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ABSTRACT: A four-port, extremely wideband MIMO array antenna is designed for 5G applications. A single element antenna composed
of a two-ring-shaped patch with a partial ground plane is designed. It is then converted into a 1× 2 array, four arrays of such are placed
orthogonally to each other in a MIMO system to get good isolation among them. A Roger substrate with permittivity of 2.2, loss tangent
of 0.0009, and thickness of 0.254mm is used. The antenna arrays of the MIMO system operate in the range from 24GHz to 51GHz with
good isolation of more than 22 dB. The peak gain of the MIMO system is 7.4 dB with a bi-directional radiation pattern and efficiency of
more than 96%. Also, the overall size of MIMO antennas is compact, with dimensions 18×18×0.254mm3. For further verification, the
measurements of the fabricated prototype were carried out as well, and a very reasonable agreement with simulated results was achieved
which guaranteed the prototype’s strong MIMO performance. The proposed array MIMO system, owing to its various properties, is a
potential candidate for mm-wave 5G applications, mm-wave vehicular communication, and the Internet of Things (IoT).

1. INTRODUCTION

An antenna is a vital component in a communication
system which enables wireless communication with other

devices. The millimeter wave (mm-wave) multiple-input
multiple-output (MIMO) antennas have been capable of sig-
nificantly improving the performance of antennas when being
applied to communication systems compared with traditional
antennas [1, 2]. Propagation at mm-wave frequencies spec-
trum is competent in providing more resources to be shared
among multiple users. In addition, the limited availability
of microwave bandwidth and the extremely busy part of its
spectrum also forced a shift towards new spectrum bands that
can provide higher data rates [3]. Consequently, 5G wireless
communication systems are already being witnessed to use
the mm-wave spectrum [1]. Despite that, mm-wave assures
huge bandwidth and high data rates with low latency [4], but
the role of the antenna’s geometrical structure and size cannot
be ignored in mm-wave communication systems [5, 6]. Even
though microstrip patch antennas are low-profile, compact
and easy to fabricate, they are suitable for mm-wave com-
munication systems. However, the major disadvantages of
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microstrip patch antennas are their limited narrow bandwidth
and compromised gain [7]. Many researchers have suggested
various antenna designs and approaches to address the issues
of insufficient gain and narrow bandwidth in particular. Slots
on the patch [8] are introduced to obtain improved bandwidth,
reduce the patch size, and enhance efficiency. The bandwidth
increases from 1.46GHz to 2.26GHz with the establishment
of (etching of) two rectangle-shaped slots in the radiating patch
of a single-band antenna resonating at 28GHz [9].
Also, a 28GHz microstrip patch antenna comprising a U-

shaped slot has been suggested in [10]. In [11], the patch an-
tenna resonates at dual frequency bands (28GHz and 38GHz)
consisting of L-shaped slots around the patch; the L-shaped two
opposite slots contribute as a dual-band resonator, widen the
bandwidth, and reduce the patch size. The effect of variation
of the circular slot incorporated at the center of the patch ele-
ment has been investigated in [12]. The radius (r) of the in-
serted circular slot shifts the resonance of the antenna and con-
tributes to obtaining the band of interest, resonating at 28GHz
with a bandwidth of 6GHz (ranging from 26GHz to 32GHz).
Furthermore, the geometric shape of the ground plane, such a
rectangular, circular, E, H, I, or ring shape is also important
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in obtaining the desired resonance [13]. To attain the opti-
mum bandwidth, the ground plane is reduced from full to half
ground [14]. Furthermore, the insertion of a slot in the center of
the ground plane, along with parametric optimization of the an-
tenna dimensions and the use of a novel technique of augmented
ground structure (AGS), transformed the antenna into a dual
resonance operation (20.55GHz–39.75GHz and 40.32GHz–
50GHz) wideband antenna [15]. The authors of [16] proposed
an antenna design which covers the band 25.1 to 37.5GHz us-
ing a defective ground structure. It is pointed out that the defec-
tive ground structure (DGS) method not only increases band-
width and shifts its resonance frequency for the intended appli-
cation but also provides simplicity to antenna design [17, 18].
Advancements in technology will require the 5G wireless in-
frastructure to handle massive data flow due to high-resolution
video streaming, internet of things (IoT)-based remote monitor-
ing, virtual reality, real-time-control applications, smart cities,
and IoV-based automobiles [19, 20]. These systems require
MIMO antennas with a wide bandwidth to enable high data
rates. In the MIMO system, the antenna elements are closer
to each other. Therefore, mutual coupling among the antenna
elements takes place and reduces antenna performance [21].
Multiple decoupling techniques have been adopted to improve
MIMO antenna performance, such as DGS achieving high iso-
lation but causing a low front-to-back radiation ratio for big
structures [22], electromagnetic band gap (EBG) [23, 24], neu-
tralization line [25, 26], and introducing air gap [27]. However,
these techniques are costly and complicated, and the antenna
designs getmore difficult as antenna size shrinks in themillime-
ter wave region. Furthermore, in the prior research structures
arrangement in MIMO antenna, high isolation between antenna
parts might be challenging, making it difficult to provide a wide
impedance bandwidth with good port isolation, resulting in de-
creased system capacity and overall performance [28]. The key
considerations for the antenna model encompass compact di-
mensions, low profile, high isolation, and achieving the max-
imum available bandwidth. Therefore, the antenna design has
to be optimized depending on one’s requirements and its usage.
This work presents a single-element structure that supports

