
Ultra-wideband Antenna System Design
for Future mmWave Applications

Muhannad Y. Muhsin1, Zainab S. Muqdad2, Asaad H. Sahar3, Zainab F. Mohammad1,
and Hussam AL-Saedi1

1University of Technology – Iraq, Baghdad, Iraq,
2Mustansiriyah University, Baghdad, Iraq,
3University of Baghdad, Baghdad, Iraq

https://doi.org/10.26636/jtit.2025.1.1951

Abstract  An ultra-wideband planar four-element multiple-
input multiple-output (MIMO) antenna array for millimeter
wave (mmWave) 5G applications is presented in this article,
characterized by a simple structure and diverse performance
capabilities. The antenna system operates in the 20 GHz band
(ranging from 42.3 to 63.3 GHz), with a high gain of 7.8 dB. The
compact size of 25 × 25 mm makes it suitable for being integrat-
ed with various telecommunication devices used in a number
of mmWave applications. The antenna’s elements are placed
orthogonally, achieving great isolation of over 24 dB. The per-
formance of the proposed antenna was analyzed in terms of
its s parameters, gain, efficiency, radiation patterns, and MIMO
diversity characteristics, including the envelope correlation co-
efficient (ECC), diversity gain (DG), and mean effective gain
(MEG).
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1. Introduction

Fifth-generation communication networks represent a sub-
stantial advancement in wireless technologies, providing con-
siderable potential for high-speed data transmission and ul-
tralow latency [1]–[3]. The mmWave spectrum provides ex-
tensive capacity, allowing data rates to surpass those of former
cellular networks [4]. The MIMO communication technol-
ogy is used at high frequencies to achieve such a high data
rate. In light of the above, it is necessary to design a system
of MIMO antennas that relies on multiplexing technologies
and spatial diversity to improve reliability, data throughput
and coverage [5], [6].
Researchers aim to improve various antenna performance pa-
rameters, including bandwidth, compactness, efficiency, gain,
and diversity characteristics. Many techniques are deployed
to optimize performance, including substrate selection, di-
electric lens, multi-element configurations, corrugation, and
mutual coupling reduction [7], [8].
The substrate utilized in the design of each antenna is of key
significance. A substrate with reduced relative permittivity
and lower loss tangent will enhance gain while minimizing
power losses [9]. A corrugated construction, which eliminates
the metallic part of the edge radiator, is capable of improving
the front-to-back ratio and the antenna’s bandwidth [10].

Furthermore, the multi-element technique improves gain,
efficiency, and bandwidth. Consequently, structures relying
on the abovementioned solutions are capable of achieving
elevated gain and bandwidth levels – a feature that one antenna
only cannot offer. Moreover, a dielectric lens is capable
of transmitting electrostatic radiation in a non-directional
manner, thereby enhancing the antenna’s directivity and gain,
as shown in [11], [12].

Techniques relied upon to reduce mutual coupling decrease
the impact that numerous elements exert on the system’s per-
formance. This method, referred to as an isolation technique,
plays and important role in optimizing the performance of
good diversity in MIMO structures [13], [14]. In addition,
high gain is expected in mmWave antenna designs due to the
increased free space path loss observed at these frequencies.
Therefore, achieving decent performance of ultra-wideband
MIMO antenna systems (in terms of high isolation and rea-
sonable radiation characteristics) while maintaining their
compact size and simple structure remains a challenge.

2. Related Works

In [15], a four-element MIMO array has been developed,
where the antenna measuring only 30 × 35 × 0.76 mm. It
operates at 25.5 – 29.6 GHz, with a gain of 8.3 dBi. The
antenna design from [16] does not include decoupling surfaces
and has a patch array. It offers a gain of 13.1 dBi within
a frequency range of 26.94 – 31.08 GHz, with isolation below
14 dB.

In [17], the authors employed the DGS technique to provide
robust isolation between an input port of the MIMO antenna
array. In [18], a radiating element based on multiple arcs has
been developed for mmWave MIMO applications, achieving
a bandwidth of 23.5 – 38 GHz and offering a high isolation
level of above 23 dB by arranging the radiating parts in an
orthogonal configuration. Nevertheless, the overall profile of
the antenna is rather large.

