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Abstract: The proposed work describes a corner square-cut square-patch multiple-input multiple-
output (MIMO) antenna with reduced mutual coupling for circular polarization (CP). A two-port
MIMO-CP antenna was designed and operated at 5.6 GHz for wireless local area network (WLAN)
applications. The dimensions of the MIMO-CP antenna were 22.5 x 50 mm? (0.43¢ x 0.933)¢) and
the FR4 substrate height was 1.6 mm. Between the two-elements, the edge-to-edge distance was
12.2 mm (0.227 Ap), where Ay was the free space wavelength at 5.6 GHz. A slot was created in the
middle of the ground in the proposed MIMO antenna to reduce mutual coupling and improve CP.
The ground slot improves impedance matching and provides a better S-parameter and axial ratio
(AR), according to the antenna results. According to the simulated results, the proposed antenna
bandwidth of 5.23-6.42 GHz (21.4%) for S11 were <—10 dB, isolation was —37 dB with a peak gain of
6 dB and AR < 3 dB from 5.37 to 5.72 GHz (6.25%). The proposed antennas are simple to fabricate,
have low profiles, are inexpensive, have good isolation, and are CP. The diversity gain (DG) and
envelop correlation coefficient (ECC) results are better in the simulated frequency band. A MIMO-CP
antenna geometry prototype is built and measured for comparison, yielding good results when
compared to the simulated and measured results. The MIMO-CP antenna, as designed, is suitable for
WLAN applications.

Keywords: circular polarization; ECC; ground slot; MIMO; mutual coupling; WLAN

1. Introduction

In current communication systems, multiple-input multiple-output (MIMO) antennas
are used to send and receive multiple data signals over the same radio channel [1]. MIMO
antennas are important components in current wireless communication systems as they
can reduce interference, and enhance connection quality and channel capacity without re-
quiring more bandwidth. Electromagnetic wave interactions between near elements, which
impact antenna parameters, such as bandwidth and radiation pattern, are a major challenge
in MIMO antenna design [2,3]. There are multiple antennas in base stations and devices. A
sufficient distance between nearby patches is required to reduce mutual coupling [4]. To
solve this problem, several methods have been explored to reduce mutual coupling, such as
an electromagnetic band gap (EBG) structure [5-7], defected ground structure (DGS) [8,9],
neutralization lines [10], stub loading technique [11], slots [12], meta-material [13], and res-
onator structures [14]. A wide-band two-port circularly polarized MIMO printed antenna
is obtained by designing the ground plane and employing asymmetric Z-shaped radiating
patches to improve isolation [15].
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To attain good MIMO properties, these approaches are frequently coupled. Antennas
are used in a variety of wireless communications applications, including the short-range
wireless local area network (WLAN) application [16]. WLAN MIMO systems are of interest
to scientists that use them to increase wireless communications between electronic devices
(such as PCs, laptops, and smartphones) [17]. WLAN systems use base stations or access
points to deliver connectivity to wireless devices [18,19]. In [20], the authors present a
design of a leaky-wave antenna (LWA) array capable of generating six simultaneously-
scanned directive beams when connected to a MU MIMO 802.11ax base station Router
WiFi for indoor smart wireless access point applications. In [21], the authors proposed
a new full-rate coding scheme for MIMO-OFDM systems operating over slow-fading
wireless channels. The scheme consisted of a block code sent over transmit antennas,
OFDM tones, and radiation states of reconfigurable antennas. The transmit or receive
antenna radiation patterns can be dynamically changed to improve system performance in
a dynamic radiation pattern diversity (DRPD) MIMO system [22].

Several MIMO antenna systems for WLAN applications have been presented in recent
years, with much of the research focusing on ways to reduce the mutual coupling result
and to attain high isolation among antenna units because lesser dimensions and areas are
limited when organizing antennas. However, some MIMO antennas are designed for the
WLAN band (2.4/5.8 GHz) [23-26]. Polarization and pattern diversity, on the other hand,
appear to be promising techniques for decreasing the correlation between antenna far-fields
without increasing the circuit dimension. Reduced signal attenuation, multi-path fading,
and absorption losses are advantages of circularly polarized (CP) antennas [27,28]. When
compared to LP antennas, the CP MIMO antenna, extends wireless coverage, minimizes
the polarization mismatch effect, and distributes power uniformly between feed points [29].
In terms of improving diversity gain (DG) or channel capacity (CC), CP antennas have
been investigated as viable candidates for MIMO applications.

