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Abstract

The demand for higher data rates and improved signal quality in 5G
wireless networks has led to the development of dual-polarized
antennas, offering enhanced channel capacity and MIMO performance.
However, challenges such as isolation, compactness, and beamforming
persist, particularly in millimeter-wave applications. This study
presents an improved single-layer, dual-polarized slant #45° patch
antenna with reduced inter-element spacing at 28 GHz, aiming to
optimize antenna performance while maintaining a compact design.
The proposed antenna is designed using Rogers RT5880 substrate and
features a T-power divider for efficient signal distribution.
Performance evaluations, including simulations and experimental
measurements, demonstrate enhanced reflection coefficient, radiation
patterns, and gain compared to previous designs. The inter-elements
spacing is reduced from approximately 57 mm to 15 mm. The results
indicate that reducing inter-element spacing effectively minimizes
sidelobe levels and improves radiation pattern, making this antenna
suitable for 5G millimeter-wave applications. The measured reflection
coefficient achieves less than -10 dB, which is a good performance. The
measured patterns fall between the range of 3.7 to 7.8 dBi. The radition
patterns of improved antenna have less sidelobes and the co-elevation
azimuth pattern has more directional main beam pattern compared to
the previous antenna. For future works, this feature makes it suitable
for 5G’s millimetre-waves beam-steering applications.

1. Introduction

Increasing demand in data rate transfer and wide signal coverage offered by 5G wireless technology has opened
many alternatives such as implementing dual polarization diversity. The most common advantages of dual
polarization diversity to the 5G antenna are increased channel capacity, improved signal quality, and enhanced
MIMO performance [1] [2]. However, it also comes with several challenges such as isolation, compactness,
beamforming and coverage [3]. Ensuring high isolation of inter-element ports is crucial to reduce the side lobe
levels and enhance the antenna system performance [4]. Integrating dual-polarized antennas into small devices
like smartphones while maintaining performance is challenging due to limited space. These isolation and
compactness of 5G’s antenna feature have become a trade-off to improve the quality of antenna’s transmission

signals.
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For the past researches, the most common type of antenna used to realize dual polarization feature is dipoles
due to ease to configure [5] [6]. However, one of the obvious characteristics of dipoles is omnidirectional pattern
which is suitable for base station applications. It is quite challenging to achieve unidirectional radiation pattern in
favour to 5G’s demand. This also explains the patch antenna is chosen due to its characteristics of ease of
fabrication, non-complex architecture, and able to achieve directional high gain pattern.

Polarization diversity is well known to be an efficient technique improving the reliability of wireless
communication [7]. Polarization diversity is a technique to improve signals quality by reducing interference and
it involves using different polarization states of electromagnetic waves for signals transmission. Besides,
designing dual-polarized antennas with high gain and beamforming capabilities for wide signal coverage is
complex especially at millimetre-wave frequencies where signals are more directional and prone to blockages. A
pair of slot antenna arrays arranged with a 90° difference on a smartphone PCB, operating at 28 GHz reports
favourable return loss parameters, radiation patterns, efficiency, and gain making it suitable for 5G mobile
terminals [8]. Implementing dual-polarized feature to the Low-Temperature Co-fired Ceramic (LTCC) technology
by integrating a horizontally polarized mesh-grid patch with a vertically polarized folded slot antenna has also
achieves an impedance bandwidth of 850 MHz at 28 GHz with measured gains of 3.19 dBi and 2.95 dBi for
horizontal and vertical polarizations, respectively [9]. Reference [10] covers 5G bands by excites two orthogonal
modes in substrate integrated waveguide (SIW) cavity, exhibiting wide bandwidths and symmetric radiation
patterns. A parasitic element improves port-to-port isolation and guides the main beam. These studies highlight
advancements in dual-polarized antenna designs tailored for 28 GHz 5G applications, focusing on aspects like
bandwidth, gain, isolation, and integration suitability for mobile devices.

