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Abstract: The growing demand for high-speed communication 
necessitates antennas operating at higher frequencies in the THz range 
with broad bandwidth, compact size and higher gain. In this research, we 
have proposed a compact THz antenna designed with metamaterial-
inspired elements to achieve improved gain and wideband performance. 
This paper presents the design and performance analysis of a high-
efficiency MIMO antenna system for terahertz (THz) communication 
applications. The proposed antenna is optimized to deliver robust diversity 
performance, low mutual coupling, and minimal channel degradation. The 
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design is also optimized with machine learning, with the highest R2 value 
of 0.95. The optimized design gives 54 THz bandwidth and 7.6 dBi gain.  
The ECC remains well below 0.005, ensuring excellent isolation between 
elements. The TARC exhibits values below -10 dB across the critical 
bandwidth, confirming low reflection under simultaneous port excitation. 
These results demonstrate the designed structure’s potential for 
integration into THz communication and THz Wireless Personal Area 
Network.

Keywords: THz; Antenna; MIMO; Metamaterial; Diversity Parameters; 
Ultra-broadband; High gain; THz Wireless Personal Area Network 
(TWPAN). 

1. Introduction

Antenna design has gone a long way from bulkier horn antennas to tiny 
patch antennas. The research on antennas is evolving day by day as we are 
moving towards THz communications. THz communication antennas need 
ultrabroad bandwidth and high gain to be operational at high-speed THz 
networks. The demand for ultra-fast, low-latency, and high-capacity 
communication systems has led to significant research into the design of 
antennas operating in the terahertz (THz) band for THz applications [1]. 
THz antennas are a crucial enabler of the envisioned THz networks due to 
their ability to support extremely high data rates and dense device 
connectivity. However, designing efficient THz antennas needs precise 
dimensional requirements which can be met with lithography techniques 
[2].   Ikram et al. present a comprehensive review that bridges current 5G 
antenna technologies and the anticipated requirements for THz 
communication systems. The paper critically evaluates state-of-the-art 
advancements in antenna designs, focusing on compactness, 
reconfigurability, and performance at millimeter-wave and sub-terahertz 
frequencies. The review highlights the pivotal role of Massive MIMO, 
beamforming, metasurface-based antennas, and planar phased arrays in 
enabling high-data-rate communication [3]. Rasilainen et al. provide an in-
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depth review of the critical hardware challenges and design considerations 
for sub-terahertz designs, which are enablers for future THz 
communication systems. The study investigates the practical limitations 
and trade-offs in designing high-gain, wideband, and energy-efficient 
antenna systems that operate effectively in the 100–300 GHz frequency 
range [4]. Researchers proposed an O-shaped fractal antenna optimized 
specifically for THz mobile communication devices. The antenna's 
geometry is derived from recursive fractal iterations that allow for efficient 
space utilization, resulting in miniaturized structures without 
compromising performance. The design emphasizes two key requirements 
for next-generation devices: broad bandwidth and high gain, which are 
critical for supporting dense data transmission in THz and sub-THz 
frequency bands [5]–[7].

In their comprehensive review, Hussain et al. present an in-depth 
exploration of metamaterials (MTMs) and their vital position in improving 
the performance of reconfigurable antennas (RAs). The study emphasizes 
the ability of MTMs to overcome traditional antenna design limitations, 
particularly in terms of bandwidth, gain, size, and radiation pattern agility, 
making them ideal for next-generation wireless systems, including 
emerging THz applications. The integration of these MTMs into antenna 
designs leads to substantial improvements in miniaturization, frequency 
tunability, and radiation control [8]. Hui et al. design a metamaterial-
inspired superstrate using V-shaped resonator elements arranged 
symmetrically in a double-V configuration. This structure exhibits 
polarization conversion characteristics, effectively altering the incident 
wave's polarization to match the receiving antenna's polarization. As a 
result, the proposed design enables dynamic polarization tunability, 
allowing for improved energy absorption from various incident wave 
directions and polarization states [9]. 

