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Abstract — In this paper, a low-profile broadband and
high-gain circularly polarized (CP) metasurface antenna
(MSA) is proposed. The characteristic mode analysis
is employed to select the valuable modes for the 4 x
4 square metasurface elements printed on the top of
the single-layer dielectric slab. The coplanar waveguide
feeding structure combines a horizontal aperture and two
slots rotated in a counter-clockwise direction is utilized
to excite the CP radiation of the MSA. The proposed
CP MSA is fabricated and measured, which achieves a
-10 dB impedance bandwidth ranging from 4.83 GHz
to 6.35 GHz, with a fractional bandwidth of 27.2%, the
overlapped 3 dB axial ratio (AR) bandwidth is 20.1%
(covers from 4.83 GHz to 5.91 GHz). Furthermore, the
peak boresight gain measured at 5.2 GHz reaches 9.88
dBic. The average gain consistently maintains 8.94 dBic
throughout the overlapped AR bandwidth, while the 3
dB gain bandwidth fully encompasses the entirety of the
3 dB overlapped AR bandwidth showing good perfor-
mance for 5G Wi-Fi band utilization.

Index Terms — Broadband, characteristic mode analysis,
circular polarization (CP), high-gain, low-profile, meta-
surface antenna (MSA).

L. INTRODUCTION

Circularly polarized (CP) antennas possess bril-
liant characteristics with immunity to polarization mis-
match and multi-path effects, which have been popularly
applied to wireless communication, radar, and remote
sensing areas. The most traditional method to realize
CP radiation for the patch antenna is to use a probe
and single-feeding the patch at the diagonal position
[1, 2]. However, this way is often accompanied by a nar-
row impedance bandwidth (IBW) and axial ratio (AR)
bandwidth. To broaden the IBW and AR bandwidth, the
thick substrate for the CP patch antenna is employed
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[1]. Though the AR bandwidth is improved from 2%
to 8%, the over-thick substrate could excite the unex-
pected higher-mode, which will decrease the radiation
efficiency of the CP antenna. Elsewhere, the multi-layer
stacked CP antenna is proposed [2—4], and the AR band-
width is further improved from 8% to 15%. However, the
aforementioned thick substrates or multi-layer stacked
CP antennas are inevitably high-profile and costly to
manufacture.

A multi-fed [5-7] or multi-mode resonance [8, 9]
scheme is a common approach for broadband CP antenna
design. The sequentially rotated array antenna in [6]
achieves 3 dB AR bandwidth from 5.15 to 7.9 GHz with
a peak realized gain of 11.3 dBic for the multi-fed CP
antenna. In addition, the proposed three modes resonance
CP proposal actualized by U-slot in [9] obtains 3 dB AR
bandwidth of 21.1% and boresight peak gain of 7.4 dBic.
Despite this, the multi-fed scheme ordinarily needs an
extra feeding network to excite the CP antenna, and the
height of the multi-mode design is inevitably larger than
a fraction of one free-space wavelength at the center of
the working frequency.

To achieve a wide AR bandwidth but with a low pro-
file for a CP antenna, parasitic elements are proposed
and placed around the main radiator for CP radiation
in [10, 11]. However, the peak realized gain of the CP
antenna at the boresight direction is not very high (the
usual value is in the vicinity of 6~8 dBic).

In recent years, metamaterial (MTM) or metasurface
(MTS) based antennas have been widely researched on
broadening the IBW and decreasing the radiation aper-
ture for linearly polarized metasurface antenna (MSA)
[12, 13] and CP MSA [14, 16] utilization. Characteris-
tic mode analysis (CMA) can bring a physical insight
view to the antenna designer [12, 15, 16] and, with the
guidance of CMA, the wanted CP radiation modes of the
MSA can be selected at the interested frequency band.
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Although the IBW can be enhanced, these CP MSAs
still suffer from some constraints, such as the existence
of the multi-layer stacked circuit structure[17-21], the
overlapped bandwidth of AR and IBW, and the boresight
gain is not satisfactory to some degree[22-25]. Hence,
how to realize a low-profile, broadband, and high-gain
CP antenna is still a challenge.

