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ABSTRACT This paper presents a novel polarization-reconfigurable antenna based on the combination
of circularly polarized (CP) modes, which is capable of changing its polarization states among arbitrary
linear polarizations (LPs), left-handed circular polarization (LHCP) and right-handed circular polarization
(RHCP). A truncated square patch with two isolated aperture-coupling feeds is used as radiation element
operating at 2.45 GHz, which can operate in two orthogonal CP modes with low crosstalk. By exciting one
of the two feeding microstrip lines, LHCP or RHCP mode can be independently generated. Meanwhile,
by simultaneously exciting the two feeding microstrip lines with identical amplitudes but with different
initial phases, LP mode with polarization plane oriented in any desired azimuth direction can be obtained.
The simulated and measured peak gain of the proposed antenna remains at about 6.8 dBi at 2.45 GHz and the
impedance matching bandwidth ranging from 2.25 to 2.60 GHz is fully overlapped for all the polarization
states. Experimental results show a good performance of the proposed antenna.

INDEX TERMS Polarization reconfigurable antenna, continuous linear polarization, circular polarization,
mode combination.

I. INTRODUCTION
Polarization-reconfigurable antennas, which can switch their
polarization states, are commonly engineered where polar-
ization diversity is needed, such as wireless communication
systems, radars and navigations. In wireless communication
systems (mobile satellite communications, GNSS, WLAN,
RFID, etc.), polarization-reconfigurable antennas are desired
to mitigate multipath fading losses and/or to improve the
signal transmission performance by avoiding the polarization
mismatch and interference with the other systems [1]–[4].
In imaging radars, components to control the polarization
state of detecting wave are critical to describe the target
characteristics [5].

Several schemes have been proposed to switch the polar-
ization states of an antenna (or antenna array), where elec-
trical control components such as PIN diodes or RF-MEMS
are usually employed [6]–[20]. An antenna can be switched
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between various polarization states by using reconfigurable
feeding network to feed different parts of the antenna
[6]–[15]. Meanwhile, electrical control components can also
be directly used to introduce perturbation segments on the
radiating part of the antenna, thus leading to different polar-
ization states [16]–[24]. Recently, a new scheme was pro-
posed by using an electronically reconfigurable polarizer
integrated with a linearly polarized (LP) antenna [25], [26],
which has an advantage of complete isolation of the DC bias
from the RF signal and a gain improvement.

For a device-to-device communication system, the polar-
ization mismatch caused by the environmental changes may
degrade the power efficiency and the communication link
capacity. To reduce the polarization mismatch and receive an
arbitrarily polarized wave, traditional solution is to adopt a
circularly polarized (CP) antenna as the receiving antenna.
Although a CP antenna can receive a LP wave polarized
in arbitrary azimuth direction, it only has a maximum effi-
ciency of 50%. Moreover, when a CP antenna receives a
CP wave with opposite rotation, the polarization efficiency
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is extremely low. To resolve this issue, polarization recon-
figurable antennas can be used as a good candidate. At rep-
resent, most proposed polarization reconfigurable antennas
are designed to change either the polarization plane of LP
waves, the handedness of the CP wave or both LP and
CP states. However, the polarization states reported in the
above-mentioned literatures are usually discrete and lim-
ited. To improve the polarization efficiency for receiving
LP waves, multi-linear polarization reconfigurable antennas
have been reported [27], [28]. For instance, a linear polariza-
tion reconfigurable antenna with Quad-polarization diversity
is proposed, whose polarization mismatch is reduced to less
than -0.69dB. Furthermore, the polarization mismatch will
be perfectly mitigated when the LP reconfigurable antenna
can continuously change its polarization plane. Recently,
liquid metal alloy is employed to tune the angle of LP wave
continuously by changing the symmetry axis of the antenna
structure [29], [30], but its slow tuning speed and the large
pump equipment hinder the application of the liquid metal
tuning technique. The polarization plane of a LP wave can
be continuously controlled by combining two orthogonal LP
modes [31] or two orthogonal CPmodes [32], where a tunable
power divider or phase shifter are employed. However, the
azimuth tuning ranges of the LP plane are limited due to the
structures and working principles. In addition, the overlapped
impedance bandwidth of most reported antennas is less than
10%when their polarization states being switched among the
LP modes and CP modes. It is mainly due to the fact that CP
modes are usually generated by two degenerate orthogonal
linear modes with equal amplitude, while the LP modes are
independently generated [13], [33].

