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ABSTRACT: In this paper, a compact dual-polarized antenna with wide band and high isolation is proposed, which can be applied to the
5G WiFi frequency band. The antenna is composed of 2 x 2 arrayed patches and two orthogonal L-shaped probe structures with reduced
middle patch width and loaded U-shaped slots. The proposed antenna achieves a compact size by eliminating the need for a complex
feeding network, instead utilizing only two closely spaced L-shaped probes for feeding. The antenna’s radiation modes excited by two
ports are orthogonal in polarization direction, and each port can excite two linearly polarized radiation modes respectively within the
operating frequency band, thereby achieving dual-linear polarization and wideband performance. The antenna is analyzed and designed
using characteristic mode analysis (CMA). By reducing the patch middle width and loading U-shaped slots on the L-shaped probe of the
antenna, the suppression of high-order modes, improvement of isolation, and reduction of cross-polarization levels are achieved. The
size of the antenna is 0.54 A9 X 0.54X X 0.068 g (Ao is the free-space wavelength of central frequency). The measured bandwidth is
23.5% (4.73 GHz-5.99 GHz) with |S11| < —10dB, |S21| < —27.9 dB, boresight gain of 4.8 dBi—6.2 dBi, and cross-polarization levels

better than —23 dB.

1. INTRODUCTION

Dual—polarized antennas offer a pair of communication chan-
nels with the same operating frequency but orthogonal po-
larization, enabling frequency reuse and polarization diversity.
They have significant advantages such as high signal transmis-
sion capacity and strong anti-multipath fading [1-6], making
them widely used in mobile communication systems. With the
rapid development of modern RF front-end technology, there is
a growing demand for dual-polarized antenna integration with
increasingly limited space available for antenna design. Mi-
crostrip dual-polarized antennas have gained significant atten-
tion for their small sizes, light weights, low costs, and ease
of integration with circuits. However, it is still challenging to
achieve a compact wideband dual-polarized microstrip antenna
while considering the good impedance bandwidth, high isola-
tion, and high front-to-back ratios (FBRs).

Multiple approaches have been reported for achieving wide-
band dual-polarized antennas with high port isolation. For ex-
ample, through aperture slots feed, using two [7-9] or four [10]
feeding microstrip lines to excite linearly polarized radiation
modes from the metasurface and the aperture slot can result in
a wideband dual-polarized metasurface antenna with high iso-
lation. However, the aperture slot feeding method may lead
to low FBRs. Other approaches involve using four L-shaped
probes [11, 12] or other similar probe structures [13, 14], com-
bined with a feeding network that provides a 180° phase shift
and power division function. These methods can realize wide-
band dual-polarized microstrip antennas with high isolation and
low cross-polarization levels. However, the feeding network
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not only introduces additional losses but also increases the sizes
of the antennas.

Several research methods have been proposed to achieve
high-isolation dual-polarized microstrip antennas with com-
pact sizes. In [15], a cross-slot antenna with a size of only
0.293) x 0.293)\g x 0.008) is presented, which achieves
a high isolation but with a narrow bandwidth and poor direc-
tionality. Exciting the patch radiation modes with two probes
can realize high isolation, high FBRs, and compact sizes, but
the antenna bandwidth is narrow [16, 17]. In [18], by exciting
two-layer E-shaped patches with two probes, the antenna has a
port isolation more than 30 dB and a stable gain, but the oper-
ating bandwidth is only 7.7%. Using a structure with two L-
shaped probes and rectangular patches can achieve wide band-
widths, high FBRs, and compact antenna sizes [11, 19]. How-
ever, the antennas exhibit unsatisfactory isolations and cross-
polarization levels performance.

In this paper, a compact wideband high-isolation dual-
polarized antenna is proposed. The antenna consists of 2 x 2
arrayed patches and two L-shaped probes with reduced middle
patch width and U-shaped slots. The L-shaped probe structures
and patches structure are adopted in the antenna design,
without using complex feeding networks, to achieve a compact
antenna size. Using the CMA to design the antenna, the patch
middle is reduced, which suppresses high-order modes and
improves the isolation of the antenna. Furthermore, U-shaped
slots are etched on the L-shaped probe to provide high isolation
characteristics for the antenna. The measurements show that
a good performance is achieved in the frequency range of
4.73-5.99 GHz, with high port isolation, high FBRs, and low
cross-polarization level.
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FIGURE 1. Configuration of the proposed antenna.

