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ABSTRACT

A notable progress in antenna design, especially concerning multiple-input multiple-output (MIMO) antennas, is 
being driven by the emergence of 5G technology. One of the preliminary steps in constructing a multiple-input 
and multiple-output antenna involves choosing a suitable substrate material and thickness. The careful selection 
of dielectric substrate material and its thickness significantly influences the key characteristics such as physical 
dimensions, bandwidth, and radiation efficiency. This study presents the design and evaluation of a 4 × 4 circularly 
polarized multiple-input and multiple-output antenna tailored for 5G applications, with focus on evaluating four 
dielectric substrates, Flame Retardant 4, RT/Duroid5880, RT/Duroid6002, and Rogers RO3003. All antennas were 
modeled and investigated through full-wave simulations using ANSYS High-Frequency Structure Simulator, with 
a uniform substrate thickness of 0.8 mm. Based on simulated results, RT/Duroid 6002 was selected for fabrication. 
The fabricated antenna operates in the range of 15 GHz–45 GHz, and achieves a wide measured bandwidth of 
approximately 13.5 GHz in this operating range. Measurements were conducted using a vector network analyzer 
and an anechoic chamber. The envelope correlation coefficient was found to be 0.001, indicating excellent 
diversity performance along with diversity gain and total active reflection coefficient. The study provides valuable 
insights into the direct effects of dielectric substrate properties on an antenna’s operation and guides substrate 
selection for the development of compact, wideband antenna arrays suitable for 5G mm-wave systems.
Index Terms—5G millimeter-wave communication, dielectric constant, diversity gain (DG), MIMO antenna 
systems, total active reflection coefficient (TARC)

I. INTRODUCTION

The primary objective of the previous generation of wireless mobile networks was to enhance 
personal connectivity for voice communication, data access, and video services. On the other 
hand, 5G, which was created as part of the Third Generation Partnership Project, is causing a 
fresh wave of innovation by spreading into several industrial applications. 5G is poised to trans-
form industries with its high frequency capabilities, expanded channel capacity, low latency, 
and smooth integration with technologies like network slicing, cloud computing, and artificial 
intelligence/machine learning [1-4]. High-frequency spectrum bands are being used more and 
more by future 5G wireless systems to satisfy the increasing need to support a large number of 
users and applications. Communication solutions that can offer high-speed data rates with con-
sistent quality are needed for the present and future 5G networks. Multiple-input and multiple-
output (MIMO), a cutting-edge over-the-air communication technology, is essential to providing 
dependable, high-quality, and fast communications.

A significant breakthrough in wireless communication, MIMO antenna technology was first 
introduced to the world in the 1990s to overcome the limitations in data rates associated with 
old single-input single-output antennas [5-6]. The design of MIMO antenna systems involves the 
integration of multi-element antennas at both the transmitting and receiving ends, enabling 
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a proportional increase in data rates with the number of antenna 
elements used [7]. The MIMO technology is widely utilized in mod-
ern over-the-air communication to enhance channel capacity, miti-
gate the effects of multipath propagation, and achieve higher data 
rates [8]. In recent years, the microstrip patch antennas have gar-
nered widespread attention due to their compact dimensions and 
fabrication simplicity, and compatibility with integrated circuits, 
making them suitable for MIMO applications and a viable alterna-
tive to conventional antenna structures. In such a system, a signifi-
cant problem can arise due to polarization mismatch losses. This 
problem can be overcome by using a circularly polarized antenna, 
as it eliminates the need to align the transmitting and receiving 
antennas [9]. Circularly polarized antennas are an excellent choice 
for providing stable communication due to their ability to provide 
controlled polarization mismatching and are resilient to multipath 
interference between the transmitting and the receiving antenna 
[10]. Along with these advantages, high-gain circularly polarized 
antenna arrays are employed to expand 5G wireless systems’ cover-
age [11].

A key factor influencing the performance of circularly polarized 
MIMO antennas is the choice of dielectric substrate, which directly 
impacts parameters such as bandwidth, radiation efficiency, and 
impedance matching. Consequently, researchers have investigated 
various substrate materials to determine their suitability for high-
frequency applications. In this study, a comparative analysis of four 
commonly employed dielectric substrates: flame retardant 4 (FR4) 
Glass Epoxy, Rogers RO3003, RT/Duroid 5880, and RT/Duroid 6002 is 
presented. All antennas are designed with a uniform thickness of 0.8 
mm. The substrate thickness of all antenna designs is intentionally 
kept the same to exclude the effect of variation in substrates’ height 
on the antenna’s performance, as substrate thickness strongly affects 
antenna performance.

