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Abstract: This paper presented the design and implementation of a 60 GHz single element monopole
antenna as well as a two-element array made of two 60 GHz monopole antennas. The proposed
antenna array was used for 5G applications with radiation characteristics that conformed to the
requirements of wireless communication systems. The proposed single element was designed and
optimized to work at 60 GHz with a bandwidth of 6.6 GHz (57.2-63.8 GHz) and a maximum gain of
11.6 dB. The design was optimized by double T-shaped structures that were added in the rectangular
slots, as well as two external stubs in order to achieve a highly directed radiation pattern. Moreover,
ring and circular slots were made in the partial ground plane at an optimized distance as a defected
ground structure (DGS) to improve the impedance bandwidth in the desired band. The two-element
array was fed by a feed network, thus improving both the impedance bandwidth and gain. The single
element and array were fabricated, and the measured and simulated results mimicked each other in
both return loss and antenna gain.

Keywords: monopole antenna; 5G applications; DGS; antenna array

1. Introduction

The rapid changes in wireless communication require a rapid increase in system capacity.
This rapid growth and demand for higher data rates were the key factor in the development of the 5th
generation (5G) communication system. The 5G is far superior to previous generations in terms of
the extremely high data rate. The main advantage of 5G is providing higher data rates and a more
coverage range than those provided by the former generations [1-3].

Now, researchers’ attention is on the 60 GHz band with over 7 GHz of the unlicensed spectrum;
this makes the band qualify for high-data-rate, large spectral availability, and more security. In addition,
the short-wavelength at 60 GHz allows for the design of highly compact elements with small sizes,
which could not be achieved in the past on a chip at other frequencies.

5G wireless systems operate in the mmWave bands of 28, 38, and 60 GHz. The U.S Federal
communications commission (FCC) has allocated the spectrum of 57-64 GHz unlicensed band as
60 GHz industrial, scientific and medical (ISM) band.

WiGig Institute of Electrical and Electronics Engineers (IEEE 802.11ad standard), which is the
extended version of Wi-Fi, provides access to the 60 GHz band. Due to the advancements in wireless
technologies, millimeter-wave (mmWave) microstrip patch antennas and microstrip patch antenna
arrays are an essential part of the future.

Microstrip antenna arrays possess various advantages, such as ease of fabrication and construction
of the array [4]. The array elements can be etched together with the feeding network, forming a unified
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structure, thus creating a very compact and low-cost design. However, the fabrication of the feeding
network in the mmWave frequencies exhibits a lot of challenges during its implementation [5-9].

These challenges are caused mainly by the increase in microstrip line losses at mmWave frequencies.
One cause for these losses is the conductor, dielectric, and radiation losses. At frequencies ranging
from 30 to 60 GHz, conductor losses are around 0.15 to 0.2 dB per wavelength, and dielectric losses are
around 0.045 dB per wavelength for a 50 (2 line on a substrate with ¢, = 3.55 [10]. The other major
reason for the increased losses is the radiation losses caused by the addition of T-junctions and other
discontinuities in the feed network in an attempt to achieve better notching [11].

One way to decrease the radiation losses caused by the added discontinuities is the use of a
multiport network model. The minimization of losses in the microstrip feed network will yield a
microstrip antenna array with higher efficiency. Recently, there has been an increased interest in the use
of a defected ground structure (DGS) to improve the performance of the microstrip antennas, which
can be achieved by the etching of a simple shape defect in the ground plane of the microstrip antenna.
The DGS may be compared to the equivalent circuit consisting of an inductance and a capacitance in
parallel [12-16]. The monopole antenna has many advantages, such as small size, low profile, easy
manufacturing, and integration, as well as low cost. These advantages make it an ideal choice for
the 60 GHz band application [17]; however, the monopoles’ major disadvantages are low gain and
small bandwidth.

The choice of feeding technique is one of the factors that can be used to increase the impedance
bandwidth. However, the choice of feeding technique depends on its ease of fabrication, cost, hardware
implementation, spurious radiation, as well as its impedance matching [18,19].

