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This paper presents a novel design and analysis of a high-performance
multiple-input multiple-output (MIMO) terahertz (THz) antenna intended for
next-generation sixth-generation (6G) wireless communication systems. The
proposed antenna operates over a wide frequency range of 1 THz to 4.9
THz, achieving a broad bandwidth of 3.9 THz with three distinct resonant
frequencies at 2.05 THz, 3.9 THz, and 4.52 THz, each exhibiting excellent
return loss characteristics. The antenna features a graphene-based patch with
a copper ground plane, etched on a polyimide substrate with a dielectric
constant (er) of 3.5 and a thickness of 10 micrometers (pum). Key
performance metrics, including a high gain of 15.9 decibels (dB), an
efficiency of 95.95%, an envelope correlation coefficient (ECC) of 0.0005,
and a diversity gain (DG) of 9.997 dB, indicate outstanding performance.
The measured isolation between the two antenna elements is -31.91 dB,
signifying excellent isolation. An equivalent resistor-inductor-capacitor
(RLC) circuit model is developed using advanced design system (ADS),
validated by comparing S11 results from both computer simulation
technology (CST) and ADS simulations. The proposed MIMO antenna’s
wide operating range and robust performance demonstrates great potential
for high-speed THz wireless communication, imaging, spectroscopy,
sensing, and offers valuable contributions to industry and innovation.
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1. INTRODUCTION

The rapid advancement of wireless communication technologies has driven the need for higher data
rates and more reliable connections. Terahertz (THz) technology, operating within the range of 0.1 to 10 THz,
stands out as a promising solution to these demands [1]. However, leveraging THz frequencies presents
significant challenges, including high propagation losses, limited coverage, and the need for precise material
and antenna designs to ensure efficiency and reliability. Offering data rates up to 10 Gbps and beyond,
potentially reaching terabits per second (Thps), THz communication is poised to revolutionize the landscape
of wireless connectivity [2]. One of the critical applications of THz technology is in multiple-input multiple-
output (MIMO) antenna systems. These systems enhance communication performance by utilizing multiple
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antennas at both the transmitter and receiver ends, thereby increasing data rates and improving reliability
through spatial diversity and multiplexing [3]. MIMO antennas operating in the THz range can overcome the
challenge of the narrow bandwidth of GHz frequencies, providing higher reliability and low fading, which
are essential for the next generation of wireless communications [4].

The development of 6G communication networks, expected to succeed the current 5G infrastructure,
heavily relies on THz technology. 6G aims to deliver ultra-reliable low-latency communication (URLLC),
massive machine-type communication (mMTC), and augmented reality (AR) capabilities, among other
advanced applications [5], [6]. This future network will cater to both indoor and outdoor environments,
facilitating seamless satellite and mobile communication as well as internet of things (1oT) applications [7].
Existing antenna designs, while effective at GHz frequencies, struggle to meet the performance metrics
required for THz communication due to material losses, design complexity, and poor impedance matching.
This work addresses these constraints by proposing a high-gain, ultrawide-band patch antenna optimized for
MIMO systems operating at the THz band. The goal of this research is to enhance data rates and reliability
while ensuring efficiency in 6G applications. Recent work in the field of THz antennas has focused on
overcoming the technical challenges associated with higher frequencies. Innovations in material science,
antenna design, and signal processing have contributed to significant advancements, paving the way for the
practical implementation of THz MIMO systems. These efforts are crucial in achieving the high data rates
and reliability required for 6G communication. In addition to enhancing communication networks, THz
technology holds potential for various medical applications [8]. Its ability to penetrate biological tissues with
minimal damage opens new possibilities for medical imaging and diagnostics [9].

