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ABSTRACT

This paper proposes a novel antenna structure that simultaneously satisfies high gain, dual-polarization, and fan-beam
radiation pattern characteristics for Private 5G base stations in next-generation railway communications. In Private 5G railway
communications, a balance of high gain, dual-polarization, and fan-beam is crucial. High gain and fan-beam pattern maximize
coverage along the track, while dual-polarization provides link robustness for high-speed mobility. The proposed antenna
element achieves a high gain of 12.8 dBi and stable radiation performance despite its relatively compact size by employing
a radiation mechanism based on a higher-order mode patch antenna and a sidelobe suppression technique utilizing central
and side slots. Furthermore, by rotating the antenna by 45◦ and configuring it in a slant dual-polarization structure, it provides
robustness against polarization variations that frequently occur in practical communication environments. A 6×1 array antenna
constructed based on the proposed antenna element forms a stable fan-beam radiation pattern with suppressed grating lobes
even at wide array spacing of 1.27λ0, providing a horizontal half-power beamwidth (HPBW) of 6◦, a vertical HPBW of 38◦,
and a peak gain of 18.6 dBi. The 6-way power divider designed for dual-polarization array feeding ensures excellent uniform
power distribution with an insertion loss deviation within ±0.32 dB and an insertion phase deviation within ±2.8◦. Both the
proposed antenna element and the array antenna achieve sufficient bandwidth coverage for the Private 5G band, demonstrating
performance suitable for application in practical base station environments. Moreover, a figure-of-merit comparison defined
based on peak gain, fractional bandwidth, and antenna size confirms that the proposed antenna achieves the most balanced
performance compared to previously reported high gain dual-polarized antennas. These results indicate that the proposed
antenna can provide high reliability for next-generation Private 5G railway base stations and offer significant advantages in
terms of coverage, interference mitigation, and link robustness in practical railway operating environments.

Introduction
Recently, discussions on next-generation railway communication technology based on the 5G band are actively underway in
many countries1. In South Korea, Private 5G-R (Railway) has been designated as a next-generation railway communication
band, providing a bandwidth of 100 MHz in the 4.7 GHz band. This is a significantly expanded spectrum resource compared
to the LTE-R (Long-Term Evolution-Railway) system, which uses only 20 MHz bandwidth in the 700 MHz band2. The
expanded bandwidth enables low latency, high data rates, and enhanced reliability, enabling various smart railway services such
as in-vehicle ultra-high-definition streaming, real-time security video transmission, real-time information exchange between
infrastructure and trains, and remote maintenance3. This paper aims to design a base station antenna that reflects practical
operation scenarios to support next-generation railway communications. The high frequency band of Private 5G inevitably
increases the attenuation of signals in the air, so high gain characteristic is essential to compensate for this. At the same time,
the various topographical and spatial characteristics around trains create various scenarios, such as viaducts, hills, tunnels,
urban areas, railway stations, mountainous terrain, and inter-train communications. Most of these communication environments
can be treated as Line-of-Sight (LoS) scenarios, but some environments such as urban areas, railway stations, mountainous
terrain, and inter-train communications can be partially considered Non-Line-of-Sight (NLoS) scenarios due to obstacles4.
In NLoS, communication environments, various obstacles cause propagation mechanisms such as reflection, refraction, and
diffraction, which change the original polarization state of the radio wave5, 6. Accordingly, antennas should be designed to
support dual-polarization in order to effectively receive the signals with altered polarization states.

The communication environments, antenna gain, and beam patterns have a significant impact on the performance of wireless
communication systems, including coverage, link robustness, and throughput. Therefore, antenna characteristics should be
selected based on the railway communication environment, considering the trade-off relationship between antenna gain and
beamwidth. In general, antennas with high gain narrow pencil-beam radiation pattern exhibit good communication performance
in LoS environments. However, in NLoS environments with dense obstacles, antennas with moderate gain and a wide fan-beam
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radiation pattern exhibit better communication performance. These two types of antennas are specialized for their respective
environments, limiting their general usability. Therefore, an antenna with high gain, dual-polarization, and fan-beam pattern
demonstrate balanced performance in both LoS and NLoS environments. Antennas for next-generation railway communications
should be designed to reflect these characteristics. The primary objective of the antenna design proposed in this paper is to
implement a high gain fan-beam pattern antenna that can minimize interference-sensitive zones and provide concentrated
signals to Private 5G service areas while satisfying government railway communication regulations. The areas near railways
must suppress unnecessary radiation and ensure sufficient coverage along the tracks, as base station output and beam pattern can
interfere with nearby commercial 5G systems. This perspective is also supported by previous 5G antenna performance analysis
studies7, 8, which report that high gain pencil-beam antennas are advantageous in achieving high reference signal received
power (RSRP) and extended coverage in long-range LoS scenarios. However, these studies also indicate that excessively narrow
beamwidth can result in severe throughput degradation under NLoS conditions or when receiver positioning deviations occur.
Previous studies have focused on LoS-centric optimization in railway environments, often employing pencil-beam patterns
with horizontal and vertical HPBW of 6◦8–13. However, in railway communication environments where NLoS is frequent,
these highly directive beam patterns result in significant spatial variation in signal strength, degrading link robustness and
throughput. In order to address these issues, this paper proposes a high gain dual-polarized antenna with a fan-beam pattern
with a horizontal HPBW of 6◦ and vertical HPBW of 40◦ to provide balanced performance in practical railway communication
environments.

