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ARTICLE INFO ABSTRACT

Article history: In this paper, a Millimeter-wave (MMW) antenna has been proposed for a current and
Received 22 August 2022 future wireless application. The proposed model has two resonances at 30.5 GHz and 52.4
Received in revised form 20 November . . . .
2022 GHz. The proposed model has been designed and optimized using a commercial
Accepted 22 November 2022 electromagnetic simulator (CST-Studio) and focused on attaining a return loss rate that is
Available online 30 November 2022 lower than -10 dB. The proposed MMW models are built on a small thick Rogers Substrate
(RT-5880) with h = 0.508 mm for the thickness, relative permittivity of er = 2.2, and tan6 =
0.0009 for the loss tangent, while the substrate has a width w_s equal to 6 mm and a length
I_s equal to 6 mm. The design process of the model came at three steps, the first step after
mathematical calculations has an output of model which has feeding port of 50 ohm with
a feedline base length |_b of 0.5 mm and a feedline length |_f of 3 mm, the second step was
by using the tapering techniques for enhancing matched impedance after initial
calculations to have a length of tapering |_t equal to 1.8 mm, then finally extracting four
corner slots to the patch for creating the final proposed model. The previous design process
is to assure reliability, mobility, and high efficiency for the proposed antenna. The
advantages of this model are the small size, low profile, low fabrication cost, and
straightforward design structure. The proposed design can be employed for a variety of
Millimeter-wave applications like wireless personal area network (WPAN) and 5G
application in some countries like Colombia and Mexico. The proposed model has a
moderate gain of 3 dBi to 7 dBi at resonance frequencies of 30.5 GHz and 52.4 GHz, which

Kkeywords: is one of the unique characteristics of the proposed antenna. The impedance bandwidth is
Microstrip patch antenna; gain; between 28.7 Ghz and 32.6 GHz, which is equal 3.9 GHz, and 49.7 GHz to 56.2 GHz, which
millimeter-wave; Rogers RT 5880; is equal to 6.5 GHz respectively for the proposed model, and satisfying efficiency of about
5G; Gigahertz (GHz); dual band; DGS; 75% and 87% as calculated by CST -Studio, and a VSWR is equal to 1, All of these positive
slots results are more than enough to satisfy the needs of millimeter-wave wireless applications.

1. Introduction

Microstrip patch antenna for Millimeter-wave (MMW) communication systems has paid notable
attention for meeting many requirements for present and future applications. These applications are
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represented by radars, security scanners, short-range wireless networks, higher band 5G networks,
and many other applications.

Compared to conventional 2.4 GHz or 5 GHz bands, the millimetre wave license-free bands have
unique features. These features place the suggested design at the top of the market for high
bandwidth commercial wireless networks [1]. Countries all over the world have taken note of the
60GHz radio license-free since it has shown to be valuable and high-quality [1-3].

Moreover, depending on the magnitude (5-30 dB/km) of the carrier frequency, the atmospheric
conditions, and common building materials [4-5], the signal can withstand an attenuation level of up
to 20 dB in free space. There are several emerging 60 GHz standards, such as Wireless HD [6], the
IEEE multi-gigabit mm wave 802.15.3c standards [6-7], and the standard ECMA-387 for high rate 60
GHz [8-9], that are popular for short-range wireless personal area networking (WPAN).

For Millimeter-wave applications like radars, security scanners, short-range wireless networks,
higher band 5G networks, there is a need for a small antenna size with a wideband and better
antenna beam forming to achieve the needs of the Millimeter-wave applications wireless personal
area network (WPAN) [1] and 5G application in some countries like Colombia and Mexico, which is
planned for licensed use [10]. Therefore, the planar multiband antenna structures microstrip (MS),
coplanar waveguide (CPW), and stripline (SL) have become very popular antennas due to their
compact sizes, low cost, less weight, and ease of installation with the current microwave wireless
devices as compared to the conventional wire antennas (helical, yagi-Uda and spiral) [11-18].

