
1.  Introduction
Recent advancement in 5G wireless communication technology supports many data-driven wireless applica-
tions, seamless device-to-device connectivity, and the industrial revolution 4.0 (Gupta & Jha, 2015). Currently 
5G communication has sufficient transmission capacity to provide reliable connectivity to numerous devices 
and this is done at relatively low power. This technology is enabling the advent of driverless vehicles, smart 
cities, and virtual reality (Rappaport et al., 2013). Future wireless technologies will benefit from 5G technol-
ogy's promise to modernize the Internet of Things and expand the range of wireless communication (Hussain 
et al., 2019).5G band in the US from 3.8 to 4.2 GHz; in Japan from 3.8 to 4.2 GHz and 4.4–4.9 GHz; in China 
4.4–4.5 GHz and 4.8–4.9 GHz. WLAN IEEE 802.11a/h/j/n/ac covers a frequency range from 5 to 5.8 GHz. As 
demand for wireless communication continues to grow rapidly, there is a need for additional spectrum resources 
to accommodate the increasing data requirements of modern applications. Hence, Federal Communications 
Commission (FCC) is planning to auction 5G frequency bands at 24, 28, 37, 39, and 47 GHz. These frequency 
bands represent underutilized or previously unallocated spectrum resources that can be utilized for 5G networks. 
Because of the widespread availability of commercially available wireless technology, the most recent innovation 
in telecommunications makes use of current base stations operating in the 3.5 and 4.5 GHz frequency bands 
(Desai, Upadhyaya, et al., 2020; Hussain et al., 2019; Saxena et al., 2018). In addition, wideband technology 
provides high throughput at a low cost in terms of both power consumption and price (Fathima et al., 2017). 
High throughput adaptability and integration improve electromagnetic testing, radar imaging, short-range radar, 
surveillance devices, medical imaging, and more (Madhav et al., 2019). Due to advances in technology and the 
connection of small devices, 5G systems must include a radiating element. As 5G develops rapidly, there is a 
need for hardware-dependent platforms that suit user needs (Arpan et al., 2020; Desai, Bui, et al., 2020) such as 
orbital angular momentum communications (Akram, Bai, et al., 2019; Akram, Mehmood, et al., 2019; Ove & 
Johansson et al., 2011), reconfigurable intelligent surfaces (Basar et al., 2019; El Mossallamy et al., 2020); and 
waveform selective antennas (Ushikoshi et al., 2023). For reliable wireless communication, single input single 
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output (SISO) is not efficient. Hence, 5G systems use multiple input and multiple output (MIMO) technology to 
improve channel capacity and overcome multi-path fading (Madhav et al., 2019; Venkateswara Rao et al., 2019). 
The design of the MIMO system requires many radiating elements closely arranged on the same substrate and 
operating at the same frequency. MIMO antenna has a unique characteristic, that is, spatial multiplexing, which 
improves channel capacity and enables many users to communicate simultaneously in the same frequency band. 
MIMO is superior to SISO in terms of enhanced data throughput, high signal-to-noise ratio, improved efficiency, 
enhanced channel and multi-path fading (Biswas & Chakraborty,  2019; Roy et  al.,  2019). A typical MIMO 
antenna with four radiating elements has dimensions of 75 × 75 mm 2 and operates across 4.4–6.4 GHz (Chouhan 
& Malviya, 2020). The challenging criteria for the MIMO system are to design an antenna array that has very 
low mutual coupling amongst the MIMO radiating elements (Kundu, 2016) and able to fit in a limited space. So, 
when many radiating elements are positioned near each other, the electric field created by one antenna changes 
the surface currents of the adjacent antennas, consequently, the radiation characteristics and input impedance 
of each MIMO antenna deviate from its desired response (Qian, Huang et al., 2018). The influence of mutual 
coupling harshly reduces how the MIMO antenna element radiates, because of that, all the radiating elements 
must be carefully designed to minimize the mutual coupling. To minimize the space and mutual coupling amongst 
the MIMO elements, several techniques have been introduced that include the use of defected ground struc-
tures (Iqbal et al., 2017; Luo et al., 2015), neutral lines adjustment (Lee et al., 2009), and metamaterial inspired 
designs (Dabas et al., 2018; Farahani et al., 2010) to name a few. A wideband shared radiator having a size of 
75 × 75 mm 2 with four-port excitation is reported in (Malviya & Chouhan, 2019). Another MIMO antenna having 
dimensions of 52 × 77.5 mm 2 and isolation of 15 dB is reported in (Deng et al., 2017). Furthermore, the MIMO 
system reported in (Dong et al., 2017; Jehangir et al., 2018; Lin et al., 2019; Shoaib et al., 2014) that operates at 
a frequency below 2 GHz has a relatively large size. In (Sharma & Wang, 2018) a unique tablet shape antenna 
was proposed and has a relatively large ground-plane and a bandwidth of 0.98 GHz from 1.71 to 2.69 GHz. 
Another design based on a four-port MIMO for WLAN application operating at 5.6–5.8  GHz is reported in 
(Aw et al., 2019; Khan et al., 2021; Pandit et al., 2018) that exhibits a wide bandwidth and has dimensions of 
55 × 20 mm 2 with a gain of 2.4 dB. The above-mentioned MIMO antennas are relatively large and have low gain 
performance.

