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Abstract
This paper proposes a wideband four-element multiple-input multiple-output (MIMO)
antenna operating in the millimeter-wave frequency band for 5G communications from
24.37–39.44 and 45.09–50.62 GHz. The antenna design has been realized using Rogers 5880
substrate and consists of a T-shaped strip that is attached to the top of a 50 Ω feeding line.
Two microstrip lines are affixed at the terminal points of T-shaped strip and bent toward the
feeding structure. These bent strip lines are then extended by joining two additional L-shaped
microstrip lines. On the back, there is a partial defective ground plane featuring a rectangular
slot and a thin strip line located at its center. The dimensions of the proposed single element
and MIMO antenna are 0.933λ × 0.933λ × 0.024λ and 1.865λ × 1.865λ × 0.024λ, respectively
(at 28 GHz), while the edge-to-edge distance between the radiation elements of the MIMO
antenna is 4.0 mm. The design incorporates an efficient passive fan-shaped decoupling struc-
ture to decrease coupling between antenna elements. Simulations and experimental results
show good agreement with each other. For all resonant frequencies the measured peak gain
is greater than 4.85 dBi, radiation efficiency is over 90%, diversity gain is greater than 9.5,
ECC is less than 0.025, TARC is less than -10 dB and CCL is below 0.4 bits/s/Hz. The pro-
posed MIMO antenna, with its wide bandwidth, high gain, high inter-port isolation, and high
efficiency characteristics, can be used for 5G wireless communication applications.

Introduction

In recent years, extensive research has been conducted on 5G wireless communication with the
aim of achieving higher data rates and wider bandwidth [1, 2].This technology offers numerous
advantages, including increased consistency, reduced latency, and the ability to create smaller
wireless devices [3, 4]. To support the implementation of 5G, the Federal Communications
Commission (FCC) has designated specific frequency bands ranging from 3 to 300 GHz, which
researchers have classified into two categories: sub-6 GHz (<6 GHz) and millimeter wave
(mmWave) band (>24 GHz) [5–7]. Designing antennas for 5G mmWave communications
requires careful consideration of various factors, including impedance bandwidth, antenna
gain, radiation pattern, antenna size, and challenges such as atmospheric attenuation, all of
which increase the complexity of the design process [8, 9]. Additionally, to achieve high
channel capacity, the antenna system integrates with multiple-input multiple-output (MIMO)
technology, which significantly enhances communication system performance [10]. However,
achieving effective performance and low correlation values necessitates strong isolation between
antenna elements and a compact size [11, 12]. Several designmethodologies can be employed to
address this issue, including the use of defective ground structures (DGS), decoupling networks,
neutralization lines, pattern diversity, and polarization diversity [13, 14].

Several antenna designs have been developed for 5G mmWave applications, offering
improved radiation performance and dual-band capabilities. A mmWave MIMO antenna
is introduced in [15]. The antenna exhibits dual-band and wide bandwidth characteris-
tics, achieved by incorporating microstrip stubs onto the radiator. To mitigate the issue
of high mutual, inter-element coupling in the MIMO antenna, a decoupling structure
is positioned at the centre of the substrate. In paper [16], a compact planar MIMO
antenna designed for 5G mmWave applications is presented. The antenna elements are con-
structed with four strategically placed slits, aimed at enhancing the impedance bandwidth.
Additionally, a plus-shaped decoupling structure is implemented between the four elements
of the MIMO antenna, effectively improving isolation by up to −30 dB. A dual-band MIMO
antenna, which operates within the 28 and 38 GHz mmWave frequency ranges, is presented
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Figure 1. Single-element antenna (a) design steps, and (b) reflection coefficient |S11| (dB).

