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1. INTRODUCTION

The exponential increase in data consumption and the pursuit of ultra-fast communication networks
has led researchers to focus more research on the sixth generation (6G) of wireless communications. With
anticipated features such as ultra-low latency, massive connectivity, and unprecedented data rates, 6G
demands novel technological advancements. One critical component in achieving these goals is the
development of efficient, high-frequency antennas. Terahertz (THz) patch antennas have emerged as
promising candidates due to their ability to operate at the required high frequencies. Among these, the THz
frequency range, typically defined as 0.1-10 THz in the electromagnetic spectrum, is a very good solution for
many applications like the high-speed communication [1], biomedical [2], imaging [3], and sensing [4].
However, the effective utilization of the THz band presents substantial challenges and holds as a recent
solution for various telecommunications applications, particularly in the design and performance
optimization of patch antennas for biomedical applications.

Patch antennas are among the most popular types of antennas, with their low profile and ease of
integration with other components like the wearable and portable devices, becomes a viable candidate for
THz frequencies in the medical field. THz patch antennas has recently proposed as a good promise in the
medical field due to their non-ionizing radiation characteristics, making them safe for medical use [5].
Moreover, this type of antenna provides high-resolution imaging of various components of the human body
such as skin, tissues and teeth, aiding in early disease detection, such as cancer [6], [7], by identifying
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abnormal tissue growth or composition changes. In other hands, These antennas facilitate non-invasive
sensing of biological parameters, such as monitoring skin hydration [8], glucose levels [9], or assessing
wound and burn conditions.

Patch antennas, with their many advantages at THz frequencies, is often hindered by some
limitations such as low radiation, low efficiency, and high losses. To address these challenges, researchers
have proposed various techniques, including slotting [10], [11], the utilization of partial ground planes [12], [13],
the utilization of differents substrate type [14] and superstrate meta surfaces [15]-[17]. Among all these
strategies, the integration of metamaterials (MTM) techniques has emerged as a transformative approach and
demonstrates satisfactory results. With their unique electromagnetic properties, MTM offer a potential
solution to enhance the performance of THz antennas for 6G communication and biomedical applications.

MTM are artificially engineered structures designed to exhibit electromagnetic properties not found
in natural materials [18]. Used recently in various domains, including the world of patch antennas.
Integrating MTM into THz patch antennas helps achieve significant enhancements in key antenna parameters
such as gain [19], bandwidth [20], and radiation efficiency. Significant contributions in the field of THz
antennas and MTM have been made by various researchers. Smith et al. [21] explored the theoretical
foundations and practical implementations of MTM, demonstrating their ability to manipulate
electromagnetic waves in unconventional ways. Pendry et al. [22] introduced the concept of negative
refractive index materials, paving the way for the development of MTM with unique properties. Shalaev [23]
reviewed advancements in optical MTM, highlighting their potential in high-frequency applications,
including antennas. Hossain et al. [24], a THz antenna designed for biomedical applications is introduced,
specifically for detecting riboflavin with a resonance frequency of 3.731 THz and a return loss of -52.976 dB.
Two THz patch antennas for cancer diagnosis applications are introduced in [25], [26], which operate within
the THz frequency range and provide high-resolution imaging. The performance enhancement of patch
antenna using reconfigurable intelligent surfaces (RIS) and MTM is proposed in [27], resulting in a gain
increase of about 9 dB compared to conventional antennas. Komatineni et al. [28], a design using MTM with
split ring resonators (SRRS) is presented, enhancing the patch antenna gain by 4.82 dBi. Furthermore, the
bandwidth enhancement of patch antenna using MTM is presented in [29], the bandwidth was increased by
800 MHz by incorporating a complementary SRRS between the ground and the patch in the substrate.

Despite the advancements, several challenges remain in the development of THz patch antennas
with MTM. High losses in MTM at THz frequencies limit the overall efficiency of the antennas. Achieving a
broad operational bandwidth while maintaining high performance is challenging. The intricate structures of
MTM pose significant fabrication challenges, especially at THz scales. Seamlessly integrating MTM-based
THz antennas with existing communication systems requires further research.

