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Abstract—In this paper, a compact MIMO antenna with an electromagnetic bandgap structure is
proposed for isolation enhancement. The proposed antenna design is coupled with an electromagnetic
bandgap (EBG) structure to minimize mutual coupling between the antenna elements and to enhance
the performance of the MIMO antenna configuration. The antenna is fabricated on an FR4 substrate
having a dimension of (27.9 x 38 x 1.6mm?). The EBG structure is analyzed, and the effect on
antenna performance is studied using parametric analysis. The antenna is fabricated, and the measured
results are compared with simulated ones. The antenna achieves a reduction in transmission coefficient
|S21] > 16 dB for simulated and |S2;| > 25dB for measured results, and attains the minimum ECC
of 0.09 which is very close to the ideal value of zero and hence makes it a better choice for MIMO
applications.

1. INTRODUCTION

Due to advancement in wireless communication technologies, a lot of devices get connected with mobile
networks which demand a huge spectrum for their operation. However, the available spectrum is limited
and hence requires alternative ways of effective utilization of the available spectrum. MIMO (Multiple
Input Multiple Output) serves as one of the promising solutions for effective utilization of spectrum. In
general, MIMO comprises a set of two or more antennas that work together to achieve increased system
capacity and also mitigate the effect of multipath fading which degrades the performance of a system.
In addition, the use of MIMO increases link reliability and spectral throughput of the system. Though
there are significant advantages in the use of MIMO antennas, they suffer from a mutual coupling effect.
This arises due to the placement of MIMO antenna elements close to each other in which the energy
radiated from one antenna element can couple to other antenna elements which rigorously decreases
antenna efficiency and degrades radiation pattern.

One method of reducing mutual coupling between antenna elements is by introducing decoupling
elements including Electromagnetic Band Gap (EBG) structures, Meander Line Resonators, Defected
Ground Structures (DGS), several shaped resonators, between the antenna elements. This significantly
reduces mutual coupling by improving isolation between the antenna structures. However, the use of
decoupling structures between antenna elements increases overall antenna profile which makes it bulkier
and less feasible to integrate with other RF circuits. Hence a lot of researches have been carried to
develop a low profile MIMO antenna with better isolation between its antenna elements. EBG structures
are placed between antenna elements to suppress surface waves thereby reducing coupling between these
elements. Four EBG structures [1] are embedded on a T-shaped ground stub and are placed between the
radiating elements which achieve good isolation of —20dB. A uniplanar fractal model EBG (UPF-EBG)
structure [2] is placed between two antennas separated by 0.35)\ distance, and a uniplanar EBG is placed
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between the circular-shaped radiating patches [3] to reduce mutual coupling. Similarly, two Minkowski
fractal models with four EBG elements placed between them is realized in [4]. However, the use of the
EBG structure increases the overall antenna profile. Multi-resonance EBG structures which are placed
between the radiating elements separated by a gap region of 0.42)\y are realized in [5]. The antenna
model comprises a dual substrate with a defective ground for better isolation. A double-sided EBG
reduces mutual coupling in which the radiating patch is designed on the substrate achieves —20dB
isolation [6]. However, it increases the fabrication complexity of the model. Mushroom type EBG
structures [7] are used in the place of planar EBG structures for better isolations. Multiple mushroom-
like EBG structures are used between two separated radiating patches with a distance of 30 mm to reduce
mutual coupling, and the antenna radiates at 5.8 GHz frequency, and good isolation is achieved, but the
EBG brings design and fabrication complexity [8]. A few simple methods are discussed to reduce the
mutual coupling by employing various techniques such as the introduction of a complementary split-ring
resonator (CSRR) and deployment of stub structures. However, the above designs work effectively, and
they produce/work for a single resonant frequency band [9-12]. Hence, these structures are most widely
used in a MIMO antenna for reducing coupling effects. A single complementary split-ring resonator (S-
CSRR) between the two radiating patches of MIMO structure [13] increases its performance by reducing
mutual coupling (]|S12| < —26 dB). An average channel capacity for MIMO systems is discussed [14]. A
modified split-ring resonator is used (MSRR) and placed between two orthogonal antenna elements to
have better isolation, > 23dB, in [15]. A parallel-coupled line resonator is used between two antenna
elements and achieves the coupling isolation of 26.2 dB [16]. Recently, a meander line resonator is placed
between the radiating patches [17,18] to reduce the mutual coupling between the elements. Though
these methods achieve 8 to 10dB isolation, the vertical feeding method brings complications of fixing
with other components. Similarly, a strip line-shaped structure is designed and is etched from the
ground plane [19]. It is placed in between two radiating patches for reducing mutual coupling between
the radiating patches and achieves isolation of |Sj2| < —20dB.

