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A novel quadri-polarization-agile microstrip
antenna with polarization synthesizing
feeding network
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This paper proposes planar antennas with quadri-polarization diversity using a pair of orthogonal linear polarizations and a
pair of orthogonal circular polarizations (CP). A novel feeding network with four input ports and four output ports is pre-
sented, allowing antenna polarization diversity by selecting different input ports, which can generate right-handed CP,
left-handed CP, horizontal linear polarization, and vertical linear polarization. The first design uses two square patch reso-
nators to synthesize the four polarizations; the second design comprises four circularly polarized patches to synthesize the four
polarizations with an improved axial-ratio (the ratio of orthogonal components of an E-field) bandwidth. The proposed
designs do not require for embedding PIN diodes and DC-biasing circuits, making them suitable for use in higher-frequency
applications where using lump elements would be difficult. The novel antennas provide potential polarization diversity
features which can be used for many applications. Details of the antenna design are shown, and the measurement and
simulation results are also provided to validate the proposed concept.

Keywords: Circular polarization, Diversity antenna, Linear polarization, Polarization diversity, Quadri-polarization, Sequential rotation

Received 29 August 2014; Revised 14 January 2015; Accepted 22 January 2015; first published online 26 March 2015

I . I N T R O D U C T I O N

Polarization-agile antennas, whose polarization state can be
switched electronically, are attracting more attention for use
in modern wireless communication systems because of their
potential to improve the performance of wireless communica-
tions. This type of antenna combines pairs of orthogonal
polarizations, for example, horizontal/vertical, +slant 458,
or left-hand/right-hand circular polarization (RHCP/LHCP),
which offer various polarizations for the same frequency.
Polarization-agile antennas are useful for many other applica-
tions. For example, it can be used to select best communica-
tions channel in real-time to improve the communication
quality because a mobile handset may be rotated and results
in polarization mismatch [1]. In [2], it has been shown that
antennas with polarization diversity are highly effective in
eliminating multipath fading caused by reflected signals in
complex environments, and circularly polarized systems
have been demonstrated to offer many advantages over linear-
ly polarized systems, which can significantly mitigate multi-
path fading from indoor environments [3]. In addition,
polarization-agile antennas can also realize frequency reuse
based on orthogonal polarization states. It can also provide

polarization modulation scheme used in active read/write
the microwave tagging system [4].

Several antenna structures offering polarization-agile
characteristics have been proposed in the literature [5–17].
A popular method used to switch antenna polarization is
the use of PIN diodes to reconfigure the antenna structure.
This requires a DC bias to control the switching of the ON/
OFF state of the diode by changing the electric characteristic
of perturbation segments through the diodes. Dual polariza-
tions switchable antennas using diodes embedded on the
antenna element have been proposed [5–11], and a single-pole
double-throw switch circuit is combined in the antenna design
to achieve a high-speed switching capability [12–13]. These
antenna designs perform well in the design frequency band.
However, the use of diodes complicates the antenna structure
and DC-bias network. It does not perform well when applied
to high-frequency applications where the antenna dimension
is relatively small and no lumped PIN diode is available.
Furthermore, the switching signal traces raise the complexity
of the overall antenna layout, and the baseband traces may
influence the antenna performance. In addition, only a few
microstrip antenna designs found in the literature possess
switchable quadrature polarization characteristics. In [14],
the first design possess full polarization reconfigurability was
presented. The antenna is able to switch between two orthog-
onal linear and two CPs by proper location of the shorting
posts. However, it requires embedding microwave switching
diodes for the shorting posts and the complex biasing
network, which makes the design difficult in realization. In
[15], polarization-agile active patch antenna was developed
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using two transistors. The radiation can be selected to be cir-
cularly polarized in either sense, or linearly polarized in the
vertical, horizontal, or either diagonal plane. In [16, 17],
other approaches were proposed for quadri-polarization
diversity using diodes and varactors, respectively, to change
its polarization state. In [18], a four port polarization-agile
antenna using open-ended waveguide was presented, which
can also provide quadri-polarization. However, the four
inputs need to be assigned with different phase combination,
which needs four additional phase shifters. This paper pro-
poses a novel eight-port feeding network with four inputs
and four outputs, which is designed to produce a via-free
quadri-polarization-switchable microstrip antenna. This
feeding network generates different phase combinations of
the output ports based on the input ports selected by the
user. By properly combining the feeding network with the
patch-radiating element, four polarizations of the antenna
can be generated. Combined with the proposed feeding
network, the first design uses two adjacent square patch reso-
nators to excite two orthogonal pairs of polarizations, includ-
ing horizontal/vertical and RHCP/LHCP . The planar and
single-layer characteristics enable applying this design to
high-frequency applications. In the second design, four CP
patch antenna are introduced to improve the axial-ratio band-
width. In these four CP patches, two are RHCP and two are
LHCP, which form a sequentially rotated array. This design
can also be used to synthesize these four polarizations, and
effectively improves CP performance.