The analysis focuses on key performance parameters, including 
bandwidth, gain, voltage standing wave ratio (VSWR), envelope 
correlation coefficient (ECC), diversity gain (DG), total active reflec-
tion coefficient (TARC), and return loss [12]. Given the stringent 
requirements of 5G systems of high gain and wide bandwidth, 
compared to those of previous generations, the selection of an 
appropriate substrate material is essential for meeting next-gener-
ation communication standards. The material used to manufacture 
the antennas has a significant impact on these aspects. Therefore, 
it’s critical to comprehend how various materials impact the per-
formance of 5G antennas. In the previous six years, substantial 
research has been conducted on the design and development of 
5G antennas, with a focus on different (broad) MIMO antenna types 
[13-17] and approaches to reduce isolation between antenna parts 
[18]. Researching different dual-band antenna topologies, notably 
rectangular slotted patch [19], substrate embedded waveguide 
[20], printed slot antenna [21], notched waveguide antenna [22], 
and planar inverted-F Antenna [23], which span the 28 GHz and 
38 GHz bands, was suggested for 5G. Suggesting innovative 5G 
millimeter wave antennas that can be polarized in several ways, 
including dual dispersion [24] and circular polarization [25-27], 
and polarization re-configurability [28]. To the knowledge of the 
authors, no published work has comprehensively investigated 
the influence of various substrate innovations on 5G antennas’ 
effectiveness.

II. DIELECTRIC SUBSTRATE CONSIDERATION FOR MIMO 
APPLICATIONS

A.  Flame Retardant 4
Glass-reinforced epoxy laminate materials, including sheets and 
printed circuit boards, are categorized under the designation FR-4, or 
FR4. This composite material, known for its flame-proof and self-extin-
guishing properties, is constructed of woven fiberglass cloth embed-
ded in epoxy resin binder. The FR4 is a widely used high-pressure 
thermoset laminate known for its high mechanical strength, low water 
absorption, and excellent electrical insulation capabilities, making it a 
reliable choice for a range of demanding electronic applications.

Its affordability and structural stability make it a practical choice 
for high-frequency applications, including 5G antenna systems, 
despite its relatively higher dielectric loss compared to advanced 
substrates.

B. RT/DUROID 6002
RT/Duroid 6002, developed by Rogers Corporation, is an advanced 
polytetrafluoroethylene (PTFE)-based laminate reinforced with 
ceramic fillers, engineered for microwave and radiofrequency (RF) 
applications. It features a low dielectric constant of 2.94 and excellent 
low-loss performance and consistent electrical behavior across wide 
temperature ranges, ensuring high signal integrity and efficiency in 
high-frequency environments with outstanding mechanical stability.

Its low moisture absorption and mechanical robustness make 
it well-suited for 5G antennas, radar systems, and satellite 
communications.

C. ROGERS RO3003
Rogers Corporation’s RO3003 is a specialized laminate designed 
for advanced microwave and RF applications, offering reliable sig-
nal integrity across a broad frequency range with a low dielectric 
constant of 3.00. Composed of ceramic-filled PTFE, RO3003 ensures 
stable electrical performance under varying conditions by providing 
low moisture absorption, excellent thermal stability, and low dielec-
tric loss.

These properties make it highly suitable for demanding environ-
ments such as satellite communications, high-frequency antennas, 
and radar systems, where precision, durability, and consistent per-
formance in challenging environments are essential.

D. ROGERS RO3003
RT/Duroid 5880, produced by Rogers Corporation, is a premium 
high-performance microwave laminate renowned for its excellent 
behavior in high-frequency applications. It offers a low dielectric 
constant of 2.20 with an exceptionally low loss tangent, resulting 
from a PTFE matrix reinforced with glass microfibers. These proper-
ties ensure excellent signal integrity and high efficiency. The material 
also provides outstanding thermal stability, low moisture absorp-
tion, and reliable electrical consistency under harsh conditions. It is 
widely applied in antennas, radar systems, aerospace, defense, and 
advanced communication technology, where precision and stability 
are primary requirements.