Truncated corner metallic radiators are used along with periodic parasitic elements to
make the CP MIMO antenna, to improve the isolation and axial ratio [30]. The antenna
was designed with truncated corner square patches, and the parasitic element technique
was also used for BW enhancement. The MIMO antenna in [31] was formed by two diag-
onally slotted square patches and four parasitic elements for performance improvement.
The MIMO antenna attained good isolation of more than 18 dB while fitting on a board
measuring 30 x 30 x 1.6 mm. Two ground radiation antennas with polarization diver-
sity performance for WLAN applications in wearable devices have been proposed in [32].
In [33], the authors proposed a circularly polarized MIMO antenna based on an L-shaped
dielectric resonator (DR) for WLAN applications. A compact and planar CP-MIMO patch
antenna with diversity polarization was described in [34]. The antenna achieved good
impedance matching, high isolation, and better gain, but its dimensions are large and the
axial ratio (AR) bandwidth was narrow. In [35], the authors show how to use metamaterial
to reduce mutual coupling among microstrip patch antennas in a MIMO antenna for WLAN
band, which still have limited bandwidth, and the gain is just 4 dB. In [36], the authors de-
signed a four-element compact MIMO antenna for WLAN band with simultaneous pattern
and polarization diversities, but there was only 15.4 dB of isolation. In [37], a quad-port
MIMO antenna was based on a miniaturized slit-loaded modified slot antenna for the
5 GHz band of WLAN.

In [23], the authors proposed a three-element compact MIMO antenna designed with
polarization (linear/circular) diversity. For 5.8 GHz WLAN values, [38] designed a CP-
MIMO antenna with a power divider, which uses two tuned 90-degree slots. The impact
of design on S-parameters and AR was explored in this paper for many features of the
MIMO antenna. In [39], for point-to-point communication, a CP-MIMO array antenna in
WLAN applications was introduced. In [40], a DR two-port MIMO antenna (DRA) with
a circularly polarized radiation was proposed, but having low isolation, the gain was 3.8,
and a large dimension. In [41], a compact size and high isolation 2 x 2, a MIMO antenna
was used for various applications of the ISM band, WLAN, of the lower frequency band of
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5G. In [42], a wideband CP two-port MIMO antenna with a compact size was designed for
the fifth-generation (5G) region in the sub-six GHz band. A wideband CP-MIMO antenna
line patch was proposed among two antenna elements in [43]. A two-port CP-MIMO
antenna was designed to have simultaneous patterns and diversity polarization for the
WLAN application band [44]. For WiMAX applications, a dual-port MIMO antenna system
with circular polarization diversity was investigated [45]. In [46], the MIMO system had a
strong pattern and polarization diversity, but it did not have isolation and gain. A DGS
structure was used in [47] to improve the inter-port isolation of a super compact 2 x 2
MIMO antenna.

In this paper, a simple corner square-cut square-patch MIMO-CP antenna is presented
for the WLAN application. The design consists of a two-corner square-cut square-shaped
patch antenna and a slot in the middle of the ground, which gives low mutual coupling and
CP. In this work, first, we designed a single square-cut patch antenna CP for the WLAN
application. Then, for the same frequency MIMO-CP antenna with the ground slot, given a
similar bandwidth, increase the return loss (S11) value from —21 to —38 dB, shift resonant
frequency from 5.53 to 5.6 GHz, reduce mutual coupling, and improve axial ratio. The
edge-to-edge distance d(0.2271) is fixed between two elements for better performance of
the MIMO-CP antenna. The analysis of the proposed MIMO-CP antenna was simulated
using computer simulation technology (CST) Microwave Studio, and it was fabricated on
an FR-4 low-cost dielectric substrate with relative permittivity of 4.4, loss tangent of 0.02,
thickness of 1.6 mm, and a total area of 22.5 x 50 mm?2. The fabricated MIMO-CP antenna
prototype and measurement results are presented in Section 5.