the wideband. The proposed structure is converted into a lin-
ear two-element array to improve the gain. Then, the linear ar-
ray assembly is transformed into a MIMO configuration, which
contributes to enhancing the capacity. The proposed antenna
design structure is composed of radiating patches that are or-
thogonally arranged to reduce the antenna’s overall footprint
and boost its degree of isolation. Also, the curved shape of the
circular patch and circular slots serve to deflect the coupling
effect away from the antenna components. This results in re-
duced coupling between neighboring antenna elements, thereby
leading to enhanced isolation between the ports. The approach
used to attain the frequency band spectrum specified for 5G
millimeter-wave applications is facilitated by optimizing the
circular patch and slots size. In order to attain the lower enve-
lope correlation coefficient values, a crucial metric for MIMO
antennas, the suggested design as awhole, makes use of the sep-
arated partial grounds structure and orthogonal arrangement.
The proposed MIMO antenna system exhibits reasonable per-
formances over extremely wide bandwidth, as well as easy ex-

pansion to large-scale antenna systems. The proposed antenna
design is novel owing to its features of covering very wide
bandwidth, simple design, easy fabrication, and cost effective-
ness and good achievement of MIMO diversity parameters val-
ues. It is well known that IoT will connect various devices in
large scale, and to maintain efficient and large-scale commu-
nication among devices, wide bandwidth will be the ultimate
requirement. The proposed antenna system fulfils this demand.
It is a potential candidate for IoT communication.
This work consists of four key stages. The initial step out-

lines the process of designing the basic single patch element,
which is then converted into two two-element array structures
and finally to a 4-port MIMO configuration, which operates
within a wide millimeter-wave frequency range. The sec-
ond phase revolves around creating a Multiple-Input Multiple-
Output (MIMO) configuration, with a focus on analysing both
the simulated and measured S-parameters of the MIMO, along
with examining its simulated and measured radiation charac-
teristics, gains, efficiencies, and surface current distributions.
Then, moving to the third stage, the diversity performance of
the proposed MIMO antenna is presented and explored, includ-
ing performance indicators such as envelope correlation coeffi-
cient (ECC), diversity gain (DG), mean effective gain (MEG),
and channel capacity (CCL). In the fourth stage, a comparative
study with existing research works is carried out. Finally, the
paper is concluded.

2. ANTENNA GEOMETRY

2.1. Single Element Structure
The design of the proposed antenna MIMO arrangement ini-
tially starts with the modelling of a single-element patch an-
tenna. The front and back sides of a single element’s geometry
are depicted in Fig. 1(a).

(a) (b)

FIGURE 1. Design of (a) single element and (b) 1× 2 antenna array.