Despite many research on antennas for next-generation railway communications have been proposed, achieving a well-
balanced performance of high gain, dual-polarization, and fan-beam radiation pattern remains challenging14–23. Magneto-
electric dipole antennas14, 15 and dielectric resonator antennas16, 17 satisfy high gain and dual-polarization, but their bulky size
makes them difficult for practical applications. Microstrip patch antennas have been extensively studied to achieve high gain and
dual-polarization due to their advantages of low profile, low cost, and ease of integration with planar circuits18–21. Reference18

employed a stacked structure to achieve high isolation, a subarray structure to increase gain, and a symmetrical structure for
dual-polarization. However, the stacked structure increases the effective permittivity, which reduces the effective aperture and
consequently degrades the antenna gain. In references19–21, a high-order mode and slot structure were applied to increase gain,
and a symmetric structure was applied to implement dual-polarization. Their design processes share a common approach: a
linearly polarized rectangular patch antenna is designed first, and then two patches are arranged orthogonally in a cross shape to
achieve dual-polarization. Although such cross-shaped antennas can effectively realize dual-polarization, the resulting gain
improvement is less significant than expected despite the enlarged effective aperture. In reference19, although the physical
area of a cross-shaped dual-polarized antenna increased by 2.34 times compared to a rectangular single-polarized antenna, the
achieved gain remained at a similar level. Moreover, references20, 21 reported that the antenna gain was even reduced. These
previous studies show that converting a rectangular patch into a cross-shaped structure can achieve dual-polarization, but the
antenna gain does not improve correspondingly despite the increase in aperture.

In order to effectively overcome these limitations, this paper proposes a novel antenna that simultaneously achieves high gain,
dual-polarization, and fan-beam radiation pattern. The proposed antenna element is designed to have high gain characteristic by
using higher-order mode and slot structures to compensate for signal attenuation in the high-frequency band. Furthermore,
considering the frequent polarization changes in urban and railway station environments, the proposed antenna element is
designed to have a 45◦ slant dual-polarization characteristic, which is the most advantageous structure for a base station
antenna22–24. A linear array antenna is then designed by arranging six proposed antenna elements in a linear configuration.
This array antenna is designed to have high gain, dual-polarization, and fan-beam pattern, achieving balanced performance in
both LoS and NLoS scenarios. The proposed array antenna can substantially improve the limitations of previously reported
antennas while reflecting the practical railway communications. This paper is organized as follows. The first section introduces
the research background, the motivation of this study, and the requirements for next-generation railway communication systems.
The second section presents the detailed design process of the proposed antenna element and array antenna, including their
operating principles and theoretical basis. The third section presents the fabrication and measurement results of the prototype
antennas, along with a performance analysis including comparisons with previous works. The final section summarizes the
main contributions of this work and suggests future application directions.

Antenna Design
Fig. 1 illustrates the geometry of the proposed high gain dual-polarized antenna element. As shown in the figure, the proposed
antenna consists of a multilayer printed circuit board (PCB) structure comprising a microstrip patch, an upper substrate, a
supporting frame, a ground plane, a lower substrate, and a feed line. The upper and lower substrates are designed using the
low loss substrate, Taconic RF-30 (εr = 3.0, tanδ = 0.0014), with thicknesses of 1.52 mm and 0.76 mm, respectively. The
patch, ground plane, and feed line are designed using copper with a thickness of 35 µm. The proposed antenna is designed as a
suspended structure with an air gap between the radiating element and the ground plane, resulting in an effective permittivity
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Figure 1. Geometry of the proposed antenna element. (a) Exploded view. (b) Top view of the top layer. (c) Top view of the
bottom layer. Parameters: W = 130, L = 61, Sl1 = 22, Sl2 = 11, Sd = 12, Cl = 10, Ad = 4, Al = 13, Nl1 = 4, Nl2 = 14.5 (unit:
mm)

lower than that of the substrate. This structure allows for a larger effective aperture area at the same operating frequency,
resulting in a higher gain antenna.

