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ABSTRACT: This work is motivated by the recently domination of mobile and wireless communications technologies, in addition to the
fast evolution of the new generation of mobile and wireless communication that leads to the successive mobile generations XG 3G, 4G,
5@, and in near future 6G. Currently, the fifth generation (5G) technologies still need more development for a compact and efficient
device. In this manuscript, Meta cells units (metamaterial and metasurface) are employed for improving the main parameters of antenna
performance like gain (G), bandwidth (BW), reflection coefficient (S11), and radiation efficiency. The proposed antenna design shows
multiple resonant frequencies which means that the design is able to operate at multiband of frequencies, including 6 GHz band that
considers the main targeted band of 4G and 5G mobile communication technologies. The simulation results, for the different models
via adding meta cells to the proposed design model, show excellent improvement for the performance parameters that are improved
excellently in comparison with the conventional circular patch (CCP) and previous literature. In addition, the use of meta cells reduced
the resonant frequency which means that it can serve a lower frequency with small size of substrate, and it is half size of CCP, making it
suitable for many applications that require a compact antenna design.

1. INTRODUCTION

he currently development of wireless communications

(WC), besides their recent many applications, which lead
the researchers to concentrate their attention on the study and
development of this topic that has great impact, in the life
system, makes it involve in different fields like medical space
communication engineering. There is need for the device’s
improvement used in the field of communications and devel-
oping them to suit the current and future generations of mobile
communications [1]. Antennas are considered the main part
of WC which should be developed to match the requirement
of the current and next generation of WC (4G, 5G, and 6G).
Moreover, parameters such as low power consumption, higher
gain, bandwidth, and radiation efficiency are targeted to get
efficient antenna and WC system [2—4]. These parameters are
significant for the improvement of channel capacity, which is
important to enhancing speed and security to achieve high data
rate and secure communication. The design of an efficient
antenna not only depends on the investigation of antennas
engineers, but also requires the participation of physicists and
materials scientists [5]. Many researchers suggest the use
of nanomaterials for the improvement of antenna behaviour
and performance parameters [6,7]. Nanomaterials, such
as graphene and carbon nanotube, are utilized in different
techniques like coating and metamaterials for the enhancement
of antenna performance [8,9]. Since it was invented more
than fifty years ago, metamaterial technique has attracted the
attention of many researchers, to use it in the enhancement
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of antenna performance parameters [10,11]. Metamaterials
do not exist in nature, and they are artificially designed and
fabricated via removing part(s) as a slot from the conducting
layer of patch or plane or adding a parasitic element as SRR de-
pending on an optimized process [12], where the conventional
material (such as copper of the conducting layer) is designed in
a specific geometric shape that leads to different electrical and
magnetic properties that do not exist in nature, like permittivity
and negative permeability, and this technique is useful for
achieving a small structural size, high gain, and high frequency
range [13]. Metamaterials emerge as a promising technology to
overcome design challenges by tuning the unit cell properties
of metamaterials using techniques such as split ring resonators
(SRRs) by adjusting their geometric parameters. Metama-
terials are one of the techniques used in the improvement
of antennas design [14], where the parasitic elements create
an additional coupling path to oppose the signal from the
other path, electromagnetic band gap (EBG) [13], split ring
resonators (SRRs) [15]. Many designs have limitations such
as large size, narrow bandwidth (NBW), or operation outside
of 5G bands [10]. In this work, metamaterials have also been
used to provide improvement for the circular patch antenna
performance parameters, and the effect of this technique on
the antenna behaviour at multiple resonances of 5G bands
leads to an improvement in gain, bandwidth and radiation
efficiency [16]. This paper is extended to the work in [17] ,
where it comes in four sections, the second section presents
the design methodology, while the third section illustrates the
results and dissection, and fourth section explains the main
conclusions of this work.
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2. MATERIALS AND METHODS