In order to better understand the proposed design, a simple
circular patch element is designed in the first step. The circu-
lar patch element is then converted to a ring-shaped structure
with an outer radius of 1.6mm and inner radius of 1mm in the
next step. It is noted that the size of the large circular ring con-
trols the resonance impedance of the proposed structure. As
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can be observed from the optimisation illustrated in Fig. 2, for
the outer radius equal to 1.8mm in step 1, the resonance of the
radiating patch is at a higher frequency and in step 2 shifted to a
comparatively low frequency when the outer radius is selected
to be 1.6mm as shown in Fig. 2.

FIGURE 2. Design steps of antenna element.

Finally, another small circular ring-shaped element is placed
inside the big ring, and both the rings are connected to the main
50Ω feed line. The inclusion of a second small circle improves
the level of resonating bandwidth, as shown in Fig. 2 by com-
paring step 3 to step 2 of the design. Also, the second cir-
cle increases the effective area of the antenna. In step 4, the
single element is converted into a 1 by 2 array, which further
improves the impedance matching over the wide band of fre-
quency. The backplane is composed of the partial ground cop-
per plane with a thickness of 0.035mm, which enhances the
performance and helps to achieve wideband radiation patterns
within a wide desired frequency range. Besides that, the size of
the ground plan is also a key sensitive parameter that influences
the input impedance of the monopole antenna. The increase or
decrease in length of the partial ground plane significantly af-
fects the bandwidth of the proposed antenna element, as shown
in Fig. 3. The proposed geometry is constructed on Rogers RT
5880 substrates with dimensions 8 × 4 × 0.254mm3, dielec-
tric constant (εr) 2.2, and loss tangent 0.0009. The outer radius
(R2) of the circular-shaped patch could be calculated with the
help of these parameters by using Equation (1) [29].

R2 =
F√

1 +
2h

πεrF

(
ln
(
πF

2h

))
+ 1.7729

(1)

where

F =
8.791× 109

fr
√
εr

FIGURE 3. Effects of ground plane length on single element structure.

Furthermore, the iteration process is performed by consid-
ering different parameters which improved antenna’s perfor-
mance across a wideband frequency range. All simulations are
executed using full wave CST software.

2.2. Two Element Antenna Array Structure
In addition, the proposed single patch element antenna is trans-
formed into a two-element array structure given in Fig. 1(b).
The array configuration has been adopted to obtain higher gain
with a narrow radiation beam pattern. The two-element ar-
ray significantly increases the gain of a single element antenna.
Also, the two-element array structure improved the impedance
matching, as compared in Fig. 2.
Corporate feed technique is used, and both the elements of

the array are excited by a parallel feed network with a main feed
of 50Ω. The inter-element spacing between the array elements
is usually taken to be λ0

2 of the wave wavelength of operating
frequency. As the proposed design achieves wide bandwidth,
the distance between array elements is carefully selected to be
4mm. The two-element linear array structure, along with its
feeding network, is shown in Fig. 1(b). Table 1 provides the
design parameter lengths in mm.

TABLE 1. Lengths of the single element and 1× 2 array parameters.

Parameter Ls Ws R1 R2 W1 W2 W3

Value (mm) 8 4.5 0.7 1.6 0.6 0.7 2
Parameter W4 W5 W6 W7 W8 Wg1 Lg

Value (mm) 0.6 0.3 4 0.24 0.4 9 4
Parameter L1 Lg1 W L

Value (mm) 4.2 4 18 18

2.3. MIMO Antenna System Design
At the end, a 4-port MIMO antenna system is developed to in-
crease the capacity of the antenna array. The MIMO antenna
array is small in size with dimensions of 18× 18× 0.254mm3.
Each single MIMO element consists of a two-element antenna
array. The array elements are placed orthogonal to each other

39 www.jpier.org



Ahmad et al.

FIGURE 4. Design of four port MIMO antenna array.

(a) (b)

FIGURE 5. Fabricated prototype of the four port MIMO antenna array.
(a) Front view. (b) Back view.

FIGURE 6. Reflection coefficients of arrays in MIMO system. FIGURE 7. Transmission coefficients of arrays in MIMO system.

to attain high isolation. The complete geometry of the proposed
mm-wave MIMO antenna array system is shown in Fig. 4 and
its prototype in Fig. 5, respectively.

