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ABSTRACT

This article introduces an analysis and design of an array of elements consisting of four antenna elements
connected by a power divider. This proposed antenna demonstrates superior performance for 5G base station
mmWave applications. The 1 x 4 T-junction power divider feeding technique was used in the design of these
arrays. This power divider provided an easy model, low spurious radiation, and the best bandwidth. This
work presents an antenna array simulated with the High-Frequency Structure Simulator tool (HFSS) working
at a resonant frequency of 28 GHz. The substrate material is Rogers 4003, with a layer thickness of 0.4 mm,
permittivity of 3.5, and a loss tangent value of 0.0027. The results of simulations derived from this research
work are as follows: VSWR 1.09, S11 -34 dB, gain 11 dB, bandwidth 2.56 GHz, directivity 11.1 dB,
efficiency 96%. This proposed 5G base station array antenna has achieved enhanced performance compared
to other antenna array designs. Consequently, it is positioning it as a significant contender for 5G
applications.

Keywords: Microstrip Patch Antenna, Power Divider, 1x4 Antenna Array, mmWave, 5G Base

Station, defected ground structure (DGS), voltage standing wave ratio VSWR.

1. Introduction

Growing requirements and utilization in different fields of wireless communication system devices, such as
aeronautics, defense, and medicine, drive producers to consistently develop wireless systems. From this
perspective, In recent years, microwave circuit technology has seen significant progress [1-4]. The antenna
element in the communication system chain occupies a large space, which means an extra footprint that hinders
its incorporation into the small spaces, especially in fifth-generation stations, which are characterized by a high
distribution density of base stations, their miniaturization plays an essential role in concealing their features in
the areas of their deployment. Patch and microstrip antennas are fundamental elements for the 5G base station
due to numerous features such as low cost, compact size, and simple installation on electronic circuits, vehicles,
airplanes, and satellites. Nonetheless, these antennas face limitations such as narrow bandwidth and low gain,
restricting their use in certain scenarios [5-6]. The 5G in mmWave has high frequencies greatly impacted by
antenna radiator performance, particularly gain, bandwidth, and return loss. Therefore, it is necessary to design
antennas with a gain of at least 8 dB to meet the requirements of the fifth generation at high frequencies. To
address these challenges and achieve subscriber requirements, it is necessary to develop antenna elements with
suitable characteristics for the bandwidth, return loss, and gain [7-8]. Up to 100 Mbps of data transfer rate is
possible with 5G technology, while current demand is expected to surpass 10 Gbps. Consequently, a wireless
communication technique that fulfills these requirements, designated the 5G network, is essential. The latter
provides 10 Gbps of data transfer rate and broad coverage of one million components on 1 km?, with network
access of 10.1 Tbps on 1 km? a response time not exceeding one millisecond, and among other features things
[9-11]. To fulfill all the aforementioned needs and get satisfactory outcomes with 5G, it is essential to use the
mmWave. In this context, certain frequency bands for 5G were delineated within the following intervals: 3.4-
3.6 GHz, 5.1GHz-5.8 GHz, 24 GHz-28.5 GHz, 38 GHz-40 GHz, and 65 GHz-77 GHz, which were defined by
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federal commission for communications (FCC) and international telecommunication union (ITU) [1- 2]. We
selected the 28 GHz spectrum for our study because the antenna performs well in 5G and is in trial use in
numerous nations. The antenna for the 5G base stations must exhibit optimal performance, including high gain,
directivity, and wide bandwidth, to fulfill consumer expectations and needs involving high data rates of 5G
modern technology [3][12]. Typically, the 5G base stations network typically requires low-weight, high-
performance subarrays that are compact in size, simple to install, and low in cost. A patch antenna is an essential
element in a base station, prompting studies to focus on this area. This article is, therefore, significantly reliant
on the patch radiator. In connection with this advancement, the demands and necessities of the wireless network
have escalated considerably. Wireless network standards have lately emerged to address these difficulties every
decade following the establishment of the subsequent generation of standards [13- 15]. Several studies relate to
designing and analyzing mmWave band patch antennae for 5G base stations, particularly in the 28 GHz band.
Due to this reason, it is essential to create new patch antenna types appropriate for these networks. It is a complex
undertaking and a significant obstacle for experts in antenna design. Consequently, they offered various
antennas, such as the patch antenna [6], with a gain value of 12 dB. However, they do not ensure optimal
impedance matching -14 dB with dimensions of 53x20 mm.