When integrating with a single-pole four-throw radio fre-
quency switch, the proposed design can be configured as a
quadri-polarization-agile antenna. The proposed two topolo-
gies separate the active switching circuit and the passive
antenna part, reducing the complexity of routing the switch-
ing signal traces and lowering the influence of the baseband
circuit, making it more suitable for integration with micro-
wave circuits and use with high-frequency applications.

I I . Q U A D R I - P O L A R I Z E D A N T E N N A
D E S I G N U S I N G T W O S Q U A R E
P A T C H R E S O N A T O R S

A) Operating mechanism
Figure 1 shows the schematic of the proposed quadric-
polarization antenna. The proposed design can generate two
orthogonal pairs of polarization, that is, vertical polarization,
horizontal polarization, or RHCP and LHCP, respectively.
The two orthogonally paired CPs are contributed by square
patches A and B, respectively. As the feeding network is fed
from Port 1, the input power is equally divided to output
Ports 5 and 6 with a 908 phase difference; thus, RHCP is gen-
erated by square patch A, and no power flows into square
patch B. In the same manner, as the antenna is fed from
input Port 4, the input power is equally divided to output
Ports 7 and 8 with a 908 phase difference; thus, LHCP can
be generated, and no power flows to square patch A. The
orthogonal pair of linear polarizations (LP) can be generated
by combining RHCP and LHCP using the two square
patches. For example, when choosing input Port 2, both
square patches A and B are driven with equal power. In this
case, square patch A generates LHCP, and square patch B gen-
erates RHCP. These orthogonal pairs of CP on square patches

A and B have the same amplitude but a 908 phase difference;
thus, the currents are in the same direction on the X-axis, but
in the opposite direction on the Y-axis. A linearly polarized
beam along the X-axis and traveling in the positive
Z-direction can then be synthesized. Furthermore, when
choosing input Port 3, both square patches A and B are
driven with equal power where square patch A generates
LHCP and B generates RHCP. In this case, the phase in
square patch B is 908 in advance. Thus, the currents are in
the same direction on the Y-axis but in opposite directions
on the X-axis. A linearly polarized beam along the Y-axis
and traveling in the positive Z-direction can then be
synthesized.

B) Feeding network
The proposed antenna is designed for use at 3.5 GHz. The
antenna is printed on a 0.8-mm-thick FR4 substrate, which
has a relative permittivity of 4.4 and a loss tangent of 0.02.
This design consists of two adjacent square patches and a
feeding network with four input ports. Corresponding to
each input port, the feeding network generates different
phase combinations of the output ports, and each phase com-
bination can synthesize different polarizations. Thus, antenna
polarization can be changed by switching to different inputs.
The feeding network consists of three quadrature hybrids to
provide a 908 phase difference. As Port 1 is fed and other
input ports are terminated, the input power is equally
divided to output Ports 5 and 6 with equal amplitude but
with a 908 phase difference. No power is transmitted into
output Ports 7 and 8, which are isolated. As the input port
switches to Port 2 and other input ports are terminated, the
input power splits equally to points F and G, but the phase
at point G is 908 later than that at point F. In the same
manner, the power at point F splits to points A and B, and
the power at point G splits to points C and D. Finally, the

Fig. 1. Structure of the proposed four-port microstrip quadri-polarization
diversity antenna.
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four output ports have the same magnitude, and the achieved
phase differences are 908, 08, 908, and 1808 with output Port 6
as the reference point. Table 1 shows the theoretical phase
delay of output Ports 5, 6, 7, and 8.