Antennas with dual linear slant +45° polarization are also capable to offer wide bandwidth from 1.7 to 2.7
GHz [11]. Reference [12] has proposed a multilayer slant polariser to change the direction of antenna’s
polarization and it also offers wide bandwidth from 6.5 to 18 GHz. Similar to reference [13] and [14] which achieve
75.9% and >36% bandwidth, respectively. Other than wide bandwidth feature offered by the slant 45°
polarization antenna, it also capable to output high gain [15] [16] [17]. This past research carried out investigation
on lower frequency antenna. There are several studies investigated on 5G frequency band’s antenna, as an
example study found in [18], they developed a dual slant *45° polarized beamforming array using RFIC
beamforming chipsets operating from 26 to 30 GHz. Besides, a dual band antenna has also been proposed by [19]
to produce high gain from dual slant +45° Ka-band. Reference [20] also designed a slot-coupled patch antenna
with dual slant +45° to produce high gain. However, these studies developed complex implementation of dual
polarization feature to the antenna architecture. Therefore, the previous studies in [21] introduced simplified
single-layer dual-polarized antenna using a combination of slanted 45° patch elements to the right and left
direction to the normal or reference plane.

Implementation of a single-layer dual slant +45° polarized antenna for millimetre-wave applications is quite
challenging. The major factor is its configuration of elements spacing. Reference [22] has recently developed a
single layer +45° dual-polarized directional array antenna for 30 GHz operating frequency. They used two series-
fed ports to excite dual circularly polarized array and radiate in +45° polarization orientations. Similar to
reference [23], they used two series-fed dual circularly polarized at #45° polarized radiation by using phase
control approach.

Dual-polarized antennas are a cornerstone of 5G technology, addressing the growing demand for faster, more
reliable, and efficient wireless communication. Despite challenges, advancements in materials, design techniques,
and integration with emerging technologies make them a pivotal component of modern and future communication
systems. This work introduces a simpler and more compact design for a dual-polarized patch antenna operating
at 28 GHz for 5G applications. The main improvement is the significant reduction in spacing between the antenna
elements, from 57 mm in the previous design [21] to just 15 mm, which helps reduce sidelobes and produce a
more focused directional main beam pattern. In addition, an improved T-power divider is used, allowing for better
signal distribution and improved impedance matching. As a result, the antenna achieves better simulated
reflection coefficient improved from -11 dB to -17 dB and higher simulated gain performance, while still
maintaining good measurement results. The antenna also supports dual +45° polarization using only a single feed
port, making it more compact, easier to fabricate, and well-suited for future 5G beam-steering applications.

Therefore, in this study, a simple design of a single-layer antenna structure at 5G millimetre-waves is
developed with dual-polarized slant +45° polarizations to offer the flexibility of dual signals transmission
simultaneously with only one feeding port. The first section describes the advantages of polarization diversity to
the 5G’s millimetre-waves, the past research on complex dual-polarized antenna designs or structures, and also
the dual-polarized slanted +45° antenna for millimetre-waves applications. The second section explains the
antenna simulation design, T-power divider, and fabricated antenna. The third section describes the experimental
setup for reflection coefficient, radiation patterns and gain measurement of the antenna. The last section shows
the comparison between simulated and measured results of the antenna in previous work [21] and the improved
antenna.
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2. Antenna Design

In this design, the material chosen is Rogers RT5880 with a dielectric constant of 2.2, loss tangent of 0.0009, and
thickness of 1.575 mm. The width and length of the radiating patch elements, substrate and its ground plane are
calculated based on equations (1-5) [21]. Based on this previous work in [21], the combination of edge coaxial
feeding and corporate feed was used to realize dual polarized +45°. However, in this work, the T-power divider
with edge coaxial feeding is used based on (6) and also in [24] [25] [26].

A modification was made to the T-power divider by reducing the length between the two output ports to
improve the main beam pattern. The overall dimension of the T-power divider, width and length of the substrate
and ground plane are also changed into a smaller size. The dimension of the patch elements is fixed similar as the
previous antenna as shown in Fig. 1.