MIMO metamaterial antennas can be used for the improvement of gain, 
bandwidth and size [10]. Khan et al. propose a dual-band MIMO antenna 
design tailored for 5G applications, with a focus on mutual coupling 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



reduction through the integration of metamaterials. Mutual coupling 
between closely spaced antenna elements is a major challenge in compact 
MIMO systems, as it negatively impacts diversity performance and overall 
system capacity. The study addresses this issue by incorporating a 
metamaterial-based decoupling structure, leading to improved isolation 
and radiation characteristics [11]. Hasan et al. introduce a novel compact 
wideband MIMO antenna design integrated with Mu-Near-Zero (MNZ) 
metamaterials aimed at enhancing performance for 5G New Radio 
applications. The research addresses key design challenges in modern 
wireless systems, such as achieving high gain, broad bandwidth, low 
mutual coupling, and compact size, which are vital for efficient 5G 
deployment. The core innovation of the design lies in the use of MNZ 
metamaterial structures, which possess near-zero permeability (μ ≈ 0) at 
specific frequencies. These materials enable enhanced electromagnetic 
field manipulation, leading to significant improvement in gain and 
radiation efficiency, while simultaneously reducing mutual coupling 
between closely spaced MIMO elements. The integration of MNZ materials 
helps in suppressing surface wave propagation and redistributing the 
energy constructively in the far-field region [12]. A tree-shaped micro-
scaled MIMO antenna with the polyimide substrate size of 600 × 300 μm2, 
which has been operated in the impedance bandwidth of 0.276-0.711 THz. 
The isolation of -52 dB has been noted between the radiating element of 
MIMO antenna [13]. The wideband of 0.35 to 0.75 THz MIMO antenna, 
which is based on graphene characteristics have been determined with the 
results of -25 dB isolation [14]. 

Machine learning algorithms can be used with metamaterial MIMO 
antenna designs to improve different antenna parameters. Machine 
learning optimization can be applied to improve the antenna parameters. 
Pandey et al. present a cutting-edge study on MIMO structure dielectric 
resonator antennas, targeting the 5G communication. The novelty of this 
work lies in the optimization using Machine learning, thereby reducing the 
iterative and computationally expensive nature of conventional 
electromagnetic simulations [15]. Li et al. present a significant 
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advancement in antenna optimization by introducing XGBoost algorithm. 
Traditional antenna design and optimization processes often suffer from 
high computational costs due to iterative full-wave electromagnetic 
simulations. To address this limitation, the authors develop a novel 
surrogate-assisted machine learning framework that operates in an online 
learning environment, enabling continuous performance improvement 
during the design process [16]. M. A. Haque et al. propose an innovative 
design and performance enhancement strategy for millimeter-wave 5G 
MIMO antenna arrays by integrating machine learning techniques for gain 
prediction. The study addresses critical challenges in 5G antenna design, 
including high data throughput, wide bandwidth, and compact form factor, 
while ensuring high gain and low mutual coupling among multiple antenna 
elements [17]. 

The proposed square slotted THz metamaterial-inspired MIMO antenna 
has the following novelties:

I. Metamaterial-Inspired Geometry: The square‑slotted design 
introduces engineered resonances that recapitulate metamaterial 
behaviour, which enables enhanced confinement and broadside 
radiation at THz frequencies without requiring strict 
homogenization.

II. Machine Learning-based optimization: In contrast to the traditional 
parametric sweeps, or gradient evaluation, when a machine learning 
is incorporated, the multidimensional design space is optimally 
explored to achieve optimal impedance matching, isolation, and gain 
simultaneously.

III. High Performance MIMO Configuration: The MIMO configuration is 
a two port one that provides low mutual coupling and high isolation, 
which is demonstrated by the S parameter analysis and therefore 
suitable in any reliable short range THz communication.

IV. Application to TWPAN and Beyond: The antenna is precisely 
designed to serve the purpose of Terahertz Wireless Personal Area 
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Networks (TWPAN), which is the next generation in communication, 
including high data rates, compactness and directionality.

V. Solver Independent Robustness: The machine learning system has 
the ability to generalize design trends in the parameter space, 
eliminating reliance on a single simulation tool and guaranteeing 
solver independent reliability.

The works discussed so far display that the necessity for high-speed 
communication requires an antenna with high gain and a broad bandwidth. 
We have proposed a metamaterial-inspired antenna that is optimized with 
machine learning to be applicable for smart and high-speed devices. The 
following sections give the design and results overview. 

