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Abstract: This present study offers to design and simulate a compact 2x2 MIMO T-slotted composite-shaped microstrip patch
antenna for 5G New Radio (5G- NR) midband applications, specifically targeting bands N77, N78, and N79, operating from 3.3
GHz to 5 GHz. Using Ansys High-Frequency Structure Simulator (HFSS). The antenna was designed on an FR4 epoxy
substrate with a dielectric constant (&) of 4.4, thickness of 1.6 mm, and overall dimensions of 22.5 x 32 mm. The two-element
antenna with no load lines achieves Sz = —17.29 dB at 4.16 GHz and S22 = —21.17 dB at 4.12 GHz, isolation (S12/S21) of —31.33
dB at 4.68 GHz, VSWRs of 1.32 and 1.19, radiation efficiency up to 91.59%, and bandwidths of 520 MHz (S:;) and 720 MHz
(Sz22). Diversity performance of the final design was evaluated and shows excellent values: Envelope Correlation Coefficient
(ECC) < 0.1 across 3.3-5 GHz, Diversity Gain (DG) near 10 dB, Channel Capacity Loss (CCL) < 0.4 bits/s/Hz, Mean Effective
Gain (MEG) < -3 dB, and Total Active Reflection Coefficient (TARC) <—10 dB between 4.78 GHz and 4.91 GHz.

Keywords: MIMO T-slotted composite-shaped microstrip patch antenna, Envelope Correlation Coefficient, Diversity Gain,
Channel Capacity Loss, VSWR.

I. INTRODUCTION

The rapid evolution of wireless communication systems has driven the need for high-performance antenna technologies that support
higher data rates, increased network capacity, and improved signal reliability. The transition from previous wireless generations to
5G technology has introduced stringent performance requirements, particularly in terms of spectrum efficiency, network scalability,
and system reliability. The growing demand for 5G New Radio (5G-NR) has led to significant advancements in Multiple-Input
Multiple-Output (MIMO)antenna technology, particularly for midband spectrum (3.3-5.0 GHz) applications. The N77, N78, and
N79 bands provide an optimal balance between coverage, capacity, and high data rates, making them crucial for 5G base stations,
loT devices, and high-speed communication networks. MIMO antennas are essential for increasing channel capacity and enhancing
communication reliability in high- frequency bands. However, designing MIMO antennas for these bands presents several
challenges, including impedance mismatching, mutual coupling, poor isolation, and radiation efficiency degradation, which
negatively impact overall system performance [1]. To enhance the efficiency of MIMO antennas in the 3.3-5.0 GHz range,
researchers have explored various techniques such as slot-loading, defected ground structures (DGS), and decoupling networks to
improve isolation, bandwidth, and diversity performance [2].

High isolation between antenna elements is essential to minimize mutual coupling, which affects key parameters like return loss,
gain, and radiation efficiency. Various studies have proposed compact, high-performance MIMO antenna designs that integrate
novel radiating structures to achieve low ECC (< 0.05), high diversity gain (~10 dB), and wide impedance bandwidth for 5G
applications (Bujjibabu and Varadarajan, 2023) [3]. One critical aspect of MIMO antenna design is return loss (S11), which directly
affects impedance matching and signal transmission efficiency. Studies have utilized machine learning models, such as Random
Forest and XGBoost, to predict and optimize return loss, ensuring accurate impedance tuning for 5G antennas [4]. Additionally,
diversity parameters such as Envelope Correlation Coefficient (ECC), Diversity Gain (DG), Channel Capacity Loss (CCL), Mean
Effective Gain (MEG), and Total Active Reflection Coefficient (TARC) play a vital role in evaluating MIMO performance) [5].
Achieving low ECC and stable radiation efficiency ensures improved multipath fading resistance and enhanced communication
reliability in 5G networks [6]. Recent review studies have analysed various MIMO antenna configurations, design methodologies,
and performance enhancement techniques for 5G-NR applications. These studies highlight the importance of metamaterial-inspired,
slot-integrated, and hybrid designs in improving bandwidth, isolation, and impedance matching [7]. By incorporating these insights,
MIMO antennas can be further optimized for compact size, high gain, and stable performance across the 3.3-5.0 GHz spectrum.
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In this paper a 2x2 MIMO antenna is designed and analysed for operation in the 3.3-5.0 GHz frequency range using High-
Frequency Structure Simulator (HFSS). The focus is on optimizing return loss, isolation, gain, radiation efficiency, and diversity
parameters while maintaining a compact size. The antenna aims to provide broadband coverage, reduced mutual coupling, and
efficient radiation characteristics, making it highly suitable for high-speed 5G communication systems.

