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Abstract: This paper presents a circularly polarized turnstile antenna for a meteor radar system. The
antenna employs a pair of turnstile radiators, a 1:2 power divider and a 90◦ phase shifter. After a
series of simulations and optimizations, the maximum circularly polarized gain at 39 MHz is 5.9 dBic
with 96◦ 3 dB beam width. The simulated axial ratio below 3 dB is from −39◦ to 39◦ within the band
of interest. Then, the proposed antenna is fabricated and applied to a meteor radar system. Two
tests are carried out for radiation characteristics demonstration. In the first test, the VSWR of the
proposed antenna is below 1.2 at 38.5–39.5 MHz and keeps good agreement with simulation results.
However, the meteor azimuth distribution is illogical when the output results are compared with the
Australian meteor detection radar (ATRAD) meteor detection. To address the problem, baluns are
investigated and introduced for balanced feeding. The 1:1 unbalance–balance transformer has been
used to improve the radiation characteristics of the designed antenna. The final test results show that
the meteor radar system with the improved antenna achieves better performances in meteor counts
and meteor azimuth distribution.

Keywords: antenna balun; circular polarization; end-fire; turnstile antenna; VHF meteor radar;
Wilkinson power divider

1. Introduction

In the last decade, meteor detection technologies and equipment have rapidly de-
veloped with a need for better understanding of the aeronomy and dynamics of the
mesospheric and lower Thermosphere (MLT) region [1] and its role in determining the
revolution of the climate of the Earth [2,3].

Polarization is a fundamental property of electromagnetic waves, and it describes the
orientation of the electric field vector relative to the Earth’s surface. A polarized antenna
is designed to receive or transmit electromagnetic waves with a specific polarization.
The use of polarized antenna can reduce interference and increase the signal-to-noise
ratio (SNR) of the received signal [4,5]. Considering the polarization matching condition,
circularly polarized transmit antenna and receive antenna are designed and applied in
most meteor detection radar systems [6]. Circularly polarized (CP) antennas are usually
preferred owning to the immunity against multipath fading [7]. They can receive circularly
and linearly polarized waves and can be used in many wireless communication systems,
including broadcasting services, satellite communications [8], mobile communications [9],
global navigation satellite systems (GNSS) [10] and detection radars [6,11].

Generally, the necessary and sufficient condition for CP is that [12]: the E-field must
have 2 orthogonal linear components with the same magnitude and a time-phased differ-
ence of odd multiples of 90◦. The most popular method to achieve CP is an orthogonal
dipole antenna with equal amplitude and 90◦ phase-shift feeding. Considering the unbal-
anced characteristics caused by coaxial cable [13], unbalance–balance (balun) technology is
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necessary for the dipole antenna feeding network. The term balun is a portmanteau of bal-
ance and unbalance, indicating that a balun can transition between a balanced transmission
line and an unbalanced transmission line.

For any asymmetric antenna feeding with coaxial cable, a balun is essential and
significant to ensure the radiation characteristics of the antenna. Balun can not only
be used as an unbalance-to-balance converter, but can also be used as an impedance
transformer. There are many kinds of baluns, such as coaxial [14,15], microstrip [16] and
LC baluns, currently applied in the antennas industry. Microstrip baluns are low profile
and lightweight, easy to fabricate, conformable to mounting structures, and compatible
with integrated circuit technology. Many efforts have been made to achieve ultra-wideband
(UWB) microstrip baluns for antennas or low-noise amplifiers (LNA) [17–22]. However,
for very high frequency (VHF) band antennas, microstrip baluns will cause more insertion
loss, and elaborative design of microstrip baluns are needed to avoid the influence of
distribution capacitance and inductance.

In this work, a circularly polarized turnstile antenna with baluns for meteor radar is
presented. The antenna operates at 38.5~39.5 MHz and can realize unidirectional radiation
by using reflection structures. In addition, a coaxial cable form Wilkinson power divider
is designed as a balun. A fabricated prototype is validated in Section 3. To address the
problems found in the meteor radar, a voltage balun is applied to each feeding port of the
turnstile antenna, which improves the ability to search for meteor numbers and uniformity
of the detection area of the meteor radar.

