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A Low Profile Wideband Gircularly Polarized Patch Antenna
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ABSTRACT: A low profile, wideband circularly polarized (CP) antenna using metasurface (MS) is proposed. The proposed antenna is
composed of a square loop feeding structure and four driven patches positioned between the ground plane and the MS. First, the loop
with truncated corners functions as a sequential phase feeder for the four driven patches. These patches are then capacitively coupled by
the feeding loop to create a CP mode. Then a defective ground structure (DGS) is adopted to improve the impedance matching. Finally,
using MS to generate extra CP minimum AR points to broaden the AR bandwidth. The MS is composed of a 4 x 4 truncated square
patch array which enhances the impedance bandwidth and gain of the proposed antenna. The total dimensions of the proposed antenna
are 50mm x 50 mm x 3.124mm (Ao X Ag x 0.062)¢). The MS antenna in circular polarizations achieves a wide —10 dB impedance
bandwidth of 37.5% (4.85-7.09 GHz) and a 3 dB axial ratio bandwidth (ARBW) of 20% (5.66—-6.92 GHz). In addition, the maximum
gain of 10.28 dBi is achieved at 6.1 GHz, and the proposed MS antenna also has a flat gain across a broad frequency range from 4.5 GHz

to 6.75 GHz.

1. INTRODUCTION

he advancement of wireless communication systems has in-

deed increased the focus on circularly polarized antennas,
particularly for their ability to reduce multipath interference and
ensure reliable signal transmission and reception [1-3]. Mi-
crostrip patch antennas are also gaining attention due to their
compact form and ease of integration into various devices [4].
Recognizing the respective advantages of circularly polarized
and microstrip antennas, the current trend in antenna design
leans towards developing circularly polarized patch antennas.
These antennas combine the compactness and integrability of
microstrip technology with the improved bandwidth and gain
characteristics of circular polarization. This makes them highly
suitable for modern communication systems such as Wireless
Local Area Networks (WLAN) and Global Navigation Satellite
Systems (GNSS).

Sequential Phase (SP) feeding technology, recognized for its
ability to generate circular polarization radiation, has become
a cornerstone in modern antenna design. It has been proposed
in [5—7] that it can generate broadband circular polarization ra-
diation. This technology’s essence lies in the ability to pro-
duce circularly polarized radiation by stimulating two orthogo-
nal modes that have a 90° phase difference, a fundamental prin-
ciple for achieving circular polarization. In [7, 8], on the basis
of sequential phase feeding, the structure of combined driven
patches which excite circularly polarized resonant modes was
adopted. In [7], 26.5% of the axial ratio (AR) bandwidth and
43.2% of the impedance bandwidth (IBW) are achieved through
this structure. In [8], four surrounding patches served as driven
patches are introduced to broaden the AR bandwidth of the an-
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tenna and generate one CP mode. Additionally, addressing the
challenge of the 3 dB bandwidth limitation in circular polariza-
tion, the application of DGS has been explored as a means to in-
crease the bandwidth for microstrip patch antennas. As shown
in [9], this method not only augments the antenna’s bandwidth
but also keeps the antenna miniaturized.

Metasurfaces (MSs), the two-dimensional counterparts of
metamaterials, have revolutionized antenna design by enhanc-
ing performance characteristics such as gain, impedance band-
width, and polarization conversion from linear to circular po-
larization (LP to CP) [10]. As MS theory advances and its ap-
plication broadens, antennas integrated with MS have begun to
exhibit broadband capabilities even within low-profile designs,
marking a significant leap forward in antenna technology. As
shown in [11, 13, 14], by using MS, it is possible to improve the
performance of antennas in low profile configurations. In [10],
by truncating the unit cells of the MS, performance of the an-
tenna has been improved in terms of AR and impedance band-
width.

In this paper, a circularly polarized microstrip patch antenna
based on MS is proposed. The square loop feeding structure
and four driven patches are initially proposed to generate res-
onances and CP modes. Subsequently, with the application
of the MS, both the impedance and AR bandwidth of the an-
tenna are broadened. In addition, introducing DGS can further
broaden the impedance bandwidth by generating additional res-
onances. The proposed antenna has low profile and is easy to
integrate, with characteristics such as broadband and plat gain.
Especially, the antenna combines the features of low profile and
flat gain. It not only saves system space but also improves com-
munication quality. This antenna is particularly suitable for
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FIGURE 1. Geometry of the proposed antenna. (a) MS. (b) Top view of the radiation patches and ground plane. (c) Side view.

scenarios that require space savings without sacrificing com-
munication quality, such as public transportation systems and
commercial drones. This paper uses ANSYS High Frequency
Structure Simulator (HFSS) for simulation, and the measure-
ment results are generally consistent with the simulation ones.

