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ABSTRACT: This paper proposes a four-port multiple-input multiple-output (MIMO) antenna for 5G communication. The reference
hexagonal antenna with WI-FI slots is designed on FR-4 substrate. Next, four reference antennas are arranged orthogonal to each other
for the reduction of isolation. The overall dimensions of WI-FI slot four port MIMO antenna is 60 x 60 x 1.6 mm®, and it is implemented
on an FR-4 substrate with defective ground structure. With an impedance bandwidth of 1 GHz (Giga Hertz), the suggested MIMO antenna
operates in the frequency range of 3.3 to 4.3 GHz. The mutual coupling is more than 23 dB among all ports. Furthermore, the MIMO
antennas’ channel capacity loss (CCL), diversity gain (DG), and envelope correlation coefficient (ECC) are estimated. The parameters
are measured using anritsu MS2037C Vector Network Analyzer (VNA).

1. INTRODUCTION

quad-element MIMO antenna [1], divided into four units

for sub-6 GHz users, has been developed. The upper
part of the setup features a 502 microstrip monopole with
unique openings in a defected ground structure, including semi-
circular and rectangular shapes. With dimensions of 60 x
60 x 1.6mm?, and this quad-element MIMO antenna of-
fers impressive performance. To meet the demands of 5G
applications, a compact four-element MIMO antenna solu-
tion [2] is recommended. Utilizing semicircular and rectangu-
lar monopole structures in an offset-fed configuration, the de-
sign achieves high isolation between adjacent elements without
explicit isolation techniques. The manufactured antenna mea-
sures 0.374)\y x 0.275)g, with )¢ denoting the 3.3 GHz free-
space wavelength. With isolation exceeding 20 dB over the
3.3-6.3 GHz range, the antenna meets MIMO criteria for ECC,
DG, and mean effective gain (MEG). A low-profile MIMO-5G
in-vehicle antenna system [3], covering the whole 5G NR (New
Radio) frequency spectrum is made of inexpensive printed cir-
cuit boards (PCBs). Designed for compactness using PCBs,
this system includes a main 5G antenna and a two-part diver-
sity antenna. Installed within a shark-fin enclosure on a vehicle
roof, the system’s dimensions are 0.1A x 0.07\ x 0.14\, cov-
ering broad bands from 617-960 MHz and 1710-6000 MHz,
supplemented with metal patches for high-frequency band cov-
erage. A meander-line radiation arm design [4] is proposed
for size reduction. Ring director is positioned above the aper-
ture to produce stable radiation patterns and a broad impedance
bandwidth. A MIMO antenna array [5] at 77 GHz with strong
isolation and high gain is made up of two rows of trans-
mitting and receiving antenna arrays. The TX (Transmitter)
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and RX (Receiver) antenna components have boresight gains
more than 12 dBi, and their isolation at 75-81 GHz is about
42 dB. A two-port composite antenna [6] with tapered slots of-
fers support dipole and W8JK array modes for co-linear po-
larization, with strong isolation of more than 20dB in 3.4—
4.1 GHz frequency band and low reported envelope correla-
tion coefficients (< 2.5 x 1073). A study on ultra-wideband
(UWB)-MIMO antenna [7] explores a stepped electromagnetic
bandgap (EBG) structure for a UWB-MIMO antenna, maxi-
mizing bandwidth while ensuring high isolation and radiation
efficiency. It can cover 3.07-11.1 GHz while maintaining bet-
ter isolation (> 20dB), radiation efficiency (> 75%), and
ECC (< 0.05). A compact four-port wideband H and I slot
MIMO antenna is employed for 5G purposes [8], and offering
a —10 dB impedance bandwidth spanning 2.0 GHz, it resonates
effectively from 3.4 GHz to 5.4 GHz. This antenna efficiently
covers essential 5G NR bands including n77, n78, and n79, en-
suring robust connectivity and compatibility with diverse net-
work requirements. In [9], a design proposal for a 1 x 4 sub-
strate integrated waveguide (SIW) based slot antenna is pre-
sented. Through careful adjustment of lateral wall positions
and optimization of central wall and septum dimensions, the
antenna achieves precise tuning of longitudinal and capacitive
currents. This tuning helps the antenna to maintain a compact
size 0f 9.8 x 38.64 x 0.508 mm?, a minimum isolation of 30 dB,
and a maximum gain of 10 dBi in the 36.5-39.28 GHz range.
In a recent study [10], a novel decoupling technique is pro-
posed for an 8 x 8 MIMO array employing coupling stubs.
The array features back-to-back connected printed Inverted-F
antennas (PIFAs). Through complementary cancellation, sig-
nificant reduction of coupling is achieved, resulting in isola-
tion exceeding 10.2 dB from 3.3 to 4.88 GHz (38.6%). Another
research endeavour [11] introduces a diamond-shaped MIMO
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antenna system tailored for 5G wireless communication. With
compact dimensions of 26 x 16 x 0.254 mm?, this system covers
from 26.2 to 34.2 GHz frequency. Employing a two-element ar-
ray configuration, the system experiences a gain increase from
the single antenna element’s 3.8 dBi to 7.6 dBi. It showcases
robust MIMO capabilities with an envelope correlation value
below 0.0005, a maximum DG of 10 dB, radiation efficiency
above 90%, and 25 dB isolation. Additionally, [12] presents a
slotted wideband eight-element MIMO antenna system cater-
ing to the N77 (3.2-4.2 GHz) requirements. Fabricated on an
FR-4 substrate measuring 150 x 75 mm? and 0.8 mm thick, the
MIMO antennas incorporate an inverted C-slotted stub along
with a T-slot to cover the 3.25-4.49 GHz frequency range. The
addition of these slots boosts isolation to 14.5 dB and enables
impressive performance metrics such as 40 bps/Hz channel ca-
pacity, DG exceeding 9.95 dB, and an ECC below 0.025. Fur-
thermore, [13] deals with a four-element metamaterial MIMO
antenna. Constructed on a compact square substrate mea-
suring 50 x 50 x 1.6mm? (0.650X\g x 0.65\9 x 0.002)o),
where )\ denotes the 4 GHz free space wavelength, the antenna
achieves significant reduction of mutual coupling between all
ports by at least 23 dB. Additionally, [14] introduces an 8-
panel huge MIMO antenna system utilizing a 4 x 4 phased
antenna array capable of accommodating band combinations
like n257/n261/n260 or n258/n260. This system offers a broad
bandwidth of approximately 42.2% and boasts impressive fea-
tures such as side lobes below 9.4 dB, a scanning range of +40°,
and a minimum peak gain of 17 dBi. Through the implementa-
tion of a decoupling technique, neighbouring antenna elements
are effectively isolated from each other by a minimum of 17 dB.
In[15], unlike previous models utilizing an FSS structure solely
for decoupling, this antenna ingeniously employs it as the direct
low-band (LB) antenna at 0.69-0.96 GHz. Simultaneously, the
FSS acts as a reflector for the high-band (HB) antennas within
the range of 3.3-3.8 GHz. This innovative approach synchro-
nizes the radiation patterns of both HB and LB antennas, result-
ing in stable radiation and significant gains in boresight across
operational bands.