TABLE 1. Dimensions of the proposed antenna.

Parameters Value Parameters Value Parameters Value
Wy 30.0mm g 0.15mm Wp 10.4 mm
D 1.9 mm Ly 14.7mm Wy 4.2mm
Wi 4.8 mm L, 2.3 mm Ly 1.3 mm
R 0.94 mm Wia 5.8 mm Ls 1.3mm
Lo 3.4mm Ry 3.15mm

2. DESIGN OF ANTENNA

2.1. Antenna Structure

Figure 1 shows the geometry of the antenna and top views of
the employed substrates. In the antenna design, three layers of
F4B substrate are used all with ,, = 2.65 and tano = 0.0015.
The thickness of substrate I is 1.5 mm; the thickness of substrate
II is 0.25 mm; and the thickness of substrate III is 2 mm. Two
probes are respectively connected to two patches, forming two
L-shaped probe structures. One L-shaped probe structure con-
sists of patch 1 located on the upper surface of substrate II and
probe 1. The other L-shaped probe structure consists of patch
2 located on the upper surface of substrate III and probe 2. The
middle sections of patch 1 and patch 2 both have a narrower
width, and each patch is loaded with a U-shaped slot. Because
patch 1 and patch 2 are located on substrates at different heights,
the two patches have different widths to reduce the differences
in radiative performance for horizontal polarization and vertical
polarization. In order to prevent the protruding weld joint after
welding the probe from introducing an air gap between sub-
strate I and substrate II to affect the thickness of the antenna,
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substrates I and II are provided with via holes of diameter D.
The patch length in a 2 x 2 square patches array is W), and the
gap width between the patches is g. The patches are located on
the upper surface of substrate I, and the ground plane is on the
lower surface of substrate III. Table 1 lists all the geometrical
parameters of the proposed antenna.

2.2. Characteristic Mode Analysis of the Antenna

The modes of the antenna can be explained by CMA [20,21].
In this design, CMA is used to identify the potential radiation
modes of the antenna and guide the improvement of the antenna
structure. In the theory of characteristic modes, any induced
current J can be decomposed into multiple weighted character-
istic currents, which can be represented as

(M

N
I=Y ad,
n=1

Among them, mode weighting coefficient o, represents the
contribution of the modal current J,, to the total induced current
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FIGURE 2. Evolution process of patch 1 and patch 2.
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FIGURE 3. The MS for the first seven modes of the 2 x 2 arrayed patches.

J of the antenna, showing the excitation degree, which can be
expressed as

an =1/ 1+ jAn) [ Jn - EidS 2

where \,, represents the eigenvalue of the nth mode, E; the
impressed F-field, and .S the surface area of the conductor. The
amplitude in the front part of the right side of (2) is referred
to as the modal significance (MS), which can be expressed as
follows:

MS = 1/[1+ jA| 3)
When MS = 1, i.e., A, = 0, the corresponding nth mode is
in resonance, and the radiation efficiency is highest. The latter
part of the right side of (2) is called modal excitation coefficient
V;, which can be expressed as follows:

Vi = [J, - EidS @

Equation (4) shows the relationship between the characteristic
current and the external excitation, and a large value indicates
a good excitation effect for the antenna.

The evolution process of antenna patch 1 and patch 2 as pro-
posed is illustrated in Figure 2. Figure 3 presents the MS curves
for the first seven modes of the 2 x 2 arrayed patches, and Fig-
ure 4 shows the MS curves for the array patches and patch 1_0

97

and patch 2_0. Among them, Mode 1 and Mode 2 in Figure 3
correspond to Mode 7 and Mode 8 in Figure 4; Modes 3 ~ 5
in Figure 3 correspond to Modes 3 ~ 5 in Figure 4; and Mode
6 and Mode 7 in Figure 3 correspond to Mode 11 and Mode 12
in Figure 4. It can be observed that the addition of patch 1 0
and patch 2_0 introduces two linear polarization modes at low
frequencies, namely Mode 1 and Mode 2 in Figure 4. Further-
more, the resonant points of Mode 7 and Mode 8 in Figure 4
are significantly influenced by patch 1 0 and patch 2 0, while
the resonant points of Modes 3 ~ 5 are less affected by patch
1 0 and patch2 0.

