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Abstract — This paper presents a dual-polarized 1x4
antenna array with wide bandwidth and high isolation.
The antenna element consists of three metallic layers, a
4 x4-unit metasurface (MTS) on the top layer, a patch
fed by two ports on the middle layer, and a ground
plane on the bottom layer. By exciting different feeding
ports, the antenna achieves X-axis linear polarizations
(X-LP) or Y-axis linear polarizations (Y-LP). Isolation
slots etched on the patch, combined with a via-hole
structure, effectively block the coupling between ports
and improve port isolation. Experimental results demon-
strate that the proposed antenna achieves an impedance
bandwidth of 17.4% (4.975-5.925 GHz), with S;; <
—10 dB and S;; < —20 dB. The measured peak gain
attains 12.5 dBi.

Index Terms — Antenna array, dual polarization, high
isolation, low profile, metasurface (MTS).

I. INTRODUCTION

Dual-polarized antennas enable Multiple-Input
Multiple-Output (MIMO) polarization diversity by
simultaneously transmitting and receiving two orthog-
onal polarizations, such as horizontal/vertical polar-
ization and £45° cross-polarization. This capability
helps reduce co-channel interference, mitigate multipath
effects, and improve communication capacity along with
data transmission rates. As a result, such antennas are
widely used in macro and micro base stations, access
point (AP) systems, and terminal devices for applica-
tions in mobile communications, Wireless Local Area
Networks (WLAN), and Internet of Things (IoT). The
design of dual-polarized antennas entails addressing
several challenges: minimizing port coupling, suppress-
ing cross-polarization, and simultaneously achieving
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wideband impedance matching and high gain, all with
the overarching goal of satisfying the stringent applica-
tion demands of modern communication systems.

Extensive research has been conducted on dual-
polarized antennas, which mainly fall into two cate-
gories: dipole antennas [1-7] and planar patch antennas
[8—14]. For dipole antennas, two orthogonal radiators
are employed to achieve dual polarization. These two
radiators are isolated from each other without any metal-
lic connection, and their respective feeding strips are
arranged in a crossed pattern on different layers, result-
ing in high port isolation. Metallic reflectors are placed
beneath the radiators, and a large air gap is maintained
between the reflectors and radiators to achieve direc-
tional radiation. However, this leads to the drawback of
a large antenna volume.

Planar patch antennas feature a compact size, as
they utilize a single patch with two feeding ports to real-
ize dual polarization. Since the two polarizations share
the same patch, strong mutual coupling occurs. Exist-
ing decoupling techniques include metamaterial-based
electromagnetic bandgap (EBG) structures between the
radiation patch and ground plane [8], shorting pins
loaded between the radiator and ground [9], open- and
short-circuited stubs added to the feeding strips [10],
the use of coupled feeding methods [11-13], and slot
etching on the patch combined with shorted feeding
strips [14].

Antenna arrays are designed to improve antenna
gain. Coupling between antenna elements needs to be
considered in array antenna design. The commonly
used decoupling techniques include adopting parasitic
patches [10, 15-18], defected ground structures [19, 20],
adding isolating walls and metasurface (MTS) [21, 22],
and reducing the radiator’s size by means of bending its
shape [23].
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In applications involving antennas for wearable
devices, unmanned aerial vehicles (UAVs), compact
passenger vehicles, automobiles, and micro-satellites,
miniaturization of antennas is a core requirement. Patch
antennas without an air gap are more suitable for inte-
gration in these scenarios. However, they suffer from a
narrow bandwidth. The antennas exhibit much narrower
bandwidths: 1.4% (lower band) and 0.8% (upper band)
in [8], and 2.2% in [10]. In contrast, antennas with an
air gap achieve significantly wider bandwidths: 51.3%
in [9], 38.7% in [11], and 21.9% in [14].

This paper aims to design a dual-polarized patch
antenna with wide bandwidth and high isolation. An
MTS is adopted to enhance antenna bandwidth. Mean-
while, isolation slots are etched on the radiating patch,
and a via-hole structure is integrated to improve isola-
tion. Additionally, a 1x4 antenna array is proposed to
improve antenna gain.