4 Quasi-Yagi antenna array elements proposed in [7] Realized 9.98 dBi gain measuring 20x8.4 mm in size. The
reference [8] Also suggests constructing and designing an antenna array with eight radiators that realizes a peak
gain value of 9.6 dB, but it is inappropriate for 5G technologies. In [9], the printed element structure within a
metal enclosure achieves a gain exceeding 10 dB at 28 GHz. A printed antenna array design is introduced in
[10] With four elements, with a gain value of 13 dB. In [11] An array antenna structure comprises eight elements,
which attained a gain of 9.4 dB at 28 GHz. However, the structure is highly expensive. In [12] design and
optimization of a two-band antenna with rectangular slot-pi to realize a wide bandwidth in two bands from 27.3—
34.2 GHz and 34.7-38.6 GHz, respectively, had been proposed. In [13], a high-gain, frequency-switched,
miniaturized antenna with stubs is discussed. These sections permit changes in frequency from 28.2 GHz to
24.6 GHz with over 15 dB gain and 2.1 GHz and 1.9 GHz bandwidth, respectively. This antenna is not
compatible with 5G stations because it does not need to reconfigure the frequency. A helical antenna with a
single hole for broadband 5G application at sub-6GHz is suggested in [14] with 3.89 GHz and 5.83 dB as
bandwidth and gain, respectively, and 85% radiation efficiency. Patch antennas with parasitic elements have
been suggested to improve gain, and a band was introduced in [15]. The authors in [16] Introduced a compact
wide-bandwidth patch antenna. A Defected Ground Structure (DGS) was integrated into the ground layer of a
single element in this array to significantly enhance bandwidth. In [17] the authors introduced a 28 GHz
inspired-helical end-fire antenna. This antenna features a straightforward design derived from a traditional
planar helix antenna without incorporating vias. It provides a gain value of 5.7 dB, an impedance bandwidth of
3.7 GHz, and a radiation array efficiency of 86%. The authors in [ 18] introduced a flat rectangular patch radiator,
including slots in the ground plane and the patch structure. It realized a peak gain value of 8.6 dB and an
impedance bandwidth value of 2.7 GHz. Certainly, the 5G base station applications system needs antenna
radiators with superior performance regarding return loss, efficiency, gain, impedance bandwidth, and size. To
fulfill this requirement, we suggest a novel radiator array antenna design that involves four patch radiators in a
linear array with shapes like a Burning Head. There are many slots in antenna design to improve the antenna
performance. The 1x4 array antenna radiators operate at 28 GHz and are suitable for use in 5G MIMO
applications.

2.  Methodology

This section outlines the final antenna array design in three primary stages. The initial phase starts with the
design of a single antenna operating at 28 GHz. In the second stage, a T-shaped power divider is engineered to
ensure uniform power distribution between the four elements while achieving a phase shift of zero degrees. At
this step, the power divider's performance is tuned to enhance efficiency and minimize losses incurred during
the division process. This seeks to facilitate the third phase, which entails the construction of an antenna array,
including four elements that function cohesively to get the desired performance.

2.1 Microstrip Patch Antenna

According to the transmission feed line model theory used to characterize microstrip patch antennas, a direct
approach design can be executed for the proposed antennas. This approach facilitates the identification of
fundamental parameters, such as the desired frequency and the electrical characteristics of the substrate utilized,
substrate height, and permittivity, to provide optimal antenna performance following the required specifications.
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Consequently, we designate &=3.5, height=0.4 mm, and frequency=28 GHz. The initial step involves
calculating the patch size based on the substrate's properties (height, permittivity) and the resonance frequency.
The microstrip feed line distributes power to the radiator. We selected Roger 4003C as an essential substrate
material due to its high quality and price. The selected features are 28 GHz as an operating frequency of substrate
Rogers 4003 with 3.5 permittivity. This microstrip transmission line is extensively utilized in the manufacturing
of microwave circuits due to it is compatible with photolithographic processes. It facilitates the straightforward
incorporation of active and passive parts through surface installation [19-22].
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E; denotes the diameter of the roger substrate upon which an radiator is inscribed C is light speed, f,.s is the
resonant frequency, Wp patch width, L, patch length, €.¢¢ is the effective dielectric constant, AL, is length

extension of plate, L, ground plant length, W, ground plate width, W4 feed line width, L¢.,4 feed line length,

and S;; is the coefficient of reflection.

The proposed patch antenna shown in Figure 1 was designed using the theoretical equations described
previously. All the main and sub-dimensions of the antenna were precisely determined to ensure the required
performance was achieved within the desired frequency range. These dimensions include the patch's width and
length, the insulating layer's thickness, and the material's dielectric constant. All the numerical values of these
dimensions are detailed in Table 1 to facilitate the repetition and testing processes in similar applications. In
addition to carefully selecting the previous antenna parameters, the final antenna shape, based on placing a
number of slots in the design, came to increase the antenna’s matching well.

