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Abstract: BeiDou-3 navigation satellite system was officially opened in 2020. While bringing high-performance services to
people around the world, the navigation system requires well-designed BeiDou antennas. In this paper, we propose a wideband
circularly polarized high-performance BeiDou antenna. The antenna realizes wideband circularly polarized radiation through a
four-port sequential feed network, and the phase imbalance of the feed network from 1.05 to 1.80 GHz is less than 7°. The
manufactured antenna demonstrates a return loss of more than 13 dB and an axial ratio <3 dB over the entire global navigation
satellite system (GNSS) frequency band. The right-handed circular polarization (RHCP) gain of the proposed antenna is greater
than 4 dB in the GNSS low-frequency band and can reach more than 7.1 dB in the high-frequency band. Dimension of the
proposed antenna is 120 mmx120 mmx20 mm, i.e., 0.541,%0.541,%0.094,, where A  is the wavelength of the center frequency. The
proposed antenna connected to a GNSS receiver has tracked 12 BeiDou satellites with C/N,, ratios of GNSS signals greater than
30 dB. Such a high-performance antenna provides a basis for high-quality positioning services.

Key words: BeiDou antenna; Wideband circularly polarized radiation; Four-port sequential feed network; Global navigation
satellite system (GNSS) receiver; Satellite tracking
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1 Introduction is a good option to improve the ability to track satel-

lites (Tamjid et al., 2020).

With the official opening of BeiDou-3 navigation
satellite system (BDS-3) in 2020, the BeiDou business
has entered a new era of global service. As the terminal
part of a global navigation satellite system (GNSS), the
performance of the antenna directly affects the number
of satellites tracked. An important feature of BDS is
that it can provide navigation information at multi-
ple frequency points and improve positioning accu-
racy combining multi-frequency signals. Therefore, con-
sidering the wideband characteristics in antenna design
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BDS includes three frequency bands, B1, B2, and
B3, with center frequencies of 1575.42, 1176.45, and
1268.52 MHz, respectively. To reduce the signal at-
tenuation in various environments and the Faraday ef-
fect caused by the Earth’s polar magnetic field, most
BeiDou antennas use circularly polarized radia-
tion. Therefore, designing circularly polarized antennas
covering these three frequency bands is the key to
achieving high-precision positioning.

Some multi-layer antennas are used to realize
multi-band applications of navigation satellite antennas.
Liu YT et al. (2016) proposed a novel antenna with
probe-fed stacked rectangular patches that covers Global
Positioning System (GPS) L1, Glonass (Russia) L1,
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BDS-1 L, BDS-1 BDS-2 B1, and BDS-2 B3 frequency
bands. The different patch resonances of the antenna
realize multi-band applications in different frequency
bands. Although multi-layer antennas are suitable for
multi-band antennas, because the process of tuning
multiple frequency points is quite cumbersome and
the circular polarization bandwidth of patches is nar-
row, it is difficult to control the axial ratio (AR) band-
width of multiple bands. Therefore, it is more feasible
and effective to design a broadband antenna to cover
the three frequency bands of BDS.

There are many methods by which an antenna can
realize circularly polarized radiation. Yang et al. (2019)
appropriately modified the microstrip patch via truncated
corners and an L-shaped slit to produce two degener-
ate modes with the same amplitude and orthogonal phase
to form a good circularly polarized radiation. This
single-feed method is used mainly to adjust the struc-
ture of the microstrip patch to change the current flow
to form a circular polarization. The circular polariza-
tion formed by this method has a narrow band and is
used mostly for single- and dual-frequency antennas (Lu
et al., 2017; Zhang JD et al., 2017; Liu SH et al., 2019).

