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Abstract With the rapid development of modern science and technology, various radio systems require more and
more performance of antennas in complex environments, and traditional antennas are more and more difficult to
meet the needs of modern radio systems. In this paper, the basic principle of finite element-boundary element hybrid
algorithm to analyze the cavity is deduced by taking the three-dimensional open cavity on the infinite conductive
surface as an example. And the SSPP circularly polarized dipole array antenna structure is designed, and the finite
element-boundary element hybrid algorithm is used to analyze the radiation characteristics of the SSPP circularly
polarized antenna, and the case of the SSPP circularly polarized antenna radiating beam is divided into the
symmetric and asymmetric cases, and the radiation characteristics of the antenna are analyzed by simulation
experiments. By changing the parameters in the impedance modulation method, the antenna is able to achieve dual
beam radiation with dual circular polarization in any direction with circular polarization purity of more than 97.5%,
and secondly, the antenna can achieve an impedance bandwidth of 66% (1.3 GHz-2.4 GHz) as well as an axial
ratio bandwidth of 34% (1.22 GHz-1.85 GHz).

Index Terms finite element-boundary element, SSPP circularly polarized antenna, impedance modulation, axial
ratio beamwidth

. Introduction

Antennas are widely used in various radio systems for civil and military applications as a converter between
electromagnetic waves in space and guided electromagnetic waves on a transmitter or receiver [1], [2]. Because
the antenna is at the forefront of the whole communication system, the performance of the antenna will directly
affect the communication quality of the communication system [3]. After the rapid development in recent decades,
due to the diversification of the needs of the communication system, the form of the antenna presents a variety of
characteristics, and different types of antennas also have their own different advantages and disadvantages [4]-[6].
Along with the further rapid development of contemporary wireless communication technology, people's
requirements for communication speed and quality are getting higher and higher, which directly leads to the antenna
designers have been facing the challenges of high performance, low loss, low cost and miniaturization, etc.
Circularly polarized antennas have been receiving more and more attention by the wireless communication industry
because of their unique advantages [7]-[10].

The most important feature of circularly polarized antennas is that they can receive arbitrarily polarized waves,
and circularly polarized waves can also be received by arbitrarily polarized antennas [11], [12]. Secondly, when a
circularly polarized wave is incident on the surface of an ideal conductor, the direction of rotation of the circularly
polarized wave is subsequently reversed [13]. It is based on the above physical properties, circularly polarized
antennas thus have strong anti-interference ability and can be detached from the complex tracking system to
achieve a better match, which makes circularly polarized antennas have important applications in radio frequency
identification technology, satellite communications, radar, electronic countermeasures and electronic
reconnaissance, as well as radio and television broadcasting and other aspects [14]-[17]. The electric field vectors
of circularly polarized waves rotate with time and are classified into two types: left and right rotating [18]. The
greatest advantage of this type of polarization is that it is insensitive to changes in direction, the radiation direction
map is closer to a circle or ellipse, and the energy distribution is relatively uniform [19], [20].

The study applies the finite element-boundary element hybrid algorithm (FE-BI) to the computation of the SSPP
circularly polarized antenna, establishes a theoretical analytical model, computes the equivalent magnetic current
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on the waveguide, and then solves the far-field radiation characteristics of the whole antenna array. Then the
important parameters of the SSPP circularly polarized antenna, such as bandwidth, gain and axial-ratio beamwidth,
are optimized to enhance the performance of the SSPP circularly polarized antenna. Finally, the structure of the
SSPP circularly polarized antenna is designed, its evolution process is explored, and the results of its radiation
characteristics and parameter optimization are analyzed respectively, which provides an accurate and effective

method for calculating the SSPP circularly polarized antenna, and is of great significance for the study of satellite
navigation receiver antennas.