In this paper, a dual-circularly polarized patch antenna fed
by two isolated apertures is employed as the radiating ele-
ment. When one of the two apertures is excited through cou-
pling the electromagnetic energy from the feeding microstrip
line, right-handed circularly polarized (RHCP) wave or left-
handed circularly polarized (LHCP) wave can be generated.
While the two apertures are simultaneously fed with identical
amplitudes and certain initial phase difference, LP wave with
polarization plane in arbitrary azimuth direction is radiated by
the combination of the two orthogonal CP components. The
proposed schememakes the impedance bandwidth fully over-
lapped among the CP modes and continuous LP modes. The
topological structure and working principle of the antenna
are presented in Section II. The reconfigurable polarization
states switching among CP modes and continuous LP modes
are validated in Section III. In Section IV, the conclusions are
drawn.

II. ANTENNA DESIGN
A. ANTENNA CONFIGURATION
The topological structure of the proposed dual-circularly
polarized patch antenna is shown in Fig.1. It consists of
two square substrate layers, where a truncated square metal
patch is printed on the top side of the top substrate, as show

FIGURE 1. Configuration of the dual-circularly polarized patch element:
(a) top layer, (b) side view, and (c) bottom layer.

in Fig.1 (a). The two square substrates are FR4 with relative
permittivity of 4.7 and loss tangent of 0.02. The thickness
and side-length of the substrate are 1.5 mm and 100 mm,
respectively. The top substrate is mounted over the ground
plane with a height of 8.0 mm to broaden its operating
frequency band, as shown in Fig.1 (b). Two orthogonally
oriented H-shaped apertures are etched on the ground plane
that is etched on the top side of the bottom substrate to
excite two orthogonal CP modes. Two feeding microstrip
lines with characteristic impedance of 50 Ohm are designed
on the opposite side of the bottom substrate to couple the
feeding electromagnetic energy to radiation element through
the corresponding aperture, as shown in Fig.1 (c).

The proposed polarization reconfigurable patch antenna is
designed to operate at 2.45 GHz and the geometrical param-
eters of the patch structure denoted in Fig.1 are optimized
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FIGURE 2. Photo of the reconfigurable antenna: (a) top view, and (b)
bottom view.

to be: a = 42.2 mm, b = 13.8 mm, l1 = 3.0 mm, w1 =

2.0 mm, l2 = 11.0 mm, w2 = 2.8 mm, q = 6.5 mm. The
proposed antenna is designed and optimized using a commer-
cial full-wave simulator, ANSYS High Frequency Structural
Simulator (HFSS). To verify the proposed design scheme, a
prototype is fabricated to validate the polarization reconfig-
urable capabilities. The top and bottom pictures are shown
in Figs.2 (a) and (b), respectively, where the top substrate is
supported by four foam cylinders and the feeding microstrip
lines are excited by using SMA connectors to connect with a
tunable feeding circuit.

B. RECONFIGURABLE PRINCIPLE
An arbitrary LPwave can be decomposed into two orthogonal
CP components. Therefore, a way to realize an arbitrary LP
wave is to excite two suitable orthogonal CP waves simul-
taneously. The proposed patch element can independently
operate in LHCP or RHCP modes (namely dual-circularly
polarized modes) by exciting one of the feeding microstrip
lines. As shown in Fig.1 (c), when the vertical microstrip line
is excited, the antenna radiates an LHCP wave in the main
radiation direction and the E-field can be expressed as:

ELHCP = x̂E0ej(ωt−kz−
π
2 ) + ŷE0ej(ωt−kz+0) (1)

where E0 stands for the amplitude of the radiation and it is
regarded to be a real number. Similarly, when the horizontal
microstrip line is excited, the antenna radiates an RHCPwave
in the main radiation direction and the corresponding E-field
can be expressed as:

ERHCP = x̂E0ej(ωt−kz+0) + ŷE0ej(ωt−kz−
π
2 ) (2)

When the two microstrip lines are excited simultaneously,
the radiation amplitude of each CP wave is normalized to be
E0/
√
2 and the radiated wave is given by:

ELP =
1
√
2
ELHCP +

1
√
2
ERHCP

= x̂E0ej(ωt−kz−
π
4 ) + ŷE0ej(ωt−kz−

π
4 ) (3)

It is obvious that an LP wave can be generated by
the combination of LHCP and RHCP components, where
the x- and y-components have identical amplitudes and are

FIGURE 3. Schematic of LP wave generated by combination of LHCP and
RHCP waves: (a) α = 0◦, and (b) α 6= 0◦.