In order to decouple microstrip antenna elements, a DGS structure is embedded on ground
plane around radiating elements [20], thereby increasing the isolation between the radiating elements.
However, the area utilization to embedded DGS is high, and the probe feeding brings complexity in
fabrication. A meander line with DGS method is used in intermediate position in the substrate to bring
down the coupling effect which brings complication in fabrication and implementation compared to the
proposed structure [21]. The use of a planar parasitic resonator reduces mutual coupling, increases
structure thickness, and hence brings complexity in implementation and fabrication [22]. Polarization
conversation isolator (PCI) is implemented in between the radiating elements to reduce mutual coupling,
but the space required by the PCI is almost equal to the radiating element. The model is restricted
only with two radiating patches, and probe feeding is applied [23].

This paper presents 1 x 2 and 2x 2 MIMO structures with a novel EBG structure to minimize mutual
coupling between antenna elements and to enhance the performance of the MIMO antenna configuration.
The dimensions of the EBG structure are analyzed, and the effect on antenna performance is studied
using parametric analysis on the dimension of EBG structure. The optimized EBG structure is coupled
with the 2 x 2 antenna element, and its performance is compared with other traditional antennas.

2. DESIGN AND ANALYSIS OF EBG STRUCTURE

The EBG structure is designed on an FR4 substrate with a relative permittivity of e, = 4.4 and dielectric
loss tangent of 0.02 and has a substrate thickness of 1.6 mm. The structure is modelled using ANSYS
High Frequency Structural Simulator (HFSS). The design evolution of the EBG structure comprises five
stages as shown in Figure 1. The effect of the strip length and reflection coefficient characteristics are
given Figure 2. It is inferred that the increment in line length (Figures 1(a) to (e)) increases the electrical
length of the EBG structure and thereby decreases the resonating frequency of the EBG structure. EBG
is formed using thin lines which work as an inductor, and frequency shift happens due to the increase
in the line concentration. To change frequency, the line lengths are modified to resonate at desired
operating frequency by progressively increasing length of the strip as shown in Figures 1(a)—(e). This
shifts operating frequency towards lower band, when there is an increase in line length.

The final model is optimized to operate at 2.45 GHz with the good result of —27dB reduction in
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Figure 1. Evolution of formation of proposed EBG structure.
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Figure 2. Effect of length of line over impedance characteristics of the antenna.

Table 1. Dimensions of the proposed EBG structure.

Parameter | Size (inmm) | Parameter | Size (in mm)
g1 7.2 gde 2.4
92 7 g7 2.8
gs 2.2 gs 0.2
94 2 99 0.2
gs 2.4

mutual coupling. Based on the parametric analysis of line length, the optimized dimension of the EBG
structure is given in Table 1, and its corresponding geometry is shown in Figure 3.

The proposed EBG unit cell geometry is compact in size (8.4mm x 8.4 mm). Geometry is arrived
by placing a meander line in spiral type, and line width and gap are maintained as 0.2 mm. To obtain
the preferred transmission of 2.45 GHz, line lengths are optimized, and unit cells are examined in
transmission line model.
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Figure 3. Proposed EBG structure.

