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ABSTRACT This paper introduces a novel single feed wideband Tai Chi-shaped circularly polarized (CP)
antenna that utilizes a Fabry-Perot cavity (FPC) with a 3D printed structure to increase the antenna gain and
axial ratio (AR) bandwidth. Besides, a novel method is proposed for AR bandwidth enhancement. Some
simple metal strips are introduced, which could adjust the phase of the particular electric field component.
By placing the metal strips at an optimal position, the AR bandwidth of the antenna could be effectively
broadened. Note that this method has little effect on the other antenna performance and it does not require
additional structural changes. The proposed method to increase the axial ratio bandwidth is very simple and
effective. The Tai Chi-shaped antenna consists of two separate small patches and two suspended metal rods.
The two small patches are 180◦ out-of-phase excited which are centro-symmetrically placed to form a larger
and complete circular patch. The two small patches and the total split patch generate two minimum AR
points, which substantially broadens the AR bandwidth. Adding two layers of FR4 substrate to the antenna
constitutes an FPC, and the antenna peak gain is increased from 9.42 dBic to 14.44 dBic. In addition, the
AR bandwidth has been increased from 27.73% to 44.42%. In order to further increase the AR bandwidth
of the CP antenna, some simple metal strips have been added to the FPC substrate. The AR bandwidth has
been enhanced from 44.42% to 53.46% (4.07 - 7.04 GHz). Compared with other CP antennas with FPC,
our proposed antenna shows advantages in terms of substantially broadened impedance and AR bandwidth,
high gain, and low fabrication cost.

INDEX TERMS Axial ratio (AR), circular polarization, Fabry-Perot Cavity (FPC) antenna, metal strips,
wideband.

I. INTRODUCTION
Fabry-Perot Cavity antenna (FPCA) [1] has received increas-
ing attention in recent years because it has superior advan-
tages in terms of simple structure, small size and high
gain compared with traditional antennas such as lens anten-
nas [2], reflector antennas [3], leaky-wave antenna [4] and
antenna arrays [5] (e.g. microstrip antenna arrays). Circularly
polarized (CP) antennas are a type of antennas with axial
ratio (AR) typically lower than 3 dB. Due to the features
of circular polarization, CP antennas have several important
advantages compared to antennas with linear polarization,
such as combating multi-path interferences or fading [6];
reducing the ‘‘Faraday rotation’’ effect [7], and no strict
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orientation requirement between transmitting and receiving
antennas.

Recently, in order to combine the advantages of CP anten-
nas and FPCAs, a lot of designs have been proposed and
developed for CP FPCAs [8]–[13]. These antennas are basi-
cally composed of three parts: an excitation source, a total
reflection ground and a partially reflective surface (PRs).
The excitation source may be a CP antenna, and the Fabry-
Perot cavity (FPC) provides the effect of gain enhancement
or maybe a linearly polarized antenna, and the realization
of CP is achieved by exploiting the polarization-dependent
characteristic of the cavity. In order to realize broadband and
high-gain CP FPCAs, most of the designs utilize wide-band
circularly polarized antennas as the excitation source, which
are able to enhance the antenna gain but not the circular polar-
ization (or AR) bandwidth. In [8] a chamfered slotted patch
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antenna is used as the CP excitation source. Sequentially
rotated feeding technology was used in [14] to increase the
circular polarization bandwidth, resulting in a 3 dB AR band-
width of 17% and a maximum gain of 14.1 dBic. An FPCA
with a metamaterial-loaded cavity is proposed in [9], where
an overlapped impedance and AR bandwidth of 6.7% (from
9.6 to 10.27 GHz) was realized. In [10] a wideband CP
magneto-electric dipole antenna (CP MEDA) was used as
an excitation source. It employs a partially reflecting surface
made by a substrate with arrays of metal patches printed on
both the top and bottom sides to improve the antenna gain.
The 3 dB AR bandwidth is about 29.3% (12.4-16.8 GHz) and
the maximum CP gain is 11.45 dBic. A compact wideband
CP FPCA using a resonating structure made of thin dielectric
slabs is proposed in [11] achieving a 3 dB AR bandwidth
of 47.7% (5.9-9.6 GHz) and 3dB gain bandwidth of 50.9%
(5.7-9.6 GHz). However, the excitation source in [11] is a CP
crossed dipole antenna, and the original 3dB AR bandwidth
of the excitation source is 36.68%. The overall AR bandwidth
improvement is not very significant.