In this paper a high-performance MIMO antenna system comprising four radiation elements is designed and 
realized for sub-6 GHz applications. The current work is an extension of our previous paper (Din, Kiyani, 
et al., 2022). The antenna is constructed from four ring-shaped radiating elements designed to operate over 
a wide bandwidth from 4.2 to 6 GHz. The radiation elements in the proposed MIMO antenna system are 
oriented orthogonally relative to each other to enhance isolation between the radiators that otherwise would 
degrade the radiation characteristics of the MIMO antenna. The consequence of this type of arrangement 
to reduce mutual electromagnetic coupling is high radiation gain, wide bandwidth, excellent diversity gain 
(DG) and envelope correlation coefficient (ECC). Moreover, it is shown here that by locating the proposed 
frequency selective surface (FCC) above the antenna at a certain height the gain of the antenna is increased 
over a wide frequency range. These characterizing features make the proposed MIMO antenna system suitable 
for 5G applications.

2.  Proposed Antenna Design
The investigation of the proposed 2 × 2 MIMO antenna system consisted of three stages. Firstly, a suitable 
radiating element was determined. The radiating element was then used in the design of a 2 × 1 antenna array. 
The configuration of the array was investigated to increase the isolation between the radiating elements. 
Finally, based on the results of the 2  ×  1 antenna array, the proposed 2  ×  2 MIMO antenna system was 
designed.

2.1.  Design of Single Element Antenna

Inset in Figure 1 show a standard edged excited circular patch antenna and the proposed circular ring antenna. 
Both antennas have identical dimensions and are fabricated on identical dielectric substrate, that is, Rogers RT 
Duroid 5880 dielectric substrate with a 0.8 mm thickness. The size of both antennas is 25 × 25 mm 2. It can be 
observed from Figure 1 that the impedance match for |S11| ≤ −10 dB between 4 and 6 GHz is improved by hollow-
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ing the circular patch antenna. Figure 2 shows the circular ring patch antenna used in the proposed 2 × 2 MIMO 
antenna system. The ground-plane is truncated on the back side of the substrate and a rectangular shaped slot is 
embedded in the ground-plane. This modification enables the antenna to operate across a wideband necessary 
for sub-6 GHz 5G applications. The effective radius (Re) of the circular patch antenna was determined using the 
following equation (Din, Ullah, al., 2022)

𝑅𝑅𝑒𝑒 =

{

√

1 +
2𝐻𝐻

𝜋𝜋𝜋𝜋𝑟𝑟𝑅𝑅

(

𝑙𝑙𝑙𝑙
𝜋𝜋𝜋𝜋

2𝐻𝐻
+ 1.7726

)

}

� (1)

where H is the height of substrate, ɛr is the relative permittivity, and R is the radius of the antenna which is calcu-
lated using Equation 2 (Din, Ullah, et al., 2022). The dimensions of the antenna are listed in Table 1.

𝑅𝑅
𝐹𝐹

{

√

1 +
2ℎ

𝜋𝜋𝜋𝜋𝑟𝑟𝐹𝐹

(

𝑙𝑙𝑙𝑙
𝜋𝜋𝜋𝜋

2𝐻𝐻
+ 1.7726

)

}

� (2)

where F is given by

Figure 1.  Reflection coefficient response of the circular shape radiator and the circular ring radiator.

