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ABSTRACT

The demand for high-speed data transmission has increased significantly in the last decades.
Terahertz (THz) frequencies, which lie between 100 GHz to 10 THz, have been considered to
be the solution to the demand. However, the low gain and low efficiency of a THz antenna
remain issues that hinder reasonable performance for various applications. This paper proposes
the design of a high-gain and high-efficiency planar bow-tie antenna for applications using THz
frequencies. A planar bow-tie on a high-resistivity silicon substrate is considered in order to
obtain broadband characteristics. To increase gain and efficiency, a dielectric silicon lens and a
matching layer based on the quarter-wavelength are applied in the design. From simulations
using Computer Simulation Technology (CST) Microwave Studio, gain and radiation efficiency
of up to 32.69 dB and 90.4% are obtained, respectively. This proposed design has shown high
radiation performance suitable for high-speed transmission systems.
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1. INTRODUCTION

The terahertz (THz) wave radiation region, located between the microwave and the infrared
regions, is the transition region between the electronic and photonic domains (Akyildiz et al.,
2014). The THz wave is not applied as widely as the electronic and photonic domains, although
there is potential for this frequency band. The availability of reasonable performance
equipment, especially for THz wave sources and detectors, is one of the main issues of THz
wave system development. As femtosecond lasers and photoconductive antennas have been
available since the 1980s to produce THz waves (Mourou et al., 1981), some areas have begun
to utilize these waves, such as medical science, pharmacology, and security (Siegel, 2002). This
region has also been considered to fulfil the demand for high-speed wireless data transmission
and various communication applications (Hirata et al., 2012). High-speed data transmission
demand has increased significantly in the last decades. Some modifications have been made to
improve data capacity by applying advanced modulation schemes and signal processing. In the
future, a new spectral resource is needed to increase data speed. The large bandwidth of THz
waves can be utilized to obtain higher data rates, even with the legacy data modulation
technique. Therefore, a THz wave carrier frequency is necessary to increase bandwidth and
fulfil requirements (Song & Nagatsuma, 2011).

Despite its advantages of high speed and large bandwidth, THz wave radiation has a significant
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amount of signal loss compared to the microwave frequency band. The atmospheric attenuation
at THz frequencies is too large for long range outdoor wireless communications (ITU-R
Recommendation, 2009). However, this system still can be used as an alternative solution for
future short-range indoor wireless communication, such as WLANs or WPANS, to provide data
rates of ten Gbps and beyond (Song & Nagatsuma, 2011). Theoretically, the issue can be
minimized by providing a sufficient transmitted source power or a high-gain antenna, especially
for outdoor application. The concept of a THz antenna is expected to be an effective method to
produce THz wave radiation, which has already been applied and is mature in the electronic
domain.

Among the various types of antennas, a bow-tie type is often considered as a broad bandwidth
antenna. The bi-conical structure of this type of antenna is easy to design and is affordable
(Kaur & Solanki, 2012). It consists of two triangles facing each other from their apex, with a
specific gap to form a dipole antenna. The performance of the bow-tie antenna depends on its
geometrical parameters, including bow-tie length, apex angle and gap size. In addition, a
flexible bow-tie antenna is expected to be more directional than a conventional dipole antenna
because of its larger radiating area (Durgun et al., 2011).

In a THz system, an antenna can be used by combining optical elements, such as a lens or
mirror, to provide reasonable radiation performance for quasi-optical detectors or radiators
(Hesler et al., 2008). The bow-tie antenna combined with a capacitive bar and a hemispherical
silicon lens has been studied for broadband applications; however, the radiation characteristics
of gain and efficiency should be improved to achieve more reasonable radiation performance
(Wahyudi et al., 2017). A bow-tie photoconductive antenna on GaAs substrate has been studied
for the THz frequency band, and its directivity performance can be improved by using a silicon
lens (Jyothi et al., 2016). Surface wave suppression has been studied by using bow-tie THz
antennas on InP substrate combined with hemisphere and bullet Si lens, which has led to higher
gain and efficiency and also broader bandwidth (Li & Song, 2016). A dipole bow-tie slot
antenna on Si substrate for imaging application at 94 GHz has been studied by using SiO> as an
insulating dielectric material to enhance gain and side lobe level performances (Haraz et al.,
2014).