2. Antenna Design

The metamaterial MIMO antenna design created by applying the four 
different square slots in a square patch 2-port MIMO antenna is 
investigated and presented in Fig.1. The design shows the different views 
of the design. Recent advances in high-frequency antenna and 
metamaterial-inspired design have increasingly utilized silver patches due 
to their excellent electrical conductivity and stable surface characteristics. 
The integration of a ground plane plays a crucial role in minimizing back 
radiation and enhancing directional performance. Among various 
substrates, polyamide has gained attention due to its flexibility, making it 
suitable for conformal and high-frequency applications. For instance, 
researchers have reported the development of flexible antennas and 
metasurfaces on polyamide films that maintain performance under 
mechanical deformation, especially in 5G and THz frequency bands. The 
synergy between silver conductive layers and polyamide substrates 
enables low-profile, high-gain, and broadband antenna systems suitable 
for wearable electronics, THz sensing, and future wireless communication 
systems. Moreover, the etched ground plane approach allows for tailored 
current distributions, leading to enhanced bandwidth and gain 
performance. The design is prepared with compact dimensions of a 35×35 
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µm2 single patch element. The height of the structure is also kept smaller 
to 0.5 µm, 1.6 µm and 1 µm for the three-layer structure. The overall 
substrate size is 110×55 µm2. The ground plane is defected by keeping the 
width of the ground to only 25 µm. The edge-to-edge distance between two 
radiating elements is 20 µm, and diatance from the patch to the substrate 
end is 10 µm. The dimensions are not up to the scale. All the physical 
parameters are optimized and optimization is provided in the results 
analysis section. Different parameter values of the structure are given in 
Table 1. 
Table 1 Design Parameters
Parameter P S WR1 D E F G L W Q R T U
Size (µm) 35 35 25 0.5 1.6 25 1 110 55 20 10 10 10
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Fig. 1 (a-d) Two-port MIMO Design with different views. Silver patch, 
Polyamide substrate. The length of the patch is kept low at 35×35 µm2. 
Fig. 2 illustrates the fabrication process of a multilayer antenna or 
metasurface structure, involving a ground plane, dielectric substrate, and 
silver patch, using deposition and lithography techniques.  A base layer is 
prepared, likely made of a conductive material (e.g., silver or copper), 
which acts as the ground plane. A dielectric substrate layer, such as 
polyamide, is deposited on top of the ground plane. This layer acts as the 
insulating medium between the ground and the top conductive pattern. 
This serves as the bottom conductive surface of the antenna or device. 
Another layer is deposited, possibly for: Multilayer structuring. This could 
also be for encapsulation or to form a MIM (metal–insulator–metal) 
structure. Photolithography is used to define specific metallic patterns 
(e.g., slots, patches). A photoresist is applied, exposed, and developed to 
etch or pattern the metal layers as per the design. This step finalizes the 
antenna or metamaterial geometry, creating slots or resonators on the top 
layer. This process is typical in MEMS, RF, or antenna fabrication, 
especially for flexible or high-frequency devices like THz antennas, THz 
sensors, or SPR biosensors. 
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Fig. 2 Fabrication Approach. Ground plane for reflection control, 
Polyamide dielectric for flexibility and low loss, Silver or other metals for 
high-conductivity structures and Lithography for precise patterning.

The resonance presented by the slot geometry controls the functioning of 
the square slotted THz metamaterial MIMO antenna and presents multiple 
current routes, as well as allows operating modes to mode change in the 
target band. The energy is excited on these slots via the feed line and 
generates high local values that radiate more or less in the broadside 
direction. The close distance between and the orientation of the elements 
during the MIMO arrangement lowers the mutual coupling with the same 
impedance validated by the S parameter analysis. The optimization 
process of machine learning is essential in the refinement of slot sizes and 
feed parameters and thus a compromise between gain, isolation and 
stability of the impedance. This is a mechanism, which provides high gain 
and constant directivity in the antenna, and it is deemed suitable in short-
range communication applications at THz frequencies.
Although this suggested square-slotted THz metamaterial-inspired MIMO 
antenna has demonstrated impressive simulated efficiency, it is significant 
to recognize limitations as well. The current research study focuses mainly 
on computational simulation along with machine learning to improve 
efficiency, and does not include practical fabrication or measurements at 
THz frequency ranges. The practical implications of these kinds of 
frameworks are frequently facing challenges due to manufacturing 
tolerances, structural defects, and orientation precision, all of which might 
impact resonance performance and isolation features. Some of these 
variables may result in differences between simulated and actual outputs, 
specifically in the THz frequency range, where even small geometrical 
imperfections might have severe effects on functionality. 

