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ABSTRACT: The present study describes the architecture of a defected ground structure (DGS)-based eight-element multiple-input
multiple-output (MIMO) antenna. It functions in the millimeter-wave spectrum n258 (24.25–27.5GHz) and is mainly intended for fifth-
generation (5G) applications. Each antenna element has an elliptical slot at the ground plane and a hook-shaped antenna integrated into it
to reduce the mutual coupling among the adjacent antenna elements. With a wide bandwidth of 5GHz and an isolation level greater than
37 dB, the proposed antenna effectively covers the frequency range of 22.5 to 27.5GHz. At the designated resonant frequency, it gener-
ates a directed radiation pattern and gain of 6.31 dBi. The proposed antenna’s diversity system performance characteristics are assessed
using metrics like channel capacity loss (CCL), diversity gain (DG), mean effective gain (MEG), and envelope correlation coefficient
(ECC). The 8-port proposed MIMO antenna prototype, exhibiting overall dimensions of 62.7× 31× 0.787mm3, has been constructed
utilizing an economical FR4 substrate, demonstrating a substantial association between the computed and measured outcomes, thereby
establishing its viability as a potential candidate for 5G communications.

1. INTRODUCTION

In the rapidly evolving area of wireless communication tech-nology, high data transfer speeds are desirable. However,
because of the growing user base, there are issues regarding
congestion on the available wireless spectrum. The poten-
tial of the 5G mobile network transition is far higher than that
of the 4G systems. A key element of this transition is using
millimeter-wave (mm-wave) frequencies, which hold immense
promise for 5G applications [1]. Although mm-wave frequen-
cies offer numerous benefits, they have drawbacks, such as
atmospheric absorption, signal fading, and path loss attenua-
tion [2]. These issues get more severe, mainly when we use
a single antenna. As a result, the researchers were led to deal
with atmospheric absorptions at mm-wave frequencies by uti-
lizing MIMO capabilities. Also, the spectrum efficiency, data
rates, channel capacity, and link reliability are increased using
the MIMO technique [3]. There are specific challenges in as-
sembling many antenna elements in a MIMO arrangement. Im-
proving MIMO antenna element isolation is one approach to
enhance the wireless system’s overall performance [4, 5].
It is very challenging to design compact MIMO antennas.

The efficiency of the system is drastically affected by the in-
evitable mutual coupling effect due to the close spacing of an-
tennas. Thus, the addressal of this issue is incredibly signifi-
cant [6, 7]. Several techniques exist in the literature for isola-
tion enhancement and mutual coupling reduction, such as de-
coupling networks [8], frequency selective surfaces (FSS) [9],
electromagnetic band gap (EBG) [10], split ring resonator
(SRR) [11], metamaterials [12], and absorbers [13]. Nu-
merous challenges in terms of design complexity arise when
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these structures are integrated. In [14], using the decoupling
structure, a MIMO antenna design operating at 28GHz at-
tains an isolation of −30 dB. The dual-element antenna design
shows a considerable reduction in mutual coupling by plac-
ing a single-column Electromagnetic Bandgap (EBG) structure
and a ground stub between the two radiating patches [15]. To
increase isolation, a Defected Ground Structure (DGS) based
quad-port circularly polarized MIMO antenna in [16] uses cir-
cular parasitic structures forming the decoupling structure. In
[17], a metamaterial-based antenna design with improved isola-
tion is introduced. A dual-element circularly polarised MIMO
antenna in [18] achieves isolation optimization using differ-
ent antenna orientations. An ultra-wideband, compact antenna
design operating at 26GHz is presented in [19]. CSRR and
DGS are used in a low-profile, compact antenna of two rect-
angular patches connected by a corporate feed network for
better isolation [20]. In [21], a MIMO antenna consisting of
two crescent-shaped patches, operating at triple bands and hav-
ing slotted ground, is presented. Ref. [22] proposed a 4-port
compact monopole patch antenna operating at 26GHz. For
impedance bandwidth optimization, circular and rectangular
slots were etched in the ground. Also, semi-circular slots etched
on the edges improved the isolation. Ref. [23] introduced a
dual-element MIMO antenna design using a tapered microstrip
feed line for bandwidth widening.
The antenna designs discussed above adopted different tech-

niques for isolation improvement. Most of them tend to have
complex designs. The complex configurations pose signifi-
cant difficulties in precise fabrication, particularly at reduced
dimensions, resulting in possible inaccuracies and discrepan-
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FIGURE 1. (a) Front view. (b) Rear view of single-element antenna.