2. Antenna Topology and Simulation Analysis

To meet the circularly polarization demand of the meteor radar, a turnstile dipole
antenna is used to provide orthogonal electric fields. The antenna can be considered as
two integrated sub-units. Additionally, equal amplitude feeding and 90◦ phase shift can be
achieved by the Wilkinson power divider and phase shifter inserted in the feeding network.
The circularly polarized antenna was simulated by using the ANSYS High-Frequency
Structure Simulator (HFSS) software. Figure 1 shows the simulation model.
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Figure 1. The simulation model of the designed turnstile antenna.
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The antenna consists of two orthogonal dipoles and two reflectors. The overall struc-
tural arrangement is more or less the same as two turnstile Yagi-Uda antennas without
directors. A support rod is used to raise the antenna to a proper height, and a feeding
network is fixed between the two dipoles. In the simulator, balanced feeding and 90◦

phase shifting are set. Therefore, the balun and Wilkinson power divider do not need to be
considered at the stage of computer simulation.

Figure 1 shows that the radiator of the designed antenna has a T-match connection [12].
Dipole1 or Dipole2 is fed by a pair with a length of c and a radius of r. The parameter s
and d can be conveniently changed to match the transmission line. To further understand
the effects of the T-match, parametric studies on three vital parameters: b, s and d of the
T-match depicted in Figure 1 are simulated. Figure 2 presents the simulation results. The
simulation shows that tuning these 3 parameters will significantly affect the impedance
matching of the 2 excited resonant modes, whereby the optimum impedance bandwidth is
achieved when b, s and d are 1330, 182 and 235 mm, respectively.
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Figure 2. The simulation results of the designed turnstile antenna with varying parameters (a) s, (b) b
and (c) d.

Then, according to the system port characteristic impedance Z0 = 50 Ω, the dipole
needs impedance matching to Z0. Thus, the impedance of the ports of the antenna is set as
50 Ω in the simulator.

After a series of calculations and corrections, the parameters of the turnstile dipole
antenna are shown in Table 1. The simulated Smith Chart and Voltage Standing Wave Ratio
(VSWR) of the antenna are depicted in Figures 3 and 4. Before tuning, the impedance of
the antenna is about ZL = 48.945 + 155.68j at 39 MHz (black points in Figure 3), hence
capacitors are needed to be tuned. With the proper capacitors, the VSWR of the antenna
decreases to below 1.2 within the operating frequency band.
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Table 1. Optimized dimensions of the antenna; all dimensions in mm.

Parameters Value

a 1725
b 1330
c 1010
d 235
m 3900
n 25
s 182
l 3660
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Figure 4. The simulated VSWR of the designed turnstile antenna.

The simulated radiation patterns are shown in Figure 5. The maximum circularly
polarized gain of 5.9 dBic is obtained at 39 MHz, which is quite desirable for a meteor
radar antenna [6]. In Figure 5b, the simulated circular polarization (Co-pol.) and cross
polarizations (X-pol.) in different vertical planes are plotted. Within the operation frequency
band of 38.5~39.5 MHz, the circularly polarized radiation patterns maintain a stable shape,
and the co-pol. exhibit high polarization purity. It can be seen from Figure 5b,c that the



Remote Sens. 2023, 15, 2058 5 of 14

3 dB beam width can reach about 96◦. It is also found that the gain above 0 dB extends
from −68◦ to 68◦ (about 136◦) along the radiation direction of the antenna. These far-
field characteristics, such as wide beam width and polarization gain, are well-suited for
detection systems.

Remote Sens. 2023, 15, x FOR PEER REVIEW 5 of 14 
 

 

 

Figure 4. The simulated VSWR of the designed turnstile antenna. 

The simulated radiation patterns are shown in Figure 5. The maximum circularly po-

larized gain of 5.9 dBic is obtained at 39 MHz, which is quite desirable for a meteor radar 

antenna [6]. In Figure 5b, the simulated circular polarization (Co-pol.) and cross polariza-

tions (X-pol.) in different vertical planes are plotted. Within the operation frequency band 

of 38.5~39.5 MHz, the circularly polarized radiation patterns maintain a stable shape, and 

the co-pol. exhibit high polarization purity. It can be seen from Figure 5b,c that the 3 dB 

beam width can reach about 96°. It is also found that the gain above 0 dB extends from 

−68° to 68° (about 136°) along the radiation direction of the antenna. These far-field char-

acteristics, such as wide beam width and polarization gain, are well-suited for detection 

systems. 