Study on radiation characteristics and parameter optimization of SSPP circularly polarized antenna based on finite element method analysis

Il. Study of SSPP circularly polarized antenna based on finite element analysis

Il. A.Fundamentals of hybrid finite element-boundary element methods
Il. A.1) Modeling

As an example, we derive the scattering properties of a three-dimensional open cavity on an infinite conducting
surface. The structure of this geometric model is shown in Fig. 1. We denote the space above the cavity and the
conducting surface as ¥, and the space inside the cavity as V\, and further assume that the cavity is filled with a
nonhomogeneous dielectric material with a relative permittivity of ¢ and a relative magnetic permeability of ., .
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Figure 1: Geometric model of three-dimensional open cavity in conducting surface

Il. A.2) Boundary element formulation
Starting with the two most fundamental Maxwell's equations

Vx E(F) = = jou, u,H (F) (1)
VxH(F)=J(F)+ joe,&,E(F) 2)

The expression for the magnetic field is obtained from Eq. (1) and substituted into Eq. (2) to obtain that the electric
field in the free space above the conducting surface satisfies the vector fluctuation equation:

VxVxEF)-kE(F)=—jk,Z,J(F) TeV, (3)

To derive the radiation field, we introduce the merging vector Green's function Q(T,f), which satisfies the
nonchiral differential equation:

VxVXG (7,7 ) -G ) =18F~F) F eV, (4)

where §(7-7) denotes the Dirac O function. Taking the dot product of equation (3) with Ge(i_”,i_’,) and
integrating within the volume 7 gives:

(I, {[VXVXE(F)]-5g(7,7’)—k§1§(7)-58(7,7’)} av
B = (5)
:—]kozojij_J(r)-Ge(r,r Ydv

where 7/ denotes the volume containing the source current J. Apply the following vectorized and vectorized
Green's second constant to equation (H):
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-U.J.Vw [(VXVXE).E‘Z _E'(VXVXEE)}{V

:msi(ﬁxﬁ)-(Vx(=;8)+(ﬁxVxE)-(;}eJdS ©
Get:
[l B[ vxVxG,.7.7)-KG.F.7) |av
=—jkZ, [[], 7)-G. (7.7 hav
' (7)

. {[ﬁxf(?)]-[Vxée(F,F')}
+[ixVxE®) ]G, (7,7’)} ds

where S, denotes the surface containing ¥, , and 7 is the surface outer normal unit vector. Note: Since 7 lies
within 7, there is:

[, E®)-To-7)ar =EG) @8)

Substituting equation (Z) into the above equation and interchanging the coordinates with and without apostrophe,
we have finally

E(F)==jkZ, [[[ TG)- G (7.7 )dV
I, A <EG IV <G, 7)) 9)
A xV xEF) |-G, dS

where V' denotes the V operator acting only on the skewed coordinates.
Now, let us consider the area partition on S, , which consists of the entire Xy -plane and a hemisphere of radius

tending to infinity. Such a field satisfies the Sommerfeld radiation condition if the source of the field is confined to a

finite distance from the origin, and if the choice of ée satisfies the Sommerfeld radiation condition, then the area
division along the hemisphere is zero. Thus, equation (5) can be written as:

EG)=-jkZ [[[ 7¢)- G.(7,7 )V
ff, [ <] [V 6.6 (10)
[/ <V xEG)]-G, (7,7’)} ds’

In addition, since the tangential electric field 7xE is zero on the conducting surface other than the cavity opening,

if G, is chosen sothat 7 xG =0 onthe Xy plane is obtained:
EF)==jk2 [[] TC)-G.FF)dv

_ = (1)

+f [2xEG )]-[v’ <G, (7,7 )st’

where S, denotes the planar region of the cavity opening and n=-z.