In this paper, a low-profile broadband high-gain
single-layer CP MSA with 4 x 4 square MTS elements is
proposed. With the assistance of CMA, the useful modes
of the MSA are chosen for 5G Wi-Fi band utilization,
the coplanar waveguide (CPW) combines a horizontal
aperture, and two counter-clockwise rotated slot struc-
tures are employed to excite the MSA and achieve CP
radiation. The proposed CP MSA obtains -10 dB IBW
from 4.83 GHz to 6.35 GHz, and the 3 dB overlapped AR
bandwidth is 20.1% (from 4.83 GHz to 5.91 GHz). The
measured peak boresight gain of this CP MSA achieves
9.88 dBic and the 3 dB gain bandwidth covers its whole
AR bandwidth, in addition, the profile height is only 0.07
Ao. As verification, a prototype of the proposed CP MSA
is manufactured and tested, and the tested results agree
well with the simulated ones.

II. PROPOSED CP MSA AND CMA
ANALYSIS

A. Geometry of the CP MSA

As depicted in Fig. 1 (a), the configuration of the
proposed CP MSA is printed on the top surface of the
square substrate (F4ABM300) with a relative dielectric
constant of 3.0 and a loss tangent of 0.002. The CPW
feeding structure combines a horizontal aperture and two
counter-clockwise rotated slots, which are coated on the
bottom of the slab with a profile height 4. MTS is com-
prised of a 4 x4 uniformly spaced square MTS elements
array and located on the top side of the substrate as
depicted in Fig. 1 (b). All the square MTS elements are
kept with the same side length wg and the spacing of the
MTS elements in both x- and y-axis directions is gg. It
can be seen from Fig. 1 (c), the horizontal aperture with
a length of Ig; and a width of wg;, which will combine

~__ Radiation MTS
~ Elements

CPW Feeding\::
Structure ~

Fig. 1. Continued.
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Fig. 1. Configurations of the proposed CP MSA. (a) 3D
view of the CP MSA. (b) Top view of the radiation MTS
elements. (c) Bottom view of the CPW feeding structure.
(unit: mm) h = 4.0, Ir = 46.0, wg = 46.0, wg = 10.0,
8E = 2.0, wg = 70.0, l(‘, = 70.0, WE = 2.5, WES — 4.0,
151 = 28.7, ws1 = 3.6, lsz = 16.0, Wso = 2.0, lSt = 8.0,
wst = 3.5, 6sp = 26.0°.

two counter-clockwise rotated slots with a length of g
and a width of wg, as the CP radiation source for the
proposed 4 x 4 MTS elements.

B. Design process of the CP MSA

In the domain of CP radiation antenna design, the
focal point resides in crafting an electric field or mag-
netic field with the same amplitude but a phase differ-
ence of 90° within the interested frequency band. Herein,
the CMA is employed to select the wanted modes of the
MSA for 5G Wi-Fi band utilization in this paper. It’s
worth mentioning that the CPW feeding structure and the
coupling slots are removed from the ground plane of the
4 x4 MTS elements during the process of CMA. Further-
more, the size of the ground plane is set to infinity and
the PEC boundary conditions are imposed on the MTS
elements and ground plane respectively.

The characteristic modes of the proposed MSA are
analyzed by CST microwave studio ranging from 4 GHz
to 7 GHz. The first five modes and their related modal
significance (MS), modal surface current distributions,
and the 3D radiation patterns are presented in Fig. 2.
Regarding the MS, a value of 1 indicates an effective
resonance, while a value of 0 signifies the absence of
resonance excitation. It can be observed from the MS for
Mode 1 and Mode 2 in Fig. 2, that a complete coinci-
dence occurs in the whole frequency band. Meanwhile,
the modal currents of Jy; for Mode 1 are orthogonal to
Joo for Mode 2, which are consistent with our common
sense due to the excellent symmetry on physical scale of
the proposed MTS elements. The even current distribu-
tion in the diagonal direction on each MTS surface for
Jo1 and Jyp will cause a high directivity with 11.6 dBi at
6 GHz.
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Fig. 2. Modal significance, modal current, and radiation
patterns of the first five modes for the 4 x 4 square MTS
antennas.