Figure 2. Proposed design of single-element antenna.
(a) Top view, and (b) bottom view.

in paper [17]. The design consists of a solitary component, com-
prised of a square radiating element with spherical and semispher-
ical slits that enable its dual-band operation. High isolation was
achieved by designing a plus-shaped ground structure. In paper

Table 1. Dimensions of the proposed dual-band antenna (All values are
in “mm”)

Parameter L1 W1 L2 W2 L3 L4 W4

Value 3.75 0.70 0.75 1.14 2.05 2.05 0.25

Parameter L5 W5 L6 W6 L7 W7 SL1

Value 0.40 2.35 0.25 0.77 0.50 0.50 1.50

Parameter SW1 SL2 SW2 GL1 GW1 LS1 WS1

Value 1.50 0.50 0.50 5.0 10.0 10.0 10.0

Parameter IL1 IW1 IL2 IW2 D1 LS2 WS2

Value 0.25 4.25 1.50 1.50 1.0 20.0 20.0

[18], a MIMO antenna designed for 5G applications at a frequency
of 28 GHz is presented. The desired impedance bandwidth is
achieved through the design of five circular rings and a partial
ground plane, which features a semicircle at its central location on
the topside. To achieve high isolation, the radiating elements are
arranged in an orthogonal orientation. In paper [19], a dual-band
MIMO antenna operating at 25 and 34 GHz is presented, achiev-
ing approximately 85% transparency by combining AgHT-8 and
Plexiglas materials. The antenna’s geometry enables dual-band
operation, with AgHT-8 used to create the transparent conduc-
tive patch and ground, while Plexiglas serves as the substrate.
In paper [20], the authors presented a four-element tree-shaped
patch antenna designed to operate within the frequency range of
23–40 GHz. The single radiating element comprises four arcs of
varying sizes, which contribute to a wide impedance bandwidth
and frequency tuning capability. The orthogonal arrangement of
antenna elements provides high isolation. AMIMO antenna oper-
ating at 28 GHz frequency band is presented in paper [21]. The
antenna’s ground plane is trimmed to enhance gain, while an addi-
tional semicircular ring is incorporated into the upper portion of
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Figure 3. Parametric analysis of single-element antenna. (a) Optimization of Parameter W5 (b) Optimization of Parameter L5 (c) Optimization of Parameter L7 (d)
Optimization of Parameter W7 (e) Optimization of Parameter L2 and (f) Optimization of Parameter W2.

the ground plane to improve impedance bandwidth. Moreover,
the radiating elements are strategically arranged in an orthogonal
configuration to achieve high isolation. Mutual coupling between
the inter-elements of a MIMO antenna can present a significant

challenge, particularly in the context of 5G bands. Addressing this
issue [18] introduces a technique to suppress inter-element cou-
pling by positioning them in orthogonal orientation to minimize
mutual coupling.The utilization of meta surface-based decoupling
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structure is also employed in paper [22]. The decoupling structure
is inserted between the radiating elements of aMIMOantennawith
the purpose of blocking surface current waves induced over the
antenna and reducingmutual coupling.The literature encompasses
a multitude of techniques [23, 24] that offer outstanding methods
for enhancing isolation between the radiating elements of MIMO
antennas.

There has been a focus in the literature on designing com-
pact, high-isolationMIMO antenna systems. However, there is still
a need for research on wide impedance bandwidth. In this con-
text, this paper proposes a four-element compact MIMO antenna
system that combines wide impedance bandwidth with high isola-
tion characteristics. The proposed design not only emphasizes the
compactness of the patch but also aims to achieve significant band-
width, enhanced gain, and isolation of less than −20 dB. This is
accomplished through a careful consideration of the MIMO con-
figuration, radiating elements, and a passive decoupling structure.
These design features contribute to the desired bandwidth charac-
teristics, high gain, and isolation performance.

Single-element design methodology

Thedesign of the proposed single element startedwith the selection
of Rogers RT/Duroid 5880 (tan(𝛿) = 0.0009, 𝜀r = 2.2) substrate
with a thickness of 0.25 mm and copper thickness of 0.035 mm.
Simulations were carried out using CST microwave studio 2020.
A 50 Ω microstrip line was designed to feed the radiator.