2.1. Metamaterial

The proposed antenna design basically depends on a circular
patch, which represents an approach that considers the origin
(base) model M0O. The computer simulation software CST is
used in the design of the proposed antenna model. The sug-
gested shape, for the design of patch antenna, is implemented
on a composite conductive layer attached to a dielectric sub-
strate. The material of the substrate layer is FR-4, which is a
square shape of W = L = 75 mm, with thickness h = 1 mm,
and dielectric constant 4.3. The conventional design of a circu-
lar patch antenna is firstly used, which consists of three layers:
the radiation part (patch), which is a conductor layer on the top
of the antenna substrate (dielectric layer) and the ground layer
which is also conducting layer at the bottom of antenna sub-
strate, where the insulating layer will be sandwiched between
the two conducting layers, the radiation and ground layers of
antenna. The model is presented in Figure 1. The dimensions
of the design parameters are shown in Table 1, which represents
a circular patch antenna.

A

V]

FIGURE 1. The conventional circular patch (CCP) antenna MO00.

TABLE 1. The design parameters (dimensions) of the circular patch
antenna M0O.

The symbol | Dimensions in (mm)
w 75
L 75
WF 6
R 18.75
LF 26.78571429
T 1

Then, M0O is modified via removing a circular slot from the
circular patch, and the resulting shape of the patch is an open
ring, which represents an annular ring antenna. After that, two
split ring resonators (SRRs) were added inside and outside the
main annular ring antenna as a meta unit cell, and the inner cell
has a gap from the top and the outer ring gap from the bottom.
The first resulting model is considered MO1, as shown in Fig-
ure 2, and Table 2 displays the dimensions of these SRRs.
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FIGURE 2. The annular patch model MO1 with SRR added.

TABLE 2. The diameters of meta cells (SRR) for antenna model MO1.

The symbol | Dimensions in (mm)
E1 21.75
E2 24.75
E3 12.75
E4 9.75

The second resulting model considers M02, which is mod-
ified from MO1, via adoption of the same design of M01, but
instead both SRRs are added inside the annular ring antenna
patch, which will surround both meta cells (rings), and both
of them have a small gap in the opposite direction to each
other. The design of M02 is illustrated in Figure 3, and Table 3
presents its dimensions.

X3

.

x4

FIGURE 3. The annular patch with SRRs model M02.

The results of the three models were presented to check
whether they were suitable to work at the targeted frequency
and had good performance parameters, bandwidth, gain, ra-
diation efficiency, and return loss. MO0 had a bandwidth of
(6.4278 to 6.6274), and the resonance occurred at 6.5076 GHz,
while S71 = —19.921, while for M01, the resonance occurred
at 6.4127 and S1; = —24.504. The bandwidth is (6.3303 to
6.4641), and for M02, its bandwidth is (7.5412 to 7.763). The
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TABLE 3. The dimensions of the circular patch antenna model M02.

The symbol | Dimensions in (mm)
w 60
L 60
WF 24
X1 12.6
X3 11.4
LF 10
T 1
X2 9
X4 10.2
LF 10

resonant frequency = 7.641 GHz, S1; = —13.795dB. In spite
of acceptable results of these models, the performance parame-
ters still need more improvement, to meet the requirement of an
efficient antenna that can be used in 5G band of frequency, the
reason that leads to follow another approach in this paper. In
the second approach for the design of the first model M 10, the
proposed design of this model is placed on a single conduct-
ing layer substrate, where the conductive layer includes two
elements, the patch (radiating element) and ground of the mi-
crostrip antenna. The proposed antenna design is placed on the
conductive layer via designing and modifying the ground and
radiating elements to suit the antenna design and operate at the
specified frequency (resonant frequency). 6 GHz range is the
targeted frequency for the proposed designs. in addition, copla-
nar wave (CPW) feeding is used for feeding the proposed circu-
lar patch antenna, which represents model M 10 that is shown in
Figure 4. The use of CPW feeding increases recently due to its
advantages, compared with strip line feeding, such as low radi-
ation loss and dispersion that makes it suitable for single con-
ducting layer antenna [18, 19]. Model M10 was designed on a
rectangular substrate, with the ground and patch placed on the
same conductive copper layer. The dimensions of the design
parameters are presented in Table 4. The radius of the circular
patch was calculated based on the following equation [20].

TABLE 4. The dimensions of the circular patch antenna model M10.

