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Abstract — This paper presents a novel design of a cir-
cularly polarized antenna based on a nonuniform meta-
surface (NMS). The original antenna comprises a uni-
form metasurface (UMS) layer and a slot antenna below.
In order to achieve circularly polarized (CP) radiation,
an oblique slot is etched on the center patch, and the
size ratio between the center patch and the surround-
ing patches is adjusted to create the NMS. To further
enhance the CP properties, an improved NMS (INMS) is
proposed, consisting of four units with corners removed,
building upon the original NMS design. Simulation
results demonstrate that the proposed antenna design
offers an S11 bandwidth ranging from 4.39 to 7.21 GHz,
with a 3 dB axial ratio (AR) bandwidth spanning from
5.43 GHz to 6.76 GHz. Compared to the original UMS-
based antenna, the INMS design shows an average gain
increase of 1.21 dB, with a peak gain of 9.49 dBic. Fur-
thermore, utilizing characteristic mode analysis (CMA),
this paper explores the modal behaviors when applying
the NMS to the antenna. The results indicate that this
configuration excites two orthogonal modes, leading to
CP radiation and the emergence of an additional AR
minimum point. These factors contribute to the broader
bandwidth observed in the proposed antenna design.
The outstanding radiation performance of the proposed
antenna design makes it suitable for various applications,
including military and civilian communication, as well
as point-to-point links.

Index Terms — Characteristic mode analysis, circularly
polarized, low profile, nonuniform metasurface.

L. INTRODUCTION
Circularly polarized (CP) antennas are essential
for wireless communication systems and point-to-point
links due to their ability to mitigate multi-path effects
and polarization mismatch. The growing demand for CP
antennas that offer high gain, wideband coverage, and a
wide 3 dB axial ratio (AR) angle has prompted the explo-
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ration of different design techniques. One such tech-
nique is the use of metasurface, which have proven to
be highly effective in generating and enhancing CP radi-
ation. Consequently, a significant number of antennas
based on metasurface have been developed and wide-
band CP properties successfully demonstrated [1-8].

A nonuniform metasurface (NMS) was employed in
a 2x2 CP antenna array arrangement, as explored in a
separate study [9]. The design incorporated a Wilkin-
son power divider feed network, showcasing remark-
able bandwidth capabilities. Specifically, it achieved
an impressive 3 dB axial ratio bandwidth (ARBW) of
33.13% (7-9.78 GHz) and a wide instantaneous band-
width (IBW) of 49.6% (6.05-10.04 GHz). This investi-
gation effectively highlighted the potential of utilizing
NMS configurations to enhance the radiation properties
of CP antennas.

In a separate investigation [9], researchers explored
the use of an NMS in a 2x2 CP antenna array. The design
incorporated a Wilkinson power divider feed network
and demonstrated impressive bandwidth capabilities. It
achieved an instantaneous bandwidth (IBW) of 49.6%
(6.05-10.04 GHz) and a 3 dB ARBW of 33.13% (7-9.78
GHz). These results effectively showcased the potential
of NMS arrangements in enhancing the radiation prop-
erties of CP antennas. This study’s findings have signifi-
cant implications for advancing the development of high-
performance antennas in wireless communication appli-
cations. By utilizing NMS, antenna designs can sup-
port wider frequency ranges and improved polarization
properties, leading to enhanced performance in wireless
communication systems. This research contributes to the
exploration of innovative approaches to optimize antenna
performance and increase the efficiency of wireless com-
munication systems.

It should be noted that previous works [4-9] did
not take into account the gain and 3 dB AR beamwidth.
Moreover, the bandwidths of metasurface-based anten-
nas were found to be limited. To address these
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limitations, an NMS design can be utilized to precisely
control the distribution of the electromagnetic field. This
approach enables the antenna to enhance its radiation
properties, achieving high gain and wide bandwidth. By
ensuring the antenna radiates with the desired polariza-
tion, remarkable radiation properties can be achieved.
This research contributes to the exploration of innova-
tive approaches to optimize antenna performance and
increase the efficiency of wireless communication sys-
tems.

This paper presents an innovative NMS design that
combines the central patches of 2x2 corner-cut slotted
patches with the surrounding corner-cut patches. Exten-
sive simulations and precise measurements are con-
ducted to validate the effectiveness of this design, show-
ing remarkable agreement. Moreover, the paper utilized
characteristic mode analysis (CMA) to analyze the radi-
ated performance, which is in accordance with the simu-
lated and measured results.