Figure 2.  (a) Front view of the circular ring radiating element, and (b) Back view of the circular ring radiating element.
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𝐹𝐹 =
8.79 × 10

9

𝑓𝑓𝑟𝑟

√

𝜀𝜀𝑟𝑟
� (3)

2.2.  Antenna Evolution

The steps taken to design the circular ring antenna with truncated 
ground-plane slot are shown in Figure 3. In the first step the outer radius 
of the circular ring is determined from Equation  1. The ground-plane 
is truncated to the point where the feed line is connected to the patch 
antenna, as shown in Figure  3a. In the next step, the width of the 
microstrip feed is reduced at the neck of the circular ring patch. This is 
to improve the impedance matching characteristic between the feed line 
and the circular ring antenna. Also, a rectangular slot is cutout in the 
ground-plane under the feedline, as shown in Figure 3b. The feed line is 
tapered by including another step and the ground-plane slot is elongated, 

Parameters
Values 
(mm) Parameters

Values 
(mm) Parameters

Values 
(mm)

Ws 25 Wf 4 Ls2 50

Ls 25 Wf1 2.5 Ws1 50

Wg 25 Wf2 1.5 Ws2 50

Lg 10 R 4.5 Lf1 4

Lf 6 Lc 8 Wc 2

Lf2 4 Ls1 25 Wus 10

Lus 10 Lms 50 Wms 50

R1 4.7 H 15

Table 1 
Dimensions of the Circular Ring Antenna With Ground-Plane Slot

Figure 3.  Design steps taken to realize the circular ring antenna with ground-plane slot.
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as shown in Figure 3c, to improve the impedance matching of the antenna for wideband performance. The 
reflection coefficient response corresponding to each step is shown in Figure 4. There are various reasons 
why ground-plane truncation improves the impedance matching. When a ground plane is present, it forms a 
capacitive coupling with the antenna structure. This capacitive coupling can lead to an impedance mismatch 
between the antenna and the feedline. By truncating or removing a portion of the ground plane, the capac-
itive coupling is reduced. This reduction in coupling helps in achieving a better impedance match with the 
feedline. The truncation of the ground plane also alters the current distribution on the antenna structure. The 
absence of a ground plane in certain areas changes the path of the currents, which can impact the impedance 
characteristics of the antenna. By carefully designing the truncation, it is possible to modify the current 
distribution in a way that improves the impedance matching with the feedline. Likewise, there are several 
reasons why the impedance match is improved with the ground-plane slot in a patch antenna. The presence 
of a ground-plane slot effectively increases the effective size of the patch antenna. This increased size allows 
for a better match between the electromagnetic waves in free space and the waves on the patch antenna. As 
a result, the impedance matching between the feedline and the patch antenna is improved. The ground-plane 
slot modifies the current distribution on the patch antenna. It introduces additional currents and changes 
the path of the current flow. This alteration in the current distribution can lead to a better match with the 
feedline impedance. Patch antennas inherently have a capacitive coupling with the ground plane due to their 
structure. This coupling can cause a mismatch between the antenna and the feedline impedance. By intro-
ducing a ground-plane slot, the capacitive coupling is reduced, thereby improving the impedance match. 
The ground-plane slot can also increase the bandwidth of the patch antenna. The slot alters the resonance 
properties of the antenna, allowing it to operate over a wider range of frequencies. A broader bandwidth can 
provide a better match to the feedline impedance over a wider frequency range.

2.3.  Effect of Ground-Plane Slot on the Circular Ring Antenna

It's important to note that the design and placement of the ground-plane slot should be carefully optimized to 
achieve the desired impedance matching improvement. Various factors, such as the size, shape, and position of 
the slot, can influence its effectiveness.