The features of these different substrates are detailed below in 
Table I.
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III. ANTENNA CONFIGURATION

This work aims to design a microstrip patch MIMO antenna tailored 
and optimized for a range of 5G applications, with an emphasis on 
improved transmission and reception efficiency. The antenna is pre-
cisely modeled using ANSYS High-Frequency Structure Simulator, 
incorporating precisely defined dimensions to ensure accurate simula-
tion and optimal performance. This program has incorporated slot cuts 
and improved the antenna’s overall design to boost performance and 
efficiency. The resonance frequency of the antenna is set to be within 
24 and 28 GHz, and its height is 0.8 mm. Fig. 1 illustrates the layout 
of the proposed antenna. The basic design consists of a circular patch 
surrounded by several circular rings, a micro-strip patch antenna, and 
a micro-strip feed line. These circular rings have two main functions: 
they enhance bandwidth and decrease return loss. The antenna has 
a full ground plane fitted on the rear side, made of 0.035 mm copper.

A. Single Element Antenna
As shown in the accompanying graphic, there are three separate 
steps in the antenna’s design review process. The first stage involves 
building a circular patch antenna using the formula given in [29-30]. 
Circular rings are then added, each with a different radius depend-
ing on the substrate used, but all rings have the same thickness of 
0.5 mm. The performance of the antenna is improved by this adjust-
ment, especially about return loss and bandwidth. Two rectangular 
strips that are perpendicular to each other are added in the last step 
of the design. Wideband operation is made possible by this inno-
vation, which significantly reduces the antenna’s return loss. Fig. 1 
shows the antenna’s final configuration.

Variations in the dielectric constant of the different substrates used 
in the suggested antennas have an impact on the patch’s size in the 
above picture, Fig. 1.

Accordingly, Table II provides specific measurements for every patch.

The FR4, Rogers RO3003, RT/Duroid 5880, and RT/Duroid 6002 are 
the substrate materials used in the proposed study. These materi-
als have relative permittivity of 4.4, 3.0, 2.2, and 2.94, respectively, 
and loss tangents of 0.02, 0.001, 0.0009, and 0.0012. The thickness 
of all substrates remains constant at 0.8 mm. Rings have been added 
to the circular patch antenna’s design to increase its bandwidth. By 
altering the surface charge distribution, these rings enhance the 
current flowing through the circular patch, thereby widening the 
bandwidth. Essentially, the inclusion of these rings results in more 
capacitance, which disrupts the circular patch’s reactance and sig-
nificantly increases the antenna’s impedance bandwidth. After the 
single element was used in the circular slots, it was then arranged in 
a 4 × 4 subarray structure.

B. 4 × 4 Multiple-Input Multiple-Output Antenna Design
The MIMO antenna is a symmetrical arrangement of four single 
elements that have been previously constructed on a shared sub-
strate. The physical configuration and configuration of the antenna 
segments have a major impact on MIMO performance. For optimal 
performance, certain aspects, such as position, size, element dis-
tance, and overall shape, must be adjusted. Using techniques like 
separation or decoupling to reduce inter-element interference fur-
ther can increase performance. The patches were placed to reduce 
interaction between the antenna elements with an across-the-edges 
spacing (D) of λ/4, where λ is the wavelength [31]. Expanding sys-
tem capacity and increasing data transmission rates are the primary 
goals of these systems. Using a polarization diversity technique, a 
MIMO antenna system including either two or four elements was 
developed after a single antenna component was developed [32]. 
The evolution from a single antenna element to an optimized 4 × 4 
MIMO array antenna configuration is displayed in Fig. 2.

TABLE I.  SUMMARY OF MATERIAL PROPERTIES FOR SELECTED SUBSTRATES

Properties FR4 RO3003 RT/Duroid 5880 RT/Duroid 6002

Dielectric constant (εr) 4.4 3.0 2.2 2.94

Loss tangent (δ) 0.03 0.001 0.0009 0.0012

Cost Low Moderate Expensive Expensive

Temperature range −40 to 130 −40 to 150 −55 to 200 −40 to 180

Applications General-purpose electronics, 
consumer devices, automotive, and 
industrial systems

RF/microwave communication, 
satellite, radar, GPS, wireless links

Extreme RF/microwave 
applications, aerospace, military 
radar, satellite systems

Aerospace, defense, satellite 
communication, and high-
performance antennas

Fig. 1.  Developmental stage of a single antenna patch.
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The final, optimized physical dimensions for the 4 × 4 MIMO antenna 
for improved performance across various substrates are presented 
in Table III.