The supporting frame serves to form an air gap between the upper substrate and the ground plane. In the proposed structure,
the supporting frame is designed using the substrate FR-4 (εr = 4.3, tanδ = 0.025) with a thickness of 1.2 mm and a width of
20 mm, which supports only the edges of the antenna. The electrical characteristics of the supporting frame are not critical, so
any material with a uniform thickness can be used. The microstrip patch on the top layer has a symmetrical structure with
a cross-shaped slot in the center, four side slots along the edges, and truncated corners. The ground slot of the inner layer
and the feed line of the bottom layer are designed to feed the antenna through aperture coupling. The positions of the ground
slots in the xy-plane are equidistant from the center in the ±45◦ directions. The design parameters were optimized using a
three-dimensional electromagnetic (3D EM) simulator, and the detailed values are presented in the caption of Fig. 1.

Fig. 2 illustrates the design process of the proposed antenna, along with the corresponding electric field distribution and
simulated gain for each antenna model. The ground slot and the feed line to feed each antenna model are indicated by dotted
lines. The PCB stack-up, ground slot size, and feed line width of all antenna models are identical to those presented in Fig. 1,
and the remaining parameters are presented in the caption of Fig. 2. All antenna models are designed as a suspended structure
with an air gap between the ground plane and the upper substrate through a supporting frame. The Ant. 1 is a conventional
square patch antenna operating in the fundamental T M01 mode, and its electric field distribution in the y-direction is shown in
Fig. 2(b). As shown in the figure, Ant. 1, the conventional patch antenna, can be interpreted as a linear array of two radiating
apertures spaced 0.5λ0 apart in the y-direction25, where λ0 is the free-space wavelength. The Ant. 2 is an antenna designed to
operate in the higher-order resonant mode, T M03 mode, to increase antenna gain. The electric field distribution of Ant. 2 in the
y-direction is shown in Fig. 2(c). As shown in the figure, Ant. 2 can be interpreted as a linear array of two radiating apertures
spaced 1.5λ0 apart in the y-direction. Compared to Ant. 1, Ant. 2 exhibits a higher antenna gain due to the increased array
spacing between the radiating apertures, but this also significantly increases the sidelobe level. Therefore, the gain enhancement
relative to the increased antenna size is not as significant as expected. In order to address this issue, Ant. 3 adds a slot to the
center of the T M03 mode patch antenna. As shown in Fig. 2(c), the center of the T M03 mode patch is the zero potential point
where the voltage applied to the patch changes from positive to negative in the y-direction. By adding a slot at the center where
zero potential exists, a new electric field distribution is formed from positive to negative voltage, whose orientation is aligned
with the radiation direction of the originally formed apertures. Therefore, a linear array of four radiating apertures can be
realized with a smaller array spacing than that of Ant. 2. Consequently, as shown in the electric field distribution of Ant. 3, it
can be interpreted as a linear array of four radiating apertures spaced 0.5λ0 apart in the y-direction. Compared to Ant. 2, Ant. 3
shows an increase in antenna gain and a reduction in sidelobe level due to the increase in the number of radiating apertures and
the decreased array spacing. Therefore, Ant. 3 effectively overcomes the shortcomings of higher-order mode patch antennas
and achieves high gain. The Ant. 4 is a square structure with two Ant. 3 elements arranged along the x-direction. The electric
field distribution in the y-direction of Ant. 4 is identical to that of Fig. 2(d), but it is arranged with a spacing of 0.5λ0 along the
x-direction, which doubles the antenna gain. Fig. 2(e) shows the simulated gain of the four antenna models. Comparing Ant.1
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Figure 2. (a) Four antenna models in the design process of a high gain antenna. Illustrations of the electric field distribution of
(b) Ant. 1, (c) Ant. 2, (d) Ant. 3 and Ant. 4. (e) Simulated gains of the four antenna models. Parameters: L = 61, Sl = 11 (unit:
mm)

and Ant. 2, it can be seen that although higher-order mode operating increases the antenna gain, the gain enhancement is limited
compared to the increase in antenna size. Comparing Ant. 2 and Ant. 3, it can be seen that adding slots to a patch antenna of
the same size significantly increases antenna gain. Finally, comparing Ant. 3 and Ant. 4, it can be seen that the intended gain
increase is also achieved by extending the antenna in the x-direction. These comparisons confirm the validity of the design
process of each antenna stage. The Ant. 4 has a gain of 13 dBi, and a HPBW of 40◦ in both the xz-plane and yz-plane.