II. ANTENNA ELEMENT DESIGN AND
MEASUREMENT
A. Configuration of antenna element
The configuration of the proposed antenna is shown
in Fig. 1. The antenna consists of three metal layers, a
4x4-unit MTS on the top layer, a square patch loaded
with slots on the middle layer and a ground plane
on the bottom layer, printed on two pieces of FR-4
(er = 4.4, tand = 0.02) substrate. The two substrates
are tightly bonded without air gap between them. Linear
polarization (LP) along x/y axial is obtained by feeding
Port 1/Port 2. The patch is etched with 3x3 slots, with
each slot loaded with a via hole, to enhance isolation
between the two feeding ports. The antenna dimensions
are di = 0.5 mm, d, = 1.7 mm, d3 =3 mm, g =
0.2 mm, Ay = 1.5 mm, hp = 0.8 mm, L; = 2 mm,
L, =8mm, L; = 0.2 mm, P=7.6 mm, W = 32 mm,
W, =12mm, W; =4 mm, W, = 1.8 mm, W3 = 1.5 mm,
and Wy = 1 mm.

Fig. 1. Configuration of the proposed antenna.

B. Bandwidth enhancement using MTS
Two reference antennas are illustrated in Fig. 2.
Ant.2 is derived from the proposed antenna by removing
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the slots and via-holes. Ant.1 is obtained by further
removing the MTS from Ant.2. The S-parameters of
these two antennas are presented in Fig. 3. For Ant.1,
its resonant frequency is 5.15 GHz, and its bandwidth is
5.1-5.25 GHz (with S;; < —10 dB). For Ant.2, adding
the MTS layer excites a second resonance at 5.95 GHz.
Its bandwidth is improved to 4.85-6.3 GHz. However,
the coupling between Port 1 and Port 2 of Ant.2 is
stronger than that of Ant.1. Specifically, S;o > —15 dB
in 5.2-5.35 GHz and S12 > —20 dB in 5.1-5.65 GHz.
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Fig. 2. Reference antennas in bandwidth enhancement
design (a) Ant.1 and (b) Ant.2.
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Fig. 3. Simulated S parameters of Ant.1 and Ant.2.

The size of the radiation patch can be calculated
using the following formula [24]:

c 2
W”:Tﬁ)\/er+1' M

In consideration of the dual-port, dual-polarized
design and required structural symmetry, the square
radiation patch is dimensioned as W, = 16.6 mm.

Loading MTS is an effective method to improve
the antenna bandwidth. After adding the MTS structure,
the antenna frequency shifts toward the low-frequency.
W, is optimized to adjust the frequency. As shown in
Fig. 4, with W, = 12 mm, the S;; is below —10 dB
over 4.54—6.17 GHz. It provides the optimal bandwidth
and impedance matching performance. W, = 12 mm is
adopted as the width of the antenna radiation patch.

As shown in Figs. 5 and 6, the dimensions of the
MTS structure affect S;;. When P = 7.6 mm, Sy; is
below —10 dB in 4.54-6.17 GHz. This is the widest
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Fig. 4. The effect of W, on Sy;.

bandwidth among all cases. As shown in Fig. 6, the
antenna exhibits the optimal impedance matching at g =
0.2 mm, with S;; below —10 dB over 4.54-6.17 GHz.
Therefore, P = 7.6 mm and g = 0.2 mm are determined.
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Fig. 5. Effect of P on Sy;.
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Fig. 6. Effect of g on Sy;.

C. Decoupling enhancement adopting slots with via
holes

Based on Ant.2, geometry of the radiation patch is
designed for decoupling as shown in Fig. 7. For Ant.3,
two independent slots lading with via holes are etched
in the patch. As shown in Fig. 8, compared with Ant.2,
the S;» of Ant.3 decreases in 5.3-5.85 GHz. However,
it remains higher than —20 dB in 4.8-5.5 GHz. With
the addition of shorted slots, the coupling is further
reduced. Ant.4, which incorporates 3 slots, exhibits a
1.6 dB lower coupling than Ant.3 in 5.45-5.5 GHz.

Nevertheless, its coupling is still above —20 dB in
4.9-5.45 GHz. Ant.5, which is configured with a 3x3
array of independent slots, exhibits further reduced
coupling. However, its S1» remains slightly higher than
—20dB in 5-5.25 GHz.

