
Research paper

Performance improvement of THz MIMO antenna with graphene and 
prediction bandwidth through machine learning analysis for 6G application

Md Ashraful Haque a, Redwan A. Ananta a, Jamal Hossain Nirob a, Md. Sharif Ahammed a,  
Narinderjit Singh Sawaran Singh b, Liton Chandra Paul c, Abeer D. Algarni d,  
Mohammed ElAffendi e, Abdelhamied A Ateya e,f,*

a Department of Electrical and Electronic Engineering, Daffodil International University, Dhaka, 1207, Bangladesh
b Faculty of Data Science and Information Technology, INTI International Universitya, Persiaran Perdana BBN, Nilai, 71800, Negeri Sembilan, Malaysia
c Department of Electrical, Electronic and Communication Engineering, Pabna University of Science and Technology, Pabna, Bangladesh
d Department of Information Technology, College of Computer and Information Sciences, Princess Nourah bint Abdulrahman University, P.O. Box 84428, Riyadh, 11671, 
Saudi Arabia
e EIAS Data Science Lab, College of Computer and Information Sciences, Prince Sultan University, Riyadh, 11586, Saudi Arabia
f Department of Electronics and Communications Engineering, Zagazig University, Zagazig, 44519, Egypt

A R T I C L E  I N F O

Keywords:
THz
MIMO
6G
Machine learning
RLC

A B S T R A C T

This article provides the findings of a study that integrated simulation, an RLC equivalent circuit, and machine 
learning (ML) techniques to improve wireless indoor communications clusters with future 6 G applications. The 
antenna being presented is constructed on a polyimide substrate. It exhibits an isolation of 27 dB and has a 
bandwidth of 4.331 THz, ranging from 0.631 THz to 4.962 THz. Along with its small size (95.52 × 227.24) µm2, 
it boasts an impressive maximum gain of 13.3 dB and an efficiency rating of 95 %. The ECC value drops below 
0.0002 when the DG goes over 9.99. An advanced design system (ADS) creates a model like the proposed MIMO 
antenna to compare the return loss caused by CST (Computer Simulation Technology). Subsequently, following 
extensive data sampling with CST MWS (Microwave Studio) simulation, we employed supervised regression ML 
techniques. Gaussian process regression demonstrates exceptional accuracy, reaching almost 99 %, as evidenced 
by the high R-square and var scores. Additionally, it achieves the lowest error, less than one, while predicting 
bandwidth. The proposed antenna demonstrates strong potential as a formidable contender for 6 G THz band 
applications, as evidenced by the outcomes of the CST simulations and the prognostications derived from the 
machine learning techniques.

1. Introduction

The growing need for high data speeds and minimal latency is 
pushing the development of next-generation wireless communication 
systems towards the terahertz (THz) frequency range. These systems, 
particularly for 6 G, offer exceptional connectivity, enabling various 
applications such as holographic communications, ultra-reliable low- 
latency networks, and extensive Internet of Things (IoT) implementa
tions [1]. Multiple-input and multiple-output (MIMO) antenna systems 
have emerged as crucial technologies to meet these demands. MIMO 
antennas enhance data speeds, spectrum efficiency, and signal stability 
by using multiple antennas for simultaneous transmission and reception 
[2]. However, traditional materials and designs face significant 

challenges at THz frequencies due to high losses, limited bandwidth, and 
inefficient propagation. Graphene, a two-dimensional material with 
outstanding electrical and mechanical properties, provides a promising 
solution to address these challenges [3]. Graphene’s tunable conduc
tivity, high electron mobility, and ability to support surface plasmon 
polaritons at terahertz frequencies make it an ideal candidate for ter
ahertz MIMO antennas. Integrating graphene into MIMO antennas could 
improve key performance metrics such as bandwidth, radiation effi
ciency, and gain, which are crucial for 6 G applications [4].

Material advancements aside, accurate antenna performance and 
bandwidth prediction are a cornerstone in designing efficient MIMO 
systems [5]. Machine learning (ML) techniques have emerged as a 
potent tool in this context. By analyzing complex relationships between 
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antenna characteristics and performance outcomes, these techniques 
offer a promising avenue for optimizing the design process, improving 
bandwidth prediction accuracy, and enabling a more efficient design 
space exploration compared to traditional methods [6]. This research 
aims to enhance the effectiveness of THz MIMO antennas using gra
phene and predict their bandwidth through machine learning analysis 
[7]. By incorporating graphene into antenna designs and utilizing 
advanced machine learning methods, this research seeks to improve THz 
MIMO antennas’ performance and bandwidth limitations, thus facili
tating their deployment in 6 G communication systems [8].