The main contributions of this work compared to the recent literature are detailed
below:

A comparative study is carried out to explain the novelty of the proposed MIMO-CP
antenna. The comparison clearly shows that the designed antenna gives better performance
than the other designs, in terms of size, bandwidth, axial ratio, gain, and isolation. It is
shown that the designs in [35-37,42,44,46] have small sizes, but low isolations, low gains,
and narrow bandwidths, while our proposed antenna has the lowest profile and smallest
lateral dimensions to achieve good performance. The designs in references [33,38,40,45]
suffer from bigger sizes, low isolations, low gains, narrow bandwidths, and the axial ratios
are compared to the proposed designs. Furthermore, the designs in [41,47] are complicated
structures, larger sizes, and have lower isolations, gains, and narrow bandwidths. The
suggested MIMO antenna is well-suited for various wireless applications due to its low
profile, high peak gain, low envelope correlation coefficient (ECC), high diversity gain,
good isolation, large bandwidth, and axial ratio.

The rest of the paper is organized as follows: Section 2 presents the theory and design
while Section 3 presents the MIMO antenna CP results. Moreover, the parametric study
is presented in Section 4 whereas the result and discussion of MIMO-CP are presented in
Section 5. Section 6 presents the MIMO antenna system parameter and, finally, the paper is
concluded in Section 7.

2. Theory and Design
2.1. Single Antenna Design

First, the designed single antenna is given in Figure 1a. The single antenna structure
was implemented on a thick FR4 substrate (er = 4.3, tand = 0.025 and height of substrate
h = 1.6) with outer dimensions of L x W = 22.5 x 25 mm?, whereas L and W represent the
length and width of the single antenna. The ground plane and the substrate are separated
by an air gap height, ha = 3.5 mm. The rectangular ground plane was created according to
that same dimension of the substrate. A 50 () coaxial probe feeds the antenna via an SMA
connector, with the outer part connected to the ground and the inner part connected to
the patch.

A square-shaped patch with a square-cut at the corner dimension of the width and
length (Is x Is) was introduced for CP. Since the square patch gives a linear polarization,
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the corners of the patch were cut to become CP. The single antenna was designed for the
WLAN application. The reflection coefficient 511 of the simulated single antenna design
operates at around 5.55 GHz, as shown in Figure 1b. According to the results of our
single antenna simulation, the impedance bandwidth of <—10 dB is sufficient to cover the
WLAN application. The AR and gain of the single antenna with an operating frequency
band are given in Figure 1c. The simulated 3 dB AR ranges from 5.44 to 5.65 GHz. CST
software was used to simulate the antenna. The proposed single antenna parameters are:
W =245mm, L =225mm, wl = 11mm, Is = 4.8 mm, ha = 3.5mm, h = 1.6 mm.

2.2. MIMO-CP Antenna Design

Figure 2 shows the proposed MIMO-CP antenna designed structure. Two single
antennas were used to design the MIMO-CP antenna for WLAN applications. The two-
corner, square-cut, square-shaped patch antenna is printed on the top side of the thick FR4
substrate. The FR4 substrate was not grounded and the air gap, ha, was inserted between
the ground plane and the substrate. The height of the FR4 substrate (thickness = 1.6 mm,
relative permittivity = 4.3 and tangent loss = 0.025). The length and width of the proposed
MIMO antenna were 22.5 x 50 mm. The antenna was excited with a 50 Q) coaxial cable,
whose inner and outer parts were connected with the ground and patch. The edge-to-edge
distance between the two MIMO antennas was 0.227Ag. The CST microwave studio was
used to simulate the antenna. The following sections present the design steps.
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Figure 1. (a) Single antenna geometry. (b) Simulated S11. (c) AR and Gain.
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Figure 2. (a) Corner square-cut shape of the MIMO antenna circular polarization front view; (b)
MIMO antenna back view.