FIGURE 4. The design of the feeding circuit. (a) Schematic. (b) Photo.

in phase. As shown in Fig.3 (a), the generated LP wave given
in Eq. (3) has a polarization plane at azimuth of π

/
4 (or 45◦),

as illustrated in Fig.3(a). Next, we make the initial phase of
the LHCPmode excitation delayed by α and that of the RHCP
mode excitation advanced by α. In this case, the excited
LHCP and RHCP waves can be rewritten as:

E′LHCP = ELHCP · ej(−α) (4)

E′RHCP = ERHCP · ej(+α) (5)

The generated LHCP and RHCP waves illustrated in
Eq. (4) and Eq. (5) are combined into a LP wave whose
polarization plane is oriented at azimuth of π

/
4 + α. When

the initial phases ±α of the two feeding microstrip lines
are changed by tuning the continuous phase shifters on the
feeding circuit, the polarization plane of the LP wave can be
continuously changed, as illustrated in Fig.3(b). In contrast to
the reports in [29] and [30], the azimuth of the polarization
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TABLE 1. Channel attenuation of the feeding circuit.

FIGURE 5. Measured and simulated reflection coefficients (S11) of the
fabricated antenna.

FIGURE 6. Measured and simulated isolation of the two feeding
microstrip lines.

plane of the LP wave presented in this paper can be con-
tinuously tuned in an azimuth range of 360◦. Finally, multi-
polarization states (LHCP, RHCP and continuous LP modes)
can also be generated based on the proposed reconfigurable
principle.

FIGURE 7. Measured and simulated axial ratio of the antenna working in
two CP modes.

FIGURE 8. Simulated gain of the antenna working in various polarization
states.

FIGURE 9. Electrical field vector distributions on the radiation aperture at
different time when the antenna works in (a) LHCP mode and (b) RHCP
mode.

C. FEEDING NETWORK
To avoid using large number of RF switches, a general
feeding circuit is designed to feed the two microstrip lines,
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as shown in Fig.4. A T-type microstrip power divider is
utilized to divide the signal injected from port-0 into two
channels, which terminate at port-1 and port-2. In each sig-
nal channel, a bias voltage controllable phase shifter and
attenuator are employed to regulate the output phase and
amplitude, as shown in Fig.4 (a). Microstrip transmission
lines with characteristic impedance of 50 � are used to con-
nect the lumped phase shifters and attenuators and to ensure
impedance matching. The photo of the voltage-controlled
feeding circuit is shown in Fig.4 (b). When one attenuator
is set with a large attenuation (>35dB) and the other is set
with near no attenuation by adjusting the control voltage, one
RF output channel is suppressed and the other is switched
on. In this case, a CP mode (LHCP or RHCP mode) is
solely excited. By independently adjusting the rheostat on
the voltage regulator circuit to control the phase shifter on
the two channels, the desired initial phase (corresponding
to the parameter±α) fed to the two antenna ports are achieved
for the continuous tuning of the polarization plane of LP
mode. In this case, the two attenuators are simultaneously set
with very low attenuation. Such a feeding circuit provide a
convenient way to tuning the amplitudes and phases fed to
the two ports of the patch. The attenuation on each channel
caused by the introduction of attenuator and phase shifters
will reduce the total antenna efficiency (AE), which is deter-
mined by both the radiation efficiency (RE) of the radiation
patch and the attenuation of the feeding circuit. The RE and
AE are defined by:

RE = Prad/(Pin1 + Pin2) (6)

AE = Prad/Pin0 (7)

where Prad is the radiated power, Pin1 and Pin2 are the
input power for the radiation patch through the two feeding
microstrip lines and Pin0 is the total input power injected into
the feeding circuit. The channel attenuation in the feeding cir-
cuit mainly attributes to the insertion loss of the phase shifter,
the attenuation of the attenuator, the loss on transmission lines
and the return loss. The tested channel attenuation of feeding
circuit for exciting CP modes and LP modes with different
shift phaseα at 0,±15◦,±45◦, 75◦, 90◦ and 105◦ are recorded
in Table 1.

III. RESULTS AND DISSCUSSIONS
According to the design principle, if only one of the feeding
microstrip lines is excited, an LHCP wave or an RHCP one
will be generated by the truncated square patch. When the
two feeding microstrip lines are simultaneously excited with
an initial phase difference, an LP wave will be obtained with
its polarization plane oriented in a desired azimuth direction.