The advancements in THz communication, MIMO antennas, and 
their relevance to 6 G technology are well-documented in recent studies. 
For instance, the design in [9] utilizing a polyimide substrate operates 
within the 0.51–0.78 THz spectrum and boasts a bandwidth of 0.27 THz, 
its substantial 9.19 dB gain and 90.84 % efficiency are marred by the 
significant 600 × 600 µm2 dimensions, limiting its use in compact de
vices. Furthermore, the absence of MIMO data is a notable drawback for 
contemporary systems, underscoring the need for a more versatile so
lution. The antenna in [10] functions within the frequency range of 
1.76–1.87 THz, exhibiting a bandwidth of 0.11 THz and delivering 
robust MIMO performance (ECC 0.0372, DG 9.99) inside a compact 
design of 60 × 40 µm2; nevertheless, its gain of 4.45 dB and restricted 
bandwidth present limitations. In [11], the 0.72–2 THz range exhibits an 
8.2 dB gain and a 2 × 2 MIMO configuration, demonstrating 
commendable MIMO performance, notwithstanding − 20 dB isolation. 
The antenna in [12] attains a gain of 11.67 dB; however, its substantial 
dimensions of 1200 × 2200 µm2 and low efficiency restrict its use, albeit 
commendable MIMO isolation of − 25 dB In [13], the 0.35–0.75 THz 
antenna, measuring 600 × 300 µm2 and exhibiting a gain of 5.49 dB, 
demonstrates effective performance in MIMO; nonetheless, both gain 
and efficiency (85.24 %) require enhancement. The device in [14] 
functions within the frequency range of 1.74–2.52 THz, featuring a 
bandwidth of 0.78 THz, a modest gain of 4.4 dB, and an isolation level of 
− 20 dB while also offering advantages due to its compact dimensions 

and effective MIMO performance. In [15], the 0.093–0.207 THz antenna 
demonstrates great efficiency (94 %) but is hindered by inadequate gain 
and isolation, rendering it unsuitable for MIMO systems in compact 
devices. The 1.41–3 THz antenna in [16] features a small design of 38 ×
25 µm2, exhibiting commendable MIMO performance; however, it is 
constrained by an efficiency of 74.5 %.

Table 1 shows a comparison between the suggested antenna’s per
formance and the simulated outcomes of earlier research that has been 
published in the literature. The comparison demonstrates how the sug
gested design solves important issues such constrained bandwidth, 
decreased gain, and decreased efficiency, providing a more complete, 
high-performing solution appropriate for contemporary 6 G and THz 
communication systems. The suggested antenna functions across a fre
quency range of 0.631 to 4.962 THz, exhibiting a bandwidth of 4.331 
THz, a gain of 13.3 dB, and an isolation of − 27 dB This makes it an 
optimal choice for compact, contemporary devices, demonstrating su
perior MIMO performance (ECC 0.0002, DG 9.99) and an efficiency of 
95 %. The proposed antenna has superior bandwidth, gain, and effi
ciency over other designs, offering a high-performance alternative for 
contemporary communication systems.

2. Research gap and contribution

The following is a synopsis of the most important contribution that 
this study makes:

This proposed effort entails analyzing the comparable RLC circuit of 
the proposed design, which must be incorporated into the previously 
mentioned literature. Ultimately, we achieved a high level of concor
dance between the results derived from the constructed equivalent cir
cuit and those obtained from the simulation. When it comes to time and 
optimization, designing an antenna using traditional electromagnetic 
simulation tools like CST, HFSS, FEKO, or IE3D is no easy feat. These 
days, scientists are utilizing ML regression models to speed up the an
tenna design process and optimize the antenna’s performance. 

Table 1 
Performance assessment of the proposed MIMO antenna compared to comparable research.

Ref Operating range BW (THz) Substrate Material Board Size (µm2) MIMO config. Gain(dB) Isolation (dB) ECC, DG (dB) Efficiency

[9] 0.51–0.78 0.27 Polyimide 600 × 600 – 9.19 – – 90.84 %
[10] ​ 0.11 Silicon dioxide 60 × 40 1 × 2 4.45 − 25 0.0372, 9.99 –
[11] 0.72–2 2 Polyimide 125 × 125 2 × 2 8.2 − 20 0.0022, 9.98 –
[12] 0.61–0.66 0.05 Polyimide 1200 × 2200 – 11.67 − 25 0.003, 9.99 76.45 %
[13] 0.35–0.75 0.4 Polyimide 600 × 300 1 × 2 5.49 − 25 0.015, 9.99 85.24 %
[14] 1.74–2.52 0.78 Polyamide 100 × 105 – 4.4 − 20 0.006, 9.9998 –
[15] 0.093–0.207 0.114 Rogers RO4835-T 2000 × 1000 2 × 2 4.4 − 17 0.006, 9.97 94 %
[16] 1.41–3 1.59 SiO2 38 × 25 – 4.6 − 25 ​ 74.5 %
This Work 0.631–4.962 4.331 Polyimide 95.52 × 227.24 1 × 2 13.3 − 27 0.0002, 9.99 95 %

Fig. 1. Top and bottom view of the single-element antenna.
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Regression methods are the most effective approach for process opti
mization since their machine-learning evaluation is significantly faster 
than numerically solving a physical simulation model. You may also use 
regression models to determine how each design part contributed to the 
final product. Both the simulation and prediction outcomes are consis
tent. Regression methods are the most effective approach for process 
optimization since their machine-learning evaluation is significantly 
faster than numerically solving a physical simulation model.