The problem to be solved below is to find G, such that it satisfies (4), the Sommerfeld radiation condition, and

the boundary condition z =0 at i Xée =0. The result is the well-known electrically shaped half-space and vector
Green's function that
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G.(7.F ) =GF.F ) -Gy (7.7 ) +2EG,(.T) (12)

where G, is the free-space meromorphic vectored Green's function defined in the lower form:

= _ = 1 , _
G,(r,r )=[[ —FVV JGOG,F ) (13)
0
Eq.
) e Pl
G,(r,r)=—"—"— (14)
4 |7 -7 |
I=%+jp+2 (15)

In equation (12), 7'(=x'%+y -z %), denotes the mirror position of 7 (= x't+ y 7+ ') . Substituting Eq. (12) into
Eq. (11) yields:

E() =ik [[[, 707 Gy(7.7)av’
k2 [[[ TE)[ G (7.7 )=22G, (75 |av (16)
2] [ExEG) ][V xG,(7.%) ]ds

The first term on the right is the radiated field generated by J in a free-space environment, denoted E™ . The
second term is the radiated field generated by the mirror current of J, which is denoted as E™ since it is the
same field as the original field being reflected by the unopened conducting surface. The remaining third term is due
to the open field. Using these notations, equation (@) can be written as:

EF) =E™F)+E" (7)+2j L [2xEF) ][V xG,(7.7)]dS (17)
In order to relate the electric field at the opening to the magnetic field, taking the rotation of Eq. (ﬂ), the

VXxE(F)=VxE™F)+VxE"(F)

+2JL [£xE()|-[VxVxG,(r.7)]dS (18)
Eq. (@) can also be written as:
VXxEF)=VxE™F)+VxE™ )
2k [[ [2xEG)]-G, 7.7 )ds (19)
Alternatively, for z>0, the above equation is:
VxE(F) =—jk,Z,H"™ (F)— jk,Z,H' (F)
w2k [[ [2xEGF)]- Gy (7.7 )dS (20)
Let - tend to O to get the desired relationship between the electric and magnetic fields at the opening:
EX[VXE(F)._o, = —2jkyZoex H™ (F)
(21)

12k22x[ 2% E(F) ] G, (7,7 )dS'

Il. B.Circularly Polarized Antenna

Il. B.1) Basic concepts of circularly polarized antennas

Antenna, as a component that transmits and receives radio magnetic signals in a communication system, is an
important component of electronic communication equipment, as are transmitters and receivers [21]. Since the
antenna is placed at the front end of the communication system, its performance is crucial for the whole system and
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can directly affect the performance of the whole system. And the polarization mode is one of the important indicators
of the antenna.

The polarization of electromagnetic wave is one of the physical quantities that characterize the basic features of

electromagnetic wave, as well as amplitude and phase. The polarization of an antenna characterizes the direction

of the electric field component vector of the electromagnetic wave emitted by the antenna. An ideal unattenuated

uniform plane wave propagating along the -z axis is decomposed into two orthogonal components in the plane
perpendicular to the direction of its propagation as:

&(z,0) = xe,(z,0) + ye (2,1) (22)

Study on radiation characteristics and parameter optimization of SSPP circularly polarized antenna based on finite element method analysis

Among them:

£(z0)=Re| E, e |4 E,, |cos(@ +hz+4,) (23)

| cos(cot+hz+4,) (24)

£,(zt)=Re| E, e |4 E

E, and g arethe complex amplitude values of the electric field in the . and ) components, respectively,

X and j are the unit vectors in the . and y directions, respectively, and ¢, and ¢, are the initial phases.

Il. B.2) Important parameters of circularly polarized antennas
(1) Input impedance

Generally, the band in which the return loss of a circularly polarized antenna is less than -10dB or the VSWR is
less than or equal to 2 is defined as the impedance bandwidth of the antenna. Whether the impedance is matched
or not is one of the important factors affecting the performance of the antenna.

(2) Radiation direction

As with ordinary antennas, the size of the radiated power of circularly polarized antennas in the whole space is
not uniform, the introduction of the radiation direction map to characterize the antenna of this property. The radiation
direction diagram of the antenna is often expressed in terms of the antenna's power density, field strength, phase
and other radiation parameters. When testing the parameters, the radiation direction map of the antenna is often
measured in the far field, and finally expressed as a function of the spatial coordinates of the map.