The dimension of Wr and Lp are calculated using Eq. (1-5) [ref]. However, the design is a standard patch
antenna design. Later, the design has been rotated to #45° to achieve dual slant polarization [21]:

4o

W= 2./05(, + 1) (1)

W is the width of the patch, Avis the wavelength of antenna’s operating frequency, and & is the dielectric constant
of the material.

For (W/h>1)

& +1 N g —1 ( 1 ) )
& =
) 2 \J/1+12n/W (2)
e is the effective permittivity and h is the thickness of the substrate.

The length extension, AL:

(cegy +0.300) (% +0.264)

I ory — 0.258 (% +0.813) .
Then, the length of the patch, L can be calculated as:
Lo
zfr@ (4)
Lesp = L —2AL (5)

where L is the length of patch before fringing correction and L is the length of patch after fringing correction.

Z = Zout \/N [6)

where Z is the required impedance value depends on the number of antenna elements, Zou:is the input impedance
of the feeding line antenna, and N is the number of elements of antenna.

Itis important to design directional beam pattern antenna for millimetre-waves applications and it is required
to have a clear visible directional main beam to achieve good quality of signals transmission [27]. Therefore, the
T-power divider is used to combine patch elements of the antenna by reducing the spacing between elements.
Inter-elements spacing is crucial as it may decrease the sidelobe levels and improve the directivity as well as its
gain [28]. The patch elements and T-power divider are designed using the CST Simulation tool as depicted in Fig.
1. The simulated T-power divider is shown in Fig. 2 and the fabricated antenna with the SMA feeding connector is
shown in Fig. 3. Table 1 lists the parameters of the patch elements and T-power divider.

The antenna design depicted in Fig. 1 is based on fundamental microstrip patch antenna theory, where the
patch dimensions are calculated to achieve resonance at 28 GHz using Rogers RT5880 substrate (&r = 2.2). Dual-
polarization is implemented by orienting the two patch elements at slant +45° angles relative to the reference
plane, allowing excitation of orthogonal linear modes to reduce mutual coupling and enhance polarization
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diversity. The reduced inter-element spacing, minimized from 57 mm to 15 mm, is guided by antenna array theory
to suppress grating lobes and lower mutual coupling, which directly improves the reflection coefficient (S11).
Additionally, the use of a compact T-power divider ensures balanced power splitting while maintaining impedance
matching between the feed and patch elements, further contributing to the observed low Si; (< =10 dB). This
integrated approach aligns with established antenna design principles, resulting in improved radiation
performance suitable for 5G millimeter-wave applications.

7

-]

()

(b)
Fig. 1 Antenna design of the patch elements and T-power divider of (a) previous antenna; and (b) improved
antenna

Fig. 2 The simulated T-power divider
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Fig. 3 The fabricated antenna with feeding connector

Table 1 The dimension of patch elements and T-power divider

Parameters Dimension
(mm)

Width of patch 4.20

Length of patch 3.40

Width of substrate and 15.65

ground, Ws and Wg

Length of substrate and 23.08

ground, Ls and Lg

Microstrip Step width1 0.4 and 5.0

and length1 (MSW1,

MSL1)

Microstrip Step width2 0.2 and 10.0

and length2 (MSW2,

MSL2)

Microstrip T junction 0.2 and 0.5

width1 and length1

(MJwW1, MJL1)

Microstrip T junction 0.2 and 0.5

width2 and length2

(MJw2, MJL2)

Microstrip T junction 0.6 and 2.0

width3 and length3

(MJW3, MJL3)

Microstrip bend optimal 0.2, 1.0, 1.25,

mitered1 width, length1, and 45°

length2, and angle

(MB1W, MB1L1, MB1L2,

MB1A)

Microstrip bend optimal 0.2,1.25, 1.0,

mitered2 width, length1, and 45°

length2, and angle

(MB2W, MB2L1, MB2L2,

MB2A)
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3. Measurement Setup

In this section, the antenna on Rogers RT5880 substrate is measured to investigate the performance in terms of
reflection coefficient, radiation patterns, and gain.