3. Properties of graphene material

Graphene is a remarkable 2D material with a solitary layer of carbon 
atoms organized in a hexagonal configuration, creating a structure 
resembling a honeycomb [17]. It is a pure carbon allotrope, like 
graphite, carbon nanotubes, and fullerenes. However, unlike other car
bon allotropes, graphene’s unique properties make it an excellent 
conductor of electricity, with a high electron mobility that makes it 
well-suited for electronic applications. Graphene is typically regarded as 
chemically stable. However, its reactivity can be affected by the exis
tence of defects or functional groups. The total conductivity of graphene 
depends on its chemical potential (μc) and relaxation time (τ). Specific 
parameters were chosen to design an efficient graphene antenna using 
CST. For instance, the temperature during the design process was set to 
300 K. The chemical potential was fixed at μc=0.5 eV while the relax
ation time was set to τ=1 ps. The antenna’s lower frequency was set at 
0.1 THz, and the higher frequency was 10 THz. Lastly, the thickness was 
set to 0.01 µm [18].

4. Different stages of designing a single-element antenna

Fig. 1 gives us the overall geometrical configuration of the proposed 
single-element antenna. Polyimide (εr = 3.5, thickness 10 µm) is used as 
a substrate, which is very suitable for the terahertz frequency range. The 
patch is rectangular and has a dimension of 68.62 × 50.52 µm2 made of 
graphene. The patch is excited by inset-fed microstrip lines.

Fig. 2 depicts various stages of the single-element antenna and the 
frequency range of − 10 dB for each stage. Initially, the antenna com
prises a rectangular patch and a feedline. In the subsequent stage, two 
quarter circular-shaped slots with a radius of r3 µm were introduced at 
the top corners of the patch, along with two insets. Lastly, a complex slot 

in the centre of the patch, resembling the stigma of a Hibiscus flower, 
was created. Copper is utilized in the ground, featuring the same stigma- 
shaped slot as the patch [19].

For dimensions, our initial focus was on a primary patch antenna 
with a microstrip feed line, as demonstrated in Fig. 1. Our goal was to 
achieve resonance at a frequency of 1 THz (1000 GHz) by employing the 
mathematical Eqs. (1)-(5). 

λ =
c
f

(1) 

Where λ represents the wavelength, the distance over which the wave’s 
shape repeats. c represents the speed of light, which is approximately 
3 × 108m s-1. By applying Eq. (1), we determine that the value of λ is 
300 μm. Polyimide’s dielectric constant (εr), which serves as our sub
strate material, is 3.5. The thickness (h) is 10 µm. 

εeff =

(
εr + 1

2
+

εr − 1
2

)

×

(

1 + 12 ×
h
W

)− 0.5

(2) 

By applying Eq. (2), we determine that the Effective Dielectric 
Constant, εeff , Is approximately equal to 2.83. 

W =
c
2f

×

̅̅̅̅̅̅̅̅̅̅̅̅̅

2
εr + 1

√

(3) 

Eq. (3) determines that the antenna’s patch width. (W) is approximately 
94.8 µm. 

L =
c

(
2f

̅̅̅̅̅̅̅̅̅̅̅(
εeff

)√ ) − 2 × ΔL (4) 

ΔL = 0.412h ×

εeff+0.3
w
h+0.264

εeff − 0.258
w
h+0.8

(5) 

By employing Eqs. (4) and (5) with precision, we determine that the 
patch length (L) of the antenna is approximately 88.824 µm. We con
ducted detailed calculations to design an antenna that resonates at 1 THz 
or 1000 GHz frequency. The estimated data is slightly modified to obtain 
multiple resonance frequencies and a wider bandwidth.

Table 2 presents a comprehensive overview of the different di
ameters and their respective acronyms.

4.1. Analysis of the result of the single element by using graphene and 
copper

In the study of microstrip patch antennas, material selection for the 
patch and ground plane significantly impacts the antenna’s performance 
[20]. Here, we analyse the results of using copper and graphene in 
various configurations to understand their effects on resonance fre
quency, bandwidth, return loss, and gain.

Fig. 3 shows the different configurations of the microstrip patch 
antenna using various materials for the patch and ground plane.

Fig. 4 compares the reflection coefficients for four possible config
urations: a copper patch and ground plane, a patch and ground plane 
made of graphene, a copper patch with a graphene ground plane, and a 
graphene patch with copper ground. It also shows the gain for each 
configuration.

Fig. 2. Reflection Coefficient for different stages of single-element antenna.

Table 2 
Antenna design parameters.

Parameter Value (µm) Parameter Value (µm) Parameter Value (µm)

Ws 98.62 Lf 30 r2 1
Ls 95.52 Wi 2 r3 4
Wp 68.62 Li 9 d2 60
Lp 50.52 d1 12.05 Wm 227.24
Wf 12 r1 2 ​ ​
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When both the patch and ground plane are copper, the antenna 
resonates at one frequency, but the bandwidth is very narrow, limiting 
the operational frequency range. The gain in this setup is low, which can 
impact signal strength and range.

Using graphene for both the patch and ground plane achieves higher 
gain, indicating better radiation efficiency and stronger signals. How
ever, the absence of any specific resonance frequency and a higher re
turn loss make it unusable.