C. Single Antenna Element
Fig. 3. shows the simulated findings for the reflection coefficient (S11) 
with different substrates which are used in the designed 4 × 4 MIMO 
antenna. As illustrated in Fig. 3(a), the antenna exhibits S11 (return 
loss) values of −38.79 dB at 23.5 GHz, −28.31 dB at 31.8 GHz, −32.82 
dB at 23 GHz, and −30.15 dB at 34.1 GHz for the proposed 4 × 4 MIMO 
antennas employing substrates RT/Duroid 6002, RT/Duroid 5880, 
Rogers RO 3003, and FR4. Each MIMO antenna’s VSWR values remain 
below 2 at the assigned frequencies, which are 1.0232, 1.0799, 1.046, 
and 1.06 for RT/Duroid 6002, RT/Duroid 5880, Rogers RO 3003, and 
FR4, respectively, as visible in Fig. 3(b).

Several factors, like return loss, gain, directivity, and electrical field 
intensity, are used to assess a simple radiating patch antenna. When 
assessing a MIMO antenna, many important metrics need to be com-
puted and analyzed, which are shown in Table IV.

Four substrates have been examined for the design of 4 × 4 MIMO 
antennas: FR4, Rogers RO 3003, RT/Duroid 6002, and RT/Duroid 
5880. This study thoroughly examines a four-element, multiband, 
miniaturized MIMO antenna exhibiting exceptional bandwidth 

performance. The design is examined in detail following a thor-
ough examination that spans the operating frequency range from 
15 GHz to 45 GHz. The better results among the four simulated 
designs are obtained with RT Duroid 6002. Since loss tangent sig-
nificantly affects bandwidth and radiation pattern, RT Duroid is an 
excellent dielectric substrate for MIMO antennas. Although it costs 
more compared to other substrate materials, its consistent high 
performance and dependability far outshine the cost, making it the 
most reliable option for sophisticated 5G applications. It is therefore 
proposed that RT Duroid be given precedence over the other three 
substrates under consideration. Based on these observations, RT 
Duroid 6002 was selected as the substrate for the fabricating a 4 × 
4 MIMO antenna for 5G. Using this substrate enables observation of 
the antenna’s practical performance and comparison between the 
simulated and experimentally measured performance metrics of the 
fabricated antenna. While fabricating the antenna, slight deviations 
in the materials or in fabrication processes can lead to discrepancies 
between the simulated results and the antenna’s real-world perfor-
mance. Variation in quality and thickness of copper (±5 µm) clad-
ding can alter the surface current distribution and radio frequency 
losses, which can lead to a shift in resonant frequency by ~0.2–0.4 
GHz and slightly affect the return loss. While surface finish, which 
can include production inconsistencies and poor surface finishing, 
may cause additional losses in antenna operation. Misalignment of 
0.1 mm–0.2 mm in connectors can introduce parasitic inductance, 
resulting in impedance mismatch and variation in return loss by 
5–10%. Variation in etching tolerance (±50 µm) and substrate inho-
mogeneity (±0.04 in dielectric constant, ±0.0012 in loss tangent for 
RT/Duroid 6002) can induce a shift in bandwidth and resonance by 
up to ~1GHz, minor degradation in polarization purity and reduction 
in efficiency of antenna by ~4-6%. To assure similar performance in 
both simulation and real-world, we orient the connectors accurately, 
ensure optimal isolation of the components, and rigorous compli-
ance with the manufacturing protocols. The fabricated antenna for 
the chosen substrate is shown in Fig. 4.

TABLE II.  OPTIMIZED ANTENNA ELEMENTS DESIGN PARAMETERS (MM)

Dimensions FR4
Rogers 

RO3003
RT/Duroid 

6002
RT/Duroid 

5880

R1 4.19 5.02 5 5.65

R2 0.95 1.52 1.5 2.15

R3 1.69 2.52 2.5 3.15

R4 2.19 3.02 3 3.65

R5 2.69 3.52 3.5 4.15

R6 3.19 4.02 4 4.65

R7 3.69 4.52 4.5 5.15

L1 7.38 9.04 9 10.3

L2 3.69 4.52 4.5 5.15

LF 3.8 4.0 4.0 3.8

WF 0.8 0.8 0.8 0.8

Fig. 2.  Evolution of the proposed antenna structure: (a) Single element structure, (b) 2 × 2 MIMO antenna, (c) 4 × 4 MIMO configuration.

