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This research outlines the results on implementing a Machine Learning (ML) approach to improve 
the throughput of Multiple-Input Multiple-Output (MIMO) based 5G millimeter wave applications. 
The research will cover frequencies between 28 and 38 GHz, significantly affecting high-band 5G 
applications. We have chosen to employ a Rogers RT 5880 material with a low loss as the substrate 
layer to reduce the antenna size. In addition to being small, the recommended design has a maximum 
gain of 10.14 dB, better isolation than 29 dB, and wide bandwidth, ranging from 27.2 GHz to 32.2 GHz 
& 36.5 GHz to 40.7 GHz. Advanced design system (ADS) is used to make a circuit like the suggested 
microstrip patch antenna (MPA) to compare the reflection coefficient from CST. The approach of 
supervised regression machine learning is applied to accurately forecast the antenna’s gain. Among 
the five different regression machine learning models considered, it was discovered that the Random 
Forest Regression (RFR) model performed the best in accuracy and achieved the lowest error when 
predicting gain. This article explores many approaches, including simulation, integration of an RLC-
equivalent circuit model, and multiple regression models, to evaluate the suitability of an antenna for 
its 5G applications.
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The exponential growth in wireless communication demand, driven by data-intensive applications and the 
proliferation of connected devices, has catalyzed the development of fifth-generation (5G) and future sixth-
generation (6G) communication networks. These technologies require high-speed, low-latency, and high-
capacity data transmission, necessitating antennas capable of operating effectively at millimeter-wave (mm Wave) 
frequencies1. Specifically, the 28 GHz and 38 GHz bands have emerged as promising frequency candidates for 5G 
and 6G applications due to their capability to support high data rates and densely packed urban environments. 
As a result, designing antennas that can operate efficiently within these bands has become a key area of focus. 
Microstrip Patch Antennas (MPAs) have gained substantial attention in this context due to their compact size, 
low weight, ease of fabrication, and compatibility with planar and non-planar surfaces, making them ideal for 
integration into mm Wave devices2. However, achieving high gain, enhanced directivity, and stable radiation 
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characteristics at 28 GHz and 38 GHz frequencies presents specific challenges. These limitations are inherent to 
conventional MPAs and must be addressed to ensure optimal performance in next-generation networks3.

This paper introduces a dual-band MPA designed specifically for operation at 28 GHz and 38 GHz, targeting 
the primary mm Wave frequency bands anticipated for 5G and 6G networks. This MPA design is optimized 
to achieve desired performance metrics across both frequency bands, such as minimal return loss, optimal 
impedance matching, and consistent gain4. To further improve performance, particularly in increased capacity 
and reduced multipath fading, we extended the single MPA design into a 1 × 2 array configuration, enhancing gain 
and beamforming capabilities. Building upon the array configuration, a 4-port MIMO (Multiple-Input Multiple-
Output) configuration was implemented, capitalizing on spatial diversity and reducing signal degradation, both 
are essential for maintaining high data rates and reliability in complex urban environments5.

The array and MIMO configurations were meticulously designed to maintain low inter-element spacing, 
minimizing mutual coupling and ensuring high isolation between ports. This is critical in MIMO systems to avoid 
interference and signal degradation. Performance simulations were conducted using CST Microwave Studio, 
allowing for an in-depth evaluation of critical parameters, including return loss, gain, radiation pattern, and 
isolation in the MIMO setup6. The simulation results demonstrate that the proposed MPA configurations satisfy 
the stringent requirements for 5G and 6G applications, achieving high gain and isolation while maintaining 
dual-band functionality at 28 GHz and 38 GHz7.

In addition to simulation-based evaluations, a machine learning (ML)-based predictive model is employed 
to enhance the efficiency of performance analysis8. ML techniques have demonstrated significant potential 
in antenna design, enabling rapid optimization and accurate prediction of key performance metrics without 
requiring extensive electromagnetic simulations9. Supervised learning algorithms are utilized to train regression 
models on simulated data, facilitating precise estimation of parameters such as return loss, gain, and efficiency. 
This data-driven approach aids in identifying optimal design configurations, reducing computational complexity, 
and accelerating the antenna design process10. Moreover, ML-based analysis provides deeper insights into the 
complex relationships between design parameters, contributing to improved adaptability and scalability for 
future wireless communication applications11. By integrating ML techniques, the proposed methodology not 
only enhances computational efficiency but also refines the design process for next-generation MIMO antennas.

This paper makes several key contributions to the field of mm Wave antenna design for advanced 
communication networks:

•	 Development of a dual-band MPA tailored for the 28 GHz and 38 GHz bands, optimizing performance met-
rics critical to 5G/6G applications.