With a copper patch and graphene ground plane, it shows relatively 
better reflection coefficient properties. It has three resonance fre
quencies but a lower gain.

The final configuration, with a graphene patch and copper ground 
plane, shows excellent reflection coefficient properties. This setup bal
ances the benefits of both materials, potentially offering wide band
width and good gain.

5. MIMO configuration

Terahertz communication functions within the ultrahigh-frequency 
spectrum, providing the possibility of much-increased data trans
mission rates compared to conventional communication frequencies. 
MIMO (Multiple-Input Multiple-Output) is employed to enhance the 
capacity of a radio link by utilizing transmit and receive antennas to 
exploit multipath propagation. This is a solution to the problem of data 
rate limitation encountered by single-input-single-output (SISO) 

systems. MIMO is employed to enhance the channel’s capacity, increase 
the system’s reliability, and optimize the transmission of data by 
employing the maximum capacity of wireless communication systems 
[21].

Fig. 5 depicts the aerial and underneath perspectives, whereas Fig. 6
illustrates the three-dimensional representation of the MIMO antenna 
we have put forth. This is a 1 × 2 MIMO antenna with the identical 
substrate length as a single element but an increased width of Wm µm. A 
distance of d2 µm separates the patches.

However, a primary concern in MIMO antenna design is enhancing 
antenna performance while maintaining a compact size. When the an
tennas are positioned nearby, the radiation from one antenna disturbs 
the others, resulting in a drop in antenna performance. To attempt to 
solve this problem, we have implemented a graphene barrier between 
the individual element antennas [22]. The barrier is composed of pol
yimide, the same material as the substrate. The wall has a height of 20 
µm and a width of 10 µm. We applied a graphene layer to both sides of 
the wall [23].

6. Result of MIMO antenna

6.1. Reflection and transmission coefficient

The reflection coefficient is a vital measure for evaluating the per
formance of a microstrip patch antenna. A decreased reflection 

Fig. 3. (a) Copper-based patch and ground, (b) Graphene-based patch and ground, (c) Patch with copper and ground with graphene, (d) Patch with graphene and 
ground with copper.

Fig. 4. A study of reflection coefficients and gain with varied ground and patch material combinations.
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coefficient ensures optimal power transfer from the feed line to the 
antenna, resulting in higher radiation and improved antenna efficiency 
[24].

Fig. 7 depicts the different antenna reflection coefficients, show
casing contrasting responses in the absence of a wall compared to the 
presence of walls made of different materials. Based on the diagram, the 
antenna demonstrates resonance at a frequency of 0.8 THz and a lower 
return loss of − 40 dB without any barriers, while the antenna’s band
width is 4.27 THz, from 0.68 THz to 4.95 THz. However, the reflection 
coefficient exhibits significant variation when introducing a copper- 

material barrier between the antenna elements. Subsequently, the 
Reflection coefficient is altered to 1.5 THz, and the bandwidth became 4 
THz (0.94–4.94 THz). Substituting the copper with graphene material 
(proposed) enhanced the antenna’s isolation performance. The reso
nance frequency shifts to 0.73 THz, with a return loss of − 44.7 dB The 
bandwidth is 4.331 and spans from 0.631 THz to 4.962 THz.

The degree of independence between the antenna elements, a crucial 
factor in assessing the performance of the MIMO antenna, is of para
mount importance. The transmission coefficient, which measures this 
degree, evaluates the extent to which each antenna can send or receive 
signals without interference from its neighbors. This underscores the 
gravity of the issue in MIMO antenna performance assessment.

Fig. 8 shows that when no wall is present, the isolation between the 
antennas is observed to be − 22 dB This low isolation, which could 
interfere with signals coming from one another, is a significant concern 
as it can lead to a decrease in the system’s performance. A further 
reduction in isolation to − 18 dB occurs with introducing the copper wall 
between the antenna elements. However, antenna performance im
provements were demonstrated by replacing copper with graphene. 

Fig. 5. Top and bottom view of the proposed MIMO antenna.

Fig. 6. 3-dimensional view of the proposed MIMO antenna. (i) Copper Wall (ii) 
Graphene Wall.

Fig. 7. Exploring wall impact on MIMO antenna: Reflection coefficients 
without and with Graphene/Copper walls.

Fig. 8. Exploring wall impact on MIMO antenna: Transmission coefficients 
without and with Graphene/Copper walls.
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After that, the antenna demonstrates a high isolation of − 27 dB, which 
enables a more distinct isolation of the streams that are being sent.

When comparing several situations, the arrangement of the graphene 
wall showed the most desirable outcomes in terms of bandwidth, 
reflection, and transmission coefficient. This result indicates that the 
presence of a graphene wall enhances the antenna’s versatility and 
adaptability to various communication standards.

