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Abstract: In this manuscript, we have numerically investigated and experimentally verified the
six-element split ring resonator and circular patch-shaped multiple input, multiple output antenna
operating in the 1–25 GHz band. MIMO antennas are analyzed in terms of several physical parameters,
such as reflectance, gain, directivity, VSWR, and electric field distribution. The parameters of the
MIMO antenna, for instance, the envelope correlation coefficient (ECC), channel capacity loss (CCL),
the total active reflection coefficient (TARC), directivity gain (DG), and mean effective gain (MEG),
are also investigated for identification of a suitable range of these parameters for multichannel
transmission capacity. Ultrawideband operation at 10.83 GHz is possible for the theoretically designed
and practically executed antenna with the return loss and gain values of −19 dB and −28 dBi,
respectively. Overall, the antenna offers minimum return loss values of −32.74 dB for the operating
band of 1.92 to 9.81 GHz with a bandwidth of 6.89 GHz. The antennas are also investigated in terms
of a continuous ground patch and a scattered rectangular patch. The proposed results are highly
applicable for the ultrawideband operating MIMO antenna application in satellite communication
with C/X/Ku/K bands.

Keywords: MIMO; split-ring resonator; gain; directivity; gigahertz; TARC; ECC; DG; CCL

1. Introduction

MIMO (multiple-input, multiple-output) antennas have emerged as an effective solu-
tion to enhance the wireless communication system’s capacity and reliability [1]. They are
increasingly being used in GHz frequency applications [2], which demand high data rates
and reliable communication links [3]. MIMO antenna systems provide higher throughput
by transmitting multiple signals simultaneously using multiple antennas [4]. The number
of antennas used for transmitting and receiving in a wireless communication system deter-
mined the total number of antennas utilized in a multiple-input multiple-output (MIMO)
system. [5–7]. The GHz frequency range includes frequencies from 1 GHz to 30 GHz [8–11].
These frequencies are widely used in various applications, such as Wi-Fi [12], cellular
communication [13], satellite communication [14], and radar systems [15]. MIMO antennas
can be designed and optimized for GHz frequency applications to meet specific system
requirements. The design of a MIMO antenna for GHz frequency applications involves
considering various parameters such as operating frequency, bandwidth, polarization, gain,
radiation pattern, and size. One of the most critical aspects of designing a MIMO antenna
for GHz frequency applications is the operating frequency. The operating frequency should
be selected based on the specific application requirements. For example, the most common
Wi-Fi frequency bands are 2.5 GHz and 5 GHz, while cellular communication systems
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operate in the 700 MHz to 2.7 GHz frequency range. The operating frequency of the MIMO
antenna is determined by the size and shape of the antenna elements [16,17]. The operating
frequency and bandwidth of a MIMO antenna are heavily influenced by parameters such
as the shape and size of the antenna, and on the basis of these parameters, antennas have
been categorized into two distinct groups: (1) microstrip antennas [18,19] and (2) slot anten-
nas [20,21]. Microstrip antennas are widely used in GHz frequency applications due to their
compact size, small height and width, and compatibility with a wide range of electrical
devices. A microstrip antenna has a ground plane and a conducting patch on opposite sides
of a dielectric substrate. In addition, the conducting patch is usually fed using a coaxial
cable [22] or a microstrip line [23]. In the microstrip antenna, the dimension of the patch
decides the frequency of operation [24]. A smaller patch size results in a higher operating
frequency, while a larger patch size results in a lower operating frequency. Slot antennas are
another type of MIMO antenna used in GHz frequency applications. Slot antennas consist
of a metal plate with a slot or a narrow opening in the center. The slot is usually excited
using a microstrip line or a coaxial cable. Slot antennas are easy to fabricate and offer a
wide bandwidth [25]. The frequency of operation of a slot antenna is directly dependent
on the dimensions of the slot. A smaller slot size results in a higher operating frequency,
while a larger slot size results in a lower operating frequency. The performance of MIMO
antennas for GHz frequency applications is evaluated based on various parameters such
as radiation pattern, gain, efficiency, and isolation. MIMO antennas can be designed to
operate at different frequencies, depending on the specific application. In GHz frequency
applications, the design of MIMO antennas requires careful consideration of the antenna’s
physical dimensions and radiation properties to ensure optimal performance. The oper-
ating frequency of MIMO antennas in GHz applications can range from a few GHz up to
several tens of GHz. One important consideration in designing MIMO antennas for GHz
applications is the physical size of the antennas. At higher frequencies, the wavelength of
the electromagnetic waves becomes shorter, and the size of the antennas must be propor-
tionally reduced to achieve the desired performance. This can be challenging, as smaller
antennas typically have lower gain and efficiency than larger antennas. As a result, MIMO
antennas for GHz applications must be designed to optimize the trade-off between size,
gain, and efficiency [26]. Another important consideration in designing MIMO antennas for
GHz applications is the radiation pattern [27]. In general, MIMO antennas should radiate in
a way that maximizes signal strength while minimizing interference between the different
antenna elements. This requires careful design of the antenna elements and their placement
within the MIMO array [26,28]. One common approach is to use directional antennas with
a narrow beamwidth to maximize signal strength in the desired direction while minimizing
interference with other antennas [29]. MIMO antennas for GHz applications can take a
variety of forms, including patch antennas [30], dipole antennas [31], slot antennas [20],
and others. Patch antennas are particularly well-suited for GHz applications due to their
small size and ease of integration with other electronic components. In addition, patch
antennas can be designed to have a wide impedance bandwidth, which allows them to
operate over a broad range of frequencies.

In this manuscript, we have numerically investigated and experimentally verified the
design of a six-element split-ring resonator and circular patch-shaped multi-input, multi-
output antenna in the 1–25 GHz frequency range. MIMO antennas are analyzed in terms of
several physical parameters, such as reflectance, gain, directivity, VSWR, and electric field
distribution. In order to determine whether or not this antenna is suitable for multichannel
transmission, we have also provided additional MIMO antenna characteristics, including
envelope correlation coefficient, total active reflection coefficient, channel capacity loss,
mean effective gain and diversity gain. This manuscript is majorly divided into three
subdivisions. The first segments include the design and specification of all five stages
of the proposed antenna. The second segment consists of measurement and simulation
results and discussions of the proposed antenna. Finally, the last segment demonstrates the
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influence of the various antenna characteristics in a situation where numerous ports are
excited simultaneously.