(a) (b) (c)

FIGURE 2. Single-element antenna progression steps. (a) Antenna 1 (with the entire ground plane). (b) Antenna 2 (with slot). (c) Antenna 3
(proposed).

cies. Also, some designs suffer from low isolation, low gain,
and reduced operating bandwidth.
This work describes a slotted ground plane, highly isolated,

8-element MIMO antenna with acceptable gain over a wide op-
erating bandwidth without any decoupling structure.

2. ANTENNA DESIGN

2.1. Design Methodology for Single Element Antenna
With a thickness of 0.787mm and a dielectric constant of 4.4,
an FR-4 substrate is used for fabricating the antenna’s hook-
shaped radiator. The dimensions and configuration of the de-
signed single-element MIMO antenna are shown in Fig. 1. The
design’s front and back views are shown in Figs. 1(a) and (b).
Table 1 displays the optimal layout parameters of the designed
single-element MIMO antenna configuration.

TABLE 1. Optimized design values of the proposed individual antenna
element.

Optimized
Parameter

Value
(mm)

Optimized
Parameter

Value
(mm)

L 16 W 16
a 6.5 Fd 6.5
b 5 Fc 5.5
c 7.5 Lf 1.4
u 6.2 v 4.45

Figure 2 delineates the progression steps of the individual el-
ement antenna architecture, culminating in the proposed design
configuration. The initial design, as shown in Fig. 2(a), features
a hook-shaped radiator and a complete ground plane.
The simulation results, shown in Fig. 3, indicate that the re-

flection coefficient (S11) remains below −10 dB within a lim-
ited frequency range (22.5GHz to 23.3GHz), indicating in-
adequate impedance matching and a limited operational band-
width. As illustrated in Fig. 2(b), a slot, elliptical in shape, has
been created in the ground plane for improving the impedance

FIGURE 3. S11 for proposed single-element antenna.
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FIGURE 4. S11 of single element antenna for different values of (a) feed length (Fd); (b) stub length (a); (c) primary axis length of the ellipse (u).

matching and enhancing the operational bandwidth. Integrating
the elliptical slot significantly enhances overall performance by
mitigating mutual coupling and improving the frequency re-
sponse characteristics.
The proposed configuration incorporates both the elliptical

slot and a rectangular DGS, arranged with utmost care and opti-
mized to enhance the performance, as shown in Fig. 2(c). With
the reflection coefficient remaining below−10 dB, this config-
uration successfully attains the targeted frequency range (22.5–
27.5GHz), as shown in Fig. 3. The synergistic effect of the
slot and rectangular DGS structures yields improved impedance
matching and wide operational bandwidth. This sequential de-
sign advancement highlights the efficacy of incorporating DGS
elements to attain the specified frequency range, enhanced iso-
lation, and optimized performance tailored for millimeter-wave
5G applications.

2.2. Parametric Analysis

The attributes of the proposed single-element antenna design
are strongly influenced by several design parameters. To ascer-
tain the optimal values for these parameters, a parametric anal-
ysis is performed. Fig. 4 shows the antenna’s S11 parameter for
various values of these core design parameters.

The feed line length (Fd) is one of the essential parameters
affecting the antenna’s performance. As illustrated in Fig. 4(a),
slight variations in the feed length (Fd) affect the impedance
matching. Decreasing the values from 6.7mm to 6.5mm en-
hances the reflection coefficient (S11) from−27 dB to−45 dB,
improving the impedance matching.
The stub length (a) is another important factor to

be taken into account. The simulated values of S11 as a
function of changes in stub length are shown in Fig. 4(b). At
a = 6.5mm, the ideal results are achieved. The principal axis
length of the elliptical slot (u) influences both the reflection
coefficient (S11) and the frequency of operation. It has a
major impact on the mutual coupling and the suppression of
surface currents. The resonant frequency shifts toward a higher
frequency when u decreases, as shown in Fig. 4(c).

3. PROPOSED MIMO ANTENNA DESIGN

The single antenna is transformed into an eight-element MIMO
antenna by placing the antennas adjacent to each other and op-
posite to each other. Elliptical and rectangular slots are created
out of the ground plane to reduce the mutual coupling effect and
bandwidth enhancement. The structure’s entire dimensions are
62.7 × 31mm2. Fig. 5 depicts the configuration of the sug-
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FIGURE 5. Proposed MIMO antenna design configuration. (a) Front view. (b) Rear view (with DGS). (c) Fabricated specimen (front view). (d)
Fabricated specimen (back view).

(a) (b)

FIGURE 6. (a) Simulated and measured S11. (b) Simulated and measured isolation (SXY ).

TABLE 2. Proposed MIMO antenna’s design values.

Optimized
Parameter

Value
(mm)

Optimized
Parameter

Value
(mm)

Lm 62.7 Wm 31
D1 5 S1 13

gested MIMO antenna, and Table 2 lists its ideal dimensions.

