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Abstract: In this study, patch antenna structures with rhombic shaped slots have been investigated for 6G
communication systems. Four different dielectric materials, such as arlon, polyamide, polyimide, and
silicon, have been selected for antennas with the same design procedure. In this way, the effects of slots on
frequency responses for different dielectric substrates have been searched. The slots are parametrically
analyzed in terms of edge size and location, and the designs are completed for values with the lowest return
loss levels. The amount of return loss reduction in slotted antennas is 38% and 42% for arlon and polyamide,
respectively, while the reduction is 28% and 8% for polyimide and silicon, respectively. In addition,
bandwidth increases in slotted antennas vary according to the dielectric substrate material. The bandwidth
increases have been 0.05 GHz, 0.426 GHz, 0.839 GHz, and 0.475 GHz for arlon, polyamide, polyimide,
and silicon substrates, respectively. With these results, the study will give an insight to the researchers who
will design antennas in 6G bands in terms of the effects of materials on antenna characteristics and will
give inspiration for new designs.
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6G Haberlesme Sistemleri i¢cin Yarikh Yama Antenlerde Farkh Dielektrik Malzemelerin Yayillma
Karakteristiklerine Etkisi

Oz: Bu ¢alismada 6G haberlesme sistemleri igin eskenar dortgen sekilli yariklara sahip yama anten yapilart
incelenmistir. Ayni1 tasarim prosediiriine sahip antenlerde arlon, polyamit, polyimit ve silikon olmak tizere
dort farkli dielektrik malzeme kullanilmigtir. Bu sekilde yarik etkilerinin farkl dielektrik tabanlarda frekans
cevaplarma etkileri arastirilmistir. Yariklar, kenar boyutu ve konum olarak parametrik analizlere tabi
tutulmuslardir ve tasarimlar en az geri doniis kaybina sahip degerler i¢in tamamlanmustir. Yarikli antenlerde
geri doniis kayb1 azalma miktar1 arlon ve polyamit igin sirasiyla %38 ve %42 olurken, polyimit ve silikon
i¢in sirasiyla %28 ve %8 olmustur. Ek olarak yarikli antenlerde bant genisligi kazanglar1 dielektrik taban
malzemesine gore degiskenlik gdstermis, bant genisligi artiglar1 arlon, polyamit, polyimit ve silikon
tabanlar igin sirasiyla 0,050 GHz, 0,426 GHz, 0,839 GHz ve 0,475 GHz olmustur. Bu sonuglarla ¢alisma,
6G bantlarinda anten tasarimi yapacak arastirmacilara malzemelerin anten karakteristikleri iizerindeki
etkileri agisindan fikir verecek ve yeni tasarimlar i¢in ilham kaynagi olacaktir.
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1. INTRODUCTION

The increase in applications that use large amounts of data in wireless communication
systems encourages researchers to develop technologies that can enable faster transmission. As
the fifth generation (5G) communication systems enter our lives, researches have already started
to meet the needs in the 2030s and it is expected that the next communication systems will be
used as the sixth generation (6G) in these years. Especially with the use of the terahertz (THz)
band (Giordani et al., 2020; Yang et al., 2019), it will be necessary to provide high time and phase
simultaneity beyond the needs of 5G systems (You et al., 2021). With the full integration of
artificial intelligence into the 6G communication system, developments such as augmented
reality, interconnected robotic and autonomous systems, smart health and biomedical
communication systems, internet of everything and even data transfer of the five senses will be a
part of our daily lives (Chowdhury et al., 2020; Alsharif et al., 2020). In addition, these new
developments will contribute to the studies to be carried out for the adaptation of communication
systems to the THz band (Strinati et al., 2022).

