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ABSTRACT This paper proposes a quad-polarized microstrip array antenna with beam steering capability.
The proposed antenna consists of two patch elements, one rat-race coupler, and two 90◦ switchable phase
shifters. With the aid of just four PIN diodes, the two 90◦ phase shifters can provide four different diode
arrangements for each port of the rat-race coupler. The array elements are excited by using orthogonal
feed lines. Due to the combination of the rat-race coupler and phase shifters, different phase conditions
are generated between the patch elements or orthogonal modes of the patches. As a result, the proposed
antenna can achieve two beams for each of four polarizations, i.e., two circular polarizations (CP) and two
linear polarizations (LP). In the case of CP, the antenna can switch the beams between sum and difference
radiation patterns. On the other hand, the beam can be tilted to ±15◦ and ±12◦ for horizontal and vertical
LP states, respectively. A prototype of the antenna is manufactured and measured demonstrating results
in accordance with simulation expectations. Measured results indicate that the 10-dB impedance covers
from 5.6 to 5.9 GHz and the measured gains range from 7 to 8.5 dBic.

INDEX TERMS Circular and linear polarization, polarization-agile, reconfigurable antenna, switchable
feed, pattern reconfigurable, beam-steering antennas.

I. INTRODUCTION

THE COMPACT and multifunctional antenna plays
a crucial role as a fundamental element of the

rapidly developing fifth-generation (5G) wireless system.
Polarization and beam agile antennas are two advanced
technologies that can enhance the performance of commu-
nication systems. Polarization-agile antennas can be used in
many applications, such as polarization diversity, synthetic-
aperture-radar (SAR) systems, frequency reuse, sensor
systems, multiple-input multiple-output (MIMO) systems,
etc. [1]. Dual polarized antennas can transmit and receive
information by using their two orthogonal polarizations in the
same frequency band, increasing the data rate and improv-
ing the signal quality. Besides, the polarization switchable
antennas can reduce the effects of multipath interference [2].
Beam switchable antennas, on the other hand, are anten-
nas that can switch between multiple directional beams.

This allows the antenna to focus its energy in a specific
direction, increasing the signal strength and improving the
signal-to-noise ratio. Beam switching can also improve the
efficiency of the antenna by reducing interference from
unwanted signals [3]. Combining both polarization and beam
switchable technologies can further enhance the performance
of the communication systems, allowing for more efficient
and reliable communication in various applications, such as
wireless networks and satellite communication [4], [5], [6].
The 5G of mobile communications new radio (NR) base

station (BS) and customer premises equipment (CPE) require
three properties, i.e., polarization switching, beam switching,
and moderately large bandwidths [5], [7]. Although several
reconfigurable antennas can be found in the literature with
the features of compactness and low cost, it is still chal-
lenging to simultaneously achieve low-profile polarization
and beam switchable antennas [8]. The main novelty of this
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work lies in its features where it combines all the 5G NR’s
above-mentioned features in a compact, cheap, and simple
layout.
The polarization switchable antennas employ electronic

switches [6], [7], [8], [9], [10], [11], [12], [13], [14],
[15], [16], switchable polarizer [17], mechanical rota-
tion [18], and optical devices [19]. The electronic switches
can redirect antenna currents to switch the antenna’s polar-
ization with the advantages of agile tuning, low loss,
and flexible control. In the case of electronic switching
techniques, several techniques such as reconfigurable feed-
ing networks and controllable perturbation segments in
the antenna’s structure are used. Most of the polarization
agile antennas that are found in the literature can switch
between two polarizations. Realizing quad-polarization agile
antennas still poses challenges in antenna designs [14].
In [12], [13], [14], quad-polarization switchable antennas
are realized by a switchable feed network. Antennas that
can switch beams [3], [4], [8], [10], [20], [21], [22], [23],
[24], [25] can be achieved through various methods, such as
modifying the antenna structure, using phased arrays, and
utilizing different feeding ports.
Several antennas with polarization and beam-switching

