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Abstract: This paper presents a low-profile wideband, dual-polarized patch antenna using differential-
paired, multi-mode arms. By employing the arrow-shaped, differential-paired arms, three modes
of them are excited simultaneously, leading to a broad bandwidth. The shorting pins are uniquely
inserted at the wings of the arms to obtain stable radiation patterns. Then, two pairs of arms are
structured like the dipoles and a dual-polarized antenna is designed. In addition, by employing
coplanar coupling feeding structures, a good wideband impedance matching is also achieved without
increasing the height. For demonstration, a wideband dual-polarized patch antenna is designed and
measured. Benefitting from the advantages of the multi-mode patch and symmetrical structure as a
dipole antenna, the proposed dual-polarized antenna operates between 2.10–3.95 GHz, possessing
a 10-dB impedance bandwidth of 61%, a profile of 0.1λ0, an average gain of 7.31 dBi, and stable
radiation patterns.

Keywords: dual polarization; low-profile antenna; multi-mode antenna; planar antenna; wide bandwidth

1. Introduction

In the wireless communication systems, dual-polarized antennas are widely used for
the suppression of multipath fading and the improvement of the channel capacity. The
wideband performance with a stable radiation pattern is required to cover the multiple
working frequency ranges. In another aspect, the low-profile characteristic is attractive
to make the communication equipment more compact and easier to integrate. However,
the low profile of the antenna limits the extension of bandwidth that would not meet the
requirements. Thus, a lot of researchers have paid attention on the wideband dual-polarized
antennas with low profiles.

In the past decades, two categories of dual-polarized antennas have been mainly de-
veloped and employed for communication purposes: dual-polarized patch antennas [1–16]
and dual-polarized dipole antennas [17–28]. Dual-polarized patch antennas have become
notable candidates for compact systems due to their low-profile specifications. However,
their bandwidths are relatively narrow. To obtain the broadband characteristic, many
efforts have been made: exciting multiple modes [1–3], employing L-probe feeding struc-
tures [4–6], and using stacked patches [7–9]. Specifically, shorting pins and slots are utilized
in [2] to shift TM10 and TM30 modes closely, contributing to a 13% bandwidth within the
profile of 0.029λ0 (where λ0 is the free-space wavelength at the center frequency). L-probe
feeding is a typical approach to increase bandwidth since it can add extra capacitance to
compensate for the inductance of the probe. For instance, in [4], the antenna with L-probe
feeding realizes 54% bandwidth (SWR < 2) with the profile of 0.23λ0. For the stacked
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patches, by introducing a parasitic patch as an additional resonant element, the antenna
has a 57% bandwidth with the profile of 0.27λ0 in [9]. Hence, the above-mentioned studies
suggest that increasing bandwidth would lead to an increase in the profile. Recently, a
coplanar L-strip fed patch antenna in [10] was developed. Compared with traditional
L-probe feedings [4], the horizontal feeding line of the L-strip is printed on the same plane
as the patch. Therefore, the coplanar L-strip fed antenna does not enhance the profile.
However, it owns a single polarization and its bandwidth is only 41%.

Dipole antennas [17–28] are the other type of dual-polarized antennas that are com-
monly used in communications. Their typical heights are 0.25λ0. For miniaturization,
various research has focused on the reductions of the profile [20–22]. Introducing an ar-
tificial magnetic conductor (AMC) [20,21] and using a nonuniform metasurface [22] are
available methods. By using an AMC reflector, the reflected wave is in phase with the
incident wave within a certain frequency range, and the antenna in [21] realizes 54.8%
bandwidth within the 0.13λ0 height. In [22], the nonuniform metasurface consists of in-
ductive rectangular loops. It brings strong impedance matching in the bandwidth of 33%
with a profile of 0.1λ0. Although the profile of the antenna with nonuniform metasurface
is much lower than the traditional dipole antennas, the bandwidth is narrower than that
of 45% in [18]. The low-profile design of dipole antennas tends to sacrifice the bandwidth.
Therefore, it is worth investigating wideband dual-polarized antennas with low profiles.