In the view of the fact that the phase difference of the feeding ports is kept stable at 

90° by the simulator, the dual-feed turnstile antenna performs well in circular polariza-

tion. Additionally, we can see from Figure 5c that the axial ratio (AR) below 3 dB is from 

−39° to 39° within the band of interest. It is worth noticing that the phase difference be-

tween the two ports directly influences the polarization characteristics. This indicates that 

a feeding network must be designed to ensure good feed. To achieve the equal amplitude 

and 90° phase difference for the 2 ports feeding of the antenna, a Wilkinson power divider 

with a 90° phase shifter is introduced. The schematic diagram of the feeding network is 

shown in Figure 6. 

-180-150-120-90 -60 -30 0 30 60 90 120 150 180
-40

-35

-30

-25

-20

-15

-10

-5

0

5

10

15

G
a

in
(d

B
)

Elevation Angle(dgree)

 38.5MHz Gain
 39MHz Gain
 39.5MHz Gain

 38.5MHz AR.
 39MHz AR.
 39.5MHz AR.

0

5

10

15

20

25

30

35

40

45

50

55

A
x

ia
l 

R
a

ti
o

(d
B

)

(a)
Unit：dBic

Min: 78.0

10

-10

-20

-30

0

-40

-50

-60

-70

-80

Max:5.9

(c)

 

 

 

 

 

 

 

 

0
20

40

60

80

100

120

140

160
180

200

220

240

260

280

300

320

340

-25
-20
-15
-10
-5
0
5
10

-25
-20
-15
-10
-5
0
5
10

 G
a

in
(d

B
)

 Co-pol.phi=0

 X-pol.phi=0

 Co-pol.phi=90

 X-pol.phi=90

(b)   

Figure 5. The simulated far-field results of the designed turnstile antenna. (a) 3D radiation plot of 

the proposed antenna; (b) Results of coplanar polarization and cross polarization in two orthogonal 

planes; (c) Results of gain and axil ratio. 

Figure 5. The simulated far-field results of the designed turnstile antenna. (a) 3D radiation plot of
the proposed antenna; (b) Results of coplanar polarization and cross polarization in two orthogonal
planes; (c) Results of gain and axil ratio.

In the view of the fact that the phase difference of the feeding ports is kept stable at
90◦ by the simulator, the dual-feed turnstile antenna performs well in circular polarization.
Additionally, we can see from Figure 5c that the axial ratio (AR) below 3 dB is from −39◦ to
39◦ within the band of interest. It is worth noticing that the phase difference between the
two ports directly influences the polarization characteristics. This indicates that a feeding
network must be designed to ensure good feed. To achieve the equal amplitude and 90◦

phase difference for the 2 ports feeding of the antenna, a Wilkinson power divider with a
90◦ phase shifter is introduced. The schematic diagram of the feeding network is shown in
Figure 6.
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3. Feeding Network of the Proposed Antenna

Generally, Wilkinson power divider and baluns are all based on quarter wavelength
sections of transmission lines, which indicates that they need to be longer (and have a higher
loss) to operate at lower frequencies. This limits the practical low end of the frequency band
to around 500 MHz to 1 GHz for microstrip baluns. On low dielectric substrates, the parts
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will be larger (and usually have a lower loss), while on higher dielectric substrates, they
will be smaller (and have a higher loss). In addition, crowded and complicated microstrip
lines will cause distributed capacitances and inductances unexpectedly within a small
size. As a result, the microstrip power divider and balun are no longer acceptable for VHF
antenna fabrication.

To ensure that the input power of all units of the antenna is the same, a T-junction,
with a 2:1 power ratio is employed in the feeding network as shown in Figure 5. Figure 6
presents the T-junction. The connector is designed for a special purpose. Its appearance is a
normal N-type, but it can connect with two 75 Ω radio frequency cables. The impedance of
the parallel 75 Ω cable can be treated as Z75p = 75/2 = 37.5 Ω. The length of the two 75 Ω
cables is a quarter wavelength (reference frequency f0 = 39 MHz) for a quarter wavelength
impedance transformer. The mathematical symbols utilized in this part are defined in
Table 2.

Table 2. Symbol definitions.

