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The millimetre-wave communication technique has drawn great attention in the research community and the industry as a
key technology in a fifth generation (5G) mobile communications systems. However, as the 5G mobile communication is
going to use higher frequency bands beyond the traditional ones, then there will an essential need for a higher gain antenna
for 5G to overcome the path loss due to the atmospheric absorption of electromagnetic waves at higher frequencies. Hence,
this article focuses on designing antennas that work on the frequency band of 11 GHz, which is one of the 5G frequency band
candidates. The design aims to achieve a higher gain and to observe the visibility of the design in terms of cost, size, and
performance. The proposed patch antenna resonates at 11 GHz and designed on low cost 1.6 mm FR4 substrate which has
a compact structure of 20x40 mm?, 40x40 mm?2, and 80x40 mm? for a single element, 1x2 array antenna, and 1x4 array
antenna, respectively. Also, the antennas have a realized gain of 2.95, 4.6, 6.17 dBi for a single element, 1x2 array antenna,
and 1x4 array antenna, respectively. In this work, CST Microwave Studio 2018 is used for simulation and analysis for various
parameters such as return loss plot, gain plot, radiation, and pattern. Finally, the simulated model is fabricated, and the

measured result is correlated with simulation results for verification.
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1. Introduction

Currently, there is a substantial focus on antenna design
for 5G mobile devices, which is promising higher data rates
that can reach up to 1000 times higher compared to 4G
technology. The 5G technology will greatly extend its
capacity by opening up higher frequency bands and less
congested frequency spectrum. Consequently, higher
bandwidth will be achieved, which was the main limitation
of previous technologies. However, this opens up a series
of challenges, such as a need for designing an antenna with
higher gain to overcome the path loss due to the
atmospheric absorption of electromagnetic waves at higher
frequencies.

To enable the 5G, FCC divided the key spectrum into
low-band (up to 1 GHz), mid-band (sub-6 GHz) and high-
band (mmWave). The mmWave offer lightning fast data
rates above 2 Gbps and huge capacity, while low-band
offers good 5G coverage, and mid-band offer a blend of
both. It is clear that to attain the target of ultra-fast data
rates, the use of 5G mmWave spectrum is desirable.
However, some crucial challenges must be fulfilled before
the implementation of mmWave mobile communications.
The Sub-1 GHz band is used for providing widespread
coverage in the cities, suburban, and village areas and help
to support the Internet of thing services[1-3]. On the other
hand, the 1-6 GHz band provides both capacity and

coverage advantages. The band above 6 GHz (mmWave)
fulfills the requirements of an ultra-high broadband speed
of 5G [1, 4-10] compare to low-band (up to 1 GHz), mid-
band (sub-6 GHz) .The 5G spectrum bands have not been
finalized yet but there are some regulatory agencies already
declared some potential frequency bands for the 5G
network such as OFCOM; the communication regulator in
the UK. A mobile antenna must be small, light in weight
and fit into amounted allotted space in the design’s devices,
one antenna type that meets these conditions and can fulfill
the wireless communication system requirement is the
microstrip patch antenna, also this type of antenna has a lot
of merits such as low profile, planar structure, multiband
properties, low cost, moderate to high gain, and easy to
fabricate. The microstrip patch antenna is the most used
elements especially with the development of various
multiband technique and the enhancement technique that
allows us to improve the gain and bandwidth.

