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Abstract: For future healthcare in the terahertz (THz) band, a triple-band
microstrip planar antenna integrated with metamaterial (MTM) based on a
polyimide substrate is presented. The frequencies of operation are 500, 600,
and 880 GHz. The triple-band capability is accomplished by etching meta-
material on the patch without affecting the overall antenna size. Instead of a
partial ground plane, a full ground plane is used as a buffer to shield the body
from back radiation emitted by the antenna. The overall dimension of the
proposed antenna is 484 x 484 um?. The antenna’s performance is investigated
based on different crucial factors, and excellent results are demonstrated. The
gain for the frequencies 500, 600, 880 GHz is 6.41, 6.77, 10.1 dB, respectively
while the efficiency for the same frequencies is 90%, 95%, 96%, respectively.
Further research has been conducted by mounting the presented antenna on
a single phantom layer with varying dielectric constants. The results show
that the design works equally well with and without the phantom model, in
contrast to a partially ground antenna, whose performance is influenced by
the presence of the phantom model. As a result, the presented antenna could
be helpful for future healthcare applications in the THz band.
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1 Introduction

Terahertz (THz) technology has recently caught the interest of academicians, scientists, and
researchers due to its numerous applications in communication, circular dichroism (CD) spectroscopy,
radio astronomy, vehicular radar, explosive detection, planetary, health monitoring, sensing, imaging,
and security, among others [1-3]. THzis defined by the International Telecommunication Union (ITU)
as being in the range of 0.1-10 THz, which lies between millimeter-wave and infrared bands [4-6].
The main reason for this investigation is the THz band’s main advantages, which include but are not
limited to high data rate, high confidentiality, low loss, low probability of interference, compact size,
high smoke dust penetrability, lower power requirements, and high resolution [7-9]. This investigation
has resulted in efforts to integrate THz technology into wireless communication systems. Various
antenna designs have been investigated to incorporate THz technology into wireless communication
systems [1—13]. Among the antenna designs studied, microstrip planar antennas were discovered to be
a very suitable candidate when compared to other designs with complex or three-dimensional designs
[11,14-16]. This is due to the fact that it includes features such as high compatibility with the
built-in THz system [11,14-16]. The low gain, signal frequency band, and narrow bandwidth of
microstrip planar antenna designs limit their use. Introducing metamaterials (MTMs) is one approach
to overcoming these issues.

In today’s communications world, antennas that operate at multiple frequencies play an important
role in meeting the ever-changing needs of miniaturized communications equipment. Most commu-
nication devices on the market have the smallest space for integrating antennas. To provide enhanced
and multifunctional performance, they require antennas to operate on multiple operating frequency
bands based on their applications [17,18]. The pre-specified requirements resulted in developing a
single antenna capable of operating in multiple frequency bands simultaneously. Cost-effectiveness
and size are the important benefits of multi-band antennas, which are attained with the help of
microstrip patch antennas. The conventional single-band antenna can increase the number of antenna
elements in multi-band wireless communication systems. Hence, it cannot meet the needs of modern
communications. For this reason, multi-band antennas are introduced and rapidly become a research
hot spot. Several methods have been described at low frequencies to obtain multi-band antenna, such
as parasitic elements, stacked patch, microstrip feed line, different slots cut in a patch, defected ground
structure (DGS), and fractal structures [17,18].

Concerning the above multi-band antenna realizing approaches, MTMs have attracted the
attention of scientists, academicians, and researchers due to their unusual electromagnetic properties.
MTMs are any material designed to have characteristics not possessed by natural materials and are
produced artificially. They are commonly arranged in a repetitive pattern, the scale of which is smaller
than the wavelength of the phenomenon they affect. Their arrangement, direction, size, geometry,
and precise shape, give them the intelligent characteristics of manipulating electromagnetic waves:
by bending waves, enhancing, absorbing, or blocking to attain advantages beyond the possibilities
of traditional materials. They also can exhibit negative permeability along with negative permittivity
[19-22]. These features enable researchers and scientist to explore MTMs in several applications at the
THz regime such as absorber [23], sensor [19,24], biosensor [25,26], biomedical sensing [27], filter [2£],
resonator [21], reflector [9,29], health monitoring [30,31]. MTMs have also been reported to improve
the antennas performance [3,22,32-35].
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In this paper, a triple-band microstrip planar antenna integrated with metamaterial (MTM)
is presented. The operating frequencies are 500, 600, and 880 GHz. By etching the MTM on the
microstrip planar antenna, a triple-band antenna is achieved due to the MTM features that are not
available in nature. The triple bands are wider than the bandwidths of single microstrip planar antenna.
The design is simple that can be easily fabricated. The antenna has a size of 484 x 484 x 25 um®. To
the best of the author’s knowledge, only single band microstrip planar antenna at THz frequency
spectrum is available yet. Furthermore, the presented antenna integrated with MTM achieves stable
performance such as efficiency, gain, and radiation pattern over the triple frequency bands. It also
studied while loaded on a single phantom model and shows performance equal to the case without
the phantom model.