TABLE III.  OPTIMIZED MIMO ANTENNA DESIGN PARAMETERS (MM)

Dimensions (mm) FR4
Rogers 

RO3003
RT/Duroid 

6002
RD/Duroid 

5880

LS (Substrate length) 27.38 28.7 28.7 30

WS (Substrate width) 27.38 30 30 30

PD (Distance between patch) 4.5 3.5 3.6 3

AL (Antenna length) 12.18 14.04 14 15.1



Electrica 2026; 26: 1-13
Baliyan et al. Quad-port CP MIMO antenna for 5G UWB Systems

5

IV. RESULTS

The validation process of the fabricated 4 × 4 MIMO antenna 
involves rigorous testing using a vector network analyzer (VNA) and 
an anechoic chamber to examine the far-field radiation character-
istics using a standard reference horn antenna. Testing done in an 
anechoic chamber provides a reflection-free environment to accu-
rately evaluate the antenna’s radiation characteristics. A standard 
horn antenna captures signals from the MIMO antenna for evaluat-
ing radiation patterns. The evaluated outcomes using VNA and horn 
antenna, including VSWR, gain, isolation, TARC, ECC, radiation pat-
terns, and return loss, are compared with the data obtained from 
simulation.

A. Scattering Parameters
In the analysis of MIMO antenna systems, S-parameters are cru-
cial since they provide a comprehensive description of the entire 
system. Because each port represents a unique antenna element, 
S-parameters, as opposed to opportunity metrics, provide a more 
complete view of the antenna system by elucidating the relationships 

between them. By examining S-parameters, engineers can learn vital 
information about coupling, antenna interference, and isolation, all 
of which are essential for optimizing MIMO system performance. 
Through accurate characterization and iterative design enhance-
ments, S-parameters significantly improve measurement and design 
flexibility. The reflection coefficient arcs for the comparison study for 
both simulated and measured results are displayed in Fig. 5, along 
with the proposed 4-port MIMO antenna’s scattering characteristics. 
The symmetry of the antenna design explains the constant reflec-
tion coefficient (Sii) component in the results, where Sij equals Sji. 
Enabling all port responses makes the symmetrical response very 
evident. Furthermore, as illustrated in Fig. 6(a), the plot for simu-
lated reflection coefficient shows exceptional performance by the 
antenna by remaining below −10 dB level throughout the operat-
ing frequency band, exhibiting an ultra-wide bandwidth of 18.4 GHz 
and minimum S11 value of −38.79 dB at 23.5 GHz, and in the case of 
the measured reflection coefficient for the fabricated antenna, the 
plot indicates excellent results in the operating range of 15 GHz to 
45 GHz with S11 being below −10 dB for nearly 1/3 of the operating 
range, giving a total bandwidth of 13.5 GHz, with minimum value of 
−26.6 dB at 20 GHz. The same trend can be observed in the plot for 
VSWR for the simulated antenna and the fabricated antenna. In both 
cases, VSWR remains below the mark of 2 throughout the operating 
frequency band, as seen in Fig. 6(b). For the simulation, the minimum 
value of VSWR is observed to be 1.02 and 1.06 for the fabricated one.

B. Isolation
In a 4 × 4 MIMO antenna, mutual coupling between ports, rep-
resented by Sij, where i ≠ j, is a major concern, especially for the 
5G frequency range applications, where high coupling can com-
promise performance. Minimizing it is vital due to manufacturing 

Fig. 3.  Simulated analysis of 4 × 4 MIMO antenna (a) Return Loss, (b) VSWR.

TABLE IV.  RESULT COMPARISON OF SIMULATED ANTENNAS

Antenna 
Parameter FR4

Rogers 
RO3003

RT/ Duroid 
6002

RT/ Duroid 
5880

S11 (dB) −30.1 −32.82 −38.79 −28.3

VSWR 1.06 1.046 1.023 1.079

Bandwidth (GHz) 16.3 17.8 18.4 1
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Fig. 5.  Experimental setup of fabricated antenna (a) VNA setup, (b) 
anechoic chamber setup.

Fig. 6.  Simulated and Measured (a) Return loss S11 and (b) VSWR.