Several works have been reported in frequency bands
above 6 GHz for the 5G application[2, 11-14]. For example,
Sam et.al. presented a patch antenna operating at 11 GHz.
with Rogers RT5880 as a substrate of size 22 x19 mm? and
0.6 mm thickness used to achieve a gain of 6.35 dB [11].
The reflection coefficient level of -36.54 dB for the 300
MHz bandwidth is obtained. Another work conducted was
also proposed as a single band microstrip patch antenna
consist of a new H slot and E slot-loaded on the radiating
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patch with the 50 ohms microstrip line feeding [12]. This
single band antenna is simulated on a Rogers RT5880
dielectric substrate and has relative permittivity 2.2. This
design result shows the center frequency at a 59.93GHz
with a bandwidth of 4.028 GHz ranging from 57.981GHz
up to 62.009GHz. The proposed microstrip patch antennas
have a gain of up to 5.42 dB for the millimeter-wave
wireless application. It is observed that those antenna
substrate structures designed based on a Roger material,
which is a bit costly compared to the other material used
such as FR4. Another work by [13] presented a patch slotted
antenna with FR4 substrate of size 20x20 mm? size with
1.66 mm thickness to provide a gain of 4.46 dB at 10.15
GHz. The proposed design simulated with FR4 material,
which is considered cheaper compared to Roger. Also, [15]
presented a design of a 28 GHz phased array antenna for
future 5G mobile-phone applications. The proposed
antenna implemented using FR-4 substrates while
maintaining good performance in terms of gain and
efficiency. This is achieved by employing a new air-filled
slot-loop structure as the radiator. The simulated and
experimental results show that the antenna has the Sii
response of less than -10 dB in the frequency range of 27 to
29 GHz. It is been noticed from the above mentioned
designed that they adopted using FR4 as substrate material,
which a low-cost material that can significantly reduce the
cost, particularly in a mass production case. Another work
proposed by [14], where they come up with a small antenna
with coplanar feeding. The Rogers RT5880 is used as a
substrates material of 0.254mm thickness, and the size of
the patch where 5 x 5 mm?2. The overall design used to
achieve a maximum gain with a value of 6.6 and 5.6 dB at
28 and 38 GHz, respectively. Furthermore, the design of an
8-element microstrip patch antenna (MPA) array was
proposed for dual-band 5G communications [16]. The
proposed antenna array is compact, with a size of 16x 16
mm? at 28 and 39.95 GHz, respectively. The dual-band
response is achieved by etching an inverted U-shaped slot
from the main radiator. It is observed from the results that
the proposed array is able to provide resonance for desired
frequency bands. Furthermore, the proposed offer an
acceptable gain for both frequency bands. Another
approach of including an array antenna to further improve
the gain is also considered. For example, the array antenna
of 1x2 structure is conducted as well. For LTE-R and 5G
lower band, in [17], an ellipse-shaped patch antenna is
reported. With an overall size of 180 x 60 mm?, the
designed antenna is able operate over dual bands of 0.66 -
0.79 GHz and 3.28 - 3.78 GHz. In [18], a monopole antenna
is introduced for 4G/5G applications. The studied single-
element antenna attained a -6-dB operating bands of 1.24 -
2.64 GHz and 3.34 - 5.0 GHz. But it possesses a large
dimension of 150 x 80 mm? and cannot cover the N79 band.
In [19], an UWB antenna is presented for lower 5G
communication. With an overall size of 80 x 50 mm?, the
studied design was able to operate over 2.32 - 5.24 GHz
band. In this design a simple rectangular patch is used to
achieve an operating band centered at 2.425 GHz. But it
possesses a large volumetric size of 114 x 77 x 1.6 mm®. A
dipole antenna for 4G/lower 5G base station applications is

presented in [20]. Khraisat et. al. designed a 1x2 array
antenna that operates at 2.4 GHz with a substrate of 2.2 and
thickness h=1.6 mm is used. The antenna achieved an
overall gain of 9.6 dBi with 100 x 100 mm? size. In addition
to the 1x2 design, a 2x2 circularly polarized array antenna
was designed [21] This array antenna is that due to the
simple and symmetric structure, the proposed antenna is
suitable to expand array size, i.e. 4 x 4, 8 x 8 and so on. The
antenna operated at a center frequency of 10 GHz. In
addition, the antenna is designed using Teflon glass fiber
substrate with a thickness of 0.8 mm and dielectric constant
of 2.15. The dielectric loss tangent of the substrate is
0.000194. Copper with a thickness of 0.018 mm is used as
radiating plane and ground plane conductor. Also a high
performance of coaxial feed ultrawide band (UWB) array
antenna was designed with parasitic element [22]. The 1x4
array antenna consists of four identical copper circular
patches that are appropriately connected using a quarter-
wavelength  transformer transmission line. Taconic
associated with 2.2 dielectric constant and thickness of 1.6
mm is used as the antenna substrate. The proposed antenna
recorded reflection coefficient less than -10dB started from
2.5 to 12.6 GHz which fulfilling the requirement of UWB.
Dimensions of 80 x 45 mm? and maximum gain of 12.12
dB made it as small and high gain UWB antenna. The
proposed antenna performance finds it very suitable to be
applied in human brain microwave imaging.

In this article, 1x1, 1x2, and 1x4 planar patch antenna
array are designed, simulated, and fabricated for 5G
applications. The proposed antenna is designed with low-
cost FR4 substrate material for the frequency band of 11
GHz to achieve higher gain and to observe the visibility of
the design in terms of cost, size, and performance. Presented
simulation results are obtained with the Finite Integration
technique based full-wave 3D electromagnetic simulator
CST Microwave studio.