The proposed antenna is modified from Ant.5.
Metal segments 1 and 2, located below the patch’s
diagonal, are connected. The rectangular ring slot is
extended accordingly. For this antenna, the port isolation
|S12] is below —20 dB over 4.3-5.61 GHz.

L L
(a) (b) (c) (d)
Fig. 7. Decoupling geometries of the radiation patch
(a) Ant.3, (b) Ant.4, (c) Ant.5, (d) Proposed.
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Fig. 8. Isolation of Ant.2-5 and prop. antenna.

Figure 9 illustrates the effect of the distance
between vias (dp) on Sy;. d = 1.7 mm provides the
minimum S;; and optimal impedance matching and is
thus adopted.
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Fig. 9. The effect of d» on Sy;.

Figure 10 illustrates the variation of the antenna’s
port isolation with the slot extension length (L3). When
L3 = 0 mm, the nine square slots are in an independent
state, with one via hole loaded on each slot. In this case,
Sz is slightly higher than —20 dB over 5-5.25 GHz.
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When L3 = 0.1 mm, there is no significant improvement
in the Sy7, and the S5 is basically the same as that when
L3 = 0 mm. However, when L3 = 0.2 mm, the S;; is
significantly improved. S, falls below —20 dB in 4.3—
5.61 GHz. Nevertheless, the bandwidth of this band is
slightly reduced compared with that when L3z = 0 mm.
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Fig. 10. The effect of L3 on Sy5.

D. Fabrication and measurement of the proposed
antenna element

To verify its performance, the proposed antenna was
fabricated and measured. Figure 11 presents a photo-
graph of the fabricated antenna. The measured Sy, Sy,
and realized gain of the antenna are shown in Fig. 12.
For LP states, the overlapping impedance bandwidth of
the antenna ranges 4.875-5.745 GHz, while its isolation
bandwidth (with S;» < —20 dB) spans 4.4-6.1 GHz, and
the realized gain of 4-6.2 dBi is achieved within this
impedance bandwidth.

Fig. 11. Top layer and bottom layer of the fabricated
antenna.

Radiation patterns in Figs. 13—14 show the mea-
sured and simulated results of the antenna under X-axis
linear polarizations (X-LP) and Y-axis linear polariza-
tions (Y-LP) at 5.1 GHz and 5.45 GHz in YOZ plane,
with cross-polarization levels exceeding 15 dB in all
cases.

III. ANTENNA ARRAY DESIGN AND
MEASUREMENT
A. Antenna array design
A 1x4 antenna array was designed as shown in
Fig. 15. The distance (dx) between two adjacent ele-
ments center is 40 mm. There is an 8 mm gap between
adjacent antenna elements.
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Fig. 12. Measured (a) S-parameters and (b) gain of the
proposed antenna.

-> Co-pol(Mea.)
- X-pol(Mea.)
- Co-pol(Sim.)
- X-pol(Sim.)

0 150 150 0 150 150

180 180

(a) (b)
Fig. 13. Radiation pattern at 5.1 GHz in YOZ plane
(a) X-LP and (b) Y-LP.
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Fig. 14. Radiation pattern at 5.45 GHz in YOZ plane
(a) X-LP and (b) Y-LP.

The dx affects the isolation between adjacent ports.
Since the isolation between adjacent ports is highly
similar, only S;3 is presented in Fig. 16 (a). It can be
observed that S;3 improves as dx increases. At dx =
40 mm, S;3 is below —20 dB in the range of 4.65-
5.64 GHz. Considering structural compactness, the dx
is finally set to 40 mm. Figure 16 (b) illustrates that the
isolation between two ports of one element and those
of two adjacent elements is below —20 dB when dx =
40 mm.
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Fig. 15. Configuration of the proposed antenna array (a)
top layer and (b) bottom layer.

The port reflection coefficients deteriorate when
four elements form the antenna array. As illustrated
in Fig. 17 (a), the reflection coefficients Sa4, Sss5, and
Se6 exceed —10 dB within the frequency range of 5.1—
5.25 GHz. By introducing gaps into the antenna ground
plane, the reflection coefficients (S;) of all ports are
reduced to below —10 dB, as depicted in Fig. 17 (b).
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Fig. 16. Isolation between ports (a) the effect of dx and
(b) dx =40 mm.