As in previous generations, antennas will be the important focus for 6G communication.
Similar to the microwave and millimeter wave spectrum, patch antennas are among the most
researched antenna types for 6G systems with their low cost, ease of analysis and advantageous
radiation characteristics. A new high-gain patch antenna array structure has been proposed for
autonomous vehicles in 6G wireless systems and a gain of 18 dB has been obtained (Foysal et al.,
2021). A patch antenna design for partial discharge detection for device monitoring systems in
smart networks is designed for ultra-wideband (UWB) operation based on 6G-IoT (Internet of
Things) (Ilahi et al., 2021). Additionally, the behavior of different dielectric materials in THz
region for UWB antennas is investigated for an elliptical patch antenna and has been found that
the impedance bandwidth is increased up to 5 THz with the partial design of the ground plane
(Singhal et al., 2019). A patch antenna operating in the 279 GHz-305 GHz band is designed using
silicon-based technology and 0.18 um CMOS (Complementary Metal Oxide Semiconductor)
method and proposed for 6G communication applications (Chung et al., 2021). In addition,
graphene has attracted much attention with its advantageous conductivity properties and has been
extensively researched in patch antenna designs. A square-shaped graphene patch antenna design
on a silicon dioxide dielectric substrate is designed for the 12.2-13.8 THz band, and the analysis
results for different parameters of the antenna have been investigated (Bala et al., 2016). The
properties of a conventional patch antenna using copper as a conductor in the 0.7 THz region were
compared with the results obtained using a graphene patch for the same frequency, and it was
found that the use of graphene provided more gain and lower return loss for this frequency (Azizi
et al., 2017). Another study about a graphene nano-stripe-based patch antenna was designed for
the 725-775 GHz band on a 20 um thick polyimide substrate and a radiation efficiency of 86.58%
was achieved (Anand et al., 2014). A bandwidth of 504 GHz has been obtained with the graphene
circular patch antenna designed on the silicon substrate proposed for device-to-device
communication in the THz band (Dashti et al., 2018). In addition, the effect of dielectric substrates
with different geometric shapes on the operating frequencies of graphene patch antennas has been
investigated (Khan et al., 2020), performance increases have been achieved with metasurfaces in
graphene antennas (Efazat et al., 2019), and dual-band operation has been provided for graphene-
based miniaturized antennas (Khan et al., 2019).

In this study, patch antennas operating in the THz band have been designed with different
dielectric substrates such as arlon, polyamide, polyimide and silicon. Rhombic shaped slots have
been etched on the patch. These slots have been designed by following the same design procedure
on each antenna structure and performed many parametric analyzes in terms of both edge
dimensions and positions. In this way, frequency responses for each antenna have been obtained
for different materials. The proposed work will be helpful in understanding the antenna
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characteristics for different dielectric materials of the designs to be executed in microsterip patch
antennas at 6G frequencies.

2. DESIGN

Antennas propsed for 6G communication systems are designed in computer environment with
Computer Simulation Technology Microwave Studio (CST MWS) software (CST, 2016). The
dielectric materials used for the antennas have been selected as arlon, polyamide, polyimide, and
silicon. The dielectric constants are 3.43, 4.3, 3.5, 11.9 for arlon, polyamide, polyimide, and
silicon, respectively. In the selection of these materials, the studies in the literature have been
taken into account (Singhal et al., 2019; Chung et al., 2021; Bala et al., 2016; Azizi et al., 2017).
The heights of the dielectric substrates have been taken as 6 pum for arlon, polyamide and
polyimide, and 6.5 pum for silicon. These heights have been chosen in such a way that A<<}y
condition is met (Balanis, 2005). Here A9 denotes the empty space wavelength. In addition, the
copper thickness, ¢, is adjusted for <</, which is also a design condition for microstrip patch
antennas and should be met (Balanis, 2005).

2.1. Design Equations

Reference antennas are designed according to the rectangular microstrip patch antenna
transmission line equivalent (Stutzmann, 1998). Equations 1-4 show the calculations to be
performed according to this equivalent. In these expressions, frepresents the operating frequency
and c represents the speed of light. The width and the length of the patch are shown by W,..» and
Lyarch, respectively. The material parameters such as the dielectric constant and the height of the
substrate are depicted by & and 4, respectively. After determining the operating frequency, the
height and dielectric constant of the substrate, the width of the antenna has been calculated
according to Equation 1. Then, the elongation due to scattering has been considered with Equation
2 and Equation 3, and finally, the length of the antenna has been calculated with Equation 4.

c 2
Wpatch = F P (D)
T T
_1
&eg+1 & -1 2
= 1412 2
geff 2 * 2 [ * patch]
Wpatch
Mlparen (€err +0.3) (—h + 0.264) )
Pt . W
h (eofs — 0.258) (%”" + 0.8)
c
LPatch = m - 2ALpatch 4)
r e

Then according to the design procedure of square patch antenna the width and the length
dimensions are taken equal (Stutzmann, 1998). Equation 5 shows this step.
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c

2f. Sr;'1 (5)

Wpatch = Lpatch =

2.2. New Antenna Structures

Figure 1 represents the general structure and parameter definitions of the antennas designed
according to the design procedure. In the figure, the parameters in the x-axis direction are the
width of the antenna and the parameters in the y-axis direction are the parameters used for the
antenna's length. The design procedure with each different dielectric is the same. Microstrip line
and inset feeding method have been used as feeding method. Here, Ly..s denotes the length of the
microstrip line, Wy.qs denotes the width of the microstrip line, F; is the length of the inset feeding
line, and g is the width of the inset feeding line. These parameters are optimized for antenna input
impedance of 50 ohms.