The modeling process of the proposed antenna commenced
with the integration of a T-shaped strip onto the 50 Ω feeding line,
to which two microstrip lines were affixed at their terminal points
and bent toward the feeding structure. Additionally, a DGS was
designed on the bottom side of the substrate. The bent technique
helps to achieve wide impedance bandwidth characteristics. At this
stage, the antenna operates in the 24.8–37.3 GHz frequency bands,
as shown in step 1 of Fig. 1. In step 2, two strip lines were added
to the bent strips near their bottom ends, and another strip line
was added to the partial ground plane to introduce a dual-band
feature. In order to realize the intended design, two square-shaped
elements were affixed to the remote extremities of the strip lines on

the radiating element, and a rectangular opening was etched into
the ground structure. The feeding structure was also tailored by
adding a rectangular strip at its center to improve the impedance
matching of these two frequency bands shown in step 3 of Fig. 1.

Theproposed antenna layout offers two advantages in its design.
First, the utilization of bent strip lines toward the T-shaped struc-
ture allows for a wider bandwidth within the desired frequency
range. Second, the inclusion of two square-shaped strip lines
affixed to the remote extremities of the bent strip lines on the
radiating element introduces an additional frequency band near
48 GHz. The partial ground plane designed on the bottom side of
the substrate provides improved isolation between the antenna ele-
ments and enhances impedance matching. These benefits result in
awider bandwidth, as discussed in the literature [24].Theproposed
partial ground plane incorporates a square-shaped slot located at
the top center, and a thinmicrostrip line has been added at the bot-
tom center of the slot, as shown in Fig. 1.Thesemodifications serve
to increase the antenna’s bandwidth. The proposed antenna has a
compact size making it suitable for use in 5G devices operating in
mmWave frequency ranges. The simulated reflection coefficients
|S11| were less than −10 dB in the frequency ranges of 24.04–39.56
and 44.48–50.8 GHz. The proposed single-band antenna is shown
in Fig. 2(a) and (b) with dimensions of 10 × 10 × 0.254 mm3 as
mentioned in Table 1.

Parametric analysis of single-element antenna

The physical dimensions of the proposed antenna were optimized
through a parametric analysis. During this process, various param-
eters of the single-element antenna were adjusted to observe their
behavior and optimize the antenna design. The parameter W5
represents the width of the top strip line in the T-shaped structure
placed on top of the feeding line.This parameter plays a crucial role
in the antenna’s radiation, as shown in Fig. 3(a). During the tuning
process, it was observed that the resonant frequencies could eas-
ily be shifted between 32–35 GHz and 47–48.4 GHz, resulting in
changes in both bandwidth and return loss. As the value of W5
decreases from 3.1 to 2.35 mm, the return losses improve for both
resonant frequencies. Furthermore, decreasing the W5 parameter

Figure 4. Study of the radiation properties of the single-element antenna. (a) Gain and (b) Radiation efficiency.
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Figure 5. Fabricated model of proposed single element antenna. (a) Front view, (b) Back view, (c) Antenna front with connector, and (d) Antenna back with connector.

also increases the bandwidth of the second resonant frequency.
After careful optimization,W5 was set to 2.35mm,which provided
optimum results for return loss and bandwidth. The parameter L5
corresponds to the length of the same strip line, which plays a
role in controlling the bandwidth of the first frequency band and
frequency shifting of the second frequency band. Additionally, it
helps decrease the return loss of both resonant frequencies. L5 was
adjusted within the range of 0.4–0.7mm to achieve the desired res-
onant frequencies with improved reflection coefficient. Ultimately,
L5 was set to 0.4mm, resulting in thewidest bandwidth of nearly 15
GHz in the first frequency band and the least reflection coefficient
of −35 dB at 48.4 GHz, as illustrated in Fig. 3(b). The parameter
L7 represents the length of the two square-shaped patches attached
to the remote ends of the bent strip lines in the radiating element.
It was observed that by tuning the length of these square-shaped
patches, L7 affects the resonant frequency and bandwidth of the
first frequency band, as well as the return loss of the second fre-
quency band. Optimal results were obtained at L7 = 0.5mm,where