With respect to the last three modal currents Jos,
Jos, and Jos, the currents on their corresponding MTS
elements are presented as the centrally symmetric but
out-of-phase distribution. As a consequence, the radia-
tion nulls will be found in the boresight direction for the
associated modal currents Jy3, Jos, and Jys. For this rea-
son, modal currents Jo; and Jp, are the targeted modes
for boresight radiation in the frequency band of 5G Wi-
Fi. Figure 2 also illustrates the changing tendency of MS
for the first two modes (modes 1 and 2) from 4.0 GHz to
7.0 GHz. It’s found that the resonance frequency of the
MSA, when MS1 and MS?2 are both equal to 1, decreases
with the increase in the size of the MTS elements. When
wg equals to 10.0 mm, the MS1 and MS2 are both larger
than 0.707, ranging from 5 GHz to 6.6 GHz, therefore
an optimal -10 dB IBW of the MSA for 5G Wi-Fi can
be obtained [12, 15]. Although these two modes can
be excited simultaneously at +45° and —45° , respec-
tively, the resulting radiation pattern remains linearly
polarized due to the lack of a phase difference between
the modes.

To achieve a broadband CP radiation antenna dur-
ing the interested frequency band, the CP radiation feed
structure with a phase difference can be adopted to excite
the two mutually orthogonal modes (Mode 1 and Mode
2). As shown in Fig. 1 (c), the horizontal aperture com-
bines two counter-clockwise rotated slots and is consid-
ered as a CP radiation source for the proposed MTS ele-
ments. For the aims of further reducing the profile height
and the number of dielectric layers of the MSA, the CPW
feeding structure is employed to excite the CP radiation
slots for the proposed 4 x 4 square MTS elements.

As shown in Fig. 3, the folded dipole antenna is
used to explain the generating mechanism of phase dif-
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Fig. 3. Simulated reflection coefficient S;; and AR for
the folded dipole antenna.

ference of the CP radiation source. The simulated reflec-
tion coefficient S1; of it has two resonance modes. The
surface current of Mode 1 of Jy; at 2.7 GHz character-
izes the traditional dipole antenna and propagates along
with the dipole antenna from one end to another, there-
fore a linear polarization wave with a high AR value of
39 occurs at 2.7 GHz. However, when the antenna works
at Mode 2 of Jyp (higher-order mode) at 6.5 GHz, the
direction of the current distribution of two rotated arms
is opposite to the direction of Mode 1 of Jy;. Due to
this, the phase difference can be obtained, therefore the
corresponding AR value at 6.5 GHz declines obviously
to 10 dB.

According to the mirror equivalent principle in the
electromagnetic field, a coupling slot antenna with a
phase difference can be simultaneously obtained from
the folded dipole antenna as given in Fig. 4 (a) of the cou-
pling slot antenna. Instead of an ideal lumped port for the
slot antenna, the CPW transmission line with a matching
stub is employed to excite the slot. So the electromag-
netic waves from the feeding port will propagate along
with the 50-ohm feeding line and then reach the proposed
CP radiation slots with a phase difference to simultane-
ously excite the selected 4 x 4 square MTS elements. As
shown in Fig. 4 (b), the simulated CP radiation slot with
a -6 dB IBW covers from 5.0 GHz to 5.8 GHz. Further-
more, the radiation pattern for the CP source is radia-
tion towards +z direction and the AR declines simulta-
neously, which means this CP radiation slot could be uti-
lized to excite the proposed 4 x 4 square MTS elements
in the Wi-Fi band.