3. RESULTS AND DISCUSSION
3.1. Scattering Parameters
The scattering parameters of a single element, two elements ar-
ray and 4 × 4 MIMO antenna system are obtained by simu-
lations in CST software and also measured by using 2.4mm
Female PCB Mount Connector with ZVA 67 Vector Network
Analyzer. A good agreement is observed between the simulated
and measured results. To obtain extremely wide bandwidth and
the reflection coefficient (S11) value less than −10 dB in the
entire wide bandwidth, the parametric study is performed, and
the optimum parameters of the final single-element antenna are
selected. The reflection coefficient (S11) graph of a single an-
tenna element is displayed in Fig. 2. In the next step, a two-
element array structure is formed with the objective of improv-
ing antenna gain and directivity, also shown in Fig. 2. By doing
that, the maximum gain is increased from 4.5 dB to 7.4 dB. The

inter-elements distance is carefully selected in order to get the
same wide bandwidth and directed beam.
Finally, the two elements array is converted into a MIMO

system and adjusted so that each array in theMIMO system also
covers a wide bandwidth from 24GHz to 51GHz, as depicted
in Fig. 6. The reflection coefficient curves S11, S22, S33, and
S44 with values less than −10 dB match well with each other
which satisfies the wide bandwidth requirements of mm-wave
communication application. Also, the transmission coefficients
(S12, S13, S14) indicate decent isolation among the proposed
MIMO antenna arrays as shown in Fig. 7. The isolation of more
than 24 dB is noted among the arrays in the MIMO.

3.2. Radiation Patterns

The measurement setup adopted for radiation patterns consists
of an anechoic chamber containing a horn antenna transmitter
source and a Diamond-engineering Automated Measurement
System (DAMS) which is supported by driving software. Fur-
thermore, the real-time radiation patterns data is recorded with
the help of a turn-table mechanism. The far-field radiation pat-
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(a) (b)

FIGURE 8. Radiation patterns of port 1 at 28GHz, (a) in 3D shape, (b) at Phi = 0◦ (red) and 90◦ (black).

(a) (b)

FIGURE 9. Radiation patterns of port 1 at 38GHz, (a) in 3D shape, (b) at Phi = 0◦ (red) and 90◦ (black).

terns at Phi = 0◦ and Phi = 90◦ for port 1 are obtained at
28GHz and 38GHz for the proposedmm-waveMIMO antenna
system and are shown in Figs. 8(a) and 9(a), respectively. The
radiation patterns are bi-directional in the entire operational fre-
quency band. Furthermore, the main lobes are found more to
contribute in high radiation efficiency. Such an antenna design
with good results is a suitable choice for mm-wave wireless ap-
plications and could be anticipated in 5G communication. The
2D radiation patterns at 28GHz and 38GHz are also shown in
Figs. 8(b) and 9(b), respectively.
These remarkable features with the benefits of design sim-

plicity and easy expansion to large-scale antenna system make
the proposed design suitable for mm-wave communications.

3.3. Gain and Radiation Efficiency

The simulated realized gain associated with the entire opera-
tional frequency of the proposed MIMO antenna structure is
found by CST software, which gives a good gain graph due
to the array, as shown in Fig. 11. Result shows that the pro-

posed antenna delivers a maximum gain of 7.4 dBi at 48GHz
in the entire operating band of interest. The gain values lie
in the range of 4.2 to 7.4 dBi and provide 5.2 dB, 7.2 dB, and

FIGURE 10. The simulated and measured realized gain and radiation
efficiency graphs.
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FIGURE 11. MEG (dB) between elements. FIGURE 12. ECC graphs between elements.

7.4 dB gains at frequencies 28GHz, 38GHz, and 48GHz, re-
spectively. Due to the use of a Rogers 5880 dielectric substrate
with a loss tangent of 0.0009, the low value of loss tangent con-
tributes to achieving high efficiency; hence, the MIMO design
offers high radiation efficiency of more than 96% over a wide
bandwidth, which is a big achievement and makes it suitable
for mm-wave bands applications. The simulated and measured
radiation efficiency graphs are also shown in Fig. 10.