2 Antenna Design

The presented microstrip planar antenna is developed on a polyimide substrate with permittivity
of 3.4 and a thickness of 25 um. This substrate was chosen because it has better broadband perfor-
mance, radiation efficiency, and gain than other substrates [11]. On the other side of the substrate,
a full ground plane was selected for better radiation, efficiency, and gain performance. In addition,
the full ground plane is preferred in antenna designs that tend to be used in healthcare applications
[36]. Besides, it isolates the antenna from the body and reduces the impact on the performance of the
antenna when the user places it on the human body. The microstrip planar antenna was excited by
50 € microstrip line. The ground plane, radiating patch, and feedline were constructed from graphene
material. The graphene has an ohmic surface of 0.3 and a thickness of 0.1 um. The optimized presented
microstrip planar antenna has an overall size of 484 x 484 um?. The initial stage of the developed
microstrip planar antenna starts based on a rectangular patch with a size of 318 x 236 um?, as depicted
in Fig. 1.
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Figure 1: Conventional rectangular antenna in CST (a) front view, (b) back view

The performance of the final optimized microstrip planar antenna model was studied using CST
Microwave Studio based on the Time Domain. The result revealed that the antenna is operating at
479 GHz, and it has a reflection coefficient of less than —26 dB. The reflection coefficient is plotted in
Fig. 2. The result shows that the conventional rectangular microstrip antenna operates only on a single
frequency band. However, the single band antenna is not suitable for applications running on multiple
frequency bands because developers need to use multiple antennas to meet the requirement of these
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applications. Therefore, this article introduces a triple-band antenna that operates in the THz bands,
complying with the systems requiring triple operating frequencies. The triple bands were obtained
without modifying the antenna size. It is achieved by using the advantages of the MTM characteristics.
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Figure 2: S, of conventional rectangular microstrip antenna

3 Metamaterial Unit Cell Design

The MTM unit cell is built on the same substrate and the same conducting materials as the
antenna. It consists of a square patch shaped and circular slot. The unit cell has a dimension
of 140 x 140 x 25 um®. The numerical simulation of the unit cell was performed using the finite
integration technique (FIT) in CST Microwave Studio based on a frequency-domain solver. The
presented MTM structure is situated between two waveguide ports along the +z-axis. Boundary
conditions are applied with a perfect magnetic conductor (PMC) and a perfect electric conductor

(PEC) along the x-axis and y-axis, respectively, to characterize the effective MTM parameters as
depicted in Fig. 3.
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Figure 3: (a) 3D perspective setup of the MTM unit cell in CST microwave studio, (b) front view
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As shown in Fig. 4, the simulated S-parameters of the MTM unit cell, such as transmission coef-
ficient and reflection coefficient, are investigated. The unit cell has a stopband frequency resonating
at 566 GHz, according to the results. The stopband below —10dB covers the frequency band from
502 to 616 GHz. S-parameters were used to calculate the design characteristics such as permeability,
permittivity, and refractive index (n). The Robust Retrieval Method based on MATLAB software [37]
and the built-in CST post-processing technique [38] used to calculate the unique characteristics. The
effective parameters were calculated using Eq. (1) through (4).

1 inkgd\1"1 __ inkgd N\
n= ko—d{[[ln(e 1= ilin(e™)]} (1)
_ \/(1 + Su)z - Sgl 2)
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e =1 (3)
z
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1_;%’ ("), represents the imaginary part, and ()

where the logarithmic part of Eq. (2), (&™) =

represents the real component. The highest width of the unit cell is denoted by d and k, represent wave
number.
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Figure 4: Transmission and reflection coefficients of the presented MTM unit cell

The extraction of results based on the MATLAB software and built-in CST post-processing
technique is compared. It realized that both gave similar results. Therefore, the extracted result in
this paper is based on the built-in CST post-processing technique due to its friendly use and less time-
consuming. The results of the real and imaginary parts of effective parameters are plotted in Fig. 5.
The results reveal that the real value of permittivity and refractive index have negative values at the
frequency band range from 526 to 775 GHz, and 567 to 727 GHz, respectively. Furthermore, the real
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permeability shows a positive value. This type of MTM can be graded as single negatives (SNG) left-
handed (LLH), which is classified as an epsilon negative (ENG) MTM. These feature does not exist in
nature, but it is based on the engineered design.