the return losses of the first frequency band were minimized, and
its bandwidth was improved. Additionally, a wide bandwidth of
5.6 GHz was achieved at the 48 GHz frequency band, as shown
in Fig. 3(c).Thewidth of this square-shaped strip was also adjusted
within the range of 0.2–0.5 mm, and its response is depicted
in Fig. 3(d), illustrating the frequency shifting and improvement
in the reflection coefficient of both frequency bands. After multi-
ple iterations, the desired resonant frequencies were achieved by
setting W7 to 0.5 mm. The above-mentioned parameters, namely
W5, L5, L7, andW7, primarily contribute to the coarse tuning of the
dual-band frequencies, as previously mentioned. For the fine tun-
ing of the single-element antenna, the parameter L2 was adjusted
within the range of 0.15–0.75 mm, as shown in Fig. 3(e). This
parameter enabled careful control of the frequency range of the
dual band. After optimization, it was observed that the desired fre-
quency ranges of the dual-band (24.3–39.4 and 45.0–50.6) were
achieved when L2 was set to 0.75 mm. Additionally, the width
W2 of the same strip line was adjusted between the values of

https://doi.org/10.1017/S175907872300106X Published online by Cambridge University Press

https://doi.org/10.1017/S175907872300106X


6 Ali et al.

Figure 6. Comparison of simulation and experimental results of
single-element antenna.

Figure 7. Proposed design of four-element antenna. (a) MIMO antenna without decoupling structure, and (b) Isolation characteristics without decoupling structure.

1.14–1.44 mm and carefully optimized to W2 = 1.14 mm for
the desired dual-band frequency range. This adjustment ensured a
perfect impedance match between the 50 Ω port and the radiating
structure, as illustrated in Fig. 3(f).

During the parametric analysis of the aforementioned param-
eters (W5, L5, L7, W7, L2, and W2), the gain and radiation effi-
ciency of the single-element antenna were evaluated, as illustrated
in Fig. 4(a) and (b). The gain of the single-element antenna varied
between 3 and 4.5 dBi as the parameters were adjusted. Within the
frequency range of 24.3–39.4GHz, the antenna’s gain remained rel-
atively stable.However, in the frequency range of 45.09–50.62GHz,
the maximum gain observed was 4.5 dBi, achieved when L7 was
set to 0.3 mm. Similarly, the radiation efficiency remained above
94%and 90% for the first and second frequency bands, respectively,

during the adjustment of the parameters. This ensured that the
selected values ofW5, L5, L7,W7, L2, andW2were optimal not only
for return loss, bandwidth, and gain but also for achieving high
radiation efficiency. The radiation efficiency of the single-element
antenna ranged between 89% and 98.4%. The parametric analysis
indicated that the proposed parameter values yielded high gain and
radiation efficiency, as depicted in Fig. 4(a) and (b), respectively.

Measured results of single-element antenna

The single-element antenna was fabricated on Rogers RT/Duroid
5880 material, with a 2.4 mm end-launch connector attached to
the antenna port, as presented in Fig. 5(a–d). It was tested at the
Radio Frequency Testing Laboratory, located at Yildiz Technical
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Figure 8. Surface current density (A/m) of the proposed MIMO four-element antenna at 28.5GHz. (a) ANT-1 without decoupling structure, (b) ANT-2 without decoupling
structure, (c) ANT-1 with decoupling structure, and (d) ANT-2 with decoupling structure.

University (Yildiz Teknik Universitesi) in Yildiz, Istanbul, Turkey.
The results obtained through simulation are in substantial concur-
rence with the measurements. Figure 6 illustrates the experimental
and simulated reflection coefficients |S11| (dB) of the designed sin-
gle element antenna. The impedance bandwidth of the dual-band
(24.37–39.44 and 45.09–50.62 GHz) is below −10 dB.