The proposed quadri-polarization-agile antenna uses two
or four patch elements to synthesize different polarizations,
and in some cases, only parts of the patches are activated to
transmit power. However, when the proposed antenna
receives signals, each patch element is induced and polarized
with the incoming electromagnetic wave; thus, the proposed
antenna has a diversity gain, and the received signal does
not output to only one port. The scattering matrix used to
describe the relationship between inputs and outputs of the
proposed feeding network is shown below:
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For example, when the incoming signal is linearly polarized
along the X-axis, the induced current of the two adjacent
patches flow into Ports 5 and 7; the input vector can be
expressed as

0 0 0 0 eju 0 eju 0
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.

By substituting this input vector into (2) and multiplying
with the scattering matrix of the feeding network, the
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In this vector, the values of Ports 1 and 4 are the diversity
gain of the proposed antenna when receiving an X-directed
linearly polarized signal. Similarly, when the incoming wave
is LHCP toward a negative Z-axis, the input vector can be
expressed as
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By substituting this input vector into (2) and multiplying it
with the scattering matrix of the feeding network, the output
vector would be
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In this vector, P4 is the output of the receiving signal, and
the values of Ports 2 and 3 are the diversity gain of the pro-
posed antenna. Table 2 list outputs of the incoming signal
of four types of polarization.

C) Simulation and experimental results
The proposed design was simulated using the full-wave simu-
lator, Ansoft’s HFSS, and a prototype was fabricated to verify
the simulation, which is shown in Fig. 2. Figure 3 shows the
measured and simulated reflection coefficients of the pro-
posed four-port quadri-polarization antenna. As shown in
Fig. 3, each input is well matched around the operating
band, and the reflection coefficients of the four input ports
are better than –10 dB, which starts from 3.15 to 3.9 GHz.
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Table 1. Phase delay of each output ports.

P5 P6 P7 P8 Polarization

P4 feed – – p/2 0 LHCP
P3 feed p p/2 0 p/2 LP-Y
P2 feed p/2 0 p/2 p LP-X
P1 feed 0 p/2 – – RHCP
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The coupling between each input port was also evaluated.
Figure 4 shows the measured isolation between each input
port when the antenna is fed from Ports 1 and 2 (results
when fed from Ports 3 and 4 are not shown here due to the
symmetry). It shows that the four input ports have good iso-
lation where most of the input power is delivered to the
antenna elements around the design band. Figure 5 shows
the measured and simulated axial ratio of the proposed
antenna when it is fed from Port 1 where RHCP is generated.
The measured and simulated boresight gain of the antenna is
also plotted in Fig. 5. The simulation result shows the achieved
bandwidth where the axial ratio lower than 3 dB is approxi-
mately 3.11% from 3.48 to 3.59 GHz. Figure 6 shows the

measured and simulated radiation patterns in the X–Z-plane
as the antenna operates in RHCP mode at 3.5 GHz. The
achieved peak gain is approximately 0.41 dBic. Figure 7
shows the linearly polarized radiation pattern on the X–
Z-plane as the antenna fed from Port 2; the antenna peak
gain achieved at broadside is approximately 1.146 dBi. A
small cross-pol radiation pattern, which is 15 dBi lower than
the co-polarization radiation pattern at broadside, shows the
purity of the synthesized linear polarization. Because the
antenna structure is symmetric, simulation results show that
the antenna generates a linear polarization in the
Y-direction and LHCP when it is fed in Ports 3 and 4 (not
shown here). As shown in Fig. 5, the achieved axial ratio band-
width is approximately 3.26% for RHCP and LHCP, which is
restricted mainly by the physical limitation of the patch
antenna. Thus, a novel four-element quadri-polarization
antenna is proposed to enhance the axial ratio bandwidth of
the proposed design.

Table 2. Outputs of the incoming signal of four types of polarization.
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Fig. 2. Fabricated prototype of the proposed four-port microstrip
quadri-polarization diversity antenna.

Fig. 3. Measured and simulated reflection coefficients of each input ports.

