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Abstract—This paper presents a method to design a high-gain
dual circularly polarized (CP) antenna with compact size
based on high-order mode patch structure. For high-gain
radiation, a square patch is excited to operate in high-order
TMO03 mode. To suppress grating lobes and reduce the overall
size, four open slots are etched on the edges of the patch.
For dual-CP realization, a 90° hybrid coupler is employed
as the feeding network. By changing the feeding port, either
right-hand CP (RHCP) or left-hand CP (LHCP) with high
isolation can be produced. An antenna prototype with overall
dimensions of 1.49\ x 1.49 A x 0.04 X at 5.6 GHz is fabricated
and measured for validation. The measurements demonstrate
that the proposed design achieves good dual-CP performance
around 5.6 GHz with a peak realized gain of approximately
12 dBi. In comparison with the high-gain dual-CP antennas
using array or Fabry-Perot structures, the proposed approach
has the advantage of achieving high gain with a compact and
simple configuration.

Link to graphical and video abstracts, and to code:
https://latamt.ieeer9.org/index.php/transactions/article/view/10388

Index Terms—Patch antenna, circular polarization, high-order
mode, high gain, dual-CP.

I. INTRODUCTION

IRCULARLY polarized (CP) antennas have been widely

used since they can reduce polarization mismatch and
mitigate multipath interference in communication and nav-
igation systems. Besides, CP antennas with the capability
of radiating both right-hand CP (RHCP) and left-hand CP
(LHCP) have the advantages of providing polarization diver-
sity, improving link robustness, as well as spectral utilization.
Conventional dual-CP microstrip antennas are typically real-
ized by exciting two orthogonal fundamental modes (TM;q
and TMy1) using either two orthogonal feeds with a 90°
phase shift or an external branch-line hybrid coupler [1]-[8].
Howeyver, because these antennas are based on the fundamental
mode with a small effective radiating aperture, they inherently
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suffer from limited radiation gain, which is typically lower
than 8.0 dBi. This drawback restricts their application in long-
range wireless links.

For high-gain realization, a thorough investigation in the
open literature indicates three major approaches. The first is to
construct a dual-CP antenna in an array configuration, in which
multiple radiating elements are arranged in planar or sequential
rotation to enlarge the effective radiating aperture. In [9]-
[12], 4-element arrays can achieve a broadside gain of around
12 dBi. Better gain performance can be observed in [13]-[16],
where an extremely high gain of about 25.8 dBi is reported
with 64 array elements. However, arranging multiple radiating
elements with a proper distance significantly increases the
antenna’s footprint. Furthermore, incorporating a large number
of elements greatly increases the structural complexity of the
antenna.

Alternatively, using a Fabry-Perot (F-P) cavity structure
is the second approach for gain enhancement. This type of
antenna generally employs a frequency-selective surface (FSS)
or a partially reflective surface (PRS) above the radiator,
forming a resonant leaky cavity that collimates the beam and
increases directivity. Various dual-CP Fabry-Perot antennas
have been reported in [17]-[20]. Despite their effectiveness
in gain improvement, F-P structures typically result in high
profile and/or large footprint, making them unsuitable for
compact or low-profile devices. A third approach is to excite
high-order modes of a patch antenna to enlarge its radiating
aperture with a single-element configuration [21]-[24]. Nev-
ertheless, the gain enhancement in these studies has only been
implemented for either linearly or single CP radiation.

This paper proposes an approach to designing a dual-
CP antenna with high-gain and compact-size features. Here,
the high-gain realization is obtained by using the high-order
TMg3/TM3p mode of a square patch, while dual-CP radiation
is produced with the aid of a hybrid coupler. It is noted
that despite using similar TMys patch, the design in [24]
focuses on high-gain antenna with only single polarization
and compact size features. Meanwhile, the proposed work
focuses on high-gain antenna with dual-CP. Measurements on
the fabricated antenna prototype demonstrate that the proposed
antenna can achieve stable operation at 5.6 GHz with high-
gain radiation of 12 dBi and compact overall dimensions of
1.49 Ax 1.49 Ax 0.04 \. Operating at 5.6 GHz, the proposed
antenna is compatible with IEEE 802.11a/ac systems. Besides,
high gain and dual-CP operation make it suitable for UAV
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Fig. 1. Geometry of the 3-dB quadrature hybrid coupler, showing the
branch-line layout for equal power division and 90° phase shift.

communications, point-to-point back-haul, where orientation
robustness, multi-path mitigation, and long-range performance
are critical.