The effect of the ground-plane slot on the antenna's reflection coefficient response therefore examined. Figure 5 
shows how the slot length affected the reflection coefficient. It is observed from this figure the reflection coeffi-
cient at the resonance frequency of the antenna, that is, 5.3 GHz, has an optimum value of −48 dB for a slot length 
of 5.3 mm. For a shorter slot length of 4 mm the reflection coefficient is −40 dB, and for a larger slot length of 

Figure 4.  Reflection coefficient responses of design steps to realize the proposed circular ring antenna with ground-plane slot.
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8 mm the reflection coefficient is −37 dB. Figure 6 shows how the slot width affected the antenna's reflection 
coefficient performance. In this case the optimum reflection coefficient is −37 dB obtained at 5.4 GHz for a slot 
width of 1.6 mm. For a smaller width of 1 mm the reflection coefficient is −26.5 dB, and at a larger width of 
3 mm the reflection coefficient degrades to −18 dB. Therefore, in the design the slot length and width chosen 
were 5.3 and 1.6 mm, respectively.

3.  Two Element MIMO Antenna System
A two element MIMO antenna was realized by co-locating two identical circular ring antennas on a common 
dielectric substrate. The two radiating elements were arranged orthogonally as shown in Figure 7. The size of the 
2 × 1 antenna array is 25 × 50 mm 2. The gap between the radiating elements is 12.5 mm, which is equivalent to 
0.2λo at 5 GHz. The simulation results in Figure 8 show the isolation of the resulting MIMO antenna is greater 
than 20 dB over a wide bandwidth of 2.5 GHz from 2.5 to 6 GHz.

Figure 6.  The effect on the reflection coefficient response of the circular ring antenna by the slot width. Unit is in 
millimeters.

Figure 5.  The effect on the reflection coefficient response of the circular ring antenna by the slot length. Unit is in 
millimeters.
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S-parameters of the fabricated 2 × 1 element prototype MIMO antenna, shown in Figure 9, was tested using 
Vector Network Analyzer and compared with the simulation results in Figure  10. The MIMO antenna has a 
measured impedance bandwidth of 2.2 GHz from 3.8 to 6 GHz. The discrepancy between the measured and 
simulated results is attributed to fabrication tolerance. It is possible to reduce the discrepancies and improve the 
accuracy of the antenna performance evaluation by iteratively refining the design, fabrication, simulation, and 
measurement processes.

Figure 7.  2 × 1 element multiple input and multiple output configuration of the circular ring antenna with ground-plane slot, 
(a) top side, and (b) bottom side.

Figure 8.  S-parameters of the 2 × 1 element multiple input and multiple output antenna.

 1944799x, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023R

S007726 by T
est, W

iley O
nline L

ibrary on [19/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Radio Science

DIN ET AL.

10.1029/2023RS007726

8 of 22

4.  Four Element MIMO Antenna System
A 2 × 2 element MIMO antenna design is based on the 2 × 1 element MIMO antenna, as shown in Figure 11. 
All four radiating elements are orthogonal with respect to each other. The antenna was fabricated on Rogers RT 
Duroid 5880 substrate and had an overall size of 50 × 50 mm 2.

The gap between the antennas is sufficient to prevent significant coupling that can otherwise degrade the radi-
ation characteristics of the antenna array. The orthogonal arrangement ensures that the electric field vectors of 
the two waves are perpendicular to each other. This antenna arrangement ensures circular polarization because 
it enables the generation of two orthogonal linearly polarized waves, which, when combined, result in circu-
lar polarization. It's important to note that the phase and amplitude relationship between the two orthogonal 
antennas must be precisely controlled to achieve the desired circular polarization. Any deviations in the phase 
or amplitude balance can result in elliptical polarization rather than pure circular polarization. Therefore, 
careful design and calibration are necessary to ensure the proper orthogonal arrangement and achieve accurate 
circular polarization. The measured S-parameters of the proposed 2 × 2 element MIMO antenna are shown 
in Figure 12. The isolation between the radiating elements is greater than 20 dB and this is achieved without 
using any decoupling network.

Figure 10.  Simulated and measured S-parameters of the 2 × 1 element multiple input and multiple output antenna.

Figure 9.  The fabricated 2 × 1 element multiple input and multiple output antenna.
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Figure 11.  The proposed 2 × 2 element multiple input and multiple output antenna, (a) Front view, and (b) Back view.