Fig. 4.  Fabricated antenna (a) front and (b) back view.
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precision and frequency scaling challenges. To guarantee that the 
antenna ports operate independently, this isolation must stay 
below −20 dB. The design successfully achieves this criterion, 
as the mutual coupling value, S12, consistently remains below 
−20dB across the entire operating frequency range for both simu-
lated and measured antenna designs, with a minimum S21 value 
reaching −39dB for simulated and −49.9 dB for the measured one, 
as depicted in Fig. 7. This superior isolation is a direct result of a 
symmetrical arrangement of the antenna elements, inter-element 
spacing, and slot dimensions refined through precise development 
and optimization.

A more thorough evaluation of the isolation characteristics of the 
proposed MIMO antenna is conducted by examining the coupling 
behavior between diagonal and adjacent ports. The S-parameter 
plots are shown in Fig. 8, where diagonal port coupling is indicated 
by S13 and S24, while S14 and S34 represent the adjacent port coupling.

The adjacent coupling is slightly higher than the diagonal coupling, 
as the ports are physically closer together. On the other hand, all cou-
pling levels stay below −20 dB across the working bandwidth, indi-
cating excellent isolation performance. The low coupling is the result 
of the combination of design elements. While the feed placement 

Fig. 7.  Simulated and measured isolation of the proposed antenna.

Fig. 8.  Isolation performance of proposed antenna, (a) diagonal port coupling and (b) sdjacent port coupling.
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ensures destructive interference of coupled fields, the slot-ring 
geometry redistributes the surface currents to minimize unwanted 
interactions. Additionally, the antenna’s structural symmetry further 
balances the fields, ensuring effective suppression of both diagonal 
and adjacent coupling.

C. Current Distribution
The surface current distribution in antenna engineering is the spatial 
pattern of induced electric currents that flow on an antenna surface 
when it is triggered by a radiofrequency signal. These currents are 
produced as a result of the applied electromagnetic field and the 
antenna’s conducting surface. Electric fields are transformed into 
tangential surface currents as they cannot be sustained inside the 
antenna and act as the primary source of radiation. The current dis-
tributions with and without the Decoupling Structure (DS) are exam-
ined to better understand how this structure affects isolation levels. 
The DS’s application efficiently concentrates surface currents on the 
activated antenna element while reducing interference with nearby 
antenna elements, as shown in Fig. 9. Surface current distribution in 
the proposed MIMO antenna at three different frequencies, which 
are 20 GHz, 28 GHz, and 38 GHz are presented.

D. Envelope Correlation Coefficient
The ECC in an antenna array arrangement measures the correlation 
between the signals’ envelopes received from various antenna ele-
ments. An ECC value around 1 indicates strong coupling between the 
received signals, hence limiting the potential spatial DG that may be 
obtained with many antennas. The antennas’ ability to enhance spa-
tial variety through independent signal reception is demonstrated by 
a low ECC value [33]. The ECC is affected by the correlation coefficients 
and the magnitude of signal power being captured by the antenna 
sections. An ECC value below 0.5 is required for the best gearbox per-
formance. Calculating the ECC reaction can be done using (1).

ECC �
�

� �� �� � � �� �� �
S S S S

S S S S

ii ij ji jj

ii ji jj ij

* * 2

2 2 2 2
1 1

� (1)

Here, sii and sjj stand for reflection coefficients, and Sji and Sij for 
transmission coefficients. Due to the presence of the complex conju-
gate representation (*), the dependability of the ECC accuracy when 
purely derived from the scattering parameters is subject to scrutiny. 
The far-field technique is therefore used to determine the ECC value 
[34].

Table V shows the ECC matrix of the fabricated 4 × 4 circularly 
polarized MIMO antenna, where all ECC values are found to be 
<0.5, confirming excellent diversity performance, low correlation, 
and validating the antenna’s suitability for high-capacity 5G MIMO 
applications.

Fig. 10 depicts simulated and measured ECC values for the proposed 
4 × 4 MIMO. Throughout the whole operating band, the ECC stays 
incredibly low, averaging 0.0001 (simulated) and 0.002 (measured). 
These results meet the ECC < 0.5 criteria for realistic MIMO systems, 
confirming outstanding diversity performance and negligible corre-
lation between parts.

