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Abstract

In this study, an antenna is proposed that operates at THz
spectrum for sixth generation (6G) short-range future
wireless communications. A modified photonic band gap
(MPBG) substrate is employed to design an octagonal ring
shaped microstrip patch antenna with wideband and high
gain properties. Unlike the conventional photonic band gap
(PBG) form, the proposed MPBG substrate structure is
created by variable sized cylindrical air holes. The radii of
each air cylinder in the row is determined with the help of
particle swarm optimization (PSO) algorithm, where the
goal is set to achieve the highest gain and impedance
bandwidth (S;; < —10dB) possible. The simulation
results of the antennas that are built on 1) non-PBG, 2)
conventional PBG and 3) the proposed MPBG substrate
structures are compared. It is observed that the radiation
performance is most enhanced by implementing MPBG
structure. In comparison to the antenna without PBG, the
reported MPBG structure offers almost 300% gain and 11%
bandwidth improvement. To summarize, the designed
antenna with its proposed MPBG substrate structure
achieves an excellent radiation performance within a wide
operating bandwidth.

Keywords: Terahertz antenna, Sixth generation (6G),
Photonic band gap, Defective photonic crystal substrate,
Particle swarm optimization

1 Introduction

Terahertz (THz) frequency band (0.1-10 THz) is taken
into consideration by researchers; since there is an increasing
demand to high data rate and wideband properties [1, 2]. As
a result, THz antenna designs have been used in many
various fields including imaging [3,4], biomedical
applications [5-7], near field communications [8-11],
wireless body area networks [12], vehicular communications
[13] and future wireless communication [14-18]. Besides all
advantages, the major drawback of these antennas is that
they commonly exhibit short range wireless communications
due to their high attenuated signal characteristic. Although,
the THz spectrum has not yet been officially allocated by the
competent authorities; in 2019, the Federal Communications
Commission (FCC) has opened up 4 different unlicensed

Oz

Bu c¢alismada, altinct nesil (6G) kisa menzilli gelecegin
kablosuz iletisimi i¢in THz spektrumunda calisan bir anten
onerilmistir. Genis bant ve yiiksek kazang ozelliklerine
sahip sekizgen halka seklinde bir mikroserit yama anteni
tasarlamak icin degistirilmis bir fotonik bant araligi
(MPBG) kullanilir. Geleneksel fotonik bant araligi (PBG)
formunun aksine, 6nerilen MPBG substrat yapisi, degisken
boyutlu silindirik hava delikleri tarafindan olusturulur.
Siradaki her hava silindirinin yaricapi, hedefin miimkiin
olan en yiiksek kazang ve empedans bant genisligini
(S_11<-10 dB) elde etmek olan parcacik siirii
optimizasyonu (PSO) algoritmasi yardimiyla belirlenir. 1)
PBG olmayan, 2) geleneksel PBG ve 3) onerilen MPBG
substrat yapilar1 {lizerine kurulan antenlerin simiilasyon
sonuglar1 karsilastirilmistir. Radyasyon performansinin en
¢ok  MPBG  yapismin  uygulanmastyla  arttigt
gozlemlenmistir. PBG'siz antenle karsilastirildiginda,
bildirilen MPBG yapisi neredeyse %300 kazang ve %11
bant genisligi iyilestirmesi sunuyor. Ozetlemek gerekirse,
onerilen MPBG substrat yapist ile tasarlanan anten, genis
bir ¢alisma bant genisligi i¢inde milkemmel bir radyasyon
performansi elde etmektedir.

Anahtar Kelimeler: Terahertz anten, Altinci nesil (6G),
Fotonik bant araligi, Kusurlu fotonik kristal substrat,
Parcacik siiriisii optimizasyonu

bands, between 95 GHz to 3 THz, to be used for
experimental 6G communication studies [19].

Microstrip antennas are frequently preferred in all
frequency bands thanks to their low cost, low profile, easy to
manufacture form [13]. In [14], four arm windmills shaped
fractal microstrip antenna is designed. The presented antenna
has a very compact size and wide operating frequency band.
On the other hand, it does not include the sub-THz band. A
high efficiency wideband microstrip patch antenna is
reported in [15]. This antenna is printed on FR-4 substrate
material, which is not a highly preferred material due to its
performance at high frequencies. Another microstrip THz
antenna is studied in [16] where radiation properties are
improved with the help of a shorting pin. To overcome low
gain, 12 element microstrip array antenna is designed in [17]
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and particle swarm optimization method is utilized for
microstrip patch antenna that has a partial ground plane in
[18].