MIMO antenna design

The four-element MIMO antenna was designed using the funda-
mentalmodel of a single-element antenna, as presented in Fig. 7(a).
Numerous research papers in the literature emphasize the signif-
icance of antenna element placement and orientation in MIMO
configurations [15, 16].These papers validate, through simulations
and measurements, that the optimal orientation for antenna ele-
ment placement is orthogonal. This arrangement minimizes sub-
strate space coverage and reduces mutual coupling between closely
positioned antenna elements. Alternative orientations can result

in higher mutual coupling or increased substrate coverage. In the
proposed design, the antennas were placed in orthogonal symme-
try, as shown in Fig. 7(a).The isolation at 25.5–32.5 GHz remained
greater than −20 dB as presented in Fig. 7(b). To address this issue,
a decoupling structure was introduced.

Design of the decoupling structure

The decoupling structure was designed by studying the surface
current density at 28.5 GHz to identify the coupling of current
between the antenna elements, as illustrated in Fig. 8. As shown
in Fig. 8(a) and (b), weak coupling was observed between the
diagonal antennas (ANT 1–3 and ANT 2–4). In order to miti-
gate this issue, a fan-shaped decoupling structure was integrated
between the four elements of the MIMO antenna. The design of
the decoupling structure begins by placing one thin strip arm, on
the substrate’s top side, between each of the radiating elements
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Figure 9. MIMO antenna structure. (a) Placement of a decoupling structure between the four-element antenna, and (b) Isolation characteristics after addition of the
decoupling structure.

Figure 10. Geometrical dimensions of the four-element antenna.

of MIMO antenna. Each of these strip arms will help to block
the surface waves which are induced over the nearby radiating
antenna. Finally, a square-shaped patch is placed at the center of
the substrate to join these four strip arms. Such decoupling struc-
tures are available in the literature [15, 22] which confirms that
higher isolation between the antenna elements can be achieved
by careful placement of microstrip lines between the antenna

elements of any MIMO configuration. This design aids in reduc-
ing the current coupling between the diagonal antenna elements,
specifically in the frequency band of 25.5–32.5 GHz, as demon-
strated in Fig. 8(c–d). Consequently, this results in substantial
isolation improvement, with values less than −20 dB, as displayed
in Fig. 9(b). Figure 10 shows the geometrical dimensions of the
proposed MIMO four-element antenna.

Surface current distribution

The performance of the proposed antenna model was assessed
through simulation of the distribution of surface currents at the
resonant frequencies on Port 1, as depicted in Fig. 11. This helps
visualize the active element participating in radiation. The dual-
band operation is achieved through two different parts of the
modeled antenna. When antenna 1 is excited, the maximum cur-
rent density can be observed around it, as shown in Fig. 11(a–d).
For the 24.37–39.44 GHz frequency band, the maximum current
concentration is seen on the strip line on top of the feedline, as
well as the two microstrip lines bent toward the feeding structure,
as shown in Fig. 11(a–b). For the 45.09–50.62 GHz band, the max-
imum current density is seen on the T-shaped line attached to the
feeding structure and the two L-shaped structures, as shown in
Fig. 11(c–d). It is observed that the rectangular slot on the ground
structure performs excellently in terms of current distribution.The
fan-shaped decoupling structure has a substantial impact on the
current coupling between the antenna elements, particularly in the
frequency band ranging from 25.5G to 32.5GHz.

Gain comparison of simulated MIMO antenna

Figure 12 compares the gain of the proposed antenna with and
without the decoupler, as determined by simulation. The results
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Figure 11. Surface current density of the MIMO four-element antenna at resonant frequencies. (a) 26 GHz, (b) 29.5 GHz, (c) 47 GHz, and (d) 49 GHz.

demonstrate that the decoupling structure reduces the gain values
at lower frequencies, specifically in the range of 24.37–36.60 GHz.
However, at higher frequencies, within the range of 36.70–39.44
and 45.09–50.62 GHz, the decoupling structure enhances the gain
values.

Results and discussions

Fabricated four-element MIMO antenna

The proposed 4 × 4 MIMO antenna was fabricated, and 2.4 mm
end launch connectorswere attached to the antenna ports as shown
in Fig. 13. Finally, measurements were conducted to compare and
verify its performance.

Scattering parameters

The transmission and reflection coefficients of the proposed
antenna are evaluated using a vector network analyzer (VNA).