This manuscript addresses the unresolved issues by proposing a novel design for a THz patch
antenna integrated with advanced MTM. Unlike previous studies, our design focuses on loss minimization by
employing novel MTM compositions and configurations, enhanced bandwidth, gain and radiation efficiency.
We discuss the design principles of MTM-based THz antennas, highlighting the mechanisms through which
MTM can improve antenna performance.

Our paper is structured as follows: the first section introduces the designs of the antenna and MTM,
detailing their configurations and theoretical foundations. The second section conducts a comprehensive
parametric study, examining the impact of various design parameters on the antenna performance. The third
section provides an analysis of the obtained results. Finally, the paper concludes with a brief summary, some
limitations and a discussion of future work. By addressing the critical challenges in THz antenna design and
leveraging the unique properties of MTM, this research aims to contribute significantly to the development of
high-performance antennas for the next generation of wireless communication and biomedical technologies.

2. METHOD
2.1. The patch antenna design
The dimensions of the antenna were calculated using following equations [10]:

c 2 (l)

P 7 oof|ertl

where f'is frequency, & is dielectric of the substrate:

1
Erop = s,;—l + £r2-1 [1+ 12h] 72 (2)

w

Where ert IS the effective dielectric.
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(eref + 0.3) (hﬁs+ 0.264)

AL=0412hS (eref - 0_258)(}%+ 0_8) (3)
Where AL is the length extension:
Lp=Ly;—2AL 4)
Cc
Lef - zfr\/sref (5)

where L, is the patch length and Les is the effective length.

The proposed antenna is a slotted patch with partial ground plane, positioned over a silicon dioxide
(Si0,) substrate with a dielectric constant of 4 and a thickness of 2 um. The detailed architecture is presented
in Figure 1, while the Table 1 provides the antenna dimension values. Operating at 3.56 THz, the antenna has
dimensions of WxL. In order to improve the antenna impedance matching, the radiating element features
rectangular slots. Additionally, the size of the ground plane is reduced and the antenna is introduced with a
partial ground with dimensions of WxLg. The design process, depicted in Figure 2, outlines the steps taken
to achieve the final configuration. This design approach, including the specific substrate choice and the
introduction of slots in the radiating patch, ensures optimal performance at our specified frequency.

Substrate

Copper [ so:

Figure 1. Structure of the proposed patch antenna

Table 1. Dimensions of the antenna
Variable  Value (um)  Variable  Value (um)

W 69 L2 11
L 54 WF 4.8
L, 35 Lf 15
W, 46 a 35
W1 35 b 3
W2 25 c 5
L1 21 Lg 18.7
H 2
Step| Step Il Step Il

Figure 2. Design process of the proposed antenna

2.2. The metamaterial designs

The proposed MTM consists of a 6x5 array of elements, arranged on an FR4 substrate with a
dielectric constant of 4.2, a loss tangent of 0.02, and a thickness of 2 um. Figure 3 illustrates the MTM
details. The overall dimensions of the MTM are WurmXLmrm. Table 2 summarizes the MTM dimensions.
The organization and structure of the split-ring resonator unit cells are depicted in Figure 3(a) and Figure 3(b)
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respectively. Each unit cell within the array consists of periodic split-ring resonators spaced by 2 um apart.
The total size of each unit cell is M1xMa. In other hands, the FR4 substrate is chosen for its relatively low
dielectric constant and low loss tangent, which helps minimize signal loss. The detailed simulation setup of
the unit cell is depicted in Figure 3(c) illustrating the configuration used to analyze the electromagnetic
behavior and performance of the MTM.