All the above mentioned microstrip THz antenna studies
put forth a different design and dielectric material that the
antenna is printed on. However, overall antenna performance
improvements are not satisfactory. For example, if the
bandwidth increases, the gain or efficiency value decreases.
In summary, a trade-off situation exists. Therefore, different
methods and structures are employed to enhance the
bandwidth, gain and efficiency of antennas all at the same
time. Defective photonic crystal substrate is one of the most
efficient techniques used for this purpose. Even though, this
structure is named differently within the studies as photonic
band gap (PBG), modified photonic crystal or defective
photonic crystal substrate; they all express the same substrate
structure. A trapezoidal shaped microstrip THz antenna is
designed in [20] and a surrounding PBG substrate
framework is developed instead of periodic PBG for better
performance outputs. In [21], bandwidth and gain properties
of the reported antenna is enhanced by introducing a defected
ground structure beside PBG. Particle swarm optimization
algorithm is used in [22] to determine the optimum structure
of PBG substrate. A PBG antenna with quadratic holes is
investigated in [23] and the effect of the distance between air
gaps is analyzed in [24]. Many of the THz antenna studies
[25, 26] are analyzed at frequencies lower than 1 THz due to
their high computational complexity. THz antennas that have
periodic air cylinders embedded substrates are reported in
many other studies [27-29] as well. To the best of authors’
knowledge, only in [30] and [31], PBG substrates are
realized with different sized aperiodic air cylinders.
Radiation performances are further improved in these studies
in comparison to conventional PBG THz antennas. However,
the simulated results are performed only for a small
frequency interval below 1 THz, and no algorithm or
optimization is included to obtain the optimum size of air
cylinders.

It is seen from the early studies that PBG substrates limit
the effect of surface leaky waves beneath the patch. This
helps to achieve noticeable improvement in radiation
characteristics. Different from conventional photonic crystal
substrates, a modified defective photonic crystal substrate is
developed and employed in this study to reach the most
successful simulation results possible. The proposed
octagonal ring shaped microstrip patch antenna, with its
aforementioned substrate structure, exhibits high impedance
bandwidth, gain and efficiency results within the 0-2 THz
frequency interval.

2 Antenna configuration

The main focus of this study is to present a THz antenna
with a wideband and high gain property that can be used for
6G wireless communication systems. At first, a simple
planar microstrip antenna is designed and it is evolved by
modifying its conducting parts with time. PBG substrate is
implemented afterwards and it is modified to further improve
the radiation characteristics. Design process is started by
determining the dielectric material that the antenna is printed

on. Rogers RO4350B is used as substrate material with a
thickness of 64 pm. It has a permittivity of 3.66 and a loss
tangent of 0.0037.

Copper is preferred as a conductor in this THz study. The
reason it is used instead of any other material is that copper
is suitable to be used for every low, medium and high voltage
power network [32]. It is also very efficient thanks to its high
conductivity value and it can be soldered with ease for
durable connections. Graphene is employed as a conductor
in some of the recent THz antenna studies [33-37].
Conductivity value of this material can be varied by
changing its chemical potential. However, it is analyzed that
antennas using copper as their conducting parts have higher
gain values in comparison to antennas that use graphene as a
conductor [32]. Hence the reason why graphene is not used
in this study.

