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This article presents a simple planar millimeter-wave (mm-wave) multiple input multiple output (MIMO) antenna with four
closely spaced radiating elements. The antenna is intended to enhance the bandwidth for 5G new radio (NR) applications and
also cover the industrial Ka-band (26.5-40GHz), Q-band (30-50GHz), and U-band (40-60GHz) frequency ranges. The
antenna is designed using Rogers RT/duroid 5880 substrate with a size of 25 × 26 × 1 6mm3. The proposed antenna consists of
four identical radiating elements with two of them positioned in a linear configuration facing each other, while the other two
elements are placed opposite to the first two, which improves isolation between the elements. Across the entire operating
frequency range (26-60GHz), the antenna demonstrated excellent performance, including 34GHz wide bandwidth, high
isolation of >25 dB, nearly omnidirectional radiation patterns, high gain of 11.1 dB with a high radiation efficiency of 94%, low
envelope correlation coefficient (ECC) of 0.0068, and high diversity gain (DG) of 9.967 dB. The simulated findings exhibit a
strong positive correlation with the experimental results. The proposed MIMO antenna design is a promising solution for 5G
NR applications.

1. Introduction

The utilization of mm-wave band technology has become an
essential aspect of the fifth-generation (5G) systems. With
the growing demand for faster data rates, increased traffic
congestion, and the need for more efficient appliances,
researchers are focused on developing 5G communication
systems that meet these requirements [1]. The mm-wave fre-
quency bands are utilized in 5G range from 24 to 100GHz,
which enables seamless communication across various tech-
nologies, including smart homes, telemedicine, virtual real-
ity, and the Internet of Vehicles (IoV) [2].

To support these applications, mm-wave antennas must
be wideband, cost-effective, elevated, and capable of design-
ing and manufacturing. In 5G NR, two frequency bands are
recognized: frequency range 1 (FR1) and frequency range 2

(FR2). The FR1 ranges from 410 to 7125MHz and primarily
utilizes sub-6GHz frequencies previously used by fourth-
generation/long-term evolution (4G/LTE) networks. How-
ever, these frequencies are not sufficient to support ground-
breaking advancements in the 5G NR nonstandalone
architecture, although they can still significantly enhance
5G networks. On the other hand, FR2, also known as the
mm-wave range, operates between 24.25GHz and
52.6GHz, as depicted in Figure 1. This frequency range pro-
vides the necessary support for the advanced features of 5G
systems, making it crucial to the success of 5G communica-
tion technology. The use of mm-wave frequencies in 5G
wireless networks provides numerous benefits for customers,
businesses, and network operators due to its wider frequency
bandwidth and higher channel capacity [3]. However, the
properties of mm-waves make the planning of networks that
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use these frequencies significantly more difficult [4]. To
standardize 5G wireless communication networks, regula-
tors, telecoms sector, and governments are putting in a lot
of effort, with the 26GHz and 28GHz bands being consid-
ered for 5G communications by most countries [5, 6]. To
meet the increasing demand for low-cost, low-power, and
high data rate requirements, the mm-wave band is consid-
ered to play a vital role in 5G wireless networks [7]. Horn
antennas are suitable for this purpose due to their wide
bandwidth and gain, but their bulky design and complex
feed area make them challenging to use in array applications
and integrate with planar circuits [8].

In 5G communication, high-gain antennas are crucial
due to increasing atmospheric and propagation losses at
mm-wave bands. However, traditional high-gain approaches
suffer from drawbacks such as large profiles, complex geom-
etries, nonplanar structures, and bulky volumes [9]. To over-
come these challenges, advanced techniques like MIMO
technology have been developed, offering improved signal
coverage, anti-interference capabilities, and high gain. Sev-
eral methods, such as super state over patch antennas,
stacked patch substrates, lens-coupled antennas, and dielec-
tric resonator antennas (DRAs), have been utilized to
enhance antenna gain. Additionally, antenna arrays are a
widely recognized method for achieving high gain [10–17].

