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A Polarization and Radiation Beam Reconfigurable
Integrated Antenna With Broadband and High Gain
for mmWave Vehicular Communication

Yaling Chen”, Member, IEEE, Long Zhang

Abstract—A novel integrated antenna supporting polarization
and radiation beam reconfigurability is proposed for emerging
millimeter-wave (mmWave) vehicular communication. To meet
the reconfigurability requirement of the vehicular communication
system, a compact shared-aperture two-dimensional leaky-wave
antenna (LWA) is designed. The LWA is generated by the parallel-
plate waveguide (PPW) long-slot structure and its open stopband
issue is suppressed completely by employing a unit cell with two
asymmetrical slots, leading to high-gain and broadband character-
istics. Besides, a multifunction feeding network constituted by four
switchable input ports, four parabolic reflector systems, and an
integrated multifunction coupler is seamlessly incorporated with
the radiation aperture within a single substrate, realizing a low-cost
solution for vehicular communication applications. Based on the
proposed design concept, a broadband high-gain integrated an-
tenna featuring polarization and radiation beam reconfigurability
is engineered, fabricated, and installed into an antenna measure-
ment system for validation. Experimental results demonstrate that
the proposed antenna achieves a peak gain of 23.6 dBi together
with a bandwidth of 56.6% from 19 GHz to 34 GHz. Addition-
ally, it exhibits good polarization and radiation beam reconfig-
urable capability, providing horizontal/vertical linear-polarization
single-beam, right-/left-handed circular-polarization single-beam,
and dual-linear-polarization equal/unequal-amplitude dual-beam
operating capability. Furthermore, a wide beam scanning coverage
of 105° in xoz-plane and 108° in yoz-plane is achieved by the
presented design. The extraordinary advantages of the proposed
integrated antenna such as wide bandwidth, high gain, polarization
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and radiation beam reconfigurability, and low cost make it suitable
for various millimeter-wave vehicular communication application
scenarios.

Index Terms—Two-dimentional leaky-wave antenna (LWA),
integrated antenna, millimeter-wave vehicular communication,
polarization reconfigurability, radiation beam reconfigurability.

I. INTRODUCTION

EHICULAR communication is one of the key technolo-
V gies for supporting the Internet of Vehicles (IoV) [1].
Vehicular communication is essential for enhancing road safety,
improving traffic efficiency, and enabling autonomous driv-
ing. Given the rapid advancements in modern intelligent IoV,
a vehicle-to-everything (V2X) communication system should
be built to meet the requirement of various practical IoV
application scenarios, including the vehicle-to-vehicle (V2V),
vehicle-to-infrastructure (V2I), vehicle-to-network (V2N), and
vehicle-to-pedestrian (V2P) [2], [3]. Reconfigurable antennas
are indispensable in vehicular communication systems [4], [5].
In particular, antennas operating at mmWave frequency bands
hold considerable promise for diverse application scenarios of
vehicular communication, including modern intelligent vehic-
ular networks, high-speed intelligent transportation systems,
etc [6]. However, owing to the shorter wavelength of electro-
magnetic (EM) waves at mmWave frequency bands, the ab-
sorption of atmosphere and water molecules tends to induce
high path losses, thereby reducing communication range [7].
This means that a high-performance antenna is highly desired
for mmWave vehicular communication [8], [9], [10], [11].
As one of the critical radio-frequency modules, antennas act
as the “eyes” for transmitting or receiving signals in various
wireless communication systems. A three-element circularly
polarized multiple-input-multiple-output (CP-MIMO) antenna
system with spatial diversity, pattern diversity, and polarization
diversity was proposed for V2X communications [12]. To meet
the strict requirements of mmWave vehicular communication
systems, the need for reconfigurable antennas, such as polar-
ization reconfigurability and radiation beam reconfigurability
is rapidly increasing [4], [5]. Accordingly, as shown in Fig. 1,
the reconfigurable antenna should be designed to meet the V2X
communication requirement of IoV applications, such as V2V
and V2I communications. As shown, reconfigurable antenna
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Fig. 1. An illustration of the utilization of the reconfigurable antenna in
different vehicular communication application scenarios.