E. Diversity Gain
Utilising the spatial characteristics of the wireless channel, MIMO 
systems offer superior performance in comparison to single-
antenna systems. Diversity gain, which uses an array of antennas 

configured at the transmitting and receiving sides of the communi-
cation channel, significantly improves the signal fidelity of both the 
transmission and reception paths. The MIMO systems allow several 
signals in the same frequency band to be sent and received simul-
taneously by using multiple antennas. Environments with a range 
of channel conditions and more antennas generally have higher 
DG. The potential for diversity is diminished by tightly correlated 
channels, whereas uncorrelated channels enhance variety gain. 
Precoding, beamforming, and space-time coding are examples of 
advanced MIMO techniques that further increase the advantages 
of DG. To improve coverage, capacity, and reliability of wireless 
communication systems, the resulting MIMO DG is essential. When 

Fig. 9.  Surface current distribution of the proposed antenna at 
different frequencies, (a) at 20 GHz, (b) at 28 GHz, and (c) at 38 GHz.
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assessing DG, the quantity of antennas, the properties of the chan-
nel, and their interrelationships must all be considered [35]. To 
compute DG, use (2) [36].

DG 10� �1
2

ECC 	 (2)

Fig. 11 shows the DG derived from the MIMO configuration’s scatter-
ing properties. Within the designated ultra-wideband range, the DG 
remains above 9.9 dB for measured and near 10 dB for simulations, 
indicating the antennas’ capacity to successfully reduce multipath 
fading and enable dependable wireless communication in wide-
band 5G scenarios.

F. Total Active Reflection Coefficient
The MIMO antenna systems must be designed and evaluated using 
TARC. The return loss experienced at the input of the antenna system 
by the transmitter is measured, accounting for active components 
such as amplifiers and matching networks. The greater the TARC 
number, the lower the performance is, since it signifies that part of 
the transmitted power is reflected to the transmitter. This reflected 
power may lead to issues like standing waves, an increase in inter-
ference, and decreased antenna efficiency. Therefore, TARC must be 
minimized while developing networks for wireless communication. 
This reduction is typically achieved by ensuring that the impedance 
of the antenna is equal to the transmission line and the transmit-
ter, often by implementing network-based impedance matching 
techniques. A key consideration in assessing the proposed design 
is TARC, which is the proportion of input power radiated as useful 
energy, as stated in (3) [37]. The TARC values demonstrate the effec-
tiveness of the presented MIMO antenna in isolating ports and opti-
mizing output power, since they consistently fall below −4 dB across 
all frequency bands examined [38].

TARC �
�� � � �� ��

�
�

�
�
�S S e S S eii ij

j
ji jj

j� �2 2

2
� (3)

θ represents the input phase angle.

Type the Paragraph Text

Table V.  ECC Matrix of Fabricated 4 × 4 MIMO Antenna

Port Pair ECC value

ECC12 0.005832

ECC13 0.010858

ECC14 0.008041

ECC23 0.011044

ECC24 0.029671

ECC34 0.005936

Fig. 10.  Simulated and measured ECC.

Fig. 11.  Simulated and measured directive gain.
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Fig. 12 plots the TARC values that were measured and simulated. In 
all scenarios, the TARC continuously drops below −4 dB throughout 
the band, suggesting minimal reflected power and effective port iso-
lation. Furthermore, the consistency between the measured (−18.3 

dB) and simulated (−19.1 dB) TARC values confirms that the sug-
gested structure is successful in achieving high efficiency for MIMO 
operation. 

The observed results closely match the simulated performance of 
the proposed antenna, as shown in Table VI, which summarizes the 
comparison of key parameters like bandwidth, ECC, TARC, diversity 
gain, isolation, and peak gain.

V. DISCUSSION

The fabricated MIMO antenna is capable of operations over multiple 
resonant frequency bands. A multi-band antenna operates over mul-
tiple frequency ranges, allowing it to support various communication 
standards or technologies within a single system. This enhances the 
antenna’s adaptability and reduces the need for multiple dedicated 
antennas to cover different frequency bands. The antenna system 
exhibits low ECC values in both computational and measured find-
ings, which can be attributed to minimal coupling and substantial 

TABLE VI.  SUMMARY OF SIMULATED AND MEASURED PERFORMANCE 
PARAMETERS OF THE PRESENTED ANTENNA

Parameters Simulated Measured

Bandwidth (GHz) 18.5 13.5

ECC 0.0001 0.001

TARC (dB) −19.1 −18.3

DG (dB) ~10 >9.9

Isolation (dB) −38 −49

Peak gain (dB) 5.97 13.68

TABLE VII.  COMPARATIVE ANALYSIS OF PROPOSED WORK WITH EXISTING MIMO ANTENNA DESIGNS

Ref No.
No. of 
Ports

Operating 
Frequency Bandwidth

Peak 
Gain Isolation ECC TARC DG Size Technique Used

[39] 4 3.69–6.53 2.85 5.9 <−25 0.002 – – 44 × 44 DGS, slotted patch, parasitic strips