functionality have been reported in the literature. A multi-
layer substrate dual circularly polarized antenna with beam-
switching functionality using switchable feed networks has
been reported in [6]. Authors in [8] proposed another polar-
ization switchable antenna using a metasurface and feeding
network with two beam switching states for each polariza-
tion with the aid of a ring-shaped pixel structure around the
metasurface. In [10], a three-linearly polarization switch-
able antenna with five beams at each polarization has been
achieved. The beam switching for each polarization state
is realized by placing multiple electronically reconfigurable
parasitic elements in close proximity to the polarization
switchable antenna. Most of the reported polarization agile
with beam-switching functional antennas have complex
structures due to the multi-layer substrate, phase shifting
element, a large number of switches, and complex feeding
network.
The antenna presented in this work is novel in that it

provides dual beam-switching functionality for each quad-
polarization states using a compact and switchable feed
scheme. The novelty of this work lies in its ability to solve
the aforementioned issues of polarization and beam switch-
able antennas. The proposed concept is designed using just
a single layer, less number of diodes, and a simple feed-
ing network. Moreover, the feed structure’s efficiency is
increased since both the switching components and trans-
mission lines can be shared effectively among different
polarization states.
The rest of the paper is structured as follows: Section II

discusses the design and operating principle of the proposed
antenna, as well as the performance of the antenna element
and array. Section III focuses on the fabrication and mea-
surement of the prototype, presenting and analyzing both

FIGURE 1. Block diagram of the proposed quad-polarization and beam switchable
antenna.

the simulated and measured results. Finally, conclusions are
drawn in Section IV.

II. ANTENNA STRUCTURE AND OPERATIONAL
MECHANISM
A. ANTENNA CONFIGURATION
Fig. 1 shows the block diagram of the proposed antenna’s
concept. The proposed antenna consists of two antenna ele-
ments, a 180◦ hybrid coupler, and two 90◦ switchable phase
shifters. Each 90◦ phase shifter is realized by a single-pole
double-throw (SPDT) switch and quarter-wavelength delay
line. Each antenna element is excited by two orthogonal feed
lines. The 180◦ coupler splits input signals equally but in-
or anti-phase to its output ports based on its input ports. The
90◦ phase shifter again divides the signal equally but cre-
ates a 90◦ phase difference between the antenna elements.
The antenna elements are excited with equal amplitude but
with different phase relationships using the orthogonal feed
lines. Due to the different phase difference conditions either
between the antenna elements or orthogonal feed lines, the
proposed concept can provide multi-functionality in a low
profile.
Fig. 2 shows the geometrical configuration and cross-

sectional view of the proposed antenna. The antenna is
designed following the concept where the rat-race coupler
realizes the 180◦ coupler. The rat-race coupler has two input
ports, P1 and P2, and two output ports. The output ports con-
nect with the SPDT switch. The SPDT switch has two λ/2
branches where two PIN diodes are mounted in opposite
directions at the end of each branch. The two branches are
connected at λ/4 distance from each other of the microstrip
line that connects to the patch elements #1 and #2. To con-
trol the SPDT switches independently, two bias voltages V1
and V2 and capacitors are required. The bias voltage is pro-
vided from the bias pad following an inductor. Two vias at
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TABLE 1. Operational modes of the proposed antenna.

FIGURE 2. Geometrical configuration and cross-sectional view of the proposed
antenna.

the center of the patches act as a common DC grounding
for both switches.

B. OPERATING MECHANISM
Table 1 shows the operational modes of the proposed
antenna. The SPDT switches can generate four switching
combinations for ports P1 and P2. Overall, the proposed
antenna offers eight operating modes I∼VIII. The proposed
antenna can generate four polarization states; right-handed
circular polarization (RHCP), left-handed circular polar-
ization (LHCP), horizontal linear polarization (HLP), and
vertical linear polarization (VLP). It can be seen that by
changing only the ports, the polarization states can be
switched. Considering that the current distribution of each
polarization state is not the same, different radiation patterns
can be generated. In that way, dual beams can be generated
for each quad-polarization state.