A sequential feed network structure is an impor-
tant way to realize circularly polarized radiation. First,
its ports can achieve stable power distribution and phase
shift in a wide frequency band, so it can broaden the
impedance band and AR band of circularly polarized
patch antennas. This approach is an excellent choice
for microstrip patch antennas. Second, a sequential feed
network places no requirement on the polarization
mode of the antenna unit. Even a linearly polarized
antenna unit can achieve good circularly polarized
radiation. For example, Sun et al. (2017) proposed a
four-port feed network structure consisting of three
Wilkinson power dividers and three broadband phase
shifters. The four groups of signals outputted by this
feed network configuration have the same amplitude
and a phase difference of 90°, and the circularly polar-
ized radiation formed has a wide AR band. A wide-
band feed network based on weakly coupled trans-
mission lines proposed by Liu Q et al. (2017) realizes
the feed of sequential phases at 2—-6 GHz, and effec-
tively enhances the circular polarization bandwidth.
Similar four-port feed network structures were men-
tioned by Zhang ZY et al. (2013), Lin et al. (2018),
and Qiu et al. (2020).
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However, all these structures are placed on the
same side of the dielectric board, making the feed net-
work too large. Shortening the distance between the
microstrip lines causes serious coupling effects and
reduces performance. Therefore, we design a sequential
feed network with a three-layer structure. The idea of
our study was inspired by Shah et al. (2019), Zada et al.
(2021), and Guo et al. (2022). The structure of “feed
network + ground + feed network™ greatly reduces the
size of the antenna. The unique microstrip line rout-
ing method avoids mutual coupling of the microstrip
line. The microstrip line maintains a high degree of
symmetry to ensure that the main beam of the antenna
is vertical. Simulation results show that the feed net-
work has excellent performance. It has a more stable
phase shift and smaller size than the previously released
four-port feed network, and can be easily ported to other
similar antennas.

In this study, we propose a high-performance
BeiDou antenna with a wideband stable phase-shift
feed network. An accurate phase shift between each
port of the feed network is achieved through detailed
modeling and simulation. Test results are consistent
with simulation results. In addition, we build a GNSS
receiver, which can obtain the number of real-time
tracking satellites of the test antenna to evaluate the
actual performance of the BeiDou antenna. Our an-
tenna performs well in the GNSS experimental test.

2 Design of wideband feed networks for circ-
ularly polarized antennas

2.1 Structure and theory

In this study, we use a combination of a Wilkin-
son power divider and a phase shifter to design a wide-
band equal power distribution phase shifter, which
can equally divide the input signal into four groups
of output signals with a phase difference of 90°. The
proposed feed network is composed of one 180° wide-
band phase shifter cascaded with two wideband 90°
phase shifters.

The Wilkinson power divider can be regarded as
a three-port network. The signal input at port 1 is
divided into two signals, 2 and 3, with the same ampli-
tude and phase. An isolation resistor R is loaded be-
tween the two branches to improve the isolation. Assume
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that the impedance Z, of port 1 is 50 Q, and R=2Z =
100 Q. If all three ports are ideally matched, the iso-
lation resistors dissipate power.

The relationship between the phase and the micro-
strip line is Ap=pI (f is the phase constant). The
most direct way to change the phase is to adjust the
length of the microstrip line, but this method makes
the phase change with the frequency, which is not
suitable for a broadband phase shifter. Therefore, how
to reduce the sensitivity of phase shift to frequency is
the focus of the broadband phase shifter.

As shown in Fig. 1, the composition of the wide-
band phase shifter includes one Wilkinson power divi-
der and one phase shifter.

Wilkinson power divider

|
| Z(0)  path 2
Z04 e 246,)
—: Port 4
|
l =
Port (in) | Z4(6)
A——{ T ——ePort 2
IPort 1" path 1
|
|
|

Fig. 1 Combination of a wideband phase shifter and a
Wilkinson power divider

The phase shifter is composed of two branches.
Path 1 consists of a microstrip line with electrical
length # and impedance Z,. Path 2 contains a main
microstrip line and two pairs of open and short stubs.
The impedance and electrical length of the microstrip
line and the stubs are Z;, Z, and 6, 0, respectively.
The impedance of the four ports is Z,,.

Compared with path 1, path 2 has more dispersed
phase characteristics, and the phase slope can be regu-
lated by the ratio of the main impedance to the stub
impedance. This reduces the sensitivity of the phase
shift to frequency and realizes a broadband phase shift.