2. The methodology of the antenna design
structure

The design of the antenna is based on Computer
Simulation Technology (CST) that operates on microwave
studio within the CST Studio Suite[23]. The basic
construction of the patch antenna begins with the design
synthesis. After the design is completed, the microwave
studio within the CST Studio Suite 2018 is used to perform
a simulation of the 3D full-wave electromagnetic structure
[23]. The simulation tests several designs that require
modifications and tunings, which are carried out in the
software to obtain a suitable design for optimal antenna
performance. The selected design is then fabricated using a
photolithographic process. Lastly, the fabricated antennas
are tested, and antenna parameters are measured to be
analyzed. In short, the construction of the patch antenna
requires precise dimension calculation, careful simulation
tunings, and accurate measurements. The fabrication
process is a crucial stage as it requires precise work to
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ensure that the fabricated antenna structure is the exact
replica of the designed and simulated antenna.

The final proposed patch antenna (single element, 1x2
array antenna, and 1x4 array antenna) using a microstrip
line with feeding is given in Fig. 1. The patch antenna has
an E-shape patch of 6.88 mm x 145 mm. Various
parameters such as dielectric constant (¢ = 4.3), resonant
frequency ( fr =11 GHz), and thickness of the substrate ( h=
1.6 mm) are considered while designing the proposed
antenna. With near zero water absorption, FR-4 is most
commonly used as an electrical insulator possessing
considerable mechanical strength compare to other
material. The material is known to retain its high
mechanical values and electrical insulating qualities in both
dry and humid conditions. FR4 epoxy glass substrates are
the material of choice for most PCB applications. The
material is very low cost and has excellent mechanical
properties, making it ideal for a wide range of electronic
component applications. In this structure, the SMA port is
used to excite the antenna. The overall dimensions are 20
mm x 40 mm x 1.6 mm. The detailed dimensions of the
proposed single element patch antenna are given in Fig.
1(a). To calculate the width required for each specific
amount of impedance, the CST impedance calculator is
used, which results in the following values listed in Table
1.

A quarter-wave transformer is used for splitting the
power, which is commonly used in impedance matching in
order to minimize the energy, which is reflected when a
transmission line is connected to a load. The quarter-wave
transformer uses a transmission line with different
characteristic impedance and with a length of one-quarter
of the guided-wavelength to match a line to a load [24]. The

quarter-wave transformer in this example connects a 50 Q
line from the source load to a 100 Q and to 70 Q impedance
then eventually to 50 Q impedance that excites the antenna
patch. This is realized using a microstrip technology on an
FR-4 substrate and modeled in CST STUDIO SUITE. After
impedance matching, every single patch of antenna needs
to be adjusted with respect to the horizontal and vertical axis
to get the maximum constructive signal to get maximum
possible gain. The best possible horizontal displacement
between each of the patches was realized to be 8 mm while
the vertical displacement from the SMA connector is found
to be 33.95 mm. Also, the single element patch antenna
needed to be adjusted in terms of length and width to take
into account the shifting of the resonant frequency to the
lower side by reducing the size of width to 12 mm and
increasing the length to 9.36 mm. Fig. 1(b) and Fig. 1(c),
summarize all the parameters and geometric layout of the
designed 1x2 and 1x4 array antennas, respectively. Fig. 2
illustrates the surface magnitude current distribution of the
proposed designed antennas at (single element, 1x2 array
antenna, and 1x4 array antenna) 11 GHz frequencies. The
current single element current mostly resonates in the
middle of the E shaped part and 1x2 and 1x4 currents
mostly resonances the upper side of the E shaped patch.

Table 1. Dimensions for impedance

Impedance Q Value (mm)
50 3.137
70 1.67
100 0.72

Table 2. Dimensions for impedance

Parameter 1x1 Value (mm) 1x2 Value (mm) 1x4 Value (mm)
Ground Plane Length Lg 40 40 40
Ground Plane Width Wg 20 40 80

Patch Length L 9.36 9.36 9.36
Patch Width W 12 12 12
Feed Line Length ML 9.04 9.04 9.04
Feed Line Width Wf 3.137 3.13 3.13
Substrate Height h 1.6 1.6 1.6

