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ABSTRACT: This study introduces a metasurface-based low-profile circularly polarized (CP) antenna with double-wide beam for global
navigation satellite systems (GNSSs), which covers primarily BDS-2 B1 band and BDS-3 B1 band. At first, a T-slot structure achieving
a compact design is presented to effectively miniaturize the antenna. Except that, a gear-type parasitic ring and eight parasitic microstrip
lines are proposed to broaden both the half power beamwidth (HPBW) and axial ratio beamwidth (ARBW) of the antenna. Furthermore,
a metasurface unit featuring double “WIFI” logo structure is introduced. This unit is expanded into a 7 * 7 metasurface loaded under
the antenna, significantly improving its radiation characteristics. After experimentation, the proposed antenna achieves notable results:
121° HPBW and 214° 3 dB-ARBW at 1.561 GHz and 121° HPBW and 236° 3 dB-ARBW at 1.575 GHz. Additionally, it demonstrates
more than 3.52 dBic gain across the whole frequency band, whose simulation and test results are in agreement. These results show that
the antenna can be used for various satellite communication systems necessitating CP antennas with wide ARBW and HPBW.

1. INTRODUCTION

he study of CP antenna bandwidth and beamwidth has sig-
Tniﬁcant importance in satellite system field. Beamwidth in
CP antennas is characterized by two aspects: the Half Power
Beamwidth (HPBW) concerning power distribution and the
3 dB Axial Ratio Beamwidth (ARBW) related to polarization
angles. CP antennas find widespread application in satel-
lite communications and Global Navigation Satellite Systems
(GNSSs) [1] to mitigate polarization mismatches, suppress
multipath effects, and counter Faraday rotation. As commu-
nication satellites are not always positioned directly overhead,
the necessity for wide-beam CP antennas arises to cover a broad
spatial angular range. Therefore, enhancing the beamwidth of
CP antennas is crucial and offers substantial practical value in
ensuring comprehensive coverage in satellite communication
systems and GNSS applications.

CP microstrip antennas have been widely used in many com-
munication systems, such as satellite communication systems,
telemetry and remote control systems, and mobile communi-
cation systems, due to their low profile, low cost, and adapt-
ability to mounting structures. However, the beamwidth of
conventional patch antennas is usually about 70°-100°, which
is too narrow to meet the system requirements [2]. Some
approaches, such as using high permeability substrates [3],
employing folded structures [4—6], or operating higher pat-
terns [7, 8], have been reported to improve the performance.
As for broadening the HPBW of antenna in dual bands, a metal
pin shorting ground excitation [9] or a pair of dipoles [10] is
used to excite the high secondary mode, which achieves dual
bands by a parasitic metal structure and ensuring 3 dB ARBW
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beyond 120°. However, the height of this antenna is more than
21 mm, and the antenna profile is high. A slotted helical an-
tenna [11] operating in Global Positioning System (GPS) L1
and L2 bands was designed with a sequential rotation technique
to achieve an HPBW of 132° and 97° and an ARBW of 100°
on the dual bands, respectively, but the profile height of the
antenna exceeded 0.35)\. A right circularly polarized (RHCP)
dual-band quadruple inverted F/L antenna (QIFLA) for GPS
L1/L2 band [12] was proposed to achieve an HPBW of more
than 120° and also an ARBW of 120° and 90°, respectively,
using four spiral-shaped dual-band antennas. As for miniatur-
izing the antenna, a compact design featured modified dipoles
forming four cross-symmetric sector arms and a magnetoelec-
tric dipole [13], extending the ARBW to more than 130° while
maintaining a low profile (0.054)), but with a smaller HPBW.
In recent years, much attention has been paid to increasing the
beamwidth of CP antennas and designing a compact structure
using metasurface structures, which are often used as coverings,
reflectors, or radiating elements. In [14], a low-profile wide-
beam CP antenna was designed in which metasurface was used
as a radiating element to achieve an ARBW of more than 205°.