[40] 2 5.2–5.7
11.8–17.3

6 5.5 <−20 0.004 −10 >9.9 30 × 30 DGS, slotted patch, parasitic element

[41] 6 26–29.5 3.5 5.6 <−20 0.04 – >9.5 75 × 100 DGS, slotted patch

[42] 4 26–32.7 6.7 11 <−20 0.002 – >9.9 4.7 × 2.9 DGS, modified patch

[43] 2 3.3–7.8
8.0–12.0

8.5 4 <−20 0.06 −9 >9.8 32 × 20 DGS, slotted patch

[44] 4 24.1–27.18 3.08 3 −16 0.1 −15 >9 20 × 24 Slotted patch

[43] 4 2108–29.1 7.30 5.76 <−18 0.004 <−2 – 31.9 × 37.6 DGS, slotted patch

[45] 2 34.1–39.7 5.6 6.7 <−20 0.003 −20 >9.9 6 × 17.37 DGS, modified patch

[46] 4 3.36–3.7
4.9–5.6

1.04 4 <−18 0.001 – >8.8 26 × 26 DGS, slotted patch

[47] 4 28/38 1.2 8.13 <−20 0.0030 – >9.9 4.95 × 5.8 DGS slotted patch

This Work 4 15–23.5, 39–44 13.5 13.7 <−20  0.001 −18.3 >9.9 28.7 × 30 Slotted patch

Fig. 12.  Simulated and measured total active reflection coefficient (TARC).
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spatial diversity. Excellent impedance matching is demonstrated by 
the antenna, as indicated by the return loss consistently remaining 
below the −10 dB mark at the operating frequency range. The S21 
results measured for the MIMO antenna also exhibit a similar trend 
to the simulated data, remaining below −20 dB across the operat-
ing frequency. While deviations are observed among simulated and 
measured results, even under worst-case conditions, isolation does 
not exceed the −18 dB mark. Excellent diversity performance is dem-
onstrated by the 4 × 4 MIMO antenna, as evidenced by measured DG 
values continuously reaching 10 dB, ensuring effective mitigation of 
multipath fading, thereby supporting reliable and stable communi-
cation, especially in complex environments such as indoor settings 
and urban areas. A comparative analysis based on the core design 
and evaluation criteria is presented in Table VII, highlighting the 
superior radiation characteristics of the developed MIMO antenna in 
aspects of gain, bandwidth, and diversity performance.

VI. CONCLUSION

This paper outlines the architecture and evaluation of a 4 × 4 circu-
larly polarized MIMO antenna system for 5G millimeter-wave appli-
cations employing four different dielectric substrates. The antenna 
incorporates a circular patch geometry to achieve high impedance 
bandwidth and strong circular polarization, making it suitable for 
5G MIMO applications. It achieves an impressive bandwidth of 13.5 
GHz, excellent isolation with components spaced over 25 dB apart, 
near omnidirectional radiation patterns, minimal ECC (~0.001), and 
high DG (>9.9 dB). These results align precisely with the intended 
design for MIMO antennas in mm-wave applications, and empha-
size the critical role of substrate selection in achieving optimal per-
formance. While the fabricated prototype confirmed the antenna’s 
overall effectiveness, the measured results were inferior to the simu-
lated predictions due to fabrication tolerances, misalignment during 
assembly, substrate inhomogeneity, and connector losses. These can 
be minimized through precise fabrication techniques and refined 
simulation models that account for real-world losses and assembly 
variations.

Although the slot-ring geometry is intended for 5G mm-Wave opera-
tion, it offers inherent scalability. Use of advanced low-loss substrates 
like LTCC (Low Temperature Co-fired Ceramic) and engineered meta-
materials and minor changes to dimensions can enable it to operate 
in the sub-THz (100-300 GHz) band, a spectrum of increasingly impor-
tant 6G technologies. The design can be scaled to larger MIMO arrays 
to meet the capacity and spatial diversity requirements of massive 
MIMO systems. Thus, the proposed MIMO antenna offers a reliable 
foundation for developing high-performance, versatile, and scalable 
architecture for future-generation wireless communication networks.
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