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1. INTRODUCTION

Over the last few decades, wireless communication has undergone significant evolution driven by
consumer demands for mobile broadband services [1], [2]. Traffic is expected to rise by 10 to 100 times
between 2020 and 2030 necessitating innovative solutions to meet escalating demands while ensuring
affordability and enhancing user experiences [3]. The annual report from Cisco [4] projected that by 2023,
nearly two-thirds of the global population would have Internet access, with 5.3 billion users, constituting
66% of the world's population, compared to 3.9 billion in 2018 (51% of the world's population). With the use
of fifth-generation (5G) mobile technology, intelligent networked communication environments may connect
people, devices, data, applications, transportation systems, and entire cities. As 5G networks are deployed,
the swift processing of massive data volumes, connectivity for numerous devices, and rapid data transmission
become feasible [5], [6]. Massive machine-to-machine connections for industrial automation systems, virtual
and augmented reality, remote medical services, 3D video, cloud computing and gaming, smart homes and
buildings, and virtual and augmented reality are all supported by 5G technology. These enhanced services are
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more capable than those offered by 3G and 4G networks [7].

Three separate spectrum bands are used for 5G (low-band, medium-band, and high-band). Every
band has unique abilities: the low band (from 600 to 700 MHz) delivers more coverage but slightly slower
speed, the mid-band (from 3 to 5 GHz) provides a balance of both, and the high band (from 24 to 100 GHz)
offers faster speed but a narrower coverage area [8]. High-frequency waves like mm-waves can only travel a
relatively limited distance due to greater atmospheric attenuations [9]. Implementing mm-wave devices is
expensive due to higher path loss, requiring denser cell deployment [10]. In response, leveraging sub-6 GHz
bands offers an attractive alternative, particularly by leveraging existing 4G long-term evolution (LTE)
systems. Sub-6 GHz 5G transmissions are appropriate for both urban and rural settings since they can
provide high data speeds over a range of distances. As a result, significant research efforts are now directed
towards the sub-6 GHz band, predominantly deployed worldwide in the 3.3 to 3.8 GHz frequency range, as
indicated in Table 1 [11].

The 5G antennas need to have high gain and improved directivity in order to overcome the route
loss. Many attempts have been made to enhance the performance of antenna designs for 5G applications; the
difficulty lies in creating an antenna that is compact, low-cost, and extremely efficient. All the previously
suggested antennas in [12]-[15] exhibit modest gains for the sub-6 GHz 5G frequency spectrum, which are
not aligned with the desired antenna performance for this frequency band. Specifically, an ideal antenna for
this spectrum should be low-profile, broadband, and high gain [16]. One of the main techniques to address
this issue is multi-element array configuration. With an electrically down-tilted, six-element dual-polarized
array, a peak gain of 16.8 dBi is achieved and measured in [17]. Six antenna elements are used in this
process, and a radio frequency phase shifting module (RFPSM) built using vector modulators is the result.
With a new frequency-selective surface (FSS) reflector, the designed antenna configuration of a 1x4
rectangular microstrip array antenna produced semi-stable gains of 12.4 dBi at 4.1 GHz and 11.4 dBi at
3.5 GHz [18]. In [19], [20], higher gain is reported; for example, the measured realized gains of the 1x4
antenna array are 8.34+0.39 dBi and 15.1+0.4 dBi at 3.28-3.71 GHz and 4.8-5.18 GHz respectively.

The main objective of this work is to construct a small antenna array with enhanced gain at 3.5 GHz
for fifth generation (5G) sub-6 GHz wireless communication systems. For this purpose, we designed a 4x8
antenna array containing 32 radiating squared elements. Two different configurations were considered to
build this structure: parallel and squared array arrangements. Both configurations made it possible to obtain
quite interesting results in terms of compactness, gain and directivity, with an advantage for the squared
arrangement which has limited the presence of side-bands around 3.5 GHz. To feed the proposed antenna
array we adopt both series and parallel feeding techniques due to their simplicity of implementation. These
techniques can be integrated on the same network layer, optimizing weight, thickness, and overall antenna
costs. The designed antennas were simulated and enhanced by the use of the moment method-based advanced
design system (ADS) and the finite integration technique-based CST microwave studio.

