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ABSTRACT This paper introduces a comprehensive analysis of cross-polarization effects originating
from current imbalances in patch antennas and array configurations. A simplified yet broadly applicable
mitigation strategy is proposed, offering a generalized approach to improve cross-polarization performance
for antenna arrays operating in the 7'M;y mode. In contrast to earlier works that predominantly employed
heuristic array rotation techniques, the present work adopts a systematic modeling approach to elucidate
and regulate cross-polarization across a wide range of array scales and topologies. By utilizing electric
current modeling at both the single-element and array levels, and analyzing radiation behavior in multiple
planes, the beam pattern characteristics are thoroughly examined. Several optimized array configurations,
specifically targeting cross-polarization suppression, are proposed. The proposed array system incorporates
a series-type power divider, validated through both simulation and measurement, demonstrating significant
suppression of cross-polarization over all scan angles. Notably, the fabricated series power divider achieves
amplitude and phase mismatches of less than 3 dB and 10 degrees, respectively, across 16 output branches.
The analytical and empirical results outlined in this work establish a conceptual design methodology
that achieves substantial cross-polarization reduction without altering individual element geometries. Most
significantly, a cross-polarization discrimination (XPD) level of -40 dB is attained in beamforming
scenarios. These findings confirm that enhanced cross-polarization performance can be systematically
realized by refining array sequencing and periodicity.

INDEX TERMS Cross-polarization suppression of patch antennas, current imbalance analysis, array
configuration, series power divider.

. INTRODUCTION various forms of diversity [1], [2]. To support such func-
ECENTLY, managing multi-user communication sys- tionality, it is critical to consider multiple domains—namely
tems efficiently has necessitated the integration of time, frequency, spatial, and polarization diversity [3], [4].
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FIGURE 1. Conceptual illustration of polarization diversity applied to a
communication system.

Among these, polarization diversity is particularly significant
from a wave propagation standpoint, as it plays a central
role in mitigating interference within wireless links [5], as
illustrated in Fig. 1. While polarization discrimination is
typically effective in the main lobe of antenna arrays, inter-
ference arising from cross-polarization becomes problematic
in undesired angular regions due to the inherent properties
of cross- and co-polarized radiation patterns. To address
this challenge, this study introduces a systematic approach
to suppress cross-polarization interference by modeling the
magnetic current distribution in each radiating element and
strategically configuring (and phase-inverting) the array, all
while preserving the individual antenna design. The issue
of polarization diversity becomes even more critical within
the industrial, scientific, and medical (ISM) band at 5.8 GHz,
where multiple users simultaneously operate within the same
spectral band [6]-[9].

Microstrip patch antennas have become a prevalent choice
for wireless systems due to their structural simplicity
and design convenience. However, when operating in the
T My mode [10], these antennas inherently exhibit cross-
polarization owing to geometric asymmetries. To address
this, several mitigation techniques have been introduced
at the element level, including the use of shorting pins
[11]-[15], metallic inclusions [16], parasitic structures [17],
and suspended transmission lines [18]. Although effective
to some extent, these methods are constrained by the in-
trinsic limitations of single-element design and lack flex-
ibility in broader array applications. To overcome these
limitations, prior works have explored array-level modi-
fications—particularly element rearrangement—to enhance
cross-polarization performance [19]-[22]. While these ef-
forts validated the significance of array configuration, they

often lacked detailed theoretical analysis and comprehensive
modeling, thereby limiting the generalizability of their find-
ings.

This work addresses the above gaps by providing several
key contributions:

1) A detailed modeling approach is introduced to analyze
cross-polarization mechanisms, focusing on magnetic
current imbalances induced by asymmetrical feed struc-
tures, and their impact on beam pattern formation.

2) An equivalent electric current representation is formu-
lated, accounting for the electron rotation within the
cavity, to better explain the linear polarization behavior
determined by the electric field orientation.

3) The proposed model is validated across both element
and array levels, and an arrangement methodology is
proposed to mitigate cross-polarization across all scan
angles through axis-wise configuration strategies.