In order to decrease mutual coupling and to enhance the isolation between two elements, the EBG
structures are connected in series as shown in Figure 4. The series of EBG structures are terminated
with 50-ohm impedance and are analyzed over the entire operating band.

e e e e

(a) Single unit cell (b) Two unit cell

(¢) Three unit cell (d) Four unit cell

Figure 4. Transmission line analysis of EBG structure. (a) Single EBG structure. (b) Two EBG
structure. (c) Three EBG structure. (d) Four EBG structure.

Figure 5 shows the effect of cascading EBG structures on the performance of transmission coefficient
(S91). It is observed from the transmission graph that the cascading EBG structure improves isolation,
thereby reducing the mutual coupling between the elements. Three unit cell EBGs are chosen to place
in the proposed antenna design which gives better results than other transmission models to reduce
mutual coupling.
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Figure 5. Transmission coefficient of different EBG unit cells.

3. ANTENNA CONFIGURATION WITH EBG STRUCTURE

A 1x2 MIMO configured microstrip patch antenna is designed using ANSYS High Frequency Structural
Simulator (HFSS) as shown in Figure 6, and the specifications are shown in Table 2. Microstrip feed
is used to provide power to the radiators with the dimensions of 27.9mm x 38 mm that resonates
at 2.45 GHz. Radiating elements are printed on an FR4 substrate with thickness 1.6 mm, relative
permittivity 4.4, and loss tangent 0.02.

Table 2. Dimensions of 1 x 2 MIMO structure.

Parameter | Size (inmm) | Parameter | Size (in mm)
L 27.9 Wy 9
w 38 Wy 2.8
7 17 P, 11
Lo 5

Figure 6. 1 x 2 Proposed Structure with three EBG structures.

The geometries of different numbers of EBG structures coupled with 1 x 2 MIMO structure are
given in Figure 7.

Different numbers of EBG unit cells are placed between 1 x 2 MIMO antenna elements, and results
are analyzed. Among all, three unit cell EBG produces satisfied coupling reduction at desired frequency
shown in Figure 8.
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(a) (b) (©) (d)

Figure 7. Geometry of different number of EBG structures with 1 x 2 MIMO antenna. (a) Single EBG
structure. (b) Two EBG structure. (c¢) Three EBG structure (Proposed). (d) Four EBG structure.
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Figure 8. Impedance characteristics for 1 x 2 antenna with EBG structure.

(a) (b)

Figure 9. 2 x 2 Proposed Structure without and with EBG. (a) 2 x 2 without EBG. (b) 2 x 2 with
EBG.
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The effect of EBG structures on 2 x 2 MIMO structure is shown in Figure 9. When two (1 x 2
MIMO) radiating structures are placed near each other, MIMO mutually coupling is reduced shown
in Figure 10, and this coupling is reduced directly by placing 3 EBG unit cells between two radiating
patches in order to operate the structure at a desired frequency of 2.45 GHz. To place the proposed
EBG structure between the two radiating patches, the edge to edge distance is adjusted as 11 mm.

----- S11 without EBG
----- S21 without EBG
----- S31 without EBG
----- S41 without EBG

S11 with EBG
S21 with EBG
S31 with EBG
S41 with EBG

Reflection Coefficient (dB)

Figure 10. Impedance characteristics for 2 x 2 antenna structure without and with EBG structure.

4. RESULTS AND DISCUSSIONS

The antenna is fabricated on a low cost FR4 substrate as shown in Figure 11, and its performance
characteristics are measured.

(a) 1x2 without EBG (b) 1x2 with EBG

Figure 11. Fabricated prototype. (a) 1 x 2 structure without EBG. (b) 1 x 2 structure with EBG.