The performance of the MTM cell is evaluated using HFSS software to determine its
electromagnetic characteristics. The S-parameters, phase, effective permittivity (eerr), and effective
permeability (pefr) are calculated using MATLAB, with the simulation results presented in Figure 4. Utilizing
the S-parameter method, which is widely adopted for retrieving material characteristics, the wave impedance
and refractive index of the designed MTM cell can be determined. From these values, the equivalent
electromagnetic permeability and permittivity can be calculated using a specific code on MATLAB. The
S-parameter magnitudes show a resonance at 3.56 THz as illustrated in Figure 4(a), indicated by a dip in the
reflection coefficient (Si1) and a peak in the transmission coefficient (Sz1), suggesting optimal impedance
matching and high transmission efficiency at this frequency. As presented in Figure 4(b), the phase changes
in S11 and Sz around 3.5 THz further confirm the resonance. The effective medium parameters reveal a sharp
peak in the real part of the effective permeability (uerr) at 3.5 THz, signifying a strong magnetic resonance.
Meanwhile, the real part of the effective permittivity (eerr) remains positive over this frequency range, as
illustrated in Figure 4(c), while the imaginary part exhibits a negative value, indicating stable dielectric
characteristics. As shown in Figure 4(d), between 3.5 THz and 4.5 THz the equivalent permeability is
negative, which efficiently suppresses surface waves.

N rrs [ copper

T R s
(@) (b)

Parfect Magnetic

Perfect Electric

Excitation Port 2

Perfect Electric

Perfect Magnetic

(©)

Figure 3. Design of the MTM; (a) organization of SRR, (b) unit cell, and (c) simulation setup

Table 2. Dimensions of the MTM
Variable  Value (um) Variable  Value (um)

Wwirm 79 M3 2
Lmrm 64 M4 10
Hmmm 2 M5 6
M1 10 M6 2
M2 6 M7 1
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Figure 4. Unit cell parameters: (a) S-parameter magnitude, (b) phase, (c) permittivity, and (d) permeability

2.3. Position of the metamaterial and enhancement mechanism

The utilization of a partial ground plane in the antenna design helps to enhance the antenna
impedance matching but it introduce some challenges related to antenna radiation characteristics, such as
undesired back lobes and reduced Gain. To address this, the MTM is strategically positioned beneath the
antenna at a precise spacing H: of 13 um as disputed in Figure 5. When MTM are positioned beneath an
antenna, they enhance its performance through multiple mechanisms. Firstly, MTMs with negative
permeability (in our case from 3.5 to 4.5 THz) create a specific reflection phase that causes destructive
interference with backward-directed waves, thereby minimizing back radiation. Additionally, the MTM helps
to suppress surface waves that typically propagate along the substrate and contribute to back radiation, which
in turn improves efficiency. The MTM also function as artificial magnetic conductors (AMC), reflecting
waves in phase with the incident waves to reinforce forward radiation and further reduce back radiation as

presented in Figure 5.
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Figure 5. The position of the MTM and the antenna

3. PARAMETRIC STUDY

A parametric study was performed to evaluate the impact of certain key parameters into antenna
performance, focusing on the reflection coefficient. This study involved systematically varying two critical
design parameters, the dimensions of the partial ground plane and the spacing of the MTM.
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3.1. Effect of the air Gap Ht

In order to evaluate the impact of the air gap between the antenna and the MTM, a parametric study
was conducted, varying the H; value within the range of 12 to 14 pm in 1 pm increments. The reflection
coefficient was measured for each Hi value, as depicted in the Figure 6. The impact of the parameter is very
clear, the best result is obtained with Hi= 13 um where the reflection coefficient was minimized and achieved
a value of -52.50 dB, signifying optimal impedance matching and reduced reflection losses.