The proposed antenna design is depicted in Fig. 1. Grey
parts represent copper that has a thickness of 18 pm and
white sections represent the dielectric substrate material. An
octagonal ring shaped radiator is excited by a trapezoidal
microstrip feeding line. The antenna element is shifted by
100 um (O) and the length of partial ground plane is 320 um
(Lg). A modified photonic band gap (MPBG) substrate
structure is developed and implemented in this study, where
defective photonic crystal substrate is created by drilling 6x6
holes. The diameters of the air cylinders in the first row of
the substrate are determined as D1, D2, D3, D4, D5 and D6,
respectively. As seen in Fig. 1, these drilled holes are shifted
to right one at a time in each row. The last hole in the row is
shifted to the beginning in the next row. It is observed that
using such a dynamic MPBG structure improves the
performance of the antenna in comparison to conventional
periodic PBG. Optimum diameter values of the air cylinders
are specifically determined with the help of PSO algorithm
[38]. PSO algorithm is an optimization technique available
in CST Microwave Studio software program. The goal is set
to have the highest gain and operating bandwidth possible.
Only the diameter values are set to switchable and optimum
values are determined as a result of this optimization process.
The details of optimum antenna dimensions are shared in
Table 1. As seen from the table, proposed antenna has an
overall dimension of 1000x1000x100 um3. It is also
possible to define it in wavelength form for better
comparison ~ with  other  antenna  studies  as
0.331%0.331x0.031 (where A is the wavelength at the lowest
operating frequency). The equations that the values in Table
1 derived from are given below, where W,,, L,, and f, states
patch width, patch length and desired resonant frequency,
respectively [39]. Moreover, &..r and Ty, represents
effective dielectric constant and substrate thickness. The
antenna design is started once the initial width (W,) and
length (L,) parameters are determined from the given
equations. Afterwards, an octagonal structure is created, the
patch and radiator element are shifted to the left by O and
finally a trapezoidal transmission line is introduced to
enhance antenna performances. The values in Table 1 are
determined to reach the optimum gain and bandwidth
performance at the desired frequency. The details of basic
antenna design are not provided, since the focus of this study
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is the implementation of PSO algorithm to determine the
diameters of air cylinders. During the optimization process,
lower and upper bounds of air cylinders are set as 60 and 120
mm, respectively. The goal is set to have a gain value above
10 dBi and fractional bandwidth of minimum 100%. Swarm
size, maximum number of iterations and maximum number
of solver equations are selected as 30, 15 and 451,
respectively. Moreover, Latin Hypercube distribution is
selected as the choice of initial point set.
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The evolution stages of the proposed antenna design are
depicted in Fig. 2. As seen in Fig. 2, a planar octagonal
shaped microstrip patch antenna is designed initially with the
help of the above given classical equations of antenna theory.
It is observed from the simulations that having a partial
ground plane that has a length equal to the length of the
feeding line (L2) provides an enhancement in the
performance. Therefore, including Ant.-1 all the antennas in
the evolution stages have the same partial ground plane. The
impedance bandwidth (S_11<-10 dB) of the two main bands
of Ant.-1 are 0.118 THz and 0.49 THz. This corresponds to
a fractional bandwidth percentage of 45.9% and 34.3%,
respectively. The resonant frequencies of these bands are at
0.232 THz and 1.214 THz. Trapezoidal feeding line is
implemented afterwards to widen the bandwidth. As seen in
Fig. 3, this not only has an effect on the first main band, but
also reduces the initial frequency value of the second band,
where S 11<-10 dB, to 0.792 THz. In the next evolution
stages, Ant.-3 is formed by shifting the antenna element to
left by 100 pm (O) and Ant.-4 is designed by etching a
longitudinal elliptical slot to the radiating patch. This
longitudinal slot provides a better impedance matching (50

). It results an increase in resonant frequency and an
improvement in the 6-polarized radiation. The optimum
dimensions of this slot (Rx and Ry) are determined in such a
way that it fulfills the aforementioned features. Once the
bandwidth and radiation performance of Ant.-4 is analyzed
and compared with similar THz antenna studies, it can be
said that even Ant-4 itself can be presented as a study that
contributes to the literature. Nevertheless, a MPBG substrate

(4)

structure, which is the main focus of this study, is employed
in the last design stage and further enhancements are
achieved. The two main band intervals, resonant frequencies
and reflection coefficient (S11) values at that frequencies are
provided in Table 2. As seen from the table and Fig. 3, each
evolution stage enhances the bandwidth performance of
antenna. Moreover, proposed antenna with its MPBG
substrate has the highest bandwidth in 0-2 THz interval
which is more than 1.522 THz.
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Figure 1. Antenna configuration (a) top view, (b) bottom
view, (c) PBG substrate structure
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Ant.-1 Ant.-2 Ant.-3 Ant.-4

Figure 2. Evolution stages of the proposed antenna design

Table 1. Antenna layout dimensions

Parameter W L D: D, Ds D4 Ds D¢ S
Value (um) 1000 1000 80 100 60 78 110 80 152
Parameter Ly L, W, W, R« Ry Ly O
Value (um) 230 320 86 150 80 130 320 100

Table 2. The two main bands in 0-2 THz interval

Bandwidth
Desian 2 main bands Res. freq. Su
g (THz) (THz) (dB)
(THz) (%)
0.198-0.316 0.118 459 0.232 -14.53
Ant.-1
1.184-1.674 0.49 34.3 1.214 -43.53
0.104-0.298 0.194 96.5 0.236 -20.36
Ant.-2
0.792-2 1.208 86.5 1.324 -33.39
0.1-0.358 0.258 112.6 0.252 -22.98
Ant.-3
0.886-2 1.114 77.2 1.324 -31.79
0.1-0.358 0.258 112.6 0.25 -23.18
Ant.-4
0.8-2 1.2 85.7 1.99 -42.11
0.1-04 0.3 120 0.274 -19.41
Proposed
0.778-2 1.222 88 1.93 -38.82
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3 Simulation results

Up until this section, the proposed antenna structure is
discussed. The simulation results performed by using CST
Microwave Studio [40] are analyzed in detail under this title
by comparing the performance of the proposed design with
different PBG structures. It is also important to emphasize
that the antenna is electrically large in THz spectrum. This
substantially increases the number of mesh cells and results
in as computational complexity, which is one of the major
difficulties faced throughout the simulation process.