From the above mentioned dual-polarized antennas of patch and dipoles, it can be
found that the patch antenna has the advantage of low profile. Many methods are applied
to widen the bandwidth and the high profile follows. The dipoles have a relatively high
profile and the bandwidths are wider than patch antennas. The decrease of the dipoles’
height is usually followed by the reduction of the bandwidth. Thus, designing a wide band
dual-polarized antenna with a low profile is very challenging.

In this paper, a wideband dual-polarized patch antenna based on differential paired
arms is proposed. It combines the configuration of the dipole which has two differential
arms and the working principle of multi-mode patch antennas. By uniquely designing the
patch shape and the positing vias, three modes are excited successfully with stable patterns.
Because of the excitation of the three modes, the bandwidth is extended accordingly. To
match the arm in a wide bandwidth, the coplanar coupling feed is adopted. After obtaining
the wide band arm, the dual-polarized antenna is constructed by two differential arms, such
as the dipoles. The proposed dual-polarized antenna achieves a profile of 0.1λ0, bandwidth
of 61%, steady gain, and consistent and symmetrical radiation patterns. The bandwidth of
the proposed antenna is wider than the reported works with the same profile [14,15].

2. Antenna Design

Inspired by the symmetrical structure and differentially feeding of the dipole antennas,
a novel wideband patch antenna is designed. The proposed antenna has a wide bandwidth
and symmetrical radiation patterns. Meanwhile, the profile is relatively low.

2.1. Antenna Configuration

Figure 1 shows the configuration of the proposed antenna, which is composed of
two pairs of differential-feeding arms, a square ground, and a feeding network, and they
are located in three different layers. The upper layer consists of two radiation arm pairs,
i.e., horizontal and vertical pairs. The length and the width of the aims are L1 and W1,
respectively. Each pair is differentially fed. The arms are specially designed as an arrow
shape, where the length and width of the rectangular corner are L4 and W4, respectively. On
each arrow-shaped arm, there are two shorting pins in the wings. The distance between the
shorting pin to the edge of the arrow-shaped arm is S1. Additionally, there is a rectangular
slot with dimensions of L2 × W2 on the arrow-shaped arm, and a thin, rectangular, feeding
line with dimensions of L3 × W3 is coupled to the arm through the slot. The feeding line
is connected to the bottom-layer of the feeding network by a metallic pin near the center
of the feeding line. The middle layer is employed as the square ground. The substrate
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with a permittivity of 2.2 and a loss tangent of 0.001 is used between the two layers. The
differential feeding network is placed on the bottom layer with a permittivity of 3.38 and a
loss tangent of 0.0009.
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2.2. Tri-Mode Excitation on Each Arm (Arm I~Arm III) 
Since the antenna consists of two pairs of symmetrical differential arms, to be sim-

plified, only one of the arms is analyzed and the evolution is analyzed in Figure 2. Arm I 
is a traditional rectangular patch with a width W1 and a length of L1. Then, two corners 
are chamfered to excite another mode, arriving in Arm II. Arm III is an arrow-shaped 
patch, wherein two rectangular corners are clipped to adjust the resonant frequency. In 
comparison to Arm III, two shorting pins are placed at the arrow-shaped arm’s wings to 
obtain the consistent radiation gains at the zenith and it is named Arm IV. 

Because Arm I is a conventional patch, by adjusting the width and length to be about 
half of the guided wavelength at 2.9 GHz and one guided wavelength at 3.5 GHz, respec-
tively, TM10 at 2.9 GHz and TM02 modes at 3.5 GHz can be excited. Then, two corners of 
the arm are chamfered to excite another mode at 2 GHz as shown in Figure 2b. According 
to the resonant current path, (L1 + 0.29CW) should be half of the guided wavelength at 2 
GHz. The current distributions of the three modes are depicted in Figure 3, where the 
color scale represents the magnitude of surface current distribution in units of A/m. As 
presented, Mode 1 and Mode 2 are split from the original TM10 mode by chamfering the 
corners. Mode 3 is developed from TM02 mode as the currents in the two halves are re-
versed, referring to the x-axis. The configuration of Antenna I and II, which are composed 
of Arm I and II, are presented in Figure 4a. Their differential input impedances Zdd [29] 
are ploĴed in Figure 4b. As shown, two resonant modes are excited in Antenna I, and after 
the rectangular corners being cut, there are three modes that resonate in Antenna II where 

Figure 1. Configuration of the proposed antenna.