•	 Design and implement a 1 × 2 array configuration, significantly enhancing gain and directivity.
•	 Expansion to a 4-port MIMO configuration, improving channel capacity and reliability through spatial diver-

sity while achieving low mutual coupling and high port isolation.

A conceptual comparison of various ongoing initiatives is presented in Table 1. Its gain of 10.14 dB is derived 
from the CST simulation of the proposed MIMO antenna and is greater than all of the references9–19, which 
modeled gains of 7.9 dB, 5.7 dB, 1.83 dB, 8.27 dB, 6.6 dB, 8.4 dB, 7.8 dB, 8.24 dB, 4 dB and 10 dB respectively. 
The proposed antenna realizes mass over 92% efficiency, whereas the reference works12–18 achieves 85%, 84%, 
78%, 88.25%, 85%, 91.7% and 65% radiation efficiency respectively. There is more than 28 dB of isolation in the 
proposed design. There is a wide range of isolation levels that are referenced as mentioned earlier, levels of > 27 dB, 
> 25 dB, > 20 dB, > 26 dB, > 28 dB, > 25 dB, > 20 dB, > 30, >27 dB, > 25 dB and > 19 dB was registered. Compared 
to other alternatives, the suggested MIMO antenna demonstrated better performance metrics, such as a DG 
higher than 9.92 and an ECC lower than 0.015. However, the RLC equivalent circuit results are indispensable 
to the described architecture even though the sources do not utilize them. While references19,20 utilize machine 
learning techniques, their overall performance in terms of bandwidth, gain, and isolation is inferior to the 
proposed design. The comparison table demonstrates the superior performance of the proposed antenna. Unlike 
existing designs, it achieves a well-balanced trade-off between the key parameters, ensuring optimal MIMO 
performance. These results validate the effectiveness of the proposed design for high-performance 5G MIMO 
applications.22

Design methodology
This work presents a novel antenna design incorporating a Parasitic Decoupling Structure and a Defected Ground 
Slot. The frequencies at which our antenna operates are 28 and 38 GHz. The section discusses the evolutionary 
development of the proposed antenna, highlighting its transition from simple functionality to advanced, high-
performance systems. The material used as a substrate is Rogers RT5880, with a dielectric constant of 2.2 and a 
loss tangent of 0.0009. Both the ground and radiator are composed of annealed copper.

Single element
The subsequent section reviews the crucial stages in the evolution of the single-element antenna. Achieving 
optimal performance resulted from a systematic and iterative methodology that evolved through four major 
stages. Figure 1(a) illustrates the evolution of the single-element antenna, while Fig. 1(b) presents the S-parameter 
at each optimization stage. In the initial stage, we design a rectangular patch antenna and a feedline, utilizing a 
matching network for the feedline design. To enhance the efficiency and radiating properties of the antenna, we 
incorporate two insets on either side of the feed and introduce an L-shaped slot on the left side and a mirrored 
L-shaped slot on the right side. It results in single-band resonance at 27.826 GHz, with a bandwidth of 1.18 GHz.

However, the return loss results were initially inadequate. In the second phase, two square-shaped slots 
rotated at 45 degrees were introduced, improving return loss; however, the resonance shifted away from the 
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target frequency of 28 GHz. In the third phase, an iterative refinement was conducted by adding a T-shaped slot 
at the centre of the radiator. This adjustment resulted in a resonance at 26.91 GHz and notable enhancements 
in return loss, although the resonance still deviated from the target frequency. Finally, in the fourth phase, two 
rectangular slots were incorporated on either side of the T-shaped slot. This modification successfully achieved 
a dual-band operation, with frequencies of 26.16 and 28.15 GHz and bandwidths of 0.45 GHz for the first band 
and 0.5  GHz for the second, effectively fulfilling all performance requirements. The detailed architecture of 
our proposed single-element antenna is illustrated in Fig. 2. The antenna maintains consistent dimensions of 
5.22 × 6 mm² throughout each stage for the entire ground. Both the radiating patch and ground have a thickness 
of 0.035 mm, with the patch measuring 4.3 mm in width and 3.1 mm in length.

Array
The subsequent stage of progress entailed the utilization of arrays to enhance bandwidth and gain to facilitate 
superior control over signal propagation and reception23. The size of the array antenna is 15.4 × 17.4 mm2, and 
the patch size is the same as the single-element antenna. The suggested array antenna comprises two single-
element antennas connected to the main feedline through a 70-ohm feedline and a 100-ohm feedline. The two 
antennae are spaced by 5.8 mm, denoted by d. Figure 3 shows the arrangement of the array antenna. Upon 
shifting to an array configuration, we obtained two frequencies of 28/38 GHz with the bandwidth of 1.4 GHz to 

Fig. 1.  (a) The Different designing stages of our single-element antenna and (b) the S11 curve for each stage.