4) A sidelobe-level reduction technique is developed
through periodicity control within the array, supported
by analytical evaluation using electric field distributions
and array factor formulations.

5) To ensure the practical validity of the proposed ap-
proach under beam steering conditions, a hardware
implementation is carried out using a beamforming
board and custom-designed power divider.

In this work, an electric current modeling approach is
established by accounting for magnetic current imbalances
arising from structural asymmetries. Rather than relying
on physical surface currents on the patch, an equivalent
representation based on the rotational behavior of electrons
is employed to more clearly interpret polarization charac-
teristics. This modeling enables a deeper understanding of
the mechanisms leading to cross-polarization degradation,
with the analysis extended to the array level in Section II.
In Section III, experimental validation is conducted using a
beamforming system, where signal power is distributed via
a line-based series power divider optimized for structural
compactness. Compared to conventional parallel Wilkinson
divider topologies, the proposed solution offers notable
miniaturization. A beamforming-capable circuit board is also
designed and verified, confirming that the proposed method
achieves substantial cross-polarization suppression across all
steering directions.

ll. Cross-Polarization Analysis of Patch Antennas

A. Single-Element Evaluation

Fig. 2(a) presents a three-dimensional depiction of a mi-
crostrip patch antenna excited in the 7'My, mode, high-
lighting the orientation of the electric field corresponding to
linear polarization. When this excitation is interpreted using
a cavity-based framework, the mode can be equivalently
represented as a magnetic current distribution, as illustrated
in Fig. 2(b). In this representation, the currents labeled
Mc,1 and Mc o are associated with co-polarized radiation,
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FIGURE 2. lllustration of patch antennas operating in the 7'M/, , mode: (a)
three-dimensional structural model and (b) corresponding magnetic
current distribution.
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FIGURE 3. lllustrations of patch antennas operating in the 7'A/1, mode
and the resulting imbalance: (a) equivalent electric current distribution
and (b) excitation model with out-of-phase behavior.
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FIGURE 4. (a) Simulation setup used for array antenna design and (b)
simulated S-parameter results.

whereas Mx 1 and Mx o are responsible for generating
cross-polarization components. To reconcile the behavior of
magnetic and electric currents, the model incorporates the
rotational dynamics of electron movement, as shown in Fig.
3(a).

Importantly, probe-fed patch antennas inherently exhibit
structural asymmetry along the y-axis, which leads to an
imbalance between Jx ; and Jxo. This asymmetry gives
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FIGURE 6. (a) Electric current modeling of cross-polarization sources and
(b) corresponding simulated beam pattern of the proposed antenna at 5.8
GHz.

rise to undesirable cross-polarized radiation. To analytically
capture this effect, the cross-polarization sources—denoted
as J; and Jo—are modeled in Fig. 3(a) and (b), each
corresponding to different feed positions while preserving
co-polarization integrity. Notably, the condition depicted in
Fig. 3(b) requires a phase excitation offset of 180° relative
to Fig. 3(a). The resulting cross-polarization source within a
single patch can be interpreted as a dipole comprising out-
of-phase current components.

To validate the proposed modeling framework, a single-
element antenna was designed and simulated using Floquet
boundary conditions in ANSYS HFSS, as depicted in Fig.
4(a). The antenna structure employs a dual-layer configura-
tion composed of thin FR-4 substrates for copper deposition,
while air is introduced as an interstitial dielectric to improve
the bandwidth of the indirect feeding mechanism [23]-[25].
The simulated performance, shown in Fig. 4(b), confirms
an operational bandwidth ranging from 4.6 to 5.9 GHz,
corresponding to a fractional bandwidth of 24.7 %.