The design process for a dual-polarized antenna using the antenna model of Ant. 4 is illustrated in Fig. 3. The Ant. A has
the same structure as Ant. 4 in Fig. 2, and Ant. B is an antenna model in which Ant. A is rotated 90◦ in the xy-plane. Since the
feed directions are orthogonal to each other, Ant. A and Ant. B have vertical polarization (V-pol.) and horizontal polarization
(H-pol.), respectively. The Ant. C, a combination of these two antenna models, operates as a high gain dual-polarization

Figure 3. Design process of the slant dual-polarized antenna.
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Figure 4. Electric field distributions of the proposed patch antenna element for P-pol. (a) Schematic illustration of the electric
field distribution. (b) Schematic illustration of the reinforced electric field distribution. (c) Schematic illustration of the
equivalent magnetic current distribution. (d) Simulated electric field distribution.

antenna supporting both V-pol. and H-pol. In order to avoid overlap with the ground slots, the positions of the two feed lines are
slightly adjusted. In the structure of Ant. C, excitation of the V-pol. feed line produces the electric field distribution shown in
Fig. 2(d) along the y-direction, resulting in high gain, while excitation of the H-pol. feed line produces an identical electric field
distribution along the x-direction, also resulting in high gain. Therefore, dual-polarization and high gain characteristics can be
achieved effectively. The final proposed design is a 45◦ rotated shape of the Ant. C, the most commonly used dual-polarization
structure in base station antennas. It supports dual-polarization of the +45◦ slant positive polarization (P-pol.) and the −45◦

slant negative polarization (N-pol.). Additionally, because the fan-beam implementation required an additional array antenna
design, the antenna corners are truncated to ensure flexibility in array spacing. The configuration and design parameters of the
proposed antenna element are detailed in Fig. 1.

The electric field analysis of the proposed antenna element is presented in Fig. 4. Since the operating principles of the
two polarizations are identical and orthogonal, only the P-pol. case is considered. Fig. 4(a) presents a simplified schematic
illustration to aid in the analysis of the electric field distribution of the proposed antenna element. For clarity, the electric field
distributions beneath the patch is omitted, and the electric field components that cause constructive and destructive interference
are indicated by red and blue arrows, respectively. The electric field distributions at the truncated corners are decomposed into
the red and blue arrows. The electric field components indicated by the red arrows reinforce each other through constructive
interference due to their identical directions, whereas those indicated by the blue arrows cancel each other through destructive
interference due to their opposite directions. Therefore, the electric field components indicated by the red arrows primarily
contribute to the radiation of the proposed antenna element. Fig. 4(b) presents a simplified representation of the electric field
components indicated by red arrows, which primarily contribute to antenna radiation. The electric field distribution in Fig. 2(d)
discussed above represents a cross-sectional view of this reinforced electric field. Through this analysis, the proposed antenna
element can be interpreted as a two-dimensional array consisting of twelve radiating apertures. The electric field radiating from
these apertures can be modeled as equivalent magnetic currents using equation (1) based on the Huygens’ Principle25, where M⃗,
n̂, and E⃗ denote the equivalent magnetic current, the unit normal vector of the aperture, and the electric field, respectively.

M⃗ =−n̂× E⃗ (1)

As shown in Fig. 4(c), the proposed antenna element can also be interpreted as a two-dimensional array of twelve equivalent
magnetic currents. Furthermore, the high gain of the proposed antenna element is also explained from the perspective of
the magnetic current array. Fig. 4(d) shows the simulated electric field distribution of the proposed antenna element. The
distribution of the reinforced and canceled electric fields generated around the radiating element can be clearly observed.
This validates the analysis based on the simplified schematic illustration of the electric field distribution in Fig. 4(a). The
simulation results of the electric field distribution when N-pol. is fed are completely identical to those of Fig. 4(d) rotated
90◦. The 90◦ difference in the electric field distributions generated by the two feeding methods clearly explains the orthogonal
dual-polarization characteristic of the proposed antenna element.
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Figure 5. Geometry of the power dividers. (a) Schematic of the compact BPPD. (b) Equivalent circuit of the compact BPPD.
(c) Compact 3-way BPPD. (d) 2-way T-junction power divider. (e) Proposed 6-way power divider.