For testing purposes, the VNA is attached to the first antenna,
while the remaining antenna ports are terminated by 50 Ω
terminators. The simulated and laboratory-measured data are
compared in Fig. 14(a), and it can be seen that the simulated and
laboratory-measured reflection coefficient |S11| (dB) show good
similarity. The reflection coefficient |S33| (dB) of antenna 3 is also
measured in a similar manner and compared with its simulated
results. The dual-band (24.37–39.44 GHz and 45.09–50.62 GHz)
reflection coefficients are less than −10 dB, and themeasured band-
widths are 15.07 and 5.53 GHz for the first and second bands,
respectively. Antennas 2 and 4 show similar results.

To test the transmission coefficients (|S21|, |S31|, |S41|, |S32|, |S42|,
and |S43|), the VNA was connected to the two ports of the fab-
ricated antenna while the remaining two ports were terminated
with 50 Ω terminators. Figure 14(b) compares the simulated and
measured transmission coefficients, showing that the decoupling
structure has improved the isolation between the various ports of
the MIMO system.
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Figure 12. Gain comparison of simulated MIMO antenna.

The comparison between simulation results and laboratory-
measured data with regard to transmission and reflection
coefficients is depicted. It is evident that both simulation and
measurement exhibit a high degree of consistency. Minor dis-
crepancies between the simulated results and the measured data
in Fig. 14(a) and (b) are due to tolerances in the fabrication and
measurement setup [25].

Radiation patterns

The radiation patterns were measured in an anechoic chamber
with dimensions of 9 × 5 × 5 m3. During this process, the first
antenna port is excited, and the remaining ports are terminated
using 50 Ω terminators. The radiation patterns of the proposed
antenna, as obtained through both measurement and simulation,
are illustrated in Fig. 15. For the 26 GHz frequency, the measured
peak gain of 4.85 dBi occurs at 0∘, while the lowest gain of −13.48
dBi occurs at 103∘, as shown in Fig. 15(a). During the measure-
ment of the 29.5GHz frequency band, the highest gain of 5.5 dBi
occurs at 20∘ and the lowest gain of −11.05 dBi is observed at
265∘, as shown in Fig. 15(c). For 45.1 GHz, the maximum gain
of 6.9 dBi is seen at 15∘, while the minimum gain of −8.8 dBi is
observed at 270∘, as shown in Fig. 15(e).The radiation characteris-
tics were measured at Radio Frequency Testing Laboratory, Yildiz
Technical University (Yildiz Teknik Universitesi), Yildiz, Istanbul,
Turkey.

Gain and radiation efficiency

This section evaluates the radiation performance of the fabricated
4 × 4 MIMO antenna. The gain is measured using the substi-
tution method, in which a calibrated laboratory antenna is con-
nected to a source that transmits a signal with a frequency sweep
from 26 to 29.5 GHz. The developed antenna under test receives
the transmitted signals, and the path loss is normalized to 0 dB
to provide the actual gain. The gains obtained from simulation
and measurement are presented in Fig. 16(a) and exhibit a high
degree of concurrence. For the frequency range of 26–29.5 GHz,
the highest measured gain is 5.5 dBi at 29.5 GHz, while for the

45.09–46 GHz frequency range, the peak measured gain is 6.9 dBi
at 45.1 GHz.

The antenna’s efficiency is evaluated within an anechoic cham-
ber, where controlled power input is applied to Port 1 of the
antenna. The resulting strength of the radiated electromagnetic
field in the surrounding space is meticulously measured through
a precisely calibrated measurement setup, facilitated by dedicated
software [17]. A comparison between its measured values and
simulated results, as depicted in Fig. 16(b), reveals the antenna’s
remarkable radiation efficiency, consistently exceeding 90% across
the operational frequency bands.

Four-element MIMO antenna performance

Several parameters of the four-element antenna have been assessed
to ensure its efficient performance. The following subsections
presentmeasurement of crucial parameters, including the envelope
correlation coefficient (ECC), diversity gain (DG), CCL, and total
active reflection coefficient (TARC).