Figure 12.  S-parameters at each port of the proposed 2 × 2 element multiple input and multiple output antenna.
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5.  Surface Current and Electric Field Distribution
The surface currents distribution over the proposed 2 × 2 element MIMO antenna is shown in Figure 13. It can be 
observed from this figure that the surface currents are mainly concentrated around the periphery of the circular 
ring antenna that is being excited. This is because at the edges of an antenna, there is a sudden change in the elec-
trical properties of the surface. This change in boundary conditions causes a concentration of the surface current. 
The edges act as the transition region between the conducting antenna structure and the surrounding environment. 
The current tends to accumulate at the edges to satisfy the boundary conditions imposed by the surrounding 
medium. It is also noticeable that the surface currents over the other antennas are negligible indicating high isola-
tion between the adjacent antennas due to minimal electromagnetic interactions.

Figure 14 shows the electric field intensity over the 2 × 2 element MIMO antenna at 4.5 GHz with the radiating 
elements are excited one at a time. The electric field is concentrated at the feedline and the periphery of the circu-

Figure 13.  Surface current density distribution over the proposed 2 × 2 element multiple input and multiple output antenna 
at 4.5 GHz, (a) port 1, (b) port 2, (c) port 3, and (d) port 4.

Figure 14.  Electric field over the proposed multiple input and multiple output antenna at 4.5 GHz for (a) port 1 excitation, (b) port 2 excitation, (c) port 3 excitation, 
and (d) port 4 excitation.
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lar ring antenna. In a circular ring antenna, the electric current flows along 
the circumference of the ring. As a result, the electric field is strongest where 
the current is concentrated. It can also be observed that the electromagnetic 
coupling between the antennas is minimal. This is due to the orthogonal 
arrangement of the radiating elements. The simulated 3D radiation plot of the 
MIMO antenna at 4.5 GHz is shown in Figure 15. The 2 × 2 element MIMO 
antenna is placed in the xy-plane.

6.  Gain Enhancement of the Proposed MIMO Antenna
6.1.  Frequency Selective Surface

Frequency selective surfaces (FSS) are engineered structures that exhibit 
different transmission or reflection properties at a defined frequency range. 
FSS is commonly used to transmit or block specific frequency bands (Din 
et al., 2023). The proposed FSS is employed here to improve the performance 
of the MIMO antenna by improving its impedance matching. The FSS unit 
cell used here was implemented on Rogers RT/Duroid 5880 substrate with a 
thickness of 0.8 mm. The design of the proposed unit cell involved creating 
a circular slot in a square patch, as illustrated in Figure 16a. The S-parameter 
responses of the square patch and the square patch with a circular slot are 
shown in Figure 16b. It is evident from this figure that the isolation of the 
square patch with a circular slot exhibits isolation much greater than 20 dB 
between 3 and 6 GHz, and a peak isolation of above 40 dB at 4.2 GHz.

Figure 15.  Simulated 3D radiation plot of the 2 × 2 element multiple input 
and multiple output antenna at 4.5 GHz.

Figure 16.  (a) Steps to create the unit cell, and (b) S-parameter response of the unit cell.
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6.2.  FSS Based MIMO Antenna

The layout of the FSS based MIMO antenna is shown in Figure 17. The proposed FSS of size 50 × 50 mm 2 
consists of 25-unit cells positioned in 5 × 5 matrix. The FSS is located above the MIMO antenna at a height 
(H) to increase the MIMO antenna's gain. The improvement in antenna gain is due to enhanced directivity, 
back lobe reduction, and reduction in mutual coupling. The S-parameters of FSS based MIMO antenna are 
shown in Figure  18. The reflection coefficient of the MIMO antenna for S11|  ≤  −10  dB at its four ports 
shown in Figure 18a extends between 3.2 and 6 GHz, corresponding to an impedance bandwidth of 2.8 GHz. 
Figure 18b shows the isolation between the four antennas is greater than 20 dB between 3.7 and 5.3 GHz, 
and greater than 14 dB across 3.5 and 6 GHz. The bandwidth enhancement is attributed to improvement in 
impedance matching.

6.3.  Gap Affect Between the FSS and MIMO Antenna

The effect of the gap between FSS and the MIMO antenna on the gain performance is shown in Figure 19. The 
height was varied between 7.5 and 15 mm. The gain is greater than 2 dBi across 3 and 6 GHz however it is better 
than 5 dBi for a height of 10–15 mm between 3.75 and 5.6 GHz. A height of 12.5 mm provides an optimum gain 
better than 5 dB between 3.6 and 6 GHz. Figure 20 shows the proposed MIMO antenna with and without FSS. It 
is evident from this figure that by mounting the FSS above the MIMO antenna the gain is increased by an average 
of 1.5 dB. The gain is better than 6 dBi between 3.8 and 5 GHz.