Recently, many researches provided several designs for 5G applications. In [20], a compact
dual-frequency (38/60 GHz) microstrip patch antenna is proposed. The work of [21] proposes an
antenna with DGS on the ground plane to compact the size of the microstrip antenna without the
degradation in performance. This antenna is realized using an array consisting of 2 X 2 mm-wave
microstrip antenna array usable in 5G applications in [22]. The work in [23] proposed a single band
antenna design for future millimeter-wave wireless communication at 38 GHz.

In this work, a printed monopole antenna element was designed and optimized via a parametric
study to operate in the 60 GHz band for 5G systems. The optimized antenna was expanded to
two-elements with a partial ground DGS and an enhanced feeding network designed to enhance
the radiation characteristics and bandwidth. Detailed design methodology and results obtained by
electromagnetic field simulation software via high-frequency structure simulator (HFSS), as well
as the measured results obtained from the fabricated structure, are presented and discussed in the
following sections.

The rest of the paper is organized as follows: Section 2 introduces the proposed antenna design
and parametric study. Section 3 presents the fabricated structure, measurements, and comparison to
simulated output. Finally, the conclusion is presented in Section 4.

2. Antenna Design

In this section, the design of a single patch monopole antenna operating at 60 GHz is optimized
and examined to increase the efficiency of the proposed antenna. Besides, in this section, an array
design with a feed network is introduced to enhance the gain and bandwidth of the single element
antenna to suit 5G communication system requirements.

2.1. The Proposed Single Microstrip Monopole Antenna

The optimized monopole antenna size was 12 X 9.6 mm? printed on Rogers RO4003™ substrate
having a dielectric constant ¢, of 3.55, loss tangent (tan 6) of 000027, and a height of 0.203 mm.
The feeding of the monopole antenna was done using a transmission line feed of length 4.88 m and a
width of 0.8 mm. Two rectangular strips with two circular slots were added next to the feed line in
order to enhance the matching.
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2.1.1. The Proposed Patch Antenna Structure

The proposed antenna design was based on the idea, which is presented in [24], using a full
ground plane. Figure 1 shows the different stages in the evolution of the proposed monopole antenna.
Each of the iterated structures was tested via simulating the return loss for each. The initial structure
illustrated in Figure 1a was the basic shape, which consisted of a rectangular patch antenna and two
parasitic strips; each one had a circular slot for enhancing the overall antenna performance. Afterward,
an additional L-notch was embedded in the patch to introduce the second case, as depicted in Figure 1b.
Afterward, a rectangular slot was added in the patch, as shown in Figure 1c, to improve the bandwidth
by 2 GHz and the gain by 1.3 dB, as shown in Figure 2 and declared in Table 1, respectively. A novel
technique consisting of double T-shaped structures was added in the rectangular slot of the patch with
an optimized separation distance between them, as demonstrated in Figure 1d. Finally, the proposed
antenna was obtained by adding stubs at the left and right sides, as illustrated in Figure le.

= o o

Iterationl Iteration 2 Iteration 3
(a) (b) (c)

Iteration 4 Iteration5
(d) (e)

Figure 1. Evolution of the patch structure: (a) Rectangular Patch Antenna applied parasitic element
with circular slot, (b) converted patch to monopole, (c) Install rectangular slot at the center, (d) add
symmetrical T shapes in the rectangular slot, (e) add stubs at left & right sides of the patch.

5 g - — - Iteration1

.25 - — - - lteration2
Iteration3

— - - - lteration4

=30 Iterations

57 58 59 60 61 62 63 64 65
Frequency(GHz)

Figure 2. Simulated return loss characteristics of the different iteration of antenna structures with the
full ground structure in the bottom plane of the proposed antenna.
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Table 1. Simulation results of each patch iteration.