2.2. Tri-Mode Excitation on Each Arm (Arm I~Arm III)

Since the antenna consists of two pairs of symmetrical differential arms, to be simpli-
fied, only one of the arms is analyzed and the evolution is analyzed in Figure 2. Arm I
is a traditional rectangular patch with a width W1 and a length of L1. Then, two corners
are chamfered to excite another mode, arriving in Arm II. Arm III is an arrow-shaped
patch, wherein two rectangular corners are clipped to adjust the resonant frequency. In
comparison to Arm III, two shorting pins are placed at the arrow-shaped arm’s wings to
obtain the consistent radiation gains at the zenith and it is named Arm IV.
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W4 increases from 1 mm to 6 mm, the resonant frequency of Mode 3 is shifted from 3.57 
GHz to 3.90 GHz, while those of the other two modes almost keep unmoved. As a result, 
manipulating W4 could raise the resonant frequency of Mode 3, which makes it possible 
for bandwidth enhancement. 

Figure 2. The evolution of the proposed antenna arm. The configuration of (a) arm I, (b) arm II,
(c) arm III and (d) arm IV.

Because Arm I is a conventional patch, by adjusting the width and length to be
about half of the guided wavelength at 2.9 GHz and one guided wavelength at 3.5 GHz,
respectively, TM10 at 2.9 GHz and TM02 modes at 3.5 GHz can be excited. Then, two corners
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of the arm are chamfered to excite another mode at 2 GHz as shown in Figure 2b. According
to the resonant current path, (L1 + 0.29CW) should be half of the guided wavelength at
2 GHz. The current distributions of the three modes are depicted in Figure 3, where the
color scale represents the magnitude of surface current distribution in units of A/m. As
presented, Mode 1 and Mode 2 are split from the original TM10 mode by chamfering
the corners. Mode 3 is developed from TM02 mode as the currents in the two halves are
reversed, referring to the x-axis. The configuration of Antenna I and II, which are composed
of Arm I and II, are presented in Figure 4a. Their differential input impedances Zdd [29] are
plotted in Figure 4b. As shown, two resonant modes are excited in Antenna I, and after the
rectangular corners being cut, there are three modes that resonate in Antenna II where the
imaginary part is zero. It demonstrates that, by using chamfers, three modes are excited in
Antenna II.
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Figure 4. Configuration and simulated results. (a) Antenna I and Antenna II. (b) Differential
input impedances.

After exciting the three modes on the arm successfully, the resonant frequencies should
be controlled to broaden the bandwidth. Antenna III is constructed by Arm III with the
cut of two rectangular corners. Because only Mode 3 resonates along the y-axis and its
current length could be changed by W4, the resonant frequency of Mode 3 is manipulated
accordingly. Figure 5 shows the three modes’ frequencies versus W4. As observed, when
W4 increases from 1 mm to 6 mm, the resonant frequency of Mode 3 is shifted from
3.57 GHz to 3.90 GHz, while those of the other two modes almost keep unmoved. As a
result, manipulating W4 could raise the resonant frequency of Mode 3, which makes it
possible for bandwidth enhancement.
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2.3. Gain Improvement with Shorting Pins (Arm IV)