Slot Gap g 1 1 1

Horizontal Distance Dx 8 8
Vertical Distance Dy 33.95 33.95
Transformer Length 22.35 22.35
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Fig. 1. Geometric layout of the proposed (a) 1x1 (b) 1x2 and (c) 1x4 antenna array antenna (color online)
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3. Results and discussions

The single element antenna prototyped and other
simulated (CST and HFSS) and measured reflection
coefficient and gain results of the proposed 1x1 antennas
are depicted in Fig. 3. Based on the return loss plot (S11dB)
for Fig. 3(b), which shows a significant drop reach up to -
15.33dB at 11 GHz. This means that the resonant frequency
lies at 11 GHz. The bandwidth of the antenna design can be
found at — 10 dB, which lies between 10.66 — 11.14 GHz
(HFSS), 10.78-11.13 GHz (CST) in simulated and
measured in (10.60-11.48 GHz) which is almost 900 MHz

©
Fig. 2. Surface magnitude current distribution of a) 1x1 Antenna b) 1x2 array antenna and c) 1x4 array antenna at 11 GHz (color
online)

bandwidth. From Fig. 3 (c), it can be stated that the 1x1
antenna array is achieved a gain in simulation 2.88 dBi
(HFSS), 2.25dBi (CST), and 2.95dBi in measured. The far-
field solver can be run on the CST Microwave Studio to
view the graphs of directivity, and maximum gain can be
achieved for the designed antennas, which is shown in Fig.
3(e). The single patch antenna shows a realized gain of 2.95
dBi, as shown in Fig. 3(b). The 2D E and H plane radiation
pattern of the proposed single antenna is described in Fig.
3(d). It can be sated that the main beam direction towards
the + Z axis. The cross polarization is low compare to co
polarization in E plane. The 1x1 antenna directivity gain
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was about 5.28 dBi at 11 GHz, which is shown in Fig. 3(e).
The antenna radiation pattern is called nearly directional.
After obtaining results from the design of a single
element on the directivity gain, which is relatively small,
the design of antenna proceeded with the array design of
two and four elements uniform array antenna with a feeding
network of a quarter wavelength. The research scope of this
study is to investigate the results of three different array
configuration types and compare the result of each antenna
configuration. For power impedance matching, a quarter-

wave transformer impedance matching is used for this
project to couple the power to each element for radiation.
Antenna prototyped and other simulated (CST and HFSS)
and measured reflection coefficient and gain results of the
proposed 1x2 antennas are depicted in Fig. 5. Based on the
return loss plot (S11 dB) for 1x2, which is shown in Fig. 4
and shows a significant drop in the reflection coefficient,
then rise back again to the starting point at 11 GHz. This
means that the resonant frequency lies at 11 GHz.
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Fig. 3. Single antenna (1x1 antenna) a) Fabricated Prototype b) simulated and measured reflection coefficient (S11) c)
simulated and measured peak realized gain d) 2D radiation pattern of E plane and H plane e) 3D directivity far field gain at 11
GHz (color online)

The bandwidth of the 1x2 array design can be found at
— 10 dB, which lies between 10.82 — 11.22 GHz (HFSS),

10.90-11.28 GHz (CST) in simulated and measured in
(10.34-11.70 GHz) which is more than 1 GHz bandwidth.
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From Fig. 4(c), it can be stated that the 1x2 antenna array is
achieved realized gain in simulation 5.01 dBi (HFSS), 4.90
dBi (CST), and 4.61dBi in measured. The 2D E and H plane
radiation pattern of the proposed single antenna is described
in Fig. 4(d). It can be sated that the main beam direction
towards the + Z axis. The cross polarization is low compare

to co polarization in E plane. The far-field solver can be run
on the CST Microwave Studio to view the graphs of
directivity, and maximum gain can be achieved for the
designed antennas. The 1x2 antenna array antenna shows a
maximum directivity gain of 8.78 dBi at 11 GHz, as shown
in Fig. 4(e).
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Fig. 4. 1x2 antenna array a) fabricated prototype b) simulated and measured reflection coefficient (S11) ¢) simulated and
measured peak realized gain d) 2D radiation pattern of E plane and H plane e) 3D directivity far-field gain at 11 GHz (color
online)

Antenna prototyped and other simulated (CST and
HFSS) and measured reflection coefficient and gain results
of the proposed 1x4 antennas are depicted in Fig. 6. Based
on the return loss plot (S11 dB) for 1x2, which is shown in