2. ANTENNA DESIGN

2.1. Antenna Configuration

The proposed design for the broadband circularly polarized an-
tenna, as shown in Fig. 1, incorporates several critical compo-
nents for enhanced performance. The antenna’s structure con-
sists of a square loop feeding structure, four driven patches,
MS, a ground plane, an SMA connector, low-loss dielectric
foam, and is constructed using Rogers 5880 (g, = 2.2, tand =
0.0009) and Taconic FF-26D (g,, = 2.6, tané = 0.0011) sub-
strate. The square loop on the Rogers 5880 substrate serves as
a feeding network. To facilitate a compact design and ease of
integration, the construction eschews any air gap between the
boards across all levels. The MS, placed atop the uppermost
dielectric substrate, extends the antenna’s impedance and AR
bandwidth. The MS comprises 16 truncated square metal plates
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arranged in a 4 x 4 grid, with a consistent gap g, maintained be-
tween adjacent plates. The DGS used in this article consists of
six hexagons etched on the ground, rotating sequentially around
the center of the ground at an angle of 60°. The SMA connec-
tor’s external segment connects to the ground plane, while its
internal portion ascends through the Rogers 5880 substrate, di-

TABLE 1. Parameter of the antenna (unit: mm).

Parameter | Value | Parameter | Value
Uy 15.5 15 12.4
l3 34 N 1.8
ls 0.65 ls 13
lr 0.5 To 1.3
T 3 [ 1
73 3 wy 3.5
wy 1.6 w3 2.8
Wy 11.5 P 0.5
h1 0.1 ho 1.5
hs 1.524 L 50
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rectly linking to the square loop at its feed point. The design’s
dimensions and configurations, depicted in Figs. 1(a) to 1(c),
were refined using ANSYS HFSS 15.0, with specific parame-
ters detailed in Table 1.

2.2. Design Process

Firstly, before designing the radiation patch of the proposed an-
tenna, determine the use of the MS and DGS. Suitable MS and
defect ground structures have been determined through multi-
ple simulations. The MS comprises 16 truncated square metal
plates arranged in a 4 x 4 grid, with a consistent gap g, main-
tained between adjacent plates. The DGS is intricately de-
signed, featuring six hexagons etched into the ground plane.
These hexagons are strategically rotated around the center at
precise 60° intervals, enhancing the antenna’s performance by
influencing the distribution and flow of surface currents.

After determining the MS and DGS, we began to focus on the
design of radiation patches. The proposed antenna is centered at
a frequency of 6.0 GHz, utilizing a corner-truncated square loop
structure in the feeding network. This setup incorporates two
pairs of driven patches positioned externally to the square loop
feeder, each exhibiting sequential phase characteristics. Ini-
tially, a 90° phase difference is achieved through an arc-shaped
delay line within the square loop. To broaden the impedance
bandwidth, four driven patches are then arranged around this
loop. Enhancing the antenna’s performance further, six hexag-
onal slots are etched into the ground plane. The role of the MS,
explained in detail in [6] and [11], involves its placement at the
antenna’s top layer to augment both AR bandwidth and gain.
To compact the antenna’s size while preserving its impedance
and axial ratio bandwidth, no air gap is introduced between the
driven patches and the MS. Instead, a layer of low dielectric
loss foam is inserted between them. For a clearer understand-
ing of the design evolution, Fig. 2 presents three prototypes.
Prototype Ant.1 features a feeding loop printed on a Rogers
5880 substrate, with an arc-shaped strip in the loop creating a
90° phase difference. This setup divides the loop’s fundamen-
tal wavelength mode into two orthogonal, nearly degenerate
modes, achieving a CP mode. Building upon Ant.1, Ant.2 adds
two driven patches on opposite sides of the loop feeder. These
corner-truncated patches, equipped with slots, are closely cou-
pled to the loop feeder, introducing a new resonant mode. As
illustrated in Figs. 3(a) and (b), this addition not only improves
impedance matching over Ant.1 but also shifts resonance points
to a lower frequency band, with the minimum AR point moving
towards higher frequencies. For Ant.3, by integrating two addi-
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FIGURE 2. Design process of the proposed antenna.
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tional driven patches to the remaining sides of the loop feeder,
the design treats the loop’s four sides which serve as ports, each
coupling equal feed signals with phase shifts of 0°, 90°, 180°,
and 270° to the four driven patches, thereby generating multiple
AR minimum points across the frequency band.