In this paper, a dual wide-beam navigation antenna based
on metasurface is proposed. By loading the proposed T-slot,
a parasitic structure and metasurface with 7 % 7 dual “WIFI”
logo-type structure, the antenna exhibits improved gain and
beamwidth, delivering exceptional performance. Section 2 pro-
vides the detailed structure of the proposed antenna and de-
sign process. Section 3 focuses on the design of the metasur-
face with a dual “WIFI” logo-type structure, while Section 4
presents the performance results of the proposed antenna. Fur-
thermore, a prototype was fabricated and measured in Section 5
to demonstrate the effectiveness of the design. A comparison
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Structure of the proposed loaded antenna. (a) 3D model view. (b) Cross-sectional view.

TABLE 1. Dimensions of the proposed antenna.

Parameters R l Li | Wi | Ly | Wao | Lz | W3 k

Size (mm) 5 1 11 1 8 1 10 2 2.2

Parameters | R1 | Ro | R3s | Ra r rl S feedy

Size (mm) | 23.9 | 27 | 45 30 8 04 | 1.1 | 0.8 9
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FIGURE 2. Structure diagram of the navigation antenna. FIGURE 3. The design process of the navigation antenna.
between this design and some previous navigation antennas is is printed for the metasurface structure, which is combined with
also presented, followed by conclusions in Section 6. In partic- the original antenna to form the final proposed antenna, which
ular, the proposed navigation antenna has a good performance is recorded as the loaded antenna. In the following subsections,
with a low profile and a wide beam. they will be introduced in detail, respectively.
2. ANTENNA STRUCTURE AND DESIGN PROCEDURE 2.1. Original Navigation Antenna Design
The proposed metasurface based dual wide beam navigation an- The structure of the navigation antenna is shown in Fig. 2. The
tenna is composed of 77 double “WIFI” logo type metasurface antenna is printed on an FR4 dielectric plate with e, = 4.4,
units as the reflector of the dual wide beam navigation antenna tand = 0.02, and its radius is R = 50 mm, thickness h; =
to improve the gain and ARBW as shown in Figure 1. The 3mm. A circular patch is loaded on the upper surface of the di-
height of the antenna is 4 mm, and the specific dimensions of electric plate, and the radius of the patch is R;. Then, a T-slot
the antennas are shown in Table 1. The structure of the whole structure is proposed, by loading T-slots of different lengths on
antenna consists of two dielectric substrates. Dielectric sub- the circular patch, introducing perturbation to achieve circular
strate 1 is printed for the double wide beam navigation antenna, polarization, and the T-slot loading does not affect the radiation
which is recorded as the original antenna; dielectric substrate 2 of the patch more but can change the current path to reduce the
44 Www.jpier.org
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FIGURE 4. Performance of antennas with different configurations. (a) S11. (b) Axial ratio bandwidth.

size of the patch and realize the design of antenna miniatur-
ization. In addition, a gear-type parasitic structure is proposed
to be loaded on the periphery of the circular patch, and finally
eight curved microstrip lines are loaded in a circle around the
radiating patch. Curved microstrip lines loaded around the cir-
cular radiating patch work like eight guides, which will cause
part of the electromagnetic energy to be radiated to the side of
the antenna, thus widening the HPBW and ARBW of the an-
tenna. The lower surface of the dielectric substrate is a metal
ground, and the radius of the dielectric substrate is R4, R > Ry.
Using the technique of dielectric substrate extension, most of
the energy in the dielectric edge area radiates out along the nor-
mal direction, and part of it radiates in the tangential direction.
The two parts of energy are superimposed in the far field, which
widens the beam and finally realizes the double wide beam nav-
igation antenna design.

The design process of the antenna is shown in Fig. 3. An-
tenna 1 consists of a circular patch; antenna 2 is loaded with
two sets of T-slot structures of different sizes on the patch to
form an asymmetric structure; antenna 3 is loaded with a geared
parasitic structure at the periphery of the circular patch, and an-
tenna 4 is loaded with eight curved parasitic strips at the outer-
most part of the dielectric substrate in a circular shape to form
the final design.

2.2. Performance of the Original Navigation Antenna

The impedance matching bandwidth and axial ratio (AR) band-
width of antennas with different structures are shown in Fig. 4.
It can be seen that the matching bandwidth of antenna 1 is 1.64—
1.70 GHz, and the radiation is linearly polarized. Antenna 2
is loaded with a T-shaped slit on the basis of antenna 1, and
the resonant frequency of the antenna is reduced to achieve
a miniaturized design and CP in the frequency band of 1.55—
1.57 GHz. Antenna 3 has the same impedance matching band-
width by adding the proposed gear-shaped parasitic ring at the
periphery of the patch, but the AR bandwidth is moved to high
frequency, and the bandwidth is reduced. Eight ring-shaped
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parasitic metal arcs are loaded at the periphery of the dielectric
substrate of antenna 3 to form antenna 4, whose S7; bandwidth
is basically unchanged, and the resonance is weakened, but the
AR bandwidth is increased and reaches 1.56—1.58 GHz.