Figure 2 gives the front and back views of a MIMO antenna. The geometry of the
substrate was rectangular with a side length and width of (L x W). The gap between
the ground and the patches was tuned to achieve the required impedance bandwidth
and was kept at ha = 3.5 mm. The radiating elements consisted of two square patches in
which a square-cut at the corner was used for CP. The length and width of the square-cut
were (Is x Is). For the best MIMO antenna results, the edge-to-edge distance between the
two patches was kept at d = 12.2mm. The suggested antenna was designed with less
return loss, high isolation (low mutual coupling), AR, and enough antenna gain, within the
desired bandwidth impedance bandwidth. Various parameters of the MIMO antenna are
shown in Table 1.

Table 1. Design parameter of the MIMO antenna circular polarization.

Parameters Dimensions (mm) Parameters Dimensions (mm) Parameters Dimensions (mm)
2% 50 L 225 pl 11
Is 3.1 ha 3.5 d 12.2
c 15 h 1.6 g 11.25

3. MIMO Antenna Circular Polarization Results

From a single antenna, a square-shaped patch with a square-cut at the corners obtains
a circular polarization. Later, the single antenna combines to make a MIMO-CP antenna,
which has good S11, but bad 521, and an axial ratio. To improve the isolation and axial
ratio, the slot is produce in the ground. The design combines both conventional techniques
(square-shaped patch with a square-cut at the corners and ground slot) to shift the resonance
frequency, improve AR, as well as isolation. In fact, the ground slot, having a width and
length of the slot (c = 1.5 mm and g = 11.25), provides a longer effective path for the current
flow, efficiently. The dual elements inspired by the ports are denoted as port-1 and port-2.
The MIMO antenna was designed in two steps—a MIMO-CP antenna with no ground slot
and a MIMO-CP antenna with the ground slot. First, we designed the antenna without the
slot for the desired frequency. The proposed MIMO antenna with no slot in the ground
shows a —10 dB impedance band of 5.22-6.41 GHz, with more than 20 dB of return loss, and
resonates at a 5.53 GHz frequency with 22 dB of isolation at resonant, as shown in Figure 3a.
From Figure 3b, the antenna without a slot in the ground has an AR value greater than
3 dB, indicating that it is no longer in CP polarization. On the other hand, the proposed
MIMO antenna with a slot shows a —10 dB impedance band of 5.23-6.42 GHz, with more
than a 38 dB return loss, as shown in Figure 4a. In this case, the antenna resonates at
5.6 GHz frequency with 37 dB of isolation and an AR value of 1.51 dB, and a 3 dB AR band
of 5.37-5.72 GHz. The AR is used to identify the feature of CP elements. The CP frequency
ranges are from 5.37-5.72 GHz; the 3-dB AR bandwidth is 6.25%, as shown in Figure 4b.
The proposed MIMO-CP antenna covers the WLAN application. The proposed antenna
peak gain is 6 dB at a resonant frequency.
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Figure 3. (a) S11/522 of MIMO antenna without a ground slot. (b) Gain and AR of the MIMO antenna
without a ground slot.

Surface current distribution explains the performance analysis of isolating the struc-
ture over the desired frequency band. Figure 5a,b gives the MIMO-CP surface current
distribution with and without a ground slot at resonant frequency achieved by exciting
antenna 1 and terminating antenna 2 by the matched load, respectively. When the two
patches are arranged on a ground with no slots, on the right side of the coupled antenna
element, a high current is induced, while on the left side, a small current is produced when
the left side antenna is excited. Figure 5a shows that without using of ground slot, some
of the surface currents are coupled from antenna 1 to antenna 2. The proposed ground
slot reduces the high mutual coupling between the antenna parts, which explains why
mutual coupling occurs. In the case of a MIMO-CP antenna with a ground slot, the currents
are especially focused at the corners of the right-side patch and there is no current on the
left-side patch, as shown in Figure 5b. The magnetic field is trapped within the ground
slot as a result of these phenomena, preventing the surface current from flowing further.
As a result of using a slot, electromagnetic energy is prevented from propagating from
antenna 1 to antenna 2, resulting in a high level of isolation. Finally, Figure 6 presents the
current distributions that are used to determine the proposed antenna’s CP generation.
The simulated surface current, with a different port excitation at 5.6 GHz is taken for
clarification. Figure 6a,b shows the antenna at 5.6 GHz; the current is strongly spread on the
patch in which the vector rotates in a counter-clockwise direction when the phase changed
from 0° to 90°. Thus, the MIMO antenna for port-1 excitation was able to RHCP broadside
direction. Figure 6¢,d shows when port-2 was excited. However, in this case, the vector
rotated in a clockwise direction when the phase changed.
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Figure 4. (a) Simulated S11/521 of MIMO-CP with ground slot; (b) gain and AR of MIMO-CP with
ground slot.
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(b)