The proposed antenna design, detailed in Table 1, showcases substantial advancements and superior
performance metrics compared to existing designs. It achieves significantly broader bandwidths of 3.9 THz,
far exceeding the bandwidth values of 0.114 THz, 0.3 THz, 0.78 THz, 0.05 THz, and 0.4 THz reported in
references [10]-[13]. The proposed antenna’s isolation levels surpass -35.32 dB, effectively minimizing
interference and outperforming the measured levels of >-35 dB, >-20 dB, >-25 dB, >-20 dB, >-25 dB, and
>-20 dB cited in [9]-[12], [14], [15]. With an efficiency of 95.95%, the proposed design outshines the
efficiencies of 94%, 92%, 76.45%, and 85.24%, mentioned in studies [10], [12], [14], [15]. The gain of the
antenna achieves 15.9 dB which outperforming the measured value 4.4 dB, 10 dB, 4 dB, 8.28 dB, 11.67 dB
and 5.49 dB in the referenced work [10]-[15]. Furthermore, with an envelope correlation coefficient (ECC) of
0.0005 and a diversity gain (DG) of 9.997 dB, the proposed antenna shows exceptional metrics compared to
ECC values of 0.0002, 0.000023, 0.006, 0.003, and 0.015, and DGs of 9.99 dB reported in the literature
[10]1-[12], [14], [15]. Notably, the suggested design differs from the preceding designs and performs much
better since the inclusion of resistor-inductor-capacitor (RLC) components. All things considered, the
thorough analysis highlights the noteworthy improvements and excellent performance metrics of the
suggested antenna design, underscoring its potential to be a leader in the field of antenna technology.

Table 1. Performance comparisons with the published state of the art

Ref. Resonance Bandwidth Port Isolation Gain Efficiency ECC Material RLC
frequency (THz) (dB) (dB) (%) DG
(TH2) (dB)
[10] - 0.114 4 -17 4.4 94 0.0002/ Rogers No
9.99 RO4835-T
[11] 1.9 0.3 2 -35 10 N/A 0.000023/ N/A No
9.99
[12] 2.2 0.78 - -20 4 92% 0.006/ Polyimide No
9.99
[13] 1.1 N/A 2 -20 8.28 N/A N/A Pyrex No
[14] 0.654 0.05 - -25 11.67 76.45 0.003/ Polyimide No
9.99
[15] - 0.4 2 -25 5.49 85.24% 0.015/ Polyimide No
9.99
This 2.05, 3.9, 3.9 2 -31.91 159 95.95 0.0005/ Polyimide Yes
work 452 9.997

2. DESIGNING OF THE SINGLE-ELEMENT ANTENNA

In our pursuit of developing a state-of-the-art antenna for THz applications, we meticulously crafted
a single-element antenna, refining its structure through four iterative stages to achieve peak performance.
Figure 1(a) shows the reflection coefficient of each stage, while Figure 1(b) illustrates the gain, and
Figure 1(c) presents the proposed single-element antenna. We selected polyimide as the substrate due to its
excellent dielectric properties, including a dielectric constant of 3.5 and a low-loss tangent of 0.0027.
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Graphene was chosen for the patch element, and copper was employed for the ground element, ensuring the
optimal combination of materials [16]. The design consistently incorporated a full ground plane.

In the initial stage, we designed a rectangular patch with a feedline, added insets on both sides, and
introduced a plus-shaped slot at the center of the patch. However, the initial results were suboptimal,
featuring a return loss of -20.12 dB, a gain of 3.59 dB, and a bandwidth of only 0.15 THz, highlighting
significant limitations in impedance matching, signal strength, and operational frequency range. Progressing
to the second stage, we added a slot at the center top of the patch and two slots at the bottom of the insets.
This modification resulted in a dual-band antenna, yet the performance parameters remained unsatisfactory.
In the third stage, we incorporated four hexagonal slots at the top of each side of the plus-shaped slot. This
modification led to a remarkable enhancement in performance, achieving a return loss of -51.29 dB, a gain of
7.8 dB, and a bandwidth of 0.4 THz. While these improvements in return loss and gain were notable, the
bandwidth still remained constrained. Ultimately, in the fourth stage, we enhanced the design by adding two
insets on the left and right sides of the patch. This final configuration achieved a resonance frequency at
2.13 THz with an impressive return loss of -53.4 dB, a substantial bandwidth of 3.57 THz, and a gain of
12.62 dB, underscoring its potential for deployment in advanced 6G communication systems.
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Figure 1. Analysis of the single element antenna: (a) S11 comparison, (b) gain comparison of three steps, and
(c) single element antenna

3. DESIGN OF THE PROPOSED MIMO ANTENNA

MIMO technology is essential for enhancing wireless communication systems, as it significantly
increases data throughput and link reliability by exploiting multiple transmission and reception paths. This
technology is crucial for meeting the ever-growing demand for higher data rates and improved performance
in modern communication networks [17].