5G bands: plans and consultations in the Americas

245-275
BR 700 MHz 23 GHz 3.5 GHz s
275-
3.45-4.2 GH 2
cA Iﬁl 600 Mzl 700 MHz i 75 N 54000 T
CcL L 3.4-3.65 GHz
co
“ - o] 2wastosson )

MX I 2 I 700 MHz [l 25 GHz | ERRI XIS [ 24.25 t0 52.6 GHz ]
us E w 3.5GHz 2475-2525| 57 5 7835 GHz 64 t0 71 GHz
— GHz

37-37.6
GHz

C
Planned for shared/unlicensed LN
Fig. 1. 5G bands: plans and consultations in the Americas - ITU workshop - September 2019 [10]

Also, plenty of interest has been received in designing an efficient microstrip patch antenna
module to achieve the desired characteristics within the effective operating frequency of MMW
systems [11-13]. In addition, the microstrip antenna configuration has superior advantages over the
other planar structures of antennas, including easy fabrication and excellent compatibility with
modern microwave circuits [11].

A substrate is sandwiched between two copper metal sheets, one of which is grounded, to create
patch antennas. The patch's dimensions can be rectangular, triangular, circular, and so on, each with
unique transmission characteristics, depending on the necessity. To boost gain and aid in the
production of dipoles, specific cut-out shapes can also be included. The addition of parasitic sections
can further increase directivity. Based on the height and dielectric constant of the substrate, different
substrates can also alter how the patch functions. To meet specifications, each patch antenna
component must be carefully picked [19,20].

The design of the dual frequency microstrip patch antenna, which resonates at 30.5 GHz and 52.4
GHz, is presented in this study. There are various shapes available for the patches, like elliptical,
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square, pentagonal, octagonal, circular ring, rectangular, etc. The rectangular form was selected
because it has more benefits than other microstrip designs [21,22]. It is simple to perform fabrication
analysis and performance prediction.

The proposed model has a rectangular shape with four edge slots in the patch's corners, this
model also has a Defected Ground Structure (DGS), which is made up of an elliptical-shaped slot in
the ground. In microstrip antennas, DGS and slots is used for the enhancement of gain and
bandwidth, as a common example, they used some slots in the patch radiators [14]. Also, it has been
used for higher mode harmonic suppression, mutual coupling between elements, and to improve the
characteristics of the microstrip antenna radiation [23]. By etching a slit in the ground and the patch
of Microstrip antenna with the right length and width, it is possible to reduce the size of the antenna
and increase bandwidth. Changing the current distribution on the ground because of the DGS is for
improving the gain and the bandwidth of the proposed microstrip patch antenna. The model
resonates at a dual band of frequencies of 30.5 GHz and 52.4 GHz with a fractional bandwidth of
12.7% and 12%, respectively, with a gain of 3.8 dBi, and 6.6 dBi, the efficiency is 75%, and 87% as
calculated by CST -Studio, while VSWR approximately equal to 1, all the previous results of the
proposed model are high and acceptable with respect to the compactness of the model. In addition,
the presented results are acceptable after comparison with the researchers' previous works [32-37].

In general, Antennas with wide beam widths typically have low gain and antennas with narrow
beam widths tend to have higher gain, so low gain and narrow bandwidth are the main limitations of
microstrip patch antennas [30]. So, some techniques are presented in designing microstrip patches,
such as tapering techniques and DGS, to overcome these limitations.

The challenges of bandwidth against gain, efficiency, and compact size is handled in this design,
resulting in approved bandwidth combined with a good gain in this bandwidth as well as the
antenna's small size, which is smaller than conventional patch antennas like the ones which are
proposed at [12] and [31].

The structure of this article is as follows, the design process of the suggested model with specific
analytical parameters to create a high-performance antenna is presented in Section 2. The proposed
antenna design is provided in Section 3 along with comprehensive antenna geometry. The simulation
and results are displayed in Section 4. Then the conclusion follows that.

2. Design Methodology

The commercial electromagnetic simulator (CST-Studio) was used for antenna parameter design
and analysis. This simulation software will be used to display the analysis results in this study.

The size extension method, which exits the antenna with one of its higher order transverse
electromagnetic modes whose characteristics nearly match those of the fundamental mode, is used
to determine the patch antenna's dimensions. By selecting the dielectric constant &, the length [,
and width w, of the expanded patch antenna can be represented [15].