Steps Frequency (GHz) Return Loss (dB) Bandwidth (GHz) Gain (dBi)

Iteration 1 59.5 -22.9 1.15 6.87
Iteration 2 63.51 -13.7 1.45 8.1
Iteration 3 63.27 -24 1.43 9.3
Iteration 4 63.35 -22.5 1.275 8.14
Iteration 5 64.25 -21.3 15 8.4

Figure 2 and Table 1 show the return loss, bandwidth, and gain of each iteration of the antenna
separately. It could be seen that the impedance bandwidth improved from 1.15 GHz to 1.5 GHz
by varying the antenna structures from “iteration 1” to “iteration 5”, meaning an increase in the
achieved return loss by 30.4%. Furthermore, the gain was increased from 6.87 dBi to 8.4 dBi, causing
an improvement in the achieved gain by 22.2%. Consequently, iteration 5 proved to be superior to its
predecessor iterations in both return loss and gain while giving an adequate bandwidth, which was
satisfactory for the desired application.

2.1.2. The Proposed Ground Antenna Structure

The DGS played an important role in the broadband characteristics of this monopole antenna as it
helped to match the patch antenna with a feed line in the mmWave range of frequencies. The slots in
the ground plane created a capacitive load that equalized the inductive nature of the monopole patch
antenna to produce closely pure resistive input impedance.

As the top plane was optimized by adding several techniques to improve the antenna performance,
the ground plane modification would also be introduced and optimized to further enhance the
performance obtained from the last design procedure of the radiator.

The ground structure was defected by adding a single circular slot at the bottom center, forming
ground 2, as shown in Figure 3b. Two rings at the left and right sides of the ground plane were etched
to form ground 3, as depicted in Figure 3c.

Ground 1 Ground 2
(a) (b)

Ground 3 Ground 4
(c) (d)

Figure 3. Evolution of the ground structure: (a) Partial ground, (b) Modified ground plane by DGS as
circulars slot, (c) added DGS as rings slot at the both sides, (d) added DGS as small rings slot.

Finally, small rings at a specific distance from each other were embedded in the lower half of
the ground plane to form ground 4, as illustrated in Figure 3d. By using the optimum parameters,
the impedance bandwidth was improved from 1.5 GHz to 2.38 GHz, as shown in Figure 4, with a
maximum gain achieved of 9.9 dBi, as tabulated in Table 2. It could be noticed from Table 2 that
the resonance frequency was shifted from 64.25 to 59 GHz by implementing each iteration of the
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ground plane, and the achieved resonance frequency was the desired one with an improved bandwidth
percentage of 4%. This would allow the proposed monopole antenna to better utilize the MMW band.

[S11l (dB)

Ground1
+ = == Ground2
o5 e Ground3
Ground4
-30
57 58 59 60 61 62 63 64 65

Frequency(GHz)
Figure 4. Simulated return loss characteristics of varied ground structures.

Table 2. Simulation results of the ground plane iteration.

Steps fc (GHz) Return Loss (dB) Bandwidth (GHz) Gain (dBi)

Ground 1 64.25 -21.3 1.5 8.4
Ground 2 61.3 -9 - 8.4
Ground 3 59 -8 - 8.3
Ground 4 59 —-24.12 2.38 99

The layout of the proposed monopole antenna with all its design parameters is depicted in Figure 5.

It was worth noting that the used structures for both the radiator and ground plane were iteration 5
and ground 4, respectively.

(a) (b)

Figure 5. Configuration and parameters of the proposed monopole antenna (a) Front view; (b) Back view.
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A parametric study was performed to determine the optimum radius for the circular slots (Rcp).
The tested radii of these slots were 0.92, 1.02, and 1.12 mm, and the return loss (S;1) results obtained
for each case are shown in Figure 6. The lowest return loss at the desired frequency was —23 dB and
was achieved at Rcp = 1.12 mm, while the other values failed to achieve the desired performance.

= = = Rep=0.92
o5 e Rep=1.02
—Rcp=1.12

57 58 59 60 61 62 63 64 65
Frequency(GHz)
Figure 6. Simulated return loss for the proposed antenna with various radii of the circular slot (unit

in mm).