Microstrip patch antennas are preferred frequently
regardless of their operating frequency. These antennas have
simple radiation characteristics that are common knowledge.
Fringing fields constitute the primary source for the radiation
of microstrip patch antennas. The amount of these fields is
mainly dependent on the thickness and dielectric constant of
the substrate material. Low dielectric constant results an
enhancement in the fringing fields and radiation performance
[29]. This enables the antenna to have high bandwidth, gain
and directivity features.

THz antennas generally have thin substrates due to their
minimized forms. However, thick substrate with a low
dielectric constant is necessary for a desired radiation
performance. Hence the reason why metamaterials have
been used in some of the previous antenna studies to reduce
the refractive index of the substrate material and to decrease
the permittivity and permeability values. But unfortunately,
metamaterials might not be very functional for THz antennas
as these antennas have nanoscale structures [34]. Periodic air
cavity substrate structures are developed as a solution, which
results the formation of PBG in the dielectric substrate.
Photonic crystals help to lower the dielectric constant of the
antenna. They reduce the amount of accumulation of fields
within the substrate and improve the radiation performance.

Another parameter that has an effect on the dielectric
constant value of PBG structures is the lattice factor, which
is defined as the ratio of air cylinder radius (R) to the distance
between cylinders (S) [29]. Lattice factor value is optimized
in this study to achieve the maximum gain value for the
conventional PBG antenna structure. As seen in Fig. 4, an
increase in lattice factor does not always result in an increase
in realized gain. 8.03 is the highest gain value for
conventional PBG antenna and this value is obtained when
lattice value is 0.25. Therefore; R and S values are taken as
28 um and 104 pm, respectively to meet the 0.25 lattice
factor value.

The proposed antenna with MPBG substrate uses
variable radii of air cylinders. The minimum and maximum
values of these radii are 30 um and 55 pum, respectively. The
distance between air cylinders is 152 pm, so the lattice factor
for MPBG structure varies from 0.197 to 0.362. The details
of the proposed MPBG structure were given in the previous
section.

Fig. 5 (a) depicts the frequency versus reflection
coefficient (S11) graph of four different antenna structures
that are: 1) an antenna without a PBG structure (Ant.-4), 2)
an antenna with a conventional PBG substrate (R=28 pm,

S=104 pm), 3) the proposed antenna with MPBG substrate
and 4) an antenna with a surrounding MPBG structure. In the
former antenna type, only the surrounding photonic air
cylinders are utilized. Table 3 is created to summarize the
bandwidth, gain and efficiency simulation results. As seen in
Table 3, all the simulated antenna structures have two bands
throughout the 0-2 THz interval, except conventional PBG
antenna. Conventional PBG antenna has three bands and it
offers one of the highest bandwidths in the first band with
the proposed MPBG antenna. On the other hand, the
conventional PBG structure has relatively narrow
bandwidths in the rest of the two bands. The proposed
antenna has the highest bandwidth within the 0-2 THz
interval, which is 1.522 THz. Its bandwidth in the first and
second bands are 0.3 THz and 1.222 THz, respectively. This
correspond to the fractional bandwidth percentage of 120%
and 88%, respectively. In comparison to the antenna without
PBG, the reported design provides 8% and 11%
improvement in the fractional bandwidth percentage for first
and second bands, respectively.

Fig. 5(b) represents gain and efficiency results of all four
antennas. The antenna without a PBG substrate has the
lowest gain and efficiency values; whereas, the proposed
MPBG antenna structure has the highest gain and efficiency
values within the operating frequency range. The proposed
design provides almost 300% gain improvement in
comparison to the antenna without PBG. To the best of
authors’ knowledge, one of the highest gain enhancements is
achieved with this study when the proposed technique is
applied to the base antenna structure without PBG.
Furthermore, both conventional PBG and surrounding
MPBG substrate structures provide nearly the same values
that are higher than the antenna without PBG, but lower than
the proposed MPBG antenna structure. To summarize,
although conventional PBG structure improves the radiation
performance, it can further be improved by applying the
proposed MPBG substrate structure.