6.1.1. Reflection and transmission coefficient for different wall height
Fig. 9 presents the analysis of reflection and transmission coefficients 

for various wall heights in the context of antenna performance. The wall 
heights explored in this study are 15 µm, 20 µm, 25 µm, 30 µm, and 35 
µm. These wall heights’ corresponding return loss values are − 42.5 dB, 
− 45 dB, − 29.92 dB, − 25.25 dB, and − 22.03 dB, respectively. This 
shows that as the wall height increases, there is a noticeable degradation 
in return loss, indicating a reduction in the effectiveness of signal 
reflection at higher wall heights. Conversely, the isolation values, rep
resenting the ability of the wall to decouple signals, are reported as 
− 24.6 dB, − 27 dB, − 25.24 dB, − 26.18 dB, and − 27.93 dB The findings 
suggest that the wall height impacts the isolation less linearly, with 20 
µm and 35 µm walls exhibiting slightly improved isolation 
characteristics.

6.1.2. Reflection and transmission coefficient for different chemical 
potential of graphene

In Fig. 10, the reflection and transmission coefficients for various 
graphene chemical potentials are studied. The chemical potentials 
examined are 0.1 eV, 0.2 eV, 0.3 eV, 0.4 eV, and 0.5 eV The return loss 
values recorded for these potentials are − 44.67 dB, − 41.44 dB, − 48.19 
dB, − 43.79 dB, and − 45 dB Notably, the return loss at 0.3 eV presents 
the highest value, indicating optimal performance in reducing signal 

reflection. The isolation values for the respective chemical potentials are 
− 24.3 dB, − 25.07 dB, − 25.75 dB, − 26.98 dB, and − 27 dB, with a 
gradual improvement in isolation as the chemical potential increases. 
These results provide insights into how altering graphene’s chemical 
potential can fine-tune the antenna’s performance, particularly in 
optimizing isolation and return loss.

6.2. Gain and efficiency

To properly evaluate the antenna’s performance, it is essential to 
comprehend and effectively optimize the gain. Gain, a measurement of 
how well the antenna can focus and direct the energy that it either 
transmits or receives, is a crucial performance metric. Higher gain levels 

Fig. 9. Implementing different heights of decoupling wall and analysing the result.

Fig. 10. analysis of the result of the antenna based on various chemical potentials.

Fig. 11. Gain and efficiency of the proposed MIMO antenna.
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imply that the beam is more focused and the signal is more robust in the 
intended direction [25]. Radiation efficiency, another important per
formance metric, represents the proportion of the input power trans
ferred as radio waves [26].

Fig. 11 depicts the proposed work’s simulated gain and suggested 
radiation efficiency. The figure makes it abundantly evident that the 
antenna has a high radiation efficiency of 95 % and a peak gain of 13.3 
dB, suggesting that it can effectively convert the input power into the 
energy directed from the antenna.

6.3. Envelop correlation coefficient (ECC)

Envelop Correlation Coefficient (ECC) plays a vital role in evaluating 
the effectiveness of antennas in MIMO systems, which utilize numerous 
antennas to improve data transmission speeds and reliability. The ECC is 
a quantitative measure employed to assess the level of similarity be
tween the radiation patterns of two antennas. Generally, a number near 
zero or <0.5 is favorable for MIMO systems, as it signifies improved 
diversity performance and decreased signal degradation caused by 
correlation [27].

The antenna shown in Fig. 12 has an envelope correlation Coefficient 
(ECC) of 0.0002 dB throughout the working frequency range.

Calculates the ECC, a vital metric laboring to evaluate the indenta
tion of similarity among radiation patterns generated by different an
tennas. 

ECC =

⃒
⃒
∫

4π [E1(θ,φ) ∗ E2(θ,φ)]dΩ
⃒
⃒2

∫

4π |E1(θ,φ)|2dΩ
∫

4π |E2(θ,φ)|2dΩ
(6) 

6.4. Diversity gain (DG)

When assessing the performance of MIMO antennas, diversity gain 
(DG) must be considered a significant metric. Diversity gain quantifies 
the enhancement in a communication system’s efficiency when 
employing numerous antennas in the presence of fading or other unfa
vorable channel circumstances [28]. The following equation can 
determine the magnitude of DG in a MIMO system. 

DG = 10
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ECC2

√
(7) 

Fig. 13 demonstrates that the simulated value of DG is 9.99, resulting 
in enhanced communication that is both dependable and robust.

6.5. Channel capacity loss (CCL)

Channel Capacity Loss (CCL) is a key parameter for MIMO antenna 
efficiency. Measure the Channel Capacity Limit to see if a channel can 
transfer data uninterrupted. MIMO system channel capacity grows 
proportionally with antenna element count. Correlation between MIMO 
channels causes capacity losses. MIMO channel capacity must be 
measured using the CCL or Channel Capacity Loss when there is a cor
relation. This can be determined using Eq. (8) [29]. 

CCL = − log2det(pR) (8) 

The receiver two-port correlation matrix can be calculated using Eq. 
(9). 

pR =

(
ρxx ρxy
ρyx ρyy

)

(9) 

Where,

ρxx = 1 −
(
|Sxx|

2
+
⃒
⃒Sxy

⃒
⃒2
)

ρyy = 1 −
(⃒
⃒Syy

⃒
⃒2 +

⃒
⃒Syx

⃒
⃒2
)

ρxy =

⃒
⃒
⃒S∗

xxSxy + S∗
yxSxy

⃒
⃒
⃒
2

ρyx =

⃒
⃒
⃒S∗

yySyx + S∗
xySyx

⃒
⃒
⃒
2 

The ports 1 and 2 coefficients are (x) and (y). <0.5 bps/Hz is rec
ommended for CCL. See Fig. 14 for the appropriate antenna’s Channel 
Capacity Loss, most like CCLs below 0.4 bps/Hz. Simulation and 
experimental results show that the suggested antenna’s Channel 

Fig. 12. Simulated ECC of the proposed MIMO antenna.