Fig. 4. Measured isolation between each input ports when the antenna fed from (a) port 1 and (b) port 2.
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I I I . Q U A D R I - P O L A R I Z E D A N T E N N A
D E S I G N U S I N G F O U R C I R C U L A R L Y
P O L A R I Z E D P A T C H R E S O N A T O R S

A) Operating mechanism
Figure 8 shows the proposed four-element quadri-polarization
antenna. The corners of the four rectangular patches
are accurately cut to obtain a CP at the element level, and
the four CP patches are connected to each output port of
the feeding network. The benefit of the proposed feeding
network is that the output of each port has a relative phase dif-
ference of 908. Thus, a two-element sequential rotation tech-
nique can be applied to improve the axial ratio bandwidth.
The physical orientations of circular patches and their
feeding positions are determined based on the output phases
of the feeding network and the sequential rotation design
rule. In this design, the upper two patches connected to
output Ports 5 and 8 are a set of a two-element sequentially
rotated array, and these two radiating elements are RHCP
patches. In addition, the lower two patches connected to
output Ports 6 and 7 are another set of two-element

sequentially rotated arrays, and the two radiating elements
are LHCP patches. This configuration makes the proposed
antenna achieve a wide axial ratio bandwidth and is able to
synthesize a pair of orthogonally LP and a pair of orthogonal
CPs by switching input ports. Figure 9 shows the configura-
tions of the four patches and the current direction with
respect to phases.

As the feeding network was fed from Port 1, only circular
patches A and C were activated. The polarizations of
patches A and C were RHCP and LHCP, respectively, and
the two patches had a phase difference of 908; thus, the
current of these two patches was in the same direction along
the X-axis, but in the opposite direction along the Y-axis.
After this process, a beam linearly polarized along the
X-axis and traveling in the positive Z-direction can be

Fig. 6. Measured and simulated CP radiation pattern as the antenna fed from
Port 1.

Fig. 8. (a) Structure of the proposed quad-element microstrip
quadri-polarization diversity antenna, (b) side view.

Fig. 5. Measured and simulated axial-ratio and boresight gain of the proposed
antenna.

Fig. 7. Measured and simulated LP radiation pattern as the antenna fed from
Port 2.
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synthesized. Similarly, as the feeding network was fed from
Port 4, only circular patches B and D were activated. As
before, the polarizations of patches B and D were RHCP
and LHCP, and these two patches had a phase difference
of 908. Because the physical orientation of both patches B
and D were 908 rotated with respect to patches A and C,
the current of these two patches was in the same direction
along the Y-axis, but was in the opposite direction along the
X-axis. Thus, a linearly polarized beam along the Y-axis

and traveling in the positive Z-direction can then be
synthesized.

To generate CP, as the feeding network is fed from Port 2,
all the CP patches are activated. Because the feeding network
provides a phase delay of 90, 0, 90, and 1808 to patches A, C,
D, and B, respectively, the upper two RHCP patches form a
two-element sequentially rotated array. In this case, the far-
field radiation of the lower two LHCP patches, in which the
current distributions are in the opposite directions, canceled
each other. Therefore, RHCP with an improved axial-ratio
bandwidth traveling in the positive Z-direction can then be
generated. Furthermore, when the feeding network was fed
from Port 3, all CP patches were activated; however, in this
case, the feeding network provides a phase delay of 180, 90,
0, and 908 to patches A, C, D, and B, respectively. The
lower two LHCP patches B and D form a two-element sequen-
tially rotated array, and the far-field radiation of the upper two
RHCP patches A and C, with the current distribution in the

Fig. 9. Antenna configuration and the operating mechanism of the proposed
four-element quadri-polarization diversity antenna.

Table 3. Input vector of the incoming signal of four types of polarization.
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Table 4. Outputs of the incoming signal of four types of polarization.
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Fig. 10. Fabricated prototype of the proposed quad-element microstrip quadri-polarization diversity antenna: (a) top view, (b) bottom view.
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opposite direction, is canceled. Thus, LHCP with an improved
axial ratio bandwidth traveling in the positive Z-direction can
then be generated.

For receiving the signal, this design also provides a diversity
gain. Table 3 shows the corresponding input vectors of the
four types of polarized incoming singles. For receiving a
linear polarized signal, because the four patches are CP, the
induced power on each patch is halved. For receiving the
RHCP signal, because the upper two patches (A and B)
were orthogonal to the incoming wave (polarization mis-
match), there was no induced power on these two patches.
In addition, when receiving the LHCP signal, the lower two
patches (C and D) were orthogonal to the incoming wave;

thus, there was no induced power on these two patches. By
substituting the vectors in Table 3 to (2), the output of each
type of polarized signal can be obtained (Table 4).