7.  Measured Results of the Proposed FSS Based MIMO Antenna Array
The proposed FSS based MIMO antenna array was fabricated, and its performance was measured in terms of 
radiation pattern and S-parameters using a Vector Network Analyzer. A photograph of the front and back of the 
fabricated antenna and the FSS structure are shown in Figure 21. The measured S-parameter of the FSS based 
MIMO antenna array is shown in Figure 22 when the four ports are excited individually. In all four cases, the 
isolation between the radiating elements is greater than 15 dB from 3.5 to 6 GHz.

The simulated and measured antenna gain of the 2 × 1 and 2 × 2 element FSS based MIMO antenna array is 
shown in Figure 23. The gain of the 2 × 1 element MIMO antenna varies between 2.2 dBi to a maximum of 4 dBi. 
Its average gain is approximately 3 dBi. In the case of the 2 × 2 element MIMO antenna the gain varies between 
3i and 4.5 dBi, and it has an average gain of approximately 3.8 dBi.

The measured radiation pattern of the proposed 2 × 2 element FSS based MIMO antenna array in the E-plane 
and H-plane at 4.5 and 5.5  GHz are shown in Figure  24. A conventional measurement setup was used to 

Figure 17.  (a) Layout of the frequency selective surface (FSS), and (b) FSS based 2 × 2 multiple input and multiple output 
antenna array.
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measure the radiation patterns in an anechoic chamber. A calibrated reference antenna was used to establish 
a reference point for measurements and ensure accuracy. The far-field measurement in both principal planes 
was done over an angle from −180° to 180°. There is a good correlation between the simulated and measured 
results. The discrepancy in the results is attributed to inaccurate modeling and manufacturing tolerances. This 
is because the simulation is based on mathematical models and assumptions about the antenna's behavior 
and the surrounding environment. As these assumptions do not accurately reflect the real-world conditions, 
because of the presence of nearby objects or the effect of the antenna's mounting structure, the simulated 
results are likely to differ from the actual measurements. Also, the antenna is manufactured with certain toler-
ances, which can result in variations in their electrical and mechanical properties. These tolerances may not 
be fully accounted for in the simulation models, leading to discrepancies between the simulated and measured 
radiation patterns.

Figure 18.  Frequency selective surface based multiple input and multiple output antenna array, (a) Reflection coefficient 
response, and (b) Transmission coefficient response.
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8.  Diversity Parameters of the Proposed FSS Based MIMO Antenna
The ECC is a measure of the similarity between antenna ports in terms of their radiated signals. It quantifies 
the correlation or similarity of the envelopes of the signals, rather than the phase or magnitude of the signals 
themselves. ECC was calculated using Equation 4 (Malviya & Chouhan, 2019). Diversity gain (DG) refers 
to the improvement in the performance of a wireless communication system achieved by using multiple 
antennas. It is a measure of the antenna array's ability to combat fading, interference, and other impair-
ments that can degrade the quality of the received signal. DG was calculated using Equation 5 (Malviya & 
Chouhan, 2019).

𝐸𝐸𝐸𝐸𝐸𝐸 =
|𝑆𝑆

∗

11
𝑆𝑆12 + 𝑆𝑆

∗

21
𝑆𝑆22|

2

(

1 − ⌊𝑆𝑆12⌋
2
− ⌊𝑆𝑆22⌋

2
)(

1 − ⌊𝑆𝑆22⌋
2
− ⌊𝑆𝑆12⌋

2
)� (4)

Figure 19.  Simulated gain response of the 2 × 2 multiple input and multiple output (MIMO) antenna as a function of gap 
between the frequency selective surface and MIMO antenna. Units are in millimeters.

Figure 20.  Simulated gain response of the 2 × 2 multiple input and multiple output antenna with and without frequency 
selective surface reflector.
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𝐷𝐷𝐷𝐷 = 10 ×

√

(1 − 𝐸𝐸𝐸𝐸𝐸𝐸)� (5)

Ideally, ECC should be 0, but in real situations an acceptable value of ECC is below 0.5 (ECC < 0.5). The magni-
tude of ECC between the ports of the 2 × 2 element FSS based MIMO antenna array is shown in Figure 25. This 
figure shows the magnitude of the ECC to be less than 0.1.