The simulated and measured impedance characteristics of the 1 x 2 antenna structure without EBG
structure are plotted and compared with the antenna structure with EBG as shown in Figure 12. It
is observed that the antenna operates in the 2.4-2.5 GHz band along with —10dB reflection coefficient
|S11] and bandwidth of 100 MHz in the ISM band. The presence of EBG structures along with antenna
elements does not alter the operating frequency much and achieves a reduction in transmission coefficient
|S21] > 16 dB for simulation and |S2;| > 25dB for measurement.
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Figure 12. Impedance characteristics for 1 x 2 antenna with and without EBG structure.

(a) 2x2 without EBG

(b) 2x2 with EBG

Figure 13. Fabricated prototype. (a) 2 x 2 structure without EBG. (b) 2 x 2 structure with EBG.

Table 3. Performance comparison of the proposed model.

Isolation .
Ref. No. Size (mm?) No. of Technique improvement GalTl
resonators (dBi)

(dB)

1] 50 x 35 x 1.6 4 EBG 20 1.4

2] 68 x 40 x 1.6 6 UPF-EBG 30 2

(3] 27.2 x 46 x 1.6 4 UC-EBG 18 0.5

[4] 33.5 x 37.5 x 1.6 4 EBG 22.7 5.1

[9] 37.26 x 28.13 x 1.6 5 Semi-circle CSRR 33.2 3.8

[17] 24.8 x24.6 x 1.6 1 Meander line 8 0.2

Proposed 27.9 x 38 x 1.6 3 EBG 25 4.6

The 2 x 2 antenna is fabricated and shown in Figure 13. The simulated and measured impedance

characteristics of the 2 x 2 antenna structure without EBG structure are plotted and compared with
the antenna structure with EBG as shown in Figure 14.
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Figure 14. Impedance characteristics for 2 x 2 antenna with and without EBG structure. (a) |[Si1].

(b) [S21]. (c) |Sz1]. (d) [Sarl-

The proposed antenna has better results in terms of size, isolation, and gain than the other existing
literatures which are tabulated in Table 3.

The antenna achieves a mutual coupling reduction in transmission coefficient > 25 dB for simulation
and > 20dB for measurement. The radiation characteristic of the antenna is measured for proposed
model 1 x 2 and 2 X 2 antennas with and without EBG.

Figure 15 shows the radiation characteristics of the proposed model. The simulated E plane
and H plane for the proposed model are compared with measured radiation characteristics for both
with and without EBG structure. It is observed that the antenna gives simulated peak gain of
4.6 dBi and measured peak gain of 4.2dBi in the direction of propagation. The antenna gives uniform
omnidirectional radiation around the zenith direction. In order to analyze the isolation characteristics
between antenna elements in the proposed model, envelope correlation characteristics are measured
based on equation [24] given below.

|(S71S12 + S5,522)|

o= (1 —[Sul* - 1521!2) (1 — [Saa|* — 1512!2)

(1)
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Figure 15. Radiation characteristics of the antenna. (a) 1 x 2 MIMO antenna structure Radiation
pattern. (b) 2 x 2 MIMO antenna structure Radiation pattern.
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Figure 16. Envelope correlation coefficient.



Progress In Electromagnetics Research C, Vol. 107, 2021 243

Figure 16 shows envelope correlation coefficient (ECC) curves measured for the proposed model
with EBG and without EBG structures which are compared. The ideal value of ECC is zero for a given
model. The proposed model achieves 0.09 ECC which is very close to an ideal case. The proposed
2.45 GHz MIMO is realized using a rectangle monopole radiator because of its simple geometry.

5. CONCLUSION

A MIMO antenna coupled with electromagnetic band gap structures (EBGs) is proposed. The isolation
characteristics of EBG structures are analyzed. The EBG structures are embedded with radiating
antenna and optimized to resonate at 2.45 GHz band suitable for ISM band communications and achieve
a reduction in transmission coefficient |Ss1| > 16 dB for simulation and |So1| > 25dB for measurement.
The antenna achieves significant impedance and gain characteristics suitable for ISM band applications.
The antenna attains the minimum ECC of 0.09 which is very close to the ideal value of zero and hence
makes it a better choice for MIMO applications.
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