The width of the patch w,, can be determined using the equation as: (1)

c 2
Wp = EX el (1)
where,
w,, = width of the patch.

c = speed of light (3*108 m/s).
fr = resonant frequency.
&= Dielectric constant of substrate.
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The effective dielectric constant &, is determined by: (2)

_ &rtl Er—1
greff_ 2 + 2

h_
[1+12.]70F (2)

where,

&resy = effective dielectric constant.

h = thickness of substrate.

The length of the patch is calculated as: (3)

where,

L, = the physical length of the patch.

L.fs = the effective length or the distance between the radiating edge.
AL = fringing field.

The effective length L. is taken as: (4)

[

lerr = Zeima; “
The fringing AL is calculated as: (5)

(Eref+0.3)(+0.264)

AL = 0.412h

(5)

Ereff—0.258(%+0.8)

The feed line impedance is calculated as: (6)
7 87 5.98h
0 =

JErt1.41 In ((O.8w+t)) (6)

where,

Z, = the matched impedance.

&= ielectric constant of substrate.
h = dielectric thickness

w = the width of the feed line

t = thickness of the copper

3. Design of The Antenna

A substrate with a height of 0.508 mm from RT Duriod 5880 is used to simulate the suggested
antenna design. The substrate is chosen due to its great performance, mechanical strength, light
weight, and ease of supply.

Applying the antenna to resonate at the desired dual frequency, which is about equivalent to 30
GHz and 52 GHz, requires using equation (1) to determine the patch's width, which is equal to 3.2
mm, and equations (3), (4), and (5) to determine the patch's length, which is equal to 2.15 mm, the
patch width and length are calculated using the previous equations in addition to the parametric
study at the commercial electromagnetic simulator (CST-Studio) by sweeping between the values of
patch width and length to reach the desired value, which allowed the presented model to resonate
at the desired frequency.
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The first design, after mathematical calculations, and after adjusting the width of feed line w;, of
1.613 to have a feeding port impedance Z, to be equal 50 ohm by using equation (6), and after
parametric study by using the commercial electromagnetic simulator (CST-Studio) for the feedline
base to have the proper feedline base length [, of 0.5 mm and a feedline length [ of 3 mm, is as
shown in Fig. 2 (a).

Using the tapering techniques for enhancing matched impedance by gradually decrease the width
of the feeding area to increase the matched impedance from 50 ohm for the feeding line to be near
to the value of the matched impedance of the patch and this is by using equation (6) have a length
of tapering [; equal to 1.8 mm as shown in Fig. 2 (b), and this allow the design to resonate near to
the desired frequency.

The final optimized design after final calculations using the previous equations and the
commercial electromagnetic simulator (CST-Studio) to reach the optimum values for the basic
proposed model is shown in Fig. 3 with an optimized taper length [;, of 2.8 mm, which is reached by
using the same procedure as in the previous model of Fig. 2 (b) , and this design will be adapted to
achieve the final proposed model.

(a) (b)
Fig. 2. (a) First design with adjusted 50 ohm feeding port, (b) second design with tapering feedline

Fig. 3. The optimized design after final calculations

Before reaching the desired results of this work, two models were designed with the same main
dimensions as the current proposed model, these two models are an initial step to reach the final
results of the current proposed dual band model [32], except that the first model didn't have the
DGS and the four edge slots as shown in Fig. 4, while the second model has the four edge slots with
different slots’” dimensions and without DGS as shown in Fig. 5.
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B

Fig. 4. First model without Fig. 5. Second model without
corner slots DGS

The first previously proposed model covers a single frequency of 39.7 GHz with a gain of 6.6 dBi,
an efficiency of 73.8%, a VSWR equal to 1, and a fractional bandwidth of 6.8%, while the second
previously proposed model covers a single frequency 43 GHz with a gain of 6.6 dBi, efficiency of 78%,
a VSWR equal to 1, and a fractional bandwidth equal to 7.2% [32].

Fig. 6, shows the first model after fabrication, and due to the compactness of the design, there
were some difficulties in measurements because of lack of compatible connector to the compact
design (the connector was wider than the width of the designed model), and because of these
difficulties.