2. Design of the Six-Element MIMO Antenna Structure

The schematic of the six-element, split-ring resonator-shaped MIMO antenna is depicted
in Figure 1. Figure 1a presents a 3D viewpoint of the proposed MIMO antenna, complete with
input port labeling. On the dual-layer FR4 substrate material, copper is chosen as the material
choice for the bottom as well as the top layer of the proposed structure. A schematic view of
other two- and six-element antennas is shown in Figure 1b–e. Table 1 gives a complete idea
of antenna dimensions. The overall antenna is in size of 74 × 100 mm2. We have performed
numerical analysis on five distinct antenna designs that contain the radiation patch elements
either on a split ring resonator or in a circular patch shape of the structure. In all the antenna
designs, the ground is either continuous for all patches in the shape of a rectangle, or individual
rectangular copper patches are placed over the individual MIMO elements, which can be seen
in Table 2. The antennas are classified into five types as depicted in Table 2. Table 2 illustrates the
simulated antenna design along with the fabricated antenna images and its structure description.
The proposed structure is simulated using the commercially available software HFSS. The
proposed antennas are designed and built with a variety of criteria in mind, including their
reflectance coefficient, gain, directivity, and radiation pattern for the 1 to 25 GHz frequency
range. A vector network analyzer (VNA) N9918A (30 kHz to 26 GHz) with a purpose-built
antenna and electromagnetic compatibility (EMC) test anechoic chamber has been used to
experimentally verify the suggested antennas. The mathematical equations and computational
facility have been involved as per equations suggested in the upcoming results and discussion
section of this manuscript.

We have calculated the reflectance response of all five types of antennas by applying
the excitation at all antenna ports. The reflectance response achieved through the numerical
study is depicted in Figure 2. Figure 2a illustrates the reflectance response for the two-
element split ring resonator-based antenna structure. The dotted line in Figure 2 for all
the responses is considered for the identification of the values of the reflectance response
below the level of <−10 dB. This range of the reflectance value helps us to identify the
values of the resonating bands. We have calculated the overall resonating conditions where
Sij < −10 dB, where i, j = 1, 2, 3, 4, 5, 6. The reflection conditions Sij < −10 dB allow us to
choose the resonating band where co-port (port to port isolation) and cross-port reflectance
(inter element isolation) are below the <10% for the effective antenna radiation of a specific
frequency. Figure 2b shows how the S parameters change when the circuit is excited through
three ports. Similarly, Figure 2c–e shows the variation in the co-port reflectance parameters
for the six-port excitation in designs 3, 4, and 5 of the antenna structure, respectively. For
Design 5 of the MIMO structure based on a split ring resonator, we have also included the
computed S parameters for the multi-port excitation configurations. The results obtained
for these port excitation conditions are shown in Figure 3. We can observe the values of
the S parameters where the values of the reflection coefficients of the input signals for each
of the six antenna elements, i.e., Sij, where i and j refer to 1, 2, 3, 4, 5, and 6, are <−10 dB
and other S parameters S12, S13, . . . are also <−10 dB. These conditions are satisfied for the
identification of the overall resonating band where the co-port and cross-port reflectance
values are <10% for the effective radiation.

Table 1. Antenna dimensions for the proposed structure of MIMO.

Term m l P gp L1 L2 W1 W2 gm r1 r2

(mm) 12 20 14 6 76 44 2 3 4 20 13
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Table 2. Different split rings and circular patches shaped the proposed antenna with its fabricated
images and its description of the design.

Sr. No Design Images of Fabricated Antenna Description

1

1 
 

1 

  

Tow element split ring patch 
antenna with rectangular patch 

    

2 
 

 

Three element split ring patch 
antenna 

    

3 

  

Circular patch shaped six element 
antennas with continuous ground 

    

4 

  

Circular patch shaped six element 
antennas with rectangular patch 

    

5 

  

Split ring resonator shaped six 
element antennas with 

rectangular patches. 

1 
 

1 

  

Tow element split ring patch 
antenna with rectangular patch 

    

2 
 

 

Three element split ring patch 
antenna 

    

3 

  

Circular patch shaped six element 
antennas with continuous ground 

    

4 

  

Circular patch shaped six element 
antennas with rectangular patch 

    

5 

  

Split ring resonator shaped six 
element antennas with 

rectangular patches. 

Tow element split ring patch antenna
with rectangular patch

2

1 
 

1 

  

Tow element split ring patch 
antenna with rectangular patch 

    

2 
 

 

Three element split ring patch 
antenna 

    

3 

  

Circular patch shaped six element 
antennas with continuous ground 

    

4 

  

Circular patch shaped six element 
antennas with rectangular patch 

    

5 

  

Split ring resonator shaped six 
element antennas with 

rectangular patches. 

1 
 

1 

  

Tow element split ring patch 
antenna with rectangular patch 

    

2 
 

 

Three element split ring patch 
antenna 

    

3 

  

Circular patch shaped six element 
antennas with continuous ground 

    

4 

  

Circular patch shaped six element 
antennas with rectangular patch 

    

5 

  

Split ring resonator shaped six 
element antennas with 

rectangular patches. 

Three element split ring patch antenna

3

1 
 

1 

  

Tow element split ring patch 
antenna with rectangular patch 

    

2 
 

 

Three element split ring patch 
antenna 

    

3 

  

Circular patch shaped six element 
antennas with continuous ground 

    

4 

  

Circular patch shaped six element 
antennas with rectangular patch 

    

5 

  

Split ring resonator shaped six 
element antennas with 

rectangular patches. 

1 
 

1 

  

Tow element split ring patch 
antenna with rectangular patch 

    

2 
 

 

Three element split ring patch 
antenna 

    

3 

  

Circular patch shaped six element 
antennas with continuous ground 

    

4 

  

Circular patch shaped six element 
antennas with rectangular patch 

    

5 

  

Split ring resonator shaped six 
element antennas with 

rectangular patches. 

Circular patch shaped six element
antennas with continuous ground

4

1 
 

1 

  

Tow element split ring patch 
antenna with rectangular patch 

    

2 
 

 

Three element split ring patch 
antenna 

    

3 

  

Circular patch shaped six element 
antennas with continuous ground 

    

4 

  

Circular patch shaped six element 
antennas with rectangular patch 

    

5 

  

Split ring resonator shaped six 
element antennas with 

rectangular patches. 

1 
 

1 

  

Tow element split ring patch 
antenna with rectangular patch 

    

2 
 

 

Three element split ring patch 
antenna 

    

3 

  

Circular patch shaped six element 
antennas with continuous ground 

    

4 

  

Circular patch shaped six element 
antennas with rectangular patch 

    

5 

  

Split ring resonator shaped six 
element antennas with 

rectangular patches. 

Circular patch shaped six element
antennas with rectangular patch

5

1 
 

1 

  

Tow element split ring patch 
antenna with rectangular patch 

    

2 
 

 

Three element split ring patch 
antenna 

    

3 

  

Circular patch shaped six element 
antennas with continuous ground 

    

4 

  

Circular patch shaped six element 
antennas with rectangular patch 

    

5 

  

Split ring resonator shaped six 
element antennas with 

rectangular patches. 

1 
 

1 

  

Tow element split ring patch 
antenna with rectangular patch 

    

2 
 

 

Three element split ring patch 
antenna 

    

3 

  

Circular patch shaped six element 
antennas with continuous ground 

    

4 

  

Circular patch shaped six element 
antennas with rectangular patch 

    

5 

  

Split ring resonator shaped six 
element antennas with 

rectangular patches. 