B) Simulation and experimental results
Figure 10 shows a photograph of the fabricated prototype of
the quadri-polarization antenna with four CP patches. This
design was fabricated on an FR4 substrate with a dielectric
constant of 4.4 and a loss tangent of 0.02. The circuit board
is composed of the following three layers: radiating patches,
a ground plane, and feeding networks. The thickness of the
substrates between each layer is 0.8 mm. Four traces connect-
ing output ports of the feeding network to each patch element
has the same electrical length, and all vias have a diameter of
0.54 mm. Figure 11 shows the measured and simulated reflec-
tion coefficients of the prototype design, of which the simula-
tion was performed by Ansoft’s HFSS [19] and the
measurement was performed by using an agilent vector
network analyzer E8364B. The measured results are in good
agreement with the simulation. The achieved impedance
bandwidth is approximately 19.7%. Figure 12 shows the mea-
sured isolation between each input port when the antenna is
fed from Ports 1, 2, 3, and 4. Figure 13 shows the measured
and simulated axial ratio bandwidth of RHCP and LHCP,
which was found when the antenna was fed from Ports 2
and 3. The achieved 28.6% axial ratio bandwidth of LHCP
and 22.8% axial ratio bandwidth of RHCP have been greatly
improved compared with the previous design. Figures 14–17
show the measured and simulated radiation patterns in the

Fig. 11. Measured and simulated reflection coefficients of each input ports.

Fig. 12. Measured isolation between each input ports of the second design when the antenna fed from (a) Port 1, (b) Port 2, (c) Port 3, and (d) port 4.
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Fig. 14. Measured and simulated LP radiation pattern as the antenna fed from
Port 1.

Fig. 13. Measured and simulated axial-ratio of the proposed antenna as it
operates in RHCP and LHCP modes.

Fig. 15. Measured and simulated CP radiation pattern as the antenna fed from
port 2.

Fig. 16. Measured and simulated CP radiation pattern as the antenna fed from
Port 3.

Fig. 17. Measured and simulated LP radiation pattern as the antenna fed from
Port 4.

Fig. 18. Measured and simulated boresight gain of the proposed antenna.
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Y–Z-plane of RHCP, LHCP, and LP in the X-direction, and LP
in the Y-direction at 3.5 GHz. The measured and simulated
boresight gain of the antenna is plotted in Fig. 18. The mea-
sured peak gain is approximately 0.91 dBic for CP and 0.53
dBi for LP. The small cross-pol radiation pattern, which is
15 dBi lower than the co-polarization radiation pattern at
broadside, shows the purity of the synthesized polarization.
Because the proposed design switches antenna polarization
by using different inputs, some input power is canceled in
the far-field to synthesize the four polarizations. Therefore,
it lowers the achieved antenna gain. The back radiation of
Ports 1 and 3 are smaller than Ports 2 and 4 due to their
better synthesized polarization purity. The experiments
reveal switchable quadri-polarization characteristics and
improved axial ratio bandwidth of CP modes of the proposed
design.

I V . C O N C L U S I O N

This paper presented the designs and models of two novel
planar quadri-polarization antennas. The new feeding
network with four inputs is designed to provide quadri-
polairzation switching capability. The first antenna design
comprises two adjacent square patch antennas where four
antenna polarizations (X-polarized LP, Y-polarized LP,
RHCP, and LHCP) can be generated and synthesized. The
single-layer and via-free topology makes this antenna suitable
for high-frequency applications. In the second antenna design,
four CP elements applying the sequential rotation technique
are presented, and they effectively improved the axial ratio
bandwidth. For both designs, measured and simulated
results such as the reflection coefficient, insertion loss, axial
ratio, and radiation patterns, are presented to validate the pro-
posed concept. By selecting different input ports, the polariza-
tion of the proposed antenna can be switched. The proposed
two designs do not embed diodes, varactors, transistors, and
active biasing circuits. Those designs separate the active
switching circuit and the passive antenna part to reduce the
design complexity, which makes them more applicable to
various high-frequency applications. Both simulated and
measurement results are presented and discussed to success-
fully validate our proposed designs.
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