In [19], the researchers designed a tree-shaped antenna with
multiple arcs to provide a wide broadband response of 23 –
40 GHz, an overall gain of 8 dBi and good isolation.
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Fig. 1. Single antenna element: a) top view and b) back view.

A 4-element MIMO system designed for the 5G frequen-
cy spectrum of 27.5 – 40 GHz, with an entire dimension of
158 × 77.8 mm, was presented in [20], while paper [21] pro-
posed an 8-port MIMO antenna array for the 27.5 – 29.5 GHz
frequency range. In articles [22]–[25], metamaterial is used
to achieve enhanced port isolation. A MIMO antenna array
supporting 5G is presented in [26], achieving an array gain of
5 dB with a frequency band better than 26 – 39 GHz. In pa-
pers [27] and [28], another MIMO antenna array is proposed
with high bandwidth and good radiation characteristics.
This article presents an ultra-wideband four-element MIMO
array for mmWave applications featuring a simple structure
and compact size of 25 × 25 mm. High isolation exceeding
24 dB is achieved thanks to orthogonal polarization diver-
sity and excellent MIMO performance. It is a four-antenna
MIMO system operating in the range of 42.3 to 63.3 GHz
(20 GHz bandwidth). The antenna element is made up of two
microstrip line steps (with different widths and lengths) and
three symmetrical ladder steps located at the top. The pro-
posed structure may be easily integrated with various devices
used in mmWave applications. The CST Microwave Studio
was used in the simulations.

3. Design
For micro-wave applications, printed antennas are optimal
solutions due to their low profile, low cost, compact dimen-
sions, as well as good balance between performance and
manufacturing complexity. The proposed antenna utilizes the
RT-5880 substrate, characterized by a loss tangent of 0.0009
and a relative permittivity of 2.2, with a thickness of 0.8 mm.
Figure 1 illustrates the shape and various parameters of
the design. The size of the single antenna unit is 4.5 × 12
mm. The top view is presented in Fig. 1a, showing two
microstrip line steps (with different widths and lengths) and
three symmetrical ladder steps at the top of the antenna.
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Fig. 2. a) S11 of the single antenna element, b) radiation efficiency,
and c) gain.

The two-line steps have dimensions of 0.65 × 3.62 mm and
1.40 × 4.60 mm, respectively, while the symmetric ladder
steps measure 2 × 0.64 mm. Figure 1b shows the back view
of the antenna element with an etched ground plane.
The performance of a single antenna element is evaluated in
terms of resonance frequency, bandwidth, radiation patterns,
gain, and efficiency. Figure 2a illustrates the results of simu-
lations of the reflection coefficient S11 versus frequency. It
is clear that S11 remains below –10 dB across the entire fre-
quency range of 42 to 62 GHz, i.e. ultra-wideband of 20 GHz
with good impedance matching.
Figure 2b shows the radiation efficiency, which remains in
the range of 80 – 88% within the entire working band. High
antenna efficiency that remains stable within the ultra-wide
working bandwidth is realized. The maximum gain reaches
6.2 dB, as can be observed in Fig. 2c. Such a high gain is
required to eliminate the problem of propagating losses in

a) b)y y

xxz z

c) d)

E-plane 
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Fig. 3. 3D antenna radiation patterns at: a) 45 GHz, b) 55 GHz, and
2D antenna radiation patterns at: c) 45 GHz, d) 55 GHz.
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Fig. 4. Proposed antenna array system: a) top view and b) bottom
view.

the mmWave spectrum. The radiation pattern for mmWave
applications is visualized in Fig. 3. The three-dimensional
radiation patterns at 45 GHz and 55 GHz are presented in Fig.
3a–b, while the E-plane and H-plane of the two-dimensional
radiation patterns are illustrated in Fig. 3c–d.