Analyzing the structure of the phase shifter, the
S-parameters to the two paths are given by

(1)
_ tl 1+ jt,
B ( 1+ jt, 1 -ijt, )’ )
_ 1 -jt, 1 +jt,
- 43 2(1 +Jt1 _jtz s (3)
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Ap(f) = arg(S,) — arg(Sy)

=-0(f)+tn- arctan[“t'(f)tZ(f)} 4

6L(f) - 6(f)

where

w, =7, [an(0,2)]

k

1! _
+ (= 1)*2Y, cot (26,), 5)
k = 1’25 '..’n7

0, =nf,0,=(mw4)f.0=(n2)f, Y, and Y, are the nor-
malized characteristic admittances, f is the normal-
ized frequency, ¢, and ¢, refer to the imaginary imped-
ance of ports 3 and 4, and Ap(f) is the phase difference
between the two output ports.

2.2 Design of wideband feed networks

The desired phase shift and power distribution
of the network can be obtained by proper determina-
tion of Z,, Z,, Z,, Z,, and R. For case I, Ap(f)=180°,
with the design condition of voltage standing wave ratio
VSWR=2 and the maximum phase difference within
5°, the relative bandwidth can theoretically reach 60%.
We can obtain the impedance value of the microstrip
line by Egs. (1)—(5).

In Fig. 1, the length of the microstrip line in
path 1 in the 180° phase shifter is =4, the length of
the microstrip line in path 2 is 6,=4,/2, and the
lengths of the short and open stubs 6, are both 4,/8.
After calculation, we obtain the parameters as follows:

R =27, (6)
Z,=422, (7)
Z, = 1.40Z,, (8)
Z, = 1.40Z,. 9)

The layout of the 180° wideband phase shifter is
shown in Fig. 2. It is designed on Arlon AD450 sub-
strate of ¢=4.5 with a thickness of 1 mm. Assuming
that the center frequency is 1.4 GHz and Z; is 50 Q,
through Eqgs. (6)—(9) we can obtain Z,, Z,, Z,, and Z,
as 1.88, 0.97, 1, and 1 mm, respectively. The resis-
tance R is 100 Q.

For case II, Ap ( f)=90°, the analysis method is
the same as the derivation of the 180° phase shift
power divider. Due to the difference in phase shift, the
values of 0, 0,,, and 6, are changed to 4,/2, ,/4, and
4,/8 respectively, and the value of 6, in Eq. (5) is
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120.00

90° wideband phase shifter

Port 4

Feed port 1 Ground

Isolation circle (D=4.4 mm
180° wideband phase shifter ( )

(©)

Plastic screw

Rectangular
slots

Feed copper pillar (D=5 mm) Feed structure
(d)
Fig. 2 Schematic of the feed network: (a) 180° wideband

phase shifter; (b) 90° wideband phase shifter; (c) feed net-
work; (d) geometry of the proposed antenna

changed to (7/2)f. According to Egs. (1)—(5), and by
optimization through simulation, Z, and Z; are 2.19Z,
and 0.9Z,, respectively. In the same substrate material,
the widths of the microstrip lines are 0.3 and 2.25 mm.
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The layout is shown in Fig. 2b, which shows two 90°
wideband phase shifters.

To reduce the size of the antenna and increase the
utilization rate of the substrate, we put the 180° phase
shifter on the bottom layer and the 90° phase shifter
on the upper layer, with the ground in the middle. The
180° phase shifter and 90° phase shifter are connected
by a coaxial inner core (Fig. 2¢). Note that the two phase
shifters are on two Arlon AD450 substrates, not on
the front or back of one substrate. The two substrates
are tightly joined by screws, so the height of the com-
plete feed network is 2 mm. Fig. 2c shows the short
stubs connected to the ground through the probe. The
180° phase shifter is connected to the two 90° phase
shifters through the coaxial inner core, and an isolation
circle is etched on the ground to prevent the coaxial
inner core from touching the ground. The diameter of
each of the two coaxial inner cores is 5 mm, and the
diameter of the isolation circle is 1 mm. Since the
ground is in the middle of the substrate, it is not con-
venient to connect the SubMiniature version A (SMA)
connector. Therefore, we add two rectangular slots at
the edge of the upper substrate to expose the ground to
ensure that the 50-Q SMA connector could be welded.
The rectangular slots are positioned directly above
the bottom feed line (Fig. 2c¢).