supporting polarization and radiation beam reconfigurability
needs to be developed. Moreover, low-cost antenna is also
necessary for practical vehicular communication applications.
Accordingly, the wireless requirements of IoV facilitates the
innovation of low-cost reconfigurable antennas that can generate
polarization reconfigurability while maintaining radiation beam
reconfigurability. To satisfy the requirement of the reconfig-
urable antenna, leaky-wave antenna (LWA) is used and inves-
tigated in this study. LWAs are a kind of promising alternative
for mmWave vehicular applications because of their high direc-
tivity, broad bandwidth, frequency-controlled beam-scanning
capability, low cost, simple feeding networks [13], [14]. LWAs
are a common type of traveling-wave antennas, characterized
by the propagation of EM waves in one direction and gradual
leakage along guiding-wave structure [15], [16], [17], [18].
Parallel-plate waveguide (PPW)-based LWA is an effective,
scalable alternative to improve the antenna gain [19], [20],
[21], [22], [23], [24]. However, these antennas were generally
designed as single-polarization single-beam antennas. Although
dual-polarized PPW LWAs were presented by switching the
transmission path of the input signal [22], [23], [24], the em-
ployed multi-layer structure undoubtedly increased the antenna
complexity and the cost of fabrication. Typically, they had a fixed
broadside beam and were intended to be directional antennas.
Moreover, only two polarization states can be chosen.
Polarization reconfigurable LWAs can dynamically change
their polarization states according to the needs of practical
IoV applications. This feature provides great flexibility and
polarization diversity for vehicular communication systems,
effectively mitigating multipath fading and enhancing channel
capacity [25], [26], [27], [28], [29]. An LWA based on half-mode
SIW was introduced in [26], capable of dynamically processing
quad-polarization states depending on the specific input ports
of excitation. Nonetheless, only one beam could scan within
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one quadrant with <30° coverage in each polarization state. Re-
cently, an LWA featuring polarization diversity was presented,
and four beams could be generated to scan simultaneously [28].
However, the polarization reconfigurability of this antenna was
realized by varying different extended dividers, increasing the
complexity of measurement [28]. Although an SSPP-based LWA
without a complex feeding network was designed to realize
multibeam and multi-polarized radiation, the bandwidth and
antenna gain were limited by its operating mode and small
radiation aperture, respectively [29]. In [30], a radiation-beam
reconfigurable PPW-based LWA was designed by using a pillbox
transition and seven input ports. However, it can only realize one
single polarization [30]. Although dual-polarized antennas could
be achieved by switching the input ports [22], [23], [24], only a
fixed beam at the broadside was obtained, reducing the beam-
scanning coverage. Therefore, designing a wide beam-scanning
LWA with polarization and radiation beam reconfigurability is
still a tough challenge.

A broadband high-gain LWA-based antenna with polarization
and radiation beam reconfigurability is proposed for mmWave
vehicular communication in this paper. The feeding network
consists of four switchable input ports, four parabolic reflector
systems, and a multifunction coupler. By switching the input
ports, different polarization states, encompassing horizontal and
vertical linear polarization (LP) states, as well as right-handed
and left-handed circular polarization (RHCP & LHCP) states,
can be obtained. Moreover, a dual-polarization dual-beam radia-
tion can be realized by using the proposed multifunction coupler
and varying the operating frequency. Specifically, when Port 3 or
4 is excited and the beam scans to the broadside direction, a CP
radiation is generated. Then, the dual-polarization dual-beam
radiation is achieved in two orthogonal planes while the antenna
operates in the backward or forward scanning frequency region.
It is noted that the amplitude difference of the two beams can
be reconfigured by adjusting the power difference between two
output ports of the multifunction coupler. Moreover, when the
multifunction coupler is operating as a crossover, a single-
polarization single-beam radiation is implemented.

II. ANTENNA DESIGN AND ANALYSIS

Fig. 2 shows the top view of the proposed reconfigurable
PPW LWA. As shown, the proposed LWA comprises a feeding
network and a radiation aperture. The proposed feeding network
contains four input ports, four grounded coplanar waveguide
(GCPW)-SIW transitions, four small SIW H-plane horns, four
offset parabolic reflectors, and a multifunction coupler. The
GCPW-SIW transition provides wideband impedance matching
from the GCPW to the SIW (19-34 GHz). The radiation aperture
is engraved on the upper layer of a substrate. The whole antenna
is built on a Rogers RO4003C substrate, which has a loss tangent
of 0.0027 and a dielectric constant of 3.55, measuring 1.524 mm
thick. The copper foil has a thickness of 0.018mm. The total
dimension of the proposed antenna is 177.4 x 177.4 x 1.56 mm?
and its radiation aperture size is 87.1 x 87.1 mm?.