The simulated distributions of the amplitude and phase
of the electric field associated with the T'M;y mode are
presented in Fig. 5, corresponding to the patch-ground region
at the edges illustrated in Fig. 2(a). The results clearly
exhibit imbalance in both amplitude and phase, deviating
from the ideal condition in which the electric field magnitude
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FIGURE 7. Configuration of a 4 x 4 array: (a) conventional layout and (b)
the proposed element arrangement.
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FIGURE 8. Electric current modeling of cross-polarization sources for (a)
the conventional array and (b) the proposed array.
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FIGURE 9. Simulated radiation patterns at 5.8 GHz for (a) the conventional
array and (b) the proposed array.

is minimized and the phase is reversed at the center of the
patch. This imbalance is attributed to structural asymmetry
introduced by the feeding mechanism. Unlike conventional
approaches that rely on surface current visualization to infer
cross-polarization behavior, the present study introduces a
field-driven equivalent current modeling approach. Specif-
ically, the electric field components observed at the non-
radiating edges of the patch are interpreted in terms of

equivalent magnetic currents. These magnetic currents are
then transformed into electric current models by considering
the rotational motion of electrons within the cavity. This
formulation enables a simplified yet physically meaningful
representation of the cross-polarization mechanism, particu-
larly in the context of array design. The issue of imbalance
also persists in various feeding schemes, such as aperture-
coupled [26], proximity-coupled [27], and direct feeding
[28], [29], all of which tend to introduce structural asym-
metries during implementation. Consequently, these config-
urations frequently fail to maintain uniformly low cross-
polarization levels across the angular spectrum.

To investigate the radiation behavior arising from a single
cross-polarization source, a dedicated model was developed,
as shown in Fig. 6(a). The green and gray planes represent
the x-z and y-z planes, respectively, (i.e., ¢ = 0 and
¢ = m/2). In this configuration, the far-field distances from
the two out-of-phase currents aligned along the y-axis are
analyzed as single cross-polarization source in Fig. 6(a). For
R; and R, the distances remain symmetric with respect
to all 6, leading to complete cancellation. In contrast, 71
and ry show angular dependency, resulting in unequal path
lengths except at § = 0°. As a result, the considerable cross-
polarization components emerge in the far-field, as depicted
in Fig. 6(b).

B. Array Analysis

To mitigate cross-polarization in the y-z plane while preserv-
ing the radiation characteristics in the x-z plane, optimization
was performed prior to array integration. The 4 x 4 array
configurations are illustrated in Fig. 7(a) and (b), repre-
senting the conventional and proposed layouts, respectively.
It is important to note that, in the proposed configuration,
a 180° phase shift is applied to the inverted elements to
retain the intended co-polarization properties. This phase
inversion causes the cross-polarized currents to be directed
oppositely, facilitating their cancellation through appropriate
spatial arrangement.

To analyze the far-field behavior of the cross-polarized
array, Fig. 8(a) and (b) examine current distances in the x-z
and y-z planes. Similar to the single-element case, the x-
axis symmetric currents ([2;, R2) consistently maintain equal
path lengths across all §. While r; and r, also match under
certain array conditions, they differ in behavior compared to
the single-element configuration. However, in the proposed
array design featuring inverted elements, all distances—R;,
Rs, 71, and ro—are made symmetrical. As a result, in the
y-z plane, opposing currents at equal distances effectively
cancel each other, thereby suppressing cross-polarization.

The radiation patterns at 5.8 GHz for the conventional and
optimized arrays are presented in Fig. 9(a) and (b), respec-
tively. The proposed configuration achieves superior cross-
polarization suppression in all angular directions, without
modifying the elemental antenna structure. Notably, imple-
menting this approach requires a 180° relative phase delay,
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FIGURE 10. Radiation pattern results for various configurations derived from current modeling: (a) flipped along the y-axis, (b) flipped along the x-axis,
(c) flipped along both axes, (d) flipped along both axes with an odd-numbered array in the y-direction, and (e) symmetric configuration with both-axis
flipping.
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FIGURE 12. Electric field distributions at the radiating edge for (a) the conventional array, (b) the configuration in Fig. 10(b), and (c) the proposed array.

0 =
<
$ 104
c
)
£ -20+
o
S
£ -30 I
< «ll=Typical Array
=@=Fig. 10(b)
_40 Pro'posed Array ] ; | :
-90 -60 -30 0 30 60 90
0 (degree)
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arrangement, (b) the configuration shown in Fig. 10(b), and (c) the
proposed array configuration.

which in this study was realized through a custom-designed
beamforming board to facilitate experimental validation.