This paper proposes an mm-wave MIMO antenna that
overcomes the challenges and limitations of the previous
investigations. The antenna design is simple and planar
and exhibits wide bandwidth, making it suitable for 5G NR
applications. The overall proposed design of the MIMO
antenna is quite original in its approach; it includes a rel-
atively simpler design that produces excellent output on
various parameters such as high gain, wide bandwidth,
and good efficiency. In comparison to a single antenna,
these features can be improved by implementing MIMO
design. Also, we have designed the antenna without using
any decoupling or extra structure, and it is self-isolated
within the operating band. This unique combination sets
the proposed antenna apart from the previous studies, where
frequency ranges and performance metrics differ consider-
ably. The novel MIMO configuration contributes to its nov-
elty and potential for various high-frequency applications.
The significance of such a design lies in its ability to achieve
specific performance goals.

The paper is structured into six sections, beginning with
an introduction that outlines the research objectives. Section
2 describes the geometric design evolutions of a single-
antenna element, followed by Section 3, which presents the
extension of the design to two antenna elements. In Section
4, the proposed four-antenna element with a fabricated
structure is presented. The results and discussions of the
proposed antenna are demonstrated in Section 5, and finally,
the paper concludes with a summary of the findings in
Section 6.

2. Antenna Design Methodology

The antenna design process involved three iterative steps,
with each step featuring different antenna configurations.
Starting with a single-element antenna (16 × 10 × 1 6mm3),
it progressed to a two-element MIMO antenna
(20 × 18 × 1 6mm3) and finally to a four-element MIMO
antenna (25 × 26 × 1 6mm3). The substrate used was Rogers
RT/duroid 5880, featuring a thickness of 1.6mm, a relative
permittivity (εr) of 2.2, and a low loss tangent (tan δ) of
0.0009. The full ground plane for each step is same as the
dimension of substrate. A 50Ω microstrip transmission line
fed each antenna element. Simulations were performed to
optimize the design and achieve the desired performance
metrics.

2.1. Single-Antenna Configuration—First Iteration. The
parameters for a single antenna are optimized in the context
of wideband performance through four steps as depicted in
Figure 2(a).

Step 1. The process begins with a rectangular printed
antenna featuring a microstrip transmission line on a simple
rectangular patch with a full ground plane. However, this
initial antenna has poor impedance matching and a narrow
bandwidth.

To address these issues:

Step 2. The corner of the rectangular patch is cut to intro-
duce deliberate wave propagation discontinuities, increasing
reflection and enhancing the impedance bandwidth.

Step 3. A rectangular stub (8 × 5mm2) is added next to the
transmission line and involves a complex interplay of elec-
tromagnetic effects to further widen the impedance band-
width without changing the antenna’s size.

Step 4. A rectangular slot (6 8 × 0 5mm2) is integrated into
the rectangular stub with a full ground layer. This optimizes
the current path, resulting in a significantly broader imped-
ance bandwidth with multiple frequency bands. The final
result is a perfect fractal structure (Figure 2(b)) with
improved impedance matching and a wide bandwidth, suit-
able for various practical applications.

The design modifications that followed have resulted in
significant improvements in various characteristics of the
system, including a wider bandwidth, lower reflection

Wide bandwidth opportunity 

0.41 GHz 7.125 GHz

FR1 FR2

24.25 GHz 52.6 GHz
Low frequency bands
2G, 3G, 4G and 5G

5G NR

High frequency band
5G (millimeter wave)

Figure 1: 5G NR frequency ranges.
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coefficient, and higher radiation efficiency. The optimized
values of the design parameters for this configuration, with-
out any changes to the ground, are shown in detail in
Figure 2(b).

Figure 3 displays a comparison of reflection coefficients
∣S11 ∣ for all four fractal steps of an antenna design. In Step
1, the antenna exhibited a triple-band response in the fre-
quency range of 29.9-34.4GHz, 34.9-43.5GHz, and 44.5-
60GHz, with resonant frequencies of 31.6GHz, 39.2GHz,
and 50.1GHz due to the high impedance matching over