Epsilon_r [Real/Imaginary Part] Mue_r [RealfImaginary Part]

15 0.7
[ ] i L : 06 t : H : i
10 “ w— Epsilon_r (Re) 0.5 : | s Mue_r (Re) [

=
'S

w

i |== Epsilon ram)f == Mue_r (Im)

o
w

oL
HN

Permittivity
Permeability
o

L=}

- : :
T - -

-10 1-- 0.1
0.2
-15 + + + + + ' 0.3 + + + . . :
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
Frequency(GHz) Frequency(GHz)
(a) o
" n [RealfImaginary Part] . z [RealfImaginary Part]
: : | | ; i i ] i
w 25 et
- T — i,
= A g
L 15 pd i
B : PN S
& g E
& 0.5 : LB =
] i d
[
-0.5 + + t + ] . .
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
Frequency(GHz) Frequency(GHz)
(©) 1))

Figure 5: Effective medium parameters of the MTM unit cell and (a) permittivity, (b) permeability, (c)
refractive index, and (d) impedance

Parametric studies were carried out to study the impact of width, outer and inner on the
characteristics of the MTM unit cell, such as the real permittivity and refractive index at the THz
band. The width of the patch was changed from 55 to 65 um with an increment step of 5 um, whereas
other parameters were kept unchanged as in Fig. 3. The real permittivity and refractive index with
different patch widths are plotted in Fig. 6. It is easily observed that when the width is increased, real
permittivity and refractive index decrease progressively. The observation shows that the relationship
between the width and the characteristics of the MTM is inversely proportional. Furthermore, the
outer of the circular slot was varied from 45 to 55 pm while the inner was varied from 35 to 45 um,
whereas, other parametric kept unchanged as in Fig. 3. The results are illustrated in Fig. 7. It can be
seen that the variation of the outer and inner have the same influence as that of the patch width is
attained.
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Figure 6: Study the effects of varying the width on the (a) permittivity and, (b) refractive index
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Figure 7: Study the effects of varying the outer and inner on the (a) permittivity and, (b) refractive
index

4 Metamaterial Antenna

Triple-band antenna is preferred over a single band antenna for applications requiring more than
one band due to its cost-effectiveness, reliability, and miniaturization. Furthermore, a triple-band
antenna has a much smaller footprint than three separate antennas at the required frequencies to
meet the application demands.

MTMs have been used to improve antenna performance in several THz band antenna designs. The
proposed MTM demonstrated that the integration with the antenna could create a triple band without
modifying the antenna dimensions. This is because its epsilon negative (ENG) cannot be found in
nature. It is discovered, however, based on shape, geometry, dimension, orientation, and arrangement.
Electromagnetic waves can cause them to react differently. The MTM structure is etched on the top of
the antenna, as shown in Fig. 8. The reflection coefficient, S11 of the antenna after etching MTM is
plotted in Fig. 9. With the addition of the MTM, the planar antenna exhibits triple frequency bands.
The operating frequencies are 500, 600, and 880 GHz, respectively, with reflection coefficients of —23,
—47, and —32 dB. Furthermore, triple frequency bands of 488 to 510 GHz, 586 to 615 GHz, and 856
to 942 GHz are realized.
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Figure 8: Integrate antenna with MTM (a) front view, (b) back view
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Figure 9: Reflection coefficient of the adding MTM to the antenna

The simulated current distributions on etching the MTM on the radiating patch at 500, 600,
and 880 GHz are depicted in Fig. 10 to examine the triple-band antenna approach better. According
to Fig. 10a, when the integrated antenna with MTM operates at 500 GHz, the current is uniformly
distributed across the patch, and the resonant mode of the lower frequency band is excited. The current
focus is partially on etching the MTM unit cell at 600 GHz, as shown in Fig. 10b, and completely on
etching the MTM unit at 880 GHz, as shown in Fig. 10c. Overall, it is clear that the etching of the
MTM unit on the patch is the main cause of the resonating frequencies at 600 and 880 GHz.
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Figure 10: The simulated surface current distributions of the MTM antenna (a) at 500 GHz; (b) at
600 GHz; (c) at 880 GHz
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The position of the MTM was selected based on a parametric study. Initially, it was placed at
the center of the conventional rectangular patch. Then, it moves along the +x-axis and +y-axis. The
results are plotted in Fig. 11. It can be seen that the best performance was obtained when the unit cell
was moved along the +y-axis. The final optimized unit cell is moved along the +y-axis with 7.5 um.
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Figure 11: Position of the MTM (a) the unit cell moved along —x-axis, (b) the unit cell moved along
+x-axis, (c) the unit cell moved along —y-axis, (d) the unit cell moved along the +y-axis