We use the combination of one 180° wideband
phase shifter and two 90° wideband phase shifters to
divide the input signal into four signals of equal power
with a phase difference of 90°. The signal is fed to the
patch through the coaxial cores to form circularly
polarized radiation. Note that the placement of the two
90° phase shifters is related to the direction of rota-
tion of the circularly polarized radiation.

We model and simulate the feed network in Com-
puter Simulation Technology (CST) software. The re-
sults of S-parameters are shown in Fig. 3a. §; is
clearly below —15 dB in the 1.05-1.80 GHz frequency
band. The transmission parameters of each port are
kept between 6.2 and 6.7 dB, and the energy differ-
ence between the ports does not exceed 0.5 dB.

Fig. 3b shows the phase difference between two
adjacent ports. For example, S, is the phase value at
port 2, and §,,-S;, is the phase shift value between
ports 2 and 3. The phase of each port changes accord-
ing to the same slope, and the phase difference between
every two adjacent ports is maintained at about 90°.
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Fig. 3 Simulation results of the feed network: (a) S$-
parameters; (b) phase difference between ports (References
to color refer to the online version of this figure)

Phase imbalance varies by 7° throughout the opera-
tional band (1.05-1.80 GHz).

These simulation results show that the feed net-
work has good power distribution and phase shift per-
formance. Moreover, although many microstrip lines
and probe structures have been added to the feed net-
work, the design of the double-layer structure prevents
strong coupling between the microstrip lines, thereby
reducing energy loss and improving the performance
of the feed network.

3 Wideband circularly polarized antenna design

In this section, a high-performance BeiDou an-
tenna loaded with an optimized feed network is des-
cribed. The antenna design details are discussed in
Sections 3.1 and 3.2.

3.1 Design of a circularly polarized patch antenna

We originally planned to use a complete rect-
angular patch as our radiating part, but because the

1475

characteristic impedance of the entire rectangular patch
did not match the feed network port, we considered
using four symmetrical rectangular patches as the
radiating part. The rectangular patch (Fig. 2d) was
designed on an Rogers RT5880 substrate of ¢=2.2
with a thickness of 1 mm. The size of each rectangular
patch is 50 mmx50 mm, the spacing between the
patches is 3 mm, and they are connected to the four
ports of the feed network through a coaxial inner core
with a diameter of 5 mm. The distance between the
radiating patch and the feed structure is 17 mm, and
the height of the air layer affects S;, and AR. The overall
structure of the antenna is mechanically fixed by plastic
screws at the four corners of the substrate. The plastic
screws are made of polypropylene, and the dielectric
constant (¢g,) is about 2.3 at 25 °C.

3.2 Parametric study

Based on an extensive parametric study, the sen-
sitive parameters of the antenna are the size of the
rectangular patch (L), the diameter of the feed copper
column (D,), the diameter of the isolation circle (D,),
and the air gap (H) between the patch and the feed
network.

Reducing the length of the patches shortens
the current path on the patches, causing a significant
decrease in gain. The gain becomes negative when the
size of a patch is reduced to 35 mmx35 mm (Fig. 4a).
However, the patch size is too large to connect the four
patches together, which not only reduces the forward
gain, but also narrows the beam (Fig. 5). Therefore,
after detailed optimization of L, we finally determined
the optimum size of the patch to be 50 mmx50 mm.

We observe that the diameter of the isolation
circle will affect S,,. Fig. 6a shows the behavior of
S, with different D, values. In the B2 and B3 fre-
quency bands, when D, is greater than 4.4 mm, S,
will become worse as the diameter increases, while
S|, does not change within the range of 2.7 mm<D,<
4.4 mm. We believe that a too large diameter will de-
stroy the integrity of the ground and affect the distribu-
tion of current, leading to a deterioration of S,,. There-
fore, to ensure that the coaxial core does not touch
the ground during welding and S,,, we set the diame-
ter of the isolation circle to 4.4 mm. The feed copper
pillar is the bridge between the feed network and the
radiating patch, and the diameter of feed copper pillar
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Fig. 5 Axial ratios (ARs) at different H values (a) and simulated radiation patterns of the patch antenna at B1 (b), B2 (c¢),
and B3 (d) (References to color refer to the online version of this figure)

is related to the degree of matching. S, is best when  Like the effect of a rectangular patch on the antenna,
D=5 mm (Fig. 6b). the height of the air gap affects the antenna gain: the

The height of the air gap (H) affects the antenna  larger the H value, the lower the forward gain. In the
gain and AR. Figs. 4b and 5a present the gain and low-frequency bands (B2, B3), AR will increase with
AR behaviors for different values of H, respectively. the increase of H, while in B1, the increase in A will
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Fig. 6 Frequency dependence of S, for a family of D, (a)
and D, (b)

cause the AR to deteriorate, and the impact on AR
will be greater than 1 dB.