In this paper, a 3D printed Tai Chi-shaped wideband cir-
cularly polarized antenna that uses a two-layer conventional
Fabry-Perot cavity (FPC) structure to increase the gain and
axial ratio (AR) bandwidth of the antenna. In order to achieve
a significant enhancement in the CP bandwidth, some metal
strips are added to double-layer FPC. The phase difference
between the two orthogonal electric field components of the
antenna is optimized, thereby resulting in a wider CP band-
width. The increase in the AR bandwidth is very obvious.
Note that this method has little effect on other performance
of the antenna and it does not require additional changes to
the antenna. This method provides a new idea for improving
the AR bandwidth of CP FPCA. The AR bandwidth of the
original Tai Chi shaped patch antenna is 27.73%, and the AR
bandwidth of final CP FPCA with metal strips is 53.46%.
The maximum gain of the antenna is increased from 9.42
to 14.44 dBic.

This paper is organized as follows: the antenna configura-
tion, CP principle and the measured results of the normal CP
FPCA without metal strips are elaborated in Section II. The
improvement approach and the final antenna configuration,
including all the simulated and measured results are illus-
trated in Section III. The proposed antenna is compared
with the previous work. Finally, a conclusion expatiates in
section IV.

II. TWO LAYER CP FPC ANTENNA WITHOUT STRIPS
A. ANTENNA CONFIGURATION
The geometry and configuration of the proposed 3D CP
FPCAwithout metal strips are shown in Fig. 1. The excitation
source of FPC is a CP patch antenna of Tai Chi shape,
as shown in Fig. 1(b). There are two suspended metal rods
in the Yin and Yang sides of the Tai Chi patch to feed the
antenna. The feeding is coupled by a microstrip line through
the slot to two suspended metal rods and then excite the two

FIGURE 1. Configuration of the proposed CP FPCA without metal strips.
(a) 3D view of the proposed antenna. (b) Top view of Tai Chi shaped
circularly polarized patch antenna. (c) Cross-sectional view of the
antenna. (d) Bottom view of the antenna.

separate patches with a phase difference of 180 degrees as
shown in Fig. 1(d). The patch antenna source is etched on
the low cost F4BME220 substrate with a relative permittivity
of 2.2, a thickness of 1 mm and a loss tangent of 0.0009.

60190 VOLUME 8, 2020



Y. Cheng, Y. Dong: Bandwidth Enhanced CP FPC Antenna Using Metal Strips

FIGURE 2. 3D printed cavity. (a) 3D simulation model. (b) Prototype of 3D
printed cavity (without copper).

TABLE 1. Dimensions of the proposed antenna (Unit: mm/deg).

In order to increase the bandwidth of the source antenna,
a thick air substrate is used to reduce the Q value of the
antenna. A 3D printed metalized cavity is added to the air
medium to support the substrate of the antenna while also
improving the CP bandwidth and gain. The geometry of the
cavity is shown in Fig. 2. In order to reduce the cost and
processing difficulty, 3D printing technology was used to
fabricate the three-dimensional plastic structure. Then a layer
of copper tape was used to wrap the structure instead of using
the solid metal cavity. The substrate used for the PRS is FR4
with a relative dielectric constant of 4.4 and a loss tangent
of 0.02. The thickness of the two FR4 substrates is 2 mm
and 6mm, respectively, as shown in Fig. 1(c). The 6mm thick
FR4 substrate consists of three layers of 2 mm thick substrate.
The detailed parameters of the antenna structure are shown in
Table 1. The fabricated antenna is presented in Fig. 3.

The structure and dimensions of the proposed bidirectional
antenna are shown in Fig. 2 and Table. 1. This antenna
consists of two curved slots etched on the bottom layer of
the PCB. The slot is obtained by cutting a bigger ellipse with
a smaller rotated ellipse. Additionally, we cut its edge with

TABLE 2. Dimensions of the proposed antenna (Unit:mm/deg).

FIGURE 3. A photograph of the proposed antennas.

a straight line to leave more space to the ground plane. The
lowest end of two ellipses coincides with the center of the
antenna, and the smaller ellipse is clockwise rotated along its
lowest end by θ2. To leave a gap of reasonable width at the
junction of the two slots, a tiny rectangular slot with a width
of 1 mm and a rotated angle of θ2/2 is placed at the center of
the bottom layer.