4. MIMO PERFORMANCE METRICS FOR THE PRO-
POSED ANTENNA
The proposed design is a Multiple-Input Multiple-Output
(MIMO) antenna system. Therefore, it is important to investi-
gate not only the antenna’s fundamental characteristics but also
various diversity parameters. Some of the important diversity
performance parameters, ECC, DG, MEG, and CCL, were
investigated, which determined the proposed MIMO antenna
system to be a good candidate for mm-wave applications.
These performance parameters are discussed one by one below.

4.1. Mean Effective Gain (MEG)
In order to acquire the received power characteristics and max-
imum diversity performance of the MIMO system in propaga-
tion environments, the Mean Effective Gain (MEG) is a signifi-
cant MIMO performance parameter to realize a balanced power
standard of the MIMO system and diversity performance with
a good channel characteristic compared to an isotropic antenna
in a multi-path channel [30, 31].
Mean effective gain (MEG) is the ratio of the received power

to the incident power of the antenna in the multi-path envi-
ronment. The maximum value of MEGs should be less than
−3 dB [20, 30], and a value close to−3 dB is considered good.
The proposed 4-port MIMO antenna provides very good MEG
values, as depicted in Fig. 11. It can be represented with the
help of the expressions below (2).

MEGi = 0.5

(
1−

∑N

j=1
|Sij |2

)
(2)

whereN is the total number of antennas in MIMO system, i the
ith antenna port, and j the reference jth antenna port.

4.2. Envelope Correlation Coefficient (ECC) and Diversity Gain
(DG)
Envelope Correlation Coefficient represents the level of inter-
ference between radiation patterns of antennas in a MIMO sys-
tem. The ideal value of ECC is 0; however, the acceptable
value of ECC should be less than 0.05 for practical applica-
tions [32, 33]. In particular, the higher the ECC value is, the
higher the interference will be. On the other hand, the lower
the ECC is, the better the diversity performance of aMIMO sys-
tem is. The anticipated ECC response is found acceptable all
over the desired band, which means that the proposed MIMO
antenna is effective. The ECC is calculated from radiation pat-
terns, it can also be calculated from scattering transmission co-
efficients; the latter method is selected to calculate the ECC for
the proposed MIMO antenna.
Diversity gain (DG) describes the communication link reli-

ability as it determines the channel fading in the combination
of two or more independent antennas. The DG value close to
10 dB or 10 dB is considered good. DG is inversely propor-
tional to ECC, and its values can be calculated fromECC. Based
on the requirements of practical standards, the DG value should
bemore than 9.95 dB. The DG value of the proposedMIMO an-
tenna is much closer to the ideal value, which confirms that the
interference is low among the elements, showing optimal diver-
sity performance. ECC and DG are given in Fig. 12 and Fig. 13
and are calculated from Equations (3) and (4), respectively.

ECG12 =
|S∗

11S12 + S∗
21S22|2(

1− |S11|2 − |S21|2
)(

1− |S22|2 − |S12|2
) (3)

and
DGij = 10×

√
1− ECCij (4)

where Sij represents the scattering parameter and shows the
transmitted power from port j to port i.
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FIGURE 13. DG graphs between elements. FIGURE 14. CCL graphs between elements.

TABLE 2. Comparison with other research works.

Refs. Ports Dimensions BW (GHz) Gain (dB) Efficiency (%) Isolation (dB)
[35] 2× 2 20× 24mm2 27.6–28.4/37.9–38.5 7.9 85 28
[36] 2× 2 47.5× 32.5mm2 37–40 6.5 80 25
[37] 2× 2 24× 22.5mm2 27.4–40 9 42 30
[38] 2× 2 110× 55mm2 27–28/37.2–38.8 7.95/8.27 89.89/88.25 30/24
[39] 1× 2 18× 36mm2 3–40 6 - 20
[40] 2× 2 24× 24mm2 24.2–37.8 6.4 91 27
[41] 2× 2 30× 30mm2 26–29 6.5 85 25
[42] 2× 2 24× 24mm2 23.6–31.5 5.66 85 27.5
[43] 1× 2 30× 15mm2 26.5–32.9 5 84 35
[44] 1× 2 14× 20mm2 17–25 6.5 80 16
[45] 4× 4 25× 25mm2 25.28–28.02 8.72 - 23.2
[46] 2× 2 55.27× 27.64mm2 27–40 5.5–8 84 25–30
[47] 4× 4 33× 33mm2 25–50 - 65–90 20
[48] 2× 2 26× 11mm2 26–28.2/36.2–42 5/5.7 99.5/98.6 30/25
Prop. 4× 4 18× 18mm2 24–51 7.4 96 25