Symbol Definition

Z75 Impedance of 75 Ω transmission line
Z75p Impedance of two parallel 75 Ω transmission line

Ztrans Impedance of impedance transformer
Z0 Nominal impedance of the system
ZL Impedance of load (antenna)

The impedance of the quarter wavelength impedance transformer can be calculated
using the following equation:

Ztrans =
√

Z0ZL (1)

It is clear that:

Ztrans =
√

Z0ZL =
√

50× 25 = 35.35Ω 6= Z75p = 75/2 = 37.5 Ω (2)

To address the issue of mismatch, fine-tuning of the T-match will solve this problem.
For VHF operation frequencies, a flux-coupled balun transformer is used to reduce

the impact from the common mode current. Ideally, a flux-coupled transformer could be
used whenever balun functionality is required. It is well understood, relatively simple to
build, provides an arbitrary impedance ratio than can be easily tuned, and provides both
DC and ground isolation [15]. Figure 6 presents the designed flux-coupled balun. With the
help of the flux-coupled balun, balanced feeding can be achieved.

As for the 90◦ phase shifter, the demand can be satisfied with a quarter wavelength
radio frequency coaxial cable.

4. Experimental Results and Improved Design

A low working frequency (less than 50 MHz) band indicates a large antenna size, and
measuring the radiation pattern in an anechoic chamber can be expensive and infeasible.

The fabricated antenna and array are shown in Figure 7a,b. To verify the radiation
characteristic of the antenna, the fabricated antenna is erected in the open field. VSWR was
measured using the Rohde & Schwarz ZNLE3 Vector Network Analyzer, and the simulated
and measured results are presented in Figure 8. The measurements are in good agreement
with the simulations. The measured VSWR in the impedance bandwidth ranges from
38.5 MHz to 39.5 MHz is less than 1.2. The slight frequency shifts are attributed to fabrica-
tion and welding imperfections.
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Figure 8. Comparison of VSWR measurement results and simulation results.

A. Experiment 1

To verify the antenna’s performance experimentally, an association test with a me-
teor detection radar system is carried out. The experimental results are compared with
the Australian meteor detection radar (ATRAD). The meteor detection radar deployed
in Wangjiahe Town, Huangpi District, Wuhan City, Hubei province, China, is located
approximately 55 km away from ours. It consists of one transmitting antenna (left-handed
circularly polarized, LHCP) and five identical receiving antennas (proposed right-handed
circularly polarized antenna) designed for meteor observation. By designing the receiving
antenna array, the meteor radar can be used for meteor tracking, detection of meteor trails,
summarizing quantities and distributing meteors. The measured results are shown in
Figure 9.
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The azimuthal distribution and counts of meteors from 3 to 7 July 2022 were observed
with the proposed receiving antenna array, as shown in Figure 9. It can be seen from
Figure 9a and Table 3 that the maximum of meteors reaches to 9500~13,000 per day. Figure 9
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compares the universal-time distributions of meteor counts measured by the meteor radar
with antennas of ATRAD and with proposed antennas. We can see from Figure 9c that
the azimuthal distribution of meteors measured by the meteor radar with our proposed
antennas mismatched with that observed by the ATRAD radar. Unlike the ATRAD meteor
azimuth distributions that only have one depression, the system with proposed antennas
shows two depressions. The disagreement in meteor azimuth distribution is unusual
under the condition that the radiation pattern of the proposed antenna is approximately
standard along with the direction of horizontal to the ground. The phenomenon gives an
indication that the radiation patterns of the fabricated antenna at the operation frequency
are distorted.

Table 3. Statics table of meteor quantity.

Time
(UT Hour)

Metero Radar with ATRAD
Antennas

Metero Radar with Proposed
Antennas

0~24 10,231 10,033
24~48 10,746 9635
48~72 8630 9498
72~96 13,860 12,993

96~120 13,665 11,415

B. Analysis and Improved Design

Deformed pattern is often caused by reverse current. Therefore, it is possible that
some reverse currents exist on the surface of the antenna. In order to solve this problem, a
study was done as following:

Firstly, such pattern defects never appear in the simulated radiation pattern results of
the designed turnstile antenna. Secondly, as a critical component, the balun plays a role in
realizing balanced feeding for the dipole antenna. The balun used in the fabricated antenna
may be insufficient to choke all the inverse currents, and its magnitude may not be equal to
that of a differential port of the dipole antenna.