As shown in Figure 5, it can be seen that the modal currents
of J1, Jo, J7, Jg, J11, and J15 are strong on patch 1_0 and patch
2 0, and the current directions are consistent. Therefore, these
modes are easily excited by the probe. Other modes are not
easily excited or out of the considered frequency band, so their
influence can be ignored. As shown in Figure 6, for J1, J2, J7,
and Jg, with patch 1_0 and patch 2_0, the direction of modal
current on the 2 x 2 arrayed patches exhibits consistency and
good far-field directivity, which satisfies the design require-
ment of linear polarization mode. The MS curves of J; and
Jo, and J; and Jg are relatively close, and the modal currents
of J; and J7 are concentrated on patch 1_0, while those of Js
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FIGURE 5. Six modal currents that can be excited by the probe. (a) J1 and J2 (at 4.9 GHz). (b) J7 and Js (at 7.2 GHz). (¢) J11 and J12 (at 8.7 GHz).

and Jg are concentrated on patch 2_0. Therefore, it is easy to
excite J; and J;7 by port 1, Jo and Jg by port 2, thereby real-
izing a broadband dual-polarization antenna. For J;; and Ji2,
the directions of modal current on the 2 x 2 arrayed patches
are not consistent, resulting in four radiation lobes, which are
unwanted high-order modes. However, as shown in Figure 4
for the MS curve, J1; and Jyo are easily excited in the same
frequency band as J; and Jg, which may cause performance
degradation such as total radiation pattern. Therefore, it is nec-
essary to ensure that the operational frequency band of J; and
Jg is far away from that of J1; and J15.

As shown in Figure 5, the modal currents of J;; and J;5 are
mainly concentrated on the 2 x 2 arrayed patches, while the
modal currents of Jq, J2, J7, and Jg are mainly concentrated
onpatch 1 0 orpatch2 0. Therefore, changing the structure of
patch 1 _0 and patch 2_0 has a greater impact on J1, Jo, J7, and
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Jg, and a smaller impact on J;; and J;5. Due to the strongest
modal currents for Jq, J2, J7, and Jg in the middle of the patch,
patch 1_0 and patch 2_0 are chosen to have their middle patch
width reduced resulting in patch 1 1 and patch 2 1, in order
to position the operating bandwidths of J; and Jg away from
those of Jq;1 and J;5, as shown in Figure 7.

Figure 7 shows MS curves for the six modes, and Figure 8
shows partial modal currents of the 2 x 2 arrayed patches and
patch 1 1andpatch2 1. It can be seen that after reducing width
in middle the resonant frequency points of the MS curves for J;
and J, are shifted to lower frequencies by 0.6 GHz, J; and Jg
are shifted to lower frequencies by 1.2 GHz, and J;; and Ji-
are shifted to lower frequencies by 0.2 GHz.

The MS curves of J;; and Jq5 are shifted little, so they are
almost separated from the operating frequency band of J; and
Jg. It can be seen from Figure 9 that the radiation directivity of
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FIGURE 6. Modal radiation patterns for the 2 x 2 arrayed patches, patch 1_0 and patch 2_0.

1.0
}—=—Mode 1
0.84 —e— Mode 2
8 ) —+—Mode 7
§ —=—Mode 8
0.6 ——Mode 11
& —<—Mode 12
Patch1 1 & i
= 0.4+
<
3
p
0.24
1 0.0 4 Sty T 7 f
X - 4 5 6 7 8 9 10
iz Frequency(GHz)

FIGURE 7. Six modes of MS for the 2 x 2 arrayed patches, patch 1 1 and patch 2_1.

(@ _ (b) .
% (A..’IH) . ( A’fm)
Patch 1_1 and Palch 1_1 and
Patch2 1 Paich2 1
£ i ~z:
2x2 Arrayed 22 Arrayed Wigiied &
paiches patches @ Fes -

22 Amrayed =
patches

FIGURE 8. Six modal currents that can be excited by the probe. (a)J; and J2 (at 4.3 GHz). (b) J7 and Js (at 6 GHz). (c) J11 and J12 (at 8.5 GHz).