Metamaterial Analysis: 
Analysis is presented in Equations (1-5) [18], [19]. Equation (1) is used to 
extract the normalized impedance (Z) of a material from its measured or 
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simulated reflection (S₁₁) and transmission (S₂₁) coefficients. The 
expression is derived from the transmission line model of the material 
under test and relates the electromagnetic boundary conditions to the S-
parameters. The ambiguity in sign (±) is typically resolved by enforcing 
physical constraints like positive real impedance. Equation (2) represents 
the exponential transmission phase term across a slab of thickness dd, 
where n is the complex refractive index, and k0 is the free-space wave 
number. This formulation accounts for multiple internal reflections and 
matches the boundary conditions of the S-parameter model. It’s used to 
calculate the complex phase factor from which the refractive index is 
derived. Equation (3) is used to extract the complex refractive index (n) of 
the metamaterial. The real part of n is retrieved by taking the imaginary 
part of the logarithm of the phase factor, corrected by an integer mm to 
resolve the branch ambiguity in the logarithm. The imaginary part (which 
indicates losses) comes from the real part of the logarithm. Equations (4-
5) gives the value of permittivity (ε) and permeability (µ) from n and Z. 

Z =± (1+s11)2 -s2
21

(1-s11)2 -s2
21

(1)

 ⅇink0d = s11

1-s11
2-1
2+1

(2)

n = 1
k0d{[lnⅇink0d)]'' + 2mπ} - i[ln(ⅇink0d)]'] (3)

ε = n
z (4)

μ = nz (5)

3. Result Analysis

The results are analysed and optimized using COMSOL Multiphysics and 
presented in Fig. 3 to Fig. 7. The machine learning optimization and its 
results are presented in Fig. 8 to Fig. 11. The S-parameters are analyzed 
and presented in Fig. 3. The results show that S11 is showing a good 
response below -10 dB for most of the investigated range from 14 THz to 
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70 THz, which gives a 56 THz bandwidth. S11 shows a minimum of −27 
dB at 35THz, indicating strong resonance and good matching. The S21 is 
also less than -30 dB for most of the range and shows the lowest minimum 
values of -65 dB. S21 value is −65 dB, which indicates extremely low 
transmission, meaning that very little or nearly no signal is being 
transmitted from port 1 to port 2.  This indicates there is strong isolation 
between the two ports, which is essential for the MIMO antennas. 
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Fig. 3 S-parameters of the Two-port MIMO Design (a) S11 (b) S21

The gain polar plot results are analyzed in Fig.4, which shows that the 
highest gain achieved for the design is 7.6 dBi. 
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Fig. 4 Gain Polar Plot of the Two-port MIMO Design. 7.6 dBi highest gain 
available. 

Metamaterial Properties Analysis: 

This section presents the electromagnetic parameters (σ, n, µ and ε) of a 
metamaterial-loaded antenna design, usually extracted using simulated 
scattering parameters (S-parameters) (Fig. 5). The first part gives the 
response for refractive index. The real part indicates how the phase of the 
wave propagates through the material. Negative real parts indicate left-
handed behavior, common in metamaterials. The imaginary part indicates 
loss-ideally, it should be low to ensure efficient transmission. The sharp 
variations at certain frequencies imply dispersive behavior that may 
support resonance or filtering. Conductivity shows a good value for the 
whole range in the real part. The real part of permeability indicates 
whether the material supports magnetic response. Negative values 
indicate magnetic metamaterial behavior (μ-negative). The imaginary part 
shows magnetic losses. Spikes and negative regions near resonant 
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frequencies suggest strong magnetic resonances, important for shaping 
the antenna’s radiation characteristics. The real part of the permittivity 
represents the electric polarizability. Negative values indicate electric 
metamaterial behavior (ε-negative). Again, peaks or transitions 
correspond to resonance. The imaginary part represents dielectric losses.

Fig. 5 Metamaterial Antenna Properties (a) n, (b) σ, (c) µ and (d) ε.