The symbol | Dimensions in (mm)
LG 21.1
Lgl 10
Wy 132
Wgl 5.6
R2 7.35
R5 4.375
R1 R
R4 3.675
R2 7.35
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FIGURE 4. The circular patch model M 10.

F

a = 1
{1+ 2 [In(ZF) + 1.7726]}1/2 M
8.791 x 10°

F= A )

where a: the actual radius; F: The force or constant; h: height
of the substrate; f,: resonant frequency; ¢,: dielectric constant
of the substrate.

The antenna model M10 has been designed to operate at
6 GHz, then the model operates at the frequency resonant
6.3185 GHz with bandwidth range 5.4301 to 9.8157 GHz while
S11 = —23.285 dB and gain is 5.520 dBi. Then, a circular slot
is removed from the circular patch, which leads to an annu-
lar ring patch antenna, the resulting model considered M11.
After that, SRRs (meta cells) are added to improve the per-
formance of the proposed design, which is illustrated in Fig-
ure 5 that presents the model M11. Table 5 presents the di-
mension of design parameters for M11 based on the same di-
mension of M10 parameters, which leads to the following re-
sults: f,. is = 8.4618 GHz, and bandwidth range is 7.0973 to
9.5618 GHz while Sq1 is —17.946 dB, and gain is 4.564 dBi,
which seem worse than that of M 10, but the resulting circular
slot in M11 makes adding of SRR easy and effective. The addi-
tion of SRR inside the annular ring patch as a meta cell (meta-
material technique) was suggested to enhance the performance
of antenna = M12. Figure 6 displays the following results:
fr = 8.3007 GHz and bandwidth range 6.1249 to 9.3875 GHz
while S71; = —18.531dB, and gain is 5.146 dBi.

TABLE 5. The diameters of annular patch antenna M11.

The symbol | Dimensions in (mm)
R (out) 6
R (in) 5

Antenna model M12 is a developed model from model M11
via adding SRR inside the ring of this model, and Table 6
presents the dimensions of the added SRR (meta cell). After
that, the design has been improved to M13 via adding another
meta unit cell to the design of antenna. The dimensions of this
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FIGURE 5. The annular ring model M11.
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FIGURE 7. The model M13, which is an improvement of the two pre-
vious models.

TABLE 6. The diameters of the added meta cell inside the annular patch
antenna M12.

The symbol | Dimensions in (mm)
R1 (out) 5.95
R2 (in) 4.55

TABLE 7. The diameter of the added meta cell to the annular patch
antenna M13.

The symbol | Dimensions in (mm)
R4 (out) 4.2
R5 (in) 2.8

meta cell are listed in Table 7, and Figure 7 illustrates the re-
sulting design.

The new model has the following results: f, is 8.2251 GHz,
and bandwidth range is 7.5587 to 10.937 GHz while Sy; is
—24.989dB, and gain is 5.147 dBi.

2.2. Metasurface

The meta-unit cell (SRR) is added to the proposed antenna de-
sign models. The toroidal unit cell was used to improve the
performance of the previous four models (circular patch anten-

’R1
R

FIGURE 6. The addition of meta cell (SRR) inside the annular patch

model M12.
(a) (b)
R1
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FIGURE 8. The design steps of adding meta cell on the back surface of
proposed antenna designations.

nas M10, M11, M12, and M13). The unit cell was printed on
the back surface of the substrate. Three design steps were fol-
lowed to add the ring(s) as a parasitic element on the back sur-
face of the antenna substrate. In the first step, a parasitic unit
cell (ring) was added on the centre of the back surface of the
substrate of antenna design for the models (M20, M21, M22,
M23), shown in Figure 8(a). Then in the second step, two rings
were added on the back of the substrate vertically (M30, M31,
M32, M33), which is illustrated in Figures 8(c) and (b) hori-
zontally for models (M40, M41, M42, M43), while in the third
step, four toroidal rings were added on the back surface of the
proposed antennas (M50, M51, M52, M53) as presented in Fig-
ure 8(d). Itis important to note that the measurement of the radii
of the meta-surface layer is mentioned in Table 1.