FIGURE 3. Operating mechanism of the proposed antenna. (a) Mode I. (b) Mode VII.

Fig. 3 shows the operating mechanism of the proposed
antenna. In the case of mode I, when the signal with ampli-
tude A is fed from port P1 of the 180◦ coupler, the signal
splits equally with 180◦ out-of-phase into its two output
ports, e, f as shown in Fig. 3(a).

e = A√
2
, f = − A√

2
. (1)
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The signal travels following the branch with the diode ON
condition of the SPDT switches. The other branch of the
SPDT switches acts as an open circuit due to the λ/2 length.
The impedance looking towards the OFF diode becomes
infinite and no signal travels to that path. In the case of
mode I, the signal again splits at points 2 and 4. Due to the
λ/4 delay line, an extra 90◦ phase difference occurs between
the patch elements #1 and #2. Thus the orthogonal signals
of the two patch elements are distributed like below,

a = A

2
e−j

π
2 , b = A

2
,

c = −A

2
e−j

π
2 , d = −A

2
. (2)

As seen from the above equation, the orthogonal signals of
the patches have the same amplitude but with a 90◦ phase
difference. Thus, RHCP will be generated. Besides, the sum
radiation pattern is generated as the two patches are in phase.
On the other hand, LHCP is achieved for the operating mode
V when the signal is fed from port P2. In this case, as shown
in the Appendix, a difference radiation pattern is generated
as the signals a, c and b, d are in in-phase as opposed to
the sum condition.
Fig. 3(b) shows the operating mechanism for the operating

mode VII. When the signal is fed from port P2, the signal
splits to the output ports like below,

e = A√
2
, f = A√

2
. (3)

Due to the operating mode VII condition, the signal
distributes to the patches as shown below.

a = d = A

2
e−j

π
2 ,

b = c = A

2
. (4)

This condition also creates a 90◦ phase difference between
the patch elements #1 and #2 instead of between the orthog-
onal signals like the mode I. Thus, VLP is generated with
tilted beam patterns following the below equation.

θm = ± sin−1
(

λ0

4 d

)
(5)

where θm, λ0, and d are the beam angle, free-space wave-
length, and patch spacing between the antenna elements #1
and #2, respectively. For port P1, HLP is generated with the
signal distributions shown in the Appendix.
This design layout offers three benefits. Firstly, due to

the dual port setup, both polarizations can be directed
in the same way without altering the switch states. This
enhances agility in applications involving Multiple-Input
Multiple-Output (MIMO) and diversity. Secondly, the design
is achieved in a single-layer structure with a low complexity
level. Despite having 4 switches, only 2 biasing lines are
needed, significantly simplifying the biasing network.

FIGURE 4. Optimized layout of the proposed antenna.

TABLE 2. Final optimum parameter values of Fig. 4.

C. DESIGN
Fig. 4 shows the optimized circuit dimensions of the
proposed antenna. The antenna is designed for 5.8 GHz by
the Momentum of Keysight Technologies’ Advanced Design
System. Here, L, W, g, and Z represent the length, width,
gap, and characteristic impedance of the lines, respectively.
Table 2 shows the optimum parameter values. The total
dimension of the antenna is W1 (= 70 mm)× L1 (= 95 mm).
The antenna elements with dimensions of L2 = 17 mm are
used and separated by d= 0.97λ0 (= 50.00 mm). The two
antenna elements are connected by a 100-� (2Z1) microstrip
line (W3 = 0.7 mm, L4 = 18.59 mm, and L5 = 9.1 mm). An
impedance transformer of 162� (Z2) is used with the dimen-
sions of W2 = 0.17 mm, L3 = 9.72 mm. The SPDT switches
are designed with Z1 = 50� and W4 = 2.4 mm. The other
parameters are L6 = 19.69 mm and L7 = 9.72 mm. All the
gaps (g1, g2, and g3) are kept at 0.2 mm. The antenna is
employed 0.8-mm thick polytetrafluoroethylene (PTFE) sub-
strates with a permittivity of 2.15 and dielectric loss tangent
of 0.001 to demonstrate the idea experimentally. In the sim-
ulation, the PIN diodes’ ON and OFF conditions are realized
by using the short and open circuits, respectively.
Fig. 5 shows the simulated surface current distributions of