In this section, we discuss how a single-element antenna was enhanced to create a 2-port MIMO
antenna. Figures 2(a) and (b) illustrates the return loss and gain comparison between the single-element and
MIMO antennas. Figure 2(c) illustrates the proposed MIMO antenna configuration, where two elements are
positioned side by side with a 180-degree orientation relative to each other. The edge-to-edge distance
between the two antennas is maintained at 85 micrometers, and the overall dimensions of the antenna are 100
by 240 micrometers. This strategic placement ensures optimal performance by maximizing spatial diversity
and minimizing mutual coupling, leading to improved signal quality and reliability.

After implementing the MIMO configuration, we observed three resonance frequencies at 2.05 THz,
3.9 THz, and 4.52 THz. A broad bandwidth of 3.9 THz encompasses these three resonance frequencies, as
shown in Figure 2(a). Additionally, Figure 2(b) demonstrates a maximum gain of 15.9 dB. Comparisons of
return loss and gain between the single-element and MIMO antennas are depicted in Figures 2(a) and (b),
respectively, clearly showing that the MIMO antenna exhibits significantly better performance than the
single-element antenna.
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Figure 2. Overview of the MIMO antenna: (a) comparison of S11 parameters, (b) gain analysis, and
(c) MIMO
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3.1. Reflection coefficient and transmission coefficient

The reflection coefficient, represented by return loss, is a crucial parameter in MIMO system. A

lower return loss indicates better impedance matching, resulting in minimal power reflection and enhanced
efficiency [18]. Figure 3(a) demonstrates that the proposed THz MIMO antenna resonates primarily at
2.05 THz with an impressive return loss of -60.1 dB. Additionally, the antenna exhibits two secondary peaks
at 3.9 THz and 4.52 THz, with return losses of -25.58 dB and -24.4 dB, respectively. These secondary
resonances are significant as they enhance the antenna’s overall performance across a broader spectrum. The
antenna’s operating range extends from 1.01 THz to 4.9 THz, resulting in a high bandwidth of 3.89 THz.
The proposed design delivers an outstanding bandwidth of 3.89 THz, exceeding the performance of the
designs reported in [10]-[12], [14], [15]. This substantial bandwidth is highly beneficial for high-speed data
transmission and communication applications, providing enhanced flexibility and operational reliability.
Additionally, the pronounced return losses across both resonance bands highlight superior impedance
matching, reducing signal reflection and improving overall antenna efficiency [19].

Isolation is another important parameter, ensuring that the antenna elements operate independently
without significant interference from one another. The proposed THz MIMO antenna achieves a minimum
isolation of -31.91 dB between any two antenna elements as shown in Figure 3(b).

With an isolation level of -31.91 dB, the proposed antenna outperforms the designs reported in [10],
[12]-[15]. This exceptional isolation demonstrates effective separation between antenna elements,
significantly reducing cross-talk and interference, which are vital for maintaining superior system
performance [20].
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Figure 3. Performance of the proposed MIMO antenna: (a) reflection coefficient and (b) transmission
coefficient

3.2. Gain and efficiency

Gain and efficiency are key indicators of an antenna’s performance. Figure 4 illustrates that the
proposed antenna achieves a maximum gain of 15.9 dB across the operating range, which is particularly high
and beneficial for directing energy efficiently [21]. The gain at specific frequencies is also notable: 14.3 dB
at 2.05 THz, 14.5 dB at 3.9 THz, and 14.6 dB at 4.52 THz.
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Figure 4. Gain and efficiency of the proposed THz MIMO antenna
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Achieving an exceptional peak gain of 14.6 dB, the proposed antenna outshines earlier designs,
including [10] with 4.4 dB, [11] with 10 dB, [12] with 4 dB, [13] with 8.28 dB, [14] with 11.67 dB, and [15]
with 5.49 dB. This remarkable improvement highlights the antenna’s advanced performance and superior
engineering [22]. Additionally, the antenna maintains a maximum efficiency of 95.95% across the operating
range, with efficiencies of 93.2% at 2.05 THz, 94.9% at 3.9 THz, and 95.1% at 4.52 THz as shown in the
same figure of Gain.

Demonstrating an impressive efficiency of 95.95%, the proposed design exceeds the performance
levels reported in studies [10], [12], [14], [15], which achieved efficiencies of 94%, 92%, 76.45%, and
85.24%, respectively. These high efficiencies indicate that the antenna converts a significant portion of the
input power into radiated energy, minimizing losses and optimizing performance [23].