4. RESULTS AND DISCUSSION
The computed and S-parameters measured for the proposed
MIMO antenna are displayed in Fig. 6(a). The reflection co-

efficient is less than −10 dB throughout the whole operating
bandwidth.
The simulations have been done using the CST (Computer

Simulation Technology) Studio Suite. One port is energized
during the experimental measurements, while the other ports
are terminated with an impedance matching load of 50Ω.
Fig. 6(b) shows the isolation (S12, S13, S14, S61, and S63) of
the MIMO antenna design that has been proposed.
Due to its proximity to densely arranged antennas deployed

in various orientations, including side-by-side and diagonal,
port 1 is selected as the excitation port. Over the whole band-
width, and the isolation is less than 37 dB. The possible human
errors and tolerances in the fabrication process are accountable
for the differences between simulated and measured values.
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(a) (b)

FIGURE 7. (a) Efficiency and (b) gain of the proposed MIMO antenna.

The primary means whereby decoupling is accomplished in
our design is by carefully integrating elliptical and rectangular
slots in the ground plane to create a Defected Ground Struc-
ture (DGS). This construction greatly reduces mutual coupling
by limiting the surface current paths that would otherwise flow
between adjacent antenna elements. Without the use of conven-
tional decoupling networks, the DGS suppresses surface waves
and redistributes current flow to achieve high isolation levels
beyond 37 dB.
The decoupling is also influenced by the spatial arrangement

and orientation of the elements. The overall MIMO perfor-
mance is improved by utilizing polarization diversity and mini-
mizing electromagnetic interaction through the strategic place-
ment of the antenna elements with optimal spacing and alternate
alignment.
The efficiency of the proposed MIMO antenna design is il-

lustrated in Fig. 7(a). The overall efficiency of the MIMO an-
tenna that has been proposed is 94.91% at the resonance fre-
quency of 25GHz. Fig. 7(b) displays the gain of the 5GMIMO
antenna. The results unequivocally show the MIMO antenna
having a maximum gain of 6.54 dBi and a resonant frequency
gain of 6.3 dBi.
The surface current density pattern at a frequency of 25GHz

of the MIMO antenna is showcased in Fig. 8. Most of the
current distribution is concentrated in the feedline and hook-
shaped radiator. Since a single port is excited, and the other
ports are terminated with a corresponding load of 50 ohms,
slight surface currents are seen in the other ports.
Figures 9(a) and 9(b) show the co-polar and cross-polar radi-

ation patterns in theE-plane (electric field) andH-plane (mag-
netic field), respectively. Exciting port one and terminating
the other ports with a 50-ohm matched load yields the radia-
tion patterns. In the E and H planes, the suggested MIMO
antenna exhibits a directional radiation pattern. The symmetri-

cal component layout of the MIMO configuration improves the
180-degree radiation pattern because the waves radiated by the
individual antenna elements are coherently superposed.
Additionally, the DGS modifies the surface current distribu-

tion in specific ground plane regions. The observed directional
radiation pattern is the result of constructive interference along
a specified direction made possible by this current redirection.
Mitigating surface waves attributable to the DGS inhibit the ra-
diation in undesirable directions.

5. MIMO DIVERSITY PERFORMANCE
In the practical MIMO communication framework, to fully un-
derstand the prospects of the 8-element MIMO, the diversity
performances are examined. TheS-parameters procured for the
MIMO antenna are used to determine the diversity performance
metrics, namely the Diversity Gain (DG), Channel Capacity
Loss (CCL), Mean Effective Gain (MEG), and Envelope Cor-
relation Coefficient (ECC). As delineated in Equation (1), the
ECC value measures the correlation between nearby antenna
elements.

ρij =
|SiiSij + SjiSjj |2

(1− |Sii|2 − |Sij
2|)(1− |Sjj |2 − |Sji

2|)
(1)

Fig. 10(a) depicts the graph for the suggested antenna’s ECC.
As is evident from the graph, the ECC value is less than 0.0003,
which is very low, implying good diversity performance.
The DG of the suggested MIMO antenna is displayed in

Fig. 10(b). As is ideal for any MIMO antenna, the DG’s value
is approximately 10 dB. Equation (2) mentions the formula that
is used to calculate DG.

DG = 10

√
1− |ECC|2 (2)
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FIGURE 8. Suggested MIMO antenna’s surface current distribution at 25GHz.
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FIGURE 9. Radiation pattern of the suggested MIMO antenna design.

(a) (b)

FIGURE 10. (a) ECC simulated and measured. (b) DG simulated and measured.
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TABLE 3. Proposed MIMO antenna comparison with the previous literature.

Ref
No.