The three modes are excited by designing the shaped arms, and the bandwidth has
been extended. Figure 6 presents the current distributions and the corresponding radiation
patterns of the three modes. As shown, the currents of Mode 1 and Mode 2 radiate strong
broadside patterns. However, the currents of Mode 3 are along the y-axis direction and
those in the two halves are out of phase, which results in the radiation suppression at the
zenith. As a result, Antenna III has a conical pattern at Mode 3 with a lower gain at the
zenith than Mode 1 and Mode 2. To obtain the consistent radiation gains at the zenith, the
electric fields at the three modes are analyzed in Figure 7. As seen, in the two wings, the
electric field strength is strong at the resonant frequency of Mode 3, but it is almost zero for
Mode 1 and Mode 2. As a result, two shorting pins are added to the wings to change the
currents of Mode 3. However, they have little effect on the first two modes.
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After drilling the two shorting pins in the wings, the current distributions of the three
modes are depicted in Figure 8a. It is found that, the shorting pins change the boundary
conditions of the arrow-shaped arm, and therefore the currents of Mode 3 have been
alternated from the y-axis to the x-axis. The changed currents enhance the gain at the zenith.
Meanwhile, the currents of the first two modes remain along the chamfers and x-axis. The
simulated three-dimensional radiation patterns, after using shorting pins, are plotted in
Figure 8b. As seen, the radiation patterns of Mode 1 and Mode 2 maintain the broadside
direction. While after reconfiguring the currents by shorting pins, the main beam of Mode 3
is in the broadside direction with the measured 3-dB beamwidths of 45◦ and 60◦ in the
ϕ = 0◦ plane and the ϕ = 90◦ plane, respectively. The sidelobe level is lower than −15 dB.
Therefore, the realized gain at the zenith can be significantly increased from 5.8 dBi to
8.2 dBi. Thus, the added shorting pins guarantee the enhancement of the gain at Mode 3,
and the gain and radiation patterns in all the operating bands are steadier.

Electronics 2023, 12, x FOR PEER REVIEW 6 of 11 
 

 

simulated three-dimensional radiation patterns, after using shorting pins, are plotted in 

Figure 8b. As seen, the radiation patterns of Mode 1 and Mode 2 maintain the broadside 

direction. While after reconfiguring the currents by shorting pins, the main beam of Mode 

3 is in the broadside direction with the measured 3-dB beamwidths of 45° and 60° in the 

φ = 0°plane and the φ = 90°plane, respectively. The sidelobe level is lower than −15 dB. 

Therefore, the realized gain at the zenith can be significantly increased from 5.8 dBi to 8.2 

dBi. Thus, the added shorting pins guarantee the enhancement of the gain at Mode 3, and 

the gain and radiation patterns in all the operating bands are steadier. 

Mode 1 Mode 2 Mode 3
x

y
Jsurf [A/m]

0.20

8.82

4.51

 

(a) 

Mode 1 Mode 2 Mode 3

-10

0

10

 

(b) 

Figure 8. (a) Current distributions. (b) Radiation patterns with shorting pins (Arm IV). The color 

scale represents the magnitude of surface current distribution (A/m) and the arrows indicate the 

current phase. 

2.4. Impedance Matching Improvement Using Coupling Feed 

The developed dual-polarized antenna is constituted by the above arrow-shaped arm 

pairs. To match the three modes in a wide frequency range, the input impedance of the 

shaped dual-polarized antenna is plotted in blue lines in Figure 9a. As seen, the real part 

of the impedance is relatively high in the range from 2.2 to 2.8 GHz, resulting in difficulty 

in the impedance matching, and the imaginary part is negative within the same range. 

To solve these problems, the coplanar coupling feed is adopted; this can affect the 

impedance matching in two aspects. Firstly, by utilizing the feeding line, the equivalent 

feed point moves closer to the center, lowering the resistance values [30]. As the length of 

the feeding line increases, the resistance value decreases. Secondly, the feeding line serves 

as the feeding probe extension and can provide induction compensation. The input im-

pedances, after using coupling feed, are plotted in the red lines in Figure 9a. As seen, the 

maximum resistance between 2.2 GHz and 2.8 GHz drops dramatically from 567 Ω to 144 

Ω, and the capacitive value drops from 143 j to 62 j, which demonstrates the coplanar 

coupling feed produces both effects on the real and imaginary parts of the input imped-

ance. Therefore, impedance matching is much better after using the coplanar coupling 

feed. The differential reflection coefficients [31] are plotted in Figure 9b. As seen, the 10-

dB impedance bandwidth increases from 20.1% to 61% after using the coplanar coupling 

feed, and wideband impedance matching is obtained. On the other hand, the feeding 

structure does not increase the height of the antenna. 