B. DESIGN PRINCIPLE OF THE PROPOSED ANTENNA
The proposed Tai Chi source antenna consists of two ‘‘fish’’
shaped patches, each of which is fed by a suspended metal
rod. The ‘‘fish’’ shaped patches are out-of-phase excited
due to the use of aperture (slot) coupled microstrip feeding
line. The two edges of the slot have opposite voltage. It is
well-known that most of the single-feed CP microstrip anten-
nas require a perturbation on the structure from two orthog-
onal modes. The ‘‘fish’’ shaped patch can be considered as
a capacitor loaded the small patch. Two orthogonal modes
could be excited as explained by the field distribution shown
in Fig. 4. A large Tai Chi shaped patch antenna is formed
by combining these two ‘‘semi-circular’’ patches, which are
centro symmetrically placed and 180◦ out-of-phase excited.
It broadens the impedance bandwidth and generates the other
minimum AR point. Two CP resonance points are observed
on the AR curve as shown in Fig. 5. The simulated |S11| and
peak gain are also presented in Fig. 5. Fig. 6 displays the
simulated radiation patterns of the source antenna at 4.5 and
5.5 GHz. Simulated results show a peak gain of 9.42 dBic and
an AR bandwidth of 27.73%. Note that the antenna without
FPC height is only 7.405 mm (0.123λ at 5 GHz).
In order to achieve a higher gain, the FPC is designed

and introduced. The PRS can be considered as a three-layer
structure, consisting of two layers of FR4 and a layer of air.
The structure of the Fabry-Perot resonant cavity antenna is so
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TABLE 3. Performance comparison of circularly polarized fabry-perot cavity antenna.

FIGURE 4. The E-field variations for different phase values seen from
+z-direction of the antenna.

FIGURE 5. Simulated |S11|, peak gain, and AR of the Tai Chi-shaped
antenna.

complex that it is difficult to analyze in detail through simple
electromagnetic theory and mathematical method. Based on
different starting or focusing points, the researchers have put
forward a variety of simplified theoretical models and their

FIGURE 6. Simulated radiation patterns for the Tai Chi–shaped antenna.
(a) Phi = 90deg, (b) Phi = 0deg.

FIGURE 7. (a) The PRS consisting of two FR4 substrates separated by an
air-gap and (b) its equivalent transmission line model.

corresponding analysis methods, such as transverse equiva-
lent network model [15], ray-tracing model [16], leaky-wave
model [17] and transmission line model [18].

In this paper, the working principle of the Fabry-Perot
resonant cavity antenna is briefly and qualitatively analyzed
by means of the transmission line model. The equivalent
model of the transmission line for FPC is shown in Fig. 7. The
calculation of the transmission line model is completed in the
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FIGURE 8. Reflection characteristics of the proposed PRS (caculated in
advanced design system).

Advanced design system (ADS). Reflection characteristics of
the proposed PRS are shown in Fig. 8, where Z0 and Zg are the
wave impedance in free space, and Z1 is the wave impedance
in the FR4 medium. The calculation formula is as bellow:

Zg = Z0 = 377�

Z1 =
Z0
√
εr

(1)

The reflection phase of FPC resonance needs to satisfy the
following condition:

ϕ =
4πh
c
f − (2N − 1)π, N = 0,±1 . . . (2)

where h is the height from the source antenna to PRS, c is the
speed of light in vacuum, and f is the frequency. The height
of the FPC antenna is determined by the resonance frequency
and the reflection phase of the PRS. We can improve the
FPC bandwidth in two ways [19]: making the reflection
phase of the PRS decrease slowly as the frequency increases,
or 2) increasing the phase gradually while increasing the
frequency. In this paper, we use themulti-layer dielectric plate
structure as the PRS to realize the positive phase gradient,
as shown in Fig. 8. Within 4 to 7 GHz frequency range,
the reflection phase and magnitude can be maintained in a
reasonable range, so that the performance of the FPC can be
kept stable in a wide bandwidth. As shown in Fig. 9, the effect
of FPC is very obvious. The electric field distribution is more
uniform on the PRS, and the gain in the far-field becomes
higher. Fig. 10 shows the effect of h1 on the peak gain and
axial ratio of the antenna. The effect of h3 on the peak gain and
axial ratio of the antenna is presented in Fig. 11. h3 is about
half wavelength of the center frequency and a fine-tuned h1
can improve the antenna performance.

C. SIMULATED AND MEASURED RESULTS
Based on the design principle and analysis mentioned above,
an antenna prototype shown in Fig. 3. is fabricated and mea-
sured. Fig. 12 shows that the measured impedance bandwidth
for return loss less than 10 dB is about 48.9% (3.9-6.43 GHz).
Compared with the simulated data, the measured radiation
band shifts to a little lower band. The radiation patterns of
the fabricated antenna for simulation and measurement at

FIGURE 9. Simulated E-field distributions of the antenna (a) without and
(b) with the PRS.

FIGURE 10. Effect of h1 on peak gain and axial ratio of antenna.