II. EVOLUTION DESIGN OF THE

NONUNIFORM METASURFACE ELEMENT

In the design process, the antenna with UMS is pro-
posed. The UMS-based antenna’s geometric dimensions
are shown in Fig. 1, consisting of two layers of dielec-
tric substrates, two layers of metal coatings and a feeding
line. The layers in order from top to bottom are the UMS
layer, dielectric substrate #1, ground plane with slot,
dielectric substrate #2 and feeding line. Dielectric sub-
strates #1 and #2 are made of the same material (Duroid)
and sized 55x55 mm, with electromagnetic parameters
& = 2.2 and tand = 0.0009. The heights of substrates
#1 and #2 are denoted as h, and h;, respectively. The
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Fig. 1. Antenna configuration: Perspective view in 3D,
UMS, feeding line and ground plane with slot.
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UMS layer consists of a 4x4 array of corner-cut square
patch, with asymmetric structure for circular polarization
radiation. The metal ground of dielectric substrate #2 is
etched with a regular rectangular notched slot, and the
specific dimensional parameters are shown in Table 1.
Both layers of dielectric substrates are of the same size.
The feeding line is positioned on each side of the slot in
the dielectric substrate. During the radiation process of
the antenna, microwave energy is initially transferred to
the UMS layer through the regular rectangular slot, and
the UMS is then utilized for amplitude and phase modu-
lation of electromagnetic waves, resulting in the conver-
sion from linear polarization to circular polarization.

Table 1: Optimal variable of proposed INMS-based
antenna

Dimension | Size (mm) | Dimension | Size (mm)
L, 55 W, 12.5
T 2 C 6
T, 9 Cy 5
Wy 10 W, 2
L, 2 L 18
L, 4 Ry 3
Ly 28 F, 0.5
Cu 6 hy 3.5
hy 1.5

As demonstrated by the simulated results depicted in
Fig. 2 by Ansys HFSS, the S11 less than -10 dB ranges
from 4.77 GHz to 6.43 GHz, 6.75 GHz to 8.45 GHz and
9.08 GHz to 9.59 GHz, which meets the requirements
for the antenna’s external radiation. At 6.12 GHz, the
antenna achieves a peak gain of 8.99 dB. Within the fre-
quency range of 5.95-6.25 GHz, AR falls below the 3
dB line, enabling CP radiation. However, due to the lim-
itations of the UMS structure in controlling electromag-
netic wavefronts, the UMS-based antenna’s performance
is relatively poor. The reflection coefficient bandwidth
is discontinuous, the AR bandwidth is narrow and the
circular polarization effect is not satisfactory, making it
difficult to meet the requirements of broadband design.

Hence, to further improve the antenna’s circular
polarization radiation performance, NMS should be
employed. As Fig. 3 depicts, the next step involves etch-
ing 45° angled rectangular slots on the central 2x2
corner-cut square patches, which aims to increase the
capability for linear-to-circular polarization conversion.
With the right-angled slot tilted at 45° on the upper right
side, the antenna’s CP radiation was facilitated. Through
simulation analysis with Ansys HFSS, it was found that
when the length of the angled slot is 9 mm and the width
is 2 mm, the antenna exhibits improved AR bandwidth
and S11 bandwidth.
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Fig. 2. Simulations of the UMS-based antenna: (a) S11,
(b) Axial Ratio, and (¢) Gain Total.

Fig. 3. Configuration of the NMS.

The NMS-based antenna was simulated in HFSS,
and the results are plotted in Fig. 4. The results show that
the proposed design achieves a S11 bandwidth of 2.72
GHz, which ranges from 4.39 GHz to 7.11 GHz and a 3
dB AR bandwidth of 0.97 GHz, which ranges from 5.47
GHz to 6.44 GHz, with the minimum value below 1 dB.
The simulated results have successfully proven NMS’s
capability of improving the radiation performance of the
antenna. Compared to the UMS-based design, the radia-
tion performance and circular polarization properties of
the antenna were greatly enhanced.

It can be observed that the S11 bandwidth is 2.76
GHz, ranging from 4.39 GHz to 7.15 GHz, which has
been broadened as a result of the corner cut on the NMS.
This design modification effectively enhances the mate-

CHEN, YANG, HE, HONG, YAN, YU, ZHANG, HUANG: BANDWIDTH AND GAIN IMPROVEMENT OF A CP SLOT ANTENNA

3dB line
[ w— UMS

| w— NMS

Axial Ratio ( dB)
S =N Wk A0

4 5 6 7 8
Frequency( GHz)

EN

5 6 7 8
Frequency ( GHz)

() (b)

=
=l

Gain Total( dBic)
N W R A ®Y

4 5 6 7 8
Frequency ( GHz)

©

Fig. 4. Simulation of NMS-based antenna: (a) S11, (b)
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Fig. 5. Configuration of the improved NMS.

rial’s performance by reducing reflections and improving
impedance matching, leading to more efficient energy
transmission. Additionally, the AR bandwidth has sig-
nificantly improved, totaling 1.33 GHz and ranging from
5.43 to 6.76 GHz. This enhancement is crucial for appli-
cations that require circular polarization, as a lower AR
signifies better polarization retention. Together, these
improvements indicate that the modified NMS design
is well-suited for advanced communication systems and
radar applications, where signal integrity across a wide
frequency range is essential.