Diversity gain on the order of 10 dB is highly desirable in wireless communication systems. A DG of 10 dB 
implies a tenfold improvement in the SNR or BER compared to a single-antenna/single-path system. Figure 26 
shows the proposed 2 × 2 element FSS based MIMO antenna array has a DG of better than 9.5 dB. DG across 
the operational range 4–6 GHz is nearly 10 dB. This indicates that the proposed antenna array is effective in 
combating fading, interference, and other impairments, leading to improved signal quality, reliability, and overall 
system performance.

Channel capacity loss (CCL) refers to the reduction in the achievable data rate or capacity of a communica-
tion channel due to various factors and impairments. It quantifies the decrease in information-carrying capacity 
compared to the ideal theoretical limit set by the channel's bandwidth and signal-to-noise ratio. The CCL is meas-
ured in bits per second per Hertz (bits/sec/Hz) and its value must be less than 0.4. CCL can be calculated using 
the following expressions (Khalid et al., 2020).

CCL = −log
2
det(𝑎𝑎)� (6)

a =

⎡

⎢

⎢

⎣

𝜎𝜎11 𝜎𝜎12

𝜎𝜎21 𝜎𝜎22

⎤

⎥

⎥

⎦

� (7)

𝜎𝜎𝑖𝑖𝑖𝑖 = 1 −
(

|𝑆𝑆𝑖𝑖𝑖𝑖|
2
− |𝑆𝑆𝑖𝑖𝑖𝑖|

2
)

� (8)

𝜎𝜎𝑖𝑖𝑖𝑖 = − (𝑆𝑆𝑖𝑖𝑖𝑖
∗
𝑆𝑆𝑖𝑖𝑖𝑖 + 𝑆𝑆𝑗𝑗𝑗𝑗𝑆𝑆𝑗𝑗𝑗𝑗

∗
)� (9)

where σii and σij are the correlation coefficients between antenna ports ii and ij. Figure 27 shows the CCL of the 
2 × 2 element FSS based MIMO antenna array is less than 0.4 between 3.1 and 6 GHz.

Another important parameter is mean effective gain (MEG). This parameter is used to characterize the aver-
age gain of an antenna in a specific direction. It provides an indication of the antenna's ability to concen-
trate radiated or received power in a particular direction. The magnitude of MEG must be in a range from 
−3 dB ≤ MEG ≤ −12 dB. It can be calculated using Equations 10 and 11 (Saadh et al., 2020). Figure 28 shows 
the MEG between the ports to be in the range −3 dB and −12 dB across 3.3 and 6 GHz.

MEG𝑖𝑖 = 0.5
[

1 − |𝑆𝑆𝑖𝑖𝑖𝑖|
2
− |𝑆𝑆𝑖𝑖𝑖𝑖|

2
]

� (10)

Figure 21.  Fabricated prototype of the proposed frequency selective surface (FSS) based multiple input and multiple output antenna, (a) top view, (b) bottom view, and 
(c) FSS structure.
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Figure 22.  Measured and simulated S-parameters of the proposed frequency selective surface based multiple input and 
multiple output antenna array.
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MEG𝑗𝑗 = 0.5
[

1 − |𝑆𝑆𝑖𝑖𝑖𝑖|
2
− |𝑆𝑆𝑗𝑗𝑗𝑗|

2
]

� (11)

Another important parameter is the total active reflection coefficient (TARC). This parameter is a measure 
used to assess the reflection of an electromagnetic wave at the interface between two media. It accounts for 
both the magnitude and phase of the reflected wave, considering the power that is reflected back toward 
the source. TARC for N-element MIMO antenna can be calculated using the following expression (Saadh 
et al., 2020).

TARC =

√

Σ
𝑁𝑁

𝑖𝑖=1
|𝑏𝑏𝑖𝑖|

2

√

Σ
𝑁𝑁

𝑖𝑖=1
|𝑎𝑎𝑖𝑖|

2

� (12)

Figure 23.  Measured and simulated gain of the 2 × 1 element and 2 × 2 element of the proposed multiple input and multiple 
output antenna array.