I1. TWO ELEMENT ANTENNAWITH NO LOAD LINE DESIGN

The two-element antenna without a load line is developed by extending the single-element antenna design into a two-element
configuration. In this design, the first patch is placed in its original orientation, while the second patch is rotated 180 degrees
relative to the first patch. This rotation helps in achieving better isolation between the two elements by reducing mutual coupling,
improving the overall diversity performance of the MIMO system, and enhancing polarization diversity for improved signal
reception. It also minimizes electromagnetic interference and ensures radiation pattern symmetry, optimizing the antenna's
efficiency for 5G NR midband applications. Each patch operates with a separate ground plane, ensuring independent radiation
characteristics for both elements. This antenna is simulated without the integration of load lines in the ground plane.  Given the
resonance frequencies in the 3.68 GHz to 4.68 GHz range, this antenna is well-suited for next-generation wireless
communication systems, ensuring high data rates, improved network capacity, and low latency.
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Figure.1 a) Front View(b) Back view two element antenna with no load line structure
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Figure 2. (a) Return loss plot, (b) VSWR plot, (c) 3D Radiation plot, (d) Electric field Distribution
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The antenna is designed on an FR-4 substrate with a length of 22.5 mm, width of 32 mm, height of 1.6 mm, and a dielectric
constant (g;) of 4.4. Two ports are inserted into the antennas to facilitate the excitation and feeding of the signal to the radiating
patches, ensuring efficient power transmission. Radiation box is provided to simulate a realistic open-environment condition,
preventing unwanted reflections and enabling accurate analysis of the antenna's radiation characteristics. Figure 1 (a) & (b)
illustrates the front and back views of the two-element antenna without a load line.

Figure 2 (a) presents the return loss (S11, S22) and isolation (S12, S21) characteristics of the two-element antenna without a
load line. The Return loss (S11) parameter indicates that the first antenna resonates at 4.16 GHz, achieving a return loss of -
17.29 dB, ensuring adequate impedance matching. Similarly, the S22 parameter shows that the second antenna resonates at 4.12
GHz with a return loss of -21.17 dB, reflecting efficient power transmission. The isolation parameters S12 and S21 indicate the
level of coupling between the two elements, with a peak isolation of -31.33 dB at 4.68 GHz. This high isolation value confirms
minimal mutual coupling, which is essential for maintaining independent operation of each antenna element. In terms of
bandwidth, the S11 plot reveals an operational range from 3.88 GHz to 4.40 GHz, resulting in a bandwidth of 520 MHz.
Meanwhile, the S22 plot extends from 3.68 GHz to 4.40 GHz, providing a bandwidth of 720 MHz. Given the resonance
frequencies in the 3.68 GHz to 4.68 GHz range, this antenna is well-suited for next-generation wireless communication systems,
ensuring high data rates, improved network capacity, and low latency.

Figure 2 (b) illustrates the Voltage Standing Wave Ratio (VSWR) representation of the two-element antenna without a load line,
providing insight into its impedance matching efficiency. The red curve (VSWR(1)) represents the VSWR at Port 1, while the
green curve (VSWR(2)) corresponds to Port 2. A VSWR value below 2 indicates good impedance matching, ensuring minimal
signal reflection and efficient power transfer. At 4.16 GHz (VSWR(1)), the VSWR is 1.3162, confirming that Port 1 is well-
matched to the 50Q transmission line, reducing signal loss. At 4.12 GHz (VSWR(2)), the VSWR is 1.1914, demonstrating
excellent impedance matching at Port 2, ensuring efficient energy transmission.

Figure 2 (c) illustrates the 3D gain radiation pattern of the two-element antenna at 4.16 GHz, depicting its directional radiation
characteristics. The colour scale represents gain values, ranging from -12.5 dB (blue, lower gain regions) to 2 dB (red, higher
gain regions). The red regions indicate strong radiation, while the green and blue areas correspond to lower gain levels. The
radiation pattern suggests that the antenna exhibits directional radiation, efficiently radiating energy in specific directions. This
characteristic makes it suitable for applications where focused gain and directional performance are essential.