As discussed in the introduction, the primary goal of the antenna design in this paper is to implement a high gain dual-
polarized fan-beam antenna that focuses the signal within the Private 5G service area while minimizing the interference-sensitive
zone in railway communications. In order to achieve a fan-beam pattern with a horizontal HPBW of 6◦ and a vertical HPBW of
40◦, which provides balanced performance in practical railway communication environments, the proposed antenna elements
are linearly arranged. The most important parameters in array antenna design are the number of antenna elements and the array
spacing. Since the array beam pattern is given by the product of the antenna element beam pattern and the array factor, the
desired array beam pattern can be achieved by arranging the number of elements and the array spacing26, 27. However, as the
array spacing increases, the grating lobes on the array factor appear in undesired directions, causing ambiguity issues in the
array beam pattern28. Therefore, in most array antenna designs, the array spacing is strictly limited to 0.5λ0 or less, which is
the condition where no grating lobes occur. On the other hand, since the proposed antenna element has a high gain and narrow
beam pattern, even if grating lobes occur in undesired directions when arranged at a wide array spacing, they can be effectively
suppressed by the antenna element pattern. Therefore, the proposed antenna is free from the constraints of array spacing to
avoid grating lobe issues and offers the advantage of effectively achieving the desired array pattern simply by adjusting the
array spacing. To achieve the design goal of a fan-beam pattern with horizontal HPBW of 6◦ and vertical HPBW of 40◦, six
proposed antenna elements with horizontal and vertical HPBW of 40◦ are arranged horizontally with an array spacing of 1.27λ0.
In array antenna designs, doubling the number of antenna elements increases the gain by 3 dB and halves the HPBW. Therefore,
implementing an array antenna with a HPBW of 6◦ requires a linear array of 16 conventional patch antenna elements with a
HPBW of 100◦. However, since the proposed antenna element has high gain and are free from the array spacing constraints,
HPBW of 6◦ can be achieved with only six antenna elements.

To implement the proposed 6×1 array antenna, a non-binary power divider design is required, rather than a conventional
2-way power divider. Because the 2-way power divider has a simple structure and stable performance, the 2-way-based cascaded
structure is commonly used for multi-way power dividing29, 30. In contrast, non-binary power dividers have complex impedance
design requirements, making their use limited to special purposes31–33. Since the proposed array antenna requires a 6-way
power divider, a design approach is adopted to design a 3-way power divider and then integrate it into a 2-way T-junction power
divider. In this paper, a compact Bagley Polygon power divider (BPPD) derived from an analytical model of the conventional
BPPD is applied to the design of a 3-way power divider34. In conventional BPPD designs, the electrical line lengths between
the three output ports of a 3-way power divider must be fixed to 0.5λ0 to ensure symmetry among the output ports. Due to this
constraint, conventional BPPDs have the disadvantage of having output ports that spread radially and occupy a large area on the
board. The compact BPPD design technique can maintain a constant input impedance regardless of the line length between
output ports by setting the line impedance Z1 between the output ports to 2Z0 based on the analytical model of the conventional
BPPD. This setting allows arbitrary line length selection, which significantly reduces the board area compared to conventional
BPPDs where the transmission line length is fixed to 0.5λ0. Fig. 5(a) and Fig. 5(b) illustrate the schematic of the compact BPPD
and the equivalent circuit derived using symmetry, respectively. Referring to Fig. 5(b), when the characteristic impedance of
the transmission line between nodes 0 and 1 satisfies the relationship Z1/2 = Z0, the input impedance Zin becomes equal to Z0
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Figure 6. Geometry of the proposed array antenna. (a) Top view of the top layer. (b) Top view of the bottom layer. (c) 2-way
T-junction power divider. (d) Compact 3-way BPPD. Parameters: La = 500, Wa = 150, Da = 80, Fl1 = 17.6, Fl2 = 22.48,
Fl3 = 66.54, Fl4 = 29.4, Fl5 = 23.45, Fl6 = 85.76, Fl7 = 8, Fl8 = 12, Fl9 = 35.51, Fl10 = 11.66, Fl11 = 9.63, Fl12 = 2.11,
Fl13 = 11.97, Ld1 = 1.84, Ld2 = 3, Ld3 = 1.46, Ld4 = 0.58 (unit: mm)