Figure 5. (a) Simulated surface current distribution without ground slot; (b) simulated surface current

distribution with ground slot.

(d)
Figure 6. Simulated surface current distribution to demonstrate the generation of CP currents. (a) 0°
due to portl; (b) 90° due to port-1; (c) 0° due to port-2; (d) 90° due to port-2.

4. Parametric Study

The parametric analysis of the MIMO-CP antenna is presented using different values
from the geometry, which selected the best value for a better performance. The parametric
study was done by the corner cut length and width (Is) and the distance (d) between the
two patches. The corner cut at the patch improves the impedance matching of S11, mutual
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coupling, and AR. The distance between the patches further improves the results within
the frequency band.

4.1. Changing Length and Width (Is) of the Patch Corner Cut

The MIMO-CP antenna, simulated for different widths and lengths of the corner
cut, to effect the S-parameters and axial ratio, are presented in Figure 7. The length and
width of the corner cut varies from 2.1 to 3.6 mm. When the Is increased from 3.1 mm,
the resonance frequency shifted from a lower to a higher frequency, and obtained poor
impedance matching between S11 resonance frequency and S21, as shown in Figure 7a;
while, axial ratio decreased. By decreasing the Is from 3.1 mm, the reflection coefficient
decreased, the isolation decreased, and there was poor axial ratio. Hence, Is are fixed to
¢ = 3.1 to improve the impedance bandwidth of the S11 resonance frequency at 5.58 GHz;
521 at the same frequency is —27 dB, and improves axial ratio.

4.2. Changing the Distance (d) between the Patches

The length and width of the patch corner cut are fixed at Is = 3.1 mm, and changes
the edge-to-edge distance (d) between the two elements. The distance (d) varied from
10.2 to 13.2 mm between the patches. The antenna-simulated results are presented in
Figure 8. The simulated results show that, when increasing the distance from 12.2 mm, the
resonance frequency shift from 5.58 GHz to a high frequency 6.1 GHz and poor impedance
matching between S11 and 521 also decrease the axial ratio. When the distance is reduced
from 12.2 mm, the reflection coefficient S11 decreases, as does the isolation, as shown
in Figure 8a. While, an increased axial ratio is presented in Figure 8b. The S11 and S21
frequency bands for various distances of d are shown in Figure 8a. It is clear that, when d
was 12.2 mm, the S11 frequency band ranged from 5.23 to 6.42 GHz, resonating at 5.6 GHz.
However, the remaining plots were also in the range of <10 dB. The distance (d) was fixed to
1.2 mm to achieve high isolation and improve the remaining results of the MIMO antenna
within the frequency band. The performance was considerably better when the edge-to-
edge distance (d) between the two elements and the length and width of the square-cut
Is were fixed at Is = 3.1 and d = 12.2 for better performance. Furthermore, the isolation
improves; S11 and S21 are matched at the center frequency.

.
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7.5 N ‘\_ — - = Axial Ratio (Is = 2.6)
-104--- N N —— Axial Ratio (Is= 3.1)
-~ T~ . .
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(a) (b)
Figure 7. (a) S-parameters of different plots for patches, corner cut length and width Is. (b) Axial
ratio of different plots for patches, corner cut length and width Is.
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Figure 8. (a) S-parameters of different plots for various distances (d). (b) Axial ratios of different plots
for various distances (d).