99 Www.jpier.org



PIER C

Zhan et al.

2
0357.8V/m) y

0.27
0.184
0.097

0

Jn(at 8.5 GHZ)

V¢v 0.318
0.216
0.115

Ji(at 4.3 GHz) Ja(at 4.3 GHz)

. 0.118
0.08
0.042

Jo(at 6 GHz)

2
0.4 V/m)

0
Jy(at 6 GHz)

2
0.115 aV/m)

le(at 85 GHZ) 0

FIGURE 9. Modal radiation patterns for the 2 x 2 arrayed patches, patch 1 1 and patch 2_1.

o
B

J;(at 6 GHz)

Feed location

1 7e+5-Y/m)

o 1.2¢+5
i 80000

40000

50000-LY /™)

4000
3000
2000
1000

%%
%%

Js(at 6 GHz) 0

FIGURE 10. Mode electric field distribution on patch 1 _1 and patch 2_1.

each mode is not affected by the reduced width in patch mid-
dle. It is noted that the mode analysis here does not consider
the influence of the excitation and probe, so there would be
some deviation for the actual operating frequency bandwidth
after adding the excitation and probes.

2.3. Analysis of the Feed Location

Since the L-shaped probe structure is a capacitive coupling
feed, it needs to be fed at the point of maximum electric field
strength in order to excite the required mode to the fullest ex-
tent possible. Therefore, according to the mode electric field
distribution on patch 1 1 and patch 2 1 in Figure 10, a probe
structure should be added near the location of maximum elec-
tric field strength to maximally stimulate the four-line polarized
radiation modes of the antenna. As shown in Figure 11, as the
size of the probe feeding position Rf increases, its impedance
bandwidth gradually increases and then decreases again. When
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R; = 3.15 mm, the impedance bandwidth is the widest. There-
fore, Ry = 3.15mm is chosen to achieve broadband perfor-
mance.

2.4. Isolation Analysis of the Antenna

Figure 12 shows the variation of S-parameters of the antenna
with the reduced width L; when the U-shaped slots are not
loaded. It can be seen that the first resonant frequency point of
|S11] is produced by Jq, while the second resonant frequency
point is produced by J7. The second resonant frequency point
of the |:S11| decreases as the width L; increases, which is con-
sistent with the MS curve changes shown in Figure 4 and Fig-
ure 7.

According to the modal current distribution shown in Fig-
ure 8, the strongest modal current of Jq, J2, J7, and Jg are in
the middle of patch 1 1 and patch 2 1. At this position, the dis-
tance between the two patches is small, resulting in strong cou-
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TABLE 2. Comparison of the proposed antenna with reported typical dual-polarized antennas.

Center 10dB Port arizati
— cross-polarization
Ref. Frequency Relative Size ] Isolation FBRs (dB) polarizatt
Bandwidth Level (dB)
(GHz) (dB)

[1] 2.4 0.81X\0 x 0.81Ap x 0.088\¢ 18.8% > 28.5 > 15 —20
[7] 5.5 1.15X0 X 1.15X0 x 0.067 Ao 25.5% > 34.0 > 10 —28
[12] 1.9 1.94)g x 1.94)¢ x 0.15)¢ 28.9% > 33 > 15 —-15
[18] 2.6 0.57X0 x 0.57Ag x 0.062X0 10.0% > 20 > 14 —25
[21] 5.49 0.55X0 x 0.55X0 x 0.096 o 18.6% > 16 > 20 —15
This Work 54 0.54X0 x 0.54\p x 0.068 Ao 23.5% > 27.9 > 22 —23

pling. This means that reducing middle width on the patches
can reduce this area to reduce coupling and improve isolation
between ports, which can be seen from Figure 12 where |So; |
decreases with increasing Ly.

