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Abstract
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) ) (MIMO) antenna designed for sub-6 GHz fifth generation (5G) applications.
Article History: . .
Received: 08\12\2024 The MIMO antenna features a defected rectangular microstrip patch and a
Accepted: 190512025 partially  grounded structure, contributing to excellent radiation
Published: 30\07\2025 characteristics and superb isolation. It is constructed using Roger-RT5880

substrate's material, which has a relative permittivity (er) =2.2 and a loss
tangent () =0.0009. The dimensions of the antenna are 35 x 90 x 1.5 mm?.
The antenna's performance was tested using Computer Simulation
Technology (CST), demonstrating operation over a wide frequency
bandwidth from 2.76 GHz to 8 GHz, with two operating frequencies at 3.5
GHz and 5.8 GHz. MIMO antenna exhibited strong diversity characteristics,
achieving a gain > 4.5 dBi. The results of the simulation were validated,
showing an envelope correlation coefficient (ECC) <0.001, a diversity gain
(DG)-10dB, a channel capacity loss (CCL)<0.2 bits/sec/Hz, a mean effective
gain (MEG)--6 dB, and a total active reflection coefficient (TARC)< -10 dB
©2025 by Author(s) and | gcross the bandwidth (BW). These results meet MIMO performance

SCEEE. standards satisfactorily. The outstanding effectiveness and performance of
the antenna, combined with its compact size, highlight its potential suitability
for 5G communication networks.
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1. Introduction

The past two decades have seen significant advancements in the wireless communication industry. Due to the
COVID-19 pandemic, billions of wireless communication devices have been utilized, making the transition to 5G
technology crucial (Kumar et al., 2024). 100 times faster data rates are possible with 5G technology than the 4G network,
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thanks to a superior spectrum with lower latency, enhanced bandwidth, and the capacity for beam steering and forming.
This technology enables the creation of a new type of network that connects machines, objects, and gadgets enabling
virtually everyone and everything to communicate (Ali et al., 2024). A wideband is a transmission channel that operates
continuously over a wide passband and has a wider bandwidth than a single voice channel. However, efficient deployment
of 5G technologies necessitates using efficient and compact antennas (Sheik et al., 2020).

The rapid evolution of wireless communication technology has ushered in the era of fifth-generation (5G)
networks, creating an unprecedented demand for high-performance antenna systems. These systems are essential for
achieving faster data rates, superior spectral efficiency, and expansive bandwidths. The sub-6 GHz spectrum stands out
as a vital asset for 5G, striking an optimal balance between extensive coverage and exceptional capacity. This mid-band
frequency range ensures reliable connectivity in both indoor and outdoor settings while significantly reducing latency.
Such performance is critical for transformative applications like augmented reality, real-time video streaming, and
industrial automation, positioning 5G as a catalyst for innovation across countless industries (Ahmed et al., 2025).

The 5G network uses two frequency ranges: sub-6 GHz and the millimeter wave range. Due to its ability to work
with existing 3G and 4G networks, its long-distance coverage, and its resistance to obstacles, the sub-6 GHz range has
garnered more attention. To this end, a microstrip patch antenna is a great option as it is low profile, cost-effective, easy
to fabricate and feed, lightweight, and can be used in an array, satellite communications, missiles, cellphones,
telemedicine, radar, GPS, and biomedical systems (Kumar, et al., 2020).

The antenna's ground and patch are set up on either side of a dielectric substrate in one particular antenna
design known as a microstrip patch antenna. The substrate material is utilized to provide mechanical support and to ensure
the required precise spacing between the patch element and its ground plane (Chattha, H. T. 2019).

An antenna's design could be composed of single or multiple-arrangement antennas. MIMO antenna systems have
emerged as an effective solution to overcome the limitations and meet the high-speed demands of modern communication
systems (Khan et al., 2022). Design arrangement involves positioning several antenna elements on a single substrate and
feeding each antenna through a port. Each of these ports is capable of transporting a portion of the system's data and
operating at the same carrier frequency (Malviya et al., 2020).