3.3. Envelope correlation coefficient and diversity gain
The ECC measures the similarity between the radiation patterns of the antenna elements, with a
lower value indicating better diversity performance [24]. The value of ECC can be figured out by (1).

2
|fyre [E1(8,0)+E2(8,)]dQ|
o [E1(8,012dQ [, |E2(6,0]2d0

@

Figure 5(a) shows that the antenna achieves an ECC value of 0.0005, which is exceptionally low and
desirable. With an ECC of 0.0005, the proposed antenna surpasses the ECC values found in the literature,
including 0.0002 in [10], 0.000023 in [11], 0.006 in [12], 0.003 in [14], and 0.015 in [15]. This indicates
minimal correlation between the signals from different antenna elements, ensuring superior isolation.
Consequently, the antenna is highly suitable for applications where high isolation and low interference are
critical.

The DG, which quantifies the improvement in signal quality achieved through diversity, is nearly
ideal at 9.997 as shown in Figure 5(b). The value of DG can be determined by (2) [25].

DG = 10v1 — ECC? )

With a DG of 9.997 dB, the proposed antenna significantly outperforms the designs reported in [10], [11]-[15],
which achieved DG values of 9.99 dB. This demonstrates the antenna’s superior ability to reduce signal
degradation and enhance overall system performance, making it highly suitable for reliable and robust
MIMO applications.
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Figure 5. Diversity performance of the proposed THz MIMO antenna: (a) ECC and (b) DG

4. RADIATION PATTERN

The proposed antenna exhibits distinct radiation patterns at the resonance frequency of 2.05 THz, as
shown in Figure 6. At ¢ = 0°, the E-field’s main lobe magnitude is 14.5 dBV/m with a half-power beamwidth
(HPBW) of 72.3 degrees, while the H-field’s main lobe magnitude at the same angle is -41.3 dBA/m and has
a HPBW of 31.5 degrees [26]. For ¢ = 90°, the E-field’s main lobe magnitude is 6.24 dBV/m, with a HPBW
of 95.6 degrees, and the H-field’s main lobe magnitude is -33.7 dBA/m, with a corresponding HPBW of 57.3
degrees. Additionally, at 6 = 90°, the E-field reaches a main lobe magnitude of 18 dBV/m, and a HPBW of
55.4 degrees, while the H-field’s main lobe magnitude is -34.2 dBA/m, with a HPBW of 36.9 degrees. These

Graphene-based high-gain MIMO antenna for enhanced 6G ... (Narinderjit Singh Sawaran Singh)



842 a ISSN: 1693-6930

characteristics highlight the antenna’s directional capabilities and its performance efficiency at the specified
operating frequency.
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Figure 6. Simulated radiation pattern

5. RLC EQUIVALENT CIRCUIT

In our quest to revolutionize antenna technology, we investigated the electromagnetic behavior of
our antenna using an RLC circuit model. Using computer simulation technology (CST) Studio, we
meticulously extracted the RLC parameters from our antenna simulations. This analysis was further refined
through circuit simulation in Agilent advanced design system (ADS), allowing for a thorough evaluation of
the antenna’s performance [27].

Initially, we designed a plus-shaped RLC circuit corresponding to the plus-shaped slot. This
involved combining four parallel circuits of C and L in series with C to represent the plus-shaped slot.
Additionally, four series circuits of C and L were used to represent the other slots of the antenna. These
circuits were pivotal in determining the resonance frequency. For the feedline, we incorporated resistance
(R3), capacitance (C12), and inductance (L9) parameters to accurately capture its electrical characteristics.
By integrating these circuit elements, we constructed a model that accurately replicated the behavior of our
single-element antenna.

We then extended this model to a MIMO antenna configuration, as illustrated in Figure 7. In
transitioning to the MIMO setup, we accounted for mutual impedance between antenna elements using a
parallel circuit of (L7+C10). This approach optimized performance evaluation. We validated the RLC circuit
model through simulation in Agilent ADS, confirming its alignment with our antenna design. To ensure
precision, we compared the CST simulation results with those of the parallel circuit simulation, focusing on
the S11 parameter. Figure 8 elucidates this comparison, providing a comprehensive assessment of our RLC
circuit model’s accuracy in emulating the antenna’s behavior.
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Figure 7. RLC equivalent circuit diagram for the suggested MIMO antenna
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6. CONCLUSION