II. DESIGN OF THE HYBRID COUPLER

The branch-line hybrid coupler is a four-port network that
provides two output signals with equal amplitude and a 90°
phase difference, while isolating the fourth port. Fig. 1 shows
the geometry of the proposed 3-dB quadrature hybrid, which is
employed to generate orthogonal excitations for dual circular
polarization. In the conventional synthesis, the shunt arms
are designed with a characteristic impedance of Zy; = 50 €2,
whereas the series arms are implemented with Zj / V2 ~ 35 Q,
and all sections are a quarter-wavelength long at the design
frequency [18]. The design is simulated and characterized
using High Frequency Structure Simulator (HFSS).

After optimization, the coupler exhibits nearly equal power
division of about —3 dB with a stable 90° phase difference
at 5.6 GHz, as shown in Fig. 2. The simulated results also
indicate excellent input matching, with return loss better than
—20 dB and port isolation better than —40 dB. These char-
acteristics confirm that the proposed hybrid coupler provides
well-balanced excitations with high isolation, thereby enabling
efficient generation of RHCP and LHCP in the antenna system.

III. DESIGN OF THE DUAL-CP ANTENNA

To enhance directivity while maintaining compactness, the
square patch is designed to operate in the TMO3 higher-order
mode. The resonant length of the patch corresponding to the
TMO3 mode can then be approximated [25]:
3ers _ 3c

2 2 fers
where ¢ is the speed of light in free space and f, is the
operating frequency. The patch is realized on a Taconic TLY-
5 substrate with ¢, = 2.2, thickness h = 1.52 mm, and loss
tangent of 0.0009. After optimization, the side length is chosen
as W, = 52.3 mm, corresponding to the TMO3 resonance
at 5.6 GHz. Two orthogonal probes are placed at (fs, f,) =
(7.5 mm, 7.5 mm), and are excited by the quadrature hybrid
coupler described in Section II, thereby enabling dual-sense
CP radiation. The overall configuration of the high-order mode
dual-CP patch antenna without slots is depicted in Fig. 3.
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Fig. 2. Simulated (a) S-parameter and (b) Phase difference of the
hybrid coupler.
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Fig. 3. Geometry of the high-order-mode dual-CP patch antenna,
showing the patch layout and structural configuration.

The simulated results in Fig. 4 indicate that the antenna
achieves good impedance matching around 5.6 GHz with a
return loss of less than —20 dB. The realized gain reaches
about 10.2 dBi, while the axial ratio remains under 3 dB
around the desired frequency band. The gain and axial ratio are
observed in the broadside direction. As illustrated in Fig. 5,
strong grating lobes are observed in the radiation patterns,
which are a typical feature of higher-order mode excitation.

Fig. 6 shows the simulated current distributions at 5.6 GHz
on the patch with Port-1 excitation. It can be seen obviously
that two orthogonal J-fields are produced at different phases.
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Fig. 4. Simulated (a) S-parameter, and (b) axial ratio (AR) and total
gain of the high-order mode dual-CP patch antenna.
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Fig. 5. Simulated gain radiation patterns of the high-order mode dual-
CP patch antenna.
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Fig. 6. Simulated surface current at 5.6 GHz for different phase an-
gles, showing the rotating J-vectors that generate circular polarization.

When the phase changes from 0° to 90°, vector J rotates
in a counterclockwise direction, which is evidence for RHCP
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Fig. 7. Geometry of the high-order mode Dual-CP patch antenna with
four open slots.

realization. The TM3( /o3 mode is identified based on the sim-
ulated surface current, which exhibits three half-wavelength
standing-wave variations along one principal dimension of
the patch. This is characterized by three current maxima
separated by two nulls with alternating current directions.
Based on the current distribution shown in Fig. 6, it can
be concluded that the presented antenna operates at TM3g /03
mode. Basically, the TM3(,93 mode turns a patch into a three-
element in-phase/anti-phase radiator. The center part is out
of phase to the others, which directly translates into pattern
splitting and strong side-lobes. Regarding its contribution to
the high gain, the TM3g/93 mode effectively enlarges the
electrical aperture of the radiator. The radiation comes from a
combination of two-element in-phase radiator, leading to high
gain performance.