Despite the remarkable progress made in the development of 5G station antennas, it is evident that the current
designs do not fully meet all the requirements of the 5G framework. For example, the antenna design suggested in
references 3 and 4 faces manufacturing challenges and does not support MIMO technology.

The arrangement of radiating elements is crucial for enhancing isolation in MIMO (Multiple Input Multiple
Output) systems. A MIMO system that utilizes dielectric resonators has been proposed for wideband applications
[Upadhyaya et al., 2023). In this setup, isolation is significantly improved by using parasitic patches and positioning the
radiative elements diagonally. This dielectric resonator MIMO antenna also exhibits circular polarization (Baz et al.,
2023). Furthermore, this MIMO configuration allows the conducting ports to be arranged directly opposite one another,
rather than in the traditional orthogonal placements. Incorporating slots systematically can further enhance performance.
Notably, previous studies in (John et al., 2024). have proposed antennas designed specifically for dual-band and 5G/Wi-
Fi/WLAN applications, demonstrating the versatility of these designs. Analysis presented in (Jia et al., 2022) has shown
how MIMO systems can greatly enhance channel capacity, highlighting their potential in advanced communication
technologies. The literature review highlights several important factors in MIMO system design. Evidence suggests that
mutual coupling between conducting patches can significantly diminish antenna performance. Achieving optimal
isolation is essential for satisfactory outcomes, with an ideal isolation level of approximately 20 dB. At the same time, it
is crucial that key output parameters such as gain, efficiency, and radiation patterns remain within acceptable limits. This
underscores the need for careful management of these parameters to ensure robust performance in MIMO systems.

In reference (Ahmed, R., & Islam, M. F. 2014), the authors unveiled a microstrip patch antenna design that
achieves a bandwidth ranging from 2.84 to 5.17 GHz, paired with a high impedance of 58% and a central frequency of 4
GHz. This design not only delivers a consistent radiation pattern but also boasts a compact form factor and an average
gain of 5 dBi, making it an exceptional choice for a variety of applications. Nevertheless, this significantly impacts the
antenna's compactness because the MPA's main structure comprises a dual layer, with a 1st layer comprising triple
elements. (Zhao, A., & Ren, Z. 2018) presents a compelling a compact 8-antenna MIMO system, showcasing its
remarkable self-isolation properties. These attributes have been validated through rigorous simulations and
measurements, proving that effective antenna isolation can be achieved without relying on external isolation elements or
complex decoupling techniques. However, this innovative design operates within a limited frequency band of 0.2 GHz
(from 3.4 to 3.6 GHz) and boasts an antenna efficiency of less than 70%. These constraints significantly hinder its potential
to support a wider range of applications in the realm of 5G technology.

(Chung, M. A, et al., 2025) presents a multi-band antennas that can be configured for laptops, base stations, and
smartphones. All three systems utilize the same multi-band MIMO antenna structure, allowing them to operate across
multiple frequency bands, including LTE, WiFi, Sub-6GHz, and WiFi 6E. This confirms that each antenna system exhibits
excellent transmission performance and strong support for 5G communication technology. (Chung et al., 2025) introduces
a multi-coupled MIMO antenna system distinguished by its capability to operate across multiple frequency bands,
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compact dimensions, ease of manufacturing, cost-effectiveness. Simulations assessing Specific Absorption Rate (SAR)
and Power Density (PD) demonstrate that this antenna system does not have harmful radiation effects on the human body.
Additionally, the proposed multi-coupled MIMO antenna system is highly flexible, making it well-suited for the future
needs of compact and varied wireless communication technologies.