 

Refs. Resonant fr
Operating
 range BW

Substrate 
Material Board Size Port

Gain
(db)

Isolation 
(dB)

ECC
 DG (dB) Efficiency

RLC & 
Machine 
Learning

12 28, 38 27.6–28.6/
37.4–38.6

1,
1.2 Rogers-5880 2.24λ°×2.1λ° 4 7.1,

7.9 > 27 < 0.001, NA > 85% No/ No

13 28, 38 NA 1.39,
3.33 Duroid 5880 3.87λ°×0.93λ° 4 5.59,

5.7 > 25 < 0.001/ >9.96 > 84% No/ No

14 28, 38 26.65–29.2,
36.95–39.05

2.55,
2.1 Duroid 5880 1.3λ°×

2.42λ°
2 1.27,

1.83 > 20 < 0.001/>9.99 78%,
76% No/ No

15 28, 38 NA 1.06,
 1.43 Rogers 5880 5.13λ°×10.2λ° 4 7.95,

8.27 > 26 < 0.001/ NA 88.25% No/ No

16 28, 38 NA 1.23,
1.06

Rogers 
Ro3003TM 0.7λ° × 0.82λ° 2 6.6,

5.86 > 28 < 0.005/<9 80%,
85% No/ No

17 28, 38 26.6–29, 
37.3–39.3

2.4,
2

Rogers 
RT5880 1.23λ° ×1.23λ° 4 8.4,

6.02 > 25 0.005, ≈ 10 91.7%,88.6% No/ No

18 28, 38 24–28,
37–40

4,
3 FR4 4.66λ°×4.66λ° 4 7.8,

4.4 > 20 0.01/9.99 65%,
49% No/ No

21 28, 38 24-28.8,
36.6–40.8

4.8,
4.2 RT5880 0.82λ°×1.6λ° 2 7.8, 6 > 30,

>28 0.0001, > 9.99 NA No/ No

22 24, 32 NA 4.24,0.46 Rogers 
RT5880 1.6λ° ×1.6 λ° 4 8.24 -27 0.0006,9.97 94% No/ No

19 3.8 3-4.2 1.2 Rogers 
RT5880 0.76*1.52 2 4 -25 0.005,

9.99 95% No/Yes

20 27.75 27.5-28.35 0.85 Rogers 
RT5880 20*20 2 10 -19 0.002,

9.98 NA No/Yes

Simulated 28, 38 27.2–32.2,
36.5–40.7

5,
4.2 Rogers 

RT5880 3.34λ° ×3.34λ° 4

10.14,
9.5

> 29,
>29 < 0.007,>9.96 > 92%,

>91
Yes/Yes

Measured 28.3, 
37.9

26.6–32.3,
33.2–39.9

5.7,
6.7 10.1, 9.3 > 34.2, 35.8 < 0.015,>9.92 > 91%,

>89%

Table 1.  Comparison of performance with related works.
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4.2 GHz, respectively. This bandwidth and gain increased in the array antenna compared to the single-element 
antenna.

Effect of various parameters on the antenna’s performance
Figure 4(a) highlights the significant impact of the distance between two patches in the array (d) on the antenna’s 
performance. For a gap of 5.8 mm, the resonant frequencies are 28 GHz and 38 GHz, with reflection coefficients of 
-42.45 dB and − 47.02 dB, respectively. A reduction in the distance to 4.8 mm shifts the frequencies to 28.32 GHz 
and 40.481 GHz, with reflection coefficients changing to -26.84 dB and − 20.38 dB. Conversely, increasing the 
distance to 6.8 mm results in a frequency shift of 27.67 GHz and 35.89 GHz, with reflection coefficients of -23.61 
dB and − 45.42 dB. These results underscore the importance of our findings, as they show that both an increment 
and decrement of the value shift the resonance frequencies left and right, respectively, with a higher return loss 
for the first resonance frequency. It’s not worth it that the second band deviates more than the first frequency, 
further highlighting the significance of our findings.

In Fig.  4 (b), as revealed by our research, our antenna’s performance depends on the feed length. Our 
antenna resonant frequencies for the proposed feed length (fl. = 5 mm) are 28 GHz and 38 GHz, with reflection 
coefficients of -42.45 and − 47.02 dB, respectively. After reducing the feed length to 4.5 mm, the frequencies 
change to 28.67 GHz and 38.77 GHz, and the corresponding reflection coefficients change to -20.8 & -24.271 
dB. When increasing the feed length to 5.5 mm, the frequency and reflection coefficients are 27.284 GHz and 

Fig. 4.  S11 of the array antenna for different values (a) distance between patches, (b) feed length, and (c) AS7 
slot length.

 

Fig. 3.  Front view of the array antenna with dimensions.