Figure 24.  2D plots of the 2 × 2 element frequency selective surface based multiple input and multiple output antenna array, 
(a) at 4.5 GHz, and (b) at 5.5 GHz.
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Ideally, TARC should be zero which means all the power delivered is accepted by the FSS based MIMO antenna 
array and vice versa. However, in practical scenarios, it is challenging to achieve a TARC value of exactly zero due 
to various factors, including impedance mismatches, imperfect components, and reflections caused by impedance 
changes or structural features. The goal in many cases is to minimize the TARC to the greatest extent possible. 
The TARC for the proposed 2 × 2 element FSS based MIMO antenna array is shown in Figure 29. The TARC is 
better than −9 dB between 3 and 6 GHz.

The salient parameters of the proposed 2 × 2 element FSS based MIMO antenna array are compared with previ-
ous works in Table 2. Compared to 4-element radiators the proposed MIMO antenna exhibits the largest imped-
ance bandwidth, however its peak gain is comparable to other 4-element MIMO antennas. Moreover, except for 
(Malviya & Chouhan, 2019) it has a relatively small surface area.

Figure 25.  Envelope correlation coefficient of the proposed 2 × 2 element frequency selective surface based multiple input 
and multiple output antenna array.

Figure 26.  Diversity gain of the 2 × 2 element frequency selective surface based multiple input and multiple output antenna 
array.
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Figure 27.  Channel capacity loss analysis of the presented frequency selective surface based multiple input and multiple 
output antenna array.

Figure 28.  (a) mean effective gain (MEG) between ports 1 & 2, and (b) MEG between ports 1 & 3.

 1944799x, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023R

S007726 by T
est, W

iley O
nline L

ibrary on [19/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Radio Science

DIN ET AL.

10.1029/2023RS007726

20 of 22

9.  Conclusion
The design of a novel 2 × 2 element FSS based MIMO antenna array is verified practically to be suitable for 
sub-6  GHz wireless communication applications. The circular ring-shaped radiating elements of the MIMO 
antenna are orthogonally arranged to realize high isolation (>15 dB) between the different antenna elements over 
3.5–6 GHz. This arrangement helps improve the performance of the MIMO system by reducing interference and 
enhancing signal quality. Orthogonal placement of the radiating elements provides spatial diversity, where the 
radiating elements receive independent multipath signals due to their spatial separation. This diversity improves 
the system's resilience to fading and enhances its ability to recover from signal degradation caused by fading or 
obstructions. The high isolation achieved through orthogonal placement enables better utilization of the available 
channel capacity. By reducing interference and improving signal quality, the FSS based MIMO antenna array 
can achieve higher data rates and increased overall capacity. Moreover, it is shown that by locating the proposed 
FSS above the antenna at a certain height the gain of the antenna can be increased over a wide bandwidth from 
3 to 6 GHz.

Conflict of Interest
The authors declare no conflicts of interest relevant to this study.

Data Availability Statement
Data were not used, nor created for this research.

Figure 29.  Total active reflection coefficient of the proposed 2 × 2 element frequency selective surface based multiple input 
and multiple output antenna array.

Ref no. Size 𝐴𝐴
(

𝝀𝝀
𝟐𝟐

𝒐𝒐

)

Freq. range/impedance bandwidth (GHz) Peak gain (dBi) No. of elements

(Kundu et al., 2016) 1.2 × 1.2 4.96–5.50/0.54 5.5 @ 4.75 GHz 4

(Qian et al., 2018) 0.43 × 0.3 2.4–2.48/0.08 - 2

5.15–5.825/0.675 2

(Farahani et al., 2010) 0.87 × 0.1 1.71–2.69/0.98 1 @ 1.7 GHz 2

(Malviya et al., 2019) 0.48 × 0.48 5.6–5.8/0.2 1.8 @ 5.6 GHz 4

(Deng et al., 2017) 1 × 0.4 4.3–6.4/2.1 4 @ 5.5 GH 2

(Khan et al., 2021) 2.98 × 1.31 5.6–5.67/0.07 12 @ 5.6 GHz 4

This work 0.7 × 0.7 3.8–6/2.2 4.8 @ 4.2 GHz 4

3.2–6/2.2 6.7 @ 3.9 4

Table 2 
Comparison With the Previous Works
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