This paper proposes a high-gain and high-efficiency bow-tie planar antenna design for
applications in the THz frequencies. A planar bow-tie antenna on a high resistivity silicon
substrate is considered in order to obtain broadband characteristics. The bow-tie antenna is
designed to achieve a 1 THz resonant frequency. Its design is then modified by applying a
capacitive bar attached near its apex points to widen the bandwidth (Zhang et al., 2016). To
increase the gain and radiation efficiency, a dielectric silicon lens and a matching layer based
on the quarter-wavelength are applied in the design. The substrate thickness is also
parameterized to obtain the highest gain. The proposed antenna is expected to achieve high gain
and efficiency application in the THz region for both indoor and outdoor applications.
Therefore, we expect to obtain a high-performance THz antenna design which can provide gain,
bandwidth and efficiency of at least 30 dB, 20% and 90%, respectively. The desired gain is
intended to provide a communication link range at least 10 m in a THz communication system
which is largely attenuated by atmospheric loss (Song & Nagatsuma, 2011), and the expected
bandwidth to follow the ultra-wideband (UWB) system, which requires bandwidth at least 20%
from its resonant frequency center. The desired efficiency is based on the performance of the
antireflection coating technique, which can reduce internal reflection in the lens antenna and
thus increase the radiation efficiency. Design and simulation are performed with Computer
Simulation Technology (CST) Microwave Studio software. This simulator is one of the most
well-known electromagnetic (EM) softwares and is widely used by many researchers in the
field of electromagnetics. The THz antenna needs to be fabricated in the micro- or nanometer
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scale due to its wavelength. Due to fabrication difficulties and limited THz measurement tools,
we consider simulation results and theoretical study to analyze the research. Designs using this
software have been made by many researchers and validated by measurement in the microwave
research area. Therefore, we can rely on the simulation results to analyze our proposed design.

2. ANTENNA DESIGN

2.1. Planar Bow-tie Antenna

Figure 1 illustrates a schematic of the bow-tie antenna. It consists of two identical triangles
separated by a specific gap distance. A discrete port with a 50 Q input impedance is used as the
feeding method, set in the gap. High-resistivity silicon with a relative dielectric constant (e,.) set
to 11.9 was chosen due to its low refractive index dispersion and low absorption, which are
suitable for electromagnetic wave radiations (Ronne et al., 1997). The thickness of the silicon
wafer substrate of 300 um is considered to comply with the availability of Si wafers on the
market. The geometrical parameters of the antenna include antenna length (1), width (w), gap
(9), flare angle (0), bar length (bl), and bar width (bw). The substrate dimensions consist of
length (s) and thickness (h). As the bow-tie antenna performance can be treated as that of a
dipole type antenna, 1 THz resonant frequency can be obtained by simply using half
wavelength-dipole calculation or its periodic length pattern, such as A/2, 3/2 A, 5/2 A, and so on
(Wang & Zhan, 2013). The parameters of the antenna and the substrate are characterized to
obtain a resonant frequency of 1 THz. Table 1 shows the optimum parameters after
characterization for a resonant frequency of 1 THz. The length of the bow-tie antenna (1) is
close to 3/2 X of a 1 THz frequency. At a resonant frequency of 1 THz, the 300 um wavelength
becomes shorter (1 = 1,/+/€,). When the waves propagate in the silicon material (11.9), the
wavelength is about 87 pum. As the planar antenna radiates most of its energy to the substrate
side, it can lead to a surface wave problem on this side (Rebeiz, 1992). Therefore, the substrate
dimension and thickness values are considered in order to deal with the substrate wave.