regardless of the line length. Therefore, the line length between output ports can be arbitrarily adjusted while the line width
remains fixed. This structural flexibility allows the overall perimeter of the BPPD to be significantly reduced, allowing 3-way
power dividing within a compact area. Fig. 5(c) and Fig. 5(d) illustrate the designs of the 3-way power divider and 2-way
power divider, respectively. The 2-way power divider is designed simply using a quarter-wavelength transformer. The final
6-way power divider is designed by integrating two 3-way power dividers into a single 2-way power divider, as shown in Fig.
5(e). The proposed 6-way power divider does not require an additional impedance matching network, since the characteristic
impedances of all input and output ports are designed to be 50Ω.

Fig. 6 illustrates the geometry of the proposed array antenna, which has the identical stacked structure as that shown in Fig.
1(a). In the top layer, in Fig. 6(a), six proposed antenna elements are arranged along the x-direction with an array spacing
of 80 mm, corresponding to 1.27λ0. Although this wide array spacing causes grating lobes on the array factor at ±52◦, they
are effectively suppressed because the antenna element has a HPBW of 40◦. Therefore, there is no ambiguity issue due to the
grating lobes. The inner layer contains ground slots arranged to excite dual-polarization (P-pol. and N-pol.) to each antenna
element. The bottom layer in Fig. 6(b) has two 6-way power dividers to feed each polarization. The upper divider distributes
power in six ways to excite the P-pol. ports of the six antenna elements, and the lower divider distributes power in six ways to
excite the N-pol. ports. The 2-way T-junction power divider and the 3-way compact BPPD that comprise the 6-way power
divider are illustrated in Fig. 6(c) and Fig. 6(d), respectively, and the design parameters are presented in the caption. All design
parameters are optimized using a 3D EM simulator. The ground slots on the inner layer and the feed lines on the bottom layer
feed the antenna elements through aperture coupling.

Experimental Results and Discussion
To verify the design feasibility of the proposed antenna element and array antenna, prototype antennas were fabricated and
experimentally evaluated. The prototype antennas were constructed by vertically joining the upper substrate, supporting frame,
and lower substrate using plastic bolts and nuts, ensuring a fully integrated multilayer PCB structure. This suspended structure,
which maintains the air gap, plays an important role in achieving high gain performance by reducing the effective permittivity.
An additional evaluation board was fabricated to verify the 6-way power divider for array antenna. This board was fabricated to
verify the performance of the power divider in Fig. 6(b), and an experiment was conducted to determine whether the input
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Figure 7. (a) Photograph of the fabricated 6-way power divider. (b) Measured reflection coefficient and insertion loss. (c)
Measured insertion phase.

signal was evenly distributed with the same amplitude and phase to the six output ports. As shown in Fig. 7(a), the evaluation
board for the 6-way power divider is implemented by integrating two 3-way compact BPPDs with a single 2-way T-junction
power divider. The measured reflection coefficient, insertion loss, and insertion phase of the 6-way divider evaluation board are
presented in Fig. 7(b) and Fig. 7(c), respectively. The measured results confirm that power is evenly distributed from the input
port (Port 1) to the six output ports (Ports 2 to 7). The insertion loss deviation is within ±0.32 dB, and the insertion phase
deviation is within ±2.8◦, confirming that no pattern distortion occurs due to the amplitude and phase imbalance when feeding
the array antenna. Fig. 8 presents the top and bottom views of the fabricated antenna element and array antenna. It can be seen
that the physical implementation of the proposed antenna is identical to the simulation model.

The simulated and measured reflection coefficients and isolation between polarization ports of the prototype antenna
element and array antenna are shown in Fig. 9. A vector network analyzer Anritsu MS46122B was used to measure the
reflection coefficient. The simulated 10-dB impedance bandwidths of the proposed antenna element are 4.68-4.91 GHz for
both N-pol. and P-pol., while the measured 10-dB impedance bandwidths are 4.43-4.92 GHz and 4.43-4.93 GHz for N-pol.