B Wpa(rh -
Lpa(rh -
Fi
Lfee{f
—
nggo’
Figure 1:

Patch antenna design parameters

The design processes have been repeated for antennas designed with other dielectric
materials to operate at 1 THz, and reference antennas are created. Figure 2a-d shows the final
model of each reference antenna. The design parameters for each antenna are shown in ~ Table
1-4.
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Figure 2:

Reference antennas for four different dielectric material;
a. Arlon b. Polyamide c. Polyimide d. Silicon

Table 1. Design parameter values for Arlon (pum)

Whatch Lpateh Wubs Lubs g
79.7 79.7 130 130 2.7
Fi Wieed Lieed t h
29 11 16 1 6
Table 2. Design parameter values for Polyamide (um)

Wpatch Lyatch Wubs Lsubs g
72 72 130 130 6
F; Wieed Lfeed t h
24 11 16 1 6
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Table 3. Design parameter values for Polyimide (pm)

Whatch Lpateh Wubs Lisubs g
79.7 79.7 130 130 2.86
Fi Wieed Lieed t h
29 11 16 1 6
Table 4. Design parameter values for Silicon (um)

Whatch Lpateh Wubs Liubs g

425 42.5 86 86 4
Fi Wieed Lieed t h
17 4 14 1 6.5

d.

Figure 3:
Proposed antenna models for each dielectric material;
a. Arlon b. Polyamide c. Polyimide d. Silicon

In the proposed antenna model, three rhombic shaped slots have been etched on the radiating part.
These slots have been first designed in such a way that one of their corners is in the midpoint of
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the two side edges and the upper edge of the antenna. Then, while performing the parametric
analyses the slots close to the side edges have been shifted in £x direction denoted by the
parameter of b, and the slot close to the upper edge has been shifted in +y direction denoted by
the same parameter of b becuase the shifting amounts from the edges are all the same.
Additionally, the slot edge dimension is denoted by the parameter of a. The design is terminated
in the position with the lowest level of return loss of the antenna. Due to the different responses
of dielectric materials for the same frequency, the final value of the slot edge size and location in
each material is different. For example, for polyimide, the slots protrude from the edges, while
for arlon, polyamide and silicon the slots remain at the patch boundaries. The final version of the
design for each material is shown in Figure 3a-d.

3. RESULTS

Parametric analyzes of the reference antennas and the proposed antennas have been
performed and the graphs of the values with the lowest return loss level have been plotted
according to the frequency. Figure 4a-b and Figure 5a-b show the comparative frequency
responses of the reference antenna and slotted antennas designed with arlon, polyamide,
polyimide and silicon dielectric materials, respectively, in the 0.4-1.6 THz range.

3.1. Frequency Responses for the Proposed Models

In the graphics, Antennal represents the reference antenna and Antenna 2 represents the
slotted antenna model. Looking at the results, it is seen that rhombic shaped slots have a greater
effect on antenna return losses for arlon and polyamide substrates than on the return losses for
polyimide and silicon substrates.

0 — 0 —
-10 -10 F
-20 20
@ 30 £ 30
-40 -40
-50 -50
= = Antenna#1 = = Antenna#|
— Antenna#2 — Antennai2
-60 -60
0.4 0.6 0.8 1 1.2 1.4 L6 0.4 0.6 0.8 1 1.2 1.4 1.6
Frequency / THz Frequency / THz
a. b.
Figure 4:

Return loss plots of reference and slotted antennas;
a. with arlon substrate b. with polyamide substrate

While the reference antenna return loss level for the arlon substrate is -38.68 dB, this level
decreases to -53.51 dB with the proposed model. In addition, for the polyamide material, the
return loss level, which was -40.47 dB in the reference antenna, decreases to -57.48 dB. On the
other hand, the return loss level decreases from -35.61 dB to -45.48 dB for polyimide, and from
-38.09 dB to -41.17 dB for silicon substrate. Additionally, looking at the bandwidth changes, it is
noted that the 10 dB bandwidths span from 39.085 GHz to 39.135 GHz for arlon, from 37.702
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GHz to 38.128 GHz for polyamide, from 38.522 GHz to 39.361 GHz for polyimide, and from
44.511 GHz to 44.986 GHz for silicon.