(3) Directionality coefficient and gain

The directivity coefficient of a circularly polarized antenna, like the definition of an ordinary antenna, refers to the
ratio of the power density at a point of the far-area field in the direction of maximum radiation to the power density
of a point source antenna with no directivity at that point under the same condition of radiated power, and is denoted
as D(0,¢) . The narrower the primary flap in the directional map, the smaller the secondary and back flaps will be,
and the better the directionality will be.

On this basis, the gain of the antenna is defined while the factor of loss is also considered. Let the total power of
the antenna be P, , and the radiated power after a part of the power is lost by the antennais p, , thus defining the

radiation efficiency 7 of the antenna as:

SRS

n= (25)

Also in the respectively S.(0,9) denotes the radiated power intensity of the real antenna, and S, denotes the
radiated power intensity of the ideal each homogeneous antenna, and thus the antenna's gain G(@,¢) denotes
the antenna's gain:

S (6,
G(0.9) =2 (26)
It can be seen that the gain of the antenna is linked to the circular polarization as:
G(0,9) =nD(0,9) (27)

(4) Axial ratio
In the actual working situation of the antenna, it is impossible to produce absolute circularly polarized waves or
linearly polarized waves, which introduces a measure of the performance of the circularly polarized antenna of the
SSPP an axis ratio (AR). We already know that the endpoint of the instantaneous electric field vector of an elliptically
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polarized wave is an ellipse, so the ratio of the elliptically polarized wavelength axis 2A to the short axis 2B is defined
as the axial ratio of the circularly polarized antenna and is recorded in decibels (dB), there:

Study on radiation characteristics and parameter optimization of SSPP circularly polarized antenna based on finite element method analysis

AR(dB) =201g(§) (28)

An ideal circularly polarized wave has an axial ratio of 1, and an ideal linearly polarized wave has an axial ratio
of w.

Il. B.3) Microstrip antenna circular polarization technology

Common microstrip antennas radiate linearly polarized electromagnetic waves. For a microstrip antenna to generate
circularly polarized waves, it needs to be excited with two orthogonal modes that are not only equal in amplitude
but also have a phase difference of 90° [22]. This can be achieved by changing the structure of the radiating unit,
introducing specific perturbation structures or designing specific feed networks. In general, single-fed, multi-fed or
multifed methods are often used to circularly polarize the microstrip antenna radiation.

lll. Design and characterization of SSPP circularly polarized antenna

lll. A. SSPP circularly polarized antenna structure and design
lll. A. 1) SSPP circularly polarized antenna structure

The three-dimensional structure of the SSPP circularly polarized dipole array is shown in Fig. @ From the figure, it
can be seen that the antenna mainly consists of a rotating feed structure based on parallel bilinear lines, four
rotationally symmetrically placed dipoles, eight parasitic cells and an AMC reflector plate.
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Figure 2: SSPP polar dipole array antenna

The antenna is printed on a FR4 dielectric sheet (which is 1mm thick). In this case, the feed network is identical
in the upper and lower layers, so it is only necessary to print the upper and lower metals on the upper and lower
layers of the dielectric plate, respectively, the dipoles are printed on the dielectric plate in a rotationally symmetric
manner, with one arm on the upper layer and one arm on the lower layer, and all the eight parasitic structures are
printed on the upper layer of the dielectric plate. The dielectric board on which the AMC is printed is an FR4 dielectric
board with a thickness of 0.5 mm. The distance between the antenna and the AMC is 5 mm and the distance
between the AMC and the floor is 12.5 mm.The final geometrical parameters optimized by the HFSS software are
shown in Table (1.