The spacing between the double T-shapes (D2) was also optimized using a parametric study in
order to maintain a mutual coupling with the DGS, which was applied later. Three different spaces were
tested 1, 3, and 4 mm; the results are shown in Figure 7. The space D2 of 3 mm introduced the lowest
return loss and enhancement in bandwidth at the achieved band. Furthermore, a parametric study
was carried out on the thickness of the rings etched in the ground plane, and the optimum thickness
(R1) was obtained. The different thicknesses were tested, and the results are given in Figure 8. It could
be demonstrated from Figure 8 that the best performance was achieved with thickness R; = 0.1 mm
since the antenna resonated at 58.9 GHz with a —10 dB return loss and a bandwidth of 2.38 GHz.
After carrying out the necessary parametric study on the proposed antenna, Table 3 lists the optimum
dimensions that qualify the antenna for 5G applications.

Y
(4]

|Sn|- (dB) .

-20

57 58 59 60 61 62 63 64 65
Frequency(GHz)

Figure 7. Simulated return loss for the proposed antenna with various distances between the double
T-shapes (unit in mm).
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Figure 8. Simulated return loss for the proposed antenna with various radii of the ground structure
ring (unit in mm).

Table 3. Optimal geometrical parameters of the proposed monopole antenna.

Parameter Value (mm) Parameter Value (mm) Parameter Value (mm) Parameter Value (mm)
Wp 8.4 D2 3 Wep 4 R2 0.04
LL1 1.52 D3 0.2 Rep 1.12 R3 0.4
LL2 2.6 D4 1.6 S 0.5 R4 1.2

WL1 0.27 LF1 1.4 Wt 0.1 X1 34
WL2 1.04 LF2 3.48 Ls 12 X2 1.74
LT 1.52 WF1 0.4 Ws 9.6 - -

WT 0.3 WE2 0.8 G 0.5 - -
D1 1.26 Lep 3.48 R1 0.1 - -

2.2. The Proposed Microstrip Monopole Antenna Array

The next step was to construct a two-element array using the optimized single element, as depicted
in Figure 9a. These two elements were allocated on a single substrate while maintaining the minimum
required spacing of A/2 between them. The width of the substrate was incremented to be 20.64 X 20 mm?,
while other dimensions of the patch and ground remained unchanged. Two L-shaped slots were
embedded at the top corners of the ground plane with optimized parameters, as shown in Figure %b.
In these arrangements, the elements could be fed by a single line or by multiple lines, depending on
their feeding method. This feed network was chosen for designing the two-element array network,
and the dimensions of this network are given in Table 4.

(a)

(b)

Figure 9. Configuration and parameters of the proposed antenna array and ground plane (a) Front
view; (b) Back view.
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Table 4. Parameters of the antenna array.

Parameter Value (mm) Parameter Value (mm)

Al 0.3 A5 0.5
A2 0.2 ALl 1.8
A3 0.4 AL2 3.9
A4 0.8 AL3 3.04
SGL 3.84 SGW 0.4
Wa 10.4 - -

To investigate the performance of the proposed array, the model was simulated using the HFSS
software. It could be seen from Figure 10 that the antenna array succeeded to resonate at dual
frequencies (58.8 GHz and 61.75 GHz), and it could achieve —10 dB impedance bandwidth of 6.6 GHz
from 57.2 GHz to 63.8 GHz. Moreover, the achieved return loss at both frequencies was —31 dB,
confirming the suitability of the proposed array for 5G applications.

-5
-10

-15

-20

Isu:l (dB)

-25

-30

-35
57 58 59 60 81 62 63 64 65

Frequency(GHz)

Figure 10. Simulated S-parameters curves versus frequency of the proposed mmWave 5G antenna array.

3. Results

In this part, the design procedure of the monopole antenna and monopole antenna array with
simulated and measured return loss curves and radiation pattern plots are presented.