Figure 1 Schematic of the bow-tie antenna design on a high resistivity silicon substrate

Table 1 Antenna and substrate parameters

Parameter Value
S 6000 um
H 300 pm
L 156.8 um
w 42 um
bw 6 um
bl 30 um
G 10 um

0 30°
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2.2. Silicon Dielectric Lens

An antenna placed on a thick dielectric substrate will radiate most of its energy into the
dielectric side (Rebeiz, 1992). A hemispherical shape is used to minimize the internal reflection
as well as the surface waves, so that radiation efficiency is increased. Figure 2 illustrates a
dielectric lens designed on top of the substrate. To form a hemisphere shape, the lens radius (R)
is set to 3000 um, or half the dimension of the Si substrate (s). The center point of the lens is at
the top of the substrate, or at the point of substrate thickness (h). The lens dielectric constant is
determined to be same as the substrate dielectric constant to avoid a mismatched condition
between the two.
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Figure 2 Schematic of a dielectric lens structure
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3. RESULTS AND DISCUSSION

3.1. Planar Bow-tie Antenna
This section discusses the simulation results of the planar bow-tie antenna shown in Figure 2.
The discussion is conducted for two parameters, i.e. return loss and radiation pattern.

3.1.1. Return loss (S11) parameter

Figure 3 shows the S11 simulation results of the bow-tie antenna. The line is not smooth, which
indicates internal reflections occurring in the substrate. This issue can be solved by adding a
hemispherical lens to provide a radiation vector parallel to the hemispherical surface vector.
The return loss at 1 THz is around —20 dB. The bandwidth, which is determined at the threshold
of —10 dB, is 364.97 GHz. Therefore, the result shows that the antenna’s resonant frequency is
1 THz and has broad bandwidth characteristics, as expected from a conventional bow-tie
antenna design.
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Frequency (THz)
Figure 3 S11 parameter simulation results of the initial bow-tie antenna design
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3.1.2. Radiation pattern

Figure 4 shows the radiation pattern simulation results at 1 THz frequency for planes of (a) ¢ =
0° (E-plane) and (b) ¢ = 90° (H-plane), respectively. The red and green lines represent the gain
levels for all directions and the side lobe level, respectively. Both figures show that the
radiation patterns are not as desired. This issue is related to the internal reflections, which lead
to the radiated power being trapped in the substrate or surface waves. The problem can be
solved by considering infinite substrate thickness or by providing a substrate surface with
normal vectors to all radiation vectors. We consider the latter solution to solve this issue. The
realized gain is —4.631 dB. The radiation efficiency and total efficiency are —13.97 dB (4%) and
—14.01 dB (3.9%), respectively. The radiation pattern seems to be omnidirectional. The main
lobe is directed at —53° (E-plane) and 56° (H-plane), which means that the antenna cannot
radiate the energy directly to the desired direction (0°) from its center point. Although the
angular beam width is narrow at the main lobe, these results indicate that the antenna is not
applicable for implementation in practical use, because most of the power radiated from it is
reflected back into the substrate, while the radiated power to free space is very low.

0

Phi= 0 Phi=180  phi= 90 Phi=270

60 60 60

180 180
Theta / Degree vs. dB Theta / Degree vs. dB
(@) (b)

Figure 4 Radiation patterns of the bow-tie antenna for: (a) ¢ = 0°; and (b) ¢ = 90°
3.2. Bow-tie Antenna Combined with a Dielectric Lens

This section discusses the simulation results of the bow-tie antenna combined with a dielectric
lens, as shown in Figure 2. The discussion relates to two parameters, return loss and radiation
pattern.

3.2.1. Return loss (S11) parameter

Figure 5 shows the S11 simulation results of the bow-tie antenna combined with a silicon
dielectric lens. The resonant frequency of 1 THz remains at around —-20 dB, while the
bandwidth determined at the threshold of —10 dB is 368.76 GHz. The S11 parameter shows that
the antenna is still able to resonate at 1 THz and has broadband characteristics. These results
indicate that the addition of the dielectric lens changes neither resonance nor bandwidth. The
return loss line in Figure 5 is smoother than that in Figure 4, implying that the surface waves
have been successfully minimized by the combination of the bow-tie antenna with the dielectric
lens. The plot of gain for some frequencies shows that the gain fluctuates around 10 dB, and the
highest gain is not at the resonant frequency of 1 THz. We expect the highest gain to be at the
resonant frequency. Therefore, this structure is not yet at the optimum condition. In subsection
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3.3 we investigate the optimum gain by characterizing substrate thickness. This technique is
intended to find a focal position to produce higher directivity.
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Figure 5 S11 Parameter simulations of the bow-tie antenna combined with dielectric lens

