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Abstract
THz antenna with wide bandwidth and high Q-factor is interesting for various application including 6G
application and THz sensing and controlling the surface current of the antenna is known as a technique
for bandwidth enhancement. The slot antenna with metasurface is a good candidate for this aim. In this
research, we have suggested a multilayer slot antenna with metamaterial load to provide wide bandwidth
which covers the 0.38 to 0.57 THz with bandwidth of 40%. The metamaterial loads make various paths
for the current on the surface of the antenna that makes possible achieving the wider bandwidth. The
proposed antenna has gain of 4 dBi. To achieve higher bandwidth the dielectric silicon (Si) load is placed
over the metasurface. The result shows that the height and form of the Si element can impact the
bandwidth of the antenna. To modify the results of the antenna, the shape, height and width of the
dielectric load over the antenna is examined. The antenna bandwidth is enhanced more than 100% and it
covers 0.371 to 0.616 THz with 49% bandwidth. The proposed antenna is simulated with full wave time
domain technique of FIT (finite integrated technique).

I. Introduction
Terahertz electromagnetic waves, with frequencies ranging from 0.1 to 10 THz and wavelengths
spanning 0.03 to 3 mm, have garnered significant interest for their diverse applications [1]. The IEEE
standard defines the THz wave within the 0.3–10 THz range [2]. Leveraging the unique properties of THz
waves, various benefits have emerged: (1) Low Damage Potential: The energy of a single photon in the
THz range is significantly lower than that of X-rays, making it safer for use in biomedical fields [3]. For
instance, THz waves show promise in early skin cancer detection without causing harm to living
organisms [4]. (2) High Spectral Resolution and Analysis: THz radiation's spectrum analysis is crucial for
detecting hazardous substances like viruses, explosives, firearms, and chemicals [5, 6]. Its high spectral
resolution enables precise identification and characterization of such materials [7]. (3) Penetration of
Non-Metallic Materials: THz waves can penetrate certain non-metallic or non-polar materials due to their
short wavelengths [8]. This capability allows for the scanning and imaging of otherwise opaque objects,
resulting in higher definition images [9]. Consequently, THz waves find wide-ranging applications in
sensing and security, including full-body scanners at airports [10]. (4) Expanded Bandwidth: As current
spectrum resources face serious scarcity, antennas are being designed for higher frequency bands [11].
The THz band offers higher bandwidth potential, making active antennas in the THz range a preferred
choice over traditional antennas [12]. This increased bandwidth facilitates faster data transmission and
improved wireless communication systems [13].

Furthermore, the potential of THz waves extends beyond the mentioned applications. THz spectroscopy
finds use in identifying molecular structures and interactions [14], benefiting fields such as chemistry and
biology [15]. In satellite communication, THz technology has been considered for the satellite
communication like the 6G services [16]. Researchers continue to explore novel applications, making THz
technology an exciting and rapidly advancing area of research such as 6G application for high speed
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communication [17]. As technology evolves and challenges are overcome, the widespread adoption of
THz waves is expected to revolutionize various industries and scientific domains [18].

Terahertz (THz) antennas are vital devices for transmitting and receiving THz electromagnetic waves in
emerging THz systems, offering small size, wide bandwidth, and high data rates [19 ,20]. However, their
effectiveness is hindered by relatively high losses and challenges in fabrication accuracy due to their
small size in the high-frequency THz bands. Nevertheless, researchers have made significant progress in
overcoming these weaknesses and have developed various types of antennas over the past decade [21].
Recent research has focused on advancements in THz photoconductive antennas [22], THz horn
antennas [23], THz lens antennas [24], THz microstrip antennas [25], and THz on-chip antennas [26].

In addition, Metamaterials, artificial structures with unique electromagnetic properties, have found
extensive use across various spectra, including microwave [27], THz [28], and optic [29]. These materials
possess negative permittivity and permeability, exhibiting a left-hand characteristic [30]. In the microwave
range, metamaterials have been applied in diverse applications, such as filter design [31], CRLH circuits
[32], gain enhancement [33], and polarization variation [34]. In the THz and optical spectrum, they have
been harnessed as metasurfaces for chiral applications [35] and medical sensing, particularly in cancer
detection [36].

Moreover, the dielectric resonator antenna (DRA) is known as a type of antenna that utilizes a dielectric
material with a high permittivity to resonate at specific frequencies [37]. The dielectric material is typically
shaped as a cylinder or other geometrical structures, which supports resonant modes, depending on its
dimensions and permittivity [38]. When excited with an electromagnetic wave, the DRA stores energy in
the form of electromagnetic fields within the dielectric material, causing it to resonate at its natural
frequencies [39]. DRAs are commonly used in wireless communication systems, satellite
communications, and other applications where compact size and high efficiency are essential [40].