4 Experimental results

We built a prototype to verify the performance
of the antenna. The front, side, and top views of the
antenna are shown in Fig. 7, and the whole unit was
secured by four polypropylene screws.

The reflection coefficient (S5;,) and AR are shown
in Fig. 8. The simulated and measured S,, values are
both below —10 dB within 1.05-1.80 GHz, and relative
bandwidth reaches 52.6%. The curves of S|, show a
consistent trend, but the high-frequency resonance
point is slightly shifted. The reason for the resonance
point offset is that the copper foil with a thickness of
about 0.1 mm is glued around the bottom of the feed
copper pillar to strengthen the weld. The adhesion of
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Fig. 7 Prototype antenna
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Fig. 8 Reflection coefficient (S;,) and axial ratio (AR) of the
proposed antenna

copper foil changes the impedance of the copper pillar,
and the air gap between the feed network and radiating
patch makes the current at the bottom of the copper
pillar discontinuous. This causes the resonance points
of the simulated and measured S,, values to differ at
high frequencies.

Although the measured and simulated ARs are
generally consistent, the measured AR is about 0.5—
1.0 dB higher than the simulated AR (Fig. 8). This is due
to fabrication errors in the welding of multiple compo-
nents (probes and short stubs), and the adhesion of
copper foil may also contribute to AR inconsistency.

Comparisons between measured and simulated
gains are given in Fig. 9. The measured antenna gain is
4 dB at the B2/B3 frequency bands, reaching 7.1 dB
at B1. Insertion loss, fabrication imperfections, and
addition of copper foils lead to a difference of about
0.7 dB between the measured and simulated gains at
high frequencies.

Fig. 10 depicts the simulated and measured radi-
ation patterns of the proposed antenna at 1176.45,
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Fig. 9 Simulated and measured gains of the proposed
antennas (RHCP: right-handed circular polarization)

1268.52, and 1575.42 MHz. The main beam pat-
tern has good symmetry and is in good agreement
with the simulation result. Half-power beam widths
of the three patterns are all beyond 85°, which pro-
vides a guarantee for receiving satellites at low eleva-
tion angles. The backlobe of the beam is slightly dis-
torted, but for the proposed antenna with a front-to-back
ratio of more than 20 dB, this will not affect its actual
performance.

Measurement results of the proposed antenna are
shown in Table 1.

We then compare the performance of our devel-
oped antenna with that of published antennas based
on the parameters in Table 2. In terms of bandwidth,
our proposed antenna has a wide impedance bandwidth
and the AR bandwidth is larger than that of most GNSS
antennas. Compared with Zhang ZY et al. (2013), our
proposed antenna is superior in terms of right-handed
circular polarization (RHCP) gain, with the highest
gain of the proposed antenna being twice that of the
antenna proposed in Zhang ZY et al. (2013). The
antenna of Liu SH et al. (2019) also has high gain, but
is larger than our antenna.

In summary, although there are errors in fabrica-
tion and experimental processes, the measured AR and
S,, values of the antenna in the satellite frequency
band are excellent, and the main beam pattern also
shows good width and gain. This shows that our pro-
posed antenna has high stability, and that the wide-
band circular polarization feed network has excel-
lent performance. In the next section, we report the
ability of the antenna to track satellites.
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Fig. 10 Simulated and measured radiation patterns of the
proposed antenna: (a) f~1176.45 MHz; (b) /=1268.52 MHz;
(¢) f~1575.42 MHz (RHCP: right-handed circular polariza-
tion; LHCP: left-handed circular polarization)

Table 1 Measurement results of the proposed antenna

Bandwidth (GHz) RHCP gain Size
S,,<-10 dB AR<3 dB (dBi)  (mm>mmxmm)
1.05-1.80 1.05-1.80  4.0-7.1  120x120x20