2.2 Design 1x4 Power divider

A power divider network is a linear, passive electrical component based on Ohm's law, making it an essential
device in microwave and RF systems. Its principal role is enabling the combination or division of signal power,
ensuring effective signal distribution. Power dividers are often designed to deliver in-phase output signals and
are uniformly distributed throughout the output ports. A 1x2 T-junction power divider typically achieves an
output power division ratio of 3 dB, while a 1x4 has 6 dB. These attributes render power dividers essential in
applications such as antenna array feeding, signal processing, and multi-channel communication systems.
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Figure 1. The Proposed Antenna Shapes.
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Table1.The Proposed Single Antenna Characteristic.

Parameter Values
Whatcn 3.5 mm
Lpatcn 3.1lmm
Sloty 0.7mm
Slot, Imm
Slots 0.3mm

TLlength 1.9mm

Ry 0.4mm
R, 0.2mm

The power divider's design is primarily depending on the microstrip lines, which are a widely used approach in
circuit executions due to their ease of fabrication and compactness. The microstrip line widths corresponding to
Zso » Z100 -and Zq are carefully established with conventional analytical equations, guaranteeing excellent
impedance matching and low signal reflection. These computations are essential for attaining the required power
distribution and preserving the integrity of the output signals. The equations that relate between microstrip line
widths and their respective impedances are outlined in equation 12, in addition to equations (8) and (9). These

equations establish the foundation for the accurate geometric arrangement of the power divider [23] [24] [25].
1207 126
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Figure 2 illustrates the intricate design of the T-junction (1x4), emphasizing the geometric
arrangement and the meticulously allocated lines to get the necessary power division and guarantee
wave compatibility between the inputs and outputs. The simulation utilized HFSS (High-Frequency
Structure Simulator), a sophisticated instrument for analyzing the electromagnetic characteristics of
high-frequency models. The integration of theoretical analysis and accurate simulation with HFSS
guarantees a design that fulfills the system's technical specifications. Figure 3 shows the simulation
results of a 1 x 4 T junction power divider S parameters. Figure 3(a) illustrates the magnitudes of the

reflection coefficients S11, S12, S13, S14, and S15 in decibels as a function of frequency. The
structure exhibits a broad bandwidth of 12 GHz (ranging from 15 to 36 GHz), demonstrates minimal
loss at the operational frequency of 32 GHz with S11 = -36 dB, and presents transmission coefficient
with values of S12 =-6.45 dB, S13 =-7.79 dB, S14 =-7.73 dB, and S15 = -6.25 dB, which are
nearly uniform and approximate the ideal value of 6 dB. Consequently, the input power was
partitioned into six equal portions. Figure 3. (b) illustrates the phase values of S15, S14, S12, and
S12 as a function of frequency. This figure indicates that these parameter results are in significant
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agreement. At the wanted band, the phase values of parameters S15, S14, S13, and S12 are -2.6°,
7.9°,7.6°, and -2.43°, respectively.

WZlOO

WZSU

Figure 2. The junction power divider ,Lsp=7.05mm ,L100=3.2mm ,Cut;=Imm and Cut;=0.95mm.
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Figure 3. junction Power divider (a) Reflection coefficient (b) Phases.

2.3 Microstrip Patch Antenna Array

This study involves the structure configuration of linear array consisting of four antenna radiators, which are
interconnected via a power divider to enhance the antenna system's performance significantly. This design seeks
to augment gain and boost directivity properties, hence improving radiation efficiency and focus in the intended
direction. This constitutes the third segment of the study since it amalgamates prior endeavors to create a

cohesive antenna system that facilitates high-performance wireless communication applications. The 1 x4 linear
array design is shown in Figure 4.

Figure 4. 1 x 4 Linear flame shape antenna array with d=A/2 space between array elements.
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3. Final Simulation Results and Discussion