In addition, the normalized radiation patterns in the
far-field at 4.7 GHz display remarkably minimal cross-
polarizations and a negligible back lobe in both the xoz
and yoz planes, as depicted in Fig. 7. The radiation
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Fig. 6. Simulation of the INMS-based antenna: (a) S11,
(b) Axial Ratio, and (c) Gain Total.

pattern of the improved NMS (INMS)-based antenna
is stable and essentially symmetric, with a much lower
level of cross-polarization than co-polarization. Within
the CP operating bandwidth in two orthogonal planes,
the designed antenna demonstrates excellent wideband
LHCP radiation properties, with cross-polarization levels
below -30 dB and back lobe level below -10 dB, result-
ing in effective forward radiation and enhanced directiv-
ity. Thus, the INMS-based antenna demonstrates fair CP
radiation properties.
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Fig. 7. Simulated radiation pattern in the (a) xoz plane
and (b) yoz plane at 5.7 GHz.

III. ANALYSIS OF MODE BEHAVIORS OF
THE NONUNIFORM METASURFACE
ELEMENT USING CMA

The NMS design’s radiation performance was fur-
ther elucidated by employing CMA to enhance the
antenna’s properties. This was achieved by calculating
the inherent properties of the conductor structure without
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the addition of excitation. Of particular note is that vari-
ous parameters derived through CMA can be used to ana-
lyze whether an antenna can generate CP radiation. To
generate the corresponding CP radiation, it is necessary
to excite two orthogonal modes simultaneously during
CMA and satisfy the following five prerequisites: (1) MS
values of the two modes should be relatively large and
both greater than 0.707; (2) MS values of the two modes
should be close; (3) phases of the two modes should
have an approximate phase difference of 90 degrees; (4)
current surface performed by the two modes should be
directed orthogonally; and (5) maximum radiation direc-
tions of the two modes should be aligned. MS values,
CA, surface currents and radiation patterns were further
examined utilizing the multilayer solver in CST2022.
For NMS, the MS values and the CAs of mode 1 and
mode 2 were calculated as illustrated in Fig. 8. Mode
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Fig. 8. Mode behaviors of NMS-based antenna: (a) MS
values, (b) CAs, (c) radiation pattern at 6 GHz of mode
1 and mode 2, and (d) surface currents.



1 and mode 2 are resonant at 5.61 GHz and 6.66 GHz,
respectively, and the phase difference of the two modes
CAs are about 90 degrees, with their corresponding fre-
quency points falling within the covered resonance band,
which indicates that the two modes can be seen as a
pair of potentially orthogonal modes. To further explore
whether it can achieve circular polarization or not, the
surface currents and the broadside radiation pattern of
modes 1 and 2 are depicted in Fig. 8. The surface current
of mode 1 distributes mainly along the diagonal direc-
tion from up right to down left, while mode 2 distributes
in a perpendicular direction. In the meantime, the far-
field radiation patterns of mode 1 and mode 2 had a sim-
ilar broadside orientation, aligned with the z-axis, which
means that the NMS-based antenna can realize wideband
CP radiation.

In addition, the modal behaviors of INMS were
also investigated in the design process in order to attain
enhanced properties. As the results showed in Fig. 9,
the first five modal behaviors of INMS were simulated,
which indicates that the INMS resonates at 5.61, 6.35,
6.25, 6.65 and 7.13 GHz, corresponding to the MS val-
ues that reach to 1. It is obvious that mode 1 and mode
4 should be chosen as the operation modes because their
bandwidth, which is greater than 0.707, falls within the
operating band. By analyzing the simulated results, it
is further found that the CAs of the mode 1 and mode
4 maintain a 90 degrees phase difference, which indi-
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Fig. 9. Modal behaviors of proposed INMS: (a) MS val-
ues, (b) CAs, (c) surface currents, and (d) radiation pat-
tern at 6 GHz for the first five modes.
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cates the potential to achieve CP properties. The sur-
face current and radiation pattern are also investigated,
as depicted in Fig. 9. Obviously, for mode 1, the maxi-
mum current directs from down left to up right, while the
surface current of mode 4 is along the diagonal direction,
while other modes were found to have an anomalous cur-
rent. It can be also observed that mode 1 and mode 4
share a similar radiation pattern along the z-axis. There-
fore, we can deduce that mode 1 and mode 4 are a set of
orthogonal modes capable of achieving CP properties.

IV. RESULTS OF SIMULATED AND
MEASURED

To assess the performance of the proposed INMS-
based antenna, simulations were conducted in HFSS.
Additionally, measurements were carried out in an ane-
choic chamber using a vector network analyzer to vali-
date the accuracy of the design.