3.2.2. Radiation pattern

Figure 6 shows the radiation pattern simulation results of the bow-tie antenna combined with a
dielectric lens at 1 THz for a plane of (a) ¢ = 0° (E-plane) and (b) ¢ =90° (H-plane). The
highest realized gain is 10.18 dB, obtained from the main lobe magnitude of Figure 6a. The
radiation and total efficiency are —1.592 dB (69.3%) and —1.63 dB (68.7%), respectively. The
realized gain and efficiencies were obtained from the 3D farfield simulation results at the
frequency of 1 THz. The results indicate that the dielectric lens has increased the efficiency and
gain performance of the antenna; nevertheless, the main lobe direction and angular width are
not suitable for the antenna to radiate its power with high directivity in a desired direction.
Therefore, an optimization process is necessary to improve the results. In the following steps,
substrate thickness characterization and multilayer antireflection coating were applied to
improve the results.

Phi=180  phi= 90 Phi=270

180 180
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(a) (b)

Figure 6 Radiation pattern of the bow-tie antenna combined with dielectric lens at: (a) ¢ = 0° (E-plane);
and (b) ¢ =90° (H-plane)

3.3. Substrate Thickness Characterization
In this stage, optimization is conducted to further improve the directivity by varying the
substrate thickness. The antenna and dielectric lens geometry are kept constant, as detailed in
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Table 1, and the iteration in thickness is conducted from 300 pum to 1100 pm. The effect of
thickness will be discussed in terms of gain, efficiency and angular beam width.
3.3.1. Gain
Figure 7 shows the gain for different substrate thicknesses. The gain increases for thicknesses
of 300 um to 1000 um and subsequently decreases. The maximum gain of 31.31 dB is obtained
at a thickness of 1000 um and produces a significant gain improvement until 20 dB compared
to the initial thickness. High gain is necessary to mitigate the high attenuation when the
radiation propagates in the atmospheric free space. The results show that the substrate thickness
affects the antenna’s directivity, and the optimum gain can be obtained at a certain thickness.
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Figure 7 Gain versus substrate thickness

3.3.2. Radiation efficiency

Figure 8 shows the radiation efficiency for different substrate thicknesses; a maximum
efficiency of 71.8% is obtained at the substrate thickness of 900 um, but efficiency starts to
drop from a thickness of 1000 um and beyond. From the results, we can conclude that substrate
thickness has a slight effect on the antenna’s efficiency. This condition comes from the
radiation wavefront conforming with the lens surface, where the optimum thickness to pass
through the interface is around 900 pm.
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Figure 8 Radiation efficiency versus substrate thickness

3.3.3. Angular beamwidth

Figure 9 shows the beam width at plane ¢ =90° versus the substrate thickness. The smallest
beam width is 3.1°, obtained at a thickness of 1000 um. The results indicate that the substrate
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thickness causes the radiation pattern to be more directive when the beam width becomes
narrower. The narrow beam width pattern is useful in providing high-resolution imaging when
the antenna is used in THz imaging applications.
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Figure 9 Beamwidth versus substrate thickness

3.4. Antireflection coating implementation

A common problem with lens antennas is that the incident wave is partially reflected back to
the substrate at the lens-air interface, thereby affecting radiation efficiency (van der Vorst et al.,
1999). Studies on canceling internal reflection in a dielectric lens have been performed since
1954 using quarter-wave antireflection coating (Morita & Cohn, 1956). The coating works
according to the principle of phase changing between the reflected waves and depends on the
different refractive indices of the lens and the coating. The phase changing results from ray
propagation through the coating, and because of the different path lengths between subsequent
rays which leave the substrate at different points, based on a far-field observation point. The
coating is theoretically designed using an infinite number of internal reflections. The derivation
of the infinite reflection and transmission coefficients use the model and configuration
described by van Houten & Herben (1994). In this section, an antireflection coating, otherwise
known as a matching layer (ML), is designed using different techniques.

3.4.1. Quarter-wave matching layer

Figure 10 shows the proposed ML structure. The dielectric constant (e,), effective wavelength
(A.) and thickness (d) of the quarter-wave ML are obtained by Equations 1, 2 and 3,
respectively. g, is the dielectric constant of air, which is one. 4, is the wavelength in free space
for the 1 THz frequency, and A, is the effective wavelength of the ML. By using 11.9 as the
silicon dielectric constant (&), the effective dielectric constant (&,) and the layer thickness (d)
are 3.45 and 40.4 um, respectively, as calculated by Equations 1 to 3 (van der Vorst et al.,
1999). The geometry of the antenna and dielectric lens are kept constant, as mentioned in
section 2. The substrate thickness (h) is 1000 um and is obtained from the thickness of the
optimum gain and beam width in section 3.