Fig. 6. First model after fabrication

According to Fig. 7, the suggested antenna comprises three layers, which are a ground layer, a
dielectric layer, and a patch layer. Both the ground layer and the patch layer are comprised of copper
as a conducting lossy material. After final optimization, the main proposed MMW patch antenna is
depicted in isometric form in Fig. 7. The rectangular patch has a length of [, and a width of w,, . Itis
designed on an RT5880 substrate with relative permittivity &,., loss tangent tand of value 0.0009, and
thickness h. The substrate has a width wg and a length L. The antenna is fed through a slot of length
[, and width wy,. The tapering of the transmission line has a length [, to improve the matching of the
impedance between the transmission line and the patch, which will improve bandwidth and gain
respectively. At Fig. 7. There are four corner slots which added to the patch antenna after parametric
study by using the commercial electromagnetic simulator (CST-Studio), these corner slots are to keep
the size of the model small as possible with improvement of the bandwidth, gain and efficiency, also
for shifting the resonant frequency to the desired values [33-34]. Fig. 8. Shows that the DGS, which
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is utilised to further improve gain, limited bandwidth of the proposed design, and impedance, so the
purpose of DGS is to get a wider bandwidth with maintaining acceptable values of efficiency and

return loss [35-37].

Fig. 7. proposed model isometric front

view

Fig. 8. proposed model back view.

The optimised desirable parameters for the model are provided in Table 1 after the optimization
of the parameters was completed in the commercial electromagnetic simulator (CST-Studio) to

acquire the desired frequencies.

Table 1
Antenna parameters

Symbol Parameter Dimensions
W, Substrate width, & ground width 6
L Substrate length, & ground length 6
Wy Width of patch 3.2
L, Length of patch 2.15
Wy Feed Width 0.145
l Feed Length 3

h Substrate higth 0.508
& Dielectric Constant 2.2
wy, Feedline base width 1.613
Iy Feedline base length 0.5
l; Taper length before optimization 1.8
lio Taper length after optimization 2.8
t Ground and patch thickness 0.035

Wepr Upper right slot width 0.8

Wept Upper left slot width 1.2
lepu Upper slot length 0.5
lepr Lower right slot length 0.3
lept Lower left slot length 0.5

Wepnt Lower slot width 0.5
R, U radius of DGS 34
R, V radius of DGS 2.2

227



Journal of Advanced Research in Applied Sciences and Engineering Technology

Volume 28, Issue 3 (2022) 221-234

For the current dual band proposed model, Fig. 9 shows the geometric view of the antenna,
which has dimensions of 0.6 A , x 0.6 A ,, while Fig. 10 shows the elliptical defected ground structure

geometry and position.
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Fig. 9. Geometric view of the
proposed patch antenna

Fig. 10. Geometric view of the
elliptical defected ground

structure

4. Simulation and Results

The below results are measured by using the commercial electromagnetic simulator (CST-Studio)
in which the calculated results are return loss, bandwidth, gain, efficiency, VSWR, current
distribution, and radiation pattern.

Fig. 11 shows the return loss of the designs, which are shown in Fig. (2). Curves (a), and (b) show
the return loss during the steps of optimization, and curve (c) shows the return loss after final
optimization of the first initial model, while Fig. 12 shows the return loss of the first initial model and
second initial model after adding the four edge slots.

S-Parameters [Magnitude in dB]
]
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dB

-30

-40

—— S1,1_(a) with 50 ohm port
-50 t

r
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Fig. 11. Return loss of the initial designs
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Fig. 12. Return loss of the first and second proposed models
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Figure 13 depicts the simulation results for the recently dual band proposed model, while Figs.
13 (a) and (b) depict the return loss and bandwidth of the suggested design. These values for the
return loss are -44 dB and -47 dB, respectively. The proposed design achieves an adequate
bandwidth between 28.7 GHz and 32.6 GHz, which is equal to 3.9 GHz for the first resonant
frequency, and 49.7 GHz to 56.2 GHz, which is equal to 6.4 GHz for the second resonant frequency.
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/ V7
-40 ll% V\l17
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9 (30.52,-44.778)
& (524,-47.722)
-50
20 25 30 35 40 45 50 55 60
Frequency / GHz
(a) Return loss for the proposed model
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(b) Bandwidth for the proposed model
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(e) VSWR of the proposed model

Fig. 13. Simulated results at CST
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In Figure 13 (c), the suggested antenna offers a gain of 3.8 dBi for the first resonant frequency
and 6.6 dBi for the second resonant frequency with a consistent directional radiation pattern. Figure
13 (d) shows a very sufficient efficiency of the proposed model, which is equal to 75% and 86.8%,
respectively. Figure 13 (e) shows that the proposed design has an accurate optimal VSWR value of 1
at the resonant frequency of 30.5 GHz and 52.4 GHz. Figure 14 (a) depicts the suggested design's
steady, uniform, omni-directional radiation pattern. Furthermore, it displays the 3D pattern of the
suggested model as well as both situations of Phi 0 degree and Phi 90 degree.