4. Antenna Array System Design

Next, a four-element MIMO array is developed utilizing the
single antenna described in Section 3. The MIMO elements
are symmetrically and rotationally arranged in 90° intervals,
creating a square configuration, as demonstrated in Fig. 4.
Such a layout employs the polarization diversity approach
used to minimize mutual coupling between the antennas. The
dimensions of the MIMO system equal 25 × 25 mm.
Figure 5 illustrates the surface current distribution of the
four-port MIMO antenna, where one port is excited and the
other ports are connected to 50 Ω at the two frequencies of
45 GHz and 55 GHz, respectively. One may notice that the
current flow is predominantly concentrated in the antenna unit
with less propagation to other MIMO ports. The existence of
multiple identical elements in a MIMO configuration results
in an increase in mutual interference and ECC value between
the antenna’s elements. The orthogonal arrangement of the
array results in the lowest possible mutual coupling.
Figure 6 shows the S-parameters for the proposed 4-element
MIMO antenna design. All four return loss coefficients of
the antennas are below –10 dB within the considered band
of 20 from 42.3 to 62.3 GHz. This guarantees optimized
impedance matching. Furthermore, a very slight variation can
be observed between the return loss of the four elements
and the single antenna element from Fig. 2. This proves
a satisfactory mutual coupling between the antennas due
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Fig. 5. Current distribution of the MIMO antenna array at: a) 45
GHz and b) 55 GHz.
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Fig. 6. S-parameters of the ultra-wideband quad MIMO antenna
array: a) return loss and b) transmitting coefficients.

to their structural similarity and the orthogonal MIMO layout.
All transmission coefficients are lower than –24 dB (Fig. 6b),
i.e., high isolation is obtained by applying the polarization
diversity technique.
Figure 7a shows the radiation efficiency and total antenna
efficiency of the designed MIMO elements. The total antenna
efficiencies for the overall operating band remain within the
66 to 72% range, while the antenna’s radiation efficiencies
vary from 78 to 80%. Figure 7b illustrates the gain of the
proposed MIMO antennas in its operating band. The gain of
all antennas is in range of 4.1 to 7.8 dB.
Figure 8 presents the two-dimensional radiation patterns
at the frequency of 45 GHz and 55 GHz, respectively. As
demonstrated, the peak gain of the antennas is acieved in
diverse directions, demonstrating the highly desired benefit of
the patterns’ diversity. Furthermore, these radiation patterns
fully cover all sides, proving excellent radiation coverage.
Analysis of diversity parameters such as ECC, MEG, and DG
is as essential evaluation of the antenna’s key performance pa-
rameters, including bandwidth, radiation patterns, resonance
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Fig. 7. Total and radiation efficiencies of the MIMO antenna array
a) and gain b).
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Fig. 8. 2D antenna radiation patterns at: a) 45 GHz and b) 55 GHz.

frequency, efficiency, and gain, as it allows to determine the
efficacy of MIMO antenna arrays.
ECC determines the correlation between different antenna
elements in a MIMO system. A low ECC value leads to less
interdependence between the components and, hence, better
MIMO diversity performance. Equations (1) and (2) illustrate
how ECC is calculated using the scattering parameters and
the far-field radiation pattern, respectively [13], [29].

ECC = |ρij |

=

∣∣S∗iiSij + S∗jiSjj∣∣2(
1− (|Sii|2 + |Sji|2)

)(
1− (|Sjj |2 + |Sij |2)

) , (1)

ECC =

∣∣ ∫ ∫
4π
[
−→
F1(θ, ϕ)∗ ·

−→
F2(θ, ϕ)]dΩ

∣∣2∫ ∫
4π

∣∣−→F1(θ, ϕ)∣∣2 dΩ · ∫ ∫4π ∣∣−→F2(θ, ϕ)∣∣2 dΩ , (2)

where ρij represents the envelope correlation coefficients
(ECC) between the i and j antenna elements,

−→
F1(θ, ϕ) spec-

ifies 3D radiation pattern field with excitation at port i, ∗
signifies the Hermitian product and Ω indicates the solid
angle.
In this work, the ECC from far field radiation patterns is
taken into consideration. The expected ECC is less than 0.5,
which falls within the permissible range for MIMO diversity.
As illustrated in Fig. 9, very low ECCs are obtained, i.e.
below 0.002, proving the very high diversity antenna system
is achieved.
The MEG is an other important performance criterion for
MIMO systems, defined as the ratio of the mean received
power to the total mean incident power at the antenna [30].
MEG quantifies the mutual interaction of antenna elements
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Fig. 9. ECCs of the proposed system.

and the statistical characteristics of the propagation environ-
ment. Equations (3) and (4) illustrate the method of obtaining
the MEG value from s parameters or far-field radiations.
The MIMO antennas MEGs must satisfy the requirements of
Eq. (5). The XPR indicates the cross polarization power ra-
tio, while the gains of the antenna are described by Gθ and
Gϕ. The Pθ and Pϕ are incoming plane waves components.
The variables i and k in Eq. (4) denote the observed anten-
na and the total antennas number, respectively. The MEGs
for the i and j antennas are designated asMEGi andMEGj ,
respectively.