3. RESULTS AND DISCUSSION

In this section, the results of the previous models are displayed
and compared somewhat in stages. Firstly, the results of the
models (M00, MO1, and M02) are displayed in Figure 9 and
Table 8. Secondly, the results of the following models (M10,
M11, M12, and M13) are presented in Table 9, and Figure 10
shows the relation between frequency and return loss (S11). Af-
ter that, the comparison between the two groups is made for the
same chosen parameters and moreover the second group that
has been subjected to studying the effect of metasurface ele-
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TABLE 8. The results for three model based on M00.

No fr S11 BW G n
GHz dB GHz dBi %
4.2 —20.74 0.14 0.34 45.10
MO0 6.5 —19.92 0.25 3.92 22.99
8.4 —39.55 0.268 4.8 30.29
2.50 —12.53 N.wW —=5.0 10.31
MO1 6.41 —24.37 0.1 0.9 20.62
7.60 —22.20 0.19 0.11 17.99
8.33 —23.03 0.24 243 37.34
5.30 —17.41 0.3 —8.7 3.02
MO02 6.5 —14.31 0.26 —5.7 4.62
7.7 —36.04 0.30 —4.0 5.11

TABLE 9. The results for three Model based on M10.

No fr S11 BW G n
GHz dB GHz dBi %
M10 4.02 —12.87 1.57 3.45 96.87
6.77 —-21.3 4.32 5.9 94.71
Mi1 2.7 —11.60 0.4 2.74 95.69
8.2 —-19.0 1.610 43 88.12
M12 6.0 —16.19 35 4.0 91.48
10.60 —47.1 0.77 5.21 79.32
MI3 3.9 —-19.3 0.5 2.89 91.33
5.6 —39.03 1.66 4.6 92.89

ment on the proposed design. In the first three models, the re-
lationship between the frequency and return loss is displayed in
Figure 11, and the other parameters of antenna performance for
these models are presented in Table 10.

Figure 9 and Table 8 show the poor improvement in the cal-
culated results for these models particularly in terms of gain, ra-
diation efficiency, and bandwidth that should be improved for
these models. Then, the results for the second set of the pro-
posed models are presented and discussed, the four models of
microstrip antennas M10, M11, M12, and M13. Table 9 shows

S-Parameters

7
Freq/GHz

FIGURE 9.
meta cell.

The Si11 for the circular and annular patch when adding
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the values of the main targeted parameters for these models’
bandwidth, gain, radiation efficiency, and return loss | S| that
are calculated in this work. Figure 10 shows a comparison ac-
cording to the relationship between the frequency and return
loss for these four models, and the figure also presents the ef-
fect of the proposed technique on the calculated parameters. In
addition, it is necessary to note that the proposed design leads
to reducing the size of the antenna to approximately half of the
first model, then start to improve each of these models respec-
tively and compare the calculated results to get the best model
that is suitable to work at the target frequency in 6 GHz band,
which is one of the frequency ranges for 5G WC.

s S-Parameters
m
3
75 P aanhtl
-15
225 M10 \
v/ Y
eeee Mll P '
B | =M |'
a5 L= = Mi3
3 4 5 6 7
Freq/GHz

FIGURE 10. The Sy for the second group based on model M10.

The presented results in Table 9 represent the calculated pa-
rameters for the models M10, M12 and M13. The design
of M13 improves these parameters in comparison with M10
that has a resonant frequency f, = 6.7051, BW of 5.671-
9.898 GHz, S1; = —21.366, gain (G) = 5.967, and radi-
ation efficiency n = 94.71, while for M13 f, = 5.626,
S11 = —39.034, G = 4.675, n = 92.89, and BW of 4.997-
6.594 via comparing Tables 8 and 9, the obtained results for the
models M10, M11, M12, and M13 are better MO0, MO1, and
MO2 especially in the targeted band of the research topic 6 GHz.

However, with the use of the metasurface, each element
of the second group of antennas will be studied respectively,
which begins with M10 applying the metasurface technique.
Figure 11 presents the relationship between the frequency and
return loss for the three models of this group, and Table 10
shows the results of these models more clearly. The following
tables display the effect of adding metasurface unit to the mod-
els on the parameters of antenna design proposed in this work,
which were presented in the previous paragraph, where each
table will work in an indirect way by displaying the results of
comparing the model with itself first and with others secondly.
The results presented in Table 10 shows the achievement of the
new approach for the proposed design, which functions at the
targeted frequency of 5G communications 6 GHz.

