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Abstract

A broadband circularly polarized (CP) printed monopole antenna which fed by
coplanar waveguide (CPW) is proposed in the paper. The structure of the novel
antenna includes a quarter circular disc radiating monopole, a coupled circular patch,
and a bent L-shaped microstrip stub line. The L-shaped microstrip stub line is used

to widen the impedance bandwidth and generate a horizontal component of the
electromagnetic wave. The adoption of the asymmetric ground coplanar waveguide
structure with the single-feed technology and the coupled circular patch, simultane-
ously achieve wide impedance bandwidth and wide axial ratio (AR) bandwidth. The
structure parameters and the surface current of the designed antenna are analysed.
The simulation and the measurement are conducted, showing good characterizations
of the designed antenna. The 10-dB impedance bandwidth is 7.57 GHz, the fractional
bandwidth from 6.05 to 13.62 GHz is 76.9%, the 3-dB axial ratio bandwidth is 3.01 GHz,
and the fractional bandwidth from 6.05 to 9.06 GHz is 39.8%. The antenna can gener-
ate right/left hand circularly polarized waves in the direction of &=z axis. The designed
antenna has wide applications in the fields of Internet of Things (loT), broadband dual-
CP communication systems and polarization diversity systems, wireless personal area
network and other advanced communication systems.

Keywords: Circularly polarized (CP), Axial ratio (AR), Coplanar waveguide (CPW),
L-shaped microstrip stub, Dual-CP

1 Introduction
In recent years, circularly polarization (CP) antennas have been attracted extensive
attention in wireless systems such as navigation, radar, satellite and radio-frequency
identification (RFID) because of its flexibility in the orientation angle between transmit-
ter and receiver, its better mobility and weather penetration, and less multipath reflec-
tion [1-3]. Circular polarization can generally be achieved by exciting two orthogonal
modes with equal amplitude but 90° phase difference.

Planar printed antenna has the advantages of low cost, easily manufacture and low
profile, which is often used in the design of CP antenna [4]. CPW feed has small disper-
sion and low radiation loss, and its working frequency can reach millimeter wave band.
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In the CPW fed microstrip antenna, the active devices can be integrated much easier,
with series and shunt connection on one side of the substrate, avoiding the via-connec-
tion in the substrate [5].

In order to achieve both wide impedance bandwidth and wide axial ratio (AR) band-
width with single antenna, wideband circularly polarized antenna was proposed by trim-
ming the feed structure and the loading slots. J. W. Wu et al. proposed an asymmetric
feeding monopole rectangular radiation patch in 2010, with embedded slits and stubs on
the deformed ground to achieve 31.6% AR bandwidth and 102.5% impedance bandwidth
[6]. Zhang et al. proposed a CPW fed planar printed monopole antenna with broadband
CP characteristics in 2013. The proposed antenna consists of a rectangular patch and an
improved ground plane. The AR and the impedance bandwidth are enhanced by add-
ing vertical stub and cutting horizontal slot [7]. It shows that the antenna can achieve
wide impedance bandwidth and wide AR bandwidth at the same time, with the 3-dB
AR bandwidth reaching 44.9% and the 10 dB impedance bandwidth reaching 76.9%. The
broadband CP monopole antennas in [8—10] mainly utilized complex patch structures
or embedded slots & stubs ground planes. Ref. [11] reported the coupling effect between
a monopole antenna and a short sleeve for the excitation of both the monopole and the
traveling wave resonant modes. However, the corresponding 3-dB AR bandwidth is only
5%.