3.1 Reflection Coefficient

The simulated reflection coefficient is obtained through simulation on CST tool and then it is measured by VNA at
the Antenna Laboratory, Malaysian-Japan International Institute of Technology, Universiti Teknologi Malaysia
(MJIIT-UTM), Kuala Lumpur, to obtain measured results. Before the measurement is taken place, it is necessary
to perform calibration on VNA using a common approach called SOL (Short/Open/Load). VNA calibration seeks
to eliminate systematic inaccuracies from the instrument's hardware and account for any elements that may have
been introduced to facilitate particular measurements at the necessary frequencies.

The measurement setup is similar to the calibration setup excepts; the female adapter is interconnected to
the port cable of VNA and port of the antenna. The reflection coefficient measurement requires one connected
cable port. The range of frequencies measured is between 27 and 29 GHz.

3.2 Radiation Pattern and Gain

The antenna is measured in an anechoic chamber at the Antenna Laboratory MJIIT. Before proceeding to the
antenna pattern measurement, it is important to identify first the polarization of the antenna from the CST
simulation for correct measurement setup. During radiation pattern measurement setup for the antenna, the
antenna is placed on top of the antenna holder. Therefore, to attain both co- and cross-polarization of E- and H-
field pattern, the antenna placement must be checked properly. The co- and cross-polarization signals are
determined by placing the horn antenna in the same or different polarization to the AUT. The antenna under test
(receiver) will rotate 360° to measure the antenna pattern.

Prior to antenna pattern measurement, calibrating the measurement setup is necessary to ensure that the
other factors that may affect the measurement are minimized [29], as examples, factors such as range-length loss,
reference antenna gain, cable losses, and others. The calibration is done using a reference antenna in this study, a
standard gain horn antenna (for 28 GHz operating frequency). The reference horn antenna is placed at the centre
of the antenna holder as the AUT and adjusted to be at bore-sight level with the receive antenna. The objective of
the calibration is to ensure that a single input signal delivered to the system arrives with equal magnitude and
phase at each antenna port.

If the antenna and source cable are ideally matched, all power provided to the antenna will radiate, according
to the Friis transmission equation formula [30]. However, the most typical scenario is that there will be impedance
mismatched. The calibration measurement setup should be carried out with all wires connected, and the
calibration and antenna pattern measurements should both be performed using the same configuration. The total
measurement uncertainty will grow if independent calibrations are performed on each component of the system.
When possible, it is best to calibrate the system as a whole.

Figs. 4 and 5 show the orientation of antenna for radiation pattern measurement. For the measurement of the
co-polarized E-plane pattern, the antenna (receiver) is positioned vertically relative to the normal axis of the
antenna holder, as shown in Fig. 4. Meanwhile, for the measurement of the co-polarized H-plane pattern, the
antenna is rotated 90° horizontally relative to the normal plane of the antenna holder, as shown in Fig. 5. A similar
setup is used for the measurement of cross-polarized E- and H-plane patterns, except that the horn antenna
(transmitter) is rotated 90° horizontally relative to the normal plane.

Fig. 4 Antenna orientation for E-plane pattern measurement
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Fig. 5 Antenna orientation for H-plane pattern measurement

Fig. 6 shows the whole antenna measurement setup for co-polarized and cross-polarized E- and H-plane
pattern at anechoic chamber. The co-polarized patterns are usually desired patterns to indicate the antenna

performance and the cross-polarized patterns are unwanted patterns caused by the mismatch polarization
between transmitter and receiver.

q € {\/\/{‘—} 7'\ 2
’1"(/\/\/\};_ *..Q
EE\VYOY g

{444 y

Fig. 6 The antenna measurement setup of (a) co-polarized E-plane; (b) co-polarized H-plane; (c) cross-polarized E-
plane; and (d) cross-polarized H-plane at anechoic chamber
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4. Results and Discussion