(Hasan et al., 2024) introduces a compact wideband MIMO antenna for 5G NR sub-6 GHz applications, featuring
improved isolation, gain, and efficiency with a unique MM structure. It offers high isolation in a small size, a broad
bandwidth, and the flexibility to support large MIMO systems. (Pandya et al., 2024) presents a quad-port Multiple Input
Multiple Output (MIMO) antenna with high isolation. The design aims to achieve an Ultra-Wideband response suitable
for various wireless applications. The antenna's compact size is made possible by the thoughtful integration of vertical
and horizontal conductive strips. Additionally, a diagonal radiating strip is incorporated into the patch geometry. The
design positions these components orthogonally to enhance performance and provide diverse operational capabilities.

The novelty of our work is to design a small and simple MIMO antenna structure of a wideband antenna in
WIMAX 5G applications. The proposed antenna has been designed to have a return loss below -10 dB over 2.76 GH to
8 GHz frequency band, providing a gain of 4.5 dBi, CCL below 0.2-bit/s/Hz, ECC below 0.001 dB, and MEG less than -
6dB.

The paper is structured into six sections. Section 1 includes an introduction and a literature review. Section 2
provides an overview of the single-element antenna design. Section 3 proposes a MIMO (Multiple Input Multiple Output)
design structure. Section 4 presents the MIMO design results and discusses the main MIMO coefficients. Section 5
demonstrates a comparison between the proposed MIMO antenna and previous works Finally; Section 6 concludes the

paper.

2. Single Element Antenna Design
The proposed single antenna is rectangular, made on Roger-RT5880 with a substrate size of 30 x 35 x 1.5 mm as

demonstrated in Figure 1.
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Figure 1: The diagram of a single-antenna (a) top view, (b) back view and (c) side view.

CST simulation's key aspects of antenna design were considered, including antenna resonance frequency, S11
curve, BW, and gain. The rectangular microstrip patch antenna is designed to operate at a resonant frequency of 3.5 GHz
and 5.8 GHz, using mathematical equations [1:5] typical of conventional microstrip antenna designs. Rectangular patch
dimension denoted as Wp for width and Lp for length, can be calculated (Narwade, N., & Sharma, N 2025).
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Where C, f;, &, &.frand AL are denoted to the velocity of light, central frequency, permittivity of dielectric material,
effective dielectric constant and length extension respectively.

Firstly, design a single patch element. Next, a slotted patch is created, featuring a slot measuring 5.5mm x 0.1mm,
which is oriented perpendicularly to the feedline on the upper right side of the patch. This design improves the wideband
impedance bandwidth. Following the single patch antenna, a MIMO antenna is developed, achieving a high gain that
reaches 4.5 GHz, compared to the 3 GHz obtained with the single patch design. This modification offers a wider
bandwidth. table 1 provides the dimensions of this design, which underwent several iterations before reaching its current

form.
Table 1. The Single Antenna Dimensions.
Antenna Parameter Dimension (mm) Antenna Parameter Dimension (mm)
Ws 30 Lr 13.5
Ls 35 Wc 0.1
Wp 16 Lc 5.5
Lp 15 t 3
W 4.4 L, 11.5

The simulation results of a single antenna element configuration are presented below. The frequency range shows
a response that < -10 dB, starting from 2.9:8.15 GHz. Additionally, there are two operating frequencies: 3.5 GHz and 5.8
GHz, as illustrated in Figure 2. Including the slot line defect in the rectangular patch has led to a more stable antenna

response (S11).
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Figure 2: The S11 parameter of the single-element.

Figures 3(a) and 3(b) show the omnidirectional radiation patterns. At 3.5 GHz, the gain is approximately 2.8 dBi at 2.4 GHz and
about 2.63 dBi at 5.8 GHz. A peak gain of 3 dBi was also observed at 4.5 GHz, as shown in Figure 4.

Radiation Pattern [dB]
Radiation Pattern [dB]

(a) (b)
Figure 3: The radiation pattern at (a) 3.5 and (b) 5.8GHz of the single-patch.
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Figure 4: The gain of the single-element.