the proposed antenna for modes I and V. Current distribu-
tions for difference phase instants from 0◦ to 270◦ with an
interval of 90◦ are shown to find out the polarization state for
each port. When the signal is fed from port P1 as shown in
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FIGURE 5. Simulated current distributions of the proposed antenna for the diodes D2 and D4 ON conditions with different phase instants from 0◦ to 270◦ with an interval of 90◦ .
(a) Mode I (Port P1): counter-clockwise rotation is observed. (b) Mode V (Port P2): clockwise rotation is observed.

FIGURE 6. Simulated current distributions of the proposed antenna for the diodes D2 and D3 ON conditions with different phase instants from 0◦ to 270◦ with an interval of 90◦ .
(a) Mode III (Port P1): HLP is observed. (b) Mode VII (Port P2): VLP is observed.

Fig. 5(a), a counter-clockwise field rotation with increasing
phase is observed. Consequently, this polarization sense is
RHCP. In contrast, it is clear from Fig. 5(b) that LHCP is

generated for port P2. In both cases, the surface current is
drawn at the frequency where the lowest axial ratio (AR) is
observed. In the case of port P1, the two antenna elements
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FIGURE 7. 5.8 GHz-band prototype of the proposed antenna (70 mm × 95 mm).

have the same phase and therefore, generate a sum radiation
pattern. On the other hand, a difference radiation pattern is
generated for port P2 as the two antenna elements are 180◦
out-of-phase.
Fig. 6 shows the simulated current distributions of the

proposed antenna at 5.8 GHz for modes III and VII. HLP
and VLP are radiated for ports P1 and P2, respectively. In
both conditions, one antenna element is 90◦ ahead of the
other antenna element. As a result, both polarization states
show a tilted beam radiation pattern.

III. MEASUREMENT RESULTS
To validate the simulated results, a 5.8 GHz-band prototype
antenna has been fabricated and measured. Fig. 7 illus-
trates the photograph of the fabricated proposed antenna.
The dimension of the ground plane of the antenna
is 70 mm× 95 mm. Four PIN diodes of Skywork’s
DSG9500-000 are used in the proposed antenna. For
PIN diode switching, positive (+1.0V) and negative
(−1.0V) switching voltages are applied.
Fig. 8 shows the measured S-parameters for the diode ON

conditions and compares them with simulated results. The
measured reflection coefficients (|S11| and |S22|) are much
wider than the simulated results. The measured results have
achieved a good agreement with the simulated results in
the frequency range from 5.6 GHz to 5.9 GHz for all four
conditions. The simulated and measured 10-dB return loss
bandwidths considering their respective center frequency for
both ports are around 4% and 9%, respectively. High port
isolations (|S21|) of ∼19 dB are achieved at 5.77 GHz. A
mismatch is observed between the measured and simulated
performances of the antenna. The main reason for this incon-
sistency is attributed to the utilization of the ideal ON (short
circuit) and OFF (open circuit) conditions of the diode during
simulation. This occurs because the parasitic components,
which are not taken into account during simulation, have an
impact on the measured performances.
Fig. 9 shows the measured and simulated CP and LP

switching with simulated results. For diodes D2 and D4
ON conditions shown in Fig. 9(a), both ports achieve AR

FIGURE 8. Measured and simulated reflection coefficient and isolation of the
fabricated antenna for the diodes (a) D2, D4: ON, (b) D1, D3: ON, (c) D2, D3: ON,
and (d) D1, D4: ON conditions.