Split ring resonator shaped six element
antennas with rectangular patches.

The bands derived from this calculation are shown in Table 3. We can identify that
all the antennas are offering the minimum three operating bands, and the conditions of
Sij < −10 dB are satisfied. In Design 1 of the antenna, we observed the three operating
bands with bandwidth values of 7.88 GHz, 5.17 GHz, and 5.46 GHz. This antenna covers
an overall area of 74% of the 1–25 GHz band in the frequency spectrum for radiation
conversion. The reflection coefficient’s minimum value is observed at −34.51 dB. The
maximum peak gain observed is 12.64 GHz with a return loss of −16.11 dB and a band of
5.46 GHz. We can observe similar types of antenna operating bandwidth, peak gain, and
bandwidth for all the antennas in Table 3. According to our measurements, the bandwidth
of Design 5 is the highest in the frequency range of 14.32 to 25 GHz, which is 10.68 GHz.
The minimum bandwidth of 1.38 is observed in Design 2 for 14.95 to 16.33 GHz of the
frequency band. The maximum gain of 28.23 dBi is observed in the third band of antenna
operation in Design 5 of the antenna. It is observed that 49% of the band is covered for
radiation in Design 2 of the antenna structure. In designs 3, 4, and 5, we have observed that
70%, 46%, and 77% of the band are covered for radiation over 1 to 25 GHz of the spectrum.
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Figure 1. Schematic of the six-element, split-ring resonator-based MIMO antenna with different an-
tenna designs. (a) Three-dimensional view of the proposed MIMO antenna with the notation of the 
input ports. The top and bottom layers of the antenna of copper are formed on the dual-layer FR4 
substrate material. Schematic view of (b)Tow element split ring patch antenna with the rectangular 
patch (Design 1), (c) Three element split ring patch antenna (Design 2), (d) Circular patch shaped 
six element antennas with the continuous ground (Design 3), (e) Circular patch shaped six element 
antennas with a rectangular patch (Design 4), and (f) split ring resonator shaped six element anten-
nas with rectangular patch. 

Table 1. Antenna dimensions for the proposed structure of MIMO. 

Term m l P gp L1 L2 W1 W2 gm r1 r2 
(mm) 12 20 14 6 76 44 2 3 4 20 13 

  

Figure 1. Schematic of the six-element, split-ring resonator-based MIMO antenna with different
antenna designs. (a) Three-dimensional view of the proposed MIMO antenna with the notation of
the input ports. The top and bottom layers of the antenna of copper are formed on the dual-layer FR4
substrate material. Schematic view of (b)Tow element split ring patch antenna with the rectangular
patch (Design 1), (c) Three element split ring patch antenna (Design 2), (d) Circular patch shaped
six element antennas with the continuous ground (Design 3), (e) Circular patch shaped six element
antennas with a rectangular patch (Design 4), and (f) split ring resonator shaped six element antennas
with rectangular patch.
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Figure 2. Numerically calculated reflectance coefficients for the different proposed MIMO antenna
designs: (a) Design 1, (b) Design 2, (c) Design 3, (d) Design 4, and (e) Design 5. The results are
presented in terms of the return loss parameters, such as S11, S22, S33, S44, S55, and S66. A dotted line
is put for the reference to identify the reflectance <−10 dB.

Table 3. Simulation based derived results and comparative analysis for the different antenna designs.

Design
Minimum

Return Loss
(dB)

Peak Gain
(dBi) fmin (GHz) fmax (GHz) Bandwidth

(GHz)

Design 1
−34.51 9.01 2.03 9.91 7.88
−15.84 12.17 11.78 16.95 5.17
−16.11 12.64 19.54 25 5.46

Design 2

−25.95 21.72 4.61 9 4.39
−15.12 5.27 11.88 14.35 2.47
−15.48 5.184 14.95 16.33 1.38
−22.49 16.28 18.13 22.3 4.17

Design 3
−30.26 18.92 5.45 9.24 3.79
−28.20 16.58 14.4 16.58 2.09
−23.70 14.56 17.45 25 7.55

Design 4

−35.80 10.23 5.42 9.57 4.15
−17.93 10.01 11.82 14.98 3.16
−16.16 13.13 15.94 17.33 1.39
−28.49 17 21.96 25 3.04

Design 5
−32.74 14.74 2.92 9.81 6.89
−15.83 4.42 11.78 13.68 1.9
−19.68 28.23 14.32 25 10.68
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Figure 3. Numerically calculated reflectance coefficients for the different proposed MIMO antenna
Design 5. The results are presented in terms of the S parameters, such as Sij, where i, j = 1, 2, 3, 4,
5, and 6 for indication of specific reflection coefficient at port. The S parameters are calculated by
considering excited at (a) Port 1, (b) Port 2, (c) Port 3, (d) Port 4, (e) Port 5, and (f) Port 6. Dotted line
is put for the reference to identify the reflectance <−10 dB.

We have fabricated the proposed structures, and the measurement results for the
proposed structure are shown in Figure 4. Similar to the results, we have presented
the S parameter results of the proposed structure for all the antenna designs. We have
observed the variation in the measured results as compared to the simulations. The
variation in both results is due to the connector and the loss. Gain values from simulation
and measurement are also showing discrepancies. It could be because of dielectric losses,
radiation inefficiency, reflection, and diffraction of waves in a real-world environment.
The values of the S parameters and their associated frequency spectrum are shown in
Table 4. We have observed that Design 1, after measurement results, offers three operating
bands of 4.77 GHz, 3.84 GHz, and 6.1 GHz. The minimum return loss in Design 1 is
observed to be −24.82 dB in the first band of operations. In Design 2, we have observed the
maximum bandwidth of 5.9 GHz in the last band of 18.68 to 24.58 GHz with a return loss
of −26.50 dB. Similarly, we have observed maximum bandwidths of 7.55 GHz, 4.77 GHz,
and 5.95 GHz for designs 3, 4, and 5, respectively. We observed the maximum band of
5.95 GHz in the last design with return loss values of −27.40 dB. Overall, the structure
of the six-element antenna with split ring resonator and rectangular ground patch offers
the maximum bandwidth and minimum return loss for both simulated and measurement
results. We have also observed in Design 3 and Design 4 that the number of resonating
bands is increasing. In Design 3, the measurement results show 53% of the band of overall
frequency converted to radiation mode. In Design 4, the number of bands increases, but
overall, 47% of the bandwidth is converted to radiation mode. Out of all the structures
measured, the maximum band of 68% converted to radiation conditions is for Design 5.
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Figure 4. Measured values of reflectance coefficients for the different proposed MIMO antenna
designs: (a) Design 1, (b) Design 2, (c) Design 3, (d) Design 4, and (e) Design 5. The results are
presented in terms of the return loss parameters, such as S11, S22, S33, S44, S55, and S66. A dotted line
is put for the reference to identify the reflectance <−10 dB.

Table 4. Measurement-based derived results and comparative analysis for the different antenna designs.