In this research, we propose a novel multilayer slot antenna with a metamaterial load to achieve a wide
bandwidth spanning the range of 0.35 to 0.58 THz. By incorporating metamaterial loads, we create
various paths for the surface current, enabling the antenna to achieve the desired bandwidth
enhancement. To further enhance the bandwidth, a dielectric silicon (Si) load is strategically placed over
the metasurface. Through comprehensive simulations using the finite integrated technique (FIT) in the
full-wave time domain, we investigate the impact of the height and form of the Si element on the
antenna's bandwidth. The results reveal that the proposed modifications lead to a remarkable increase in
bandwidth, surpassing 100%, and now covering an extended frequency range from 0.3 to 0.8 THz. our
research contributes to the development of THz antennas with wide bandwidth and improved
performance, making them suitable for various advanced applications, such as high-speed
communication and high-resolution THz sensing. The simulation results validate the efficacy of our
proposed design and underscore the potential of metamaterial-based techniques in achieving enhanced
antenna performance for THz applications.
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II. The antenna design and background theory
Slot Antenna theory

The cut off frequency for the microstrip slot antenna can be determined by the dimension of the slot and
the permittivity of the substrate. Here, “c” is the speed of the light, “d” is the diameter of the slot and “εr” is
the dielectric’s permittivity [41].

1
Based on the Eq. 1, the dimension of the aperture can be determined for the 0.5 THz, the dimension of the
aperture should be around 200 µm and as a two layer structure it is assumed 180 µm for the proposed
antenna.

ii.  Antenna designing

Figure 1 The geometry of the proposed antenna with metasurface layer and all dimensions of the
antennas are : L = 300µm, L1 = 50µm, L2 = 90µm, L3 = 180µm, L4 = 50µm

In the Fig. 2, three steps of design of the proposed antenna are presented. In the First step, a microstrip
THZ antenna based on coupled with multilayer formation. For the first step (Step 1) and the metasurface
is added in the 2nd step with the 4 rectangular element on each corner (Step 2) and finally the gaps as
shown in Fig. 2 (c) is implemented to provide wide bandwidth as the 3rd step (Step 3).
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Figure 2 Three steps of design the proposed antenna for THz application (a) 1st step of design as
simple slot antenna (b) 2nd step by adding the metasurface (c) The 3rd step by implementing the
gaps

iii. Predicable fabrication process

In the field of micro-fabrication, processes are carried out with the help of which miniature structures and
devices with micro and nano dimensions are produced. This important technology is used in many
industries such as electronics, optics, biotechnology, sensors, nanotechnology and solar cells. There are
various methods for micro-fabrication, but one of the most important and widely used techniques is the
so-called "production of silicon on insulator" or SOI (Silicon on Insulator). In this method, a thin layer of
silicon as an active material is placed on an insulating layer. This technology is very useful for
manufacturing integrated circuits, sensors, nano machines and other precision structures [42–43].

Micro-fabrication processes generally include the following steps:

1. Lithography (optical printing): This step involves covering a thin layer of light-sensitive material on
the surface of the solution. Then a desired pattern is created on this layer so that the areas that are
sensitive to minerals and semiconductors remain open.‌‌

2. Etching: In this step, using etching techniques, the unwanted parts of the thin layer are removed from
the surface.

3.  Deposition: New layers of material are added to the surface. These materials can be
semiconductors, minerals, insulators or metals.

4. Doping: This step involves adding specific ions to the surface to create semiconducting properties in
the micro-fabricated piece.

5. Annealing: At the end of the process, the produced structure is stabilized by performing steps of heat.

Micro-fabrication technology is structurally very complex and provides the ability to produce components
with high precision, which is of great importance, especially in the fields of innovation and future
technologies. This technology has important applications, especially in the industries related to
electronics and communication, and causes significant improvements in these fields.‌‌

On the other hand in micro-fabrication, the bonding process is an important step that allows two parts to
be connected together permanently including making multilayer structure and dielectric resonator
antenna in the THz spectrum . This process strengthens the connection of the parts by creating a
molecular connection between them, and allows the parts to be integrated and work better. Depending on
the needs and materials used, the bonding process can be done by thermal bonding, adhesive bonding, or
pressure bonding [44-45].

The bonding process in micro-fabrication generally includes the following steps:‌‌
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1. Surface preparation: First, the surface of the parts to be bonded must be prepared. This includes
cleaning the surface, removing pollutants and contamination, as well as arranging it in the desired
shape and dimensions.