Figure 8. (a) Current distributions. (b) Radiation patterns with shorting pins (Arm IV). The color
scale represents the magnitude of surface current distribution (A/m) and the arrows indicate the
current phase.

2.4. Impedance Matching Improvement Using Coupling Feed

The developed dual-polarized antenna is constituted by the above arrow-shaped arm
pairs. To match the three modes in a wide frequency range, the input impedance of the
shaped dual-polarized antenna is plotted in blue lines in Figure 9a. As seen, the real part of
the impedance is relatively high in the range from 2.2 to 2.8 GHz, resulting in difficulty in
the impedance matching, and the imaginary part is negative within the same range.
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To solve these problems, the coplanar coupling feed is adopted; this can affect the
impedance matching in two aspects. Firstly, by utilizing the feeding line, the equivalent
feed point moves closer to the center, lowering the resistance values [30]. As the length
of the feeding line increases, the resistance value decreases. Secondly, the feeding line
serves as the feeding probe extension and can provide induction compensation. The input
impedances, after using coupling feed, are plotted in the red lines in Figure 9a. As seen,
the maximum resistance between 2.2 GHz and 2.8 GHz drops dramatically from 567 Ω to
144 Ω, and the capacitive value drops from 143 j to 62 j, which demonstrates the coplanar
coupling feed produces both effects on the real and imaginary parts of the input impedance.
Therefore, impedance matching is much better after using the coplanar coupling feed.
The differential reflection coefficients [31] are plotted in Figure 9b. As seen, the 10-dB
impedance bandwidth increases from 20.1% to 61% after using the coplanar coupling feed,
and wideband impedance matching is obtained. On the other hand, the feeding structure
does not increase the height of the antenna.

2.5. Broadband Differential Feeding Network

Two pairs of the differential fed arrow-shaped arms with shorting pins are arranged
orthogonally to realize dual polarization. A broadband differential feeding network is
introduced for feeding the proposed dual-polarized antenna. The configuration is presented
in Figure 10. It consists of two 180◦ Wilkinson power dividers. In each power divider,
the lengths of the two output ports are designed with different lengths, which insures the
out-of-phase between the two feeding points on the arms. Additionally, stubs are added in
one of the paths to obtain the wideband performance [32]. Then, the output ports of P3 to
P6 are connected to P1+, P1−, P2+, and P2− by metallic vias, respectively. By adjusting the
dimensions, the feeding network are matched with the proposed antenna.
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3. Measured Results and Comparison

To verify the performance of the wide bandwidth and stable radiation pattern within
the low profile, the proposed antenna and feeding network are fabricated and measured.
The photos are shown in Figure 11. Nylon screws are used to fix them together. All detailed
dimensions are listed in Table 1.
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Figure 11. Fabricated prototype. (a) Proposed antenna. (b) Feeding network. (c) Under test in the
Satimo Starlab System.

Table 1. Dimensions of the proposed antenna.