lll. A.2) Evolution of SSPP circularly polarized antennas

In order to better understand the antenna design process, the evolution of the circularly polarized antenna of the
SSPP is shown in Fig. 3, where a total of four antennas including antenna 1, antenna 2, antenna 3, and antenna 4
are given. Antenna 1 consists of a feed network of parallel bilinear lines in series and four step-width dipoles;
Antenna 2 is an antenna formed by loading four parasitic ring structures around the loop feed structure; Antenna 3
is an antenna composed of four long metal strips loaded on top of Antenna 2; and Antenna 4 is a low-profile antenna
loaded with AMC on top of Antenna 3.
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Table 1: The key parameters of the SSPP polar pole array antenna

Parameter Numerical value (mm) Parameter Numerical value (mm)

h0 5 p_ll 28

hl 12.5 p 12 15

W _p 22 p 13 140

P 27.6 p 14 155
sub 1 190 p_wl 5
d 10 75.9 p_ w2 5
d I 15.8 p_ w3 8
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Figure 3: The design evolution of the SSPP polar array antenna antenna

The reflection coefficient results and the axial ratio results for each antenna simulation are shown in Fig. 4. From
the reflection coefficient simulation results in the figure, it can be seen that the impedance bandwidths of all the four
antennas achieve operation over a wide bandwidth below -11 dB.From the axial ratio results of the simulations, it
can be seen that antenna 1 achieves a basic axial ratio bandwidth with axial ratios less than 3 dB over a bandwidth
of 1.93 GHz-2.52 GHz, with a narrower band in between with axial ratios greater than 3 dB. The simulation results
for antenna 2 show that the loading of the parasitic ring improves the overall circular polarization performance of
the antenna more significantly, but there is still a small prominence within the axial ratio curve greater than 3 dB.
Compared to antenna 2, antenna 3 achieves an overall axial ratio of less than 3 dB over a wider band with a
bandwidth of 1.93 GHz-2.52 GH due to the introduction of a long metal strip. Antenna 4 is a low-profile circularly
polarized antenna loaded with AMC on top of antenna 3, while the circularly polarized bandwidth produces a slight
change of 1.9 GHz-2.75 GHz.
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Figure 4: The simulation results of antenna 1 to antenna 4
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lll. B. Optimization and analysis of SSPP circularly polarized antenna parameters
The following is an optimization analysis of the dimensional parameters that mainly affect the antenna performance.
The antenna bandwidths corresponding to different triangular parasitic cell edge lengths a, are shown in Fig. 5,
where (a) denotes the impedance bandwidth and (b) denotes the axial ratio bandwidth. From the figure, it can be
seen that the bandwidth of the antenna decreases as a, increases, this is due to the fact that the triangular
parasitic unit is located in the same layer as the main radiating patch, and there is a proximity coupling between
them, and when 4, increases, it makes the spacing between the two decrease, which in turn affects the
distribution of the currents on the main radiating patch, and makes the bandwidth decrease.

0 ‘ 12
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(a)lmpedance bandwidth (b)Axial bandwidth

Figure 5: Antenna bandwidth corresponding to the length a2 of different triangle parasitic cells

Fig. % shows the antenna bandwidth corresponding to different parasitic cell edge lengths L, , where (a) denotes
the impedance bandwidth and (b) denotes the axial ratio bandwidth. From the figure, it can be seen that the
impedance and axial-ratio bandwidth of the antenna produce deterioration as L, increases, this is because when
L, increases, the parasitic cells are similar in size to the main radiating patch, which affects the current distribution
on the main radiating patch and deteriorates the bandwidth performance.
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Figure 6: The antenna bandwidth corresponding to the side length L3 of different parasitic units