 

Fig. 2.  Our single-element antenna’s Front view with dimensions.
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37.288 GHz with − 36.829 dB and − 32.871 dB, respectively. The results show that an increment and decrement 
of the value shift both the resonance frequencies left and right, respectively.

Figure 4(c) illustrates the antenna’s performance sensitivity to the As7 slot length. For the proposed slot length 
of 1.2 mm, the resonant frequencies are 28/38 GHz, and the reflection coefficients are − 42.45 dB and − 47.02 
dB. A reduction in the slot length to 1 mm shifts the frequencies to 28.688 GHz and 38 GHz, so the reflection 
coefficients are − 32.41 dB and − 36.39 dB, respectively. However, increasing the slot length to 1.4 mm results 
in resonance frequencies of 26.54 GHz and 38 GHz, with a return loss of -37.69 dB and − 51 dB. This clearly 
demonstrates the sensitivity of the first band to the slot AS7 length, while the second band remains unchanged.

MIMO
Figure 5 depicts a unique integrated 4 × 4 MIMO antenna. The synergy significantly improved the antenna’s 
range and effectiveness in high-frequency communication systems. The size of the MIMO antenna is 37.8 × 37.8 
mm2. Initially, the antennas are positioned near the midpoint of the board edge. Subsequently, they are relocated 
7.65 mm away from the edge of the substrate to improve isolation24. The transmission coefficient for two different 
positions of the patches are shown in Fig. 6. The patch-to-patch distance is 8.5 mm.

Parasitic decoupling structure with defected ground slot
An inherent issue in MIMO design is the phenomenon where the radiation of electromagnetic waves from one 
antenna causes interference in another antenna25. This leads to a decline in the signal-to-interference noise ratio 
(SINR) and the overall efficiency of the MIMO antenna. There are many methods to address this issue, including 
defective ground structure, parasitic elements, metamaterials, and metasurface. Figure  7 shows this antenna 
incorporates a parasitic decoupling structure and a defective ground slot to minimize the mutual coupling. 
A copper strip is meant to have a length of 5 mm and a width of 1 mm. Subsequently, two additional copper 
stripes are created on either side of it, measuring 5 mm and 6 mm in width and 1 mm in length, respectively. 
Ultimately, a 45-degree rotated square-shaped parasitic element is created precisely at the central location, with 
each side measuring 7.07 mm. The defective ground slots are formed to match the precise shape of the parasitic 
decoupling structure, except for the square-shaped element.

The design parameters of the proposed antenna are as follows: Ws = 6, Ls = 5.22, Wp = 4.3, Lp = 3.1, 
S1 = 2.15 × 0.1, S2 = 0.1 × 1.4, S3 = 2 × 0.3, S4 = 1 × 0.3, S5 = 0.4 × 0.2, S6 = 0.57, S7 = 1.6 × 0.1, Inset = 0.6 × 0.06, 
Feedline = 1.8 × 0.4, Was = 17.4, Las = 15.4, As7 = 1.2 × 0.3, f1 = 5 × 0.7, f2 = 0.7 × 10.8, f3 = 5 × 2.5, Wm = 37.8, 

Fig. 6.  Transmission Coefficient of the MIMO antenna for two different patch locations.

 

Fig. 5.  Without PDS and DGS, The MIMO antenna Top and Bottom View.
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Lm = 37.8, d1 = 7.65, d2 = 8.5, d3 = 7.07, d4 = 5, d5 = 17, d6 = 6, d7 = 1, Metal thickness = 0.035, Substrate 
height = 0.8. All dimensions are in millimeters (mm) unless stated otherwise.

Result and analysis
This section examines the crucial parameter of the suggested MIMO antenna and aims to comprehend the 
antenna’s performance through an analysis of the results of the simulation and measurement.

Reflection and transmission coefficient
The S11 measures the proportion of the signal reflected to the source rather than being transmitted through 
the system26. In the results presented in Fig. 8, our proposed antenna’s performance is analyzed in terms of the 
reflection and transmission coefficients. A comparison of the simulated and measured results is made, with the 
simulated results also considering the parasitic decoupling structure (PDS) and defective ground slot (DGS). 
The simulated bandwidth range with PDS and DGS was 27.2–32.2 GHz and 36.5–40.7 GHz, respectively, with 
5  GHz and 4.2  GHz bandwidths. Additionally, the isolation was maintained at 29 dB for both 28  GHz and 
38 GHz. However, without PDS and DGS, the S11 width was unsatisfactory, with the bandwidth range observed 
to be 27.675–28.856 GHz. Regarding isolation, the values were 22.6 dB for 28 GHz and 21.9 dB for 38 GHz.

The measured results exhibited significant improvements, showing increased bandwidth across the board. 
The measured bandwidth range was 26.6–32.3 GHz and 33.2–39.9 GHz, So the bandwidths are 5.7 and 6.7 GHz 
at 28 GHz and 38 GHz, respectively. The isolation also substantially enhanced, reaching 34.2 dB for 28 GHz and 
35.8 dB for 38 GHz.