The simulated HPBW of antennas with different structures is
shown in Fig. 5. It can be clearly seen from the figure that the
HPBW of antenna 3 increases from 103° and 102° to 103° and
106° at the E and H planes at the low frequency point, respec-
tively, by loading a gear-type parasitic structure; the HPBW of
antenna 4 increases from 102° and 103° to 102° and 106° at the
F and H planes at the high frequency point, respectively, and
the increase is smaller; the gap parasitic structure of antenna 4,
consisting of eight circular microstrip lines, enhances the lateral
radiation energy of the antenna and increases the HPBW of the
antenna to 140° and 143° in the zoz plane and yoz plane, re-
spectively, at low frequency points, and 142° and 145° in the
oz plane and yoz plane, respectively, at high frequency points.

The 3dB ARBW of the antennas at different stages are
shown in Fig. 6. By comparison, it can be seen that the ARBW
of antenna 3 increases from 135° to 184° at ¢ = 0° at low
frequencies and from 86° to 161° at high frequencies, but the
ARBW decreases at ¢ = 90°. After antenna 4 is loaded with
eight curved microstrip lines in a circle around the radiating
patch, the ARBW at the low frequency point is increased from
184° and 100° at antenna 3 to 205° and 102° at ¢ = 0° and
¢ = 90°; the ARBW at the high frequency point is increased
from 161° and 122° at antenna 3 to 183° and 150° at ¢ = 0°
and ¢ = 90°, compared with antenna 2. In the plane of ¢ = 0°,
the low frequency point and high frequency point at increased
by 70° and 97° respectively.

It can be concluded that antenna 3 has improved the HPBW
and ARBW of the antenna by adding the proposed gear-shaped
parasitic ring at the periphery of the patch. Antenna 4 is loaded
with eight ring-shaped parasitic metal strips at the outermost pe-
riphery of the dielectric substrate to form eight guides, which
enhance the electromagnetic radiation at the side of the antenna
and further widen the HPBW and ARBW of the antenna, real-
izing the design of a double-wide beam antenna.
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FIGURE 5. HPBW for different structured antennas. (a) 1.561 GHz. (b) 1.575 GHz.
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FIGURE 6. ARBW for different structured antennas. (a) 1.561 GHz. (b) 1.575 GHz.

2.3. Metasurface Structure Design

The antenna designed in Subsection 3.2 can achieve a wider
beamwidth and axial ratio beamwidth in the frequency band,
but its gain is small, and a metasurface structure is proposed
below to extend the beamwidth and improve the gain of the
antenna.

In this section, a double “WIFI” logo type structure of double
negative metasurface is proposed, which consists of a central
circle and four peripheral arcs, named after the inverted sym-
metric WIFI logo pattern. The cell structure of the metasurface
is shown in Fig. 7, and the metal patch of the double “WIFI”
type metasurface cell structure is printed on the upper surface of
the FR4 dielectric substrate with the thickness of Ay = 1 mm.
As shown in the figure, the spacing of the double “WIFI” type
cell structure is p; the radius of the central circle is r5; the radii
of the peripheral branches are r; and r; their widths are n; and
the spacing is n.
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2.4. Research on the Principle of Gain Enhancement of Antenna
by Metasurface

The general method used to increase the gain of the antenna
is to make the antenna constitute a Fabry-Perot (F-P) resonant
cavity structure, also known as F-P antenna, which is composed
of two parts, including feed antenna and partial reflection sur-
face, as in Fig. 8. This kind of reflective surface with partial re-
flection characteristics will cause the incident electromagnetic
wave to be partially reflected and partially transmitted, rather
than all reflections and transmissions [15]. When the partially
reflective surface is at a certain height above the antenna, a res-
onant cavity structure is formed between the partially reflective
surface and the reflective floor, and the electromagnetic wave
radiated from the antenna repeatedly reflects and transmits par-
tially through this resonant cavity structure. In case the sep-
aration between the two satisfies the corresponding resonance
conditions, the transmitted electromagnetic waves will be su-
perimposed in the same phase, so that the radiation capacity of
the antenna can be improved.