No. of
elements

Size (mm2) Antenna Type Frequency
(GHz)

Isolation
(dB)

Isolation
Technique

Efficiency
(%)

ECC

[24] 2 19.94× 15.06 Patch + EBG 24 −37
Electromagnetic
band gap (EBG)

80.5 0.24

[25] 81 126× 126 Antenna Array
24–29
30.5–36

−20 Antenna geometry > 65 < 0.005

[26] 4 110× 55 Patch + DGS 28/ 38 −30/24 Slots in ground -
2.46× 10−5

7.65× 10−5

[27] 4 24× 20
Optically

Transparent Patch
24.10–27.18
33–44.13

−16 Full ground 75 < 10−1

[28] 4 80× 80 Circular Patch 23–40 > 10 Full ground > 70 < 0.0014

[29] 4 150× 70
Circular Patch +
Parasitic Patches

4.776–5.052
22.7–28.5

−32/−35 - 60–65 -

[30] 10 100× 40
Slot + DGS
+ DMS

22.5–28.5 −36.4

DGS and DMS
(defective metal

structure)
77 < 0.003

[31] 8 135× 75
Transmission
line (series fed)

27.5–31 −20 Stubs - < 0.015

[32] 4 12× 45.2
GCPW-fed pentagonal

patch + DGS
25.3–42 > 24

Defected ground
structure (DGS)

> 82 < 0.0014

[33] 4 60.6× 31.8 Antenna Array 28 > 30 Antenna orientation 91.5 < 0.00009

Proposed
work

8 62.7× 31 Slot + DGS 22.5–27.5 < 37 DGS and antenna
orientation

> 94 < 0.0003

(a) (b)

FIGURE 11. Simulated and measured results. (a) CCL. (b) MEG.

Channel capacity loss (CCL) can be calculated using the for-
mula.

CCL = − log2 det[β
R] (3)

where

[β
R
] =

[
βii βij

βji βjj

]
(4)

βii = 1−
(∑N

j=1
|Sij |

2

)
(5)

βij = −(S∗
iiSij + S∗

jiSji) (6)
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Channel capacity loss is shown in Fig. 11(a) and exhibits a value
of 0.014 bits/s/Hz, and it is found to be less than 0.2, indicating
that the proposed antenna has a reduced-loss data transmission.
Mean Effective Gain (MEG) denotes the mean power ac-

quired by awireless system functioningwithin a variable fading
environment.
The MEG is given as

MEG = 0.5µir = 0.5

[
1−

∑l

j=1
(|Sij |

]
(7)

The computed and measured results for MEG are shown in
Fig. 11(b). The permissible range for the MEG generally exists
between −3 dB and −12 dB. Upon analysis of both the sim-
ulated and measured outcomes, it becomes apparent that the
MEG value resides within the acceptable range. This observa-
tion highlights the relevance of the proposed study for MIMO
and diversity-centric applications by demonstrating significant
alignment between the simulated and measured performance
metrics of the MIMO antenna design.
In Table 3, a comparison of the proposed MIMO antenna is

made with the other designs studied from the literature [24–
33]. The comparison is based on the antenna elements, design
size, antenna type, isolation, and the technique used for isola-
tion improvement. Additionally, the suggested antenna differs
from the other larger designs due to its highly isolated elements,
which have an isolation < 37 dB. Without the need for any
decoupling devices, the recommended antenna, however, of-
fers a decent gain. Furthermore, the efficiency and ECC have
been compared to the most recent studies, and the suggested
design provides the highest efficiency and lowest ECC. More-
over, the majority of antennas have not looked at CCL and DG.
The findings show that the suggested antenna is appropriate for
millimeter-wave operations.

6. CONCLUSION
This article delineates a novel 8-element planar MIMO antenna
tailored for the millimeter-wave 5G frequency band (n258)
within a compact architectural framework. The antenna ex-
hibits an exceptional efficiency rate of 94.9% alongside a peak
gain of 6.3 dBi. DGS (Defected Ground Structure) configu-
ration has been introduced to augment inter-element isolation,
resulting in a high isolation level beyond 37 dB. It is notewor-
thy to highlight that, without using decoupling mechanisms, the
achieved isolation remains significantly high. Indicative met-
rics of the performance ofMIMO, like the EnvelopeCorrelation
Coefficient (ECC) and Diversity Gain (DG), show impressive
values, with a DG of nearly 10 dB and an extraordinarily low
ECC of less than 0.0003. The overall antenna architecture is
characterized by its simplicity, devoid of intricate design com-
plexities. All parameters associated with the antenna have been
validated through empirical results, affirming the proposed an-
tenna’s viability for application in millimeter-wave 5G commu-
nication systems.
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