Fig. 6 represents the S-parameters for the variation in length (S) and width 
(P) of patch.  This variation in a structural parameter S and P (ranging 
from 35 µm to 40 µm). It is part of a parametric optimization study, which 
helps in selecting the optimal value of 'S' and ‘P’to achieve the best 
performance. The S₁₁ indicates how much power is reflected back from the 
antenna. Values below -10 dB indicate good impedance matching. The 
region between 30–50 THz shows multiple dips across curves, which 
indicates multiple resonance frequencies for different 'S' values. These 
dips represent the operational bands of the MIMO antenna. For all the 
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length values, the band is below -10 dB but for 38 µm it is not showing a 
good response so we can take values other than that for the optimized 
values. The S21 parameter show that aprt from 40 µm and 36 µm, most of 
the values have S21 less than -30 dB, which gives good isolation required 
for MIMO antenna. We have selected the values of 35 µm as it gives a good 
response for the length ‘S’ value, as well as its lower value gives compact 
size and lower cost.

Fig. 6 S-Parameter for variation in Length(S) (a) S11 (b) S21, Width(P) 
(c)S11 (d) S21

The other parameter, which is investigated in this figure, is width (P).  It 
is also investigated for the same variation range as that of length. Here 
also the 38 µm yellow line results show the lower value for S11 and blue 
line 37 µm for S21. Thus, apart from these two values, we can take any 
other. We have selected the optimized values of 35 µm because of 
compactness as well as low cost due to its lower value. 
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Fig. 7 S-Parameter for variation in Substrate Height (E) (a) S11 (b) S21, 
Ground Plane Width(F) (c)S11 (d) S21

The plot shows the reflection coefficient (S11) in dB versus frequency 
(THz) for different values of substrate height E, ranging from 1.6 µm to 2.0 
µm in Fig. 7. The S21 is also varied for the same range for a similar 
spectrum and results are presented in the figure. As E increases from 1.6 
µm to 2.0 µm, the resonance frequency slightly shifts. Lower values of E 
(e.g., 1.6 µm, red line) show resonance peaks slightly shifted to higher 
frequencies. Higher values (e.g., 2.0 µm, olive line) show resonance at 
slightly lower frequencies. Substrate height (E) influences the effective 
dielectric constant and impedance of the antenna. Increasing E typically 
increases the stored electric energy, altering the resonance behaviour. Too 
thin or too thick a substrate can result in impedance mismatch, leading to 
higher reflections (worse S11). The optimal substrate thickness for the 
best S11 (minimal reflection) is around 1.9 µm. Increasing E improves 
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bandwidth but may shift the resonance to lower frequencies. Designers 
should balance between low reflection, bandwidth, and resonant 
frequency shift when choosing substrate height.

The plot also shows the variation in ground plane width F values from 25 
µm to 45 µm and its effect on the S-parameters. The red color plot in S11 
and S21 is showing less than -10 dB and -30 dB for most of the investigated 
wavelengths. This plot is for 25 µm ground plane width.  The other values 
also show similar response except 41 µm where the response is poor 
compared to to other values. The 25 µm is selected as the optimized value. 

Sensitivity to Design Parameter Variations:

The operational efficiency of the presented square-slotted THz 
metamaterial-based MIMO antenna has a severe sensitive to slight 
changes in essential structural parameters such as length and width of the 
antenna patch, substrate height, ground plane width, etc. A small 
modification in these variables might result in significant changes in the 
resonant frequency, impedance matching, and isolation values. For 
instance, a minor shift in patch length influences the efficiency of the 
present route, consequently resulting in the bandwidth and gain 
parameters. In a similar way, deviations from substrate height or its 
dielectric properties could impact coupling between adjacent components, 
subsequently affecting mutual isolation. This level of sensitivity becomes 
particularly significant at THz frequency ranges, when even minute 
mistakes in manufacture might trigger noticeable differences between 
simulated and real-life outcomes. Recognizing this, a machine learning-
driven regression approach has been implemented to determine 
parameter ranges that retain constant efficiency, thus improving the 
structure's adaptability to predictable fabrication and material 
fluctuations.