C. Enlarging The Analysis to The Array
Fig. 10(a) through (e) present a series of modeling cases in
which the array arrangement and the number of elements

are systematically varied, along with the corresponding sim-
ulation results. These cases demonstrate that not only the
cross-polarization characteristics but also the co-polarization
performance (e.g., side lobe level) are significantly influ-
enced by the array configuration and arrangement. To effec-
tively visualize the array configuration, blue and red boxes
are used to represent the original and inverted elements,
respectively. These elements are excited with a 180° phase
difference. This modeling strategy is based on equivalent
electric current representations extracted from edge electric
fields, as previously discussed in Section II. In Fig. 10(a),
the array is alternated along the y-axis, resulting in in-
phase current distributions in both the x-z and y-z planes.
As a result, this leads to a degradation in cross-polarization
suppression across all 6, since the energy from the cross-
polarization source will be added. Fig. 10(b) illustrates the
result of alternating elements along the x-axis, a method also
adopted in [19]. This configuration yields improved cross-
polarization performance in both the x-z and y-z planes due
to the introduction of oppositely directed currents across both
axes.

Further extension of the concept to a bi-axial alternating
configuration is presented in Fig. 10(c). In this case, in-phase
currents appear in the x-z plane, while the y-z plane exhibits
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FIGURE 14. Electric current modeling of cross-polarization sources under
beamforming scenarios for (a) the x-z plane and (b) the y-z plane.
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out-of-phase behavior. As a result, the cross-polarization
trend becomes the inverse of that observed in the typical ar-
rangement: the degraded cross-polarziation pattern generated
on the xz-plane. Moreover, Fig. 10(d) explores the impact of
altering the number of array elements, particularly through
the introduction of an odd-number configuration along the y-
axis. This adjustment enables the strategic placement of out-
of-phase current pairs in the x-z plane, leading to improved
cross-polarization characteristics across all angular planes.
Lastly, Fig. 10(e) considers the case where both axes consist
of an odd number of elements. While the current cancellation
condition is preserved along the x-axis, uncancelled current
components remain along the y-axis, resulting in a y-z plane
performance that surpasses the typical array but remains
inferior to the proposed optimal configuration.

The flexibility of the proposed modeling approach allows
for the design of a variety of array configurations with
enhanced cross-polarization performance. A deeper under-
standing of the criteria for selecting an optimal configuration
can be obtained by examining both the active S-parameter
responses and the electric field distributions at the patch
edge. These results are shown in Fig. 11(a)—~(c) and Fig.
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12(a)—(c), respectively. Specifically, Fig. 11(a), (b), and (c)
correspond to the active S-parameter results for the arrays
shown in Fig. 7(a), Fig. 10(b), and Fig. 7(b), which represent
the typical, intermediate, and proposed array configurations.
In all cases, equal magnitude and phase excitation were
applied to each port.

Because the typical configuration is modeled to match
the conditions used in Floquet-mode simulations, it serves
as the baseline reference. Maintaining consistent adjacent
element structures is critical for preserving intended antenna
characteristics from an array-level perspective. As seen in
Fig. 11(b), the array configuration from Fig. 10(b)—which
modifies the neighboring element relationships—shows de-
graded active S-parameter performance near 5.8 GHz. How-
ever, this degradation is mitigated in the proposed configu-
ration through periodicity control, as demonstrated in Fig.
11(c). Accordingly, it is evident that the desired antenna
performance can be retained by adopting the configuration
strategies outlined in Fig. 11(a) and (c).
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Fig. 12(a), (b), and (c) display the electric field distri-
butions at the radiating edges of four antenna elements
arranged along the x-z plane for each array configuration.
The co-polarized electric field component is denoted as E..
Variations in electric field amplitudes across these configu-
rations are reflective of corresponding changes in the active
S-parameters. Moreover, particular attention should be given
to the field strength within individual array elements. In the
typical configuration (Fig. 12(a)), elements 2 and 4 exhibit
higher field magnitudes compared to elements 1 and 3. Con-
versely, in the configuration shown in Fig. 10(b), elements
1 and 4 dominate in amplitude, as illustrated in Fig. 12(b).
In the proposed array configuration (Fig. 12(c)), elements 2
and 3 are more dominant, forming an amplitude distribution
indicative of tapering, which is a desirable characteristic for
sidelobe suppression.