3.2. Effect of ground plane size Lg

Another parametric study was conducted to assess the influence of the antenna ground plane size.
This study involved systematically varying Lg values from 16.7 to 19.7 um in 1 pum increments. The
reflection coefficient corresponding to each Lg value was analyzed and is depicted in the accompanying
Figure 7. The impact of the parameter is very clear, the best result is obtained with Lg= 18.7 um with a Sy
value of -52.50 dB. However, for the other Lg values, satisfactory results could not be attained, as the Si1
parameter failed to surpass -20 dB. Indicating that the impedance matching was not achieved, and the
antenna did not meet the desired criteria for optimal operation.
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Figure 6. Return loss with different H; values
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Figure 7. Return loss with different Lg values

4. RESULTS AND DISCUSSION

In this section, we analyzed the obtained results in detail and provided a comprehensive comparison
between the antenna performance with and without the incorporation of the MTM. This comparison
highlights the differences in key performance such as gain, bandwidth, reflection coefficient, and radiation
patterns, demonstrating the impact of MTM on the antenna behavior. Additionally, we compared our findings
with previous works to highlight the advancements achieved in this study.

Indonesian J Elec Eng & Comp Sci, Vol. 38, No. 1, April 2025: 193-203



Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 a 199

4.1. Reflection coefficient and VSWR

The reflection coefficient (S11) and voltage standing wave ratio (VSWR) are crucial indicators of
antenna impedance matching and the level of reflected energy. The antenna operational range is typically
determined by ensuring Si1 is below -10 dB and VSWR is between 1 and 2. Figure 8 showcases the simulated
results of the proposed antenna, where Figure 8(a) illustrates the return loss while Figure 8(b) presents the
VSWR with and without MTM. The antenna alone achieved a Si1 value of -18.06 dB due to the impedance
mismatching, while the Si1 enhanced to -52.50 dB when the MTM is integrated indicating the big influence
of this integration on the antenna impedance matching. The antenna operates effectively within a frequency
range of 3.47- 3.67 THz, boasting a bandwidth of 200 GHz. Furthermore, the VSWR also is enhanced and
the antenna demonstrates exceptional value of 1.004, affirming excellent impedance matching. The MTM
enhances the antenna reflection coefficient by improving impedance matching, leveraging its resonant
properties, suppressing surface waves, and interacting with the near-field region of the antenna.
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Figure 8. Simulated results of the proposed antenna (a) reflection coefficient and (b) VSWR of the proposed
antenna with and without MTM

4.2. Gain

The radiation pattern serves as a crucial antenna characteristic, providing insight into its directional
performance. In our study, the obtained radiations patterns are illustrated in Figure 9. The 2D radiation
patterns of the proposed antenna with and without MTM are depicted in the Figure 9(a) and Figure 9(b)
respectively. Meanwhile, Figure 9(c) and Figure 8(d) present the 3D radiation with and without MTM
respectively. The gain value experienced a significant enhancement, increasing from 1.72 dB to 3.49 dB,
marking a remarkable improvement of 102.92%. Indicating that more energy is effectively directed towards
the desired direction. By concentrating electromagnetic fields and increasing the effective aperture, the MTM
directs more energy in the desired direction. Additionally, it supports and manages surface waves, improving
radiation efficiency. The MTM also shapes the antenna radiation pattern to focus energy more effectively and
minimizes back radiation with its negative permeability characteristics, reducing energy loss in non-desired
directions.
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2D Radiation Pattern without MTM 2D Radiation Pattern With MTM
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Figure 9. Radiation pattern: (a) 2D without MTM, (b) 2D with MTM, (c) 3D without MTM, and
(d) 3D with MTM

4.3. Directivity

The directivity of an antenna represents its ability to concentrate radiated energy into a specific
direction. The directivity of the proposed antenna was evaluated both with and without the integration of
MTM as presented in Figure 10. Specifically, Figure 10(a) presents the obtained results without MTM, while
Figure 10(b) displays the results with MTM. Initially, the proposed antenna exhibited a directivity of 3.69
dB. However, after incorporating MTM. The directivity increased to 5.10 dB marking a substantial
improvement of 38.21%. This enhancement is primarily due to the MTM capacity to eliminate undesirable
back radiation, thereby directing more energy forward. This focused radiation results in a more efficient
antenna, making it highly beneficial for many biomedical applications requiring strong and clear signals.
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Figure 10. Directivity of our proposed antenna (a) without MTM and (b) with MTM
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Table 3 summarizes the obtained results and provides a comprehensive comparison of the antenna
performance with and without the integration of MTM in terms of several key parameters, including return
loss, bandwidth, VSWR, gain, and directivity. By presenting these metrics side by side, the table provides a
detailed and clear picture of how MTM integration leads to a more efficient and effective antenna design.