Figure 9 shows the measurement result of the Reflection Coefficient (S11) in the vector network analyzer 
(VNA) and radiation characteristics in the anechoic chamber. The prototype of the proposed MIMO antenna is 
shown in Fig. 10.

Fig. 8.  Measured and simulated (with and without PDS and DGS) (a) S11 and (b) The proposed MIMO 
Antenna Isolation curve.

 

Fig. 7.  The proposed MIMO antenna with PDS and DGS Top and Bottom View.
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Gain and efficiency
It is mostly important to evaluate the antenna’s gain and efficiency when assessing antenna performance. A 
higher gain often indicates superior performance in terms of signal strength in the intended direction27. 
Antenna efficiency quantifies the degree to which an antenna efficiently transforms input power into emitted 
electromagnetic waves28,29. Figure 11 illustrates both the gain and efficiency of the proposed frequencies. The 
figure demonstrates that the designed antenna’s maximum gain is 10.14 dB and 9.5 dB throughout the bandwidth. 
As for the prototyped antenna, it has a gain of 10.1 and 9.3 dB. This indicates that the antenna efficiently converts 
input power into radio waves in a specific direction. The designed MIMO antenna demonstrated a radiation 
efficiency of 92% and 91% at the resonance frequency, and the prototyped antenna has a radiation efficiency of 
91 and 89%, highlighting its capacity to transform input power into radiative energy efficiently.

Fig. 11.  The proposed MIMO antenna’s Simulated and measured gain and efficiency.

 

Fig. 10.  Prototype of the Proposed MIMO antenna.

 

Fig. 9.  Measurement result of S11 in the vector network analyzer (VNA) and radiation characteristics in the 
anechoic chamber.
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ECC
Comprehending and managing envelope correlation is crucial in designing and optimizing the MIMO antenna30. 
The ECC means Envelop Correlation Coefficient, which is employed to evaluate the degree of correlation with 
different antennas. Low-value ECC is preferred in multiple-input multiple-output (MIMO) systems. When 
antennas exhibit little or no correlation, the system can attain superior data rates, enhanced capacity, and 
heightened reliability31. The value of ECC for the proposed, simulated MIMO antenna is observed below 0.007 
and measured below 0.017 at frequencies of 28 and 38 GHz, as depicted in Fig. 12.

	
ECC =

∣∣∫
4π

[E1(θ , ϕ ) ∗ E2(θ , ϕ )] dΩ
∣∣2

∫
4π

|E1(θ , ϕ )|2dΩ
∫

4π
|E2(θ , ϕ )|2dΩ

� (1)

The diversity gain
Higher ECC is correlated with increased diversity gain. Diversity gain refers to enhancing the signal quality 
obtained by employing multiple antennas32. It aids in addressing problems such as signal degradation and 
enhances the dependability of wireless communication networks33,34. The performance outcome of the DG is 
depicted in Fig. 13. Within the dual bands, the DG is more than 9.96 dB for simulated and 9.91 for measured.

	 DG = 10
√

1 − ECC2� (2)

CCL and TARC
Figure 13 shows the key performance metrics for the four-port MIMO antenna, designed to function at both 
28/38 GHz frequencies. In Fig. 14 (a), the plot displays the (CCL) means Channel Capacity Loss, indicating 
the variation of CCL with frequency. For the MIMO antenna, CCL is an essential parameter as it measures 
the loss in channel capacity due to mutual coupling and correlation between antenna ports. The plot illustrates 
that our proposed antenna exhibits a relatively low CCL at 28 and 38  GHz, suggesting that the antenna 
effectively minimizes mutual coupling at these frequencies. This low CCL value is advantageous, indicating 
reduced interference between antenna elements and ultimately improving MIMO performance. The CCL can 
be computed using Eq. 335.

	 CCL = −log2det (pR)� (3)

The two-port correlation matrix at the receiver can be computed using Eq. 4.

	
pR =

(
ρ xx ρ xy
ρ yx ρ yy

)
� (4)

Fig. 13.  Simulated and measured DG of proposed MIMO antenna.

 

Fig. 12.  Proposed MIMO antenna’s simulated and measured ECC.
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where

	

ρ xx = 1 −
(
|Sxx|2 + |Sxy|2

)
ρ yy = 1 −

(
|Syy|2 + |Syx|2

)
ρ xy =

∣∣S∗
xxSxy + S∗

yxSxy

∣∣2

ρ yx =
∣∣S∗

yySyx + S∗
xySyx

∣∣2
.