To quantitatively assess the impact of these amplitude
distributions on sidelobe levels, Fig. 13 presents normalized
array patterns derived using the method proposed in [30],
with calculations performed in MATLAB. The proposed
configuration clearly exhibits an amplitude tapering profile,
yielding the lowest sidelobe levels among the compared
configurations. In contrast, the array shown in Fig. 10(b)
demonstrates the poorest sidelobe suppression performance
due to its irregular amplitude distribution.

Beyond amplitude-based analysis, the current modeling
framework also provides insights into the behavior of cross-
polarization under beamforming scenarios. Fig. 14(a) and
(b) show the relative phase shift ¢ applied to each array
element during beam steering along the x-z and y-z planes,
respectively. For elements that are inverted, the excitation
phase is defined as 180° 4 ¢. The modeling results indicate
that the cross-polarization sources are effectively canceled
due to the symmetric phase excitation of adjacent elements
along the steering axis. This theoretical outcome suggests
that if the array configuration is properly designed, the
improvement in cross-polarization performance can be pre-
served even during dynamic beamforming—an assertion that
will be experimentally verified in Section III.

Additionally, to verify that the antenna performance is pre-
served under beamforming scenarios, the active S-parameters
were visualized as a scatter distribution chart, as shown in
Fig. 15. A scan range from —30° to 30° was evaluated,
during which variations in impedance due to phase offsets
were observed. Despite these variations, all configurations
maintained values below -10 dB, indicating stable impedance
matching across the scan angles. Here, in Fig. 15, the black
circular scatter points denote the impedance of a represen-
tative antenna element within the array, extracted across the
scan angle range. The surrounding box plots illustrate the
interquartile range (IQR), encompassing the central 50% of
the impedance values, thus providing insight into the vari-
ability and stability of the array’s impedance performance
under beam steering. These results, in conjunction with the
theoretical analysis of cross-polarization behavior, confirm
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FIGURE 17. Photographs of fabricated hardware including (a) the
beamforming board and antenna, and (b) the corresponding system-level
block diagram.

the feasibility of effective beamforming with the proposed
array configuration.

From a design standpoint, one of the key advantages of
the proposed cross-polarization mitigation strategy lies in its
integration into a structured design methodology, as outlined
in Fig. 16. The process begins with selecting a suitable
PCB substrate, factoring in considerations of cost and me-
chanical stability. Next, array layout and arrangement are
determined, guided by insights from the cross-polarization
modeling framework. The resulting radiation patterns are
then evaluated in terms of gain, sidelobe levels, and cross-
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FIGURE 18. Fabricated prototypes of (a) the series power divider and (b)
the complete system including the measurement environment.

polarization performance, and benchmarked against results
obtained from Floquet simulations. If deviations from the
reference are observed, they are attributed to violations of
the periodic structure assumed in Floquet analysis. To rectify
this, the periodicity of the original and inverted elements is
adjusted and restructured. This iterative approach enables the
development of cross-polarization-optimized arrays through
periodic reconfiguration, eliminating the need for a complete
redesign of the antenna elements themselves. In summary,
significant improvements in radiation performance can be
realized simply by modifying the spatial arrangement of
existing antennas within the array.

lll. Measurement and Demonstration

Fig. 17(a) displays the fabricated beamforming board and
antenna used for experimental validation. The beamforming
board incorporates a 4-bit phase shifter capable of cov-
ering a full 360° range in 22.5° increments, with digital
circuitry integrated to enable individual channel control. The
antenna was constructed using two FR-4 substrates—one
functioning as the radiator and the other as the ground
plane—interconnected via coaxial connectors. To realize
the air-substrate structure, nylon screws were employed as
mechanical spacers. The overall system configuration is
presented in Fig. 17(b), where power is supplied through
an external source, and beamforming phases are controlled
digitally via a microcontroller interface connected to a per-
sonal computer.