2.3. Operation Mechanism

As shown in Fig. 1(a), the MS used in this article is composed
of 16 square metal plates arranged in a 4 x 4 grid and sepa-
rated by consistent gap P. To enhance the performance of the
antenna in generating circular polarization, the corner of each
square metal patch is truncated. The truncation of these square
plates not only widens the gap between adjacent and relative el-
ements, but also plays a crucial role in the overall performance
of the antenna by affecting two key parameters: the equivalent
capacitance and phase difference between elements. Firstly, by
truncating corners, the physical spacing between adjacent metal
plates can be increased, effectively reducing their equivalent
capacitance. The electric field interaction between capacitors
and adjacent plates is directly related. Therefore, increasing
the gap reduces the capacitance effect. This reduction in ca-
pacitance can affect the resonant frequency of the antenna, po-
tentially widening the bandwidth and allowing for more flexi-
ble adjustment of the antenna’s response to different frequen-
cies. In addition, truncating corner can also cause changes in
phase difference: the change in phase difference between metal
patches is a direct result of the electric field interaction that
changes due to the increase in gap. The phase of the electro-
magnetic waves reflected or transmitted by each unit can be
finely controlled by the geometric shape of the MS. By care-
fully designing these truncation angles, the phase difference on
the element surface can be manipulated to achieve the desired
circular polarization.

As shown in Fig. 1(b), six hexagon slots are etched on the
ground plane and are strategically rotated around the center at
precise 60° intervals. This rotation not only aids in managing
the antenna’s directivity and bandwidth but also contributes to
the suppression of unwanted frequencies, thereby refining the
overall efficiency and operational bandwidth of the antenna.
In order to demonstrate that incorporating a defective ground
structure can enhance the impedance characteristics of an an-
tenna, Fig. 4 presents a comparative graph of |.S};| before and
after loading of DGS. As illustrated in the figure, the addition
of DGS to the antenna results in an increase in effective reso-
nance points and a broadening of the bandwidth. This modi-
fication substantively improves the antenna’s performance by
optimizing its impedance properties.

To effectively showcase the capabilities and functioning of
the proposed circularly polarized patch antenna, Fig. 2 dis-
plays three progressively developed antenna prototypes (Ant.1-
Ant.3). Fig. 3 presents the impedance bandwidth, AR band-
width, and gain for each prototype. Ant.1 features a loop feed-
ing network that creates a circular polarization pattern, facili-
tated by an arc-shaped delay line within the square loop struc-
ture. This design choice is critical for achieving circular polar-
ization. The fundamental resonance mode (TM;; mode) of the
ring antenna is activated at the operating frequency, specifically
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FIGURE 4. Comparison of |S;| before and after loading of DGS.

when the average circumference of the ring antenna closely
matches the wavelength corresponding to the effective dielec-
tric constant of the feed. The resonance frequency of this funda-
mental mode (TM;; mode) is dictated by the average circumfer-
ence of the square ring and is a pivotal factor in the antenna’s de-
sign, ensuring optimized performance at the desired frequency,
which can be expressed as [15].
( ) 1/2

C

Fi = y 1+¢,
T + 1)

2e,

(M

58

ation pattern of the central frequency point of the AR bandwidth
of the antenna. Fig. 5(b) shows the AR pattern of the antenna
at the central frequency point. As shown in the figure, with
the 6 changing, the AR remains at a value of 1.94 dB. This bet-
ter demonstrates the circular polarization ability of the antenna.
As shown in Fig. 3(c), the peak gains of the antennas with and
without driven patches are 10.28 and 9.8 dBi.