Fig. 13. Simulated DG of the proposed MIMO antenna.

Fig. 14. CCL of proposed MIMO antenna.
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Capacity Loss (CCL) is 0.3 bps/Hz across the operational frequency 
range.

6.6. Total active reflection coefficient (TARC)

TARC, or Total Active Reflection Coefficient, is important in four- 
port antennas because it shows the relationship between sent and 
received power. Eq. (10) can determine this [30]. 

TARC =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
|Sxx| +

⃒
⃒Sxy

⃒
⃒
)2

+
( ⃒
⃒Syx

⃒
⃒+

⃒
⃒Syy

⃒
⃒
)2

√

̅̅̅
4

√ (10) 

The ideal Total Active Reflection Coefficient (TARC) for MIMO an
tennas is <0 dB. Fig. 15 shows the proposed antenna’s simulated TARC 
outputs of <− 10 dB.

6.7. Current distribution

Antenna current distribution is how electricity flows along the length 
of an antenna. The way current flows through an antenna is a big part of 
its radiation pattern, impacting how well it works [31].

Fig. 16 shows the surface currents at 3 THz for the MIMO antenna 
with one excited port and matched loads at the other ports. The most 
crucial surface current, at 2000 A m-1, comes from the feedline near 
insets and a stigma-shaped slot.

6.8. Radiation pattern

The radiation pattern can evaluate the antenna’s performance, 
which shows how the power is spread out in different directions [32]. 
The antenna is usually in the central position of the polar coordinates 
picture, which shows the azimuth, or horizontal direction, on the x-axis.

The simulated and observed 2D radiation patterns for the electric (E 
field) and magnetic (H field) fields are shown in Fig. 17. The primary 
lobe magnitude in the E-field at φ = 0◦ is 11.8 dBV/m, and the 3 dB 
angular beam width at φ = 90◦ is 94.1◦ On the other hand, the electric 
field pattern (E Field) has a primary lobe magnitude of 12 dBV/m at an 
angle of theta 90◦ at 3 THz.

Regarding magnetic (H field), at φ = 0◦, the primary lobe magnitude 
is − 47.3 dBA m-1, and the 3 dB angular beam width is 58.1◦ at φ = 90◦. 
The magnetic field pattern (H Field) has a primary lobe magnitude of 
− 40.1 dBA m-1 when theta is 90◦.

7. Result and analysis for equivalent circuit in ADS vs CST 
simulation tools

This section examines the resonant frequency and bandwidth of the 
proposed MIMO antenna using lumped circuit components. The reso
nant frequency produced by the antenna structure is determined by R, L, 
and C elements, as the conductive materials create resistance, induc
tance, and capacitance. These properties are represented through an 
equivalent circuit model [33]. By analyzing the antenna’s impedance in 
CST simulations, we extracted the R, L, and C values and used them to 
calculate the impedance. As a result, the lumped element equivalent 
circuit was developed using Agilent ADS.

Fig. 18 presents the lumped element model, incorporating resistors, 
inductors, and capacitors, accurately reflecting the operational charac
teristics of the proposed MIMO antenna.

To refine the initial model, we employed a trial-and-error approach 
using ADS software, iteratively adjusting the RLC parameters to align 
the circuit’s response with the simulation results from the full-wave 
electromagnetic model. This process involved fine-tuning each param
eter to replicate the impedance, resonance, and overall performance of 
the antenna components. The patch, responsible for two resonant fre
quencies, was modeled using a parallel circuit of resistance (R1), 
capacitance (C1), and inductance (L1). Additionally, the stigma slot at 
the center of the patch is represented by creating a series circuit con
sisting of capacitance (C2) and inductance (L2). Multiple such series 
circuits are then combined to form a more intricate and complex circuit, 
accurately capturing the electrical behavior of the stigma slot and 
effectively modeling its characteristics within the overall antenna 
structure. The feedline was accurately modeled with resistance (R2), 
capacitance (C4), and inductance (L4), capturing its electrical charac
teristics. For the graphene layer of both sides of the polyamide wall, a 
parallel circuit of L3 and C3 was introduced. By integrating these circuit 
elements, we constructed a model that closely mirrored the behavior of 
the MIMO antenna. The R-l-C circuit model was simulated using Agilent 
ADS to confirm its equivalence to the actual antenna design.

To ensure accuracy, we compared the CST simulation results with 
those of the equivalent circuit model, focusing on the S11 parameter. 
Fig. 18 illustrates this comparison, providing a detailed evaluation of the 
R-l-C circuit model’s ability to accurately replicate the antenna’s 
behavior.