Generally, a balun is a three-port power splitter, similar to a Wilkinson or resistive
power divider, and its two outputs will have equal magnitudes and opposite phases (a
180◦ phase shift).

To solve this problem, 1:1 Ferrite transmission line transformers are used in the antenna
feeding network. Figure 10 shows the transform. The ferrite is ring-like with a size of
13 × 7 × 5 mm, and the initial permeability of the material is 100.
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Figure 10. The prototype of the improved feeding network. (a) the circuit principal diagram of balun
and (b) photo of feeding network.

5. Results Comparison and Discussion

C. Experiment 2

Figure 11 shows the measured phase difference and magnitude of ports in the im-
proved feeding network. The measurements are taken with a vector network analyzer and
only two-port scattering parameter measurements are taken with the other port terminated
with a standard 50 Ω load. Within the operation band from 38.5 MHz to 39.5 MHz, the
phase difference between Port2 and Port3 of the feeding network ranges from 87.3◦ to
90◦. Achieving circular polarization or elliptical polarization is an essential prerequisite for
successful feeding. The maximum phase unbalances from 180◦ between Port2 and Port3
are 1.3◦ and 1.05◦ at the operation band, respectively. The maximum amplitude unbalances
of Port2 and Port3 are 0.215 dB and 0.24 dB.
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Figure 11. Measurement results of magnitude unbalance and phase unbalance of new feeding
network.

The new baluns are designed to be inserted at the two ports of the antenna. In addition,
the improved antenna forms an array that can be applied in the meteor radar system. The
new round of verification experiments is taken from 20 to 24 August 2022.

As shown in Figure 12 and Table 4, the antenna equipped with the new feeding
network can detect a greater number of meteors, and the azimuth distribution correlation
can reach 0.8467, as compared to the data from the ATRAD radar. This indicates the good
radiation performance and the application ability of the designed antenna.
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Table 4. Statics table of meteor quantity with improved antenna.

Time
(UT Hour)

Meteor Radar with ATRAD
Antennas

Meteor Radar with Proposed
Antennas

0~24 13,874 13,866
24~48 13,156 14,394
48~72 12,359 15,435
72~96 12,890 15,749

96~120 14,871 15,569
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D. Discussion

The balun plays an important role in the designed antenna. The prototype of the balun
(shown in Figure 10) is proposed in reference [23]. This type of balun is similar to a single
bifilar winding transformer, except for an additional length of winding being added. Under
the condition of low loss and phase shifting, the characteristics of the current distribution
on the three wires are as follows [24,25]:

1. Equal current always flows through two of the three wires;
2. The sum of the currents is equal to the current flowing through the other wire in the

opposite direction;
3. The points at both ends of the three wires are distributed evenly.

The equations are listed as:

V1 −V2 = V2 cos βl + jI2Zoo sin βl (3)

I1 = I2 cos βl + j
V2

Zoo
sin βl (4)

V2 = V3 cos βl + jI2Zoo sin βl (5)

I1 = I2 cos βl + j
V3

Zoo
sin βl (6)

where, V1 and V2 are termination voltages, and I1 and I2 are termination currents. Zoo is
the odd mode impedance and βl is electrical length with a unit of rad of windings. Rg is
the power impedance and Rb is the load input impedance.

Then, when Rg = Rb, the transmission coefficient (T) of the transformer can be
described as:

T = cos2 βl +
1
4

(
k +

1
k

)
sin2 βl (7)

k =
2Zoo√
RgRb

(8)

Equations (7) and (8) indicate that the optimum transmission condition is Rg = Rb.
This just meets the demand of the designed antenna. During the experiment, it was also
found that this kind of transformer can be used for broadband RF devices. This idea will
also be included in the next research.

6. Conclusions

A turnstile VHF circular polarized antenna has been designed and employed for
meteor radar, utilizing a transmission line power divider and balun. A 1:1 unbalance-
to-balance transformer has been implemented to enhance the radiation characteristics
of the designed antenna. Considering the difficulties in radiation and gain testing, after
fabricating and improving the antenna feeding network, a receiving antenna array is
utilized in the meteor radar system. Better performances, such as increased meteor counts
and improved azimuthal distribution of meteors, are achieved.
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