The meta technique leads to the decrease of resonant frequen-
cies of the design with smaller dimensions and shows better
return loss that relates to the matching impedance, good band-
width, besides the excellent radiation efficiency and gain. Fig-
ure 11 shows the resonant frequency and reflection coefficient
(or return loss |S11]), in addition to the BW for M10. More-

WWwWw.jpier.org
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FIGURE 11. The effect of adding meta cell on the relation of (S11) with
frequency for M10.

TABLE 10. The effect of adding meta cells on M10.

No I Su BW G n
GHz dB GHz dBi %
M10 4.02 —12.87 1.57 3.45 96.9
677 —-21.3 432 5.9 94.7
2.94 —14.5 0.70 3.02 98.7
M21 3.81 —14.8 05 3.39 98.1
6.08 —26.80 44 5.28 93.2
2.79 —-13.0 0.6 2.8 99.1
M22 6.09 6 —-21.6 2.9 53 94.1
10.2 —22.37 1.37 6.02 86.4
M23 3.6 —33.2 1.5 3.25 97.1
5.0 —11.90 0.4 4.3 89.6
M24 2.898 —15.25 1.5 2.8 97
5.245 —18.02 0.85 5.08 92.8

over, it also presents the effect of adding meta cell to the pro-
posed design of this model. The curves show the clear effect
of meta cell on the antenna performance parameters. Figure 11
shows the best results obtained for the first model, the circular
patch that resonates at the targeted frequency 6 GHz. Then at
the third steps, according to Table 5, M10 = 6.771 GHz, M21
= 6.08 GHz, and M22 = 6.09 GHz.

The results in Table 11 are obtained by the simulation based
on the models in Table 10 to display the results of model M11,
where the same steps, following in the previous model, have
been used. In the second model, which is the ring, considering
the resonant frequencies, it is suitable for working in 5G com-
munications networks that operate in a medium range of 6 GHz,
as well as for the sixth generation communications that operate
in a range from 7 to 20 gigahertz.

Figure 12 shows the results obtained for model M11 and cal-
culated for the annular patch, which operates at the targeted
frequency (6 GHz) and ordered according to their sequences in
Table 11. For M32, f,. = 7.941, G = 4.809, and 1% = 90.65,
but BW starts from 5.869 to 10.43 which means that the 6 GHz
is already obtained in this band; the gain at 6 GHz is 4.758,
1n% = 90.68; and return loss is S1; = —38.707. Comparing

@, S-Parameter
=
)
-10
20
-30
4 ===
35 45 55 6.5 75 8.5
Freq/GHz

FIGURE 12. The effect of adding metasurface on the (S11) for the model

MI11.
TABLE 11. The effect of adding meta cells on M11.
NO fr S11 BW G n
GHz dB GHz dBi %
Mi1 2.7 —11.60 0.50 2.74 95.7
8.30 —19.0 1.61 437 88.1
2.80 —13. . . .
M31 3.9 0.40 2.95 98.7
4.35 —20.06 0.2 22 83.8
M32 2.768 —10.7 0.335 2.874 99.47
7.941 —38.87 4.544 4.809 90.65
M33 | 3.755 —21.49 1.359 3.251 94.35
M34 2911 —12.2 1.557 2.777 95.06
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TABLE 12. The effect of adding meta cell on the parameters of M12.

No fr S11 BW G n
GHz dB GHz dBi %

M12 6.0 —16.19 3.5 4.0 91.5
2. —13. . . .

M4l 78 13.99 0.30 2.81 96.4

4.32 —20.7 0.23 2.49 87.5

M42 7.22 —18.85 2.5 4.44 92.0

M43 3.74 —-30.1 1.2 33 94.1
4 —11.1 . . .

Ma4 3 9 6 0.4 3.15 94.7

4.0 13.01 0.5 3.56 93.7

the results of the two antennas (M10 and M 11) in both Tables 10
and 11, they show excellent efficiency and have high gain, com-
pared to that in Table 8.