WWwWw.jpier.org
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Suppose that ; and 6 are the reflected and transmitted
phases of the frequency selective surface (FSS) above the an-
tenna, respectively, that 5 is the reflected phase of the ground
plane, that the reflection coefficient of the FSS is R, and that
the transmission coefficient is T. Then the transmission coeffi-
cients are [16]:

r Rei#1

t = Tel?

(D
(2)
The transmission coefficient after direct transmission of elec-
tromagnetic waves can be expressed as:

to =t 3)

The propagation constant & = 27 /) in free space is known,

and the electromagnetic wave transmission coefficient after one
reflection can be expressed as:

t = tre g T2ikhan0sin6+joy _ p.o—2jkhcos 0+,

“4)
It can be calculated that the transmission coefficient of the final
transmitted wave of the electromagnetic wave after n reflec-
tions can be expressed as:

by = t’l“"e_ankh cos 0+jnep,

®)
In summary, the sum of transmission wave transmission coef-
ficients can be obtained as,

(6)

00 t
ta = E t, = - -
@ o " 1 — re—2jkhcos0+jp,

Since T?+R?= 1, the power transfer coefficient can be ex-
pressed as,

1— R?
D =t,t) = 7
* 1—2Rcosd + R? @
where as [17],
4
@z%hcos@—gpl—gpg (8)
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FIGURE 8. Illustration of the F-P antenna structure.

It can be seen that when cos® = 1 and § = 0°, i.e.,

4
%hc—(pl—goQ:QnTr, n=0,1,2... ©)
at this time:
c(p1+p2) cn
=T =0,1,2... 10
f 47Th 2h7 n O’ ) ( )
D can be taken as the maximum value:
1— R? 1+R
D= = 11
1-2R+R? 1—-R (1)

As can be seen from the above equation, the greater the reflec-
tion coefficient of the resonant cavity antenna part of the re-
flective surface is, the greater the corresponding power trans-
mission coefficient D is, the higher the antenna gain is, and the
distance between the primary source and frequency selective
surface action and resonance conditions are directly related.

In this paper, a single layer double “WIFI” type metasurface
is loaded under the designed navigation antenna to improve the
gain of the antenna and further optimize the ARBW of the an-
tenna through the reasonable placement of the metasurface and
the reasonable arrangement of the cell structure.

3. PERFORMANCE OF LOADED METASURFACE NAV-
IGATION ANTENNA

The impedance matching performance of the loaded antenna
is illustrated in Fig. 9, with the red and black lines indi-
cating the S;; curves for the original and loaded antennas,
respectively. From the figure, it can be clearly seen that
the impedance matching bandwidth of the loaded antenna is
1.53 GHz-1.63 GHz, and the relative bandwidth is 6.3%. From
the figure, it can be seen that the impedance matching of the
original antenna in the whole working band range has been
greatly improved after loading the metasurface structure.

The ARs of the loaded antenna and original antenna simula-
tion are compared in Fig. 10, from which it can be seen that the

WWwWw.jpier.org
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3dB AR bandwidth of the loaded antenna is 1.55-1.58 GHz,
and the relative bandwidth is 2%. Compared with the original
antenna, the AR bandwidth and CP performance of the antenna
are greatly improved after loading the metasurface.

As can be seen in Fig. 11, the maximum gain of the loaded
antenna is 3.5 dBic in the whole working band, while the maxi-
mum gain of the original antenna is only 0.3 dBic in the working
band, which shows that the overall gain of the original antenna
has been improved after loading the metasurface.

The HPBWs of the loaded antenna at the BDS-2 B1 and
BDS-3 Bl frequency points are shown in Figs. 12(a) and (b),
respectively, from which it can be seen that the HPBWs at the
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BDS-2 Bl frequency points in the zoz and yoz planes are 116°
and 121°, respectively, which is a decrease of 24° and 22° com-
pared to the original antenna; the HPBWs at the B1 frequency
point of BDS-3 is decreased from the original 143° and 146°
to 117° and 121°, respectively. This is due to the loading of
the metasurface, which makes the overall gain of the antenna
improved, and according to the relationship between gain and
beamwidth, it is known that the increase of gain must lead to
the decrease of HPBW.