3.1. The Proposed Single Element Monopole Antenna Results

By investigating the performance of the proposed monopole antenna shown in Figure 5, it is
evident from Figure 11 that a bandwidth of 2.38 GHz was achieved with a return loss of —24.12 dB at
the resonance frequency. As previously mentioned in Tables 1 and 2, the bandwidth was enhanced
from 1.15 GHz, which was obtained by using iteration 1 with ground 1, to 2.38 GHz obtained when
using iteration 5 with ground 4, which presented the effect of introducing the DGS on the antenna
performance, as well as applying different techniques on the patch; these techniques performed on
the patch and the ground plane caused the proposed single antenna to have a wider bandwidth
than that achieved in [25] by an increase of 5.24% in the same band. Figure 12 presents the radiation
characteristics of the single patch antenna for 5G operation; the 2-D and 3-D radiation patterns were
carried out at 60.5 GHz. From Figure 12, it could be observed that the antenna had a directional pattern
in both planes and achieved a high gain of 9.9 dBi in the broadside direction. This gain was higher
when compared to the works proposed in [26,27], which achieved a maximum gain of 6 and 7.8 dBi,
respectively. The achieved gain of the proposed antenna, as well as the efficiency, that came over
90%, was considered a suitable result for a compact monopole patch antenna. For further explanation
of the monopole antenna performance, the simulated surface current distribution for the proposed
antenna was implemented at 60.5 GHz, as shown in Figure 13. The current distribution was mainly
concentrated in the feed line and adjacent to rectangular parasitic strips beside the feed line. Besides,
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the current was primarily distributed underneath the feed line, which showcased the essential effect of
the DGS and its constructive coupling effect on the overall performance of the antenna.

ISul (dB)
o o

1]
S

I
&G

-3057 58 59 60 61 62 63 64 65
Frequency(GHz)

Figure 11. Simulated S-parameters curves versus frequency of the proposed mmWave 5G antenna.

x-z plane y-z plane

(2)

dB(GainTotal)

9200 e+000
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1299e+000
. 2435e+000
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-1.3184%e+001
-1.6069e+001
-1.8955e+001
-2.1840e+001
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-2.7611e+001
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Figure 12. Simulated radiation characteristics of a single patch antenna (a) 2-D radiation pattern;
(b) 3-D radiation pattern.
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Figure 13. The surface current distribution of the proposed mmWave antenna (a) Top view;
(b) Bottom view.

3.2. The Proposed Microstrip Antenna Array Results

To examine the actual performance and validate the simulation results, the antenna array prototype
was fabricated, and its performance in terms of S-parameters was measured by Rohde and Schwarz
ZVA 67 vector network analyzer using 50X port. The fabricated 5G antenna array is depicted in
Figure 14. For the measurement considerations, the ground plane, as well as the microstrip feeding
line of the antenna prototype, was extended long enough for placing the commercial 1.85 mm end
launch connector.

Figure 14. Fabricated model of the proposed mmWave 5G array antenna system.

The spacing between the antennas and the connection method between them, as well as using an
appropriate feeding network on the top plane and the addition of the two L-shaped slots as DGS on
the bottom plane, enhanced the performance of the monopole antenna array. The proposed monopole
antenna array had a wide bandwidth, which covered the range of 57.2-63.8 GHz, as shown in Figure 15,
and the obtained bandwidth represented a 3.94% increase when compared to the bandwidth of the
array reported in [28]. The measured results were consistent with the simulations since both curves
cover the desired band for 5G technologies, as shown in Figure 15. However, there was a small
discrepancy between them in terms of resonance frequencies and the values of the return loss at these
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frequencies. This could have happened due to the fabrication tolerance and mismatch between the
connector and the proposed antenna array.

— - — . Simulation

Measurement

57 58 59 60 61 62 63 64 65
Frequency(GHz)

Figure 15. Measured and simulated S-parameters curves versus frequency of the proposed mmWave
5G antenna array.