Figs. 12 and 13 show the simulated radiation pattern of the signal band with the full ground and
triple-band antennas along the E-plane and H-plane, respectively. The E-plane and H-plane of the
single band and triple-band can be seen to be comparable. This is due to the full ground, which reflects
most of the energy from the back to the front. In addition, the gain of both antennas is investigated. At
480 GHz, the single band antenna with the full ground has a gain of 5.95 dB and a radiation efficiency
of 90%. On the other hand, the triple-band antenna gains 6.41 dB at 500 GHz, 6.77 dB at 600 GHz, and
10.1 dB at 880 GHz, while the radiation efficiency is 91%, 95%, and 96%, respectively. The results show
that the MTM not only contributes to creating triple bands but also improves the gain and radiation
efficiency compared to conventional patches.
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Figure 12: Radiation of the antenna without MTM (single band)
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Figure 13: Radiation of the integrated antenna with MTM (a) 500 GHz, (b) 600 GHz, and (c) 880 GHz

5 Healthcare Applications

THz band has become an important technology of the future because of its spatial properties.
It also received more and more attention due to its wide application in the fields of technology and
science, including biology, physics, strong light-matter coupling, non-destructive sensing, and imaging,
information, and communications technology (ICT), and other fields.

THz has appealing medical applications due to its numerous unique features, such as low photon
energy, better contrast for soft tissues, no harmful ionization of biological tissue precise measurements,
limited penetration into the body, and ability to differentiate between different materials or even
isomers [3,34]. These characteristics have caught the interest of researchers working on wireless body
area networks (WBAN) under this regime. WBAN is primarily used for health monitoring and
consists of actuators and sensors placed beneath or on the human skin [39,40]. It can also be used
in entertainment, sports, and other areas. Antennas are a component of the sensor that aid in data
transmission to the terminal location. As a result, the antenna is considered an essential component
of the WBAN.

As the antenna will be deployed on the human chest, therefore, its performance will be hampered
due to the body’s high conductivity. Furthermore, in WBAN, the specific absorption rate (SAR) is an
important parameter to consider. It is the primary determinant of electromagnetic wave absorption
by human tissues.

Several THz antennas have been designed for WBAN, but they are based on partial ground DGS
[4—13], which are not suitable for WBAN applications because the human body influences them.

Furthermore, these designs anticipate high back radiation, which is expected to be hazardous to one’s
health.

As the presented integrated antenna with MTM is for future health care application, the impact
of the tissue on the design is essential to study. The study ensures that the antenna is operating equally,
either in free space or on tissue. It also to see the impact of tissues on the antenna at THz frequencies.
A single layer of tissue is developed to carry out the study with a size of 700 x 700 x 100 um® as
shown in Fig. 14, The permittivity of the tissue was varied with several values 15, 45, 65, and 135.
These values were chosen to consider several scenarios that may have different values of permittivity.
It also ensures that the proposed design can comply even if loaded on tissue with high permittivity.
The presented design is loaded directly on the skin, which is the worst case with a high effect on the
antenna performance compared to when there is a gap between the tissue and the antenna model.
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Fig. 15 illustrates the result of the presented antenna on the single-layer tissue. It can be observed that
the S11 of the antenna loaded on the tissue with different permittivity values has a good agreement
with the S11 of the antenna without tissue. This is due to the presence of the full ground plane that
acts as shielding between the antenna and body.

Polyimide Substrate

Figure 14: Performance of the antenna integrated MTM on a phantom with various permittivity
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Figure 15: Performance of the antenna integrated MTM on a phantom with various permittivity
A signal band antenna with a partial ground is designed to show the usefulness of the presented

antenna integrated with MTM, as shown in Fig. 16. The aim is to show the benefits of using a full
ground plane in antenna design that tends to be used for WBAN applications.
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Figure 16: Microstrip antenna based on partial ground (a) front view, (b) back view
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Fig. 17 depicts the performance of a single partial ground antenna. It demonstrates that the S11
has a large number of harmonics that can interfere with other systems. The result indicates that when
the antenna performance analysis is performed without using a phantom model, the antenna operates
at 540 GHz. When the antenna is loaded onto the phantom model, the antenna performance suffers.
According to theory, adding a high permittivity object to the antenna will cause the antenna to shift
to a lower frequency; thus, the antenna’s operating frequency while loading on the phantom model
could be 420 GHz. This is due to the partial ground plane, which caused the phantom model to act
as a new complex layer of substrate, causing mounting the antenna directly on the body to result in a
dramatic mismatch in antenna performance, as shown in Fig. 17.
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Figure 17: Performance of the partial ground antenna on phantom

Further investigation is being conducted to compare the performance of the presented antenna
with MTM with ground plane and the single band antenna with the partial ground in terms of the
radiation pattern, efficiency, and gain.