Based on the previous dual-polarized slant +45° antenna [21], the spacing between two patch elements is
approximately 57 mm while the dual-polarized slant #45° antenna in this study reduces its spacing to
approximately 15 mm. This section will discuss the effect on reflection coefficient, radiation patterns as well as its
gain performance based on the reduced spacing between the patch elements. Both antennas are operating at

resonant frequency of 28 GHz. Two subsections below, 4.1 and 4.2 discuss the reflection coefficient, radiation
patterns and gain between these two antennas.

4.1 Reflection Coefficient

Fig. 7 shows the simulated and measured reflection coefficient (S1:) of the previous dual-polarized antenna and
improved dual-polarized antenna. The Si: value of previous antenna achieves approximately -11 dB and -12 dB
for simulated and measured values at 28 GHz. Meanwhile, the S1; value of current antenna achieves -17 dB and -
11 dB respectively. Both antennas show a good performance in terms of its reflection coefficient, even though the
minimum measured values are slightly shifted from 28 GHz, and the difference of shifting frequency is only by
~0.01 to ~0.03 GHz for both antennas. This is an acceptable occurrence, as the fabrication and drilling process of

antenna might influence this shifting frequency. Table 2 lists the simulated and measured values of Si; of both
antennas.
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Fig. 7 The reflection coefficient (S11) of (a) the previous; and (b) improved dual-polarized antenna
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Table 2 The simulated and measured Si1 of both antennas

Parameters Simulated S1z  Measured S
(dB) (dB)

Previous antenna [21] -11 -12

Improved antenna -17 -11

Based on Fig. 7, the simulated S1: has been improved by -6 dB. By reducing and optimizing the T-power divider
junction dimensions, the impedance transition between the feed line and the dual patches becomes smoother.
Besides, by applying 45° mitered bends at the T-junction to reduce reflection due to corner discontinuities [24].
Reference stated by [24] provide theoretical and practical explanations why compact T-junctions improve S by
reducing parasitic and improving impedance transitions. Meanwhile a shifting minimum measured S1: is caused
by the fabrication and tolerance errors.

4.2 Radiation Patterns and Gain

The previous antenna [21] shows small discrepancies between simulated and measured patterns in terms of its
gain; however, the radiation patterns show a similar shape between those simulated and measured patterns at 28
GHz. The simulated patterns for the previous antenna [21] achieve around 2.8 dBi and the measured patterns are
8.7 dBi and 11.1 dBi. The radiation patterns for previous antenna [21] only involve co-polarized patterns. For this
study, the normalized 2D polar patterns of improved antenna at 28 GHz are shown in Fig. 8. Table 3 and 4 list the
simulated and measured values of gain of both antennas at 28 GHz. Even though the measured results of previous
antenna [21] are higher than the improved antenna, there might be some tolerance error due to the man'’s
handling work in antenna placement for measurement. However, from the simulated ones, the improved antenna
shows higher gains than the previous one [21]. Besides, the antenna patterns of improved antenna show less
sidelobes compared to the previous one [21], and the co-polarized azimuth pattern shows more directional main
beam pattern which makes it suitable for 5G’s millimeter-wave beam-steering applications.
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Fig. 8 The normalized radiation patterns of (a) co-polarized E-plane; (b) co-polarized H-plane; (c) cross-polarized
E-plane; and (d) cross-polarized H-plane

Table 3 The simulated and measured gain of co-polarized patterns of both antennas

Antenna Elevation (E-plane) Azimuth (H-plane)
Simulated S1z  Measured Szz Simulated Sz Measured Siz
(dBi) (dBi) (dBi) (dBi)
Previous antenna [21] 2.8 8.7 2.8 11.1
Improved antenna 7.8 6.7 7.1 3.7