Different frequencies tend to stimulate different circular po-
larization patterns. Therefore, in order to more accurately un-
derstand the generation mechanisms of the wideband circularly
polarized radiation, simulated surface current distributions of
the radiation patches at 6.0, 6.6 GHz (due to the gain approach-
ing zero at 6.8 GHz, the current distribution at this frequency
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FIGURE 5. (a) Radiation pattern at 6.29 GHz, (b) AR pattern at 6.29 GHz.
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FIGURE 6. Surface current distributions of the radiation patches at (a) 6.0 and (b) 6.6 GHz.

point is not analyzed) are depicted in Fig. 6. At 6.0 GHz, it is
shown that the directions of the square loop are the same at 0°
phase and 90° phase, while the currents on the two pairs driven
patches are orthogonal. For 0° phase, the sum of vector current
on the driven patches sequentially rotates through angles of 45°
relative to the +x axis. While at 90° phase, the sum of vector
current on the driven patches sequentially rotates through an-
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gles of —45° relative to the +z axis. Therefore, all the driven
patches are CP at 6.0 GHz. Fig. 6(a) indicates that the reso-
nance observed at 6.0 GHz is predominantly determined by the
characteristics of the four driven patches, suggesting that the
proposed antenna achieves circular polarization through driven
elements that are linearly polarized (LP). At 6.6 GHz, because
the driven patches are coupled by loop feeding network with
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FIGURE 7. Vector current distributions on the MS of the 4 x 4 cells configuration for different phase angles: (a) 6.0, (b) 6.6 GHz.

(b)

(©)

FIGURE 8. Photograph of the fabricated prototype. (a) Top view of the MS, (b) top view of the radiation patches, (c) ground plane, (d) side view of

the antenna.

the phase difference of 90°, two pairs driven patches are si-
multaneously excited. At 0° phase, similar to the 6.0 GHz, the
dominant current is 45° with respect to +x axis direction while
it rotates to —45° with respect to 4+« axis direction at the phase
of 90°. Therefore, the driven patch is CP at 6.6 GHz.

Next, analyzing the current distribution on MS is also cru-
cial. As shown in Fig. 7(a), when the frequency is 6.0 GHz, the
direction of the dominant current on the MS is +x at the phase
of 0° whereas the direction of the dominant current of the MS

60

is +y at the phase of 90°. When the frequency is 6.6 GHz, the
direction of the dominant current of the MS is —y at the phase
of 0°, whereas the direction of the dominant current of the MS
is +x at the phase of 90°. It is demonstrated that at each point
where the axial ratio (AR) reaches its minimum, two orthogo-
nal modes are excited with a 90° phase difference to produce
additional circularly polarized (CP) radiation.

Moreover, as shown in Figs. 7(a) and (b), at 6.6 GHz, the cur-
rents on the metal surface (MS) were more intense than those at
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TABLE 2. Comparison of the proposed antenna to previously reported antennas.
Ref. Size (\3) MS Number IBW AR Max. ' Ra‘diation Ty[.)e o.f
of layers (%) (%) Gain (dBi) efficiency (%) polarization
[5] 1.45 x 1.45 x 0.028 | No 1 15.9 11.8 12.5 N/A RHCP
[6] 1.02 x 1.02 x 0.028 | No 1 25.8 20.6 8 (dBic) N/A RHCP
[8] 0.92 x 0.92 x 0.028 | No 1 19.5 12.9 9.8 90 RHCP
[12] 1.5 x 1.5 x 0.6 No 1 20.8 17.6 11.5 N/A LHCP/RHCP
[13] 1.1 x 1.1 x 0.093 Yes 2 34.7 20.1 11 (dBic) N/A LHCP
[14] 1.16 x 1.16 x 0.067 | Yes 2 21 14.9 9.3 N/A RHCP
[16] 1x1x0.07 Yes 2 28.2 20.9 9.7 (dBic) 88 LHCP
[17] 1.14 x 1.14 x 0.05 | Yes 1 18.6 18.6 5 60 RHCP
[18] 1.44 x 0.9 x 0.35 Yes 2 48.45 19.67 8.75 (dBic) 80 LHCP/RHCP
[19] 0.47 x 0.47 x 0.09 | No 2 17.9 11 7.1 (dBic) N/A LHCP/RHCP
[20] 0.78 x 1.37 x 0.03 | No 1 334 19.3 6.6 88 LHCP
[21] 0.63 x 0.63 x 0.042 | No 3 8 5 6.19 N/A LHCP/RHCP
[22] 0.56 x 0.56 x 0.076 | Yes 2 21.52 12.78 13.4 (dBic) 93 CP
[23] 1 x 1 x0.052 Yes 1 20.18 16.21 10.43 (dBic) N/A RHCP
[24] 0.79 x 0.79 x 0.029 | No 2 N/A 12.5 9.4 (dBic) N/A RHCP
Proposed 1x1x0.062 Yes 2 37.5 20 10.28 90 RHCP
61 WWW.jpier.org
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FIGURE 10. Simulated and measured antenna radiation patterns. (a) 6.0 GHz, (b) 6.6 GHz.