these frequency bands. Subsequently, in Step 2, the antenna
generated multiple frequency bands, including 26-27.1GHz,
29.1-31.2GHz, 33.3-34.1GHz, 35.2-38.5GHz, 40.1-
40.9GHz, 41-54.8GHz, and 55.7-60GHz, with resonant fre-
quencies of 26.2GHz, 29.9GHz, 34GHz, 37.6GHz,
40.6GHz, 45.6GHz, and 57.1GHz showing better imped-
ance matching in these resonant frequencies. In Step 3, the
antenna generated dual-band responses from 26.5 to
28.4GHz and 29.5 to 60GHz, with resonant frequencies of
27.1GHz and 48.4GHz, respectively. Finally, in Step 4, the
antenna achieved good impedance matching between the
patch and transmission line with stub and slot, resulting in
∣S11 ∣ < − 10dB and voltage standing wave ratio (VSWR < 2)
with a wideband characteristic across the entire operating
frequency range of 26-60GHz. The simulated results for
single-element antennas demonstrated that a bandwidth of
34GHz was achieved over the entire frequency range of 26-
60GHz. Overall, the results indicate that as the fractal steps
increase, the antenna design achieves better impedance
matching and wider bandwidth.

The surface current distribution at the center frequency
of 43GHz for all four design steps is presented in
Figures 4(a)–4(d), allowing for a better understanding of
the antenna’s working mechanism.

In Step 1, the current is mostly dispersed near the feed
line and at the lower side edge of the patch antenna
(Figure 4(a)). This concentration of current is indicative res-
onant behavior of the antenna. The geometry of the patch
and feed line at this stage leads to resonance within the fre-
quency band. When the corner of the rectangular patch is
cut, a significant amount of current is integrated near the
patch’s edge (Figure 4(b)). The disruption in the current
flow path can lead to a shift in the resonant frequency of
antenna. In this case, it likely contributes to the ability of

Step 1

Step 4Step 3

Step 2
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Figure 2: (a) Design progression of single-element antenna. (b) Single-element antenna configuration with parametric values.
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Figure 3: Simulated reflection coefficient (∣S11 ∣ ) in all four steps
for single-element antenna.
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the antenna to resonate at higher frequencies within the
specified band. The addition of a rectangular stub to the
patch antenna increases the current flow at the edges of
the antenna, with some current also observed at the edges
of the stub later (Figure 4(c)). This modification increases
the current flow at the edges of the antenna, which can lead
to an expansion of the antenna’s bandwidth. It contributes
to the ability of antenna to resonate at higher frequencies.
The placement of the slot on the rectangular stub alters the
current path, thereby increasing the path length
(Figure 4(d)). As a result, the current density is observed at
the radiating patch with feed around the rectangular stub
with a slot. Consequently, the resonant band has signifi-
cantly shifted towards the wideband, achieving the desired
frequency range, as shown in Figure 4. Therefore, the surface
current density provides a visual representation of how cut-
ting the corner, adding the stub, and etching the slot contrib-
uted to achieving the desired bandwidth.

Figure 5(a) illustrates the optimization process for
adjusting the position of a rectangular slot (referred to as

Rs) at four distinct locations (Rs1 to Rs4). This deliberate
adjustment of Rs position serves as a means to achieve reso-
nance at multiple frequencies. The antenna is tuned to radi-
ate or receive electromagnetic waves at several different
frequencies efficiently. To put it more simply, Figure 5(b)
demonstrates how changing the placement of Rs1 to Rs4
allows the antenna to work effectively by ∣S11 ∣ at wideband
with multiple resonant frequencies. The rectangular slot on
the stub can introduce additional coupling mechanisms
and resonance modes. The dimensions and location of the
slot play a crucial role in determining the resonance frequen-
cies with wideband operation of the antenna.

3. Two-Element MIMO Antenna
Configuration—Second Iteration

The antenna design has been upgraded from a single-element
to a two-element MIMO antenna (Figure 6). The two micro-
strip antennas are symmetrically placed on a substratemeasur-
ing 16 × 18mm2. The dimensions of a patch antenna and a
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Figure 4: Surface current distribution at center frequency of 43GHz for each step of the single-element antenna.
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transmission line are comparable to those of a single-antenna
element. The modification resulted in improved bandwidth,
higher isolation, and increased signal strength compared to
the previous design. This can result in better overall system
performance and improved signal-to-noise ratio, reduce inter-
ference, and improve overall system reliability.