2. Selection of materials: The materials used for bonding must be suitable for the type of parts and
final applications. Some types of materials used include adhesives, thermal adhesives, bonding films
and various alloys.

3. Performing the bonding process: In this step, the parts are glued together and the connection process
is done. If thermal bonding is used, the parts are brought together and then a connection is made
between them using heat and pressure. In bonding, the appropriate glue is placed between two parts
and a permanent connection is created by heat and pressure.

4. After bonding: After the bonding process is completed, the parts are well stabilized and can function
as a complete unit. From now on, the joints resulting from bonding must support quality checks and
components that can change depending on the application of the parts.

The bonding process in micro-fabrication creates tight and precise connections between parts, which is
of great importance for nano and micro applications. This process illuminates the possibility of
manufacturing and producing complex components and structures in miniature and nano dimensions
and plays a key role in the progress of various industries including electronics and nanotechnology.‌‌

III. Discussions and Results of the antenna
The return loss of the three design steps was compared, and the results are illustrated in Fig. 3. The
analysis demonstrates that the basic antenna exhibits a lower bandwidth, spanning from 0.35 to 0.45
THz, with a reflection value of -14 dB. Upon adding the metamaterial load in the second antenna, a
noticeable impact on the return loss frequency and reflection value is observed. In this configuration, the
antenna shows a dual band response at 0.55 and 0.7 THz, achieving a minimum reflection value of -31
dB. While the dual band response may be of interest in certain studies, it can potentially pose challenges,
such as noise, in radar and satellite communication applications. The use of additional filters becomes
necessary to mitigate these issues, albeit at an increased cost to the system. Consequently, combining a
filter with the antenna proves to be advantageous. In the third step of the design, by introducing gaps in
the outer ring of the metamaterial, the second resonance is effectively suppressed. As a result, the
antenna exhibits a single resonance with a significantly wider bandwidth, spanning from 0.4 to 0.55 THz,
and achieves a minimum reflection of -32 dB. This third configuration strikes a balance between
improved performance and reduced complexity, making it a promising solution for various applications.

The antenna patterns for the three design steps are presented in Fig. 4, and their gains are compared at
their respective resonances. The first antenna's gain and 2D pattern are displayed in Fig. 4(a) for 0.42
THz, with an antenna gain of approximately 4.02 dB and an impressive total efficiency of 99%. Moving
on to the second antenna, Fig. 4(b) illustrates its gain of 4.52 dB at 0.56 THz, while maintaining a total
efficiency of 94%. Finally, Fig. 4(c) depicts the third antenna's gain, which is 3.99 dB at 0.50 THz,
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accompanied by a total efficiency of 95%. Notably, all the antenna radiation patterns exhibit a bi-
directional pattern at theta = 0º and 180º, offering consistent and reliable coverage in multiple directions.
The achieved gains and efficiency values demonstrate the effectiveness and performance of each design
step.

The surface current distributions of the proposed antenna for the three design steps are illustrated in Fig.
5. In Fig. 5(a), the current distribution of the antenna in the first step is depicted, showing that the
maximum current is concentrated along the feed line and at the edges of the rectangular aperture. As we
progress to the 2nd and 3rd steps, as shown in Fig. 5(b) and Fig. 5(c) respectively, the maximum current
now occurs on the split ring element.

Furthermore, it is observed that the maximum current of the antenna has undergone a significant
increase in the 2nd and 3rd steps. Specifically, for the third antenna, the maximum current has risen from
2812 A/m to 3803 A/m, demonstrating the enhancement achieved through the optimization process in
these design steps. The current distributions in the three steps provide valuable insights into the behavior
of the antenna and the effect of metamaterial loading. The localization of the maximum current on the
split ring element in the latter steps indicates the importance of this structure in achieving improved
performance.

IV. Dielectric antenna design
To design the DRA (Dielectric Resonator Antenna), a dielectric element made of Si material is introduced
above the aperture. As mentioned earlier, various parameters, including the height, shape, and width of
the dielectric load element, can significantly impact the antenna's performance. In Fig. 6, the dielectric
load is assumed to have a cylindrical shape with a rectangular cross-section, and two different
parameters, the width and height of the dielectric, are investigated.

Figure 6(a) presents the examination of the width of the dielectric with values of 100, 140, and 180 µm.
As depicted, increasing the width can lead to the creation of a multiband structure. For example, when the
width is set to 180 µm, the antenna exhibits resonances at 0.25, 0.29, 0.32, and 0.6 THz. This shows the
potential of achieving multiple resonance frequencies by appropriately adjusting the width of the
dielectric element.

