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ABSTRACT: This paper presents the design and implementation of a compact 4-port MIMO antenna element with high isolation for 5G
sub-6 GHz applications. Four V-shaped patch elements are arranged orthogonally on a 1.58 mm thick FR4 substrate to mitigate mutual
coupling in the proposed structure. A defected ground plane method is utilized to further enhance and optimize the characteristics of
the antenna at the operating frequency. The antenna operates in the 3.15-4.1 GHz frequency range, providing a 950 MHz impedance
bandwidth at —10 dB, making it suitable for mobile terminals within the 5G sub-6 GHz band. The orthogonal polarization results in
isolation levels below —18.1 dB, making the antenna ideal for 5G handset communications. This high isolation is reflected in an envelope
correlation coefficient (ECC) of less than 0.04, while the diversity performance is verified by a total active reflection coefficient (TARC)
of less than —10 dB. The channel capacity loss (CCL) of the four-port antenna element is calculated to be below 0.1 bps/Hz at 3.5 GHz.
The MIMO antenna was fabricated, and its measured performance closely matches the simulated results, confirming that the proposed
MIMO antenna is well suited for future sub-6 GHz cellular communications.

1. INTRODUCTION

any cutting-edge concepts introduced in new generations
Mof wireless communications, such as automotive radars,
the intelligent internet of everything (IloE), fifth-generation
(5G) and sixth-generation (6G) wireless systems, automated in-
dustrial manufacturing, artificial intelligence (Al), autonomous
vehicles, Smart Cities, Industry 4.0, and massively connected
devices, all rely on multiple-input multiple-output (MIMO) an-
tenna technologies [1-3]. These MIMO systems are organized
in antenna elements at the transmitter and receiver to achieve
spatial diversity, multiplexing, and beamforming techniques.
This approach increases data transmission rates, system ca-
pacity, and the reliability of communication links [4]. With
the growing demand for higher communication speeds and the
evolving trends in modern mobile devices, antenna design must
meet several key requirements, including multi-band function-
ality, miniaturization, and large bandwidth [5]. Mutual cou-
pling (MC) between antenna elements is a significant factor that
significantly affects the efficiency of MIMO systems. It refers
to the interaction between adjacent antennas, which can cause
interference and degrade the overall performance of the MIMO
system by reducing spatial diversity, increasing signal correla-
tion, and reducing channel capacity [6]. Numerous strategies
have been proposed to reduce MC in MIMO systems. The au-
thors in [7-9] introduced slot insertion techniques in antennas
to achieve high isolation. These solutions reduce the signal’s
wavelength near antennas, increasing their electrical separa-
tion. Other methods employ cross-shaped decoupling struc-
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tures [10] or T-shaped slots [11] to improve the isolation be-
tween antenna elements. The neutralization line has also been
employed to prevent the mutual coupling in the structure cre-
ated by antenna ports. These techniques are used with planar
inverted F-shape antennas (PIFAs) [12] and printed monopole
antennas [13]. In [14], electromagnetic bandgap (EBG) struc-
tures were proposed to minimize the MC by suppressing sur-
face waves. In [15], the hybrid technique has been suggested
to minimize mutual coupling within the proposed structure. In
[16], Anuar et al. presented a triple band MIMO antenna for
long term evolution (LTE) applications using dielectric res-
onator antenna (DRA). In [17], a 4-port flexible MIMO an-
tenna with isolation enhancement for wireless internet of things
(IoT) applications has been proposed by Azimov et al. In
[18], a high isolation multiband MIMO antenna structure for
WLAN/WIMAX/5G applications using orthogonal orientation
has been analyzed by Dileepan et al.

This paper proposes a compact antenna element design for
5G mobile telephony in the 3.5 GHz band. The system com-
prises four compact patch antennas mounted on a printed circuit
board (PCB). The defective ground plane technique achieves
good radiation in both directions and improves impedance
matching at the resonant frequency. The positioning and align-
ment of each patch on the PCB’s upper surface play a critical
role in enhancing isolation, thereby reducing the correlation be-
tween the antennas.

The remainder of the paper is organized as follows. Sec-
tion 2 details the design of the proposed MIMO antenna for
mobile terminals operating in the 5G Sub-6 GHz band. Sec-
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FIGURE 1. MIMO antenna design: (a) one-element cell, (b) top side of four-element and (c) bottom side of four-element.

tion 3 presents the simulation results for various parameters of
the proposed antenna. Section 4 discusses the fabrication, test-
ing, and analysis of the structure, with its functionality vali-
dated through experimentation within the specified operating
frequency range. Section 5 compares the proposed MIMO an-
tenna with other recent research efforts. Finally, Section 6 pro-
vides the conclusion. The benefits of the proposed structure are
summarized as follows:

(i) Cost-effective substrate and compactness structure:
The MIMO antenna has been manufactured on a com-
pact size with a low-loss FR-4 substrate, providing a cost-
effective solution that maintains good performances. This
makes it suitable for the integration in mobile terminals
and portable 5G devices.