Design
Minimum

Return Loss
(dB)

Peak Gain
(dBi) fmin (GHz) fmax (GHz) Bandwidth

(GHz)

Design 1
−24.82 13.12 4.39 10.2 5.81
−15.62 7.35 11.82 16.77 4.35
−19.24 12.07 20.04 25 4.96

Design 2
−21.17 11.77 4.75 8.88 4.13
−18.22 5.81 12.4 16.37 3.97
−26.50 16.47 18.68 24.58 5.9

Design 3
−51.90 10.59 6.15 9.72 3.57
−20.59 19.33 14.21 15.47 1.26
−20.17 11.59 16.87 20.80 3.93

Design 4
−22.29 22.91 4.32 9.09 4.77
−27.25 6.08 12.33 13.12 0.79
−15.45 13.90 14.62 18.46 3.84

Design 5

−19.03 13.71 4.20 10.30 6.1
−14.62 5.30 12.07 13.74 1.67
−17.23 19.53 14.37 17.69 3.32
−27.40 15.80 19.05 25 5.95

The split ring resonator shape provides advantages over a normalized patch struc-
ture in terms of compact size, metamaterial effect, broadband response, and flexibility of
operation. The results shown in Figures 3 and 4 show an improvement in bandwidth as
compared to the normal patch structure design. The detailed bandwidth variations for
different frequency slots can be observed in Tables 3 and 4. It is also possible to tune these
operating bands by changing the radius of the split ring resonator. Radiation losses may be
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minimized and overall efficiency increased by using split ring resonators instead of circular
patches. Due to this, SRRs may be used in places such as radar systems and wireless power
transmission where low-loss or high-efficiency performance is necessary.

Additionally, the gain over the frequency range of 1–25 GHz is presented as the second
antenna parameter for identifying the antenna’s efficient operation. Gain values for each
suggested antenna design have been computed and shown in Figure 5. Gain variations from
−15 dBi to +30 dBi are visible. Out of all the results of the gain with the specified antenna
radiation spectrum, we need to think about the effective gain values of each antenna
structure. In the specific radiation bands shown in Table 3, the gain profile is considered
for the observations. We have identified the peak gain values for the specific antenna and
specific radiation bands. These results of gain are shown in Table 3. The derived values of
gain from a fabricated prototype are presented in Figure 6 for the entire frequency spectrum.
The associated peak gain and bandwidth values are represented in Table 4 for a suitable
comparison of the derived resonating frequency bands for different antenna designs. The
radiation pattern of the antenna and intensity of the normalized electric field for the
multi-port excitation conditions are derived, and the results are presented in Figures 7–11.
Figure 7 shows the changes in electric field for the multi-port excitation conditions such
as (P1, P2 = (0, 1)), (P1, P2 = (1, 0)), and (P1, P2 = (1, 1)) for Design 1 of the MIMO
antenna structure. Similarly, the co- and cross-polarization of the structure is shown for
these port excitation conditions in Figure 7b,d,f. For all-port excitation, we’ve additionally
shown the radiation pattern in 3-D distribution, as shown in Figure 7g. We have also
simulated antenna structure 2 for electric field intensity and radiation patterns. Figure 8
shows these results for the multi-port excitation conditions such as (P1,P2,P3 = (1,0,0)),
(P1,P2,P3 = (1,1,0)), and (P1,P2,P3 = (1,1,1)) in the form of radiation beams.
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Figure 7. Electric field intensity and polar radiation pattern for the Design 1. Normalized electric
field distribution for the different port excitation conditions such as (a) (P1 = 0, P2 = 1) (c) (P1 = 1,
P2 = 0), and (e) (P1 = 1, P2 = 1). Co-polarization and cross-polarization 2D radiation pattern for the
different port excitation conditions such as (b) (P1 = 0, P2 = 1), (d) (P1 = 1, P2 = 0), and (f) (P1 = 1,
P2 = 1). (g) three-dimensional radiation pattern along with the electric field distribution for the
(P1 = 1, P2 = 1) condition.
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Figure 8. Electric field intensity and polar radiation pattern for the Design 2. Normalized electric
field distribution for the different port excitation conditions such as (a) (P1 = 1, P2 = 0, P3 = 0),
(c) (P1 = 1, P2 = 1, P3 = 0), and (e) (P1 = 1, P2 = 1, P3 = 1). Co-polarization and cross-polarization
2D radiation pattern for the different port excitation conditions such as (b) (P1 = 1, P2 = 0, P3 = 0),
(d) (P1 = 1, P2 = 1, P3 = 0), and (f) (P1 = 1, P2 = 1, P3 = 1). (g) three-dimensional radiation pattern
along with the electric field distribution for the (P1 = 1, P2 = 1, P3 = 1) conditions.
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Figure 9. Electric field intensity and polar radiation pattern for the Design 3. Normalized electric
field distribution for the different port excitation conditions such as (a) (P1 = 1, P2 = 1), (c) (P3 = 1,
P6 = 1), and (e) (P1 = 1, P5 = 1, P6 = 1). Co-polarization and cross-polarization 2D radiation pattern
for the different port excitation conditions such as (b) (P1 = 1, P2 = 1), (d) (P3 = 1, P6 = 1), and
(f) (P1 = 1, P5 = 1, P6 = 1). (g) three-dimensional radiation pattern along with the electric field
distribution for the all-port excitation conditions. (h) Co polarization and cross polarization 2D
radiation pattern for all port excitation conditions.
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Figure 10. Electric field intensity and polar radiation pattern for the Design 4. Normalized electric
field distribution for the different port excitation conditions such as (a) (P1 = 1, P2 = 1), (c) (P3 = 1,
P6 = 1), and (e) (P1 = 1, P5 = 1, P6 = 1). Co-polarization and cross-polarization 2D radiation pattern
for the different port excitation conditions such as (b) (P1 = 1, P2 = 1), (d) (P3 = 1, P6 = 1), and
(f) (P1 = 1, P5 = 1, P6 = 1). (g) three-dimensional radiation pattern along with the electric field
distribution for the all-port excitation conditions. (h) Co polarization and cross polarization 2D
radiation pattern for all port excitation conditions.
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Figure 11. Electric field intensity and polar radiation pattern for the Design 5. Normalized electric
field distribution for the different port excitation conditions such as (a) (P1 = 1, P2 = 1), (c) (P3 = 1,
P6 = 1), and (e) (P1 = 1, P5 = 1, P6 = 1). Co-polarization and cross-polarization 2D radiation pattern
for the different port excitation conditions such as (b) (P1 = 1, P2 = 1), (d) (P3 = 1, P6 = 1), and
(f) (P1 = 1, P5 = 1, P6 = 1). (g) three-dimensional radiation pattern along with the electric field
distribution for the all-port excitation conditions. (h) Co polarization and cross polarization 2D
radiation pattern for all port excitation conditions.
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Different electric field distributions for two-port and three-port excitation are shown in
Figures 9–11 as co- and cross-polarization radiation patterns. It is observed that the changes
in the port excitation in horizonal/vertical lines are largely affected by radiation beam
generations. The radiation pattern can also be controlled by exciting the different ports at
the same time. In many of the cases, the overall radiation pattern is observed as multibeam
radiation. Figure 9g,h, Figure 10g,h and Figure 11g,h show the overall radiation pattern in
two- and three-dimensional space, while all ports are excited for their respective antenna
structures. It is also observed that the major changes in the radiation pattern occur when
the top antenna structure changes from a circular patch to a split ring resonator. In the case
of the scattered rectangular ground plane observed in Designs 4 and 5, the radiation pattern
is distributed over all angles with less specific directional peaks under all port excitation
conditions. In the case of Design 3, the radiation pattern is multibeam, which is caused by
the continuous ground plane over the antenna element structures.