Table 1. The distribution of 5G sub-6 GHz spectrum across different countries

Countries 3 to 4 GHz range 4 to 5 GHz range 5 to 7 GHz range
United States 3.45-3.7,3.7-3.98 3.49-4.99 59-7.1
Canada 3.47-3.65, 3.65-4.0
Korea 3.4-3.7,3.7-4.0 26.5-28.1
India 3.4-36 26/28
Australia 35 27.5-28.35
Italy 3.6-3.8
Japan 3.6-4.1 45-49
China 3.3-3.6 4.5-5

2. PROCEDURES FOR DESIGN
2.1. The standard square microstrip patch antenna's design
Using a microstrip line as the feed, we first designed a square microstrip patch antenna that would
operate at 3.5 GHz. The equations (1) and (2) were used to calculate the patch's dimensions in the first step [18]:
1
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where f,.: resonant frequency, u, and &,: permeability and permittivity in free space, ¢,: relative dielectric
permittivity, and AL: the length of the patch length around the slots.
The effective dielectric permittivity (e,..r¢) can be determined using (3).
1
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h\ 2
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‘h’ is the height of the substrate and AL may be computed by using (4).
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The feed widths of different impedances can be calculated using the (5).
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Following the verification of the patch element's size, which enabled a 3.5 GHz resonance, we
connected the quarter wave to match the input impedance of 50 Ohm. The patch antenna is 28.1x28.1 mm?,
has a height of 0.508 mm, a loss tangent of tan(§) =0.0009, and is printed on a Rogers RT 5880 substrate.
Table 2 displays the improved square antenna specifications.

Table 2. The 3.5 GHz optimal parameters of a traditional patch antenna
Parameter  Value (mm) Parameter Value (mm)

Wp 28.1 W, 0.41
Lp 28.1 Ly 16.28
Ws 55 h 0.508
Ls 60 t 0.035

2.2. Creating a 4x8 antenna array design-first configuration

In the first step, the conventional square antenna described above is used to construct a 2x4 antenna
array composed of 8 elements, as shown in Figure 1. The spacing between two patch radiators is set to Ag/2
in order to prevent mutual coupling between patches caused by proximity while building a linear array with
beamforming capability [21]. Furthermore, for the radiator patch, a quarter-wavelength transformer is used as
a feeder, and a power divider is employed to feed each patch antenna with equal input power. The designed
2x4 antenna array includes 4x1 subarrays which are fed in parallel. Signal distribution across all linear
antenna subarrays has previously been accomplished using a parallel feeding network made up of power
dividers [22].

The spacing between the sub-arrays is W, and the guided wavelength is calculated according to (6);
at 3.5 GHz, g =57.588 mm. Additionally, quarter-wave transformers were used to match the impedance to
the power dividers. The impedance of quarter-wave transformers is given by (7), where Z. is the line input
impedance, and Za is the characteristic impedance. The values of Z, and Z, are respectively 50 and 169 Q.
Moreover, the 1x4 sub-arrays are fed in parallel using microstrip lines of characteristic impedances 100, 70.7
and 50 Q.

3x108

Ag= 6
9= fry Ereff ( )
Z=\ZcZy )

The parameter W, is optimized to minimize performance degrading by mutual coupling effect. The
optimization is achieved by simulating different values of W, corresponding to fractions of the guided
wavelength at 3.5 GHz (W, = a X A4; a= {0.3; 0.4; 0.5; 0.6; 0.7}). The optimal value of W, is found to be
0.7xA4, resulting in a satisfactory return loss, gain, and efficiency as shown in Figures 2 and 3.
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In the second step, we constructed a higher-order array of 32 elements by arranging four of the
previously discussed 4x2 arrays in parallel. The simulations result for this antenna are presented in Figure 4.
We achieved good input impedance matching at 3.5 GHz, as shown in Figure 4(a), along with multiband
behavior in Figure 4(a). Additionally, Figures 4(b) and (c) show the antenna's high gain of 20.5 dBi and

directed radiation pattern, respectively.

50 &

50 &

Figure 1. 2x4 Antenna array geometry
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Figure 5 provides a comparison of the results obtained for this antenna using two different
simulators: CST-MW and ADS4. Figure 5(a) shows good agreement of the return loss obtained by the two
solvers. As shown in Figure 5(b), the gain and radiation pattern produced by the ADS solver, allowing for
comparison with the corresponding results obtained previously with CST-MW, showing excellent matching.
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Figure 5. Results obtained with different solvers for the first configuration of the 4x8 array antenna:
(a) return loss versus frequency using ADS and CST-MW and (b) gain and 3D radiation pattern using ADS

2.3. Design of a 4x8 antenna array-second configuration

To miniaturize the antenna dimensions and eliminate the sideband effect, we modified the shape of
the antenna array while maintaining the conventional microstrip patch antenna dimensions. Figure 6
illustrates the geometry and performance of the new squared sub-array antenna consisting of 4 radiating
elements. Figure 6(a) provides the optimized characteristic impedances for the validated sub-array.
Simulations confirmed good input impedance matching at 3.5 GHz in Figure 6(b), with a directional
radiation pattern in Figure 6(c), and a gain of 9.58 dBi in Figure 6(d).