(a)lmpedance bandwidth

The antenna bandwidths corresponding to different cut angles a of the parasitic unit are shown in Fig. [7, where
(a) denotes the impedance bandwidth and (b) denotes the axial ratio bandwidth. From the figure, it can be seen
that the cut angle mainly affects the circular polarization as well as the polarization purity at the high frequency point,
which is explained by the fact that when the cut angle is varied, it affects the current distribution on the main radiating
patch. Combining the consideration of the axial ratio beamwidth at each frequency point, a of 25 mm is chosen.
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lll. C. Radiation Characterization of SSPP Circularly Polarized Antenna
In this section, two examples of SSPP antennas excited with dual beams are given for confirming the performance
of the designed SSPP circularly polarized antenna radiating asymmetric beams. Examples of the SSPP antenna
surface radiating left-rotating circularly polarized beams at §=20°, ¢=180°, and right-rotating circularly polarized
beams at 9, =10°, ¢, =0°, are given, respectively1 and Example 2 in which the SSPP circularly polarized surface
radiates a left-rotation circularly polarized beam at §=20°, ¢=225°, and a right-rotation circularly polarized beam
at 9, =20°, ¢, =30. examples The designs are both based on the premise that the radius of curvature p, of the
spherical cross section is 76 mm, and that the electrical dimensions of the SSPP circularly polarized antenna before
it is conformal are 7.67 Ax7.67 A with an average impedance X of 293.22 Q and a modulation depth M of 33.31.
The S,, of the two example SSPP circularly polarized antennas is shown in Fig. 8. The §,, of the two example
antennas is less than -8 dB in the range of 14-16 GHz, indicating that the antennas are well matched in terms of
impedance. The loss of the antenna from the feed source to the transmitting antenna is negligible in this operating
band, which is mainly attributed to the gouge treatment of the antenna at the feed placement.

Instance 1
54 Instance 2

S,,(dB)

220 4

254

-30 T T T

Frequency(GHz)

Figure 8: SSPP polar antenna S+

For Example 1, Fig. @ shows the orientation diagrams of the Example 1 SSP antenna, with (a) and (b) showing
the two-dimensional orientation diagrams of the dual-beam dual circularly polarized direction and the ¢=0° planar
antenna, respectively. It can be clearly seen from the figure that the antenna radiates two circularly polarized beams
with asymmetric main directions at the same time, which is corroborated by the 2D field diagram of the equivalent
scalar impedance Z,. The left-hand circularly polarized (LHCP) beam radiates in the 4=20° direction, and the
right-hand circularly polarized (RHCP) beam radiates in the 4=10° direction, while their maximum gains in the
radiating direction are 17.11 dBic and 18.23 dBic, respectively, and their corresponding cross-polarizations are - 8.3
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dBic and -9.75 dBic, and the polarization purities of the two circularly polarized beams are calculated to be 99.32%
and 99.72%, respectively.

X
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Prop: Dir 201
~ —»Theta

LHCP
104 A RHCP
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(a)Double polarization (b)Two-dimensional direction
Figure 9: The direction of the SSPP polarized antenna
Fig. 10 shows the axial ratios of the two beams within 3 dB beamwidth, and their axial ratios are 1.11 dB and 0.83

dB in the main radiation direction, which proves the good circularly polarized wave characteristics of the SSPP
circularly polarized antenna radiation from the point of view of the axial ratios.
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Figure 10: Instance 1sspp polar antenna in the ¢=0 direction of the axial curve

For Example 2, the case in which the circularly polarized beams radiated by the SSPP antenna are not in the
same ¢ plane is simulated, and the antenna's modulation characteristics of the electromagnetic wave and the
radiation characteristics of the circularly polarized beams are evaluated in this case. The three-dimensional
orientation map of the antenna and the two-dimensional field map of the equivalent scalar impedance Z, as a
function of coordinates are shown in Fig. M which is the same as the two-dimensional field map of Example 1, and
the impedance distribution information on it contains the pitch angle 6 and the azimuth angle ¢ of the beam
radiation, and the period of the impedance distribution corresponds to the pitch angle of beam radiation 6 and the
magnitude of the impedance distribution corresponds to the azimuth angle ¢. The period of the impedance
distribution corresponds to the pitch angle of the beam radiation 6, and the magnitude of the impedance distribution
corresponds to the azimuth angle ¢. The figure shows that the SSPP antenna achieves perfect tuning of the surface
waves generated by the feed source, radiating circularly polarized beams in two different directions.