3. MIMO Antenna Parameters

ECC is calculated using the electric field’s magnitude in Equation (1). The ECC solid
angle components are indicated by ith and jth. It is time-consuming and labor-intensive
to evaluate ECC using far-field radiation characteristics. Equation (2) demonstrates an
alternate way of calculating ECC with the help of S-parameters, as described in [32].

ρij =

∣∣∣∣∣∣
s (

Eθi · E
∗
θj
+ Eϕ : E∗ϕj

)
dΩ

s (
Eθi · E∗θi

+ Eϕi · E∗ϕi

)
dΩ

s (
Eθj · E∗θj

+ Eϕj · E∗ϕi

)
dΩ

∣∣∣∣∣∣
2

(1)

ρij =

∣∣S∗11S12 + S∗21S22
∣∣2(

1−
(
|S22|2 + |S12|2

))(
1−

(
|S11|2 + |S21|2

)) (2)

The results of the ECC calculations for antenna Design 5 are shown in Figure 12. Figure 12
shows that the antenna has an ECC of less than 0.001 for its principal frequency range of
operation. Incorporating these ECC thresholds has increased the system’s robustness. When
the ECC value of an antenna is low, there are fewer links between its individual parts. Due to
the low numbers, it is considered that the antenna’s MIMO performance is excellent. Mixing
antenna elements with different fading characteristics helps reduce the fading’s impact.

DG = 10
√

1−|ECC|2 (3)

MEGi = 0.5ηi,rad = 0.5

[
1−

M

∑
j=1

∣∣Sij
∣∣2] (4)

For a given channel, the diversity gain [30] may be calculated by comparing the SNR
of the diversity antenna system to that of a comparable single diversity antenna system.
Using Equation (3), we can calculate the maximum theorized 10 dB diversity gain for a
given ECC and DG. These two factors should be considered together. As diversity gain
increases, multi-user MIMO antenna patches become more and more separated from one
another. That being said, diversity gain’s appropriate value is at least 9 dB, as shown in
Figure 13. DG values are projected to surpass 10 dB in all operating bands of both antennas.
As such, it ensures that the proposed MIMO design has acceptable diversity performance.
The graph of the different DG values seems to overlap with each other because of the similar
response for different port excitations that has been observed in numerical calculations.
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Two isotropic antennas combined average power in the absence of noise is less than
or equal to the noise-averaged power delivered to a diversity antenna, as measured by
the mean error gain (MEG) parameter (or interference). It demonstrates how environmen-
tal factors influence the enhanced performance of a MIMO antenna. The MEG may be
validated by using Equation (4), which is based on the equation proposed in [33]. In this
formula, M represents the total number of ports in the MIMO configuration, and, ηi,rad is the
performance in terms of radiation efficiency of the proposed MIMO configurations. Setting
the mean effective gain to −3dB will maximize diversity performance on all of the device’s
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interfaces. In addition, there should be no more than a 0 dB divergence between the two
ports. The MEG −3dB values for all three modes of operation are shown in Figure 14.
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In cases where more than one port is being utilized, the total active reflection coefficient
(TARC) provides the most precise measurement of radiation performance and frequency
response. This is because TARC is the most trustworthy metric. The mathematical expression
for determining this value is as follows: (total power incident on the item) (the total reflected
power’s square root) (total power incident on the object). Using a metric called the total
active reflection coefficient (TARC), researchers may determine how effective a MIMO
system is at re-directing light. This methodology was developed in the 1990s. This tactic
takes into consideration both the reciprocal coupling that exists on the network as well as
the random pairings of signals that exist on the network. In this example, we see how the
properties of both incident and reflected waves may be described using Equation (5). It
suggests that one way to find out the answer to this question is by solving Equation (6)
using S-parameters [34].

In Figure 15, we can observe the variation in TARC values produced by the two
variants of the suggested MIMO antenna. The performance of the THz band MIMO data
collection has been studied, and it has been determined that it satisfies the requirements of
the planned usage.
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While assessing the GHz antenna’s MIMO performance, it’s also important to take into
account the channel capacity loss (CCL). The greatest data transfer rate that may be achieved
across a given channel without incurring a discernible quality loss is determined by the
channel’s capacity loss. Rates below 0.5 bits/s/Hz are required to show that information
may be sent without corruption using a well-planned MIMO system. The CCL parameter
may be determined with the help of Equations (7)–(9), which can be found in [34]. As can
be seen in Figure 16, this CCL limit has been reached for many bands in both configurations.

Closs = −d e
(
aR) (7)

aR = (ρ11‖‖ρ12ρ21‖‖ρ22) (8)

ρii = 1−
(
|Sii|2 +

∣∣Sij
∣∣2), and ρij = −

(
s∗iiSij + s∗ijSij

)
, where i, j = 1 or 2 (9)

Our analysis involved a comparative table of the radiation element of the antenna be-
tween our computed results and those previously published, such as S parameter isolation,
peak gain, bandwidth, and antenna area. The comparative analysis with other antennas is
shown in Table 5. This comparative analysis shows the derived values of bandwidth, peak
gain, antenna elements, and dimension for simulated and measured results with previously
published data. We have identified that the proposed antenna offers a large bandwidth
with better isolation values over the entire frequency spectrum. The proposed antenna
also offers a large bandwidth conversion of nearly ~70% from 1 to 25 GHz of the range.
The results presented in this manuscript can be applied to the various multiband satellite
communication applications.
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4. Comparison of Massive MIMO Structure with Two Element MIMO Structure

We have identified a few advantages and disadvantages from our previously published
results [9,10,35] and other published structures [36–39]. The advantages of a 1 × 2 MIMO
(multiple-input single-output) structure versus a 2 × 3 MIMO structure (or massive MIMO
structure) in wireless communication systems can be summarized as follows:

Advantages of 1 × 2 MIMO:

• Simplicity: A 1 × 2 MIMO structure involves one transmit antenna and two receive
antennas. It is a relatively simple configuration compared to higher-order MIMO
structures, such as 2 × 3, in terms of hardware complexity, implementation, and cost.

• Lower System Complexity: With fewer antennas involved, a 1 × 2 MIMO system
typically has lower system complexity in terms of signal processing, antenna design,
and RF (radio frequency) front-end requirements. This can result in easier system
design and reduced complexity in terms of implementation and deployment.