It is worth noting that special slot antennas fed by CPW structures, such as the stair-
case-shaped slot adopted in [12] and the regular-hexagonal structure adopted in [13],
also exhibit the broadband CP performance. Ref. [14] proposed a CPW-fed 3D MIMO
ground-radiating cubic antenna (CA) for biotelemetry, which achieves CP radiation in
two bands of 2.45 GHz and 5.8 GHz. However, with the large size of the antenna, it is
difficult to conform it to the other communication devices. The CP antenna reported in
Ref [15] is composed of three asymmetrical rectangular slots. The axial ratio bandwidth
can reach 2.3 GHz. The 3-dB axial ratio bandwidth overlaps with the 10-dB impedance
bandwidth very well. Its working frequency spectrum can cover the bands of RFID,
WLAN and WiMAX. Ref. [16] proposed an ultra-wideband (UWB) CP antenna with
continuous phase feeding. Its 3-dB AR bandwidth reaches 133.3%, but the feeding net-
work is very complex with the large antenna size. Ref. [17] performed CPW feeding for
the first time on a quasi-magnetic dipole (PQMD), in which the planar quasi-magnetic
dipole as well as the printed electric dipole work together to achieve the circular polar-
ization performance with the extreme narrow working bandwidth. Ref. [18] uses dual
port feedings to achieve double circular polarization modes for the port isolation, while
the antenna proposed in this paper only needs one port to achieve right/left circular
polarization in the +z axis direction at the same time. Ref. [19] adopts coplanar wave-
guide feed to excite quadrilateral-shaped monopole antenna, which shows excellent CP
performance with small size. An array element in antenna is proposed in the paper. Ref.
[20] proposed a monopole antenna fed by a square coplanar waveguide surrounding the
antenna. The impedance bandwidth is 12 GHz, but the AR bandwidth is relatively nar-
row. In addition, wavelet analysis can be used to design fractal geometry. When fractal
structure is used for antenna design, a tortuous and complex current path can be con-
structed. The current distribution on the antenna has a certain level and self-similarity,

so it can produce multi-frequency radiation characteristics. When multiple frequencies
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on the antenna are close to each other, broadband operation can be realized [21-28].
However, the design of fractal circularly polarized antenna is relatively difficult and can’t
be used practically until now. Above all, it is still a challenge for the optimization of the
monopole antenna with both wide AR bandwidth and wide impedance bandwidth.

In the paper, a novel CPW-fed quarter-circular monopole antenna with asymmetric
ground plane and bent L-shaped stub line loading is designed to achieve wide imped-
ance matching and broadband CP operating bandwidth. The CP radiation is imple-
mented on the quarter-circle microstrip patch monopole using an asymmetric ground
plane. To expand the impedance bandwidth and the AR bandwidth, a bent L-shaped
stub line is assembled on the left of the monopole, and a circular patch is coupled above
the monopole. The measurements show that the impedance bandwidth is 76.9%, and the
3-dB AR bandwidth is 39.8%. At the same time, the size of the antenna is relatively small,
with the low profile and the simple feeding structure.

2 Method

2.1 Antenna design

Figure 1 shows the schematic structure of the designed wideband circularly polarized
antenna. The antenna is implemented on Kappa 438 substrate, with a relative dielectric
constant of 4.38, a loss tangent of 0.005 and a thickness of 1.016 mm. There is no ground
on the back of the antenna base plate. The area is 24.5 mm x 25 mm. The antenna is fed
by coplanar waveguide, excited by 50 QO microstrip with width W The microstrip line
with length 1, realizes the impedance transformation of the antenna and the feed line.
The grounds of the microstrip are located on both sides of the feeder with a spacing of g.
The ground of the antenna is designed based on the asymmetric structures with differ-
ent sizes. The designed antenna is simulated by ANSYS High Frequency Structure Simu-
lator (HFSS). Table 1 shows the final optimization parameters of the proposed antenna.
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Fig. 1 Top view of the designed circular polarization antenna structure
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Table 1 Key parameters of the proposed antenna (unit: mm)
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(a) Ant. 1 (b) Ant. 2 (c)Ant. 3 (d) Ant. 4

Fig. 2 The schematic structures of the four evolutions during the design process.a Ant. 1. b Ant. 2. ¢ Ant. 3.d
Ant. 4. Ant4 is the accomplished antenna in the paper

The design process includes the four iterative evolution steps, as shown in Fig. 2. Their
corresponding reflection coefficients and AR results are shown in Fig. 3. The length I, of
the basic monopole antenna is quarter-wavelength at frequency of 7.5 GHz, as expressed
in Eq. (1):

Ag c

l:—:
T7 4 7 4 X fr

(1)

in which /, the wavelength of the corresponding frequency, fs the frequency parameter.