4.3. Changing the Width of the Ground Slot (c)

Figure 9 shows the reflection coefficients and axial ratio for the proposed antennas
with different slot widths c¢. The MIMO-CP antenna slot widths vary from 0.5 to 2 mm. It
is clear from the figure that this is when the width of the slot decreases or increases from
1.5 mm, affecting impedance matching of the S-parameter, with relatively less effects on
the axial ratio. An optimum value of ¢ is found to be 1.5 mm. Thus, the width of the slot is
fixed to ¢ = 1.5 mm, to improve impedance matching of the S-parameter and have a better
axial ratio.

0 T T T T T T T 9.0 T T T T T
5 — - - - Axial Ratio (c = 0.5)
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-101 — Axial Ratio (c = 1.5)
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\ =05)
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) y mend o

454 Y S21(c=15)||
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5.0 52 5.4 56 5.8 6.0 6.2 6.4 52 53 5.4 5.5 56 5.7 5.8
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 9. (a) Simulated S-parameter for the antennas with different widths of ground slot, c. (b) Sim-
ulated axial ratio of different widths of ground slot, c.

5. Results and Discussion of MIMO-CP

The simulation results were generated using CST Microwave Studio software. The pro-
posed MIMO-CP antennas fabricated are shown in Figure 10. In the following paragraphs,
the simulated and experimental results of MIMO-CP are explained.

The fabricated antenna, S-parameter, was tested by using a PNA performance network
analyzer. Simulated and measured S-parameter results of the antenna are given in Figure 11.
The simulated and measure results were almost matching, but some mismatches were
observed, possibly due to the effect of the SMA connector). The simulated and measured
results show good agreement within the frequency band. Figure 12 presents the simulated
and measured AR results comparison. The AR of the proposed radiator is in the broadside
direction; however, the proposed antenna measurement and simulation results of CP
remain below 3 dB AR within the antenna bandwidth.
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()
Figure 10. Prototype of fabricated MIMO-CP antenna. (a) Front view. (b) (Back view). (c) Bottom view.

Figure 13a shows the simulated and measured gains of the proposed MIMO-CP
antenna. The antenna peak gain is obtained at 5.6 GHz around 6 dB, which is suitable
for practical applications. Efficiency is also the important parameter of the antenna, as
shown in Figure 13b. In the operating bandwidth, the simulated radiation efficiency of the
proposed MIMO-CP antenna is greater than 80%. The efficiency of the experimental
antenna is measured in an anechoic chamber. It can be seen that the measured and
simulated S-parameters are in good agreement; however, there are some discrepancies
among experimental and simulated S-parameters (this is due to manufacturing tolerances
and variations in the characteristics of the material used).
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Figure 11. Simulated and measured S11/521 of the antenna.



Appl. Sci. 2022,12, 1068

11 of 17

6.0

IS
o
L

Axial Ratio (dB)
w
o

= Axial Ratio (Simulated)
= = = Axial Ratio (Measured)

0.0

T ™ n T
5.2 5.3 5.4 55 56 57 5.8
Frequency (GHz)

Figure 12. Simulated and measured AR.

The suggested simulated and measured antenna 2D far-field radiation patterns are
shown in Figure 14, on two main planes—E-plane and H-plane, respectively—at a central
frequency. The impact of the resonators on the antenna radiation patterns was investigated
using simulation and measurement results for H-plane and E-plane far-field radiation
patterns for the two fabricated MIMO-CP antennas. Figure 14 shows the radiation patterns
that occur when port-1 is excited and port-2 is terminated by a matched load. Both the
E-plane and H-plane radiation patterns are directional. The 2D left-hand CP (LHCP) and
right-hand CP (RHCP) radiation patterns for port-1 at 5.6 GHz are shown in Figure 15.
When port-1 is excited, the RHCP field component is stronger than the LHCP component
in the broadside direction. The proposed antenna is right-handed circularly polarized,
because the RHCP pattern is “more than”—as compared to LHCP—at both the E-field
and H-field.

Total Efficiency

—— Gain (Simulated) | —— Simulated Efficiency

—.—- Gain (Measured) ==+ Measured Efficiency

T T T T T
52 5'4 5'6 5'3 6.0 6.2 6.4 5.0 52 5.4 56 58 6.0 6.2 6.4
Frequency (GHz) Frequency (GHz)

(@) (b)
Figure 13. (a) Simulated and measured gain of the proposed antenna. (b) Simulated and measured
radiation efficiency of the proposed antenna.
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180

(a) (b)
Figure 14. Simulated and measured radiation patterns when port-1 is excited and port-2 is matched.
(a) E-plane. (b) H-plane.