Figure 8. Photographs of the fabricated prototype antennas. (a) Top view and (b) bottom view of the prototype antenna
element. (c) Top view and (d) bottom view of the prototype array antenna.
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Figure 9. Simulated and measured reflection coefficient and isolation of the proposed antennas. (a) N-pol. and (b) P-pol. of
the antenna element. (c) N-pol. and (d) P-pol. of the array antenna.

and P-pol. respectively. The simulated 10-dB impedance bandwidths of the proposed array antenna are 4.40-4.87 GHz for
both N-pol. and P-pol., while the measured 10-dB impedance bandwidths are 4.30-4.85 GHz and 4.31-4.86 GHz for N-pol.
and P-pol. respectively. The measured reflection coefficients of the prototype antennas show reasonable agreement with the
simulated results. These results demonstrate that the operating characteristics of a single antenna element are well maintained in
the array configuration without performance degradation caused by mutual coupling and resonant frequency shift. Furthermore,
both the proposed antenna elements and array antenna have the bandwidth sufficient to cover the Private 5G band of 4.72-4.82
GHz, satisfying the specifications required for practical base station applications.

The radiation patterns of the prototype antennas were measured in the anechoic chamber at Soongsil University, and the

Figure 10. Radiation pattern measurement environment of the proposed antennas. (a) Antenna element. (b) Array antenna. (c)
Aligned standard horn antenna and AUT.
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Figure 11. Simulated and measured radiation patterns of the proposed antenna element at 4.72, 4.77, and 4.82 GHz. (a) N-pol.
in xz-plane. (b) N-pol. in yz-plane. (c) P-pol. in xz-plane. (d) P-pol. in yz-plane.

measurement environment is shown in Fig. 10. To accurately measure the slant dual-polarization characteristics, a reference
horn antenna was installed at a 45◦ angle. A jig was designed and fabricated to align the central axes of the antenna under
test (AUT) and the reference horn antenna. This precise alignment is essential for measuring dual-polarization characteristics
and fan-beam patterns. The AUT was installed on a 360◦ rotating turntable to obtain radiation patterns over all elevation
angles. The measurements were conducted at a sufficient distance to satisfy the far-field conditions, ensuring the reliability of
the measurement data. Fig. 11 shows the simulated and measured xz-plane and yz-plane radiation patterns of the proposed
antenna element for both polarizations at 4.72, 4.77, and 4.82 GHz. The patterns remain consistent over the three frequency
points, confirming stable radiation characteristics across the entire Private 5G band. The simulation results of the proposed
antenna element show a peak gain 12.9 dBi for both N-pol. and P-pol. with a balanced HPBW of 39.2◦-39.8◦ in both xz-plane
and yz-plane. The measured results show a peak gain of 12.8 dBi for both N-pol. and P-pol., and HPBW were similar to the
simulation results in the 38.5◦-39.2◦ range. This high level of agreement validates the antenna design process presented in the
second section. It can be seen that the slots applied to higher-order mode patch antenna effectively suppress sidelobes and
achieve high gain, and both polarizations show stable radiation performance with a peak gain of 12.8 dBi. The similar gain
levels for both polarizations are crucial in Private 5G base stations, as they provide a foundation for maintaining stable link
quality even in NLoS scenarios, where the polarization state frequently varies.

The simulated and measured radiation patterns of the 6×1 array antenna are presented in Fig. 12 at 4.72, 4.77, and 4.82
GHz. The results show that the fan-beam radiation characteristics are maintained with good agreement between simulation and
measurement across the entire band. The simulated results of the proposed array antenna show a peak gain of 18.8 dBi for
both N-pol. and P-pol., a narrow HPBW of 5.9◦ in the xz-plane and a HPBW of 39◦ in the yz-plane. The measured results
were consistent with the simulated results, demonstrating a peak gain of 18.6 dBi for both polarizations, and HPBWs of 6◦ in
the xz-plane and 38◦ in the yz-plane. The measured radiation patterns of the proposed array antenna validate the array design
presented in the second section. It can be seen that the fan-beam patterns are achieved without grating lobe issues even though
the array spacing is set to 1.27λ0 because the antenna elements have high gain. Furthermore, the proposed array antenna has
high gain, dual-polarization, and a fan-beam pattern despite its overall size of 500×150 mm2, with a diagonal length of 1.21λ0,
significantly improving its practicality for Private 5G base stations. This is because the antenna elements used in the array have
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Figure 12. Simulated and measured radiation patterns of the proposed array antenna at 4.72, 4.77, and 4.82 GHz. (a) N-pol.
in xz-plane. (b) N-pol. in yz-plane. (c) P-pol. in xz-plane. (d) P-pol. in yz-plane.

relatively high gain and wide bandwidth compared to the physical size. While many high gain antennas suffer from trade-offs
such as increased size or reduced bandwidth to achieve high gain, the proposed antenna achieves balanced performance by
maintaining both sufficient bandwidth and high gain within a relatively small size. To quantitatively compare the performance
balance of the proposed antenna with previous works, the following figure of merit (FoM) is introduced in this study.