IV. HIGH-ORDER MODE DUAL-CP ANTENNA WITH OPEN
SLOTS

To overcome the high grating lobe radiation, four open slots
are later introduced on the patch surface, as shown in Fig. 7. In
this design, the physical patch side is reduced to W,, = 46 mm.
These slots effectively lengthen the current path, allowing
the antenna to resonate at the desired frequency of 5.6 GHz
while simultaneously suppressing grating lobes. The antenna is
implemented on an 80 mm x 80 mm Taconic TLY-5 substrate
with £, = 2.2, thickness h = 1.52 mm, and loss tangent of
0.0009. The optimized geometrical parameters are: feed offsets
fe = fy = 8.5 mm, tuning length [ = 9.5 mm, and slot
spacing s = 2.8 mm.

Similar to the case without slots, the patch is excited via
the 3-dB 90° hybrid coupler (Section II), which provides two
orthogonal signals of equal amplitude and 90° phase difference
to realize dual circular polarization. The simulated results
confirm the advantages of the slot-loaded configuration. As
shown in Fig. 8, the S-parameters (]S11], |S21|) exhibit good
impedance matching around 5.6 GHz, with |S11| lower than
—20 dB and high port isolation of about 22 dB. The realized
gain curve demonstrates a peak of approximately 12.3 dBi at
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Fig. 8. Simulated (a) |S11| and |S21|, (b) axial ratio (AR) and total
gain of the high-order mode dual-CP patch antenna with four open
slots.
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Fig. 9. Simulated gain radiation patterns of the high-order mode dual-
CP patch antenna with four open slots.

5.6 GHz, while the axial ratio remains below 3 dB across 5.45—
5.75 GHz, ensuring stable circular polarization. Furthermore,
Fig. 9 presents the radiation patterns, which clearly confirm
the dual-CP operation with well-separated RHCP and LHCP
beams and significantly reduced grating lobes compared to the
no-slot case.

The effect of the sided slots on the antenna performance
can be illustrated in Fig. 10. In terms of operating frequency,
a longer slot results in a longer electrical length. Accordingly,
the antenna operates at a lower frequency band. Finally, the
simulated surface current distribution on the patch at 5.6 GHz
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Fig. 10. Simulated (a) |S11| and (b) |S2:1]| for different slot lengths,
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Fig. 11. Simulated surface current vectors on the slot-loaded patch
at 5.6 GHz for different phase angles.

with Port-1 excitation is presented in Fig. 11. Obviously, CP
radiation can be generated when two orthogonal currents are
produced at phase 0° and 90°. Besides, the counterclockwise
rotation also demonstrates the RHCP radiation of the proposed
patch. Meanwhile, there is no opposite current flowing on the
patch, verifying the low sidelobe radiation of the proposed
antenna. With the presence of the slots, the out of phase
currents detour around the slots. These open slots radiate
weakly. In the antenna, there are two in-phase currents, and
then grating lobes are suppressed. It is also noted that the slot
length is chosen so that the current detouring around the slot
has total length of about half-guided wavelength at 5.6 GHz.
The radiation is produced by a combination of two-element
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Fig. 12. Photographs of the fabricated antenna prototype, including Fig. 15. Simulated and measured radiation patterns at 5.6 GHz with

both the front view and the back view.
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Fig. 13. Simulated and measured S-parameter of the proposed an-
tenna.
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Fig. 14. Simulated and measured axial ratio and gain of the proposed
antenna.

in-phase radiator, resulting in high gain performance.

V. MEASUREMENT RESULTS

To assess the antenna’s performance, an antenna prototype
is fabricated and measured. Photographs of the fabricated
prototype are presented in Fig. 12. In general, the measurement
is well matched with the simulation. The difference might be
attributed to tolerances in fabrication and measurement.