Envelope correlation coefficient

TheECC is an importantmetric for evaluating the diversity perfor-
mance of a MIMO setup, reflecting the inter-element coupling in
the MIMO system. It is calculated using the radiation pattern [26],
as stated in equation (1):

ECC =
| ∫∫E𝜃i.E*

𝜃j + E𝜑i.E*
𝜑j|2dΩ

∫∫E𝜃i.E*
𝜃i + E𝜑i.E*

𝜑i dΩ ∫∫E𝜃j.E*
𝜃j + E𝜑j.E*

𝜑jdΩ
(1)

In equation (1), “i” and “j” represent the ith and jth antenna in
the MIMO configuration, respectively, while “𝜃” and “𝜑” repre-
sent the elevation and azimuthal planes, respectively. Using this
equation, the values of ECC for the proposed MIMO antenna
were measured and presented in Fig. 17(a). As depicted in
this figure, the measured ECC exhibits a value of less than
0.007, demonstrating the efficient performance of the proposed
antenna.

Diversity Gain

In MIMO antenna systems, the use of a diversity scheme
results in some power loss during transmission. The DG, as
defined in equation (2) from paper [19], measures this power
loss.

DG = 10 × √1 − |ECC|2 (2)

TheDG of the proposedMIMO antenna is illustrated in Fig. 17(b),
showing a value greater than 9.96. This highlights the superior
performance of the antenna.

Channel Capacity Loss

The CCL is a crucial diversity parameter, defining the maximum
attainable communication transmission rate.The proposedMIMO
antenna’s CCL was measured by using equation (3) as outlined in
paper [17].

Closs = −log2 det (𝛼R) (3)

Where, 𝛼R = ⎡
⎢
⎣

𝛼11 ⋯ 𝛼14

⋮ ⋱ ⋮
𝛼41 ⋯ 𝛼44

⎤
⎥
⎦
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Figure 13. Fabricated model of proposed four-element MIMO antenna. (a) Front view, (b) Back view, and (c) MIMO antenna with 2.4-mm end launch connectors.

Figure 14. Comparison between simulation and
laboratory-measured scattering parameters of the
fabricated MIMO antenna. (a) Reflection coefficients, and
(b) Transmission coefficients.
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Figure 15. Comparison of simulated and experimental radiation patterns. (a) 26 GHz (E-plane), (b) 26 GHz (H-plane), (c) 29.5 GHz (E-plane), (d) 29.5 GHz (H-plane),
(e) 45.1 GHz (E-plane), and (f) 45.1 GHz (H-plane).
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Figure 16. Radiation performance of proposed MIMO four-element antenna. (a) Gain (dBi), and (b) Radiation efficiency (%).

Figure 17. Comparison of simulated and experimental results. (a) ECC, and (b) DG.

And 𝛼ii = 1 − (
N
∑
j=1

|Sij|2)

Also, 𝛼ij = − (Sij*Sij + Sji*Sij)

The simulation results of the proposed MIMO antenna’s CCL
are compared to the measured results, which are shown in
Fig. 18(a). It can be observed from the figure that the mea-
sured results of CCL fall below 0.4 bits/s/Hz within the fre-
quency band of 25–37 GHz, which is within the acceptable limit
condition.

Total Active Reflection Coefficient

The TARC is a widely accepted metric for evaluating the radia-
tion performance and bandwidth of aMIMO antenna. It is derived

by comparing the incident input power to the reflected output
power. The measurement of TARC is conducted through the use
of S-parameters, as outlined in equation (4) of reference [27]:

TARC =
√∑2

i=1 |bi|2

√∑2
i=1 |ai|2

(4)

Figure 18(b) presents the results of simulated and experimental
TARC values. The data indicate exceptional performance of the
proposed MIMO antenna, with TARC remaining below −10 dB
across the entire operating band.

Comparison of proposed four-element antenna with
existing literature

The proposed 4 × 4 MIMO antenna was compared to the
MIMO antennas described in existing literature. The results of
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Figure 18. Comparison of simulation and laboratory-measured results. (a) CCL, and (b) TARC.