• Lower Power Consumption: Due to its lower system complexity, a 1 × 2 MIMO
structure may require less power consumption compared to higher-order MIMO
configurations, which can be beneficial in scenarios where power efficiency is a concern,
such as in battery-powered devices or energy-constrained environments.

Advantages of 2 × 3 MIMO:

• Higher Spatial Diversity: A 2 × 3 MIMO structure provides higher spatial diversity
compared to a 1 × 2 MIMO structure. With two transmit antennas and three receive
antennas, it can leverage multiple spatial paths for communication, leading to im-
proved performance in terms of signal quality, reliability, and robustness against fading
and interference.

• Increased Capacity: A 2 × 3 MIMO system can potentially offer higher capacity
compared to a 1 × 2 MIMO system, as it can support the transmission of more data
streams simultaneously. This can result in higher data rates and increased throughput,
which can be advantageous in high-data-rate communication scenarios.

• Enhanced Performance: With more antennas involved, a 2 × 3 MIMO system can offer
improved performance in terms of link quality, coverage area, and interference mitiga-
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tion. It can provide better signal strength, extended coverage, and increased resilience
against channel impairments, leading to more reliable and robust communication.

• Flexibility in Spatial Multiplexing: A 2 × 3 MIMO system can support higher-order
spatial multiplexing, which refers to the simultaneous transmission of multiple data
streams on the same frequency band. This allows for more flexibility in terms of data
transmission and can enable higher capacity and improved spectral efficiency.

We can identify from the key points above that the advantages of a 1 × 2 MIMO
versus a 2 × 3 MIMO structure depend on the specific requirements of the communication
system and the trade-offs between system complexity, performance, and capacity. While
a 1 × 2 MIMO structure offers simplicity and lower system complexity, a 2 × 3 MIMO
structure provides higher spatial diversity, increased capacity, and enhanced performance.
The choice between the two would depend on the specific application, deployment scenario,
and performance requirements of the wireless communication system.

Table 5. Comparison of the results derived in the proposed antenna and previously published results.

Previously Published Result
Reference

Antenna
Radiation
Elements

S Parameter
Isolation (dB)

Peak Gain
Value (dBi)

Bandwidth of the
Antenna (GHz)

Antenna
Dimension (Area)

This structure (Simulated) 6 ~−19.03 28 10.68 7400 mm2

This structure (Measured) 6 ~−19.68 13.71 6.1 7400 mm2

[36] 2 −21 4 8.6 680 mm2

[37] 4 −22 - 8.03 1750 mm2

[38] 4 −10 2.75 4 2025 mm2

[39] 2 −22 1 7.5 640 mm2

[40] 4 −10 3.1 0.2 5184 mm2

[41] 2 −20 3.5 7.5 4371 mm2

[42] 4 −15.4 1.41 5.8 676 mm2

[43] 4 −11 4 2.24 1600 mm2

[44] 4 −15 3.5 7.5 1600 mm2

[45] 2 −15 5.1 0.6 13,125 mm2

[12] 4 −15 5.5 1.1 16,800 mm2

[46] 4 −21 6.5 8.98 2460 mm2

[47] 4 −17 2.9 8.2 1600 mm2

[48] 4 −13 6.2 2 5625 mm2

[49] 4 −13 6.2 0.5 5624 mm2

5. Conclusions

This manuscript explores the use of a six-element split ring resonator with a circular
patch-shaped multi-input multi-output (MIMO) antenna in the 1 to 25 GHz band and provides
experimental verification of the computational results. Reflectance, gain, directivity, VSWR,
and electric field distribution are only a few of the physical factors that are taken into account
while analyzing MIMO antennas. The proposed antenna offers the multichannel MIMO
antenna values of TARC (<−5 dB), ECC (0 to 0.15), CCL (0–1 bits/s/Hz), MEG (−1 to 1 dB),
and DG (10 dB) for effective communication. The suggested antenna has a return loss of
−19 dB and a gain of−28 dBi, making it suitable for ultra-wideband (10.83 GHz) applications.
The antenna’s lowest return loss is −32.74 dB over its 6.89 GHz bandwidth operational
range of 1.92 to 9.81 GHz. Both the continuous ground patch and the dispersed rectangular
patch properties of the antennas are explored. The proposed antenna can be used for the
multichannel satellite communication application with the C, X, Ku, and K bands.

Author Contributions: Conceptualization, M.A., A.A. and V.S.; methodology, M.A., A.A., V.S. and
K.D.; software, validation, formal analysis, investigation, and writing—original draft preparation,
K.A., V.S. and K.D.; writing—review and editing, V.S.; supervision, A.A.; project administration, M.A.
and A.A.; funding acquisition, A.A. All authors have read and agreed to the published version of
the manuscript.



Micromachines 2023, 14, 874 21 of 22

Funding: This work was funded by the Deanship of Scientific Research at Jouf University under
grant No (DSR2022-NF-13).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available based upon a reasonable request from the corre-
sponding author.

Acknowledgments: Meshari Alsharari would like to thank Wenmiao Shu for his research advising.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Naeem, M.; Coronato, A.; Ullah, Z.; Bashir, S.; Paragliola, G. Optimal User Scheduling in Multi Antenna System Using Multi

Agent Reinforcement Learning. Sensors 2022, 22, 8278. [CrossRef] [PubMed]
2. BharathiDevi, B.; Kumar, J. Small frequency range discrete bandwidth tunable multiband MIMO antenna for radio/LTE/ISM-2.4 GHz

band applications. AEU—Int. J. Electron. Commun. 2021, 144, 154060. [CrossRef]
3. Shafi, M.; Molisch, A.F.; Smith, P.J.; Haustein, T.; Zhu, P.; De Silva, P.; Tufvesson, F.; Benjebbour, A.; Wunder, G. 5G: A tutorial

overview of standards, trials, challenges, deployment, and practice. IEEE J. Sel. Areas Commun. 2017, 35, 1201–1221. [CrossRef]
4. Noghanian, S. Dual-Band Wearable MIMO Antenna for WiFi Sensing Applications. Sensors 2022, 22, 9257. [CrossRef]
5. Ho, K.-P.; Kahn, J.M. Linear Propagation effects in mode-division multiplexing systems. J. Light. Technol. 2013, 32, 614–628.