The results of a simulation for a two-element MIMO
antenna are presented in Figure 7, displaying the plots of
reflection coefficient ∣S11 ∣ and ∣S22 ∣ and transmission coeffi-
cient ∣S12 ∣ and ∣S21 ∣ . It is evident from the graph that ∣S11 ∣
and ∣S22 ∣ behave similarly, so as ∣S12 ∣ and ∣S21 ∣ . The band-
width covers the frequency range of 26-60GHz, with ∣S11 ∣
showing values less than -10dB (VSWR ≤ 2) reaching up to
60GHz. The minimum magnitude of ∣S11 ∣ is -63dB, which
occurs at 56.2GHz. Furthermore, the simulated ∣S12 ∣ and ∣
S21 ∣ are less than -20dB across the entire frequency range,
indicating lowmutual coupling between the antenna elements.

4. Four-Element MIMO Antenna
Configuration—Third Iteration

MIMO systems enhance channel capacity by integrating
multiple antenna elements, enabling increased data trans-

mission rates without additional power consumption or
spectrum allocation. In 5G NR, where high-speed data trans-
mission across various frequencies is crucial, a novel four-
element broadband mm-wave MIMO antenna design has
been developed.

The MIMO antenna design, schematic diagram and per-
spective view, is shown in Figures 8(a) and 8(b) and is
located on a Rogers RT5880 substrate measuring 25 × 26
mm2. To improve the bandwidth, a rectangular stub mea-
suring 5 × 4 5mm2 with a rectangular slot measuring 4 ×
0 25mm2 has been introduced. There are four identical
antenna elements in which two elements are arranged in a
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Figure 5: (a) Optimization of rectangular slot (Rs) at different positions. (b) Optimized reflection coefficient (∣S11 ∣ ) for rectangular slot (Rs)
at different positions.

18 mm

16 mm

4 mm

Figure 6: Two-element MIMO antenna geometry.
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linear configuration facing each other, while the other two
are positioned in close proximity but facing opposite direc-
tions as shown in Figure 8(a). The dimensional details of
the antenna are provided in Figure 9, and the top and bot-
tom views of the fabricated antenna prototype are displayed
in Figures 10(a) and 10(b), respectively.

The optimization process entails the systematic determi-
nation of the optimal interelement spacing, denoted as D1,
within a range of distances to the antenna elements. The pri-
mary concern is the key performance parameters typically
represented by the magnitude of the scattering parameters
∣S11 ∣ and ∣S21 ∣ , as shown in Figures 11(a) and 11(b).

In particular, D1 exhibits a remarkable effect on the
impedance matching characteristics of the antenna. This
effect is especially pronounced when D1 is set to exactly
10mm. This empirical observation underlines the precision
with which the spacing parameter D1 can be fine-tuned to
simultaneously enhance isolation, improve impedance
matching, and expand the operational bandwidth of the sys-
tem. Furthermore, as D1 is increased, an interesting phe-
nomenon emerges: a substantial increase in the separation
between the antenna elements becomes evident; all of this
is accomplished employing any additional decoupling tech-
niques. This observation underlines the important role of
D1 in modulating and optimizing the interactions between
antenna elements, especially when it is as 10mm.

Table 1 lists the parametric values for the optimized
designed antenna. By using this design, it is possible to

increase the channel capacity without requiring additional
power or spectrum, making it an effective solution for
broadband mm-wave MIMO antenna systems used in 5G
applications.

5. Results and Discussion for the Proposed
Antenna Design

The obtained parameters such as reflection coefficient, trans-
mission coefficient, gain, DG, ECC, and radiation character-
istics are analyzed and explained in the following subsection.

5.1. Reflection Coefficient. Simulated reflection coefficients ∣
S11 ∣ , ∣S22 ∣ , ∣S33 ∣ , and ∣S44 ∣ are presented in Figure 12
showing similar effects in terms of bandwidth, impedance
matching, and resonance. The fact that the antennas show
similar reflection means that the signals transmitted from
each antenna are reflected back to the receiver with similar
characteristics due to the identical configuration of antenna
elements.