To enhance antenna gain, we designed a 16-element antenna array by combining 4 sub-arrays. The
geometry and performance results for this high-order array are shown in Figure 7. Figure 7(a) illustrates the
spatial arrangement and interconnections of the 16-element array. Simulations in Figure 7(b) indicate
favorable impedance matching around 3.5 GHz, with a return loss of -27 dB. Figure 7(c) presents improved
radiation patterns, while Figure 7(d) shows significant gain enhancement at 3.5 GHz, peaking at 15.12 dBi.

For the 32-element antenna array, 8 sub-arrays were integrated. The geometry and performance
characteristics of this antenna are presented in Figure 8. The simulations reveal an enhancement in the
reflection coefficient, with a single resonant frequency centered at 3.5 GHz, as shown in Figure 8(a), and an
achieved gain of 18 dBi as illustrated in Figure 8(b). Figure 8(c) gives the radiation pattern obtained with the
32-element antenna array which shows a directional behavior.
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In Figure 9, we compared the simulation results of the second configuration 4x8 array antenna,
obtained using two simulators: CST-MW and ADS. As shown in Figure 9(a), there is a strong agreement
between both solvers regarding the variations in the reflection coefficient and the resonant frequency.
Additionally, the radiation pattern obtained with ADS in Figure 9(b) closely matches that observed with
CST-MW in Figure 8(c), and the gain values obtained from both simulations are very close.
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Figure 6. Geometry and simulation results for the 2" configuration of the 1x4 sub-array: (a) geometry of the
1x4 radiating elements, (b) return loss, (c) 3D radiation pattern, and (d) gain versus frequency
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Figure 7. Geometry and simulation results for the second configuration of the 16 elements array antenna:
(a) antenna geometry, (b) return loss, (c) 3D radiation pattern, and (d) gain versus frequency
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Figure 8. Geometry and simulation results for the 2" configuration of the 4x8 array antenna: (a) return loss,
(b) gain versus frequency, and (c) 3D radiation pattern
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2.4. Results summary

This study focused on designing array antennas with optimal performance for the 5G sub-6 GHz
band. To achieve high gain, two configurations of a 4x8 antenna were designed and simulated using two
distinct solvers to confirm the results. The compactness was maximized through optimization of the spacing
between the radiating elements, ensuring minimal performance degradation. Both developed antennas
demonstrated high performance, with gains of 20.5 dBi for the first configuration and 18 dBi for the second.
However, the second configuration offers greater compactness by utilizing less substrate surface area
(1633,7 cm? vs 1814.4 cm?) and effectively mitigates the sideband effects that impact the first configuration.

Table 3 presents a comparative analysis of the array antennas developed in this study against other
sub-6 GHz antennas from published research. Considering the lowest resonant frequency of 3.5 GHz for our
antennas and the trend of increasing patch dimensions with decreasing frequency, both configurations ensure
excellent performance within a compact size. This makes them highly suitable for potential applications in
5G networks, where efficient use of space and high performance are critical. Additionally, the optimized
design guarantees robust input impedance matching and a directional radiation pattern, essential for reliable
and high-quality wireless communication in 5G systems.

Table 3. Performance comparison between the antenna array proposed in this work and some state-of-the-art
array antenna structures

References  Antenna size (mm®) No. of element Frequency (GHz) G, (ABI)
[23] 344x344%63 4x4 43 8.6
[18] 166%66x1.6 1x4 4.1 12.4
[24] 226.8x148.2x8 3%6 4.35 16
[25] 170x60x8 1x4 3.6 5
[26] 165%235x0.787 1x8 5.57 12.4
[27] 120%85%3.255 2x2 4.148 12.1dB without reflection
1st conf. 315x576x0.578 4x8 35 20.5
2nd conf. 170%961x0.578 4x8 3.5 18

3. CONCLUSION

Designing antennas that balance compactness and high performance is challenging. In this work, we
detailed the design process of a 32-element array antenna suitable for 5G mobile phone applications,
operating at 3.5 GHz. The antenna design meticulously addressed the issue of performance degradation due
to mutual coupling between elements while maximizing compactness.

Two antenna array configurations were proposed and validated through simulations using two
different electromagnetic solvers. The first configuration demonstrated good performance in terms of
radiation pattern, input impedance matching, and a gain of 20.5 dBi, but it exhibited sidebands around
3.5 GHz. The second configuration effectively addressed this issue and offered better compactness, with a
slightly lower gain of 18 dBi, which remains quite high. Compared to other antenna structures in the
literature, both configurations exhibit commendable performance, making them suitable for potential use in
5G mobile networks.
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