FIGURE 11. Effect of h3 on peak gain and axial ratio of antenna.

different frequencies are illustrated in Fig. 13. Due to the
limitations of the measured conditions, the antenna patterns
have only been evaluated for the range of−90 to 90 deg. The
measured patterns are in good agreement with the simulated
data. The small discrepancy is mainly due to the slightly
different position of the antenna during the measurement.
The measured 3-dB AR bandwidth is more than 40.16%
(4-6.01 GHz), as presented in Fig. 14. The measured 3-dB
gain bandwidth reaches 40%, from 4.2 GHz to 6.3 GHz with
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FIGURE 12. Measured and simulated reflection coefficients of the CP
FPCA without the metal strips.

FIGURE 13. Radiation patterns of the proposed CP FPCA without metal
strips at (a) 4; (b) 5; and (c) 6 GHz.

FIGURE 14. Measured and simulated the peak gain and the AR (Phi = 0
deg, Theta = 0deg) of the proposed CP FPCA without the metal strips.

a peak gain of approximately 14.8 dBic (see Fig. 14). Due
to some processing and assembling errors, the overall band-
width of the antenna is slightly shifted to the lower frequency.
Although the 3 dB AR bandwidth is not fully determined at
the lower frequency side, the overall performance has been
fully demonstrated.

FIGURE 15. Step by step improvement procedures for the antenna
structure.

FIGURE 16. Phase and their difference between Ex and Ey without the
metal strips.

III. CP FPCA WITH METAL STRIPS
A. ANALYSIS OF THE ANTENNA WITH THE METAL STRIPS
It is well known that CP can be achieved if the total electric
field has two orthogonal components which have the same
magnitudes and a 90 deg phase difference between the two
components [20]. Therefore, the method of widening the
CP bandwidth of the antenna is to minimize the amplitude
difference of the far-field radiation wave of the antenna as
much as possible, and the phase difference should be close
to 90 degrees as much as possible.

To further increase the CP bandwidth of the CP FPCA,
some metal strips are added on the edges of the PRS. The
basic steps for optimizing the antenna performance are sum-
marized in Fig. 15. The reason that adding some metal strips
could improve the AR bandwidth of the CP FPCA is that
the phase difference between the two orthogonal electric-
fields components is adjusted to better maintain 90 deg in a
wider frequency range. As shown in Fig. 16 and Fig 19(a),
the amplitudes of the two E-field components are almost the
same. Therefore, the cause of theAR deterioration at 6.5 GHz
is that the phase difference between the two orthogonal
E-field components is too large (116.1 deg). As well known,
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FIGURE 17. An explanation for the inductive and capacitive metal strips.
(a) Simple metal strips model. (b) The relationship between the E- field
direction and the capacitance or inductance for the metal strips. (c) Two
orthogonal E-field directions for the proposed antenna. (d) The
equivalent circuit models for the two orthogonal E-field components
during propagation.

FIGURE 18. The phase relationship for Ey by changing the inductance.

the simple metal strips act as a shunt inductance for E-field
components along the strips and as a shunt capacitance for
E-field components perpendicular to the strips [21], [22].
Fig. 17 shows the two orthogonal E-field components for
the proposed antenna and their equivalent circuit models
during wave propagation for each orthogonal E-field com-
ponents. By placing the metal strips on the edge of the FPC,
shunt inductance is introduced in the propagation path which
improves the phase of Ey. Note that the direction of the
metal strips should be parallel to the direction of Ey. We use
the ideal transmission lines in the Advanced Design Sys-
tem (ADS) to simulate electromagnetic wave propagation.
Fig. 18 shows the relationship between the inductance and
phase of Ey. As shown, when a 1.3 nH shunt inductor is
introduced, a wideband 90 deg difference between the two
orthogonal E-field components could be realized.

In order to compare the effects of the 3D printed cavity,
FPC, and metal strips on performance, the amplitude differ-
ence and phase difference of the two orthogonal electric field

FIGURE 19. (a) Amplitude and (b) phase difference between E-field
components in the antenna far field, (c) Peak gain and (d) AR of the
different antennas.

components in the far-field of each antenna is illustrated in
Figs. 19(a) and (b). It can be seen from Fig. 19 that the 3D
printed cavity mainly plays the role of optimizing the phase
difference, while its influence on the amplitude difference is
small. This is due to the fact that the volume of the cavity is
too small. The gain of the antenna increases by about 1.8 dB
(7.8 to 9.6 dBic).
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FIGURE 20. Configuration of the proposed CP FPCA with metal strips.
(a) 3D view of the proposed antenna. (b) Top view of Tai Chi shaped
circularly polarized patch antenna. (c) Bottom view of the antenna.