The coefficients for ports 1 and 2 are denoted as (x) and (y), respectively. The recommended CCL standard is less 
than 0.5 bps/Hz. A CCL below 0.4 bps/Hz is generally preferred. The proposed antenna consistently maintains 
a Channel Capacity Loss (CCL) of less than 0.15 bits per second per Hertz (bps/Hz) throughout the operational 
frequency range.

In Fig.  14 (b), the TARC plot provides valuable insights into the efficiency of the antenna system for 
transmitting and receiving signals. The TARC measurement is essential in understanding the signal reflected 
back to the source, with lower (more negative) values indicating superior performance. In our proposed design, 
the TARC demonstrates significant dips at 28 GHz and 38 GHz, signifying outstanding impedance matching and 
efficient signal transmission at these specific frequencies. Equation 5 can be utilised to ascertain this36.

	
T ARC =

√
(|Sxx| + |Sxy|)2 + (|Syx| + |Syy|)2

√
4

� (5)

These characteristics suggest excellent isolation between the antenna elements and an overall high efficiency in 
signal handling. These findings align well with the simulated gain and efficiency values of 10.1 dB and 92% at 
28 GHz, as well as 9.3 dB and 91% at 38 GHz.

Impedance
When analyzing the Microstrip Patch Antenna, the Z-matrix is a crucial element. The Z-matrix greatly assists 
in evaluating the impedance matching of the antenna. Impedance matching must be done correctly to transfer 
power between the transmission line and the antenna effectively37. Figure 15(i) and Fig. 15(ii) display the real 
and imaginary parts of the impedance matrix for frequencies of 28 GHz and 38 GHz, respectively. As illustrated 
in the figure, the real component of the impedance parameter at both frequencies is quite near 50 ohms. In 
contrast, the impedance parameter is relatively 0 when it comes close to the imaginary component.

Fig. 15.  Impedance at (i) 28 GHz and (ii) 38 GHz of proposed MIMO antenna.

 

Fig. 14.  Simulated and measured (a) CCL and (b) TARC of proposed MIMO antenna.
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Radiation pattern
A two-dimensional radiation pattern illustrates how an antenna radiates or receives electromagnetic waves. It 
indicates how the direction of the beam influences the power emitted. When detailing the radiation pattern 
along various axes, “XY,” “YZ,” and “ZX” denote the antenna’s alignment and the respective axes. The E-field 
radiation pattern represents the direction and intensity of the antenna’s electric field concerning the azimuthal 
angle (phi). Conversely, an antenna’s H-field radiation pattern outlines the variations in magnetic field strength 
and direction related to the polar angle38. Figure 16 displays the simulated and measured 2D radiation patterns 
at 28 GHz and 38 GHz frequencies, respectively. Operating at 28 GHz with an angular beam width of 22.7° at 
the 3 dB level, the E-field shows a primary lobe magnitude of 23.9 dBV/m at φ = 0°, with a half-power beam 
width of 25.9° and a lobe magnitude of 8.63 dBV/m at φ = 90° for both simulated and measured data at the first 
resonant frequency39. At the second operating frequency in the E-field, the primary lobe magnitude at φ = 0° is 
19.1 dBV/m, while the 3 dB angular beam width at φ = 90° is 13.3° at 38 GHz. At this frequency, the 3 dB angular 
beam width is 14.4°, and the central lobe magnitude at φ = 0° is -30.6 dBA/m for simulated results, similar to 
measured results when analyzing the H-field.

Proposed antenna’s current distribution (CD)
The anticipated surface current distribution of the MIMO antenna at 28 and 38 GHz is shown in Fig. 17, where 
one excited port and associated loads terminate at the other ports.

Figure 17 shows that all the antennas display the absence of surface current, apart from Ant.1, is triggered by 
a surface current. No surface current is generated by the other antennas when Antenna 2 is turned on alone. The 
other configurations also show the same behaviour pattern when stimulated by Ant. 3 or Ant. 4. Decoupling also 
results in a limited surface current distribution, as seen in the previously mentioned cases.