The radiation pattern in Figure 16a showed two main lobes and side lobes, where the side lobe
level at —59.4 degree had (SLL = —7.63 dB), making the radiation pattern of the proposed antenna array
optimal for applications that required beam steering technique as in [29].

dB(GainTotal)

1.1597e+081
9. 1413e+000
6. 68536 +000

4. 2293e+000
1.7733e+000
-6.8270e-081

-3.1387¢+000
-6.5947e+008
-5.0507e+008
-1.8507e+061

-1.2963e+081

-1.5419¢+081
-1.7875e+081
-2.8331e+081
-2.27687e+001

(b)

Figure 16. Simulated radiation characteristics of a single antenna (a) 2-D radiation pattern; (b) 3-D

radiation pattern.

The 2-D and 3-D radiation patterns of the proposed array were simulated and are presented in
Figure 16; the radiation efficiency of the proposed antenna array was over 85% with radiation power
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overlaps in one direction and a maximum gain of 11.6 dBi at 60.5 GHz, which was 0.93 dB higher than
the gain achieved by the reported antenna array in [29]. Moreover, the size of the proposed antenna
array was more compact than the presented antenna array in [30], which was utilizing the same band
with a little difference in performance.

Despite the importance of evaluating the current density at a variety of frequency within the
operational bandwidth in the intricate characteristics of the antennas radiation characteristics, this
came with added complexity. In order to compromise between the two aspects, the current distribution
was only evaluated at the frequency of max gain, which was the 60.5 GHz, as shown in Figure 17.

E Field[¥_per_m

. 1. 5008 +2aY
1.3929e+BAY

1.2857e+004
1.1786e+084
1.8714%e+884
9. 6429e+@@3
8.5714+@83
7. SEERe+B0
| B.4286e+@E3
5. 3571e+B@3
Y. 257 +@@3
3. 2145e+@0635
2. 142984003
1.8714%+@03
0. DE0EE +BEa

(a) (b)

Figure 17. Surface current distribution of the proposed mmWave antenna array (a) Top view;

(b) Bottom view.

The current distribution was mainly localized at the edge of the slots in the ground plane.
This showed the high coupling effect between the feed line and the slots, as presented in Figure 17.
This was the reason for the added frequencies of resonance, which were later on merged together by
the edges to achieve a wideband performance.

The proposed antennas single element and array had a wideband and optimal gain, by comparing
with different antennas that operate at the same band, as presented in Tables 5 and 6.

Table 5. Comparison between previously published work and the proposed single patch antenna.

Reference Size (mm?)  Gain (dB) Bandwidth (%)
[25] 1x13 4.24 4.1%
[26] 3x3 7.8 7.3%
[27] 2.75%5 6 14.34%
Proposed single antenna 12 x 9.6 9.9 9.34%

Table 6. Comparison between previously published work and the proposed antenna array.

Reference Size (mm?) Gain (dB) Bandwidth (%)

[28] 9.5x5.2 10.7 7%

[29] 28.61 x 25.7 10.67 16%

[30] 30 x 30 11.8 20.7%
Proposed array ~ 20.64 x 20 11.6 10.82%

The comparison was undertaken in terms of size, gain, and bandwidth, and it was worth noting
that the antenna achieved a higher gain with improved bandwidth, and this was due to the modification
in the radiator and the ground plane, as previously discussed in the design procedure of the suggested
antenna and antenna array.
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4. Conclusions

This paper presented the design of a single element monopole antenna and its array operating at
60 GHz. The proposed antennas were designed from a monopole patch and DGS ground structures,
employing a corporate feed network that evenly distributed the power to each element to achieve
wide bandwidth and high gain. The impedance and radiation characteristics results showed that the
proposed antenna array achieved a bandwidth greater than 6.6 GHz with an optimal gain around
11.6 dB, which would allow a high data transmission rate for 5G applications. The proposed antenna
array achieved the requirements of mmWave to operate at the 60 GHz band, in addition to its simple
design and ease of fabrication at a low cost. Through comparing the return loss, the measured response
was quite close to the simulated values, verifying the HFSS simulation. The design bandwidth and
radiation gain of the proposed antennas made them highly desirable for mmWave applications and 5G
technology systems.
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