The 3 dB ARBWs at the BDS-2 B1 and BDS-3 B1 frequency
points are shown in Figs. 13(a) and (b), respectively, from
which it can be seen that the 3 dB ARBWs at the BDS-2 B1 fre-
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FIGURE 14. The current distribution of the loaded antenna. (a) 1.561 GHz. (b) 1.575 GHz.

quency points in the oz and yoz planes are 220° and 214°, re-
spectively, an increase of 15° and 112° compared to the original
antenna; the ARBWs at the BDS-3 B1 frequency point change
from the original 183° and 150° to 210° and 236°. Compared
with the original antenna, the ARBW of the loaded antenna at
the two frequency points is greatly improved after loading the
metasurface, because it ensures that the two electric field com-
ponents and amplitudes are almost equal in a wide angle, thus
achieving a wide 3 dB ARBW.

The current distributions of the loaded antenna at BDS-2 B1
frequency point and BDS-3 B1 frequency point, respectively,
are given in Fig. 14. Comparing the current distributions at
different times (0,4/T,2/T, 3/4T), it can be seen that the cur-
rents rotate in the counterclockwise direction, and thus RHCP
radiation is obtained.

4. PARAMETER ANALYSIS

To further illustrate the design theory of the metasurface-based
double-wide beam navigation antenna, this subsection inves-
tigates and analyzes the effects of the main parameters in the
navigation antenna design on the antenna reflection coefficient,
AR bandwidth, HPBW, and 3 dB ARBW. The parametric anal-
ysis is carried out on the basis of the metasurface based double-
wide beam navigation antenna. According to the control vari-
able method, only one parameter value is changed at a time dur-
ing the analysis, and the rest of the parameter values are kept
constant.

4.1. Changing the T-Slot Slit Length L; on the Antenna Perfor-
mance

The variation of S7; and AR curves and the variation of HPBW
and ARBW for the antenna with different L; values are given
in Figs. 15(a), (b), (¢), (d), (e), and (f), respectively. Un-
der the condition of keeping other parameters constant, L is
taken as 10 mm, 11 mm, and 12 mm, respectively. It can be
seen from the figure that as L, increases, the bandwidth of
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S11 gradually moves to lower frequencies; the bandwidth in-
creases; and the resonance weakens. The axial ratio bandwidth
also gradually moves to lower frequencies, and the axial ratio
bandwidth increases; For HPBW, ¢ = 0°, at 1.561 GHz and
1.575 GHz HPBWs are gradually decreasing; in ¢ = 90° plane,
HPBWs at 1.561 GHz and 1.575 GHz are gradually increasing.
For ARBW, because when 1.; = 12 mm, the antenna does not
have 3 dB AR bandwidth, the ARBW under this is seen as 0°.
In ¢ = 0° plane, the ARBWs at 1.561 GHz and 1.575 GHz
both increase first and then decrease; in ¢ = 90° plane, the
ARBWs at 1.561 GHz and 1.575 GHz both decrease gradually,
according to the above analysis and the design index of the re-
quired antenna. Considering each performance of the antenna,
L, = 11 mm is finally chosen.

4.2. Radius of the Arc » on the Antenna Performance

From the principle of metasurface design, it is known that the
impedance bandwidth of the antenna will not be significantly
affected after loading the metasurface at a suitable distance,
and at the same time, the impedance matching level will be im-
proved to some extent. Therefore, only the beamwidth of the
antenna is analyzed.

The effects of the peripheral radius » on the HPBW and
ARBW of the dual “WIFI” type metasurface unit structure are
shown in Figs. 16(a), (b), (c), and (d), respectively. It can be
seen from the figure, with the increase of r, when ¢ = 0°, the
HPBWsat 1.561 GHz and 1.575 GHz are gradually reduced; for
ARBW, in ¢ = 0° plane, the maximum ARBW is obtained at
r = 3.5 mm, which are 220° and 210° respectively; in ¢ = 90°
plane, the maximum ARBW is obtained at » = 3.5 mm, which
are 214° and 236°, respectively. According to the above anal-
ysis, it can be seen that the value of  has a great influence on
the ARBW of the antenna, and finally the radius of the periph-
eral arc 7 = 3.5 mm is chosen for the double “WIFI” logo type
metasurface unit structure after comparing the performance.