Fig. 5(b) and shows a significant drop in the reflection
coefficient, then rise back again to the starting point at 11
GHz. This means that the resonant frequency lies at 11
GHz. The bandwidth of the 1x4 array design can be found
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at— 10 dB, which lies between 10.84 — 11.78 GHz (HFSS),
10.26-11.94 GHz (CST) in simulated and measured in
(10.80-11.82 GHz) which is more than 1 GHz bandwidth.
From Fig. 5(c), it can be stated that the 1x4 antenna array is
achieved realized gain in simulation 6.98 dBi (HFSS), 7.66
dBi (CST), and 6.17 dBi in measured. The 2D E and H plane
radiation pattern of the proposed single antenna is described
in Fig. 5(d). It can be sated that the main beam direction
towards the + Z axis. The cross polarization is low compare
to co polarization in E plane. The far-field solver can be run
on the CST Microwave Studio to view the graphs of
directivity and maximum gain can be achieved for the
designed antennas. The 1x4 antenna array antenna shows a
maximum directivity gain of 12 dBi at 11 GHz, as shown in
Fig. 5(e). There are always discrepancies between the
fabricated and simulated results due to various factors such
as differences in substrate material as sometimes the

f—— Simulated (CST)
f— = Simulated (HFSS)
[ - -Measured

commercially available material slightly different in terms
of thickness and permittivity. Also, measurement
environment and the surrounding may have its reflection,
particularly when measurement taken in a place surrounded
by metallic objects, which are highly influential to results,
in that case, it is preferred to perform the measurement in
the designated chamber. Moreover, manufacturing error
tolerances could be considered as a factor to describe the
reason behind such kind of differences. However, slight
differences are acceptable in case the shifted frequency is
not out of the rang of the application requirement. Table 3
shows the comparison of all the related work mentioned
with the important parameters achieved of the designed
antenna. The proposed antenna has achieved a
comparatively better result in terms of different antenna
parameters.
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Table 3. Comparison table of the proposed antenna with existing antenna research

Reference | Type Size Center Frequency | Operating Gain Substrate Thickness
(mm?) (GH2) Band(GHz) (dBi) Material (mm)
[25] Single element | 22 x 19 11.2 11-11.3 6.35 Rogers 0.6
RT5880
[26] Single element | 5x5 60 57.98 - 62 5.42 Rogers 0.254
RT5880
[13] Single element | 20 x 20 10.15 9.95-10.35 4.46 FR4 1.66
[15] Array 55x7 28 27-29 13 FR4 0.8
[14] Single element | 5x5 28,38 27.5-28.7, 37.8- 6.6, 5.6 Rogers 0.254
38.2 RT5880
[16] 8- elements 16 x 16 28,39.95 NA 15.6, 10 FR-4 0.8
[27] 2x2 Array 50 x 50 10 9.75-10.25 9.36 Teflon Glass | 0.8
fiber
[17] 180 x 0.7 0.66 - 0.79 24~
1x1 ' ' ' ' FR4 1.6
X array 60 35 3.28-378 6.1
[18] 1.24-2.64 (-
150 x ( 4.25 ~
1x1 array 30 5 6dB) 6.0 Fr4 1.6
3.34-5.0(-6dB) |
[19] 4.25 ~
1x1 array 80 x 50 3 2.32-5.24 6.0 Fr4 0.508
Proposed | Single Element | 20x40 11 10.60-11.48 2.95 FR4 1.6
Design 1x2 Array 40%40 10.34-11.70 4.61
2x2 Array 80x40 10.80-11.82 6.17
4. Conclusion References

The aim of this work is to design and fabricate a patch
antenna for 5G applications that work on one of its
frequency band candidates. In this project, we have
investigated the visibility of the design in terms of
performance, cost and size. The results show that tradeoff
should be considered in selecting the proper antenna for the
required application. The results were obtained from testing
single element patch and array antennas of 1x2 and 1x4.
Bandwidth, directivity, efficiency, and gain were identified,
compared, and discussed. Furthermore, the fabricated
antennas were tested and result correlated with simulated
results for validation. The proposed patch antenna resonates
at 11 GHz and built on low cost 1.6 mm FR4 substrate
which has a compact structure of 20x40 mm?, 40x40 mm?
and 80x40 mm? for a single element, 1x2 array antenna and
1x4 array antenna, respectively. Also, the antennas have a
realized gain of 2.95, 4.6, 6.17 dBi for a single element, 1x2
array antenna and 1x4 array antenna, respectively. The
antenna can be a good candidate for 5G application due to
high directivity gain.
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