Parameters Lg L1 W1 L2 W2 L3 W3 L4

Value (mm) 149 50 38 33 6 17 3 14

Parameters L4 W4 Cw L5 L6 G1 H1 H2

Value (mm) 14 6 17.5 6.5 41 17 10 0.508

After assembling the antenna and the feeding network, the simulated and measured
S-parameters and realized gain are plotted in Figure 12. As shown, the measured −10 dB
impedance bandwidth is from 2.10 GHz to 3.95 GHz indicating 61% fractional bandwidth.
The measured isolation is below 25 dB, which guarantees enough isolation between the two
polarizations. The simulated and measured realized gains are shown in Figure 12b after
respectively stimulating port 1 or port 2. When port 1 is excited, the measured realized
gain varies from 6.23 dBi to 8.39 dBi with an average gain of 7.31 dBi. When port 2 is
stimulated, it varies from 6.25 dBi to 8.35 dBi. Due to the fabrication, manual welding,
and other errors, the measured gain is about 1 dB lower than the simulation. However,
wide bandwidth, stable gain, and consistent radiation patterns are proved. The measured,
normalized radiation patterns at the frequencies of 2.15 GHz, 2.9 GHz, and 3.85 GHz
are shown in Figure 13. In all the frequencies, the measured co-polarization shows the
agreement with the simulated ones, and the cross-polarization is less than −19 dB. The
measured back to front radio is lower than −17 dB. It can be observed that the radiation
keeps a consistent unidirectional beam. The measured radiation efficiencies are 75%, 62.6%
and 55.7% at 2.15 GHz, 2.9 GHz, and 3.85 GHz, respectively.

To present the bandwidth and profile of the proposed antenna, a comprehensive
comparison with other antennas is presented in Table 2. Patch antennas are designed
in [4,9] and dipole antennas are designed in [17,21,22,33]. The profiles in [4,9] are higher
and the bandwidths are at the same level as that of the proposed antenna. The antennas
in [17,21,22] have tinnier areas than the proposed antenna, but the bandwidth is narrower
by 9%, 6%, and 28%. Though the height in [33] is approximate to this work, the proposed
antenna has a broader bandwidth. Therefore, by utilizing multi-mode patch arms and
coupling feed, the proposed design shows a wider bandwidth within the low profile.
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To present the bandwidth and profile of the proposed antenna, a comprehensive 
comparison with other antennas is presented in Table 2. Patch antennas are designed in 
[4,9] and dipole antennas are designed in [17,21,22,33]. The profiles in [4,9] are higher and 
the bandwidths are at the same level as that of the proposed antenna. The antennas in 
[17,21,22] have tinnier areas than the proposed antenna, but the bandwidth is narrower 
by 9%, 6%, and 28%. Though the height in [33] is approximate to this work, the proposed 
antenna has a broader bandwidth. Therefore, by utilizing multi-mode patch arms and 
coupling feed, the proposed design shows a wider bandwidth within the low profile. 
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Table 2. Comprehensive comparsion with other antennas.

Ref. Bandwidth Profile (λ0) 1 Size (λ0
2) Isolation (dB) Gain (dBi) Type

[4] 54%
(VSWR < 2) 0.23 0.38 × 0.38 >30 7.4 Patch

[9] 57%
(|S11| < −10) 0.27 0.55 × 0.55 >37 8.7 Patch

[17] 52%
(VSWR < 1.5) 0.26 0.58 × 0.58 >26 8.5 Dipole

[21] 54.8%
(|S11| < −10) 0.13 0.78 × 0.78 >20 7.3 Dipole

[22] 33%
(|S11| < −10) 0.1 0.48 × 0.48 >25 8.3 Dipole

[33] 42.9%
(|S11| < −10) 0.08 1.03 × 1.03 >25 9.89 Dipole

This Work 61%
(|S11| < −10) 0.1 1.05 × 1.05 >25 7.31 Patch

1 λ0: wavelength of free space at the center frequency.
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4. Conclusions

A low-profile, wideband, dual-polarized patch antenna has been proposed in this
communication. The arrow-shaped arms are specially designed to excite three modes
simultaneously. Shorting pins have been introduced at the wings of the arrows to obtain
stable radiation patterns. Moreover, the coupling feeds are utilized for wideband impedance
matching without the increase of height. Two pairs of the differentially fed arrow-shaped
arms are arranged orthogonally to realize dual polarization. The antenna prototype has
achieved 61% bandwidth, an average gain of 7.31 dBi, and a 0.1λ0 profile. Additionally, the
isolation of the dual-polarized antenna has been below 25 dB. With the attractive features of
a low profile, wide bandwidth and stable radiation patterns, the proposed antenna would
be a strong candidate for future wireless communication.
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