210 — Sim (LHCP)
P =+ =Mea (LHCP)
—— Sim (RHCP)
- - - - Mea (RHCP)

(a) (b)
Figure 15. Simulated and measured radiation pattern that occur when port-1 is excited and port-2 is
terminated. (a) E-plane LHCP and RHCP. (b) H-plane LHCP and RHCP.

6. MIMO Antenna System Parameters

In this section, the presentation of the suggested MIMO-CP antenna is calculated by
some essential parameters, which characterize MIMO antenna systems, such as DG and
ECC. These parameters are illustrated in detail in this section.

6.1. Envelope Correlation Coefficient

The proposed antenna diversity presentation is analyzed in terms of ECC, to ensure
good MIMO performance. Isolation and correlation of communication channels can be
observed from envelope correlation coefficient (ECC) value. ECC can be derived from the
radiation pattern of all the antennas in a multi-antenna system that shows how much the
radiation pattern of each antenna affects the radiation pattern of other antenna. Having a
low ECC is very important for the “robustness” of the proposed MIMO antenna [48]. The
radiation pattern can be used to calculate it for a two-port MIMO antenna, as shown in
Equation (1) [49].

_ | J Jux[F1(6,9) x F(6,¢)d0)] |2
| JaxlF1 0, @) 2 Q| [ [y, [F2(6, )] 2 4O
The ECC (pe) is computed from the far-field radiation pattern, as in Equation (1).

Where F; (6, ¢) is the MIMO array far field property when port-1 is excited. The solid angle
is denoted by ). From Figure 16a, given a simulated and measured ECC of less than 0.001

M

pe
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at over the entire frequency range, it shows a low correlation between the two antennas.
For a better MIMO antenna, ECC should have less than 0.5 [50].

6.2. Diversity Gain

When transmitters receive multiple forms of the transmission stream through distinct
channel pathways, the effects of diversity are frequently accomplished. The diversity
gain value was found to be near 10 dB, indicating good diversity performance. The
value of diversity gain can be computed using Equation (2) from the envelope correlation
coefficient [51].

DG =10 x /1 — (ECC)? @)

where ECC denotes the envelope correlation coefficient, and DG denotes diversity gain.
Figure 16b shows the proposed antenna’s simulated and measured diversity gain, which is
close to 10 dB.

The characteristics of the MIMO-CP antenna are compared with those of other state-
of-the-art antennas, regarding mutual coupling reduction and circular polarization, as
shown in Table 2. The objective of the current work is to improve axial-ratio and reduce
mutual coupling, as well as high gain using MIMO-CP antenna. As observed from the
comparison, the proposed design is a two-port MIMO-CP antenna. Apart from Table 2,
a pair of complementary point symmetric micro-machined meander line (ML) slots was
inserted on the ground plane between two patches that are closely spaced, to suppress
mutual coupling without any resonant frequency mismatch between S11 and S22 [52].
In [34], for high isolation, F-shaped DGS were used with simple offset feeding for circular
polarization, but the design suffers from a narrow axial ratio and a complicated structure.
In [53], for improved isolation, defected ground slits were etched between two radiators
with the lowest bandwidth and axial ratio. In [54], in the ground, an inverted Z-shaped slot
was etched to produce circular polarization for both the axial ratio and mutual coupling.
In [33], the authors presented the design of the L-shaped CP MIMO antenna, using DGS for
the WLAN application. However, in order to achieve circular polarization characteristics,
they used two complicated slots in the ground, making the design comparatively more
complex and requiring a large antenna size.

Table 2. Design parameter of the MIMO antenna circular polarization.