Figure 13 demonstrates that both simulated and mea-
sured ∣S11 ∣ values cover a wide bandwidth ranging from
26 to 60GHz. This indicates that the ∣S11 ∣ remains below
-10 dB, with a VSWR of >1.8 and a fractional bandwidth
(FBW) of 79.08% at the center frequency of 43GHz, cover-
ing the entire frequency band and extending up to 60GHz.
The simulated ∣S11 ∣ plot displays a coefficient of -17.4 dB
at 43GHz center frequency, with the minimum magnitude
being -35 dB at 35.4GHz. However, upon measuring the
antenna, it was discovered that the minimum coefficient of
∣S11 ∣ was -29.1 dB at 54.6GHz and -16.3 dB at the center
frequency of 43GHz.

5.2. Transmission Coefficient. The transmission coefficients
∣S12 ∣ , ∣S21 ∣ , ∣S13 ∣ , ∣S31 ∣ , ∣S41 ∣ , ∣S14 ∣ , ∣S23 ∣ , ∣S32 ∣ , ∣S24 ∣ , ∣
S42 ∣ , ∣S34 ∣ , and ∣S43 ∣ are illustrated in Figure 14. Based on
the observations, the ∣S12 ∣ , ∣S21 ∣ , ∣S34 ∣ , and ∣S43 ∣ exhibit
similar values. Additionally, these coefficients show a high
level of isolation (i.e., <-25 dB), which indicates low mutual
coupling between the antenna elements associated with
these coefficients. Similarly, the transmission coefficients ∣
S13 ∣ , ∣S31 ∣ , ∣S42 ∣ , and ∣S24 ∣ also exhibit similar values, but
with a lower level of isolation (i.e., <-19 dB). This suggests
a slightly elevated mutual coupling between the antenna’s
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Figure 8: Schematic diagram and perspective view of the proposed four-element MIMO antenna.
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6 International Journal of RF and Microwave Computer-Aided Engineering



elements associated with these coefficients compared to the
first set of coefficients, but all coefficients are within the
acceptable range. Finally, the transmission coefficients ∣S23
∣ , ∣S32 ∣ , ∣S41 ∣ , and ∣S14 ∣ also exhibit similar values and
show a high level of isolation (i.e., <-25 dB). This indicates
a low mutual coupling between the antenna’s elements asso-

ciated with these coefficients. The antennas show better iso-
lation in both transmission and reception due to low mutual
coupling.

The simulated and measured ∣S21 ∣ are demonstrated in
Figure 15. The symmetric method of a four-element antenna
system is advocated to lessen mutual coupling between

(a) (b)

Figure 10: Fabricated prototype of the proposed antenna: (a) top view and (b) bottom view.
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Figure 11: (a) ∣S11 ∣ optimization at various distances (D1). (b) ∣S21 ∣ optimization at various distances (D1).
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antenna ports. Due to this placement of elements with equal
amplitude, isolation is very high without using any extra
technique. It is observed that the simulated value ∣S21 ∣ of
<-25 dB is obtained in the entire operating band. The mini-
mum value of ∣S21 ∣ is obtained as -76.71 dB at 34.4GHz,
while in measurements, the least experimental value ∣S21 ∣
of -60 dB is achieved at 34.21GHz. It is observed that the
distance between port 1 and port 2 is quite short. The results
of transmission coefficients show that the proposed antennas
are highly isolated within the entire operating band. In
Figure 16, both simulated and measured values of ∣S23 ∣
and ∣S24 ∣ are presented. The results indicate that the mini-
mum value of ∣S23 ∣ is -42.2 dB, which occurs at a frequency
of 38.7GHz in the simulation.

On the other hand, the experimental data shows that the
minimum value of ∣S24 ∣ is -40 dB, observed at a frequency of
38.51GHz. For ∣S24 ∣ , the simulation and measurement
results show that the minimum value of ∣S21 ∣ is -52.1 dB,
which occurs at 29.3GHz in the simulation. However, the
experimental data shows a lower minimum value of -60 dB,
which is observed at a frequency of 34.21GHz.

Simulation and measurement findings of S-parameters
exhibit strong agreement. Insignificant variations, however,
are caused by fabrication losses or the unavoidable usage of
coaxial wires throughout the measurement. As a result, the
measured findings show that the antenna is suitable for use
in 5G applications in the future.