The development of the MIMO terahertz (THz) antenna presented in this paper marks a significant
milestone in antenna technology for advanced 6G wireless communication systems. By advancing from a
single-element design to a complex MIMO configuration, we have achieved a highly efficient antenna
capable of operating across a broad frequency range of 1 THz to 4.9 THz. The antenna’s exceptional
performance metrics, including a gain of 15.9 dB, an efficiency of 95.95%, and outstanding isolation
characteristics, underscore its suitability for high-frequency applications. This work not only demonstrates
the antenna’s potential for high-speed communication, imaging, spectroscopy, and sensing but also sets a
foundation for future innovations in terahertz technology. The successful validation through both CST and
ADS simulations confirms the design’s reliability, paving the way for further research and development.
Future research could focus on integrating massive MIMO technology to improve system capacity and
coverage while leveraging metamaterials for enhanced performance and new functionalities. Applying
machine learning, using models like artificial neural networks (ANN) and convolutional neural networks
(CNN) with extensive datasets, offers a promising approach to optimize antenna parameters. These findings
contribute significantly to the field and pave the way for advancements in THz sensing and communication
technologies.

Graphene-based high-gain MIMO antenna for enhanced 6G ... (Narinderjit Singh Sawaran Singh)



844 a ISSN: 1693-6930

FUNDING INFORMATION
The author expresses gratitude to the Faculty of Graduate Studies and Department of Electrical and
Electronic Engineering of Daffodil International University, Bangladesh.

AUTHOR CONTRIBUTIONS STATEMENT
This journal uses the Contributor Roles Taxonomy (CRediT) to recognize individual author
contributions, reduce authorship disputes, and facilitate collaboration.

Name of Author C M So Va Fo | R D O E Vi Su P Fu
Narinderjit Singh v v v v v v
Sawaran Singh

Md. Ashraful Haque v v v v v v

Jamal Hossain Nirob v v v v v v v v v
Kamal Hossain Nahin v v v v v ¢V v v v v

Md. Kawsar Ahmed v v v v v

Redwan A. Ananta v v v v v v

Liton Chandra Paul v v v v v

C : Conceptualization I : Investigation Vi : Visualization

M : Methodology R : Resources Su : Supervision

So : Software D : Data Curation P : Project administration

Va : Validation O : writing - Original Draft Fu : Funding acquisition

Fo : Formal analysis E : Writing - Review & Editing

CONFLICT OF INTEREST STATEMENT
The authors declare that they have no conflict of interest.

DATA AVAILABILITY
The datasets generated and/or analyzed during the current study are available from the
corresponding author upon reasonable request.

REFERENCES

[1] M. A. Jamshed, A. Nauman, M. A. B. Abbasi, and S. W. Kim, “Antenna Selection and Designing for THz Applications:
Suitability and Performance Evaluation: A Survey,” IEEE Access, vol. 8, pp. 113246-113261, 2020, doi:
10.1109/ACCESS.2020.3002989.

[2] R. Pant and L. Malviya, “THz antennas design, developments, challenges, and applications: A review,” International Journal of
Communication Systems, vol. 36, no. 8, p. €5474, May 2023, doi: 10.1002/dac.5474.

[31 V. D. P. Souto et al., “Emerging MIMO Technologies for 6G Networks,” Sensors, vol. 23, no. 4, p. 1921, Feb. 2023, doi:
10.3390/523041921.

[4] M. Zubair et al., “A high-performance sub-THz planar antenna array for THz sensing and imaging applications,” Scientific
Reports, vol. 14, no. 1, Jul. 2024, doi: 10.1038/s41598-024-68010-9.

[5] Y. Liu, Y. Deng, A. Nallanathan, and J. Yuan, “Machine Learning for 6G Enhanced Ultra-Reliable and Low-Latency Services,”
IEEE Wireless Communications, vol. 30, no. 2, pp. 48-54, Apr. 2023, doi: 10.1109/MWC.006.2200407.

[6] Z. Wang et al., “Vision, application scenarios, and key technology trends for 6G mobile communications,” Science China
Information Sciences, vol. 65, no. 5, p. 151301, May 2022, doi: 10.1007/s11432-021-3351-5.

[71 Z. Qadir, K. N. Le, N. Saeed, and H. S. Munawar, “Towards 6G Internet of Things: Recent advances, use cases, and open
challenges,” ICT Express, vol. 9, no. 3, pp. 296-312, Jun. 2023, doi: 10.1016/j.icte.2022.06.006.