On the other hand, the height of the dielectric is studied as the second parameter, while maintaining the
width (Wd) at 100 µm. The results are presented in Fig. 6(b) for rectangular dielectric elements with
heights of 20, 30, and 40 µm. Surprisingly, the height of the dielectric does not appear to have any
significant effect on the bandwidth of the antenna. This finding suggests that the antenna's bandwidth
can be maintained or adjusted independently of the height parameter.

The shape of the dielectric element is another crucial parameter that significantly influences the
performance of the antenna. In this investigation, three different shapes of rectangular, cylindrical, and
cross elements are examined for the dielectric load, as depicted in Fig. 7(a). The width (Wd) is set at 100
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µm for all shapes. For the cylindrical shape, a diameter of 100 µm is selected, and this value is used for
the main arm of the elliptical in the cross element. Figure 7(b) presents the comparison of the three
shapes in terms of their bandwidth and resonance characteristics. The cross elliptical element
demonstrates the widest bandwidth, covering a range from 0.371 to 0.616 THz, with a bandwidth of 49%
at 0.50 THz. In addition to its wide bandwidth, the cross element effectively removes higher harmonics
and resonances present in the proposed antenna's frequency spectrum. The rectangular shape shows a
multiband response with resonances at 0.35 THz (covering 0.316 to 0.381 THz), 0.46 THz, and 0.61 THz.
Meanwhile, the cylindrical shape also exhibits a multiband characteristic, with the first resonance
covering a range from 0.335 to 0.4755 THz. In brief, the investigation of different dielectric element
shapes reveals that the cross elliptical element provides the widest bandwidth and effectively suppresses
higher harmonics and resonances in the studied frequency spectrum. The selection of the appropriate
shape is crucial for achieving desired bandwidth and resonance characteristics in the DRA antenna.

The electric field distribution inside of the dielectric is presented in Fig. 8 for two different planes of the X-
Z and Y-Z. The dielectric load makes hybrid mode of HEM [46].

The 2D pattern of the antenna with dielectric load for 0.55 THz is presented in Fig. 9. The antenna gain is
increased up to 4.45 dB or in other words, it shows 0.5 dB enhancement in comparison the antenna
without dielectric load. In the antenna without the dielectric load, the front to back ratio is 0 dB but for the
antenna with load it is increased up to 1.2 dB. 

The last factor is the permittivity of the dielectric and here the return loss is examined for Ro-5880 with
permittivity of 2.2, Pyrex with permittivity of 4.85 and silicon with permittivity of 11.9 and all these
material are assumed as a lossless material (loss tangent of zero). As shown in Fig. 10, the higher
permittivity of the silicon provides wider bandwidth in comparison with Ro-5880 and Pyrex.

V. Conclusion
The current study was focused on slot antenna for the THz spectrum with high efficiency. To enhance the
antenna bandwidth the metasurface is placed over the slot which enhances the antenna bandwidth up to
40% and finally the dielectric load is added to it which increased the bandwidth of the antenna up to 49%.
The load shape is investigated and the results prove that the elliptical cross element has better
performance in comparison the rectangular and cylindrical element. Although the gain of antenna for the
antenna with cross element increases only about of 0.5 dB, the front to back ratio for in comparison the
antenna without load increase about 1.2 dB.
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Figures

Figure 1

The geometry of the proposed antenna with metasurface layer and all dimensions of the antennas are : L
= 300μm, L1 = 50μm, L2 = 90μm, L3 = 180μm, L4 = 50μm

Figure 2
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Three steps of design the proposed antenna for THz application (a) 1st step of design as simple slot
antenna  (b) 2nd step by adding the metasurface  (c) The 3rd step by implementing the gaps

Figure 3

The antenna return loss for three steps of design
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Figure 4

The antenna pattern for three steps (a) For the step 1 at 0.42 THz (b) For the step 2  at 0.56 THz (c) For
the step 3 at 0.5 THz
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Figure 5

The surface current of 3 steps of the antenna designing and study the effect of the metasurface element.
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Figure 6

The return loss of the antenna with rectangular dielectric (a) Placing the rectangular dielectric over the
aperture and checking of  the Wd for 100 ,140 and 180 μm with the height of 20 μm (b) Study the effect of
the height of the dielectric load with Wd = 100 μm.
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Figure 7

The various shapes of the dielectric load for the DRA (b) The return loss of the antenna for various shape
of dielectric load
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Figure 8

The electric field distribution inside of the dielectric (a) cutting in the Y-Z plane (b) cutting in the X-Z plane
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Figure 9

The radiation pattern of the antenna with dielectric load at 0.55 THz

Figure 10
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the material effect on return loss of the antenna investigated for Ro-5880, Pyrex and Silicon