5.3. Current Distribution. The current distribution on each
element of the MIMO antenna determines the phase and
amplitude of the electromagnetic waves emanating from
each element.

Figures 17(a)–17(d) illustrate the current distribution of
each element of the MIMO antenna at 35.4GHz. During the
simulation, port 1 was excited while the other ports were ter-
minated by a 50Ω load to investigate the behavior and cor-
relation of the antenna elements. Density meters were used
to measure the current density and electric field flux within
the antenna, providing a detailed visual representation. The
results show that the highest current concentration is
observed in the transmission line, the stub, and the edges
of the patch, while the surrounding patch region exhibits
the lowest current. The efficiency of an antenna is dependent
on the current distribution, as it controls the antenna’s abil-
ity to radiate energy effectively. Uniform current distribution
in each element results in uniform radiated energy.

Table 1: Optimized design dimensions.

Symbol Dimensions (mm) Symbol Dimensions (mm) Symbol Dimensions (mm)

L (subs.) 25 T t 6.71 Tw 2

W (subs.) 26 Sl 5 T l 5.5

Lp 11.5 Sw 4.5 Tc 3

Wp 8 Rs 0.5 Rw 1

Rp 3 Sn 3.58 D1 10

D2 2
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Figure 12: Simulated reflection coefficients of all ports.
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5.4. Gain and Radiation Efficiency. Antenna gain and radia-
tion efficiency are crucial factors that determine an antenna’s
ability to transmit and receive electromagnetic waves effec-
tively. Gain measures the antenna’s radiated power in a spe-
cific direction compared to a reference antenna. Efficiency
indicates how well the antenna converts input power into
radiated energy. A higher efficiency means the antenna can
transmit more of the input power as radiation. To measure
these parameters, the antenna is placed in a controlled envi-
ronment, an anechoic chamber. It is connected to a signal
source or network analyzer, and a reference antenna with a

known gain is positioned in the chamber as well. By compar-
ing the received signal strength from both antennas, the gain
of the antenna under test is calculated. To obtain the gain
pattern, measurements are repeated for different angles or
positions of the antenna. Corrections, such as cable loss or
antenna factor, are applied to ensure accurate measure-
ments. Figure 18(a) shows the simulated antenna gain per-
formance for different phases of the design, from a single
element to the final design. The single-element antenna
achieves a gain of 2.9 dB, while the two-element MIMO con-
figuration significantly improves gain to 6.4 dB. The four-
element antenna design achieves a maximum gain of
11.1 dB at 60GHz, and gain increases with frequency, indi-
cating good broadband performance. The proposed antenna
design minimizes losses in the radiation process through
careful impedance matching and reduced parasitic effects.
This helps in maximizing the power transfer from the trans-
mitter to the radiating elements, leading to a higher gain.
The graph confirms that using multiple antennas increases
the overall gain, as they combine signals to create a stronger
output compared to a single antenna. Figure 18(b) illustrates
the simulated and measured gain and radiation efficiency.
The experimental gain is 10.9 dB, and the radiation efficiency
achieves 94%, which matches well with the simulated
outcomes.

5.5. Radiation Patterns. In this segment, the simulated and
measured copolarized and cross-polarized polar patterns
are demonstrated at 35.4GHz and 54.6GHz as displayed
in Figure 19. Simulated polar graphs are obtained by using
the CST tool and experimental polar graph measured inside
an anechoic chamber. The measurement setup is displayed
in Figure 20 for the copolarized and cross-polarized plane.

Polar patterns have radiation properties with respect to
spatial coordinates phi (φ) and theta (θ) to the certain axis
alignment. This includes radiation intensity, electric field
or magnetic field strength, antenna directivity, and antenna’s
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Figure 14: Simulated transmission coefficients of the proposed
antenna.
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polarization properties. The simulation and measurement
are carried out by exciting each port once, while the remain-
ing three ports are connected to a matching load of 50Ω.
The 2D polar patterns are demonstrated in copolarized

and cross-polarized planes when θ = 0 ° to 360 ° with respect
to φ = 0 ° (constant) and on the other hand when θ = 0 ° to
360 ° when φ = 90 ° (constant). Simulated 2D radiation
characteristics are depicted in Figure 19(a), and measured
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Figure 17: Surface current distribution at 35.4 GHz.
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radiation patterns are presented in Figure 19(b) at the
respective frequencies. It is important to note that the fields
which emitted radiation by the antenna are almost omnidi-
rectional. This far-field analysis demonstrates that it could
be applicable to 5G technologies.