The results, depicted in Fig. 10 (a), showcased the
S11 bandwidth below -10 dB of 2.76 GHz, ranging from
4.39 GHz to 7.15 GHz. Although there were slight dis-
parities between the simulated and measured frequen-
cies, they fell within an acceptable range. The designed
antenna exhibited a measured AR bandwidth of 1.33
GHz, ranging from 5.43 GHz to 6.76 GHz, closely align-
ing with the simulation results, shown an Fig. 10 (b).
Remarkably, all frequencies remained within the oper-
ating band, demonstrating exceptional radiation perfor-
mance across a wide frequency range. Figure 10 (b)
provides further evidence of the design’s effectiveness,
as the AR values remained consistently flat at a low level
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Table 2: Performance comparison of the recently reported CP antennas

Ref. Size (A¢°) 3dB ARBW Peak Gain 3dB AR Angle Operating
(GHz) (dBic) Range Bandwidth (GHz)
Proposed 1 x1x0.1 5.43-6.76 9.35 -52° to 42° 4.39-7.15
[9] 2%2x0.08 7-9.78 13.17 null 6.05-10.04
[10] 0.67x0.67x0.06 1.3-2.1 8.7 null 1.4-2.1
[11] 2.6%2.63x0.36 9.8-10.2 13.4 -10° to 10° 9.86-10.14
[12] 2.0%x2.0x0.6 7.3-7.6 15.1 null 7.3-7.6
[13] 2.0%x2.0x0.88 4.12-6.39 14.5 3.82-6.01
[14] 3%x3x0.19 9.7-10.3 17.8 -15°to 15° 9.8-10.2

of averagely 1.89 dB throughout the operating band. Fur-
thermore, as depicted in Fig. 10 (c), the maximum gain
measured in the main lobe reached 9.35 dB at 6.72 GHz,
falling within the operating band covered by the 3 dB
AR bands. This outstanding performance signifies the
antenna’s capability in terms of CP radiation. Addition-
ally, the gain values exhibited stability and consistency
across the operated bands, resulting in a flat response.

In Fig. 11, the radiation pattern at 5.7 GHz was ana-
lyzed. It was found that the antenna demonstrated a low
cross-polarization level of less than -30 dB in both the
xoz and yoz planes, indicating successful CP radiation.
Furthermore, the side lobe values were at least 10 dB
lower than those of the main lobe, suggesting an excel-
lent radiation performance.
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Fig. 11. Simulated and measured radiation patterns at 5.7
GHz in the (a) xoz plane and (b) yoz plane.

Figure 12 presents AR versus angle at 5.7 GHz.
The yoz plane exhibited a wide-angle range of CP prop-
erty, with ARs that were lower than 3 dB exhibit-
ing a beamwidth of 94°, ranging from —52° to +42°,
while performance in the xoz plane was 71°, ranging
from —32° to 4-39°, achieving a satisfactory CP prop-
erty. To further validate the effectiveness of the pro-
posed design, a comprehensive comparison was made
with other recently proposed metasurface-based anten-
nas, as listed in Table 2. The results clearly demonstrate
that the proposed antenna outperforms its counterparts
in terms of radiation properties. Remarkably, this supe-
rior performance is achieved within a compact size of
1A0x1A0x0.1A0, making it highly desirable for vari-

= %0z plane

= yoz plane

Axial Ratio(dB)

~180 *1‘20 *(IBO 0 Gb léO 180
Angle(deg)

Fig. 12. Simulated Axial Ratio values versus angle in the
xoz and yoz planes at 5.7 GHz.

ous applications. In conclusion, the analysis of the radi-
ation pattern and AR, along with the comparison with
other antennas, highlight the exceptional radiation char-
acteristics and compact size of the proposed antenna
design. These findings further validate its effectiveness
and underscore its potential for a wide range of applica-
tions.

V. CONCLUSION

Proposed in this research paper is a novel circularly
polarized antenna design that incorporates a nonuniform
metasurface. The principal element of this antenna is
a UMS layer, which is composed of an arrangement
of 4x4 corner-cut patches and a slot antenna located
below. To bolster CP radiation, the NMS was introduced
into the design of the antenna, which consists of a 2x2
arrangement of central corner-cut slotted patches and
the surrounding corner-cut patches. Through extensive
simulations, the proposed antenna’s remarkable radia-
tion properties are confirmed. By utilizing CMA, the
radiation performance of INMS is further analyzed.
Based on the CMA results, the INMS exhibits a broader
CP band than the UMS due to its ability to satisfy a
broader frequency range of MS and CA. Beyond its
exceptional radiation properties, the proposed antenna
exhibits potential for employment in communication and



point-to-point links systems. This research contributes
significantly to the progression and refinement of CP
antenna design.
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