Further the directional map and axial ratio characteristics of the antenna in the ¢=30° and ¢=225° planes are
viewed in the simulation software CST respectively as shown in Fig. 12, In Fig. Q(a), the maximum gain of beam
2, i.e., the right circularly polarized wave, is 16.83 dBic, its 3 dB beamwidth is 10.3°, the axial ratio in the direction
of the main beam radiation is 1.91 dB, which is converted to a circularly polarized purity of 97.62% and the axial
ratios in the range of the 3 dB beamwidths are all less than 3 dB; and in Fig. @(b), the maximum of beam 1, i.e.,
the left circularly polarized wave gain is 16.71 dBic, its 3 dB beamwidth is 10.6°, and the axial ratio in the radiation
direction of the main beam is 0.7 dB, which is converted to 99.72% circularly polarized purity, and the axial ratios
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are less than 3 dB in the range of the 3 dB beamwidths, which shows the good circularly polarized characteristics
of the left- and right-hand rotationally circularly polarized beams.

Figure 11: Three-dimensional direction and field diagram of SSPP antenna
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Figure 12: The two-dimensional direction and axis ratio of the SSPP circular polarized antenna

lll. D. Simulation results
Figure @ shows the impedance and axial bandwidth of the antenna, where (a) is the impedance bandwidth and (b)
shows the axial bandwidth. As can be seen from the figure, the antenna has a -10 dB impedance bandwidth of 66%
(1.3 GHz-2.4 GHz) and a 3 dB axial ratio bandwidth of 34% (1.22 GHz-1.85 GHz).
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Figure 13: Antenna echo loss and axial ratio

(a)Echo loss

The antenna gain versus frequency curve is shown in Fig. W from which it can be seen that the peak antenna
gain is 7.9 dBic and the gain bandwidth greater than 3 dBic is 38.9% (1.22 GHz-1.75 GHz).

10 5
5 4
2 0
Z
=
[
T 54
-10 1
—15 LS ¥ T 2 ‘ T = 1
1.0 1.2 1.4 1.6 1.8 2.0
Frequency(GHz)

Figure 14: Antenna gain curve

The axial-ratio beamwidths of the antenna at different frequency points within the bandwidth are shown in Fig.
115, from which it can be seen that the maximum axial-ratio beamwidth is at 1.24 GHz, which is 149°, and exceeds
100° in all navigation bands, which realizes the characteristics of a wide bandwidth axial-ratio beam.
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Figure 15: The antenna axis is compared with the beam width curve
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The axial-ratio beamwidths of the antenna at different frequency points are shown in Fig. @ where Fig. @(a)
represents the axial-ratio beamwidth of the antenna at 1.2 GHz, and Fig. @(b) represents the axial-ratio beamwidth
of the antenna at 1.75 GHz, and it can be seen from the figure that, at the frequency point of 1.6 GHz, there is a
large difference in the value of the axial-ratio beam curves of the xoz-plane and yoz-plane and the two curves are
not symmetric about the center symmetry. This is because the upper parasitic part generates radiation at this
frequency point, which affects the symmetry of the axial beamwidth.
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Figure 16: Antenna different frequency point axial width

IV. Conclusion

The study investigates the radiation characteristics of the SSPP circularly polarized antenna based on a hybrid finite
element-boundary element method, and then optimizes the radiation parameters of this antenna to simulate and
analyze the designed circularly polarized antenna. The simulation results show that the antenna achieves an
impedance bandwidth of 66% (1.3 GHz-2.4 GHz) and an axial-ratio bandwidth of 34% (1.22 GHz-1.85 GHz), with
a peak gain of 7.9 dBic within the bandwidth.The 3 dB axial-ratio beamwidth of the antenna reaches 149° at 1.24
GHz, and exceeds 100° in the navigation band. Its axial specific beamwidth has a gap between the xoz-plane and
the yoz-plane, which is analyzed because the upper parasitic part generates radiation at this frequency point, which
affects the symmetry of the axial specific beamwidth.
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