RLC equivalent circuit analysis
The antenna’s equivalent circuit is determined using Agilent ADS software’s CST Studio simulation and circuit 
design tools for impedance analysis40. Figure 18 shows an RLC circuit, or lumped element model, comparable 
to the proposed MIMO antenna in terms of its characteristics. The resonance frequency at 28 GHz is caused by 
L1, C1, and R1, whereas L2, C2, and R2 cause the resonance frequency at 38 GHz. Lf1 and its capacitance by 
Cf1 represent the first feedline’s inductance. Lf2 is the feedline two inductance, and Cf2 is the capacitance. The 
three components that comprise feedline three are Lf3, Cf3, and Rf3. The two patches of an array element have a 
capacitance and an inductance that is mutually reflected (Lp-p and Cp-p, respectively). Each array antenna also 
has its inductance, which works both ways. L1-2 and C1-2, respectively, handle antenna 1 and 2’s inductance and 
capacitance. The capacitance between antennas 2 and 3 is C2-3, and the mutual inductance is L2-3. Antennas 3 
and 4’s inductance and capacitance are denoted as L3-4 and C3-4, respectively. The capacitance and inductance 
between antennas 1 and 4 are denoted as C1-4 and L1-4, respectively. Antennas 2 and 4 have an inductance of 
L2-4 and a capacitance of C2-4, respectively. Antenna 2 and 4 have inductances of L2-4 and capacitances of C2-
4, respectively. The inductances (L1, L2, Lf3, Lf1, Lf2L/Lf2R, Lp-p) are given as 1 pH, 40 pH, 0.01 pH, 0.1 pH, 
1.4 nH, and 0.1 pH, respectively. The capacitances (C1, C2, Cf3, Cf1, Cf2L = Cf2R, Cp-p, C1-2/C2-3/C1-4, C1-3/

Fig. 16.  Simulated and measured normalized radiation pattern of proposed MIMO antenna at 28 GHz and 
38 GHz.
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C2-4) are specified as 13 pF, 0.71911 pF, 0.04553 pF, 0.1 pF, 38.245 pF, 0.060568 pF, 0.0528 pF, and 0.000528 pF, 
respectively. The resistances (R1, R2, Rf1) are listed as 50 Ohms, 57.24 Ohms, and 46.5 Ohms. Figure 19(a) and 
Fig. 19(b) compare the simulated Reflection and Transmission Coefficients of CST and ADS, respectively.

Machine learning (ML) analysis
Incorporating machine learning into antenna design can automate optimization and enhance antenna 
performance41. The efficacy of machine learning in antenna design hinges on the accuracy of the training data, 
the selection of features, and the suitability of the chosen machine learning model. There are two parts to the 
machine learning approach. Start by creating the 5G MIMO antenna using the simulation program CST. The 
parametric sweep dataset should then be obtained. Using machine learning model training on the provided 
dataset, identify the best approach42. We estimated the benefit using multiple regression machine learning 
after gathering 3264 data points. After using CST MWS to simulate the suggested antenna, this estimation was 
completed. 80% of the data will be used for training, while the remaining 20% data (652 data) will be kept for 
testing. The input variables in our dataset include the dimensions of the substrate, such as feed length, patch 
length, patch width, ground length, and ground width. The primary output is the gain parameter. Using the 
training dataset, we employ a regression machine-learning approach based on features and labels. After training 

Fig. 18.  Equivalent circuit model of the suggested MIMO antenna.

 

Fig. 17.  Current distribution of proposed MIMO Antenna at (i) 28 GHz, and (ii) 38 GHz.
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is complete, the model can accurately predict gain based on input parameters. Figure 20 illustrates the sequential 
process of developing machine learning.

Decision tree regression
The decision tree regressor is trained using randomly produced data and subsequently employed to forecast the 
target value for a novel data point43. A machine learning approach, decision tree regression, can be applied to 
regression and classification tasks44. Decision trees are usually thought of when classification problems arise; 
however, by changing their prediction process, they can also be used for regression tasks.

XGB regression
XGBoost, short for Extreme Gradient Boosting, is a robust and efficient ML technique that excels at regression 
jobs. As an ensemble learning technique, it takes the forecasts of numerous weak learners (usually decision trees) 
and builds a robust model45.

Random forest regression
Random Forest Regression is a powerful ensemble learning technique commonly used for regression tasks. This 
approach involves training a multitude of decision trees and combining their individual predictions to arrive at 
a final output, which often results in improved accuracy and helps to mitigate overfitting issues46. By leveraging 

Fig. 20.  Schematic depicting the step-by-step procedure that goes into creating machine learning.

 

Fig. 19.  (a) Simulated Reflection and (b) Transmission Coefficients in ADS and CST.
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the collective knowledge of multiple trees, Random Forest Regression provides enhanced control and robustness 
in tackling regression challenges47.

Nonparametric regression
Nonparametric regression techniques are particularly advantageous for analyzing data that display intricate and 
nonlinear associations. Nevertheless, non-parametric approaches may necessitate more data than parametric 
methods, and selecting specific parameters might influence the outcomes48.

Linear regression
A statistical model known as linear regression seeks to establish a straight-line relationship between one or more 
parameters, known as predictor variables, and a response variable, also known as the dependent variable49.

Metrics for performance measurement
The accuracy with which a regression model predicts the values of a continuous outcome variable is assessed 
using performance evaluation measures. A model’s accuracy, precision, and overall performance can be evaluated 
using these indicators50. A popular way to measure how well a regression model works is to look at its (MAE) 
which is Mean Absolute Error. It calculates the average absolute variances among the observed numbers (actual) 
and the expected ones (predicted). The MAE is represented visually in Eq. 151.