4.3. Channel Capacity Loss (CCL)

CCL accounts for a maximum attainable limit of communica-
tion when a signal transmits completely, without communica-
tion channel loss. The channel capacity specifies the maxi-
mum transmission rate of information through a communica-
tion channel. The unit of CCL is bits/s/Hz, and the loss in
channel capacity should not be greater than 0.4 bits/s/Hz for the
entire band of interest; a low CCL indicates that the channel
is used efficiently [34]. Fig. 14 shows the CCL graph, and in
terms of S-parameters, it is represented by Equation (5).

CCLij = − log2 det|ΨR| (5)

where

ΨR =

[
Φii Φij

Φji Φjj

]

and
Φii = 1−

(
|Sii|2 + |Sij |2

)
Φij = S∗

iiSij + S∗
jiSij

where Sij represents the scattering parameter and shows the
transmitted power from port j to port i.

5. COMPARISON WITH RECENT WORK
In the published literature, variousMIMO antenna designs have
been adopted; a comparison with existing research is presented
in Table 2. This comparison takes into account key factors such
as antenna dimensions, operating bandwidth, gain, efficiency,
and isolation among MIMO elements. This proposed design
has considerable good gain with high bandwidth and efficiency,
and the comparison is provided in Table 2. In order to assess
the performance, the antenna in [44] features a smaller antenna
size but at the expense of limited bandwidth, low gain and effi-
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ciency. Similarly, the antennas are concerned with larger size
in [36, 38, 41, 46] and low-efficiency performances. Addition-
ally, [35, 37, 45] offer the advantage of high peak gain but are
restricted to low bandwidth. In contrast, the proposed MIMO
design emphasizes significant isolation and offers an impres-
sive operational bandwidth range of 24 to 51GHz, adequate
size, improved peak isolation, and high efficiency.

6. CONCLUSION
MIMO antennas are quite responsible in order to improve the
coverage range, increase the channel capacity, and provide
quality of service when being employed in any wireless com-
munication system. In addition, millimeter-wave frequencies
offer significant advantages such as high data rates, low la-
tency, and extensive bandwidth. In order to achieve the de-
sired data rates and meet bandwidth targets, the utilization of a
MIMO configuration in mm-wave antenna design has the po-
tential to enhance system performance. This proposed simple
designed four-port MIMO array antenna offers wideband (24–
51GHz) with enhanced gain (7.4 dB), high efficiency (96%),
and bi-directional radiation characteristics. Work on the de-
sign of mm-wave antennas has been done, and the extremely
high bandwidth with good gain and optimal MIMO diversity
performance parameters make the proposed design exceptional.
The MIMO antenna exhibits good isolation of more than 22 dB
against electromagnetic interaction, which demonstrates low
mutual coupling. Furthermore, the comparisons between sim-
ulated and measured results ensured a good agreement. The
MIMO performance metrics were also evaluated and are found
in well-accepted ranges. The ECC, MEG, DG, and CCL give
values of < 0.0005, < 3 dB, > 9.99 dB, and < 0.4 bits/s/Hz,
respectively. Overall, the proposed wideband MIMO antenna
is much more suitable for mm-wave 5G applications. In the fu-
ture, the incorporation of a metasurface under the ground plane
will further improve the gain and make the radiation pattern of
the proposed design unidirectional. Moreover, the incorpora-
tion of a beam steering feature will make the proposed antenna
system capable of wide area coverage for communication.
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