[8] T. Hossain, M. Parvez, A. Z. Md. Imran, M. J. Uddin, A. Gafur, and S. Z. Rashid, “TeraHertz Antenna for Biomedical
Application,” in 2022 International Conference on Innovations in Science, Engineering and Technology (ICISET), IEEE, Feb.
2022, pp. 42-45. doi: 10.1109/ICISET54810.2022.9775884.

[9] L Malhotra and G. Singh, “Terahertz Antenna Technology for Imaging and Sensing Applications,” in Terahertz Antenna
Technology for Imaging and Sensing Applications, Cham: Springer International Publishing, 2021, pp. 75-102. doi:
10.1007/978-3-030-68960-5_3.

[10] T. Okan, “High efficiency unslotted ultra-wideband microstrip antenna for sub-terahertz short range wireless communication
systems,” Optik, vol. 242, 2021, doi: 10.1016/j.ijle0.2021.166859.

[11] S. A. Khaleel, E. K. I. Hamad, N. O. Parchin, and M. B. Saleh, “Programmable Beam-Steering Capabilities Based on Graphene
Plasmonic THz MIMO Antenna via Reconfigurable Intelligent Surfaces (RIS) for IoT Applications,” Electronics, vol. 12, no. 1,
p. 164, Dec. 2022, doi: 10.3390/electronics12010164.

[12] A. Kumar, D. Saxena, P. Jha, and N. Sharma, “Compact two-port antenna with high isolation based on the defected ground for
THz communication,” Results in Optics, vol. 13, p. 100522, Dec. 2023, doi: 10.1016/j.rio.2023.100522.

TELKOMNIKA Telecommun Comput El Control, Vol. 23, No. 4, August 2025: 837-846



TELKOMNIKA Telecommun Comput EI Control a 845

[13]
[14]

[15]

[16]

[17]

[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

M. Esfandiyari, S. Jarchi, and M. Ghaffari-Miab, “Channel capacity enhancement by adjustable graphene-based MIMO antenna
in THz band,” Optical and Quantum Electronics, vol. 51, no. 5, p. 137, May 2019, doi: 10.1007/s11082-019-1856-2.

R. Pant and L. Malviya, “Terahertz MIMO antenna array for future generation of wireless applications,” Frequenz, vol. 78, no. 5-
6, pp. 271-280, Jun. 2024, doi: 10.1515/freq-2023-0203.

K. V. Babu, S. Das, G. N. J. Sree, B. T. P. Madhav, S. K. K. Patel, and J. Parmar, “Design and optimization of micro-sized
wideband fractal MIMO antenna based on characteristic analysis of graphene for terahertz applications,” Optical and Quantum
Electronics, vol. 54, no. 5, 2022, doi: 10.1007/s11082-022-03671-2.

R. Jain, P. K. Singhal, and V. V. Thakare, “An Investigation on Unique Graphene-Based THz Antenna,” in Advanced Structured
Materials, S. K. Patel, S. A. Taya, S. Das, and K. V. Babu, Eds., 2023, pp. 163-180. doi: 10.1007/978-3-031-28942-2_8.

M. N. E. Temmar, A. Hocini, D. Khedrouche, and T. A. Denidni, “Analysis and design of MIMO indoor communication system
using terahertz patch antenna based on photonic crystal with graphene,” Photonics and Nanostructures - Fundamentals and
Applications, vol. 43, p. 100867, Feb. 2021, doi: 10.1016/j.photonics.2020.100867.

S. Kannadhasan and R. Nagarajan, “Performance improvement of antenna array element for mobile communication,” Waves in
Random and Complex Media, vol. 33, no. 4, pp. 1155-1167, Jul. 2023, doi: 10.1080/17455030.2022.2036867.

A. Youssef, I. Halkhams, R. E. Alami, M. O. Jamil, and H. Qjidaa, “Innovative flexible and compact patch antenna for multiband
terahertz applications,” Scientific African, vol. 24, Jun. 2024, doi: 10.1016/j.sciaf.2024.e02196.

J. Mestoui, H. Mejdoub, M. El Ghzaoui, and R. El Alami, “A quad-port triple-band high isolation terahertz MIMO antenna for
short-distance THz communication links,” e-Prime - Advances in Electrical Engineering, Electronics and Energy, vol. 9, p.
100686, Sep. 2024, doi: 10.1016/j.prime.2024.100686.