The FPC not only greatly improves the amplitude differ-
ence of the orthogonal E-field components in the far-field,
but also optimizes the phase difference. The metal strip is
etched at the edge of the FPC with little effect on the far-field
gain. However, the metal strip plays an important role in
phase regulation. The phase difference of the electric field
in the far-field of the antenna maintains a very mild change
from 4 to 7 GHz, which greatly widens the CP bandwidth.

In summary, by improving the amplitude difference and
phase difference of the two orthogonal far-field E-field
components, the CP bandwidth of the antenna is increased
from 27.73% (4.41-5.83GHz) to 53.46% (4.07-7.04GHz).
In addition, the 3D printed cavity together with the FPC also
increases the antenna gain from 7.8 to 14.8 dBic.

FIGURE 21. Photograph of the fabricated CP FPCA with metal strips.
(a) Top view, and (b) bottom view.

FIGURE 22. Measured and simulated reflection coefficient for the CP
FPCA with metal strips.

B. ANTENNA CONFIGURATION
Fig. 20 shows the geometry of the proposed CP FPCA with
metal strips. The basic structure of the antenna is the same as
that of the CP FPCA mentioned above, except that the metal
strips are printed on the edge of the substrate of the FPC and
the antenna. The CP bandwidth of the antenna exceeds the
impedance bandwidth, so some matching branches and gra-
dient lines are added to the feed line to improve the impedance
matching. A photograph of the fabricated CP FPCA with
metal strips is illustrated in Fig. 21.
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FIGURE 23. Measured and simulated peak gain and the AR (Phi = 0 deg,
Theta = 0 deg) of the proposed CP FPCA with metal strips.

FIGURE 24. Radiation patterns for the proposed CP FPCA with metal
strips at (a) 4GHz, (b) 5GHz, (c) 6GHz, (d) 6.5GHz.

C. SIMULATED AND MEASURED RESULTS
The measured S-parameters from 3.5 to 7.5 GHz are shown
in Fig. 22, compared with the simulated results. The mea-
sured results are basically consistent with the simulation.
The impedance bandwidth is increased from the previ-
ous 48.05%(4-6.53GHz) to 55.14% (3.82-7.01GHz) due to
matching stubs. The radiation patterns were measured in a
far-field chamber. Due to the limitations of the test system,
the radiation test was only performed from 4 to 6.5 GHz.
Measured and simulated peak gain and the AR (Phi = 0 deg,
Theta = 0 deg) of the proposed CP FPCA with metal strips
are shown in Fig. 23. The test results show that the AR of the
antenna is less than 3dB in the range of 4-6.5 GHz, which
is consistent with the simulation results in the overall trend.

The AR deteriorates a little at a lower frequency band but it
is overall less than 3 dB. The antenna peak gain is 14.5 dB
and the 3 dB gain bandwidth is 43.2% (4.12-6.39GHz). The
far-field radiation patterns at different frequencies, i.e. 4, 5, 6,
and 6.5 GHz, for the two principal E and H planes are illus-
trated in Fig. 24. The proposed antenna exhibits right-hand
circular polarization (RHCP) in the broad-side direction.

The performance of the proposed CP FPCA is compared
with other recently reported CP FPCA [7]–[11] which is
summarized in Table 3. Some key parameters are listed,
including 10 dB return loss bandwidth, 3 dB AR bandwidth,
frequency band, substrate of FPC, height of FPC peak gain,
and antenna volume. Table 3 indicates that our proposed
antennas deliver both a broader AR bandwidth and a wide
impedance bandwidth with a compact size. Compared with
the previous research work, the proposed antenna CP band-
width has obviously been improved.

IV. CONCLUSION
In this paper, a Tai Chi-shaped wideband CP antenna with
3D printed structure is proposed which utilizes a two-layer
FPC structure to increase the gain and AR bandwidth. Simple
metal strips are introduced on the basis of the FPC struc-
ture, which substantially increase the AR bandwidth. The
peak gain is 14.5 dBic and the 3-dB gain bandwidth is
40.16% (4.2-6.3GHz). The proposed CP FPCA with metal
strips exhibits not only a broad impedance bandwidth of
55.14% (3.82-7.01 GHz) but also a broad 3 dBAR bandwidth
over 53.46% (4.07-7.04 GHz). The proposed antenna shows
advantages in terms of substantially broadened impedance
and AR bandwidth, high gain, and low fabrication cost.
The proposed method of introducing some metal strips to
enhance the AR bandwidth is very simple and effective,
which could be applied in different frequency ranges. The
proposed antenna could be used in many different application
scenarios, such as the in-door UWB positioning system, 5G
WLAN, RFID systems, and 5G base stations.
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