The results illustrated in Table 12 present the effect of adding
metasurfaces on the back side of the proposed antenna model
M12. Figure 13 shows the effect of adding metasurface on the
resonance frequency and BW via the relation between S1; and
frequency. Table 13 shows the results obtained for M50 model
at each resonant frequency. The table displays the main per-
formance parameters, such as f,., Si1, BW, G, and n. From
Table 13 of model M 13, which is similar to the previous mod-
els, the results contain multiple resonant frequencies.

In addition, the use of split ring resonant technique leads to
a shift in the resonant frequencies, within the operating fre-
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FIGURE 13. The effect of adding meta cells on the (S11) for the model

M12.

Phi=90 30 30 phi=270

90
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180

FIGURE 15. The radiation pattern of the circular patch antenna model
M10.

TABLE 13. The effect of adding meta cell on the parameters of M13.

No S Su BW G n
GHz dB GHz dBi %
MI3 39 —19.3 0.50 2.702 89.1
5.6 —39.03 1.6 4.675 929
M51 4.03 —24.81 0.45 2.738 84.8
5.5 —48.7 33 4.578 943
M52 5.69 —44.1 35 4.622 91.8
4. —24.4 1. . .
MS53 0 ) 79 2.703 86.9
5. —13.9 1.2 4.201 88.5
4. —19. . . .
M54 09 19.5 0.5 2971 89.2
5.21 —27.35 1.2 3.745 90.39

quency range around 6 GHz, which is shown in Figure 14.
From Table 13, all bands covering the 6 GHz frequency range
have good readings for the target parameters shown in the table,
with a gain value more than 3.5 dB and a radiation efficiency
more than 90%. These common parameters of the four mod-
els, shown in tables and graphs, are suitable for 5G wireless
communication applications due to their good results in terms
of gain, bandwidth, return loss, and radiation efficiency.

Figures 15, 16, 17, and 18 illustrate show one-dimensional
(1D) antenna radiation pattern of the four models M10, M32,
M40, and M50 respectively at 6 GHz, which shows the width
and direction of the radiation angle.

@ g S-Parameter
= ~
% 2\ /
N
20 b—————— Y f—
° o
[ 4
[ 4
M13
40 -4
eeoeoe M51
- M52
— — MS53
-60
1 2 3 4 5 6 7 8 9 10
Freq/GHz

FIGURE 14. The effect on the (S11) when adding metasurface to the

model M13.
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Phi= 30 Phi=270
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Theta / Degree vs. dBi

FIGURE 16. The radiation pattern of the circular patch antenna M32.

Figure 15 presents the 1D radiation pattern for the antenna
model M10 at the frequency 6.2565 GHz, the direction of the
main lobe at 157 degrees (DEG), and the angular beam width is
59.4 DEG. Figure 16 presents the 1D radiation pattern for the
antenna model M32 at frequency 6 GHz, the direction of the
main lobe at 149 DEG, and the angular beam width 53.42 DEG.
Figure 17 presents the radiation pattern for antenna model M40
at 6 GHz frequency band, the main lobe direction at 156 DEG,
and the angular beamwidth 67.6 DEG. Figure 18 presents the
1D radiation pattern for the antenna model M50 at frequency
6 GHz, the direction of the main lobe at 153 DEG, and the an-
gular beam width 57.1 DEG. All in all, the calculated results
illustrate an excellent improvement to the performance param-
eters of the circular patch microstrip antenna when the modern
techniques are used like meta cells design (metamaterial).

The proposed design presents excellent results which make it
suitable for the recent wireless communications (5G) including
smartphones and other mobile devices, at the frequency range:
C-band, 3.3—4.2 and 6 GHz, besides the other applications such
as internet of things (IoT) and smart homes range of frequen-
cies, 2.4-5 GHz. In addition, the frequency range of proposed
model meets the requirements of vehicle to everything (V2X)
communications, autonomous vehicles 5.9 GHz (V2X-specific
bands), the frequency range for small cell, distributed antenna
systems, robotics, and industrial automation range of frequen-
cies: 2.4-6 GHz.