AR: axial ratio; RHCP: right-handed circular polarization
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Table 2 Comparison of our proposed antenna with those
proposed in other studies

ize
Reference Bandwidth RHCP (mnimmx
(GHz) gain (dBi)
mm)
LiuSHetal, 1.40-1.68 14.5% 7-8"  200%x200x4.8
2019
Sun et al., 1.192-1.215 5.5% -10-1" wx30%12
2014 1.258-1.278
1.559-1.591
Tamjid etal,, 1.16-1.61 32.5% 4.80-7.33 112x112x30
2020
Yangetal,, 1.538-1.685 2.6% 3.3-42  70x70%x4.6
2019 2.400-2.525
Zhang HL 1.04-2.00 52.4% 2-4 80x80%29"
etal., 2019
This work 1.05-1.80 52.6% 4.0-7.1 120x120x20

" The value is read from a plot and it can have £10% error in reading.
CP BW: circular polarization bandwidth; RHCP: right-handed circular
polarization

5 GNSS receiver experiments

To evaluate the overall performance of the ante-
nna, the proposed antenna and a commercial BeiDou/
GPS antenna were connected to a GNSS receiver for
comparison. The receiver could receive signals from
different elevation and azimuth angles, and could give
the precise received carrier to noise ratio (C/N,) of
each tracked satellite. Schematic of the GNSS signal
reception experiment process is shown in Fig. 11. The
GNSS receiver we built is shown in Fig. 12. It includes
a GNSS module, a GNSS low-noise amplifier (GNSS
LNA), and a USB-TTL. The USB-TTL converts sat-
ellite messages into a format that the computer can rec-
ognize, the GNSS LNA amplifies the received satellite
signals, and the GNSS module solves the navigation
messages to obtain the data of the antenna tracking
the satellites.

Since commercial satellite antennas have integra-
ted GNSS LNA modules, we added a GNSS LNA to

BeiDou antenna

> Sl —» USB-TTL —» Computer
module

GNSS
LNA

Fig. 11 Schematic of the GNSS signal reception experiment
process
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the proposed antenna to provide an effective compar-
ison. The performance parameters of the GNSS LNA
are shown in Fig. 13.

Fig. 12 GNSS receiver
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Fig. 13 Performance parameters of GNSS LNA

Fig. 14 shows the situation of tracking satellites.
We found that our antenna could track 12 BeiDou sat-
ellites in the B1 frequency band (B1 and B1C), 9 in
the B2 frequency band (B2 and B2A), and 11 in the
B3 frequency band. The C/N, of all satellite signals is
above 30 dB, which is an exciting experimental result.
The results from tracking satellites of other GNSS
systems (Fig. 12), including four GPS (USA), five
Glonass (Russia), and three Galileo (Europe) systems,
show that our antenna performs well in other GNSSs.

A constellation plot of the tracked satellites is
shown in Fig. 15, in which the total number of tracking
satellites has reached 24. Experimental results show
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Fig. 14 C/N, plot of the tracked GPS satellites for different GNSSs (from top to bottom: GPS, BeiDou, Glonass, and Galileo)
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Fig. 15 Constellation plot of the tracked satellites

clearly that our manufactured antenna has excellent per-
formance, and a large number of tracked satellites can
greatly improve the accuracy of positioning. Therefore,

our proposed antenna has the potential to form the basis
of a new generation of commercial BeiDou antennas.

6 Conclusions

The opening of the BeiDou-3 navigation satellite
system has promoted the development of BeiDou anten-
nas, and a wideband GNSS antenna loaded with a
four-port sequential feed network was proposed. By
analyzing the principle of the phase shifter, we de-
signed a high-precision phase shift power divider with
a phase imbalance <7° and a bandwidth that covers
the entire GNSS frequency band. The main structure of
the antenna uses four rectangular patches to achieve
high gain. Measurement results show that the highest
gain is 7.1 dB, which is higher than those of most micro-
strip GNSS antennas. The proposed antenna can track
24 satellites (12 BeiDou satellites) when connected
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to a GNSS receiver, and the C/N, is greater than 30.
In short, the developed antenna could be a good candi-
date for BeiDou applications or other GNSSs.
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