≤ 3 dB with a slight frequency shifting from simulation.
A measured 3-dB AR bandwidth of 0.7% is obtained for
Port 2 with a minimum value of 1.02 dB at 5.73 GHz. The
overlapped bandwidth for |S11| < −10 dB and AR<3 dB
is about 6%. In the case of port P1, the minimum AR is
observed at 5.77 GHz. Similar CP characteristics can be
observed for Fig. 9(b) as well. It is apparent from Figs. 9(a)
and (b) that good CP performance can be guaranteed over the
−10-dB impedance bandwidth. The antenna can be used in
some narrow-band applications, for example, fixed (point-to-
point) communications as the AR bandwidth of the proposed
antenna is narrow [17]. The wideband feeding technique
can be employed to broaden the AR bandwidth [12], [13].
Figs. 9(c) and (d) show LP characteristics of the proposed
antenna. In both cases, ports P1 and P2 account for HLP
and VLP, respectively. Thus, the quad-polarization switching
concept is found to be feasible.
Fig. 10 shows the measured and simulated far-field radi-

ation patterns at φ = 90◦-plane. The simulation considers
infinite ground plane size. All the graphs are drawn at their
lowest AR frequency. It is worthwhile to point out here
that modes I and V can be used as a monopulse antenna,
where port P1 produces a sum beam, and port P2 produces
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FIGURE 9. Measured and simulated polarization state of the fabricated antenna in
the φ = 90◦-plane for the diodes (a) D2, D4: ON (Ports P1 and P2 are measured at
θ = 0◦ and −26◦ , respectively ). (b) D1, D3: ON (Ports P1 and P2 are measured at
θ = 0◦ and −26◦ , respectively). (c) D2, D3: ON, and (d) D1, D4: ON conditions.

a difference beam. Similarly, modes II and VI can be also
used as a monopulse antenna with similar radiation patterns
for both ports but the CP polarization sense is altered. The
realized gain is above 8.5 dBic in the measurement com-
pared to the 10-dBic gain in the simulation for both modes.
It can be seen from Fig. 10 that CP switching from RHCP
to LHCP can be achieved by changing its port or by diode
condition. Better than 7-dBic realized gain is measured in
both modes. In all cases, the co-polarization components are
at least 15 dB better than its cross-polarization components.
Fig. 11 displays the radiation patterns of the linear polar-

ized states for the operating modes III, IV, VII, and VIII.
Both the measured and simulated data are shown for com-
parison. The antenna’s performance was evaluated at a
frequency of 5.8 GHz in both simulation and measure-
ment. The measured gains of the array antenna are better
than 7.5 dBi for port P1 observed at +15◦ and −15◦ in
the φ = 90◦-plane for the operating modes III and IV,
respectively. In the case of operating modes VII and VIII
shown in Figs. 11(c) and (d), the measured peak angle
was observed at ∓ 12◦, respectively. The measured real-
ized gain was better than 7 dBi in both operating modes.
In all cases, the measured cross-polarization suppressions

FIGURE 10. Measured and simulated radiation patterns in the φ = 90◦-plane.
(a) Mode I. (b) Mode II. (c) Mode V. (d) Mode VI.

were approximately >20 dB. Figs. 11(a), (b) and (c),
(d) demonstrate that the proposed antenna exhibits dis-
tinct bi-directional radiation patterns for ports P1 and P2.
Simulated gains are around 2 dB higher than the measure-
ment. Besides, the measured peak angle has a slight deviation
from the simulated results. The proposed antenna has the lim-
itation of adjusting the patch-to-patch distance (d = 0.97λ0)
due to the placement of the feeding network on the same
layer with the antennas. As a result, grating lobes appear.
By using the high permittivity substrate, this limitation of
this antenna can be solved. The microwave circuits can be
miniaturized in high permittivity substrate because the length
of the transmission line depends on the effective wavelength,
which is less than the free-space wavelength. On the other
hand, antenna separation depends on the free-space wave-
length, which is not affected by the substrate permittivity.
But, in this case, radiation performance might be worse.
Fig. 12 shows the simulated radiation efficiency and gain