MIMO Performance Parameters: 
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Figure 8 illustrates the key MIMO performance parameters of the 
proposed antenna system in the terahertz frequency range (10–70 THz), 
including ECC, DG, TARC, MEG and CCL  (a) ECC: The ECC values remain 
significantly below the acceptable threshold of 0.5, indicating excellent 
isolation and minimal mutual coupling between the antenna elements. This 
confirms superior spatial diversity characteristics. (b) DG: The diversity 
gain remains constant at approximately 10 dB across the operational 
bandwidth, demonstrating the antenna's ability to maintain robust 
diversity performance and effectively mitigate multipath fading. (c) MEG: 
The mean effective gain fluctuates slightly around -3 dB, which is within 
the acceptable range for MIMO systems, signifying balanced power 
reception across antenna elements in a multipath environment. (d) TARC: 
The TARC remains below -10 dB across the majority of the frequency band, 
particularly between 35–45 THz, confirming low reflection and efficient 
operation when all ports are simultaneously excited, which is critical for 
practical MIMO deployment. (e) CCL: The channel capacity loss remains 
well below the critical value of 0.4 bits/s/Hz, with a minimum value under 
0.1 bits/s/Hz observed in the operational band. This ensures that the 
system experiences minimal degradation in channel capacity due to 
correlation effects.
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Fig. 8 (a-e) MIMO performance Parameters. Lower ECC, Higher DG gives 
good isolation. MEG is less than negative 3dB, and TARC is less than 
negative 5dB for most of the range. CCL is 0.1 bits/Hz. 

Figure 9 illustrates the radiation pattern of the proposed square-slotted 
metamaterial MIMO antenna. Figure 9 (A) illustrates the radiation pattern 
at ϴ = 0°, Figure 9(B) illustrates the radiation pattern at ϴ = 60°, and 
Figure 9(C) illustrates the radiation pattern at ϴ = 120°. Furthermore, 
Figure 9(D) illustrates the radiation pattern at ϴ = 180°, Figure 9(E) 
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illustrates the radiation pattern at ϴ = 240°, and Figure 9(F) illustrates 
the radiation pattern at ϴ = 300°.

Fig. 9 (A-F) Radiation pattern of the proposed square-slotted 
metamaterial MIMO antenna.

Figure 10. illustrates the realized gain plot of the proposed square-slotted 
metamaterial MIMO antenna. The realized gain has been plotted in the 
theta range of -180 (deg) to 180 (deg). The highest gain value of nearly 6 
dB has been noted at the frequency value of 32 THz along with ϴ = 90°. 
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Fig. 10 Realized gain plot of the proposed square-slotted metamaterial 
MIMO antenna.

Comparison of our design with other designs is also given in Table 2, which 
shows that our design has good bandwidth and gain for the designed 
MIMO design with the lowest possible dimensions. This makes the design 
smaller and cost-effective. 

Table 2 Comparison of different antenna parameters of our design with 
other references

Size (µm2) Edge-to-
edge 
distance of 
two 
radiating 
patches 
(µm)

Bandwidth 
(THz)

Gain 
(dBi)

[20] 110 x 130 55 0.78 7.5
[21] 1000×1400 - 9.6 19
[22] 2000×1000 - 76 10.43
[23] - - 0.13 8
[24] 13×26 - 18.18 1,5
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[25] 8 × 32 × 0.25 
mm³

- 24.0, 38.0, 
44.43, 
49.60, and 
57.0 GHz 

4.23

[26] 125×125 - 9.3 -
[27] 800×600 - 5.71 7.934
[28] 130×85 - 0.6 7.23
[29] 822×280 - 0.116 13.6
[14] 600×300 - 0.4 5.49
[30] 800×600 - 9 9.5
[31] 500 x 500 - - 8.36
[32] 227.24 x 

95.52
- 4.33 13.3

[33] 360×220 - 0.6 11.8
[34] 103 x 80 - 1.77 14.44
[35] 800×1170 - 14.8 -
[36] 90 x 30 - 6 12.38
[37] 130 μm × 240 

μm × 12.5 μm
- 0.93 4

Four-Square 
Slotted MIMO 
antenna

110×55 66 7.6

4. Machine Learning-driven Optimization

The algorithm for optimization technique implemented in the present 
research has its basis on a model of linear regression, which has been 
chosen for its ease of use, versatility, and feasibility to determine direct 
correlations between antenna parameters for design as well as efficiency 
metrics. In this sort of method, the geometrical parameters associated 
with the square-slotted metamaterial-based antenna have been 
investigated as independent predictors, with significant functional 
measures, which include gain, isolation, as well as bandwidth operating as 
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dependent outputs. The values of the regression coefficient have been 
generated using a set of training data produced with computational 
simulations, which enabled the regression algorithm to detect linear 
patterns, along with offering accurate predictions about design variants. 
Although linear regression may not take into consideration more complex 
nonlinear relationships as much as the latest machine learning 
approaches, it serves as an easily understood and computationally 
effective way of improvement. The claims regarding performance 
improvement are therefore consistent with the adopted methodology, as 
the regression model effectively guided the identification of parameter 
ranges that yield enhanced antenna characteristics within the THz regime.