[CrossRef]
6. Sun, D.; Xi, Y.; Yaqot, A.; Hellbrück, H.; Wu, H. Throughput Maximization Using Deep Complex Networks for Industrial Internet

of Things. Sensors 2023, 23, 951. [CrossRef]
7. Armghan, A.; Aliqab, K.; Sorathiya, V.; Alenezi, F.; Alsharari, M.; Ali, F. Design and Fabrication of the Split Ring Resonator

Shaped Two-Element MIMO Antenna with Multiple-Band Operation for WiMAX/5G/Zigbee/Wi-Fi Applications. Micromachines
2022, 13, 2161. [CrossRef]

8. Sun, B.; Wang, L.-L.; Wang, L.; Zhai, X.; Li, X.-F.; Liu, J.-Q. Improved extraordinary optical transmission though single nano-slit
by nano-defocusing. Opt. Laser Technol. 2013, 54, 214–218. [CrossRef]

9. Almawgani, A.H.M.; Sorathiya, V. Rectangular strip engraved circular patch and connected corrugated stub-based MIMO
antenna for Wi-Fi/5G/WiMAX/satellite communication applications. Appl. Phys. A 2023, 129, 200. [CrossRef]

10. Sorathiya, V.; Alharbi, A.G.; Lavadiya, S. Design and investigation of unique shaped low-Profile material-based superlative
two-element printed ultrawideband MIMO antenna for Zigbee/WiFi/5G/WiMAX applications. Alex. Eng. J. 2023, 64, 813–831.
[CrossRef]

11. Phon, R.; Ghosh, S.; Lim, S. Active frequency selective surface to switch between absorption and transmission band with
additional frequency tuning capability. IEEE Trans. Antennas Propag. 2019, 67, 6059–6067. [CrossRef]

12. MoradiKordalivand, A.; Rahman, T.A.; Khalily, M. Common Elements Wideband MIMO Antenna System for WiFi/LTE Access-
Point Applications. IEEE Antennas Wirel. Propag. Lett. 2014, 13, 1601–1604. [CrossRef]

13. Ying, Z. Antennas in cellular phones for mobile communications. Proc. IEEE 2012, 100, 2286–2296. [CrossRef]
14. Kumar, P.; Ali, T.; Mm, M.P. Characteristic Mode Analysis-Based Compact Dual Band-Notched UWB MIMO Antenna Loaded

with Neutralization Line. Micromachines 2022, 13, 1599. [CrossRef]
15. Schelkunoff, S.A.; Friis, H.T.; Twersky, V. Antennas: Theory and Practice; Wiley: New York, NY, USA, 1953; Volume 6, p. 16.

[CrossRef]
16. Kolangiammal, S.; Balaji, L.; Mahdal, M. Design of Compact Planar Monopole UWB MIMO Antenna with Four Orthogonal

Elements and Tapered Fed Configuration for Wireless Diversity Applications. Electronics 2022, 11, 3087. [CrossRef]
17. Singhal, S. Four element ultra-wideband fractal multiple-input multiple-output antenna. Microw. Opt. Technol. Lett. 2019, 61,

2811–2818. [CrossRef]
18. Gharode, D.; Nella, A.; Rajagopal, M. State-of-art design aspects of wearable, mobile, and flexible antennas for modern

communication wireless systems. Int. J. Commun. Syst. 2021, 34, e4934. [CrossRef]
19. Singh, G.; Kumar, S.; Abrol, A.; Kanaujia, B.K.; Pandey, V.K.; Marey, M.; Mostafa, H. Frequency Reconfigurable Quad-Element

MIMO Antenna with Improved Isolation for 5G Systems. Electronics 2023, 12, 796. [CrossRef]
20. Liu, L.; Cheung, S.W.; Yuk, T.I. Compact MIMO Antenna for Portable UWB Applications With Band-Notched Characteristic.

IEEE Trans. Antennas Propag. 2015, 63, 1917–1924. [CrossRef]
21. Hussain, R.; Aljaloud, K.; Rao, A.S.; AlGarni, A.M.; Alqahtani, A.H.; Aziz, A.; Aladadi, Y.T.; Alhuwaimel, S.I.; Hussain, N.

Miniaturized Folded-Slot CubeSat MIMO Antenna Design with Pattern Diversity. Sensors 2022, 22, 7855. [CrossRef]
22. Raheja, D.K.; Kumar, S.; Chakrabartty, S.; Kanaujia, B.K. Design and Development of a Triple-Band Multiple-Input–Multiple-

Output Antenna for Sensing Applications. Micromachines 2022, 13, 2240. [CrossRef]
23. Cai, J.; Zhang, J.; Xi, S.; Huang, J.; Liu, G. A Wideband Eight-Element Antenna with High Isolation for 5G New-Radio Applications.

Appl. Sci. 2022, 13, 137. [CrossRef]

https://doi.org/10.3390/s22218278
https://www.ncbi.nlm.nih.gov/pubmed/36365975
https://doi.org/10.1016/j.aeue.2021.154060
https://doi.org/10.1109/JSAC.2017.2692307
https://doi.org/10.3390/s22239257
https://doi.org/10.1109/JLT.2013.2283797
https://doi.org/10.3390/s23020951
https://doi.org/10.3390/mi13122161
https://doi.org/10.1016/j.optlastec.2013.05.006
https://doi.org/10.1007/s00339-023-06489-1
https://doi.org/10.1016/j.aej.2022.10.051
https://doi.org/10.1109/TAP.2019.2916752
https://doi.org/10.1109/LAWP.2014.2347897
https://doi.org/10.1109/JPROC.2012.2186214
https://doi.org/10.3390/mi13101599
https://doi.org/10.1063/1.3061014
https://doi.org/10.3390/electronics11193087
https://doi.org/10.1002/mop.31980
https://doi.org/10.1002/dac.4934
https://doi.org/10.3390/electronics12040796
https://doi.org/10.1109/TAP.2015.2406892
https://doi.org/10.3390/s22207855
https://doi.org/10.3390/mi13122240
https://doi.org/10.3390/app13010137


Micromachines 2023, 14, 874 22 of 22

24. Sharma, P.; Tiwari, R.N.; Singh, P.; Kumar, P.; Kanaujia, B.K. MIMO Antennas: Design Approaches, Techniques and Applications.
Sensors 2022, 22, 7813. [CrossRef] [PubMed]

25. Li, Q.; Wan, C.; Wu, G. Compact Wideband Self-Decoupled MIMO Antenna for 5G Communications. Micromachines 2022, 13, 2180.
[CrossRef]

26. Villalonga, D.A.U.; OdetAlla, H.; García, M.J.F.-G.; Flizikowski, A. Spectral Efficiency of Precoded 5G-NR in Single and Multi-
User Scenarios under Imperfect Channel Knowledge: A Comprehensive Guide for Implementation. Electronics 2022, 11, 4237.
[CrossRef]

27. Tripathi, S.; Mohan, A.; Yadav, S. A Compact Koch Fractal UWB MIMO Antenna with WLAN Band-Rejection. IEEE Antennas
Wirel. Propag. Lett. 2015, 14, 1565–1568. [CrossRef]

28. Lin, J.-J.; Tsai, Y.-D. Flexible Low-Loss Thin Flimsy Stripline for High-Speed Connections. Micromachines 2022, 13, 2218. [CrossRef]
29. Liu, Y.; Dong, N.; Zhang, X.; Zhao, X.; Zhang, Y.; Qiu, T. DOA Estimation for Massive MIMO Systems with Unknown Mutual

Coupling Based on Block Sparse Bayesian Learning. Sensors 2022, 22, 8634. [CrossRef]
30. Sree, G.N.J.; Nelaturi, S. Design and experimental verification of fractal based MIMO antenna for lower sub 6-GHz 5G applications.