A radiator is connected to the signal source via a feed line with a characteristic impedance of Zc. Impedance
matching is crucial for optimal power transmission between the antenna and the feeder. The compatibility
eliminates the reflection power at the input of the radiator. The VSWR defines radiator matching. A VSWR of
1 indicates perfect matching, with acceptable matching present for I < SWR < 2. While the minimum value is
a perfect compatibility, matching is present for ISSWR<2. Optimal power transmission occurs when the
antenna's input impedance matches that of the generator. Following the antenna design informed by the
transmission model conclusions, we will review the proposed radiator simulation outcome in the HFSS tools.
Figure 5 presents a single-patch antenna's reflection coefficient S11 curve with a value of -27.37 dB for an
operating frequency of 28 GHz. Furthermore, the bandwidth is 1.1 GHz (27.4-28.5 GHz). Figure 6 illustrates a
three-dimensional gain, while the VSWR of the proposed antenna is shown in Figure 7, and while current
distribution is shown in Figure 8. Using a single-piece radiator often fails to meet established radiation
requirements. Specific characteristics, such as an HPBW and gain, are often attainable only by aggregating
many radiating sources into a configuration known as an antenna array [26][27] .The construction of many main
antennas facilitates the generation of highly directional radiation, contingent upon the quantity and
characteristics of the radiators, the configuration of their power source, and the technical layout of the array.
The optimal feed line selection depends on various factors, including desired antenna gain, bandwidth, beam
angle, insertion loss, radiation sidelobe levels, array polarization, and feed management capabilities. We chose
the T-junction Power divider type as a feed line due to its ultra-wideband and lower insertion loss. Increasing
the number of antennas in an antenna array generally enhances its performance. We presented a linear array of
four antenna components in Figure 4 to create an antenna with better efficiency and attain the required results
of the study.

S-paramater (dB)
o

-20 4

-25 4

— 511
-30 T T T

26 27 28 29 30

Frequency (GHz)

Figure 5. Reflection coefficient of a single antenna element.

The linear array's performance results were presented after conducting simulations. Figure 9 shows the extended
frequency range of the variety between 26.2 and 28.76 GHz, with the best matching of the reflection coefficient
at -34 dB, reflecting high efficiency in reducing the loss resulting from reflection. The final array gain was
represented by two different patterns: the 3D pattern and the normalized gain pattern, as shown in Figures 10
and 11, respectively. These figures show the array's radiation performance from two different perspectives that
reflect the design’s compatibility with the specified objectives. Figures 12, respectively, show the 2D radiation
pattern. This figure illustrates the array's improved directivity characteristics, which enhance its effectiveness
in directing the radiated energy toward the desired direction. Figure 13 shows the fabricated antenna array placed
on the measuring device, while Figures 14 and 15 show the measured S11 value practically after the
manufacturing process and antenna array radiation efficiency, respectively.

Table 2 presents performance metrics comparing the proposed new antenna at 28 GHz with existing models.
These involve VSWR, S11, bandwidth, efficiency, and gain. The study [28] exhibits a greater bandwidth than
the previous studies' results, as seen in Table 2. However, it also involves more antenna components than those
detailed in [39]-[44]. Conversely, it also possesses a drawback: the quantity of antenna components exceeds
that of the works delineated in Table 2.
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(a) (b)
Figure 13. Fabricated antenna (a) The prototype (b) The measured.
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On the contrary, our proposed radiator shows lower efficiency and bandwidth compared to the suggested design,
with more radiators than the suggested antenna, as indicated in Table 2.[29] Achieved superior gains compared
to previous studies, as seen in Table 2. Our suggested radiator is more efficient compared to that of [39]— [44],
which includes existing properties such as bandwidth, reflection coefficient, and VSWR.

Table 2: Comparison Between our Suggested Antenna and other Studies

No. of S11 | Gain Dir. BW. Size
Ref | ontenna | (dB) | (dB) (dB) GHy | VSWR | Effic. (mm)
[28] - 31 | 5.99 - 3.98 - - 575x5
[39] - 22 | 9.8 - L5 - 84 18.6x18.6
[40] - 30 | 10 10.6 0.52 - 97 156x76
411 | 2x2 | 85 | 135 14.1 1.14 1 93 100x60
421 | 1x2 | 23 | 95 - - 13 - 14.7x7.6
[43] 5 30 | 11 - 1 - - 26.5x18
[34] 13 22 | 84 - 0.9 - 92 -
The 4 34 | 11 11.1 2.56 1.09 97 32.8x 18
work

4. Conclusion

This article proposes a single-patch antenna with a compact design optimized for 28 GHz 5G frequency.
Subsequently, we employ this component to implement a design that includes a 1 x 4 linear antenna array, each
with many rectangular and circular slots for 28 GHz 5G operating frequency. The array is connected using a 1
x 4 junction power divider, ensuring equal amplitude and zero phase distribution. This article presents the
following results: a compact antenna with a low profile and high gain value. The suggested radiator has a
bandwidth value of 2.56 GHz, reflection coefficients S11 -34 dB, VSWR 1.09, efficiency of 97%, and gain of
11 dB. The results from this product are excellent, especially when comparing directivity, bandwidth, gain,
VSWR, and radiation efficiency to other references. Positioning the radiator array as a viable option for current
5G base station applications.
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