The presented MPBG substrate structure is implemented
to different substrate materials in Fig. 6. RT5880 has a lower
dielectric constant (&,=2.2), whereas glass (&,.=6) and
RO3010 (&,=11.2) have higher values in comparison to the
RO4350B (&,=3.66) substrate material that the proposed
design is printed on. As discussed in the previous section,
high permittivity dielectric substrate is not a desired feature
for THz antennas. Hence, the result with RO3010 exhibits
very narrow bands. Another important observation is that,
although RT5880 has a lower dielectric constant, it does not
offer a higher bandwidth. S11 value rises above -10 dB at
0.223 THz due to the design of the radiating patch.
Moreover, the second band of the proposed antenna starts at
0.778 THz; whereas it starts at 1 THz for RT5880. As a
result, the best performance is obtained with the proposed
RO4350B material.

Radiation pattern of the antenna should also be analyzed
to fully examine its radiation characteristic. 0.272 THz, 1.35
THz and 1.93 THz are the three resonant frequencies of the
antenna; and Fig. 7 depicts the simulated far field radiation
pattern of the proposed antenna at these resonant frequencies
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in polar form. As seen from the figure, the E-plane (xz-plane)
and H-plane (yz-plane) fields of the antenna has
omnidirectional radiation properties at 0.272 and 1.93 THz.
Besides that, the number of sidelobes increase considerably
at higher frequencies. The co-polarized field in H-plane has
a very directional pattern at 1.35 THz with low sidelobes and
a directivity value of 10.8 dBi. It also has a wide half power
beam width (HPBW) of 58°. This directional radiation
feature has enabled the antenna to have a very high gain at
1.35 GHz frequency.
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Figure 3. Effect of antenna evolution on reflection
coefficient (a) for 0-2 THz interval and (b) in the first main
band.

The proposed MPBG antenna structure is compared in
Table 4 with some other state-of-art PBG THz antennas to
verify the success of its radiation performance. All the
studies presented in the comparison table have PBG
substrates, but some are implemented in different form. It is
easy to say that the proposed antenna with its MPBG
substrate structure exhibits the highest gain value by far.
Except from the study in [22], it also has the best radiation
efficiency performance. Bandwidth is another important

parameter for most of the antenna designs, and it needs to be
compared independent on frequency for a fair comparison.
Therefore, fractional bandwidth values are calculated for
each study. The reported design has the highest fractional
bandwidth percentage values for both bands.
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Table 3. Bandwidth, gain and efficiency simulation results
Bandwidth i
Design Main Bands (THz) Max. Realized Gain Max. E;‘/‘flClency
(THz) (%) (%)
Without PBG 0.1-0.358 0.258 112 417 83.33
(Ant.-4) 0.888-2 1.112 77 (@1.1 THz) (@0.358 THz)
0.1-0.404 0.304 120.6
. 8.03 87.02
Conventional PBG 1.044-1.58 0.536 40.9 (@13 TH2) (@0.404 TH2)
1.656-2 0.344 18.8
0.1-0.378 0.278 16.3 7.74 86.21
Surrounding MPBG . .
9 0.886-2 1114 772 (@1.3 GHz) (@0.378 THz)
0.1-0.4 03 120 123 90.33
Proposed ; ,
0.778-2 1.222 88 (@13 THZ) (@0.778 THZ)

Table 4. Comparison with other THz studies available in literature

Study Ba(r]lfj'_v:g ;j th Ban(((j,/o\’\;'dth Max. Gain Max. %{;Suency Substrate Form
[20] 0.742 59.3 11 N.A. Surrounding PBG
[21] ~0.03 ~4.35 6.79 N.A. Aperiodic PBG
[22] 0.128 21.2 9.17 91.08 Modified PBG
[23] ~ 0.09 ~3.34 5 62 Quadratic hole PBG
[25] ~ 0.265 343 8.45 88.3 Conventional PBG
[27] 0.3 14 4.97 79.62 Conventional PBG
[31] ~0.35 ~ 66.66 9 88.72 Variable sized PBG

0.3 120 Variable sized PBG
Proposed 1992 88 12.3 90.33 (MPBG)
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4 Conclusions

In this study, variable sized air cylinder cavities are
implemented to the dielectric substrate to form a modified
PBG substrate structure. Unlike conventional PBG structure,
the diameter values of these cylinders are not the same
throughout the substrate and they are determined to provide
the highest gain and bandwidth values possible. PSO
algorithm is used to assign the optimum values. The
evolution stages and their positive effects on antenna
bandwidth, gain and efficiency are analyzed. Moreover, the
presented MPBG structure brings the antenna an almost
300% enhancement in gain and 8 to 11% improvement in
fractional bandwidth percentage in comparison to the
antenna without PBG. It is observed that the proposed
MPBG THz antenna achieves an excellent radiation
performance within a wide operating bandwidth.
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