6.0 GHz. Specifically, at 6.0 GHz, the strongest currents were
localized in the center of the MS, whereas at 6.6 GHz, the high-
est currents were distributed across all the metal plates. This
distribution indicates that the point of minimum AR at 6.6 GHz
is primarily influenced by the MS.

3. MEASUREMENT RESULTS

To validate the effectiveness of the proposed design, the an-
tenna was fabricated and subsequently tested. The complete
proposed antenna is depicted in Fig. 8. A vector network ana-
lyzer was utilized to evaluate the impedance bandwidth (|S;])
of the antenna. Fig. 9(a) presents a comparison between the
measured and simulated |S};| values. According to the data,
the measured impedance bandwidth, where |S;;| < —10dB,
spans from 4.9 GHz to 7.2 GHz, accounting for a 38% range.
Notably, the measured bandwidth is broader than that predicted
by simulations, likely due to variations introduced during the
manufacturing process.

Furthermore, the AR and gain of the antenna were also mea-
sured and simulated, with the results displayed in Figs. 9(b)
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and (c). These measurements were carried out in a microwave
anechoic chamber, ensuring accurate assessment of the an-
tenna’s performance characteristics under controlled condi-
tions. This comprehensive testing confirms the antenna’s per-
formance across its operational bandwidth.

As demonstrated in Fig. 9(b), the AR bandwidth of the
antenna is 17% within the frequency range of 5.75 GHz to
6.8 GHz. The minimum point of the AR aligns closely with the
simulated values, although the measured bandwidth is some-
what narrower than predicted. This discrepancy can be at-
tributed to a slight air gap that exists between the superstrate
and the radiating patch, despite the use of low loss dielectric
foam, which somewhat has impact on the test results. In ad-
dition, the simulation and measurement results of antenna gain
are shown in Fig. 9(c). From the figure, it can be seen that the
simulation results and actual measurement results are not com-
pletely consistent, which is due to the difficulty in reflecting the
error caused by the SMA joint on the antenna during the actual
measurement process in the antenna simulation. Moreover, as
shown in Fig. 9(c), the simulated radiation efficiency of the an-
tenna exceeds 90% within the operating frequency band.
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Figure 10 illustrates the antenna’s radiation pattern at fre-
quencies of 6.0 GHz and 6.6 GHz. As illustrated in the fig-
ure, the left hand circularly polarized (LHCP) and right hand
circularly polarized (RHCP) radiation patterns of the antenna
are not entirely symmetrical. Based on the current distribution
diagrams as mentioned earlier, the imbalance in current distri-
bution on the driven patches and the MS results in incomplete
symmetry of the LHCP and RHCP radiation patterns. The test-
ing outcomes closely resemble the simulation data, confirming
the antenna’s effective performance. However, as highlighted
in Fig. 11, due to limitations in the microwave anechoic cham-
ber setup, the radiation pattern of the antenna could only be
measured within a phase range of —90° to 90°. Despite these
constraints, both the measurement and simulation results col-
lectively validate the design’s soundness and effectiveness.

FIGURE 11. Antenna measurement scene.

Finally, the comparison of the key results between the pro-
posed antenna and the previously reported CP antennas is
shown in Table 2. From Table 2, it can be seen that the pro-
posed antenna performs well in terms of gain, radiation effi-
ciency, impedance, and AR bandwidth.

4. CONCLUSION

A wideband CP patch antenna has been proposed in this pa-
per. The antenna consists of a CP square-loop with sequential
phase (SP) characteristics alongside four driven patches. This
combination effectively excites multiple CP modes, merging
them to achieve wide CP operational bandwidth. The proposed
antenna has not only a wide 3dB ARBW of 20% (6.29 GHz,
5.66-6.92 GHz), but also a wide IBW of 37.5% (5.97 GHz,
4.85-7.09 GHz). Additionally, the antenna maintains a consis-
tent gain of 4.5-6.75 GHz within the CP operational bandwidth
and is characterized by its low-profile design. The proposed an-
tenna, given its features, is suitable for deployment in wideband
wireless communication systems.
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