MEGi = 0.5
(
1−

k∑
j=1

Sij
)
, (3)

MEG =

2π∫
0

π∫
0

(
XPR

1 +XPR
Gθ(θ, ϕ)Pθ(θ, ϕ)

+
1

1 +XPR
Gϕ(θ, ϕ)Pϕ(θ, ϕ)

)
sin θ dθ dϕ ,

(4)

MEGi
MEGj

∼= 1 . (5)

70
JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY 1/2025



Ultra-wideband Antenna System Design for Future mmWave Applications

Tab. 1. Comparison between the proposed MIMO array system and recent publications.

Ref. Bandwidth
[GHz]

Total
efficiency

[%]

Peak gain
[dB]

Isolation
[dB] ECC MIMO

order
Overall size

[mm]
Isolation
technique

[15] 25.5 – 29.6 > 82 8.3 > 20 < 0.01 4 × 4 30 × 35 DGS
[20] 23 – 40 > 70 12 > 20 < 0.001 4 × 4 80 × 80 DGS

[32] 27.5 – 40 > 75 7.2 > 17 < 0.001 4 × 4 158 × 77.8
Spatial diversity
and polarization

diversity

[33] 20 – 32 80 – 90 6.5 > 20 < 0.001 4 × 4 24 × 32
Decoupling
structure on
ground plane

[34] 27 – 29 80 – 84 5.5 > 17 < 0.03 4 × 4 30 × 30 Polarization
diversity

This
work 42.3 – 63.3 66 – 72 7.8 > 24 < 0.002 4 × 4 25 × 25 Polarization

diversity
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Fig. 10. MEGs of the antenna system.

Figure 10 illustrates the MEGs for the four antennas according
to Eq. (3), on the far-field radiation, assuming a Gaussian dis-
tribution in the elevation direction and a uniform distribution
in the azimuth direction. One may notice that the proposed
MIMO antenna array meets the condition from Eq. (5) and
the MEGs of the quad antennas maintain stable across the
frequency band of interest.
The DG value is derived from ECC as [30]:

GDG = 10×
√
1− |ρ|2 . (6)

A high diversity gain value signifies exceptional performance,
while better isolation between the antenna’s elements cor-
relates with higher diversity gain values. Figure 11 shows
the diversity gain of a MIMO antenna system determined us-
ing Eq. (6), which is greater than 9.99 dB across the working
band, and thus demonstrates the effective diversity perfor-
mance of the proposed design.
A comparison between the proposed MIMO array system
and other similar recent publications is shown in Tab. 1. The
comparison covers several aspects, including bandwidth, ef-
ficiency, gain, isolation between antenna elements, ECC,
MIMO order, size, and the isolation technique used. The
proposed MIMO system features compact dimensions, wide
bandwidth, high gain, and decent isolation. The results indi-
cate that the designed MIMO antenna system is a promising
candidate for future mmWave devices.
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Fig. 11. DG for the proposed MIMO system.

5. Conclusions

This study presents the design of the four-port MIMO anten-
na array working in the ultra-wideband range from 42.3 to
63.3 GHz. The proposed antenna demonstrates stable radia-
tion properties throughout the operating band, with a peak
gain of 7.8 dB. Due to adopting the orthogonality polariza-
tion diversity approach, high isolation values of over 24 dB
are achieved. Very low ECCs below 0.002 and high DGs
over 9.998 dB are obtained as well, ensuring high diversity
performance.
Furthermore, optimal MEG values are achieved and the cri-
teria for good performance of the MIMO antenna system are
validated by simulations performed using the CST Microwave
Studio software. The antenna has achieved the desired perfor-
mance in terms of gain, efficiency, and radiation properties.
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