M. A. Haque et al., “Regression supervised model techniques THz MIMO antenna for 6G wireless communication and loT
application with isolation prediction,” Results in Engineering, vol. 24, 2024, doi: 10.1016/j.rineng.2024.103507.

K. Muthukrishnan, M. M. Kamruzzaman, S. Lavadiya, and V. Sorathiya, “Superlative split ring resonator shaped ultrawideband
and high gain 1x2 MIMO antenna for Terahertz communication,” Nano Communication Networks, vol. 36, p. 100437, Jun. 2023,
doi: 10.1016/j.nancom.2023.100437.

Z. Xu, X. Dong, and J. Bornemann, “Design of a Reconfigurable MIMO System for THz Communications Based on Graphene
Antennas,” IEEE Transactions on Terahertz Science and Technology, vol. 4, no. 5, pp. 609-617, Sep. 2014, doi:
10.1109/TTHZ.2014.2331496.

A. A. Musaed, S. S. Al-Bawri, W. M. Abdulkawi, K. Aljaloud, and M. T. Islam, “High gain metamaterial-based 3D cross-shaped
THz 16-port massive MIMO antenna array for future wireless network,” Optical and Quantum Electronics, vol. 56, no. 1, p. 16,
Jan. 2024, doi: 10.1007/s11082-023-05584-0.

V. Sorathiya et al., “Graphene-Based Log-Periodic Dipole Antenna-Shaped MIMO Antenna Structure for the Terahertz
Frequency Spectrum,” Arabian Journal for Science and Engineering, vol. 49, no. 5, pp. 6391-6404, May 2024, doi:
10.1007/s13369-023-08235-4.

M. Xu, C. Zhang, H. Qiao, Q. Zhang, C. Deng and W. Yu, "Sparse Antenna Array With Flat-Top and Sharp Cutoff Radiation
Patterns,” in IEEE Transactions on Antennas and Propagation, vol. 71, no. 6, pp. 4695-4703, June 2023, doi:
10.1109/TAP.2023.3262362.

M. A. Haque et al., “Machine learning-based technique for gain prediction of mm-wave miniaturized 5G MIMO slotted antenna
array with high isolation characteristics,” Scientific Reports, vol. 15, no. 1, p. 276, Jan. 2025, doi: 10.1038/s41598-024-84182-w.

BIOGRAPHIES OF AUTHORS

Dr. Narinderjit Singh Sawaran Singh g 2 is an Associate Professor in INTI
International University, Malaysia. He graduated from the Universiti Teknologi PETRONAS
(UTP) in 2016 with Ph.D. in Electrical and Electronic Engineering specialized in Probabilistic
methods for fault tolerant computing. Currently, he is appointed as the research cluster head for
computational mathematics, technology and optimization which focuses on the areas like pattern
recognition and symbolic computations, game theory, mathematical artificial intelligence, parallel
computing, expert systems and artificial intelligence, quality software, information technology,
exploratory data analysis, optimization algorithms, stochastic methods, data modelling, and
computational intelligence-swarm intelligence. He can be contacted at email:
narinderjits.sawaran@newinti.edu.my.

Md. Ashraful Haque RIEE s doing Ph.D. at the Department of Electrical and Electronic
Engineering, Universiti Teknologi PETRONAS, Malaysia, He got his B.Sc. in Electronics and
Electronic Engineering (EEE) from Bangladesh’s Rajshahi University of Engineering and
Technology (RUET) and his M.Sc. in the same field from Bangladesh’s Islamic University of
Technology (IUT). He is currently on leave from Daffodil International University (DIU) in
Bangladesh. His research interest includes microstrip patch antenna, sub 6 5G application, and
supervised regression model machine learning on antenna design. He can be contacted at email:
limon.ashraf@gmail.com.

Graphene-based high-gain MIMO antenna for enhanced 6G ... (Narinderjit Singh Sawaran Singh)


https://orcid.org/0000-0001-7067-5239
https://scholar.google.com/citations?user=KYV90rMAAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=55437205600
https://www.webofscience.com/wos/author/record/HCR-1398-2022
https://orcid.org/0000-0002-0342-172X
https://scholar.google.com/citations?user=ORGeWXQAAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=57213945829
https://www.webofscience.com/wos/author/record/GQH-2552-2022

ISSN: 1693-6930

Jamal Hossain Nirob 4 B3 s a student in the Department of Electrical and Electronic
Engineering (EEE) at Daffodil International University. His educational journey began at
Maniknagar High School, where he successfully completed his Secondary School Certificate
(SSC). Following that, he pursued higher studies at Ishwardi Government College, obtaining his
Higher Secondary Certificate (HSC). With a strong enthusiasm for expanding communication
technology, Jamal has focused his research on wireless communication, specifically on microstrip
patch antennas, terahertz antennas, and applications of 5G and 6G. He can be contacted at email:
jamal33-1243@diu.edu.bd.