The performance of a large-scale multiuser MIMO millime-
tre wave (mm Wave) channel in an underground mine is exam-
ined in [16]. A base station operates at 28 GHz with 64 virtual
antenna components catering to multiple customers, and the
study highlights minimal time dispersion in the underground
mine channel. Furthermore, it is noted that propagation dis-
tance does not notably affect the rms delay spread, showcas-
ing a capacity potential of up to 33.54 bit/s/Hz with eight ac-
tive users. The mode cancellation technique [17] is employed
to reduce the MIMO-SAR (Specific Absorption Rate) by 82%.
Through simulation and validation, the study presents an eight-
antenna MIMO array greater than 16.7 dB of isolation, and ef-
ficiency surpassing 55% is produced. Polarisation diversity is
produced on a dual-patch radiator [18] by excitation of various
modes like TMy, antiphase TMsog and TMg;. Based on this
concept, a dual-element six-port MIMO antenna is developed,
constructed, and tested, demonstrating an —6 dB impedance
bandwidth between 4.8 and 5.0 GHz with more than 30 dB of
isolation. In [19], partly reflecting surfaces (PRSs) are inte-
grated to reduce mutual coupling. Operating over a bandwidth
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of 24-43.5GHz (57.8%) at a —10dB reflection coefficient,
the antenna achieves transmission coefficients |.S,;|, |.S51|, and
|S32] less than 27, 37.9, and 46.4 dB, respectively, with maxi-
mum gains of 17.3 and 16.1 dBi. The unique design decoupling
mechanism [20] is achieved by perpendicular bending of two
slot antennas and introduction of a short-ended slot. Finally,
[21] presents a tripolarized MIMO antenna with pattern diver-
sity to achieve orthogonal polarization for each mode. By in-
corporating shorting pins and metal strips, the design achieves
three adjacent resonant frequencies in patch mode, resulting in
a wide bandwidth of 2.98—4.75 GHz with peak gains of 5.1 and
9dBi.