Prototypes of the proposed series power divider and
the complete system, including the measurement setup, are
shown in Fig. 18(a) and (b), respectively. All components
were fabricated on FR-4 substrates in consideration of cost
efficiency. Due to their one-dimensional growth in structure,
series-type power dividers offer a more compact footprint
compared to conventional parallel architectures, which scale
in both dimensions relative to the number of outputs [31].
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FIGURE 19. Measurement results of the fabricated series power divider
for each output port: (a) amplitude and (b) phase.
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FIGURE 20. Measured beam pattern of the proposed system at 5.8 GHz:
(a) x-z plane and (b) y-z plane.

The amplitude and phase balance of the fabricated series
power divider were measured, and the results are provided
in Fig. 19(a) and (b). All 16 output ports exhibited amplitude
variation within 3 dB and phase deviation within 10 degrees.
Additionally, a dedicated monitoring port was implemented
to facilitate input and output power verification.

This study presented a comprehensive analysis aimed at
improving cross-polarization performance over the full angu-
lar range (#) and under beam-steering conditions. To validate
the proposed concept, a 16-channel beamforming system was
developed, incorporating a microcontroller unit (MCU) to
enable independent control of each channel. Communication
with individual phase control modules is facilitated through
a serial peripheral interface (SPI), while the MCU interfaces
with a personal computer via the universal asynchronous
receiver-transmitter (UART) protocol.

The measured beam patterns for the 4 x4 antenna array are
shown in Fig. 20(a) and (b), corresponding to the x-z and y-z
planes, respectively, using the implemented 16-channel beam
steering hardware. The experimental results exhibit strong
agreement with the theoretical and simulated predictions
discussed in previous sections. Notably, the measurements
confirm that cross-polarization suppression is effectively
maintained across all steering angles in both principal planes.

Table I presents a comparative evaluation of the proposed
array configuration against state-of-the-art antenna systems.
The analysis demonstrates that cross-polarization discrim-
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TABLE 1. Paper Comparison Table about Cross-Polarization Reduction Technique

Ref. Method Array config. XPD(dB) SLL(dB) Bandwidth(GHz) Antenna Element Size(\3) Scanning capability

[11] Resonant frequency control single >-30 - 3.9-5 (24.6%) 1.4x0.46x0.06 no

[12] Coupled T'Mj 0.5 mode single >-30 - 1.65-1.68 (2 %) 0.14x0.22x0.22 no

[13] A pair of open-ended stubs single >-21 - 2.6-2.65 (2 %) 0.22x0.41x0.02 no

[14] Magnetic current reconstruction single >-20 - 1.88-1.9 (2 %) 0.1x0.15x0.02 no

[16] Metal cylinders 1x8 >-35 12 2.35-2.45 (4 %) 0.35x0.44x0.06 yes

[18] Suspended line single >-20 - 4.8-5.2 (8 %) 0.42x0.44x0.06 no

[19] Array element rotating 8x8 >40 13 36-42 (15 %) 0.23x0.24" yes

[20] Array element rotating 8x8 >-35 13 26-32 (20 %) 0.24%0.25" yes

[22] Array element rotating 8x8 >-35 13 26-32 (20 %) 0.24%0.25" yes
This work Array element rotating 4x4 >-40 15 4.6-5.9 (24.7 %) 0.19x0.21x0.09 yes

* Not provided about the profile.

ination (XPD) benefits more significantly from array-level [F=isiiaas Patch
techniques than from element-level designs. Additionally, 5 mm ol 0.4 mm
through structural selection and optimized arrangements, the —m GND
proposed approach achieves notable advantages in sidelobe N

level (SLL) performance. The wide operational bandwidth
was achieved by employing an indirect feeding mechanism
and incorporating an air-substrate, with the fractional band-
width calculated relative to the center frequency. Here, A
denotes the free-space wavelength ; the antenna element size
refers exclusively to the dimensions of the radiator, excluding
the ground plane.