Kamal Hossain Nahin B B9 is currently pursuing a degree in Electrical and Electronic
Engineering at Daffodil International University. His educational journey commenced at Ishwardi
Govt College for Higher Secondary Certificate (HSC) and earlier at Maniknagar High School for
Secondary School Certificate (SSC). Embarking on a journey as a budding researcher in the
communication field, He is passionately immersed in exploring the realms of wireless
communication. His focus lies in delving into the intricacies of wireless communication,
particularly exploring microstrip patch antennas, terahertz antennas, and their potential
applications in the future realms of 5G and 6G technologies. He can be contacted at email:
kamal33-1242@diu.edu.bd.

Md. Kawsar Ahmed & 4 B3¢ js currently pursuing his studies in the field of Electrical and
Electronic Engineering at Daffodil International University. He successfully finished his Higher
Secondary education at Agricultural University College, Mymensingh. He is presently employed
as a student associate at Daffodil International University (DIU) in Bangladesh. The areas of his
research focus encompassed microstrip patch antennas, terahertz antennas, and applications related
to 4G and 5G technologies. He can be contacted at email: kawsar33-1241@diu.edu.bd.

Md. Sharif Ahammed © B B8 © is a student of Daffodil International University andpursuing a
B.Sc. in the Electrical and Electronics Department. He passed from Government Bangabandhu
college with a higher secondary. Microstrip patch antenna, terahertz antenna, 5G application, and
biomedical applications are some of his research interests. He can be contacted at email: sharif33-
1152@diu.edu.bd.

Redwan A. Ananta B4 2 has accomplished his undergraduate studies in the field of
Electrical and Electronics at Daffodil In- ternational University. He completed his higher
secondary education at Adamjee Cantonment College. His research focus encompasses wireless
communication, specifically microstrip patch antenna, terahertz antenna, and 5G, and 6G
applications. He can be contacted at email: redwan33-1145@diu.edu.bd.

Liton Chandra Paul ©© EJ B3 © js successfully finished his master’s degree in Electrical and
Electronic Engineering and bachelor’s degree in Electronics and Telecommunication Engineering
in 2015 and 2012, respectively. Throughout his time as a student, he has made generous
contributions to numerous nonprofit social welfare organizations. His research interests are RFIC,
bioelectromagnetic, microwave technology, antennas, phased arrays, mmWave, metamaterials,
metasurfaces, and wireless sensors. He can be contacted at email: litonpaulete@gmail.com.

TELKOMNIKA Telecommun Comput El Control, Vol. 23, No. 4, August 2025: 837-846


https://orcid.org/0009-0008-6753-9883
https://scholar.google.com/citations?user=DRI7VwgAAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=59202917100
https://www.webofscience.com/wos/author/record/JYP-2624-2024
https://orcid.org/0009-0009-9827-7000
https://scholar.google.com/citations?hl=en&user=ompFie0AAAAJ
https://www.scopus.com/authid/detail.uri?authorId=59202916900
https://www.webofscience.com/wos/author/record/JYP-2883-2024
https://orcid.org/0009-0001-4458-8534
https://scholar.google.com/citations?hl=en&user=aVd5iMEAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=59203139200
https://www.webofscience.com/wos/author/record/JTT-0717-2023
https://orcid.org/0009-0004-8543-9983
https://scholar.google.com/citations?user=P6OubIkAAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=59202464700
https://www.webofscience.com/wos/author/record/KII-7309-2024
https://orcid.org/0009-0000-1572-5555
https://scholar.google.com/citations?user=6594j8IAAAAJ&hl=en&oi=ao
https://www.scopus.com/authid/detail.uri?authorId=59202917000
https://www.webofscience.com/wos/author/record/JJG-1490-2023
https://orcid.org/0000-0001-6184-7350
https://scholar.google.com/citations?user=4ImCM-4AAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=57189240173
https://www.webofscience.com/wos/author/record/J-2964-2019?state={}