(ii) High isolation: The design achieves a level of isolation
that exceeds —18.1 dB through the use of orthogonal po-
larization and a defected ground structure. This minimizes
mutual coupling on the studied structure.

(iii) Wide bandwidth: The antenna covers a wide bandwidth,
covering the 3.15—4.1 GHz band with a bandwidth of
950 MHz, thus supporting the sub-6 GHz 5G applications.

(iv) Good diversity performance: The simulated envelope
correlation coefficient (ECC < 0.04) and diversity gain
(DG > 9.97 dB) ensure strong multipath diversity for re-
liable communication.

(v) Improved system efficiency: The proposed MIMO an-
tenna provides about 60% radiation efficiency and a gain
of 3.63 dB4i, sufficient for mobile communication.

(vi) Validated design: The fabricated prototype and experi-
mental measurements closely match simulations, confirm-
ing practical feasibility.

2. SINGLE AND FOUR PORT ANTENNA ELEMENT
CONFIGURATIONS

2.1. One-Element Cell

The antenna design begins with a rectangular patch element
printed on the top surface of the substrate, while a full ground

plane is placed on the opposite side. To improve the perfor-
mance of this initial configuration, geometric modifications
are introduced on both the radiating monopole and the ground
plane, as shown in Figure 1(a). Using Computer Simulation
Technology (CST) Microwave Studio, parametric optimization
is carried out to achieve improved impedance bandwidth and
radiation characteristics. A narrow backing ground plane with
dimensions Wy and Ls is adopted, as it modifies the surface
current distribution and introduces additional resonance paths
compared with a full ground plane. This modification leads to
good radiation in both directions and better impedance match-
ing at the resonant frequency, as shown in Figure 2.
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FIGURE 2. Simulation of S-parameter curve.

2.2. Four-Port Antenna Element Configurations

The proposed antenna element is built on two sides of an FR4
substrate, with a thickness of 1.58 mm, a dielectric constant of
e = 4.4, and a loss tangent tand = 0.02. The inexpensive
cost of this substrate compared to other substrate materials is
its defining feature. Each antenna has a microstrip feed line for
power supply and is shaped like a square. A simple rectangu-
lar structure is added at the bottom to ensure good radiation in
both directions. The positioning of every antenna on the di-
electric substrate is altered. Each antenna is initially centered
on its designated ground, and its orientation is adjusted relative
to the other antennas. For inter-element spacing less than %,
it is shown that a specific antenna rotation helps to maximize

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 160, 1-8, 2025

PIER C

TABLE 1. Optimized four-port MIMO antenna parameters.

Parameters W | L Ly | Ly | Ly | La

Ls | Wi | Wo | Ws | Wy | Ws | Ws | D

Values (mm) | 38 | 38 | 7.5 | 5 4 | 35

13 1314 | 18 | 6.6 | 13 8 19 | 5.5

polarization diversity and reduce MC between the antenna com-
ponents. Using this technique, we create a small structure with
less mutual coupling, which lowers the correlation of the sig-
nals arriving at each antenna in the element. The final structure
is shown in Figure 1. It consists of four antennas, labeled P1,
P2, P3, and P4, arranged symmetrically and orthogonally to
one another, with a spacing of d = 38 mm. The optimized an-
tenna parameters for this structure are provided in Table 1.

3. SIMULATION RESULTS

3.1. S-Parameters and Surface Current Distribution

CST (Computer Simulation Technology) Microwave Studio
software was used to design and analyze this antenna. The S-
parameters are given in Figure 2. Due to symmetry, only S,
S12, S13, and Sy4 are shown. The reflection coefficient Sy, de-
scribes the ratio between the input and output ports and indi-
cates the amount of power reflected by the antenna. This fac-
tor is below 28 dB at 3.5 GHz with an impedance bandwidth of
950 MHz (3.15 to 4.1 GHz), consistent with the required reflec-
tion coefficient for 5G mobile telephony. On the same plot, the
minimum isolation among the four ports is more than —18.1 dB
at the resonance frequency of 3.5 GHz. This indicates the ex-
cellent response of the polarization diversity employed in this
design.
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FIGURE 3. Current distribution on the surface of the four elements from
port 1 at 3.5 GHz.