	
MAE = 1

n

∑ n

i=1
|yi − ŷi|� (6)

Where, number of errors is referred as “n”, and |yi − ŷi| used for error absolute
The MSE is the short form of Mean Squared Error, which is a widely used metric of a regression model which 

assesses the effectiveness. The mean of the squared variances between the projected and observed values is 
determined by the metric. The intended MSE formulation is presented in Eq. 252.

	
MSE = 1

n

∑
n
i=1(yi − ŷi)2� (7)

As a standard performance measure, (RMSE) is the short form of Root Mean Squared Error, which assesses how 
well a regression model performs. The square root of the (MSE) measures the average magnitude of the errors 
between the observed (actual) values and predicted values53.

	
RMSE =

√
1
n

∑ n

i=1
(yi − ŷi)2� (8)

The range of R square values is between 0 and 1. A score of 1 signifies an optimal match, wherein the model 
accounts for all the variability in the dependent variable54. A value of 0 specifies that none of the variability is 
taken into account by the model.

	

R2 = 1 −
∑ N

i=1 (yi − ŷi)2

∑ N

i=1 (yi −
−
yi)

2 � (9)

Where
yi = Actual values of the dependent variable
ŷi = P redicted values from the model
−
yi = Mean of actual value
The term “Variance core” is generally not used or recognized in statistics and machine learning. Despite this, 

it might be advantageous to study other metrics if one can explain a concept related to variation55.

	
explained variance (y, ŷ) = 1 − V ar (y − ŷ)

V ar (y) � (10)

Table 2 provides a comparison and overview of the predictive performance of five regression models, given a set 
of input values, concerning instruction. The accuracy of the methodologies was assessed by means of root mean 
squared error (RMSE), mean absolute error (MAE), and mean standard error (MSE). The outcomes of multiple 
models are juxtaposed adjacently in Figs. 21 and 22. The findings indicate that the Random Forest Regression 
model has minimal inaccuracies in MAE (15.13%), MSE (6.61%), and RMSE (25.72%). The Random Forest 
Regression model excels in variance score accuracy at 95.74% and an R-squared value of 95.66%. Figure 23 
demonstrates that there is a negligible difference (very close to 0) between the gains that were actually observed 
and those that were predicted using Random Forest Regression.

Conclusions
This study presents an innovative T-shaped slotted four-element MIMO antenna system that incorporates a 
parasitic decoupling structure to improve performance at millimeter-wave frequencies of 28 GHz and 38 GHz, 
resulting in a compact design. The antenna functions proficiently in the 28 GHz and 38 GHz bands, markedly 
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enhancing gain and efficiency. The gain is specifically 10.14 dB at 28  GHz and 9.5 dB at 38  GHz, based on 
simulated data. The maximum efficiency exceeds 90% at both 28 GHz and 38 GHz frequencies. Furthermore, the 
isolation yielded significant results, particularly with measurements at -34 and − 36 dB at 28 GHz and 38 GHz 
frequencies respectively. The RLC equivalent circuit model of the antenna created by ADS Agilent and the 
CST-simulated antenna design exhibit virtually comparable performance. Additionally, five distinct regression 
models have been employed to ascertain the antenna’s gain. To verify the predictions generated by the supervised 
regression algorithms, several performance metrics, including MAE, MSE, RMSE, R-squared, and variance 
scores, are calculated. These metrics are designated as “performance metrics.” Comprehensive analyses and 
obtained results indicate that random forest regression outperforms other regression machine learning models 
in prediction accuracy, evidenced by a mean squared error (MSE) of 15.13%, mean absolute error (MAE) of 

Fig. 22.  Accuracy comparative bar chart for Random Forest Regression.

 

Fig. 21.  Error matrix bar graph for Random Forest Regression.

 

Algorithms MAE MSE RMSE R-Square Var Score

Decision Tree Regression 17.56% 10.07% 31.74% 93.40% 93.50%

XGB Regression 27.92% 19.73% 44.42% 87.05% 87.08%

Gausian Process Regression 65.06% 96.97% 98.47% 36.37% 36.40%

Random Forest Regression 15.13% 6.61% 25.72% 95.66% 95.74%

Ridge Regression 63.32% 93.84% 96.87% 38.43% 38.45%

Table 2.  The performance of the gain prediction.
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6.61%, root mean squared error (RMSE) of 25.72%, R-squared value of 95.66%, and variance score of 95.74%. 
The findings from simulation and measurement are very congruent, and the MIMO antenna created for 5G 
applications is effective. The simulation, measurement, and expected outcomes validate the suggested MIMO 
antenna’s appropriateness for 5G applications.

Data availability
“The datasets generated and/or analyzed during the current study are available from thecorresponding author 
upon reasonable request.”
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