To further validate it, Fig. 5 also illustrates the phase

difference between the E, and E, in the boresight direc-
tion and ratio of ‘Ex / ‘E)‘ of the CP radiation source

and CP MSA. Obviously, the phase difference of the CP
radiation slot is located around from 26° to 43°, which
further verifies that a phase difference can be obtained
by the proposed CP radiation slot. In addition, when the
selected 4 x 4 square MTS elements are loaded upon the
radiation slot, the phase difference of the CP MSA is
located around from 78° to 93°. Moreover, the ratio of
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Fig. 4. (a) The equivalent slot of the folded dipole
antenna and the proposed CP radiation source and (b)
Simulated reflection coefficient S;; and AR of them-
selves.
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=1 = .
Ey|/ ‘Ey‘ also nears 1 ranging from 4.8 GHz to 5.8 GHz,
which means a wideband CP antenna is obtained.

C. Parameters analysis

The coupling radiation slots of the proposed CP
MSA serve as a crucial structure for achieving CP radi-
ation. Hence, analyzing its dimensions is essential for
determining both the reflection coefficient S;; and AR.
Figure 6 (a) presents the effects of the counter-clockwise
rotated slot length /g, on antenna performance. To better
analyze the impacts of the key parameters on the perfor-
mance of the proposed CP MSA, the single factor vari-
able method is adopted. It can be observed that the -10
dB IBW of the CP MSA increases synchronously with
the increase of [gy ranging from 14 mm to 18 mm. How-
ever, the 3 dB AR bandwidth exhibits a trend of initially
increasing and then decreasing, with the optimal 3 dB
AR bandwidth achieved at a value of 16 mm for Is,.

After that, the rotated angle 6s, between the
counter-clockwise rotated slot and x-axis is studied in
Fig. 6 (b). It is found that the influence of rotation angle
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Fig. 6. The effects of the CP radiation structure parame-
ters (a) lsp, (b) Oy, and (¢) Is; on the reflection coefficient
S11 and AR of the CP MSA.

on the IBW is relatively minor compared to its depth,
with the value of Os; increasing the AR bandwidth also
increases and tends to be stable from 16° to 26°. Consid-
ering the depth of -10 dB IBW, the desired rotated angle
with a value of 26° for Os; is selected in this CP MSA.

The impacts of the open matching stub length Ig;
of the 50-ohm CPW feeding line are also analyzed in
Fig. 6 (c). The length of [s; significantly affects the
reflection coefficient and AR. The tendency for 3 dB
AR bandwidth of the CP MSA shows decreases with
the increase of [s¢. Considering the IBW will mismatch
when [g; equals 6 mm and 10 mm, respectively. The
selected value for Is; is 8 mm. The dimension parame-
ters for the CP radiation slots are given in the caption of
Fig. 1.

III. EXPERIMENTAL VERIFICATION

In order to validate the proposed CP MSA, a proto-
type of it is fabricated and tested. As shown in Fig. 7 (a)
the Rohde & Schwarz ZND vector network analyzer
is employed to test the reflection coefficient Sjj. As
depicted in Fig. 8, the measured -10 dB IBW spans
from 4.83 GHz to 6.35 GHz, with a fractional band-
width of 27.2%, demonstrating excellent agreement with
the simulated results. The far-field radiation performance
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Fig. 7. Photographs of the proposed CP MSA under test-
ing: (a) reflection coefficient S;; and (b) far-field radia-
tion performance.
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Fig. 8. The simulated and measured reflection coefficient
S11 of the proposed CP MSA.

including the radiation pattern, AR bandwidth, and the
boresight gain of the proposed CP MSA is tested in the
microwave anechoic chamber as presented in Fig. 7 (b).
It can be observed from Fig. 9, that the measured 3
dB AR bandwidth ranges from 4.53 GHz to 5.91 GHz,
and the overlapped fractional bandwidth achieves 20.6%
(from 4.83 GHz to 5.91 GHz) which is better than the
simulated one. Furthermore, the measured peak bore-
sight gain at 5.2 GHz is 9.88 dBic, and the average
boresight gain during the whole overlapped bandwidth
obtains 8.94 dBic which shows excellent far-field radia-
tion performance.