A parametric study was conducted by varying three main parameters: Wec and Lc, which represent the width and length of the
rectangular slot, respectively, and t, which denotes the distance from the upper side to the slot, as presented in Figures 5(a), 5(b), and
5(c). The results indicated that a slot width of 0.1 mm, a slot length of 5.5 mm, and a slot position of 3 mm provided the most stable
S11 curve across a wider range.
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Figure 5: S11 of the parametric studies for (a) Wc, (b) Lc and (c) t of the single-patch.
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3. MIMO Antenna Design

MIMO (Multiple Input Multiple Output) is a wireless technology that uses multiple transmitting and receiving
antennas to increase the data capacity of RF (radio frequency) transmissions. In a MIMO system, the same information
is sent over the same bandwidth through several different channels. This means each signal takes a unique path to reach
the receiving antenna, resulting in more reliable data transmission. Furthermore, having multiple antennas improves the
overall signal quality and provides clearer communication channels, which leads to increased data rates. This enhanced
throughput allows better video and audio quality, supports additional data streams, and reduces the likelihood of dropped
packets. The proposed MIMO design dimensions are illustrated in Figures 6(a) and 6(b), showing the configuration of
the proposed patch antennas on the board.

W;(MIMO)

L.(MIMO)

(a) (b)

Figure 6: The schematic diagram of the MIMO antenna (a) front side and (b back side.

A gap of 55 mm exists between the two ports of the radiating elements, while the horizontal distance between the
ports is 44 mm. Parallel antenna's arrangement, achieved the concept of self-decoupling, which decreases mutual coupling
among antennas. On the MIMO board, each radiating element's ground plane is connected by two intersecting copper
lines, each with a thickness of 0.2 mm. This design helps reduce surface wave propagation and minimizes undesired
coupling that mutually among elements. The dimensions of MIMO system are 35 x 90 x 1.5 mm?. Table 2 provides the
detailed dimensions of the MIMO antenna's design.

Table 2. The MIMO Antenna Dimensions.

Antenna Parameter Dimension (mm) Antenna Parameter Dimension (mm)
Ws(MIMO) 90 Ls MIMO) 35
L 44 S 34.7

4. MIMO Results and Discussion

The CST simulation results for the MIMO design configuration are presented below. The reflection coefficients
remain below -10 dB across all relevant frequency bands, covering BW from 2.76: 8 GHz, with two key operating
frequencies at 3.5 GHz and 5.8 GHz, as seen in Figure 7. Additionally, the transmission coefficients (S12 and S21) are
below -20 dB within the operating range, indicating an efficient antenna design, as illustrated in Figure 8. Figures 9(a)
and 9(b) show the omnidirectional radiation patterns, at 3.5 GHz and 5.8 GHz frequencies.
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Figure 7: S11 and S22 of the MIMO antenna.
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Figure 8: S12 and S21 of the MIMO antenna.
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Figure 9: MIMO antenna Radiation patterns (a) at 3.5GHz and (b) at 5.8GHz.
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MIMO antenna design increased the gain reaches to 4.5 dBi by using two parallel antennas with connected ground
as shown in Fig. 10, instead of 2.98 dBi gain of single element antenna. Five primary MIMO parameters need to be

considered (Sharma et al., 2022):
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3.0 }

Frequency [GHz]

Figure 10: MIMO antenna Gain.
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4.1. Channel Capacity Loss (CCL)

CCL is an important metric for assessing the performance of a MIMO antenna. To be considered effective, a
MIMO antenna should have a CCL value of 0.4 b/s/Hz or lower. As presented in Figure 11(a), the simulation results
indicate a CCL value of less than 0.2 bits/sec/Hz. CCL can be calculated using Equation (6), which expresses the value
in terms of S-parameters.