Figure 3 depicts the surface currents distribution of the pro-
posed structure, emanating from port 1 at the resonant fre-
quency of 3.5 GHz. This figure demonstrates that the current
density is the greatest near the excited line, with a high cur-
rent density of 92.4 A/m at 3.5 GHz. Polarization diversity has
a significant impact, as it prevents current from flowing to the
adjacent patch elements, thus reducing the effect of MC and
increasing the radiation efficiency.

3.2. Envelope Correlation Coefficient (ECC) and Diversity Gain
(DG)

The calculation of the envelope correlation coefficient (ECC)
for the ith and jth antenna elements using 3D radiation patterns
can be performed as follows [19]:

( (XPREm(Q) <Q>P9<Q>

B, QPQ) d9)
BCCl D) = R G @ B >+GW<Q>P¢<Q>>d<Q> ’
$(XprClay(Q)Po(Q) 1 Gy () P () ()
(1

where X pr designates the cross-polarization power ratio of the
spreading region; G(2) = Ep(Q2) E} () is the power pattern
of ¢ polarization; and G, (§2) = E,(Q)E;((?) is the power
pattern of ¢ polarizations. P, (§2) designates the angular density
functions of the @ polarization, and P, (£2) denotes the angular
density function of the ¢ polarization. Ej;(€2) and Ejy;(2) are
the electric field patterns of the ith and jth antenna elements
in the @ polarization, respectively. E;(£2) and E,;(2) are the
electric field patterns of the ¢th and jth antenna elements in the
o polarization, respectively. In a 4 x4 MIMO system, the ECCs
are shown in Figure 4(a) and denoted as ECC(%, j).
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FIGURE 4. Far-field ECC and DG curves: (a) ECC and (b) DG.

The diversity gain, DG, may be computed from the ECC us-
ing [20]

DG =10 (1 - |p|2), )
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FIGURE 5. Simulated TARC curve.

where p is the coefficient of complex cross-correlation, and
lp|> = ECC.

Figure 4 shows ECC and DG values for the four antennas
based on their 3D radiation patterns. As seen in Figure 4(a),
the magnitude of ECCs at 3.5 GHz is less than 0.04. This is
well below the threshold of 0.5, indicating excellent diversity
performance. This can be attributed to the high isolation among
the four elements and the achieved polarization diversity. Con-
sequently, the DG values exceed 9.97 at 3.5 GHz, as shown in
Figure 4(b).

3.3. Total Active Reflection Coefficient (TARC) and Channel Ca-
pacity Loss (CCL)

The total active reflection coefficient (TARC) is a parame-
ter that accurately characterizes the efficiency and bandwidth
of the MIMO technology. TARC can be calculated using S-
parameters [21,22]. The total active reflection coefficient for
a4-element antenna element is calculated according to [23, 24]
as follows

. -nl -n!l 2
’511 + S12e?? + S13€7% + Syqe?®

. -n! -n’! 2
+ ’521 + 8967 4 Sp3e7? 4 Spuel? ‘

. Y Y 2
+ ’531 + S3267% + Sa3e7? 4 G349 ‘

. ./ |2
+ ‘541 + Spe?? + Sy3el? + Syuel? ‘

TARC = 7

A3)

where 0, 6’, and 6" are the phase differences between excitation
ports.

Figure 5 presents the TARC values generated by taking nine
random phase combinations (6, 6, and 6”") and averaging their
results. In a communication system, the TARC value of an
antenna should be less than —10 dB. The chart demonstrates
that the proposed antenna element performs well, as the aver-
age simulated TARC within the operational frequency band is
consistently below —10 dB.

Another important metric for evaluating the performance of
MIMO antennas is channel capacity loss (CCL), expressed in
bits/s/Hz. It represents the rate at which data is transmitted

0,8 1

0,4 A

0,2

Channel Capacity Loss (bit/s/Hz)

0,0

1 2 ; X s 6
Frequency (GHz)
FIGURE 6. Simulated CCL curve.

through a communication link [21]. CCL value should be be-
low 0.4 bits/s/Hz to ensure optimal performance [18]. The CCL
of a four-port MIMO antenna is defined mathematically by [25]

CCOL = —log, det (¢) 4)

where 1% is the correlation matrix of the receiving antennas
given by

P11 P12 P13 P14

wR _ P21 P22 P23 P24 (5)
P31 P32 P33 P34
P41 P42 P43 P44

where the correlation matrix coefficients p;; and p;; are given

by Pii = 1— |271§/[:13anan| and Pij = —ZiilsmxSnj for
ij =1,2,3,and 4.

Figure 6 presents the simulated CCL performance results,
calculated from Equations (4) and (5). Within the operating
band, a value of less than 0.1 bits/s/Hz is achieved.