Table 4 The simulated and measured gain of cross-polarized patterns of antenna

Antenna Elevation (E-plane) Azimuth (H-plane)
Simulated S1z  Measured Szz Simulated Sz Measured Siz
(dBi) (dBi) (dBi) (dBi)
Improved antenna -1.1 -0.5 7.8 3.7

Phased array antenna design for millimeter-wave applications aims to combat high path loss and enhance
beam coverage. At the same time, a compact antenna design is essential to support large-scale arrays, such as
those used in MIMO operations. Wide beam coverage can also be achieved through the implementation of beam-
steering features. However, challenges arise in incorporating these features, as a compact antenna design often
leads to strong inter-element coupling.

This study investigates how reducing the spacing between elements in a dual-polarized antenna can minimize
mutual coupling and lower sidelobe levels without compromising the directional radiation pattern. A directional
radiation pattern typically has a narrow beamwidth; therefore, beam-steering is necessary to provide wider beam
coverage, allowing the main beam to be directed toward the desired location for stronger signal reception.

In previous studies, such as in [31], a beam scanning angle of approximately #63° was achieved using
decoupling techniques to reduce mutual coupling. However, the antenna configuration involved a multi-layered
structure and dual-probe feeding. The height of a single antenna element was approximately 1.3-1.4 mm.
Although this configuration significantly reduced mutual coupling, achieving isolation levels greater than 15 dB,
the resulting beam pattern had a narrow beamwidth, indicating reduced directivity.

Similarly, in the study by [32], a complex, multi-layered antenna structure was developed to achieve wide
beam coverage. The antenna dimensions were 5.6 x 5.6 x 1.759 mm?, and it achieved a beam scanning range of
110°, covering 5G millimeter-wave bands n257 and n258, particularly for satellite communications. However,
wider beamwidths typically result in lower signal strength, making it difficult to overcome high path loss. This
highlights the importance of beam-steering in high-frequency applications to ensure high-quality signal
transmission.
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The study by [33] proposed a single-layer, dual-polarized antenna with a thickness of 1.5 mm, achieving a
beam scanning angle of approximately 79°. However, it required two transmission lines to excite the dual-
polarization signals.

In comparison to the aforementioned studies, this research explores a simpler dual-polarized antenna for the
millimeter-wave frequency band using only a single layer and a single feeding port and enhancing the antenna
performance by reducing the inter-elements spacing. The design mitigates high path loss through a directional
main beam while simultaneously providing wide beam coverage by implementing beam-steering. The proposed
antenna element has been configured into a linear array to observe its mutual coupling performance. A
comparison between the previous studies and this work has been summarized in the Table 5 below.

Table 5 The summary comparison between the previous studies and this work

Studies Antenna Height No. of feeding Mutual Beamwidth
structure dimension probe port(s) coupling (dB)
(mm)
[31] Multi-layered 1.3 2 <-10 60°/45°
[32] Multi-layered 1.7 2 <-40 110°
[33] Single- 1.5 2 <-15 79°
layered
This work Single- 1.5 1 <-20 40°
layered

5. Conclusion

This study successfully demonstrates the development of a compact, single-layer, dual-polarized slant +45° patch
antenna with reduced inter-element spacing, optimized for 5G millimeter-wave applications at 28 GHz. The inter-
elements spacing is reduced from approximately 57 mm to 15 mm. The proposed design, utilizing a Rogers
RT5880 substrate and a T-power divider, exhibits improved performance in terms of reflection coefficient,
radiation patterns, and gain. The measured reflection coefficient remains below -10 dB, and the radiation patterns
achieve gains ranging from 3.7 to 7.8 dBi. Additionally, the improved antenna exhibits reduced sidelobes and a
more directional main beam in the co-elevation azimuth pattern compared to previous design [21]. These
enhancements make the antenna a strong candidate for 5G millimeter-wave applications, particularly in beam-
steering systems. Future research could further explore its integration into adaptive beamforming networks and
phased array systems to enhance wireless communication efficiency.
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