Fig. 19 compares the results of the CST simulation with a similar 
circuit simulation using the return loss. The simulation result shows that 
the center frequency is 0.73 THz, with an impedance bandwidth of 
4.331 THz and a return loss level of − 44.7 dB The R, L, and C equivalent 
circuits demonstrate resonance at a frequency of 0.68 THz. The device 
has an impedance bandwidth of 3.98 THz and a return loss level of − 39 
dB The results indicate a favorable correlation between the resonant 
frequency and the extent of return loss.

Fig. 15. TARC of proposed MIMO antenna.

Fig. 16. Current Distribution of Proposed MIMO Antenna.
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8. Machine learning (ML) analysis

Designing an antenna utilizing commercial electromagnetic 
modeling tools, such as CST, HFSS, FEKO, and IE3D, is highly 
demanding due to the time and optimization requirements involved. 
Designing an antenna with minimal dimensions and acceptable antenna 
outputs is highly laborious and time-consuming. Furthermore, the sit
uation becomes more intricate when distinct slots are located on the 
upper part of the patch and the ground plane. Researchers are utilizing 

machine learning (ML) regression models to accelerate the antenna 
design process and enhance antenna performance. Utilizing machine 
learning simplifies the process of forecasting antenna size for desired 
outputs or vice versa. ML algorithms can scour various antenna con
figurations in search of the optimal values for various performance 
metrics, including gain, bandwidth, and radiation pattern. Faster itera
tion and evaluation of various antenna designs are made possible by 
ML’s ability to automate the process of investigating new design com
binations. By using this strategy instead of the more conventional trial- 

Fig. 17. Simulated Radiation Pattern of Proposed MIMO Antenna.

Fig. 18. Circuit model for the proposed MIMO Antenna.
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and-error approach, time and resources can be saved. With ML models, 
designers can make educated decisions regarding antenna performance 
based on different design criteria before physically constructing and 
testing prototypes [34].

8.1. Result and analysis for machine learning

The ML approach comprises two components. Commence by utiliz
ing the simulation tool CST to fabricate a THz MIMO antenna. These 
parameters are used to extract parameters of relevance, such as reso
nance frequency, bandwidth, impedance matching, or radiation effi
ciency. Using parametric sweeps, investigate how the antenna’s 
performance is affected by various design characteristics. Determine the 
optimal methodology using machine learning model training on the 

given dataset. After collecting 90 data points, we estimate the band
width using multiple regression machine learning. This is done after 
modelling the proposed antenna using the CST simulation tool. During 
the training phase, 80 % of the data is utilized, while the remaining 20 % 
is reserved for evaluation reasons, as depicted in Fig. 20. The dimensions 
of the substrate (length, breadth, and height) and the dimensions of the 
feed (length and width) are the input variables in our dataset. Upon 
completing the training and validation process, the model can predict 
various outputs, such as bandwidth.

8.1.1. Gaussian process regression (GPR)
One non-parametric Bayesian method for solving regression prob

lems is the Gaussian Process (GP) regression. It is an effective method for 
simulating interdependent, non-linear connections. Compared to para
metric models, GP regression models the entire distribution over func
tions rather than assuming a fixed functional form for the connection.

8.1.2. XGB regression
For regression using XGBoost, the standard procedure is to prepare 

the data, adjust the model’s hyperparameters, train it on a training 
dataset, and then use it to forecast fresh data. Perfect for regression is
sues, the model learns to convert input features into continuous output 
values. XGBoost has been successful in many domains, including 
healthcare, finance, and data science contests [35].

8.1.3. Bayesian linear regression
A probabilistic method for linear regression that applies Bayesian 

concepts is known as Bayesian linear regression. Conventional linear 
regression uses point estimates, like maximum likelihood estimates, to 
determine the model’s parameters. Bayesian linear regression allows us 
to describe uncertainty and produce probabilistic predictions by treating 
the parameters as random variables with probability distributions [36].

8.1.4. Random forest regression
Random Forest is a versatile ensemble learning technique that may 

be utilized for both classification and regression applications. Random 
Forest Regression is the term used in the context of regression. The 
Random Forest algorithm theories plentiful decision trees throughout 
the training process and produces the average forecast (in the case of 
regression) each tree makes [37].

8.1.5. Ridge regression
When avoiding overfitting or dealing with linear regression problems 

involving numerous correlated characteristics, Ridge Regression proves 
to be an invaluable tool. Unlike other regularization approaches, Ridge 
Regression does not lead to precisely zero coefficients, making it less 
effective for feature selection even if it supports coefficient shrinkage 
[38].

8.1.6. Decision tree regression
Machine learning algorithms like Decision Tree Regression are 

helpful for regression challenges. Although decision trees are more often 
linked with classification, they can be modified to execute regression by 
forecasting a continuous value for the output rather than a label. Deci
sion Tree Regression can calculate the output by repeatedly dividing the 
input space into regions and giving each region a fixed value (usually the 
median or mean) [39].

8.2. Performance measurement metrics

Performance evaluation measures for regression models are utilized 
to determine the degree to which a model is accurate in predicting the 
values of a continuous outcome variable. These measures help evaluate 
the accuracy, precision, and complete performance of the model [40].