3.4. Gain and Total Radiation Efficiency

Figures 7 and 8 show the radiation efficiency and maximum
gain of the antenna element, respectively. The radiation effi-
ciency follows a similar trend to the gain. The simulated gain
is 3.63 dB4i, and the efficiency is approximately 60% within the
required frequency band, ensuring minimal power dissipation
through ohmic losses. This value is well within acceptable lim-
its for practical applications.

4. TEST RESULTS AND APPLICATION

To validate the performance of the proposed antenna element,
a prototype has been manufactured as shown in Figure 9 and
tested. The fabrication process and measurements were carried
out at the Intelligent System Design Laboratory of AbdelMaleK
Essaadi University (AEU). The fabrication is performed using
LPKF Protomat E33 printed circuit board milling machine.

4.1. Measurement Results

Our analysis is based on measurements at a 3.5 GHz frequency
band using a Rohde and Schwarz ZVB 20 vector network ana-
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FIGURE 7. Simulation of 3D radiation patterns at 3.5 GHz.
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FIGURE 8. Simulated efficiency curve.

FIGURE 9. Pictures of the fabricated structure: (a) front photo and (b) back photo.

FIGURE 10. S-parameters measurement.

lyzer, as shown in Figure 10. In a MIMO system, when the ith
port is powered, the others are ended with 50 €2.

Figure 11 presents the measured and simulated return losses
and mutual coupling. Figure 11(a) compares the measured
and simulated return loss parameters, S;;. Despite a shift in
the resonance frequency, the measured return loss still exceeds
—24 dB at the resonance frequency of 3.5 GHz. The discrep-
ancies between the measured and simulated return losses could
be attributed to SMA connector losses, fabrication errors, par-

asitic effects, and physical characteristics of the PCB material
used in fabrication. Figure 11(b) compares the measured and
simulated mutual coupling, S;;. It is observed that the mea-
sured mutual coupling has been significantly reduced, reaching
a value of —24 dB.

4.2. Radiation Pattern

Radiation pattern measurements were conducted within a non-
anechoic chamber with the use of the Geozondas kit, as illus-
trated in Figure 12. The transmitter was a horn antenna at the
focal point of a reflector to change spherical into plane waves,
which were then directed towards the antenna under test (AUT)
in receiving mode.

The measured and simulated normalized radiation patterns
for the four elements are shown in Figure 13. The radiation
patterns are plotted for two planes, H-plane (zoz-plane) and
E-plane (xoy-plane), at a frequency of 3.5 GHz. The results
show a consistent radiation pattern across the frequency band,
with a strong correlation between the measured and simulated
radiation patterns. The E-plane radiation pattern of the de-
signed structure forms an “8” shape at 3.5 GHz. This indicates
that the structure provides bidirectional radiation in the F-plane
with the orthogonal placement of the four elements. The co-
polarization radiation patterns in the H-plane are nearly om-
nidirectional, forming an “O” shape. Although there is a high
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FIGURE 11. Measurement results: (a) Si; and (b) Si;.
FIGURE 12. Radiation pattern measurements using the Geozondas kit.
TABLE 2. Result comparison between the work presented and other new MIMO antennas.
Ref. Size in term of Isolation . Efficiency Gain CCL TARC
D T ECC Substrat
No. (mm? and Ao) (dB) esien 1ype (%) (dBi) (bits/Hz) | (@) |>0STe
This 38 x 38 = 1444 Orthogonal
—18.1 60 3.63 0.4 0.1 —10 FR-4
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FIGURE 13. Simulated and measured radiation patterns at 3.5 GHz: (a) E-plane and (b) H-plane.

level of cross-polarization, it does not impact the performance
of the MIMO antenna, as the propagation paths in mobile wire-
less communication typically involve multipath propagation in
the H-plane.

5. PERFORMANCE COMPARISON

Table 2 compares the performance of our work to other simi-
lar studies. The proposed MIMO antenna system demonstrates
a compact size and lower mutual coupling than other designs,
while maintaining comparable efficiency and gain.

6. CONCLUSION

This paper proposes a simple and compact four-element an-
tenna for 5G mobile telephony. By employing orthogonal po-
larization and a defective ground plane, the design achieves
a compact size of 38 x 38 mm?, an impedance bandwidth of
27.14%, isolation below —18.1dB, a gain of 3.63 dBi, and
an efficiency of 60%. Regarding radiation and MIMO diver-
sity, the antenna also demonstrates strong performance, with
an ECC less than 0.04, a DG greater than 9.97 dB, a TARC be-
low —10dB, and CCL values under 0.1 at 3.5 GHz. Both ex-
perimental and simulated results were conducted, and their per-
formances were compared to validate the proposed MIMO an-
tenna’s suitability for SG applications in the sub-6 GHz range.
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