CCL = —log,(det(a)). (6)

4.2. Envelope Correlation Coefficient (ECC)
Figure 11(b) illustrates the simulated ECC may estimate from S11, S12, S21 and S22 values of MIMO, with
calculated ECC values measuring less than 0.001. Since the ideal ECC should be close to zero, these results indicate
satisfactory conditions for good MIMO performance. Equation (7) provides the method for calculating ECC.

- sul2- 15510 = [83]” = 15,51

Peij

4.3. Diversity gain (DG)
DG should = 10 dB indicating good MIMO performance as it the same value obtained in Fig. 11(c). Equation (8)

can be utilized to determine DG.
2
DG=10 /1 —lpeij|”- (®
4.4. Mean Effective Gain (MEG)

MEG at the two ports in the frequency range that was being performed, Figure 11(d) shows that the MEG <-6 dB
as <-10 dB indicating good MIMO performance. Equation (9) can be used to calculate MEG.

M
MEG =(1- Y |s;]* ). (9

4.5. Total Active Reflection Coefficient (TARC)
TARC< -10 dB means that MIMO antenna was designed is effective. Figure 11(e) shows that less than -10 dB.
TARC can be calculated from equation (10).

TARC = \]|(S11 + S12 €712 4+ [(S21 + S22 eje)|2.
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Figure 11: Parameters of MIMO include: (a) CCL (b) ECC, (c¢) DG, (d) TARC, (¢) MEG.

5. Comparison
The previous works referenced in [15, 16, and 17], as mentioned in table 3, are limited to narrower frequency

bands. In contrast, our proposed design operates over a wide frequency range of 2.76 GHz to 8 GHz. Additionally, our
design offers a higher gain, reaching up to 4.4 dBi, while maintaining a moderate and suitable size compared to earlier
models. Our proposed MIMO design also demonstrates superior performance, with an ECC value of less than 0.001,
which is significantly lower than that of the comparable previous works.

While reference [18] presents a larger operational frequency band, it unfortunately falls short with an eager gain
of only about 2 dBi, which is less than half of what our design accomplishes. Therefore, our MIMO antenna not only
operates over a wide frequency range but also delivers an impressive gain of 4.5 dBi, all while maintaining an optimal
and manageable size.

In summary, our MIMO antenna not only excels over a wide frequency range but also delivers an impressive gain
of 4.5 dBi, establishing it as a leading solution in the realm of 5G antenna technology for sub-6 GHz applications. This
positions our design as a benchmark for performance, innovation, and reliability for 5G applications at sub-6 GHz.
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Table 3. A Comparison between the proposed MIMO antenna and previous works.

Ref. MIMO Size MIMO Operating Peak Gain ECC Substrate
(mm?) Elements Band (GHz) (dBi)
Chung, M. A, et al., 220x%330 10x10 0.78-1.08 1.76 <0.5 FR4
2025 140x70 4x4 1.52-2.58 3.88
75%75 2x2 4.61-6.577 2.92
7.03-7.26 4.14
Chung et al., 2025 330%220 10x10 0.85-1.10 241 <0.5 FR4
75%75 4x4 4.47-7.40 3.63
(Hasan et al., 2024) 52x106 8 3.04-5.05 2.4 <0.006 FR4
(Pandya et al., 2024) 40x40 4 3.20-13.40 2 <0.05 FR4
Proposed 35x90 2 2.76-8 4.5 <0.001 ROGER

6. Conclusions

This paper presents a compact MIMO antenna for sub-six GHz applications, specifically intended for 5G usage,
utilizing Roger-RT5880 substrate. The MIMO antenna was simulated using CST software. It demonstrated good
impedance characteristics across a frequency range from 2.76 GHz to 8 GHz. The gain reaches to 4.5 dBi and exhibited
omnidirectional radiation patterns. A thorough assessment of the mutual coupling between the various ports was
performed, as it is a critical parameter for MIMO including ECC < 0.001, DG—10 dB, and CCL<0.2 bits/s/Hz, were
evaluated, showing promising performance for 5G communications.
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