for ideal and diode equivalent model for Mode I. It is not
possible to include the equivalent circuit of the parasitic
element (diode) in the ADS Momentum. To understand the
effect of the PIN diode, the antenna is also checked by using
the FEM of EMPro. Here, the solid and dashed lines present
the diode equivalent circuit and ideal model, respectively. For
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TABLE 3. Comparison of the proposed antenna with previously reported antennas.

FIGURE 11. Measured and simulated radiation patterns in the φ = 90◦-plane.
(a) Mode III. (b) Mode IV. (c) Mode VII. (d) Mode VIII.

an equivalent circuit to realize the ON and OFF states of the
diode, a 3-� resistor and a 0.025-pF capacitor are used. The
ideal model’s ON and OFF states are realized by open and
short circuits, respectively. In EMPro, the center frequency
is around 150 MHz lower than the ADS for the same layout
of the proposed antenna. Around 0.45 dB loss is observed
due to the PIN diode at 5.64 GHz. The simulated antenna’s

FIGURE 12. Simulated radiation efficiency and gain for ideal and diode equivalent
model for Mode I using EMPro software.

efficiency of the antenna is around 75% considering the
equivalent circuit model of the PIN diode. The measured
efficiency can be quite low due to the lower gain than the
simulation.
Fig. 13 shows the measured radiation patterns versus angle

and frequency for the operating modes I, III, V, and VII in
the φ = 90◦-plane. In the case of mode I, the measured
radiation performance for port P1 is depicted in Fig. 13(a),
which shows the radiation peak occurs at θ = 0◦ (sum
pattern) over the shown frequency band. In contrast, differ-
ence pattern is observed for port P2 in Fig. 13(b). As the
switched-line phase shifter has a narrow frequency band,
the difference pattern performance varies with frequency.
Similarly, tilted beam angle shifts for modes IV and VIII
as shown in Figs. 13(c) and (d), respectively. It can be seen
from the figure that the beam tilted towards −θ for port P1
and +θ for port P2, respectively.
Table 3 shows the comparison of the proposed antenna

with previously reported antennas. The comparison is shown
in terms of the size, the number of polarization, beams per
polarization, performance, and the number of ports, diodes,
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FIGURE 13. Measured radiation patterns as a function of frequency in the φ = 90◦-plane. (a) Mode I. (b) Mode V. (c) Mode IV. (d) Mode VIII.

FIGURE 14. Operating mechanism of the proposed antenna. (a) Mode III. (b) Mode V.

and substrate to validate the advantage of the proposed
antenna. It is evident from the comparison that the proposed
antenna has many novelties with a good balance of overall
size and functionality. Similar functional antennas require

multi-substrate and lots of RF switches. The performance
of the antenna is comparable to other reported antennas. In
short, this study is one of the few antennas to provide polar-
ization and beam agility simultaneously with a compact size
and a low profile.

IV. CONCLUSION
In this study, a simultaneous polarization and beam switch-
able array antenna is developed. The rat-race coupler and
switched-line phase shifters create the necessary phase dif-
ference between the antenna elements or the orthogonal feed
networks. By changing the input ports of the rat-race coupler,
polarization and radiation patterns can be switched. The two
ports have high isolation. As a result, the proposed antenna
can be used in MIMO applications. The measured results of
the fabricated prototype antenna agree well with the simu-
lated results with the capability of simultaneous polarization
and beam switching functionality, wide bandwidth, and ease
of design and fabrication.

APPENDIX
Fig. 14 shows the operating mechanism of the proposed
antenna. (a) Mode III. (b) Mode V.
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