B. Fabrication and measurement of the antenna
array

To verify the feasibility of the proposed antenna,
the antenna prototype was fabricated and measured. To
enable simultaneous excitation of the array antenna’s
horizontal/vertical ports, the antenna ports were con-
nected via a 1-to-4 power divider, as shown in Fig. 18.
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Fig. 17. The effect of antenna ground connectivity on S;;
(a) without gap and (b) with gap.
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Fig. 18. Photographs of the array antenna prototype (a)
top layer, (b) bottom layer, and (c) power divider.

The measured impedance bandwidth, isolation,
gain, and efficiency of the antenna are shown in Fig. 19.
For LP states, the overlapping impedance bandwidth
ranges 4.975-5.925 GHz. The isolation bandwidth (with
S12 < —20 dB) spans 4.3—6 GHz, the peak realized gain
within this impedance bandwidth reaches 12.5 dBi, and
the efficiency can reach 75.4%.

The radiation patterns in Figs. 20-22 show the
measured and simulated results for X-LP and Y-LP at
5, 5.4, and 5.9 GHz in XOZ plane.

A comparison of the proposed antenna with exist-
ing designs is provided in Table 1. Compared with
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Table 1: Comparison of the published dual-polarized antennas

Ref. AS Size (/\3) Air Gap | Peak Gain (dBi) | Iso (dB) BW (%) | Efficiency
[23] 1x3 0.51x1.92x0.08 With 11.5 17 20.3 85%
[13] Unit 1.11x1.11x0.11 With 9.0 47 329 NA
[12] Unit 1.3x1.3x0.13 With 9.1 28 25.1 NA
[22] 4x6 2.46x6.77x0.26 With 194 20 14.1 NA
[6] 2x1x2 | 1.26x1.26%x0.315 With 5.9 22 17.1 91.7%
[19] 1x2 0.8x0.4x0.006 WO NA 19 0.86 NA
[18] 2x2 0.6x0.6x0.04 WO 6.2 27 5.2 80%
4] 2x2 3.05%x2.02x0.14 WO 13 14 25.2 NA
[7] Unit 1.15%x1.15x0.28 WO 9.2 25 50.4 90%
This Work 1x4 2.7x0.58x0.042 WO 12.5 20 174 75.4%
NA: Not applicable; WO: Without; Iso: Isolation; BW: Bandwidth; AS: Array scale.
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Fig. 19. Measured (a) S-parameters and (b) gain of the
proposed antenna.
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Fig. 20. Radiation pattern at 5 GHz in XOZ plane (a) X-
LP and (b) Y-LP.

antennas that have an air gap in [6, 12, 13, 22, 23],
the proposed antenna features a low profile, compact
structure, and ease of fabrication. Compared with air-
gap-free antennas in [18, 19], the proposed antenna

(a) X-LP and (b) Y-LP.

exhibits a slightly higher profile but a significantly wider
bandwidth. Moreover, its profile is much lower than
that in [4, 7]. Its realized gain reaches 12.5 dBi, higher
than that of the antennas in [6, 7, 12, 13, 18, 19, 23].
Overall, the proposed antenna demonstrates superior
performance in isolation, structural compactness, and
operating bandwidth.

IV. CONCLUSION

In this paper, a dual-polarized antenna with low
profile and high isolation is proposed. The polarization
state of the antenna can be switched by selecting dif-
ferent feeding ports. The measurement results indicate
that the antenna has a —10 dB impedance bandwidth
of 4.975-5.925 GHz in different states, with a relative
bandwidth of 17.4%. Arranging the antenna elements



into a 1x4 array effectively improves the antenna gain.
The peak gain of the array antenna reaches 12.5 dBi. The
simulated and measured results are in good agreement,
verifying the correctness of the design. Additionally,
the proposed dual-polarized antenna benefits from low
profile, compact size, low cost, and high isolation. It
is suitable for various communication systems with
space constraints, intelligent requirements, and anti-
interference needs.
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