In order to further increase the isolation, U-shaped slots with
the same dimensions are etched on patch 1 and patch 2 with the
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reduced middle width, as shown in Figure 1. From Figure 13,
it is evident that the loading of the U-shaped slots directs the
mode current to flow along the edges of the slots, resulting in
a relative attenuation of the mode current near the probe’s feed
position compared to Figure 8. Figure 14 shows the surface
current distribution on probe 1, patch 1 1, patch 2 1, patch 1,
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and patch 2 when probe 2 is fed at 5.5 GHz. It can be observed
that the loading U-shaped slots cause surface currents to flow
along the edges of the slots, weakening the coupled current on
the probe to increase isolation. Therefore, the U-shaped slots
have the effect of increasing isolation between ports.

Figure 15 shows the impact of the loaded U-shaped slots on
the S-parameters of the antenna. It can be seen that the loaded
U-shaped slots have a small impact on the operating frequency
bandwidth of the antenna. At the same time, it can be observed
that the maximum value of |Ss1| of the antenna is decreased
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from —25 dB without U-shaped slots to —31 dB with U-shaped
slots, indicating a significant increase in isolation. So, from the
S-parameter, it is confirmed that the role of U-shaped slots is
to improve the isolation.

3. SIMULATED AND MEASURED RESULTS

Figure 16 shows the fabricated antenna with an overall size
of 30mm x 30mm x 3.75mm (0.54)\g x 0.54Ag X 0.068 ¢,
Ao is the free-space wavelength of central frequency). Fig-
ure 17(a) compares the simulated and measured S-parameters

Www.jpier.org
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FIGURE 18. The E-plane (left) and the H-plane (right) radiation patterns excited by Port 1.

of the antenna and shows good consistency between simu-
lated and measured results. The antenna has a measured
—10dB impedance bandwidth of 4.73-5.99 GHz (23.5%) for
dual polarizations. Within this range, an isolation level exceed-
ing 27.9 dB was measured, showcasing high isolation perfor-
mance that facilitates achieving superior signal-to-noise ratio
and channel capacity for the communication system. As shown
in Figure 17(b), the gain changes for dual polarizations within
the —10 dB impedance bandwidth range are within 4.8-6.2 dBi.
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The difference in gain between the simulated and measured re-
sults is less than 0.8 dB, which may be due to the misalignment
between the proposed antenna as the transmitting antenna and
receiving probe, as well as manufacturing errors.

Figures 18 and 19 show the simulated and measured radiation
patterns when port 1 and port 2 are excited, respectively. The
simulated and measured results are in good agreement. It can
be seen that FBRs of the antenna obtained by measurements
are greater than 22 dB when port 1 or port 2 is excited within
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FIGURE 19. The E-plane (left) and the H-plane (right) radiation patterns excited by Port 2.

the operating frequency band. Within the operating frequency
band, the cross-polarization levels obtained by measurements
are less than —23 dB. Within the operating frequency band, the
E-plane half-power beamwidths (HPBWs) measured at Port 1
and Port 2 are 81° £ 3° and 92° + 10°, respectively. The H-
plane HPBWs are 84° + 3° and 80° 4+ 5°. The antenna has
a stable radiation pattern over the entire operating frequency
range.
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The proposed antenna is compared with several typical dual-
polarized antennas as listed in Table 2. Compared to the dual-
polarized antennas with feeding network [1,7,12], the pro-
posed antenna not only has a smaller size but also has higher
FBRs. Compared to the compact dual-polarized antennas with
probe feed [18, 21], the proposed antenna has a wider operating
bandwidth and higher isolation. It can be seen that the proposed
antenna demonstrates a compact size along with a wide band-
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width, high isolation, low cross-polarization levels, and high
FBRs.

4. CONCLUSIONS

In this paper, a compact wideband high-isolation dual-
polarized antenna is proposed. The compactness of the antenna
is achieved by using two closely spaced L-shaped probe
structures. CMA is used to explain the radiation pattern of
the antenna and improve its structure. The proposed antenna
is fabricated and measured for validation. The measured
results show that the proposed antenna has a 23.5% bandwidth
(4.73-5.99 GHz) and 27.9dB port isolation. Moreover, the
antenna has FBRs greater than 22 dB and cross-polarization
levels less than —23 dB. Therefore, the proposed antenna has
a compact size and good performance, which has potential
application value in wireless communication systems with
limited space such as WiFi and arrays.
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