Figure 2 (d) illustrates the E-field distribution of the two-element antenna without a load line, providing insight into the electric
field intensity across the antenna structure. The colour scale represents the electric field strength in dB, where red and yellow
regions (=80 dB) indicate areas of high field intensity, primarily concentrated near the feedline and radiating elements. The blue
regions (=20 dB) correspond to lower field intensity, typically observed in areas with minimal electromagnetic activity. This
distribution highlights the regions of strong radiation, which play a crucial role in determining the antenna's efficiency and
performance in transmitting electromagnetic waves effectively.

Figure 3 (a) illustrates the Smith Chart representation of the two-element antenna without a load line, providing insight into its
impedance characteristics at different frequencies. The red curve (S11) represents the reflection coefficient at Port 1, while the
green curve (S12) indicates the coupling behaviour between the two ports. At 4.16 GHz, the magnitude of S11 is 0.1365,
corresponding to an impedance of 1.3130 + j0.0424. This value is slightly inductive but remains close to the Smith Chart’s
centre, ensuring minimal signal reflection. The phase angle of 6.66° confirms that the reflected signal remains nearly in phase
with the incident signal, supporting efficient power transfer. At 4.68 GHz, the magnitude of S12 is 0.0271, indicating excellent
isolation between the two ports. The impedance of 0.9861 - j0.0520 is nearly purely resistive and close to an ideal 50€2 match,
minimizing power loss. The corresponding signal angle of -103.50° further reinforces the high isolation performance. These
impedance characteristics make this antenna well-suited for 5G mid-band (N77/N78) applications, where maintaining low
reflection and strong port isolation is critical for optimal multi-element antenna performance.
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Figure 3 (a) Smith chart of two element antenna with no load line, (b) Radiation efficiency plot of two
element antenna with no load line, (c) Surface current density of J-field of two element antenna with no
load line.

Figure 3 (b) presents the radiation efficiency plot of the two-element antenna without a load line, illustrating its efficiency across
different frequencies. For practical antenna designs, radiation efficiency above 70% is considered optimal, ensuring effective
energy radiation. At 4.16 GHz, the antenna achieves 78.91% efficiency, indicating good radiation performance above the
standard threshold. Similarly, at 4.12 GHz, the efficiency reaches 80.46%, further confirming strong performance. At the 3.68
GHz frequency, the radiation efficiency increases to 91.59%, demonstrating excellent efficiency with minimal losses. Likewise,
at 4.88 GHz, the efficiency remains high at 89.63%, ensuring effective power radiation at this frequency.

Figure 3 (c) illustrates the J-field (surface current density) distribution of the two-element antenna without a load line, providing
insight into the current flow across the antenna structure. The red regions (=41.41 dB) indicate the highest current intensity,
primarily concentrated around the feedline and specific patch edges, highlighting the critical areas contributing to signal
transmission and radiation. The yellow and green regions (=24.92 dB to 8.42 dB) represent moderate current flow, ensuring
efficient operation and stable performance. In contrast, the blue regions (as low as -20.43 dB) correspond to minimal current
activity, which may lead to reduced radiation in those areas. Understanding this distribution is crucial for optimizing the antenna
design, minimizing unwanted losses, improving impedance matching, and enhancing overall radiation efficiency.

111.CONCLUSION
In this paper successfully presents the design, simulation of a compact 2x2 MIMO T-slotted composite-shaped microstrip patch
antenna for 5G mid-band applications covering N77, N78, and N79 bands (3.3 GHz to 5 GHz). The S-parameters (S11, S22, S12,
S21), VSWR, return loss, radiation efficiency, gain, smith chart, electric field (E-field) and current density (J-field) distributions
were evaluated for the designed antenna. The paper demonstrates the viability of compact, efficient, and low-profile antennas
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suitable for integration into 5G wireless communication systems. In the future, this antenna design can be expanded into higher-
order MIMO systems such as 4x4 or 8x8 arrays to meet the increasing demand for higher data rates and enhanced spatial diversity
in advanced wireless applications. These larger MIMO configurations can significantly boost signal reliability and system capacity,
particularly in dense urban environments and next-generation smart communication systems. Furthermore, optimization in terms of
physical structure like reducing the antenna's size without compromising performance can be achieved by adopting novel feeding
mechanisms, superior substrate materials, and structural innovations. Such enhancements aim to deliver better impedance matching,
higher gain, and improved isolation, ensuring the antenna remains efficient, compact, and suitable for mid-band 5G MIMO
applications.
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