With respect to Fig. 10, which shows the normal-
ized far-field radiation pattern in the xoz plane and yoz
plane at 5 GHz and 5.8 GHz respectively. The measured
right-handed (RH) CP (co-polarized) radiation patterns
of the proposed CP MSA at both frequencies present
good consistency with the simulated ones. The measured
left-handed (LH) CP (cross-polarized) radiation patterns
show a slight difference from the simulated ones, which
may be attributed to the effects of the test environment.
However, the levels of the LHCP at the boresight direc-
tion are all less than -20 dB, showing the perfect working
performance of the proposed CP MSA again.
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Fig. 9. The simulated and measured AR and gain at bore-
sight direction of the proposed CP MSA.
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Fig. 10. The simulated and measured normalized radia-
tion patterns for (a) xoz plane at 5.0 GHz, (b) yoz plane
at 5.0 GHz, (c¢) xoz plane at 5.8 GHz, and (d) yoz plane
at 5.8 GHz.

A performance comparison with the related works
published in recent years is listed in Table 1. The pri-
mary contribution of the antenna in [17] is a low antenna
aperture size, but the profile height reaches 0.19 A and
the peak gain of the antenna is only 5.76 dBic. The mer-
its of the antenna in [18, 20, 22] attribute to the low-
profile height, however, the double-layer plate structure
makes its manufacturing process more complicated. In
[21], a larger AR bandwidth is obtained, but the double-
layer structure and the peak gain of 7 dBic of the antenna
is still not very good. In [23] and [25], the superiority
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Table 1: Performance comparison with related works in

recent years

Antenna . Over- Peak

Ref.| Aperture Thickness Lapped | Gain |Layer
A2 (o) AR |(dBio)
Bandwidth

[171]0.37 x 0.37 0.19 15.9% 5.76 2
[18]1]0.75 % 0.73 0.09 20.0% ~8 2
[20]10.62 x 0.50 0.07 16.5% 5.8 2
[211]0.71 x 0.71 0.04 31.3% 7.01 2
[22]110.74 x 0.74 0.04 14.5% 7 2
[23]1]0.64 x 0.64 0.04 12.8% 6.9 1
[251]0.71 x 0.72 0.06 16.6% 8 1
Thiso 62 0.82]  0.07 20.1% | 9.88 | 1
work

where A represents the free-space wavelength at the
center frequency in the 3 dB overlapped AR operating
bandwidth.

of it is the single-layer and low-profile design, but the
overlapped 3 dB AR bandwidth and the peak gain of
the antenna are not very satisfactory. With respect to the
proposed CP MSA in this paper, the peak boresight gain
achieves 9.88 dBic, and the overlapped 3 dB AR band-
width is 20.1%. The 3 dB gain bandwidth covers the
whole overlapped 3 dB AR bandwidth while maintain-
ing the low-profile and single-layer design.

IV. CONCLUSION

In this paper, a low-profile, broadband, single-layer,
and high-gain CP MSA is proposed. With the assistance
of CMA, the useful modes Jy; and Jy, are selected for 5G
Wi-Fi band utilization. To achieve the RHCP radiation
of the MSA, the horizontal aperture combines two slots
rotated in a counter-clockwise direction to excite the MS
structure. The prototype of the CP MSA is fabricated
and measured. The tested results correlate well with the
simulated ones. The peak boresight gain of 9.88 dBic is
obtained at 5.2 GHz, and the -10 dB IBW achieves from
4.83 GHz to 6.35 GHz, moreover, the 3 dB gain band-
width covers its whole 3 dB overlapped AR bandwidth
(20.1%, from 4.83 GHz to 5.91 GHz) and the average
gain at the boresight direction can reach 8.94 dBic. The
profile of the prototype of this CP MSA is only 0.07 Ay,
and the single-layer structure design makes the proposed
CP MSA more promising in practical application.
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