Central Frequency  Peak Isolation Bandwidth

Reference (GHz) (dB) (GHz) ARBW CP/LP Gain (dB) Size (mm)
[23] 5.7 18 5.5-6.1 5.52-5.64 2.85 29 x 48
[33] 5.5 22.5 5.2-6.08 5.2-5.58 4.0 40 x 65
[35] 5.8 24.5 5.61-5.93 LP 4.0 44 x 37
[36] 5.7 15.4 5.6-5.8 LP 1.41 26 x 26
[37] 5.2 15 5.05-5.35 LP 1.40 26 x 26
[38] 5.8 35 5.4-6.08 5.72-5.815 5.3 27.69 x 97
[40] 6.44 15 5.71-8.2 7.72-8.08 3.8 80 x 80
[41] 2.44 24.6 2.43-2.50 LP 4.68 95.9 x 38.2
[42] 3.7 15 3.3-4.2 3.2-4.25 25 30 x 37
[43] 2.08 24 1.82-2.57 2.04-2.5 4.0 66 X 66
[44] 5.8 20 5.5-5.85 5.59-5.71 3.92 29 x 34
[45] 3.5 21 3.38-3.80 3.340-3.57 491 40 x 65
[46] 5.6 14 5.5-6.08 5.5-5.9 44 30 x 25
[47] 5.65 25 5.2-6.0 LP Nil 100 x 50

Proposed work 5.6 37 5.2-6.4 5.37-5.72 6 225 x 50

This work is unique in two ways. First, we determined how geometrical parameters
(main square patch heights, corner square-cut, and length/width) affect MIMO-CP antenna
characteristics and how these can be adjusted to achieve an optimal design without requir-
ing extensive simulations. Second, the final design incorporates a slot in the ground that
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improves both the isolation and axial ratio. In addition, an air gap was provided between
the ground and the substrate to eliminate dielectric losses, resulting in maximum antenna
gain and efficiency.

To the best of the authors’ knowledge, this paper is the first to implement an antenna
with MIMO-CP circular polarization by implementing a square-cut at the corner of a
square patch antenna. Our antenna has several advantages over previously published CP
antennas. Circular polarization is typically obtained when such an antenna structure is
excited with two orthogonal transverse modes of equal amplitudes, but 90° degrees out of
phase. Another traditional method is to use patches that are cut at two opposite corners
of the radiating patch. Here, we simulated a square-cut at the corner of the MS antenna.
As stated in the manuscript, many techniques include truncated corners, two corners of
patches are truncated; stubs, slits, notches, and embedded slots for the CP antenna. We
found that the advantages of our presented antenna are very different from those of the
corner-truncated square patch antenna. To summarize, none of the designs combine the
advantages of a simpler design, a high isolation high gain, broadband CP characteristics,
and MIMO capabilities in one package, such as our proposed design. Moreover, our design
is unique and simple because it is the only available MIMO-CP antenna that covers the
WLAN band (5.23-6.42 GHz) applications.

0.05 T T T T 10.02 T T T T

999 7 -~

ECC

9.96 4

Diversity Gain (dB)

0.014 i
. 4
ooo-\~ """ <

Simulated (ECC) |
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9.93 4

-0.014

Simulated (DG)
== Measured (DG)
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5.2 5.4 56 58 60 62 5.2 54 56 538 60 6.2
Frequency (GHz) Frequency (GHz)

(a) (b)

Figure 16. (a) Proposed simulated and measured ECC. (b) Proposed simulated and measured

diversity gain.

7. Conclusions

In this paper, we designed a simple MIMO-CP antenna for the WLAN band. The
MIMO-CP antenna has an easy structure with dimensions of 22.5mm x 50 mm, and it
operates at 5.6 GHz. To achieve CP, the simple square patch was cut at the corner using
the concept of CP. Improving impedance matching, high isolation, and better AR can
be archived using a simple technique that produces a slot in the ground. The antenna
impedance bandwidth ranged from 5.23 to 6.42 GHz and AR < 3 dB from 5.37 to 5.72 GHz,
with better isolation |S21| < —37 dB within the S11 frequency range. At the resonant
frequency, peak gain and radiation efficiency were 6 dB and 84%, respectively. The ECC
was 0.001 and DG was nearly 10 dB lower. The designed MIMO-CP antenna results
(simulated and measured) are suitable for WLAN applications.
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