1D Resuks\Farfield\Frst\28.7

Theta / Degree vs. dBi

1D Resuks\Farfield\Frst\30.52

0

Theta / Degree vs. dBi

1D Resuks\Farfield\Frst\32.62

0

Theta / Degree vs. dBi

Y

Y

b4

(a) The proposed antenna’s 30.5 GHz pattern

1D Results\Farfield\second\49.75 1D Resuks\Farfield\second\52.4 1D Resuks\Farfield\second\56.2

180

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

(b) the proposed antenna’s 52.4 GHz pattern

Fig. 14. Polar and three-dimensional radiation pattern for the whole bandwidth of the proposed model.

Figure 14 (b) shows a uniform directional radiation pattern with very smooth radiation where all
beams are equally in the same wide directional position, which indicates increasing spectral
efficiency.

Generally, it can be seen clearly in both cases where Phi is 0 degrees and Phi is 90 degrees. The
antenna exhibits a stable radiation pattern with no back and side lobes in the range of proposed
targeted resonant frequencies.

The surface current distribution at 30.5 GHz is shown in Fig. 15 (a), while Fig. 15 (b) depicts the
current distribution along the patch at 52.4 GHz. It can be seen that the current density is high on
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the feed line at both frequencies, while it can be seen on the outer edge of the rectangular patch
antenna at frequency 52.4 GHz.

(a)

5. Comparison with Other Related Works

(b)
Fig. 15. Current distribution along the patch (a) at 30.5 GHz, (b) at 52.4 GHz

Using the presented model for Millimeter-wave applications to highlight the advantages of it,
a comparison between the proposed work with prior arts in terms of operational frequency band,
physical dimension, bandwidth, radiation gain, efficiency, design complexity, and applications are
shown in Table 3. In this work, the novelty of compactness of the design and high bandwidth is
shown with respect to all compared models. Only [28] has smaller size by 1 mm but also has lower
bandwidth and gain. For gain, the proposed model offers higher gain than [25,27], and [28]. The
proposed antenna beats comparable models in terms of bandwidth, compactness, while it has

acceptable high gain.

Table 2

Comparison with other related works

Dimensions

Bandwidth

Gain

design

Ref. - o
e Frequency mm [GHz] dBi Efficiency complexity application
33 1 7.83 5G
3] 46 12x18 1 6.4 NA Easy applications
[24]) 57 11x11 10 8.6 NA Easy
28 1.5 2.6 5G
[25] 50 11x8 12 NA NA Easy applications
25 0.64 6.92 . MMW
[26] 50 7x7 1.78 8.34 NA Medium applications
[27] 60 8x 8 4 5.42 57 Easy G
applications
[28] 30 5x5 2.5 5 NA Medium Ka- band
applications
[29] 30 10x 10 2 7.7 NA Easy MMW
applications
This 30.5 6x6 3.9 3.8 75 Eas MMW
work 52.4 6.45 6.6 87 ¥ applications
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6. Conclusions

A dual frequency compact-sized MMW high-efficiency and high-gain microstrip patch antennas
are presented. Using the RT Duriod 5880 substrate, the design and analysis of the model of microstrip
patch antennas were simulated. A tapering fed line structure was designed to improve the matched
impedance to enhance the gain, while using DGS for bandwidth, gain, and efficiency enhancement.
The proposed model resonates at 30.5 GHz and 52.4 GHz with gain of 3.9 dBi and 6.6 dBi,
respectively, which is suitable for Millimeter-wave applications in many countries like wireless
personal area network (WPAN) and 5G application in some countries like Colombia and Mexico. The
proposed model has an impedance bandwidth of 3.9 GHz and 6.5 GHz for both frequencies. A good
agreement can be obtained due to the model's efficiency, which is around 75% and 87%, respectively
for both resonance frequencies.
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