Fig. 18 depicts the radiation pattern of a single band antenna with the partial ground and with
and without a phantom Fig. 18a. The results showed that the antenna has high back radiation in the
absence of the phantom model, which is undesirable for on-body applications that may pose health
risks. When the phantom model is used, the back radiation is reduced, indicating that the phantom
observed some amount of power, which is not highly recommended due to health concerns such as
impaired blood circulation and tissue damage. This is due to the human body’s ability to act as an
extension of the ground plane; thus, placing the single band antenna with the partial ground on the
phantom model resulted in significant disparities in the antenna’s results. Furthermore, as shown in
Figs. 18b and 18c, the gain and efficiency of both cases are compared. It is discovered that in the
absence of the phantom model, the gain is 7.3 dB and the efficiency is 92%, whereas, in the presence of
the phantom, the gain and efficiency are 2.65 dB and 38.7%, respectively. This is due to the phantom
model’s high permittivity, which degraded the antenna’s performance.

The antenna’s radiation pattern, on the other hand, is carried out using a MTM with the
full ground plane. The outcomes are depicted in Fig. 19. It can be seen that the radiation pattern
is comparable with and without the phantom model. This indicates that there is no power will
be observed by the body which is demanded for WBAN applications. Furthermore, the gain and
efficiency for the case with and without phantom are calculated, as illustrated in Figs. 20 and 21. The
gain without the phantom model is 6.41, 6.77, and 10.1dB for frequencies 500, 600, and 880 GHz,
respectively, while the efficiency is 90%, 95%, and 96% for the same frequencies.
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Figure 18: Fairfield result of the partial ground antenna (a) radiation pattern on phantom and free
space, (b) gain and efficiency in free space, and (c¢) gain and efficiency on phantom
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Figure 19: Radiation pattern of the antenna with MTM on phantom and free space (a) 500 GHz, (b)
600 GHz, and (c) 880 GHz

Furthermore, the gain and efficiency for the case with a phantom for the frequencies 500, 600,
and 8800 GHz are 5.88, 5.44, and 10.1 dB, respectively, while the efficiency for the same frequencies is
89%, 91%, and 95%. There is a minor difference in the frequencies 500 and 600 GHz results, but it is
not statistically significant. The presented antenna with MTM has significant advantages in terms of
achieving high-level stability results. This is due to the presence of a full ground plane, which acts as a
shield between the antenna and the body.
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Figure 21: Gain and efficiency of the antenna with MTM on phantom (a) 500 GHz, (b) 600 GHz, and

(c) 880 GHz

6 Conclusion

A triple-band microstrip planar antenna integrated with MTM based on a polyimide substrate is
presented in the THz band for future healthcare applications. The design is simple and can be easily
manufactured and integrated for THz systems. The antenna initially operated in a single frequency
band of 480 GHz, while when the MTM was etched on the patch, the antenna achieved a triple-
band of 500, 600, and 880 GHz. The triple-band was achieved without changing the overall size of
the antenna. Parametric studies were carried out to investigate the influence of width, outer and
inner on the characteristics of the MTM such as the real permittivity and refractive index at the THz
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band. A parametric study was also conducted to select the best etching position on the patch. The
performance of the presented antenna was evaluated. The gain for the frequencies 500, 600, 880 GHz
is 6.41, 6.77, 10.1 dB, respectively while the efficiency for the same frequencies is 90%, 95%, 96%,
respectively. Further studies are carried out to evaluate the design performance when loaded on a
single phantom layer. The results show that the design can work equally with and without the use
of the phantom model. In addition, a partially grounded antenna was introduced. The goal is to
demonstrate the utility of the presented antenna integrated with MTM. The placement of the phantom
model impacted the performance of the partial ground antenna. This is because the phantom model
appears as an additional layer with a high dielectric constant to the antenna. As a result, it is not
recommended that partially grounded antennas be used in future healthcare THz band applications.
Unlike the presented antenna, which is based on the full ground and is suitable for future healthcare
applications in the THz band.
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