Eo = +/E. & Q)
Ae = Ao/ (2)
d=2,/4 ®)
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Figure 10 Schematic of the matching layer design
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From the design shown in Figure 10, the radiation efficiency and gain have increased to 83.1%
and 32.31 dB respectively. It is clear that the matching layer has lowered the internal reflection
significantly, but not completely. The efficiency improvement is not as good as that reported by
van der Vorst et al. (1999), because the antenna already has a narrow beam width and good
directivity. In addition, the proposed lens antenna has different angles of incident at every
different surface position. Therefore, the single quarter-wavelength matching layer does not
completely reduce the reflection effect on the lens antenna, because it can only reduce the
internal reflection if the wave vector is parallel to the normal vector. An optimum matching
layer with non-uniform thickness is more preferable, but we do not study this because it is
difficult to design and not practical in real conditions. We consider a cascaded matching layer,
which will be discussed in the following section.

3.4.2. Cascaded matching layer

The concept of the cascaded matching layer is the same as that of the quarter-wave in the
previous subsection, but with multiple-layer implementation. The dielectric constant and
thickness of each layer can still be obtained using Equations 1 to 3, derived into Equation 4.

(n+1)—m/

Em = & (n+1) 4)
&m IS the dielectric constant of every layer in an n-ML design and &, is the dielectric constant of
the substrate material. The effective wavelength and thickness of every layer can be obtained
using the dielectric constant obtained from Equation 4. Theoretically, a higher number of
matching layers corresponds to better performance in terms of radiation characteristics such as
gain and efficiency (Tokan, 2014). In this paper, the effects of 15 matching layers are studied,
to find an ideal number based on their performance. A sample schematic of a ten-layer design
of the cascaded matching layer is shown in Figure 11, which depicts the layers stacked on top
of the dielectric lens. To avoid overlapping layers, an insertion technique is applied in CST. The
thickness of each layer obtained from Equation 4 is distinct, where the higher-level layer is
thicker. Other dimensions of the design are kept constant, as in the previous design. The
complete list of dielectric constants of the cascaded MLs from one ML to 15 MLs is
summarized in Table 2.

As shown in Figure 12, the radiation efficiency shows incremental values from one ML to 15
MLs, with a maximum value of 93.7% at 15 layers. The results show that a higher number of
MLs can reduce more internal reflection, thus increasing the radiation efficiency. The gain
value also shows incremental values from one ML to four MLs, with a maximum value of
32.81 dB, but starts to decrease significantly as the MLs become larger. This shows that four
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MLs is the upper limit for achieving the highest gain. This may be affected by refraction at
every boundary between two dielectrics. More MLs increases the level of refraction.
Eventually, the higher number of cascaded MLs corresponds to a tradeoff between radiation
efficiency and gain, which shows an intersection between radiation efficiency and gain at five
layers as the optimum number of cascaded matching layers, with values of 90.4% and 32.69
dB, respectively.

Figure 11 Cascaded matching layer design

Table 2 Dielectric constant of cascaded matching layer

n-ML\ g, a1 & & &4 &5 £6 &7 &8 &9 £10 &11 £12 £13 £14 £15
1ML 345 - - - - - - - - - - - - - -
2ML 521 228 - - - - - - - - - - - - -
3ML 641 345 186 - - - - - - - - - - - -
4ML 725 442 269 164 - - - - - - - - - - -
5ML 788 521 345 228 151 - - - - - - - - - -
6ML 835 586 412 289 203 142 - - - - - - - - -
7ML 873 641 470 345 253 186 136 - - - - - - - -
8ML 9.04 686 521 39 301 228 173 132 - - - - - - -
9ML 929 725 566 442 345 269 210 164 128 - - - - - -
10ML 950 759 6.06 484 38 308 246 196 157 125 - - - - -
11ML 968 788 641 521 424 345 281 228 186 151 123 - - - -
12ML 984 813 6.72 555 459 379 314 259 214 177 146 121 - - -
1I3ML 997 835 700 586 491 412 345 289 242 203 170 142 119 - -
14ML 10.09 855 725 6.15 521 442 375 318 269 228 194 164 139 118 -
1I5ML 1019 873 748 641 549 470 403 345 295 253 217 186 159 136 117