FoM =
G×BW

Ld
(2)

The FoM consists of the peak gain (G), fractional bandwidth (BW ), and the diagonal length (Ld), which is the maximum
length of the radiating element. Defining bandwidth as a fractional bandwidth rather than an absolute bandwidth allows for
consistent performance comparisons across different frequency bands. This metric is designed to have higher values for smaller
antennas, wider bandwidths, and higher gains, providing an objective measure for fairly comparing the balanced performance

Ref. Center
Frequency Polarization Fractional

Bandwidth
Diagonal
Length Peak Gain FoM

18 3.7 GHz Dual pol. 4.32% 1.07λ0 10.5 dBi 42.39
19 5.96 GHz Dual pol. 3.02% 1.28λ0 10.9 dBi 25.80
20 12.52 GHz Dual pol. 2.32% 2.63λ0 15.5 dBi 13.67
21 4.77 GHz Dual pol. 1.88% 1.16λ0 12.5 dBi 20.28

This Work 4.77 GHz Slant Dual pol. 4.50% 1.21λ0 12.8 dBi 47.52

Table 1. Performance comparison between the proposed antenna element and the previous works.
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of antennas. Table 1 presents the performance comparison between the proposed antenna element and previous works. The
antennas reported in reference18 and19 exhibit balanced performance in terms of size, gain, and bandwidth, but their gain
levels remain relatively low. The antenna reported in reference20 exhibits high gain, but its large size and narrow bandwidth
significantly limit its practical applicability. The antenna reported in reference21 exhibits high gain relative to its size, but its
narrow bandwidth makes it less suitable for practical applications. The antenna proposed in this study achieves the highest FoM
by simultaneously achieving a diagonal length of 1.21λ0, a fractional bandwidth of 4.50%, and a peak gain of 12.8 dBi at a
center frequency of 4.77 GHz. The proposed antenna achieves an FoM value of 47.52, overcoming the limitations of previous
works in which practical applicability was constrained by the large size or narrow bandwidth. This is interpreted as the result of
an optimized design that effectively utilizes the structural improvements presented during the design process. Furthermore, this
balanced performance will serve as the foundation for high reliability in both LoS and NLoS environments when applied to
Private 5G base stations. It is expected to provide excellent performance in terms of coverage, interference control, and link
stability required in practical railway communications.

Conclusion
In this paper, a novel antenna structure that simultaneously satisfies high gain, dual-polarization, and fan-beam characteristics is
proposed for next-generation Private 5G base stations for railway communications. The proposed antenna element effectively
overcomes the gain limitations of conventional rectangular patch-based dual-polarization antennas by utilizing a radiation
mechanism derived from a higher-order mode patch antenna and a sidelobe suppression technique using center and side slots.
It achieves a high gain of 12.8 dBi and stable radiation performance despite its relatively small size. The proposed antenna
element achieves slant dual-polarization characteristics by rotating the antenna element by 45◦, providing robustness against
polarization variations frequently encountered in practical railway communication environments and ensuring the reliability
required for Private 5G base stations. In addition, an array antenna was constructed by linearly arranging six proposed antenna
elements to implement a fan-beam radiation pattern that can provide balanced performance in both LoS and NLoS environments.
The grating lobe issue, which occurs in conventional patch-based array antennas, was effectively suppressed by the high
gain characteristic of the proposed antenna element, and stable beam patterns are maintained even when the array spacing
is extended to 1.27λ0. To feed the proposed array antenna, a 6-way power divider was designed by combining a compact
3-way BPPD with a 2-way T-junction power divider. The uniform power dividing performance was experimentally verified.
Measurement results of the fabricated prototype array antenna demonstrated a high gain of 18.6 dBi and fan-beam pattern,
satisfying the design objectives. Both the proposed antenna element and array antenna achieved bandwidths sufficient to cover
the Private 5G band, ensuring performance suitable for practical base stations. Finally, through a FoM comparison introduced
to quantitatively evaluate the antenna’s balanced performance, the proposed antenna exhibits improved balance among size,
gain, and bandwidth compared to previously reported antennas. These performance advantages and structural efficiency suggest
that the proposed antenna structure not only meets the practical requirements of a Private 5G-R base station antenna, but also
offers high scalability for application in various high frequency wireless communication systems. Future research is expected
to further the proposed design through expansion of the array structure, integration of beamforming functions, and field test in
actual railway communication systems.
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