The significance of attaining high isolation, small construc-
tion, and wideband performance for 5G applications is empha-
sized in this paper, which has a direct bearing on MIMO an-
tenna design. To reduce mutual coupling and improve system
performance, the suggested MIMO structure uses sophisticated
design strategies such as element location optimization. Im-
proved data speed, dependability, and spectral efficiency — all
crucial for next-generation wireless systems — are guaranteed
by the MIMO scenario’s carefully placed antenna elements,
which permit many independent communication channels.

2. METHODOLOGY OF QUAD PORT MIMO ANTENNA

2.1. Reference Antenna Design

Initially, the side length of the hexagonal patch is determined
using the following equations and subsequently optimized to
achieve improved performance values [30]. The antenna struc-
ture undergoes an evolution from a hexagonal patch to a novel
configuration achieved by integrating four slots within the
patch. In contrast to traditional rectangular or circular patches,
the suggested single antenna element uses a hexagonal-shaped
patch, which provides a compact geometry with effective sur-
face current dispersion.

1.842C
_ 1
Ir e (1)
2h Ta 1/2
2 = a {1 L (1n o+ 1.7726)} @)
ra? = 3V38? 3)

fr 1s the resonance frequency; c is velocity of light; a and a.
are radius and effective radius of circular patch; ¢, is the rel-
ative permittivity of substrate; / is the height of substrate; S
is the side length of hexagonal patch. Single element antenna
designed on an FR-4 substrate of 1.6 mm thickness, ¢, = 4.4,
tand = 0.02, and its configuration depicted in Fig. 1(a) is of a
basic hexagonal shape. Fig. 1(b) is hexagonal with four slots,
and Fig. 1(c) is back view of the defective ground.

The antenna is fed with microstrip line and also uses par-
tial ground to achieve impedance matching. Fig. 2(a) shows
the S1; (dB) with and without slots of hexagonal antenna. The
three arc slots are created on a hexagonal patch, and the current
distribution is changed by slots. Due to these slots, the band-
width is enhanced. The optimized hexagonal antenna design
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FIGURE 1. Schematic view of the reference antenna, (a) hexagonal, (b) hexagonal with slots, (¢) back view.
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FIGURE 2. Reference antenna, (a) Si1, (b) flowchart.
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TABLE 1. Design parameters of the reference antenna.

Parameter S | Le | We | Lg

We

Value (mm) | 14 | 30 | 30 | 49

1.5

1.3

(b)

(b)

FIGURE 4. Fabrication of MIMO antenna, (a) front, (b) back view.

with WI-FI slots is chosen, and it enhances the bandwidth, op-
erating throughout the desired frequencies from 3.3 to 4.3 GHz.
Table 1 gives dimensions of the single hexagonal antenna with
slots. Fig. 2(b) shows the flowchart of proposed MIMO an-
tenna.

2.2. Design of MIMO Antenna

Figures 3(a) and 3(b) illustrate the schematic front and back
views of the quad-port MIMO antenna. This antenna is built
using an FR-4 substrate measuring 1.6 mm in thickness incor-
porating a defective ground structure. The four reference an-
tennas are arranged orthogonally to each other within the de-
sign. The final dimensions of the proposed antenna are 60 mm
in width (W,) and 60 mm in length (Ly). In Figs. 4(a) and 4(b),
the fabrication details of the MIMO antenna are presented. The
antenna is simulated with High Frequency Structure Simulator
(HFSS) software.

3. RESULTS AND DISCUSSIONS

This section provides a thorough description while also explain-
ing the outcomes of a four port MIMO antenna. Isolation, ECC,
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DG, and CCL are among the MIMO antenna properties that
are simulated/measured. Fig. 5(a) shows the reflection coeffi-
cients (511, S22, S33, and Sy4) of MIMO antenna at four differ-
ent ports 1, 2, 3, and 4. All the reflection coefficients of MIMO
antenna are from 3.3 to 4.3 GHz. Fig. 5(b) depicts the measured
and simulated reflection coefficients of proposed MIMO an-
tenna at port 1. It resonates from 3.3 to 4.3 GHz with impedance
bandwidth 1 GHz, and max reflection coefficient is —28.0 dB
at 4 GHz.