0 —_— 0
. 5
10 ) : 10
I 15
20 .
e m
- = -25
-30
-30
[
-35
40
= =Antenna# | 40 - ':Htcl"maﬂ
50 —— Antenna#2 45 — Antenna#2
T 04 0.6 0.8 1 12 1.4 L 0.4 0.6 0.8 1 12 L4 16
Frequency / THz Frequency / THz
a. b.

Figure 5:
Return loss plots of reference and slotted antennas;
a. with polyimide substrate b. with silicon substrate

If we evaluate the frequency shifts for the four materials, the frequency shifts for the polyamide
and silicon substrates are greater than the shifts for the arlon and polyamide substrates. In general,
when slots are loaded to the microstrip patch antenna, it corresponds to an increase in the inductive
effect in the transmission line equivalent of the antenna which yields the resonant frequency to
shift in lower ranges (Munir et al., 2013; Ng et al., 2018).
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Figure 6:
Far field radiation patterns for proposed antenna models;
a. Arlon b. Polyamide c. Polyimide d. Silicon

Figure 6 shows the far-field radiation diagrams for the proposed antennas. The main lobe angles
at resonance frequencies for arlon, polyamide, polyimide and silicon materials are 7°, 9°, 7° and
15°, respectively. In addition, the angular width of 3 dB has been observed as 97.4° for arlon,
99.8° for polyamide, 97.8° for polyimide and 104.7° for silicon.

3.2. Performance Analyses of the Slots

Parametric analyzes have been performed about the position of the slots and the edge
dimensions for the antennas designed with each material. Thus, the effect of each design
parameter on the antenna operating frequencies has been investigated. While performing the
analyses, the dimensions with the best results have been chosen as a starting point and the analyzes
have been conducted by choosing the appropriate interval steps on these values. For the antenna
designed with arlon, Figure 7a shows the changes for the slot edge dimensions of 1 um, 5 pm and
9 um. Increasing the edge size has created a negative effect on the return loss levels and has
created very little frequency shift. On the other hand, while the position of the slots and their
distance from the side and top edges of the antenna changed between 12 um and 28 um in 8§ pm
steps, the operating frequency has not changed, only small fluctuations have been detected in the
return loss levels.
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0.4 0.6 0.8 1 1.2 1.4 1.6 0.4 0.6 0.8 1 1.2 1.4 1.6
Frequency / THz Frequency / THz
a. b.
Figure 7:
Comparison of return loss levels of antennas designed with arlon substrate;
a. for different slot edges such as a=1 um;5 um;9 um, b. for different positions on the
patch, such as b=12 um;20 um;28 um
0 s 0
10 -10
20 -20
230 230
40 40
50 1 um -50 =2 um
4 um =10 um
60 7 um 60 18 um
0.4 0.6 0.8 1 1.2 1.4 1.6 0.4 0.6 0.8 1 1.2 1.4 1.6
Frequency / THz Frequency / THz
a. b.
Figure 8:

Comparison of return loss levels of antennas designed with polyamide substrate;
a. for different slot edges such as a=1 um;4 um,7 um, b. for different positions on the
patch, such as b=2 um, 10 um; 18 um

Figures 8a and 8b show the changes of return loss levels for the antenna designed with polyamide
material when the slot edge dimensions are 1 um, 4 pm and 7 pm, respectively, and the distances
from the side and top edges of the antenna are 2 um, 10 um and 18 um. Increasing the edge
dimensions has yielded little effect on the return loss level and the frequency. Similarly increasing
the distances from the edges has little effect on the return loss levels and no effect on operating
frequency.

Figures 9a and 9b show the changes of return loss levels for the antenna designed with polyimide
substrate when the slot edge dimensions are 6 pm, 11 pum and 16 pm, respectively, and the
distances from the side and top edges of the antenna are -5 um, 0 um and 5 pm. Negative distance
means that the slot protrudes in the outside direction from the edge of the slot and 0 um means
that one corner of the slot is placed on the edge. For polyimide substrate it is clear that the edge
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dimensions change effect both on the operating frequency and the return loss level. The increase
of the edge dimensions shifts the frequency in lower bands and yields decreased levels for the
return loss. However, the change of the location of the slots has almost no effect on the operating
frequency and return loss levels.