IV. Conclusion
This paper proposes a comprehensive modeling framework
for the analysis and mitigation of cross-polarization in 7'M
mode patch antenna arrays. By introducing an equivalent
electric current modeling approach, the study enables plane-
specific evaluation of polarization behavior, offering a sys-
tematic basis for understanding and predicting the impact of
various array configurations. Through this methodology, an
optimized array layout was identified that effectively sup-
presses cross-polarization while preserving desirable charac-
teristics such as low sidelobe levels and impedance matching
performance. Unlike previous works that primarily achieved
cross-polarization reduction through empirical array element
rotation, the proposed modeling approach provides a physi-
cally grounded explanation for the formation and cancella-
tion of cross-polarization components. It further extends this
understanding to arbitrary array geometries, thus enabling
a deeper physical understanding of how different array
configurations influence cross-polarization behavior before
engaging in detailed simulation processes. Additionally, by
analyzing the impedance profiles and excited energy distri-
butions of individual elements within the array, this work
reveals the physical origins of sidelobe variations across
different configurations, thus offering practical guidelines for
array synthesis.

The proposed methodology was substantiated through
both simulation and experimental validation. A compact
beamforming system incorporating a series power divider

Antenna
Equivalent
Circuit

(a)

()

FIGURE 21. The proposed antenna descriptions: (a) top view, (b) side
view, and (c) equivalent circuit analysis.

and a 16-channel phased array was fabricated and measured.
The hardware implementation confirmed the feasibility of the
proposed model, demonstrating consistent cross-polarization
suppression across all beam-steering angles. Moreover, am-
plitude and phase imbalances were kept within 3 dB and
10 degrees, respectively, across all output ports, despite the
miniaturized form factor of the power divider. Overall, this
work provides a generalized and intuitive design method-
ology for polarization control in patch antenna arrays. The
results indicate that significant cross-polarization suppression
and sidelobe improvement can be achieved at the array
level without any modification to the individual antenna
element, thereby enhancing system-level design flexibility
for advanced wireless communication applications.

V. Appendix

A. An Equivalent Circuit Analysis of the Antenna

In this paper, an air-substrate structure is implemented us-
ing two thin FR-4 substrates to enable wideband antenna
design. The overall dimensions of the antenna are shown in
Fig. 21(a) and (b). The two FR-4 substrates are supported
by a nylon jig, which effectively creates an air-substrate
environment. As a result, the antenna behaves as if it were
constructed on a thick substrate, with the effective height
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FIGURE 22. The differential antenna descriptions for cross-polarization
analysis: (a) top view, (b) electric field result, and (c) beam pattern result.

determined by the nylon jig, thereby enabling wideband
performance [32], [33].

However, directly connecting a coaxial feed to the patch
introduces considerable inductance from the inner conductor
passing through the thick substrate. To compensate for this
effect, an indirect feeding method is adopted. As illustrated
in Fig. 21(c), this approach goes beyond the conventional
bandwidth enhancement attributed solely to the reduced
Q-factor of a patch on a thick substrate. It strategically
introduces a series resonance in the feeding network in
combination with the inherent parallel resonance of the patch
antenna, thereby enabling a significantly broader operational
bandwidth.

B. Cross-Polarization Analysis of the Symmetric Antenna
To investigate the effect of electric current imbalance caused
by asymmetric feeding, the proposed antenna structure in this
paper was modified to adopt a differential feeding scheme,
thereby achieving a fully symmetric configuration as shown
in Fig. 22(a). The extracted electric field along the z-axis is
presented in Fig. 22(b), which reveals a perfectly symmetric
distribution, resembling the ideal 7'M7y mode, in contrast to
the previously observed asymmetry.

As a result, the magnitudes of the electric cur-
rents at the non-radiating edges—responsible for cross-
polarization—become exactly equal in amplitude and out-of-
phase. This leads to effective cancellation across all planes
and angles, as confirmed by the far-field beam pattern shown
in Fig. 22(c), demonstrating significantly improved cross-
polarization suppression.
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