each
other.

Table 4. Diversity parameters for 2 x 2 MIMO antenna.

Without With Fractal EBG Fractal EBG Measured
Parameter . .
EBG EBG Iteration 1 Iteration 2 Result
ECC 0.0186 0.0197 0.018 0.019 0.0080
DG 9.996 dBi 9.995 dBi 9.995 dBi 9.996 dBi 9.998 dBi
MEG -3.01dBi —-3.01dBi —-3.01dBi —3.01 dBi —3.03 dBi

4.4.2. Diversity Parameters

Various diversity parameters like ECC, DG, and MEG define the performance of a MIMO antenna, and
simulated diversity parameters are obtained using CST Microwave Studio 2019.

4.4.8. Mean Effective Gain

Mean effective gain (MEG) is the ratio of accepted mean power to the average incident power by the
radiating element of MIMO as compared to an isotropic antenna. In MEG difference between two ports
must be < —3dB, and the value of MEG for 2 x 2 MIMO antennas with or without an EBG structure
is —3.01dB. The details of calculation are given in [36]. The simulated and measured MEGs are very
close to each other and shown in Table 4.
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Figure 20. Simulated and measured ECC.
The comparison among the performance parameters of the proposed 2 x 2 MIMO antenna with
earlier works is shown in Table 5. The comparison is done for ECC and isolation. It is clear that the

proposed 2 x 2 MIMO antenna provides better isolation of —24.67dB with acceptable ECC value of
0.0087.

Table 5. Comparison of proposed 2 x 2 MIMO antennas with recently reported designs.

References MIMO frequency Isolation ECC

[9] 2x2 | 3.51-9.89 GHz & 3.52-10.08 GHz 22dB 0.039
[18] 2x2 2.4 GHz 15 0.1
[19] 2x2 2.45GHz & 5.25 GHz 20dB 0.01 & 0.19
[20] 2x2 2.4 GHz 19dB 0.006
[21] 2x2 3.1-5 GHz 22dB 0.1
[22] 2x2 3.1-10 GHz 23dB
[23] 2x2 2.70 GHz & 3.95 GHz 18dB & 21dB 0.15
[24] 2x2 3.1-10.6 GHz 20dB 0.2
[25] 4 x4 2.3-2.62 & 3.46-10.3 GHz 18dB 0.03
[26] 2x2 1.48-3.8 GHz 18dB 0.01
[27] 2x2 2.35-3.05 & 5.12-5.51 12dB & 15dB 0.001
[28] 2x2 2.38-2.47 GHz 20dB
[29] 2x2 2.31-2.51 GHz 17dB 0.01
[30] 2x2 5.2 GHz 11dB
[31] 2x2 1.92-2.17 GHz 20dB
[32] 2x2 900 MHz 15
[33] 2x2 2.4-2.84 GHz 15 0.003-0.0011
[34] 2x2 2.02-2.93 GHz & 5.10-6.45 GHz 20dB 0.005-0.025

Proposed Antenna | 2 x 2 2.43-2.50 GHz —24.67dB 0.0087
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Figure 21. Simulated and measured DG.

5. CONCLUSION

A simple compact fractal EBG based 2 x 2 MIMO antenna is presented and analyzed, which radiates
in TMgp mode. The proposed fractal EBG technique is easy to use and provides a better amount
of isolation than the mushroom-shaped EBG technique of reducing the mutual coupling between two
antennae. An improvement of 3.59 dB in isolation over the mushroom-shaped EBG technique is achieved
while maintaining the other MIMO antenna properties. The proposed antenna can be used in various
applications of ISM band, WLAN, and various applications of the lower frequency band of 5G.
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