An essential measure for assessing the efficacy of a regression model 
is the Mean Absolute Error (MAE), calculated as the average absolute 

Fig. 19. Reflection coefficient disparity between CST and ADS for 
MIMO antenna.

Fig. 20. Diagram illustrating the sequential process involved in the develop
ment of machine learning.
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difference between the actual and predicted values. It gives a measure of 
the typical error magnitude, which is independent of whether the errors 
are overestimated or underestimated. A lower MAE number signifies a 
more effective model. The formula for MAE is as follows: 

MAE =
1
n

∑n

i=1
|yi − ŷi| (11) 

Where, n = number of errors and |Pi − Oi| = absolute error
The Mean Squared Error (MSE) is a widely employed statistic for 

evaluating the effectiveness of a regression model. It quantifies the 

average squared disparities between predicted and actual values. It 
measures the average squared difference between the predictions made 
by the model and the actual results. Smaller Mean Squared Error (MSE) 
values imply superior model performance [41]. MSE can be calculated 
using the expression: 

MSE =
1
n
∑n

i=1
(yi − ŷi)

2 (12) 

Regression model performance metrics like Root Mean Squared Error 
(RMSE) are commonly used to evaluate prediction accuracy. Relative 
Mismatch Error (RMSE) is a variant of Mean Squared Error (MSE) that 
takes the square root of the sum of all squared differences amongst the 
actual and projected values [42]. 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n

∑n

i=1
(Pi − Oi)2

√

(13) 

R-squared (R2), or the coefficient of determination, is a statistical 
metric that quantifies the proportion of the variability in the dependent 
variable that the independent variables can account for in a regression 
model. The evaluation of the blimey of fit of a regression model is often 

Table 3 
Performance metrics for bandwidth prediction.

Algorithm/ Regression MAE MSE RMSE R2 EVS

Gaussian Process 0.26 % 0.18 % 0.34 % 99.30 % 98.84 %
XGB Regressor 0.70 % 0.90 % 1.08 % 91.29 % 92.48 %
Bayesian Linear 0.35 % 0.17 % 0.41 % 90.00 % 91.00 %
Random Forest 0.34 % 0.37 % 0.60 % 86.68 % 85.68 %
Ridge Regressor 0.86 % 0.21 % 1.05 % 78.09 % 79.11 %
Decision Tree 0.75 % 0.31 % 1.03 % 82.43 % 83.43 %

Fig. 21. Error matrix Bar Chart for Gaussian Process Regression.

Fig. 22. Accuracy comparative Bar Chart for Gaussian Process Regression.
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done using this metric [43]. 

R2 = 1 −

∑N
i=1(yi − ŷi)

2

∑N
i=1(yi − ŷi)

2 (14) 

The explained variance score quantifies the fraction of the variance 
in the dependent variable that the model can account for. The range of 
values is from 0 to 1. When the explained variance is 0, it means no 
variance is explained. The model does not account for any variation. The 
explained variation equals 1, indicating that the model accounts for all 
variations [44]. 

explained variance (y, ŷ) = 1 −
Var(y − ŷ)

Var(y)
(15) 

The effectiveness metrics for predicting bandwidth are shown in 
Table 3. Multiple necessary measures show that the "Gaussian Process 
Regression" model performs best. The Minimum Absolute Error (MAE) 
was 0.26 %, the Minimum Squared Error (MSE) was 0.18 %, and the 
Maximum Root Mean Squared Error (RMSE) was 0.34 %, as shown in 
Fig. 21. Moreover, " Gaussian Process Regression" has an impressive R- 
squared (R^2) value of 99 % and a remarkable Var Score of 99 %, 
highlighting its ability to explain a substantial part of the variation 
shown in Fig. 22.

The data in Table 4 shows little difference (very close to zero) be
tween the actual and predicted levels of efficiency for the Gaussian 
Process Regression model. Furthermore, the mistake rate is usually <1 
% [45]. Fig. 23 shows a strong link between these numbers and the 
model’s predicted efficiency. Based on its better results in predicting 
efficiency compared to other ML models, Gaussian Process Regression 
was chosen.

9. Conclusion

THz band MIMO antennas is designed for 6 G applications. Band
width predictions are made using several regression model methodolo
gies. The initial MIMO design in CST exhibits a remarkable efficiency 
rating of 95 %, a maximum gain of 13.3 dB, and an impressive isolation 
measurement exceeding 27. These results indicate the high potential for 
success in this design. Additional validation of the CST results was ob
tained by replicating the same RLC circuit in the ADS using a func
tionally equivalent model. Results with reflection coefficients like those 
obtained from the CST and ADS simulators are accessible. Subsequently, 
it assesses its effectiveness by utilizing several machine-learning tech
niques. Gaussian process regression exhibits outstanding precision, 
achieving an accuracy of over 99 %, as seen by the elevated R-square 
and var scores. In addition, it attains the most minimal error rates when 
forecasting bandwidth, with a mean absolute error (MAE) of 0.26 %, a 
mean squared error (MSE) of 0.18 %, and a root mean squared error 
(RMSE) of 0.34 %. The efficiency calculations and projections conducted 
using Gaussian Process Regression indicate that this antenna is an 
optimal model for future 6 G applications.
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