Table 14 presents a brief comparison to the calculated results
for the proposed model with some of the previous literatures.
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Farfield Gain Abs (Phi=90) Farfield Gain Abs (Phi=90)

Theta / Degree vs. dBi Theta / Degree vs. dBi

FIGURE 17. The radiation pattern of the circular patch antenna model FIGURE 18. The radiation pattern of circular patch antenna model M50.
MA40.

(a) (b)

FIGURE 19. Experimental model. (a) Front side, (b) back side.

TABLE 14. The results comparison of the proposed antenna with the 4. EXPERIMENT MANUFACTURING AND TESTING

previous literatures.
In this part, the prototypes of the proposed model achieved the

Ref Dim f,in BW in 7 in Gin goal of this work. Model M52 was chosen from Table 13 for
mm GHz GHz % dBi experimental testing. Firstly, during the design and simulation

[21] 34 % 39 472 270 NR 205 process, 'the model was implementefi on an FRé'l su'bstrate with
Y 029 31 1 mm thickness. After that at the t1m§ of fabrication process,

[22] 60 x 60 ' ' NR ) the 1 mm substrate was not available in the lab, and a 0.8 mm
3.66 0.34 329 substrate was available that can be used instead of the 1 mm

23] 40 x 40 2.9 2.86 %0 2.5 substrate. Then, the design was changed to adapt with targeted
4.75 3.0 5.2 band of frequencies. The use of a 0.8 mm substrate leads to

[12] 30 x 30 10.4 0.5 5.06 decrease in thickness of the dielectric layer that means smaller
245 14 935 25 size and less weight, which makes it more suitable for mobile

[24] 47 % 30 5o ) 95.0 463 devices. The meta cell (SRR) was used on the back layer layer,
' : y and some design changes were made, but it had less effect on

[25] 41 x 44 24 3.8 oL4 3.74 the manufacturing model. Figure 19 shows the manufactured
5.8 5.2 92.3 5.13 prototype. The fabricated model of the proposed antenna was

26] 50 x 50 2.4 NR 16 1.69 tested via Agilent teghnologies vector network analyze.r (VNA)
58 25 4.12 model [ES017C]. Figure 20 shows the VNA, and Figure 21

24 4.9 1.90 shows the test results for the proposed model. After clarify-

[27] | 100 x 100 53 38 590 ing the difference in model M52 and modifying it for manu-
. . . facturing, the selected model was validated via simulation of

Proposed | 35x35 | 5.67 2161 90.6 | 5.343 the proposed design using High Frequency Structure Simulator

(HFSS) software. Then, the design was modified according to
the manufacturing requirements.
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FIGURE 20. The Agilent VNA model [E5017C].
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FIGURE 22. The calculated and measured (S11) for the simulations and
experimental model.

The results of the model for both environments, simulation
and experiment, are shown in Table 15 and Figure 22. It is clear
that both of them are multi-resonant, and their results are very
close. It is also presented that the model is useful for operating
in the frequency range from 4.5 to 7 GHz according to their 511,
bandwidth gain, and radiation efficiency.

5. CONCLUSIONS

This manuscript presents different techniques used in the im-
provement of circular patch antenna to make it suitable for 5G
applications and operate around 6 GHz bands. The design has
been developed from the traditional model, which has larger
size and very narrow bandwidth, low gain, and radiation effi-
ciency for the antenna that operates in the band of 5G at 6 GHz
frequency. The new design is around half size of the traditional
circular patch, has larger bandwidth, high gain, and radiation ef-
ficiency of approximately over 90%. In short, the use of meta
technique improves the antenna design, which makes it effi-
cient to be used for 5G applications based on the selected pro-
posed model that shows an excellent matching between theo-
retical and experimental results.
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FIGURE 21. Photo to the display of the S1; result.

TABLE 15. The simulated and experimental results.

No S Sn BW G n
GHz dB GHz dBi %
exp 5.5 —21.8 2.287 / /
CST Sim 5.67 —22.07 2.192 5.343 90.59
HFSS Sim 5.29 —17.2 0.82 5.128 94.49
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