In the first step, as shown in Fig. 2a, the first generation Ant.1 is a simple CPW fed
quarter circular monopole patch antenna. Figure 3a shows that the reflection character-
istic of Ant.1 at high frequency is poor. Although the circular polarization can be syn-
thesized by two mutually orthogonal electromagnetic wave components, the radiation
of Ant.1 in the horizontal direction is weak. In order to introduce a horizontal compo-
nent, at the second step, a bent L-shaped stub is loaded on the quarter circular radia-
tion patch, as shown Ant.2 in Fig. 2b. Figure 3b exhibits that its AR decreases obviously,
while its CP characteristics are improved significantly. The bent L-shaped microstrip
stub line introduces a resonance point between the 10 GHz and 11 GHz frequency band
to broaden the impedance bandwidth.

The AR curve in Fig. 3 is the evolution process from the first-generation antenna in
Fig. 2a to the final ones in Fig. 2d. During this trial and error evolution process, it can be
seen that the current distribution and current flow direction are changed mainly by add-
ing structures. The AR value is reduced during the evolution process, from 10 dB at the
beginning to less than 3 dB. An asymmetric ground plane and an asymmetric feeding
of the monopole are designed in Ant. 3 (as shown in Fig. 2c¢). This asymmetric ground
feeding structure can generate additional horizontal component of electromagnetic
waves, which can be combined with the horizontal components by L-shaped stub and
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Fig. 3 Performance comparison of the four designed antennas. a The relationship between the frequency
and the reflection coefficient. b The relationship between the frequency and the axial ratio (AR)

the vertical electromagnetic wave components on monopoles. The combination can be

useful to generate the circularly polarized wave in the far field. The surface horizontal
current on the stub is expressed as [29]:

— — Ae_jﬂy +Be_lﬂy T (y — yst)
J =y cos
‘)Vstuh ll

8(z — d) ©

where A and B are the coefficients for the incident and reflected waves, respectively, and
[ the propagation constant of the stub, y, the coordinates of the center point on the
stub, l;and W, the length and width, respectively, of the stub.

HESS software is used to simulate and optimize the length and width of the stub,
as well as the size of the asymmetric ground to change the current distribution of the
antenna, thereby increasing the axial ratio bandwidth.

Finally, Ant.4 is designed, in which a circular disk is coupled to the monopole patch
to introduce the perturbation, as shown in Fig. 2d. Figure 3d shows the reflection char-
acteristic and the AR of Ant.4. The excitation of the circular patch is provided by the

monopole through the coupling slot W, to increase the AR bandwidth, as shown in
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Fig. 4. The radius r of the disk has the following relationship with the radius 1, of the
quarter monopole [30].

rA ly (3)
T

Figure 4 shows the surface current distributions of Ant.4, with 6.5 GHz in Fig. 4(a) and
8.5 GHz in Fig. 4b. It clearly shows that the CP is mainly generated by the rotating cur-
rent components on the quarter-circle radiating monopole. As shown in the+z direc-
tion, the surface current rotates counterclockwise, which leads to the radiation of RHCP.
The circular polarization characteristic of the narrow-band circular antenna at the ends
of the low frequency and the high frequency can be realized by folding the microstrip
stub line and asymmetric ground, with additional two resonant modes with the axial
ratio below 3 dB appear, with 6.5 GHz and 8.5 GHz as centre frequencies, respectively.
The difference in the structure of the ground on both sides of the feeder leads to the
stronger current in the vertical direction on the left side, while right side with concen-
trated current in the horizontal direction. The currents of the two asymmetrical grounds
are orthogonal to each other, leading to broadband range for the circular polarization.