AEU—Int. J. Electron. Commun. 2021, 137, 153797. [CrossRef]
31. Wasim, M.; Khera, S.; Malik, P.K.; Kumari, S.V.; Das, S.; El-Shafai, W.; Aly, M.H. Base Station MIMO Antenna in 1 × 6 Array

Configurations with Reflector Design for Sub-6 GHz 5G Applications. Electronics 2023, 12, 669. [CrossRef]
32. Babu, K.V.; Anuradha, B.; Das, S. Design & analysis of a dual-band MIMO antenna to reduce the mutual coupling. J. Instrum.

2019, 14, P09023. [CrossRef]
33. Nasir, J.; Jamaluddin, M.H.; Khalily, M.; Kamarudin, M.R.; Ullah, I.; Selvaraju, R. A reduced size dual port MIMO DRA with high

isolation for 4G applications. Int. J. RF Microw. Comput. Eng. 2014, 25, 495–501. [CrossRef]
34. Sharawi, M.S. Printed Multi-Band MIMO Antenna systems and their performance metrics [wireless corner]. IEEE Antennas

Propag. Mag. 2013, 55, 218–232. [CrossRef]
35. Alharbi, A.G.; Sorathiya, V. Ultra-Wideband Graphene-Based Micro-Sized Circular Patch-Shaped Yagi-like MIMO Antenna for

Terahertz Wireless Communication. Electronics 2022, 11, 1305. [CrossRef]
36. Hatami, N.; Nourinia, J.; Ghoabdi, C.; Majidzadeh, M.; Azarm, B. High inter-element isolation and WLAN filtering mechanism:

A compact MIMO antenna scheme. AEU—Int. J. Electron. Commun. 2019, 109, 43–54. [CrossRef]
37. Chithradevi, R.; Sreeja, B. A compat UWB MIMO antenna with high isolation and low correlation for wireless applications. In

Proceedings of the 2017 IEEE International Conference on Antenna Innovations & Modern Technologies for Ground, Aircraft and
Satellite Applications (iAIM), Bangalore, India, 24–26 November 2017; IEEE: Piscataway, NJ, USA, 2017; pp. 1–4.

38. Anitha, R.; Vinesh, P.V.; Prakash, K.C.; Mohanan, P.; Vasudevan, K. A Compact Quad Element Slotted Ground Wideband Antenna
for MIMO Applications. IEEE Trans. Antennas Propag. 2016, 64, 4550–4553. [CrossRef]

39. Azarm, B.; Nourinia, J.; Ghobadi, C.; Majidzadeh, M. Highly isolated dual band stop two-element UWB MIMO antenna topology
for wireless communication applications. J. Instrum. 2019, 14, P10036. [CrossRef]

40. Chouhan, S.; Panda, D.K.; Kushwah, V.S. Modified circular common element four-port multiple-input-multiple-output antenna
using diagonal parasitic element. Int. J. RF Microw. Comput. Eng. 2018, 29, e21527. [CrossRef]

41. Radhi, A.H.; Nilavalan, R.; Wang, Y.; Al-Raweshidy, H.S.; Eltokhy, A.A.; Ab Aziz, N. Mutual coupling reduction with a wideband
planar decoupling structure for UWB–MIMO antennas. Int. J. Microw. Wirel. Technol. 2018, 10, 1143–1154. [CrossRef]

42. Pandit, S.; Mohan, A.; Ray, P. A compact four-element MIMO antenna for WLAN applications. Microw. Opt. Technol. Lett. 2018,
60, 289–295. [CrossRef]

43. Sarkar, D.; Srivastava, K.V. A compact four-element MIMO/diversity antenna with enhanced bandwidth. IEEE Antennas Wirel.
Propag. Lett. 2017, 16, 2469–2472. [CrossRef]

44. Khan, A.A.; Naqvi, S.A.; Khan, M.S.; Ijaz, B. Quad port miniaturized MIMO antenna for UWB 11 GHz and 13 GHz frequency
bands. AEU—Int. J. Electron. Commun. 2021, 131, 153618. [CrossRef]

45. Moradikordalivand, A.; Leow, C.Y.; Rahman, T.A.; Ebrahimi, S.; Chua, T.H. Wideband MIMO antenna system with dual
polarization for WiFi and LTE applications. Int. J. Microw. Wirel. Technol. 2015, 8, 643–650. [CrossRef]

46. Liu, X.-L.; Wang, Z.-D.; Yin, Y.-Z.; Ren, J.; Wu, J.-J. A compact ultrawideband MIMO antenna using QSCA for high isolation. IEEE
Antennas Wirel. Propag. Lett. 2014, 13, 1497–1500. [CrossRef]

47. Rajkumar, S.; Amala, A.A.; Selvan, K. Isolation improvement of UWB MIMO antenna utilising molecule fractal structure. Electron.
Lett. 2019, 55, 576–579. [CrossRef]

48. Chouhan, S.; Malviya, L. Four-port shared rectangular radiator with defected ground for wireless application. Int. J. Commun.
Syst. 2020, 33, e4356. [CrossRef]

49. Malviya, L.; Chouhan, S. Multi-cut four-port shared radiator with stepped ground and diversity effects for WLAN application.
Int. J. Microw. Wirel. Technol. 2019, 11, 1044–1053. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/s22207813
https://www.ncbi.nlm.nih.gov/pubmed/36298163
https://doi.org/10.3390/mi13122180
https://doi.org/10.3390/electronics11244237
https://doi.org/10.1109/LAWP.2015.2412659
https://doi.org/10.3390/mi13122218
https://doi.org/10.3390/s22228634
https://doi.org/10.1016/j.aeue.2021.153797
https://doi.org/10.3390/electronics12030669
https://doi.org/10.1088/1748-0221/14/09/p09023
https://doi.org/10.1002/mmce.20884
https://doi.org/10.1109/MAP.2013.6735522
https://doi.org/10.3390/electronics11091305
https://doi.org/10.1016/j.aeue.2019.07.001
https://doi.org/10.1109/TAP.2016.2593932
https://doi.org/10.1088/1748-0221/14/10/P10036
https://doi.org/10.1002/mmce.21527
https://doi.org/10.1017/S1759078718001010
https://doi.org/10.1002/mop.30961
https://doi.org/10.1109/LAWP.2017.2724439
https://doi.org/10.1016/j.aeue.2021.153618
https://doi.org/10.1017/S175907871500032X
https://doi.org/10.1109/LAWP.2014.2340395
https://doi.org/10.1049/el.2019.0592
https://doi.org/10.1002/dac.4356
https://doi.org/10.1017/S1759078719000680

	Introduction 
	Design of the Six-Element MIMO Antenna Structure 
	MIMO Antenna Parameters 
	Comparison of Massive MIMO Structure with Two Element MIMO Structure 
	Conclusions 
	References