— —
10 10
20 =20
3 3
-30 -30
-40 6 um 40 —-5um
11 um 0um
16 um - 5 um
-50 -50
0.4 0.6 0.8 1 1.2 1.4 1.6 0.4 0.6 0.8 1 1.2 1.4 1.6
Frequency / THz Frequency / THz
a. b.
Figure 9:

Comparison of return loss levels of antennas designed with polyimide substrate;
a. for different slot edges such as a=6 um,; 11 um; 16 um, b. for different positions on the
patch, such as b=-5 um;0 um;5 um

0 — 0 —
-5 5
10 -10
15 -15
20 -20
as] @
= =
25 225
30 -30
35 33
4um ——-1.1 um
-40 6 um -40 —3.1um
45 8 um 45 —7.1um
0.4 0.6 0.8 1 1.2 1.4 1.6 0.4 0.6 0.8 1 1.2 1.4 1.6
Frequency / THz Frequency / THz
a. b.
Figure 10:

Comparison of return loss levels of antennas designed with silicon substrate;
a. for different slot edges such as a=4 um; 6 um;8 um, b. for different positions on the
patch, such as b=1.1 um;3.1 um;7.1 um

Figures 10a and 10b show the changes of return loss levels for the antenna designed with silicon
substrate when the slot edge dimensions are 4 um, 6 um and 8 um, respectively, and the distances
from the side and top edges of the antenna are -1.1 pm, 3.1 um and 7.1 um. For the return loss
level when slot edge dimension increases there occures about 20 dB change after 6 um but there
is no significant change for the frequency. On the other hand the distance variation effects mainly
on the frequency when the slot protrudes from the edge. When the plots are examined, the effects
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of slot edge sizes have caused significant changes only for the operating frequency in the
polyimide substrate antenna and the positions of the slots only changed the return loss and caused
a frequency shift only for the silicon substrate. The effect of increasing slot edges on the resonance
frequency is seen, especially in Figures 9a and 10a, as a shift to lower ranges for polyimide and
silicon substrates due to the increasing value of the inductive effect of the slots (Rahman et al.,
2019). Table 5 shows the final values of the design parameters of a and b for the proposed antenna
models with different substrate materials.

Table 5. Final design parameter values of slot edges (@) and distance amounts from the edges (b)
for the propsed antenna models with different substrate materials

Arlon Polyamide
a b a b
5 um 20 um 4 um 2 um
Polyimide Silicon
a b a b

6 um -5 um 6 um 3.1 um

Figure 11 presents the gain plots for the proposed antennas with different substrate materials. It
is noted that the gain variation of all antennas tend to increase with the frequency. In addition, the
changes of the gain of the antennas with substrates of arlon, polyamide and polyimide are almost
the same over the operating frequency range but the antenna with silicon substrate has shown a
different gain change variation. This is because thin substrates (h<<A1y) with high dielectric
constants are less efficient and have greater losses in microstrip antenna design (Ahmed et al.,
2006; Roy et al., 2013; Goswami et al., 2012). The maximum gains of the antennas for the
resonance frequency are 5.82 dBi, 5.67 dBi, 5.79 dBi and 4.31 dBi for the antennas with the
substrates of arlon, polyamide, polyimide and silicon, respectively.

b

dB1
=

A\ rlon
vemne Pylyvamide
== = Polyimide
== Silicon

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Frequency / THz

Figure 11:
The gain variation for the proposed antennas
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4. CONCLUSION

In this study, a new patch antenna structure is proposed for 6G frequencies. The design is
also implemented for different dielectric substrates. There has been different responses in antenna
characteristics for each dielectric substrate. In particular, the reductions in return loss level varied
widely when comparing the reference antennas and the proposed antennas. Return loss reduction
amounts for the antennas with arlon and polyamide substrates have been 38% and 42%,
respectively, while the reduction amounts are 28% and 8% for the antennas with polyimide and
silicon substrates, respectively. In the far field radiation characteristics, the main lobe angle at the
resonance frequency is between 7° and 9° for arlon, polyamide and polyimide, while this value is
14° for the silicon substrate. For the bandwidth variation, arlon has created the least change, while
maximum increase is with the polyimide substrate. With these results, the proposed design can
be used as a new structure for 6G communication systems, and a comparison between materials
is provided by realizing the same design on different dielectric substrates. In addition, this study
will provide an idea for the investigation of material effects in 6G multi-antenna structures.
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