3 Discussion

3.1 Parameters optimization

In order to obtain good broadband circular polarization performance, a series of param-
eter optimizations are processed on the proposed Ant. 4 structure. By changing the dif-
ferent structural parameters separately, the influences of the parameters on the antenna’s
performance are investigated. The optimization on the geometric parameters of the
antenna are conducted in this way. In particular, the investigations on the influences of

=
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Fig. 4 Distributions of surface currents on the proposed antennas at a 6.5. b 8.5 GHz
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the key parameters, including the length 1, of the monopole, the length |, of the folded
microstrip stub line, the radius r of the circular patch, and the length m of the left
ground, are compared and studied. Their effects on the antenna impedance bandwidth
and AR bandwidth are analysed in the following part.

Figure 5 shows the influence of the radius 1, of the quarter-circle radiating patch on
the antenna performance. The relationship of the 10-dB impedance bandwidth is shown
in Fig. 5a, while the 3-dB ratio bandwidth of the antenna is shown in Fig. 5b. With the
radius 1q varied from 11.05 mm to 11.35 mm, the impedance bandwidth is increased
accordingly. The performance of the 3-dB AR bandwidth shows the same tendency. The
overlapping frequency bands of the impedance and the AR are increased. At the same
time, as the radius increasing from 11.25 to 11.35 mm, the AR value is greater than 3-dB
when the working frequency is greater than 7.5 GHz. The optimized radius 1, is deter-
mined to be 11.25 mm. Since the monopole resonant frequency is determined by the
monopole length, the monopole length shows great influence on the reflection coeffi-
cient and axial ratio characteristics of the antenna.

Figure 6 shows the effects of the length 1; of one side of the folded microstrip stub line
on the antenna reflection coefficient and the AR value. It can be seen from Fig. 6a that

Reflection Coefficients (dB)

-30 F —]q:l 1.25 mm " 1
—~—-]q:ll.35 mm
6 8 10 12 14
Freq (GHz)
(@)
9 T T T T
--- 1q=11.05 mm
\ 1=11.15 mm
—_ q
2 6\ ——1=11.25mm
T |\ ]
\
=}
o~
I
<>E 3
0 1 1 1 1
5 6 7 8 9 10
Freq (GHz)
(b)

Fig.5 The effect of different |, on the performance of the proposed antenna. a Reflection coefficients at
different frequencies with different | values. b AR at different frequencies with different |, values

Page 7 of 14



Ma et al. J Wireless Com Network ~ (2023) 2023:30 Page 8 of 14

O T T T T T
o
2 -10
5
=
= )
é -20 \
= A - - -1=6.7mm
S W\, !
g \-V” 1,=6.8 mm
= 30 Vi ——1-69mm
~ W
R —-=--1=7 mm
f
_40 1 n 1 n 1 n 1 n 1
6 8 10 12 14
Freq (GHz)
(a)
9 T T T T
- - - 1=6.7mm
= \ 1,=6.8 mm
@ 6 -\ ——1,=6.9 mm
2 \
<
=4
I
3
O n 1 1 1 n 1 n
5 6 7 8 9 10
Freq (GHz)
(b)

Fig. 6 Effects of different |, on the performance of the proposed antenna. a Reflection coefficients. b AR

the length of the L-shaped stub line has significant effect on the impedance matching of
the antenna at the high frequency band. With the decreasing of the length I, the reflec-
tion characteristics of the high frequency band become worse. The current distribution
on the microstrip stub line is significantly affected by the length of I,. When |, is greater
than 6.9 mm, the AR value is increased, while the 3-dB AR bandwidth is decreased.
When | is fixed to be 6.9 mm, the AR bandwidth is the largest, as shown in Fig. 6b.

Figure 7 shows the influences of the radius r of the coupled circular patch on the
AR characteristics. If the radius r is decreased from 2 to 1.8 mm, the AR is increased,
while the 3-dB AR bandwidth is decreased. The AR begins to be deteriorated when
r is increased to be 2.1 mm. Therefore, r is selected to be 2 mm to achieve wider AR
bandwidth.