Fig. 13 shows the simulated and measured S-parameter of
the proposed antenna. The simulated operating bandwidth with
isolation of better than 10 dB is from 5.56 to 5.68 GHz,
while the figure for measurement is from 5.55 to 5.7 GHz.
The simulated and measured axial ratio of the fabricated

Port-1 operation.

antenna are illustrated in Fig. 14. It is noted that similar
performance can be obtained for both Port-1 and Port-2.
Across the operating bandwidth (5.55-5.7 GHz), the axial ratio
is well below 3 dB. In terms of gain, the broadside gain shown
in Fig. 14 is better than 11.0 dBi and achieves a maximum
value of 12.0 dBi.

The measured and simulated radiation patterns at 5.6 GHz
of the proposed antenna are plotted in Fig. 15. The radiation
patterns in both principal planes reveal symmetrical main
beams and good broadside radiation. The front-to-back ra-
tio is about 18 dB in measurement. Meanwhile, the cross-
polarization level is about —18.5 dB lower than the co-
polarization level.

VI. PERFORMANCE COMPARISON

Table I compares the performance of representative high-
gain dual-CP antennas with the proposed design. Overall, it is
obvious that the proposed antenna has the most compact size
while achieving comparable gain. Compared to the array using
four radiating elements [9]-[12], the proposed design exhibits
higher gain, less complicated structure, and significantly lower
profile than the antennas in [11], [12]. Meanwhile, using a
large number of radiating elements in [13]-[16] can achieve
higher gain, but at an extremely large size and complicated
structures. In comparison with the gain improvement using
Fabry-Perot structures [17]-[20], the proposed antenna has a
smaller size and a significantly lower profile.

VII. CONCLUSION

A compact dual-CP antenna based on the excitation of
higher-order TM30/TMO03 modes has been proposed and ex-
perimentally validated. The prototype with compact dimen-
sions of 1.49 X x 1.49 A\ x 0.04 \ achieves a realized gain of
12.0 dBiC together with good impedance matching and an
axial ratio below 3 dB across the band centered at 5.6 GHz.
With its compact footprint, stable polarization purity, and ease
of fabrication, the proposed antenna represents a practical low-
profile solution for high-gain dual-CP radiation. It is therefore
a promising candidate for integration into emerging wireless,
satellite, and IoT systems where both miniaturization and
polarization diversity are essential.
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TABLA I
COMPARISON OF REPRESENTATIVE DUAL-CP ANTENNAS

400

Ref. Method Feeding mechanism No. of elements Dimensions (\) Gain (dBic)
Sequential rotation .
[9] Antenna array + multi-beam feed 2x2=14 2x2x0.2 11.5
Cross-slot dual-feed
[10] Antenna array + sequential-phase network 2x2=4 1.4 x 1.4 x 0.07 11.22
3-dB power divider _
[11] Antenna array + DRA elements 2x2=14 1.82 x 0.94 x 0.14 10
[12] Antenna array | 1inted ridge gap waveguide 2x2=4 1.15 x 1.15 x 0.45 11.7
+ branch-line coupler
Corporate microstrip feed . 2.92 x 2.92 x 0.083 @ 28 GHz;
[13] ANenna armay g oarter wave dividers 4x4=16 396 %3.96x0.113 @ 38GHz 18.5
Two 6-way dividers .
[14] Antenna array + phase-shift networks 6 x 8 =48 5.2 X 6.9 x 0.24 22.2
Cascaded SIW
[15] Antenna array 1-to-64 divider 8 X 8 =064 6.53 x 6.53 x 0.7 26.8
[16] Antenna array Gap waveguide 8 x 8 =64 §x8x 1.1 28
corporate feed
[17] Fabry—Perot PRS cavity feed 1 25x25x14 12.89
[18] Fabry—Perot PRS cavity feed (circular) 1 4.8 x 4.8 x1.0 17.2
[19] Fabry—Perot PRS cavity feed 1 2.6 X 2.6 X 0.5 13.4
[20] Fabry—Perot PRS cavity feed 1 6.5 X 6.5 x 0.5 22.6
Proposed  Single element Branch.line 1 1.49X x 1.49 )\ x 0.04 12.3

hybrid coupler (90°)

[1]

[2]

[3]

[4]

[6]

[7]

[8]

[10]
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