5.6. Envelope Correlation Coefficient (ECC). The ECC and
DG are the important parameters to explain the diversity

performance of any MIMO antenna system. The ECC is pre-
sented in Figure 21. A significant consideration to define the
output of any MIMO antenna is determined by ECC [18]. It
is important to conclude how the different variables of
MIMO system relate to each other based on individual
antenna characteristics.

The S-parameters are used to obtain the ECC analysis.
ECC must be equivalent to zero, but the recommended
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Figure 19: (a) Simulated 2D radiation patterns of the proposed antenna. (b) Measured 2D radiation patterns of the proposed antenna.
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ECC must be <0.5 in MIMO antenna system. In this work,
the ECC evaluation has been calculated based on simulation
results.

Depending on radiation patterns, ECC is determined
using equation (1). The value of ECC is obtained to be
>0.00006 within the working frequency band (26-60GHz).
The low value of ECC makes this system suitable for 5G
applications where high data rates are required.

ECC = ρe=

∬F1 θ, φ F2 θ, φ dΩ 2

∬ F1 θ, φ 2dΩ∬ F2 θ, φ 2dΩ
, 1

where angle θ, φ is the 3D radiation pattern.

5.7. Diversity Gain (DG). An essential consideration for any
MIMO antenna system is the diversity gain which is also a
function of ECC that can be calculated using equation (2)
[19]. The DG is displayed in Figure 22. It indicates how

much of the transmitted energy is reduced. The acceptable
value of DG is almost 10 (9.999) dB.

DG = 10 1 − ECC2 2

The outcomes of single-element antenna, two-element
MIMO antenna, and the proposed four-element MIMO
antenna are compiled in Table 2. This comparison highlights
the performance differences among the three antenna con-
figurations, with the proposed four-element MIMO antenna
demonstrating notable improvement in terms of radiation
characteristics, gain, and efficiency. Table 3 provides a com-
parison between the proposed work and recently published
literature on related antenna designs. The comparison high-
lights key performance metrics to evaluate the effectiveness
of the proposed antenna. When comparing the proposed
work with the previous studies, several notable differences
emerge:

50 Ω
load

Co-polarized plane Cross-polarized plane

tt

Figure 20: Measurement setup of radiation patterns inside the anechoic chamber.
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(i) A significantly wider frequency range of 26-60GHz,
making it suitable for a broader range of
applications

(ii) Its bandwidth of 34GHz is considerably larger than
the referenced antennas

(iii) Remarkable gain performance, reaching 11.1 dB,
which surpasses most of the previous works [20–27]

Some of the referenced [21, 24, 26] antennas target spe-
cific frequency bands; the proposed work offers extensive
frequency coverage. This feature makes it versatile and
adaptable for various applications.

6. Conclusion

A four-element mm-wave MIMO antenna has been
designed and fabricated for 5G NR application. The edge-
cutting technique and rectangular slot on the rectangular
stub have the ability to change the properties of the designed
antenna. The rotationally symmetric placement of antenna
elements with equal amplitude is advantageous to increase
isolation. Wider impedance bandwidth of 10 dB and more
than 34dB isolation are achieved at the antenna ports.
Design provides high directivity of 10.9 dBi, almost omnidi-
rectional patterns with the gain of 6.76 dB, and radiation effi-
ciency of more than 91%. The observed ECC is <0.1, and
diversity gain of almost 10 dB is obtained which proves the
excellent diversity performance of the antenna. The simu-
lated results have been rigorously validated through a com-
parison with the measured outcomes from the fabricated

archetype. It is noteworthy that all simulated and measured
data fall well within the permissible limits and exhibit strong
coherence, affirming the reliability and accuracy of our find-
ings. These findings demonstrate that the MIMO antenna is
an exceptional option for 5G NR applications, as well as for
the Ka-, Q-, and U-bands, due to its broad bandwidth and
superior impedance matching.
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