The length m of the ground microstrip on the left side of the feeder is another impor-
tant parameter that affects the AR performance of the antenna. Figure 8 shows the AR
curves with different m values. The length m shows significant impact on AR perfor-
mance at 8.5 GHz, while with less impact on AR at low frequencies. When m is smaller
or larger than 7.2 mm, the AR value increases sharply around 8.5 GHz, while the AR
bandwidth decreases. Finally the optimal length of m is chosen to be 7.2 mm in the
design.
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Fig. 7 Influence of radius r of coupled circular patch on antenna AR performance

Axial Ratio (dB)

5 6 7 8 9 10
Freq (GHz)
Fig. 8 Influence of antenna ground plate length m on antenna AR performance

(a) (b)
Fig. 9 Fabrication and measurement of the proposed antenna. a The photo of the fabricated CPW antenna.
b The testbed of the measured antenna in the darkroom

3.2 Measurement results

Figure 9 shows the test setup of this circularly polarized antenna in the microwave
anechoic chamber. The tested antenna is installed on the 2D turntable. The reference

Page 9 of 14



Ma et al. J Wireless Com Network ~ (2023) 2023:30 Page 10 of 14

Reflection Coefficients (dB)

6 8 10 12 14
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Fig. 10 Measurement curves of the reflection coefficient of the proposed UWB circularly polarized antenna.
The simulation results are also included for the comparison

Axial Ratio (dB)

5 6 7 8 9 10
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Fig. 11 The measurement curves of AR characteristics of the proposed UWB circularly polarized antenna.
The simulation results are also included for the comparison

antenna is a standard horn antenna (LB-8180-NF). Two reference antennas are used in
the test, acting as the receiving antenna and the transmitting antenna, which are con-
nected with the two ports of the vector network analyzer (E8362B), respectively. The dis-
tance between the two reference antennas is set to be 5 m. The antenna gain is obtained
by the comparison method, in which the reference antenna is taken as the compared
target. The radiation efficiency is obtained by integrating the antenna gain modes on the
whole sphere. The measurement is conducted in the far field of the anechoic chamber.
Figure 10 shows the measurement results of the antenna reflection coefficient. The
frequency range is varied from 6.05 to 13.62 GHz with the reflection coefficient less
than -10 dB. The impedance bandwidth achieves 7.57 GHz (76.9%), which is basi-
cally consistent with the simulation results. The measured and simulated AR curves
are shown in Fig. 11. The measured AR value is less than 3 dB, and the bandwidth is
between 5.8 and 9.06 GHz. The 3-dB AR bandwidth of the overlapped part with the
impedance bandwidth is 3.01 GHz (6.05 GHz-9.06 GHz, 39.8%). As shown in Figs. 10
and 11, there are some discrepancies between the measured results and the simulated

ones. It can be seen that the measured axial ratio and return flow loss are fluctuating
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during the measurement. The error mainly comes from the fabrication process and
the measurement error.

The gain and radiation efficiency measurement curves of the antenna are shown
in Fig. 12. With the 3-dB AR bandwidth in the range of 6.05-9.06 GHz, the gain is
between 0.46 and 3.28 dBi. The proposed antenna shows good radiation efficiency.
The average radiation efficiency measured in the operating frequency band is 88.9%.
The radiation efficiency of the antenna is affected by both the structure of the antenna
and the test environment. Figure 13 shows the radiation patterns of the xoz plane and
yoz plane of the CP antenna when the operating frequencies are 6.3 GHz, 7.5 GHz,
and 8.5 GHz, respectively.

Table 2 shows the comparison of the proposed antenna with the other published
works. As shown in Table 2, the UWB CP antenna proposed in the paper exhibits the
widest operating bandwidth, and the highest gain, with competitive size. The antenna
proposed in [17] has a simple structure, but the AR bandwidth is narrow. Ref. [18]
uses dual port feeding to achieve dual circular polarization mode, while the antenna
in the paper only needs one port to achieve right/left circular polarization in the+z
axis direction at the same time. The antenna size of Ref. [19] is large, so it is not easy
to be conformal with the equipment. The axial ratio bandwidth of Ref. [20] antenna is
narrow. Both Ref. [31] and [32] have achieved high gain, but the axial ratio bandwidth
is narrow, the structure is complex, and the size is large. The CPW feeding mode
is adopted in Ref. [33], and the antenna structure is simple, but the antenna gain is
smaller than that proposed in the paper. Ref. [34] has a high profile, which is not con-
ducive to conformal conformation with other devices.