To validate the above presented theory, the simulated and
measured reflection coefficients of the antenna with different
polarization states are given in Fig.5. It can be seen that
the simulated matched impedance bandwidth (S11≤−10dB)
ranging from 2.34 to 2.66GHz is fully overlapped for all the
polarization states. The feeding lines and radiating patch of

FIGURE 10. Electrical field vector distributions on the radiation aperture
at different time when the antenna works in LP modes with the
polarization plane at azimuth of (a) 45◦, (b) 60◦, (c) 30◦, (d) 90◦, (e) 0◦,
(f) 120◦, (g) 135◦ and (h) 150◦.

the antenna is symmetric along the axis of azimuth at 45◦

and the simulated and measured transmission coefficients
(S21 and S12) of the two feeding ports are less than−12.1dB
and −13.0dB, respectively, as shown in Fig.6. The signal
coupling between the two ports may reduce the RE and
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FIGURE 11. Gain patterns of the LHCP mode on the (a) xz-plane and
(b) yz-plane.

AE to some extent. Considering the isolation of the two
antenna feeding ports and channel attenuation of the feeding
circuit, RE andAE of the proposed antenna are calculated and
recorded in Table 1. For CP modes, the antenna efficiency is
badly reduced (<50%) due to the suppression of one channel.
For LP modes, two channels are simultaneously switched on
with very low attenuation of the two attenuators, thus leading
to higher antenna efficiencies (>73%). According to the def-
inition of the RE, there is no significant RE difference among
all the polarization states. LowAE for the CPmodes attributes
to the large attenuation of one channel on the feeding circuit.
Moreover, the realized two orthogonal CP modes have same
matched impedance bandwidth, as well as the axial ratio (AR)
bandwidth, as shown in Fig.7. The simulated 3.0 dB AR
bandwidth of the CP modes ranges from 2.29 to 2.60 GHz.
Moreover, the realized two orthogonal CP modes have same
matched impedance bandwidth, as well as the axial ratio (AR)
bandwidth, as shown in Fig.7. The simulated 3.0 dB AR
bandwidth of the CP modes ranges from 2.29 to 2.60 GHz.

FIGURE 12. Gain patterns of the RHCP mode on the (a) xz-plane and
(b) yz-plane.

The peak gain of the antenna in themain radiation direction
is simulated when it operates in CP modes and LP modes
in different azimuth directions, as shown in Fig.8. It can be
found that the peak gain ranges from 6.2 to 6.8 dBi across
the impedance matching bandwidth (2.34-2.66 GHz) when it
works in CP modes and 45◦ LP mode. By adjusting the initial
phase, the polarization plane of the LP mode can be turned
from 45◦ to 0◦, and the resultant gain fluctuation versus fre-
quency is expanded. For 0◦ LP mode, the gain monotonously
decreases from 7.2 dBi to 5.7 dBi with the frequency varying
from 2.29 to 2.60 GHz. It should be pointed out that the gain
remains stable at 6.8 dBi at 2.45GHz for all the polarization
states, as shown in Fig.8.

To better demonstrate the performance of the proposed
antenna at various polarization states, the surface electrical
field distributions on a radiation plane at distance of 8.0 cm
away from radiation patch are simulated. When the verti-
cal feeding microstrip line is excited, the antenna operates
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FIGURE 13. Gain patterns of LP mode at 0 azimuth on the (a) co-polar
plane and (b) cross-polar plane.

in LHCP mode, and the surface electrical field distribu-
tions at different time in one sinusoidal period are plotted
in Fig.9 (a). When the horizontal feeding microstrip line
is excited, the antenna operates in RHCP mode, and the
surface electrical field distributions at different time in one
sinusoidal period are plotted in Fig.9 (b). It is obvious that the
electrical field vector rotates clockwise or anticlockwise with
time increase, while the amplitude is almost kept unchanged,
which stands for an LHCP or RHCP wave radiation.