For the current antenna design, machine learning has been applied using 
linear regression to optimize performance [38]. In this analysis, the ML 
model evaluates the output efficiencies of different layer heights by 
comparing actual and predicted S11 values. The results demonstrate high 
R² values along with a low mean square error, indicating strong model 
accuracy. The dataset was split with a test size of 0.25 for validation.

Machine learning outcomes for the substrate height ‘E’ are 
illustrated in Figure 11, where the parameter values range from 1.6 to 2.0 
µm. The outputs include both actual and predicted data, yielding R² values 
of 0.49, 0.77, 0.78, 0.89, and 0.87, respectively. The corresponding mean 
square error is calculated as 1.26.
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Fig. 11. ML-based optimization results for substrate height variations, 
shown for parametric values in micrometers: (a) 1.6, (b) 1.7, (c) 1.8, (d) 
1.9, and (e) 2.0.

Machine learning outcomes for the ground plane width ‘F’ are 
illustrated in Figure 12, where the parameter values range from 25 to 45 
µm. The outputs include both actual and predicted data, yielding R² values 
of 0.91, 0.93, 0.92, 0.95, 0.32, and 0.94, respectively. The corresponding 
mean square error is calculated as 1.72.
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Fig. 12. ML-based optimization results for ground plane width variations, 
shown for parametric values in micrometers: (a) 25, (b) 26, (c) 27, (d) 28, 
(e) 29, and (f) 30. 

Machine learning outcomes for the design length ‘P’ are illustrated 
in Figure 13, where the parameter values range from 35 to 40 µm. The 
outputs include both actual and predicted data, yielding R² values of 0.93, 
0.87, 0.88, 0.94, 0.81, and 0.82, respectively. The corresponding mean 
square error is calculated as 1.53.
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Fig. 13. ML-based optimization results for design length variations, shown 
for parametric values in micrometers: (a) 35, (b) 36, (c) 37, (d) 38, (e) 39, 
and (f) 40. 

Machine learning outcomes for the design width ‘S’ are illustrated 
in Figure 14, where the parameter values range from 35 to 40 µm. The 
outputs include both actual and predicted data, yielding R² values of 0.78, 
0.81, 0.74, 0.75, 0.83, and 0.79, respectively. The corresponding mean 
square error is calculated as 4.59.
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Fig. 14. ML-based optimization results for design width variations, shown 
for parametric values in micrometers: (a) 35, (b) 36, (c) 37, (d) 38, (e) 39, 
and (f) 40. 

5. Conclusion. 

A compact metamaterial-inspired MIMO antenna working in the terahertz 
range has been designed and analyzed for next-generation high-speed 
wireless communication systems. The operating range of 10 THz to 70 THz 
of frequency have been consider in the proposed work. The highest gain 
of 7.6 dBi and ultra broad-bandwidth of 54 THz is achieved for the 
proposed antenna. Machine learning optimization is also showing higher 
optimization efficiency with R2 value of 0.95. The proposed antenna 
demonstrates excellent performance across key MIMO parameters, 
including low ECC (< 0.005), low TARC ( < –10 dB), and minimal CCL ( < 
0.2 bits/s/Hz). The DG maintains a steady value near 10 dB, while the MEG 
is balanced around -3 dB, indicating efficient signal reception. These 
results confirm the antenna's ability to provide strong isolation, enhanced 
gain, and wideband operation—attributes that are essential for reliable 
and efficient THz communication. The integration of metamaterials 
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contributes significantly to bandwidth enhancement and gain 
improvement, making the proposed antenna a promising candidate for 
future THz-enabled wireless applications. The suggested MIMO antenna 
can be expanded further with the inclusion of reconfigurable components 
to allow dynamic beam steering and frequency agile next generation THz 
communication systems. The incorporation of enhanced materials and 
adaptive machine learning systems provides opportunity to have a greater 
robustness and real time optimization in real deployments.
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