Table 3. Antenna performance comparison with and without MTM
S1(dB)  Bandwidth (GHz) VSWR  Gain (dB)  Directivity (dB)
Without MTM  -18.06 150 1.22 1.72 3.69
With MTM _ -52.50 200 1.004 3.49 5.10

Table 4 presents a detailed comparison of our proposed antenna with several antennas reported in
the literature. This comparison includes critical parameters such as size, operating frequency, Si11, VSWR,
and gain. Highlighting the superior performance of our proposed THz patch antenna. Our design, compared
to [30], which has a much larger size of 1800x1800 um? and an Sy; of -43.60 dB, our antenna is significantly
smaller while maintaining excellent impedance matching. Zubair et al. [31] operates at 3.65 THz with a size
of 100x100 um?, an Si; of -29.00 dB, and a gain of 5.01 dB. While it shows a higher gain, our design
achieves much better Si4, indicating superior impedance matching. In comparison to [32], which operates at
3.62 THz with a very compact size of 30x20 pm? and an Sy; of -12.25 dB, our antenna offers significantly
better impedance matching and a more favorable VSWR (1.004 vs. 1.646). Khaalel et al. [33] has an Si; of -
63.69 dB, but its gain is only 1.37 dB, much lower than the 3.49 dB achieved by our design.

Table 4. Comparison of our proposed work with previous works

Ref. Size (UM?) Frequency (THz) S;1(dB)  VSWR  Gain (dB)

[30] 1,800x1,800 35 -43.60 1.013 -

[31] 100x100 3.65 -29.00 - 5.01

[32] 30x20 3.62 -12.25 1.646 -

[33] 120x95 35 -63.69 1.003 1.37
[This work] 69x54 3.56 -52.50 1.004 3.49

5. CONCLUSION

In this work, we have demonstrated the significant performance enhancements of a THz patch
antenna through the strategic integration of MTM. By incorporating a 6x5 element MTM structure beneath a
rectangular slotted patch antenna with a partial ground structure (DGS), operating at 3.56 THz, we achieved
notable improvements in key antenna parameters. The MTM integration markedly improves impedance
matching, resulting in a substantial reduction of the reflection coefficient from -18.06 dB to -52.50 dB.
Additionally, the antenna gain increased from 1.72 dB to 3.49 dB, and its directivity enhanced from 3.69 dB
to 5.10 dB. These advancements validate the effectiveness of integrating MTM in addressing the intrinsic
limitations of THz patch antennas, especially in improving radiation pattern efficiency, gain, and bandwidth.
In the biomedical field, such improvements have the potential to transform imaging and sensing technologies,
enabling more precise and non-invasive diagnostic techniques that could significantly aid in early disease
detection and monitoring. Overall, this research establishes a foundation for future technological progress
and provides practical benefits that could enhance both 6G communication systems and medical diagnostics.
However, it is important also to acknowledge the limitations in the development of THz MTM and patch
antenna. Fabrication precision at THz frequencies is challenging due to the small wavelength, requiring
advanced techniques like electron-beam lithography, which are expensive and time consuming. Additionally,
the materials used at these frequencies often exhibit higher losses, impacting overall efficiency.
These limitations highlight the need for ongoing research and innovation to fully realize the potential of THz
MTM and antennas. For further experiments with the proposed antenna, specific absorption rate (SAR)
calculations can be performed to evaluate its safety and effectiveness, particularly in biomedical applications.
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