WWwWw.jpier.org
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FIGURE 17. Fabrication of the antenna physical diagram. (a) Plan view. (b) Top view.
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FIGURE 18. The S1: simulation and measurement results of the navigation antenna loaded with metasurface.
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FIGURE 19. The radiation patterns simulation and measurement results of the navigation antenna loaded with metasurface. (a) 1.561 GHz. (b)

1.575 GHz.
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TABLE 2. Comparison of the designed antenna with other antennas.

HPBW /° ARBW /°
Ref. Single- or dual-band | Overall size (mm®) | Fre. (GHz)
p=0°] =90° | p=0° | p=090°
1.256 122° 126° 123° 141°
9] Dual 80 x 80 x 21.5
1.561 123° 129° 152° 212°
1.616 o o
[10] Dual 80 x 80 x 12 <120 <100
2.492
1.575 132° 112°
[11] Dual 7 % 15 % 15 x 80 < 100°
1.227 97° 95°
. ] 135°
[12] Single 39 % 39 x 6 2.492 <100 o
120°
1.575
. 122°
[13] Dual 35 x 35 x 10 > 120 o=
1.227
93°
1.561 116° 121° 220° 214°
This Work Dual m X 50 x 50 x 4
1.575 117° 121° 210° 236°

5. FABRICATION AND EXPERIMENTAL RESULTS

In order to verify the correctness of the above theory, the de-
signed antenna is fabricated as illustrated in Figure 17, and
its dielectric substrate is FR4. The Sj; test environment and
the simulated and measured |S;;| of the antenna are shown
in Fig. 18(a), and it can be clearly seen from the figure that
the measured |S11| bandwidth of the antenna is 1.53 GHz—
1.63 GHz, compared with the simulated |S1; | bandwidth 1.54—
1.64 GHz, and the frequency band has a little shift, which may
be due to the error caused by the fabrication and welding of
the antenna, but the trend of the antenna’s S;; simulated and
measured curves is still relatively consistent.

The gain and AR of the antenna are given in Fig. 18(b),
and it can be seen from the figure that the simulated AR band-
width is 30 MHz (1.55 GHz-1.58 GHz); the relative bandwidth
is 1.9%; the measured AR bandwidth is 29 MHz (1.558 GHz—
1.587 GHz); the relative bandwidth is 1.8%; the simulated and
tested curves are in good agreement. At the same time, it can
also be seen that the simulated gain and measured gain of the an-
tenna are in the same trend, both are greater than 3.5 dBic, and
the average difference is smaller, about 0.3 dBic, which may be
caused by the error introduced in the antenna processing.

The simulation and measurement results of the metasurface-
based dual wide-beam navigation antenna with radiation pat-
tern at 1.561 GHz and 1.575 GHz are given in Fig. 19. It can be
seen from the figure that the antenna has good directional ra-
diation performance at both frequency points, which meets the
requirements of the navigation antenna. Overall, the measured
radiation pattern of the antenna has a left hand circular polar-
ization (LHCP) less than —20 dB, good right hand circular po-
larization (RHCP) and small back lobe, which can be applied
to the required navigation system.

The antenna designed in this paper is shown in Table 2 for
comparison with published antenna designs, and it can be seen
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that the antenna is able to achieve a wide HPBW and ARBW
with good wide-beam characteristics at a relatively small size.

6. CONCLUSIONS

In this paper, a low-profile circularly polarized antenna with
double wide-beams for a satellite navigation system based on
metasurface is proposed. Not only is a T-slot structure pre-
sented to miniaturize the antenna, but also a gear-type parasitic
ring is proposed to widen the HPBW and ARBW of the antenna.
Besides, a dual “WIFI” logo-type structure of the metasurface
unit is introduced, which is expanded to a 7 * 7 metasurface
loaded under the antenna to optimize its radiation characteris-
tics. After measurement, it has a 121° HPBW and a 214° 3 dB-
ARBW for BDS B1, as well asa 121° HPBW and a wider 236°
3 dB-ARBW for B3, specifically demonstrating its clear double
wide-beam characteristics.
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