Figure 13 shows the RHCP & LHCP radiation patterns measured in the xoz and
yoz planes, corresponding to the different frequencies, including 6.3 GHz (as shown
in Fig. 13(b)), 7.5 GHz (Fig. 13(b)) and 8.5 GHz (Fig. 13(c)). It can be seen that the
antenna radiates a bidirectional wave with the opposite circular polarization. The
RHCP is realized for z >0, while LHCP for z<0.

5 T T T 100
4t ey v_-@\ {90
== < ~_
i TN —_
= Nl s
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= L <N >
m N _ 5
= / ~ =]
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g 27 X {70 &
5 N =
© - = = Mea.-Gain N b =
----- Sim.-Gain LNy
1r — — = Mea.-Efficiency . 160
Sim.-Efficiency )
0 . : . 50
5 6 7 8 9

Freq (GHz)

Fig. 12 Measured curves of the proposed UWB circularly polarized antenna gain. The simulation results are
also included for the comparison
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Fig. 13 RHCP & LHCP radiation patterns measured in the xoz and yoz planes. a 6.3 GHz. b 7.5 GHz. ¢ 8.5 GHz.

The simulation results are also included for the comparison

4 Conclusions

Circularly polarized antennas play a vital role in wireless communication systems and
are widely used in devices such as radar, satellites, televisions, and drones. The CPW
single-feed technology proposed in the paper, can achieve broadband circular polariza-
tion by the exciting quarter-circular radiating monopole patches, the folded microstrip
stub lines, and the coupled circular patches in the structure. The single-fed circularly
polarized antenna is simple in structure, with low-cost, which can be used in mobile

equipment terminals.

Page 12 of 14
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Table 2 Comparison with the published CP antennas

References IBW 3-dB ARBW (GHz) Antenna size ()\03) Peak Gain (dBi) Type

(S11<-10dB)

(GHz)
[7] 3.48-7.83 4.58-7.23 0.5x0.5x0.02 1.9 CPW
[17] 5.67-5.86 5.67-5.86 161 x038x0.019 048 CPW
[18] 1.9-143 1.9-5.9 0.64 x 0.64 x 0.01 4 CPwW
[19] 3.1-17.5 5.96-10.58 0.8 x 0.66 x 0.02 5 CPW
[20] 2.76-14.82 4.27-6.13 041 x041x0.01 3 CPW
[31] 442-6.55 5.20-6.00 14 x14x0.057 44 CPW
[32] 4.73-9.00 4.80-7.40 08x08x0.3 8.6 Microstrip
[33] 4.20-9.05 540-8.65 0625x0625%x002 3.1 CPwW
[34] 5.7-6.75 5.19-6.78 1.35x1.35x0.03 35 Coaxial
This work 6.05-13.62 6.05-9.06 061 x 062 x 0.02 3.28 CPW

IBW impedance bandwidth, ARBW Axial ratio bandwidth

The designed CPW single-feed UWB circularly polarized antenna has 10-dB imped-
ance bandwidth of 76.9% and 3-dB axial ratio bandwidth of 39.8%. In the operating
band, the measured gain is greater than 3-dBi and the antenna can generate right/left

hand circularly polarized waves in the direction of + z axis. It has wide application pros-

pects due to its low profile, easy confomity with other communication devices and wider

axial ratio bandwidth.

Abbreviations

CcpP Circularly polarized

CPW Coplanar waveguide

AR Axial ratio

loT Internet of Things

RFID Radio-frequency identification

CA Cubic antenna

uws Ultra-wideband

POMD Quasi-magnetic dipole

HFSS High Frequency Structure Simulator
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