Here, the measured lower cut-off of Sy is varied due to SMA
connector. The reflection coefficient (Sy;) of the proposed
MIMO antenna was measured using ANRITSU MS2037C
VNA. Fig. 6 illustrates both the measured and simulated trans-
mission coefficients of the WI-FI slot MIMO antenna. Notably,
within the proposed frequency band of 3.3—4.3 GHz, the isola-
tion value remains below 23.0dB. This enhanced isolation is
attributed to the orthogonal positioning of the four reference
antennas.

Given its significance as a primary performance metric for
MIMO antenna systems [22, 23], the ECC can be calculated uti-
lizing the provided equation and S-parameters. The parameters
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FIGURE 5. S-parameters of MIMO antenna at (a) four ports, (b) measured Si;.
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FIGURE 6. Transmission coefficients of four port MIMO antenna.
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FIGURE 7. Four port MIMO antenna measured/simulated (a) ECC, (b) DG.

i and j in Equation (1) represent the port number.
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In order to preserve the wireless system’s quality and depend-
ability, the MIMO antenna’s diversity gain (DG) needs to be

(1= 18ul® = 1857) + (1= 18551 = 1551

“)
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strong. Additionally, it is computed by
DG = 104/1 — (ECC)?

)
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FIGURE 8. Four port MIMO antenna, (a) CCL, (b) radiation efficiency.
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FIGURE 9. Radiation pattern of four port MIMO antenna at (a) phi = 0°, (b) phi = 90°.

One further crucial characteristic for the MIMO system is chan-
nel capacity loss (CCL), which should have a value of less than
0.4 bits/s/Hz. Using this formula to determine capacity loss,

CCL = —log, (™) (©6)

Here, o' is the correlation matrix of the receiving antenna, ex-
pressed as follows.

_ P Pij )
Pji  Pjj

Here, ;i = 1 — (1Si|” + |S51%). @55 = 1= (1S;1° + 1S5l
Pij = —(Sii*Sij—l—Sji*Sjj) and pii = _(Sjj*sji+5ij*sii)-

The measured and simulated EEC values are less than 0.0005
for a desired frequency band, shown in Fig. 7(a). Also, diver-
sity gain is above 9.99 dB of the WI-FI slot four port MIMO
antenna, shown in Fig. 7(b). Fig. 8(a) shows that the CCL is
less than 0.3, and Fig. 8(b) shows the radiation efficiency be-
tween 48 and 61% for the proposed frequency range of quad
MIMO antenna.

Figure 9 illustrates the radiation pattern of the quad-port WI-
FI slot MIMO antenna at ¢ = 0° and ¢ = 90° for 4.0 GHz,
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as shown in Fig. 9(a) and Fig. 9(b), respectively. Addition-
ally, Fig. 10 presents the surface current distribution at 4.0 GHz,
with the maximum current concentrated around the feed line
and slots. The 4.0 GHz simulated surface current distribution
makes it abundantly evident that when one element is excited,
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FIGURE 10. Current distribution of four port MIMO antenna.
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TABLE 2. Comparison of MIMO parameters.

Ref. Bandwidth (GHz) | Decoupling | Efficiency (%) | Isolation (dB) | No. of ports ECC
[24] 3.4-3.6 No 40-52 > 10 8 < 0.15
[25] 3.3-3.6 Yes 45-60 > 15 8 < 0.15
[26] 3.4-3.6 No 38-64 > 12 4 < 0.13
[27] 3.9-52 No 80-84 > 15 6 < 0.002
[28] 3.0-4.8 No NA > 17 4 < 0.01
[29] 3.2-3.8 Yes NA > 16 4 < 0.07
Pro. Ant. 3343 No 48-60 > 23 4 < 0.0005

the resulting strong localized currents are limited to that patch
and the surrounding ground region, while the induced currents
of the orthogonally positioned adjoining elements are negligi-
ble. This demonstrates how well the orthogonal arrangement
inhibits mutual coupling and surface-wave propagation, im-
proving isolation and MIMO performance. For a comparative
analysis, Table 2 provides a comparison of the proposed MIMO
antenna with other antennas.

4. CONCLUSION

The paper presents four port Hexagonal with WI-FI shaped
slots MIMO antenna, and it is suitable for sub-6 GHz 5G mobile
applications. The proposed MIMO antenna resonates within
the frequency range of 3.3 to 4.3 GHz, offering an impedance
bandwidth of 1 GHz, thereby covering the N77 band. The di-
versity gain is above 9.99 dB, CCL less than 0.3, and ECC less
than 0.0005 for the proposed frequency band (3.3 to 4.3 GHz).
The max radiation efficiency is 60%. The isolation is 23.0 dB
for the desired frequency band due to orthogonality. The mea-
sured results closely match simulated ones.
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