3.5. Theoretical Validation

This subsection discusses the theoretical calculation to validate the results of the proposed
design. The standard for gain can be defined by Equation 5. Gain is a function of elevation (8)
and azimuth angle (¢). U(8, ¢) is the radiation intensity and P, is the input power to the
antenna.

4tU(0,9)
Pin

GO, ¢) = ()



Apriono et al. 599

If we consider a dipole planar antenna on a semi-infinite substrate with a relative dielectric
constant (&), the power density ratio between the power radiating into dielectric (6 = ) and
into the free space (8 = 0) can be described by Equation 6 (Kominami et al., 1985).

U@o) _ 3/

By considering Equations 5 and 6, the gain radiated into the dielectric can be calculated using
Equation 7.
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Figure 12 Simulation results of radiation efficiency and gain on the cascaded matching layer

Because it is difficult to obtain a theoretical gain of a bow-tie antenna, a dipole is considered
due to its radiation pattern characteristic being similar to the bow-tie antenna. If we consider a
dielectric constant of 11.9 and a dipole gain of 2.15 dB, the gain of power radiated into the
substrate is about 18.28 dB. If an antenna is combined with a dielectric lens, this lens can
increase the gain of an integrated antenna by the factor of &, (n?) (Rebeiz, 1992). We consider
this factor to calculate the increased gain by the dielectric lens; therefore, the gain becomes
31.18 dB.

G(m, ) = & /2 G(0,p) (7)

The efficiency of the transmitted power without MLs can be approximated as the transmittance
of a hemispherical boundary surface. The transmittance of linear polarized wave radiation
passing through a boundary can be calculated by Equations 8 and 9. T, is the parallel
components of Fresnel’s transmittance referred to a plane of incidence. Ty is the perpendicular
components referred to a plane of incidence. 8; is the angle of refraction and 8, is the angle of
incidence. n; and n, are the refractive indices of mediums 1 and 2, respectively. For a
hemispherical boundary between dielectric silicon and free space, the transmittance is 68.3%
(Apriono, 2015). This level is slightly different to a planar surface, which has 70%
transmittance. The efficiency of the transmitted power with MLs is ideally 100%. For the same
conditions in our research, efficiency by applying MLs is 93.1% (van der Vorst, 1999). The
increased gain by applying MLs is 32.52 dB, obtained by considering the increase in efficiency
level.

nq cos B¢—ny cos 6;

2
T,=1- | 8
p nq cos 0¢+n; cos 0 ( )
nq cos 8;—n, cos 6 2
T,=1—|= : 9
S nq cos 0j+n; cos O¢ ( )
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Table 3 is a summary of the gain and efficiency from the theoretical and simulation results. We
compare the simulation results in the optimum conditions, which is the trade-off between gain
and efficiency, as shown in Figure 12. Table 3 shows that the simulation results are comparable
and consistent with the theoretical ones. The discrepancies are due to the dipole theoretical
approximation rather than the bow-tie antenna.

Table 3 Theoretical and simulation result comparison of gain and radiation efficiency

Theoretical Simulation
Dielectric Dielectric Dielectric Dielectric
Lens Lens + MLs Lens Lens + MLs
Realized Gain 31.18dB 32.52dB 31.31dB 32.69 dB
Radiation Efficiency 68.3% 93.1% 69.3% 90.4%

4. CONCLUSION

A bow-tie planar antenna on a high-resistivity silicon substrate combined with a capacitive bar
provided wideband bandwidth of around 368 GHz. The antenna combined with optimum
substrate thickness and a hemispherical silicon lens provides gain and beam width of 31.31 dB
and 3.1° respectively. The matching layer technique of the quarter-wavelength and the five
cascaded matching layers has radiation efficiency and gain of 90.4% and 32.69 dB,
respectively. The proposed design can be considered to provide a high radiation performance
antenna for various THz applications.
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