Next, when the two feeding microstrip lines are exited
simultaneously through the feeding circuit with identical
amplitudes and different initial phases, an LP wave can be
combined. Supposing that the initial phase of the excitation
for LHCP mode is delayed by α, while the phase of the
excitation for RHCP mode is initially advanced by α, the
combined LP wave has a linear polarization plane in azimuth
direction at 45◦ + α. Specially, the phase parameter α is
set to be 0◦, ±15◦, ±45◦, 75◦, 90◦ and 105◦, the resultant

FIGURE 14. Gain patterns of LP mode at 45◦ azimuth on the (a) co-polar
plane and (b) cross-polar plane.

azimuth of the linear polarization plane are 45◦, 60◦, 30◦, 90◦,
0◦, 120◦, 135◦ and 150◦, respectively. The surface electrical
field distributions at different time in one sinusoidal period
are plotted in Figs.10 (a)-(h), respectively. When the antenna
works in any LP mode, the electrical field vectors are always
point in one direction, meanwhile the amplitudes have max-
imum values at time t = 0 or T /2 and have minimum values
at time t = T/4 or 3T /4. The phase parameter α can be
arbitrarily designated, thus the LP plane of the antenna can
be continuously controlled within the total azimuth direction
of 360◦.

Finally, the radiation patterns of the antenna working in
LHCP mode, RHCP mode and four LP modes with different
polarization plane are simulated and measured, as shown
in Figs.11-14, respectively.

When the antenna works in LHCP mode, the measured
and simulated peak gain in the main radiation direction
reaches about 6.8dBi, and the maximum cross-polarization
gain level is below −7.2 dBi in xz-plane and −5.6 dBi
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FIGURE 15. Gain patterns of LP mode at 90◦ azimuth on the (a) co-polar
plane and (b) cross-polar plane.

in yz-plane, as shown in Figs.11 (a) and (b), respectively.
When the antenna works in RHCP mode, the measured
and simulated peak gain are both about 6.8dBi as well,
and the simulated maximum cross-polarization gain level
is below −5.6 dBi in xz-plane and −4.8 dBi in yz-plane,
as shown in Figs.12 (a) and (b), respectively. As shown in
Fig.13 (a) and (b), the peak gain remains at about 6.8 dBi
when the antenna work in LP mode with polarization plane at
azimuth of 0◦, and the simulatedmaximum cross-polarization
gain level is below −5.5 dBi in the co-polarization
plane (xz-plane) and −4.9dBi in cross-polarization plane
(yz-plane), respectively. As the azimuth of polarization plane
is adjusted to 45◦, the peak gain remains about 6.8 dBi as well,
and the measured maximum cross-polarization gain level
is below −18.5dBi in the co-polarization plane (plane ori-
ented in azimuth of 45◦) and −3.2 dBi in cross-polarization
plane (plane oriented in azimuth of 135◦), as shown in
Fig.14 (a) and (b), respectively. It should be mentioned that
the simulated cross-polarization gain level in co-polar plane
is below −35 dBi, resulting in no appearance in Fig. 14(a).

FIGURE 16. Gain patterns of LP mode at 135◦ azimuth on the (a) co-polar
plane and (b) cross-polar plane.

Similarly, the gain patterns are simulated and measured
when the antenna operates in LP modes with its polariza-
tion plane oriented in azimuth of 90◦ and 135◦, as shown
in Figs. 15 and 16, respectively. The cross-polarization gain
levels still remain low values in both the co-polarization
plane, as illustrated in Fig.15 (a) and Fig.16 (a), and cross-
polarization plane, as depicted in Fig.15 (b) and Fig.16 (b).
In addition, the gain difference between the co-polarization
and cross-polarization components is beyond 40 dBi for all
the polarization states in the main radiation direction, which
indicates a high polarization purity of the proposed antenna.
As shown in Figs. 12 to 16, the measured gain patterns agree
well with the simulated ones, and the slight deviation is likely
caused by the measurement and fabrication tolerances.

IV. CONCLUSION
In conclusion, a polarization-reconfigurable antenna is pro-
posed based on the CP mode combination technique. The
LHCP and RHCP modes can be independently generated
with very low crosstalk when only one of the feeding
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microstrip lines is excited. By simultaneously exciting the
two feeding microstrip lines with identical amplitudes but a
changeable initial phase difference through a feeding circuit,
an LP wave can be obtained with its polarization plane at
any desired azimuth angle, which means that the polarization
plane can be continuously turned by properly tuning the
initial phase difference between the two feeding ports of the
antenna. To verify the design concept, a prototype has been
fabricated and measured. The measured results are in good
agreement with the simulated ones for all the polarization
states. The proposed antenna can be used to transmit and
receive CPwaves and LPwave polarized at any azimuth, well
avoiding the polarization mismatch.
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