Table 2. Comparison of proposed MIMO antenna with existing literature

Ref.

Dimensions
(mm)
&

configuration

Operating
frequency
(GHz)

Gain
(dBi)

Efficiency
(%)

Isolation
without

decoupling
structure

(dB)

Applied
decoupling
method

Improved
isolation
(dB)

Edge-
to-edge
antenna

distance in
MIMO (mm)

ECC
&
DG

Design
complexity

[15] 24 × 24 × 0.254
&

4 × 4 MIMO

24−39 7.1 90−92 >−22 Line
resonator

>−26 6.95 <0.05
–

Simple

[16] 13.8 × 13.8 × 0.78
&

4 × 4 MIMO

24−40 3−5 65−85 <−20 Plus-shaped
decoupling
structure

<−30 4.0 < 0.5
&

>9.6

Simple

[17] 43.6 × 43.6 × 0.4
&

2 × 4 MIMO array

27.5−28.7
&

36.8−38.8

7.9−13.7 89−92 <−20 Self-
decoupling

<−20 17.84 <0.00035
&

>9.5

Complex

[18] 30 × 30 × 0.787
&

2 × 2 MIMO

27−29
–

6.1 90−95 <−29 Self-
decoupling

<−29 10.35 <0.16
–

Simple

[19] 24 × 20 × 1.85
&

2 × 2 MIMO

24.1−27.1
&

33−44.1

3.7−4.2 75−82 <−15 Self-
decoupling

<−15 2.0 <0.1
&

>9.5

Complex

[20] 80 × 80 × 1.57
&

2 × 2 MIMO

23−40
–

12 71−87 <−20 Self-
decoupling

<−20 11.84 <0.0014
–

Simple

[21] 25 × 15 × 0.787
&

2 × 2 MIMO

27−29
–

7.8 90−95 <−20 Self-
decoupling

<−20 8.24 <0.001
&

>9.5

Simple

[23] 55 × 110 × 0.508
&

2 × 2 MIMO

27−28
&

37−38.5

7.9−8.2 88−91 <−20 Self-
decoupling

<−20 10.13 <0.0005
–

Simple

Prop 20 × 20 × 0.254
&

4 × 4 MIMO

24.3−39.4
&

45.0−50.6

5.5−6.9 92−96 >−16 Fan-shaped
decoupling
structure

<−22.5 4.0 <0.01
&

>9.5

Simple

the comparison indicate that the proposed antenna is more com-
pact in size when compared to [15, 23], as shown in Table 2.
Additionally, it has a higher gain compared to [16, 18, 19], and a
wider bandwidth than any other antennas reported in Table 2.The
radiation efficiency of the proposed antenna is also higher than

[16–21], and its isolation is greater than [19–21]. Furthermore,
the edge-to-edge distance between the antenna elements in the
MIMO configuration is less than [15, 17, 18, 23]. Moreover, its
levels of ECC and DG are comparable to those reported in the
literature.
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Conclusion

A dual-band, four-element, compact MIMO antenna operating at
24.37–39.44 GHz and 45.09–50.62 GHz has been proposed. At the
operational frequencies, the simulation results exhibit a reflection
coefficient less than −10 dB, which correspondswell with the actual
measurements. It has a broad impedance bandwidth of 15.07 and
5.53 GHz at the operational frequency bands of 24.37–39.44 and
45.09–50.62 GHz, respectively. The use of a fan-shaped decoupler
resulted in high isolation levels, with values less than −20 dB
throughout all operational frequency bands. The antenna attains
its highest gain levels of 4.85, 5.5, and 6.9 dBi, respectively, at
frequencies of 26, 29.5, and 45.1 GHz. Radiation efficiency of more
than 90% is reported throughout all working frequency ranges.The
performance evaluation of the proposed antenna in terms of CCL,
TARC, and DG, and ECC indicates its appropriateness for 5G mm
device applications.

Competing interests. The authors declare none.
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