The 2-D radiation aperture is centered within the substrate.
Each antenna unit cell contains two asymmetric long-straight
slots to eliminate the open stopband (OSB) completely. The
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Fig. 2. Geometry of the proposed reconfigurable PPW LWA.

2-D LWA is generated by four rotational symmetrical 1-D
LWA subarrays. Four offset parabolic reflectors are designed to
excite the radiation aperture. Such an offset parabolic reflector
can reduce the feeding complexity and the via number of the
feeding network compared to the traditional 2™V -way SIW power
dividers. As depicted in Fig. 2, upon excitation of Port 1, the EM
wave enters the left reflector where it is transformed into a plane
wave, subsequently advancing into the radiation aperture along
the y-axis. In such way, a y-directed horizontal LP radiation with
high gain is implemented. Similarly, an x-directed vertical LP
radiation can be realized by the excitation of Port 2. By exciting
Port 3 or 4, one pair of orthogonal equal-amplitude plane waves
with 90° phase difference can be generated for the proposed
LWA due to the addition of multifunction coupler. A RHCP
or LHCP radiation at broadside direction can be obtained by
exciting Port 3 or 4, respectively. When the antenna operates in
the backward- or forward-direction region, a dual-polarization
dual-beam radiation is achieved in two orthogonal planes. It
is noted that the amplitude difference of the two beams can be
dynamically changed by adjusting the power difference between
two output ports of the multifunction coupler. Moreover, a
single-polarization single-beam radiation is implemented when
the proposed coupler operates as a crossover.

A. Analysis of the PPW LWA Unit Cell

Fig. 3 displays the unit cell with periodic boundary. The two
nonidentical slots in the proposed unit cell are utilized to fully
suppress the OSB [31], [32]. The caption of Fig. 3 contains a list
of the optimal dimensions of the proposed unit cell. Based on
the proposed unit cell, the dispersion diagram can be extracted
by following equations [33]:

1 — 5115 + 5125 )] 0

1
L¢r = —Im |cosh™! (
Pets D { 255

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 74, NO. 3, MARCH 2025

,‘—"-,,,:_::':__ — . Perfectly matched

Fig. 3. (a) Simulation model of the single unit cell. (b) Top view of the
proposed asymmetrical unit cell (p = 6.1 mm, d = 1.66 mm, s; = 0.2 mm,
s = 0.3 mm, w = 87 mm).
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Fig. 4. (a) Normalized phase and attenuation constant of the unit cell.

(b) Magnified figure of (a).

Qeff = %Re {cosh_1 (1 — S“iﬁ;; S5 >] )

where the unit cell is treated as a two-port network to acquire
the S-parameters, as shown in Fig. 3. The values of 5. s s /ko and
et/ ko are determined by computing (1) and (2), as illustrated
in Fig. 4. As indicated by Fig. 4, the OSB problem is eliminated
completely.

B. Analysis of the Proposed LWA

Actually, the proposed unit cell has two asymmetrical slots,
leading to a conventional asymmetrical 1-D antenna array.
However, in this case, the reflection coefficients of two ports
for the asymmetrical antenna array are different. To realize a
symmetrical antenna array, two sub-arrays (Sub-array #1 and
#2) are arranged symmetrically by the middle line of the array
to achieve the proposed 1-D periodic LP LWA, as illustrated in
Fig. 5(a). Cell A is defined as the unit cell with a smaller slot
etched on the left-hand side and a wider slot placed on its right
side. Cell B is the opposite one. A cell with two symmetrical
slots (Cell C) is placed in the middle of the 1-D LWA to provide
a connection between the Sub-array #1 and #2, as shown in
Fig. 5(b). It can be seen from Fig. 5 that Sub-array #1 is designed
based on Cell A, while Sub-array #2 is implemented by Cell
B. This arrangement ensures that the proposed 1-D LWA is
configured symmetrically. The simulated reflection coefficients
of each part of the 1-D LWA are shown in Fig. 6. As shown,
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Fig. 6. Simulated reflection coefficients of each part of the 1-D periodic LWA.

Sub-array #1 and Cell C have a wide operating frequency band
of 19-38 GHz. It can be seen from Fig. 6 that the reflection
coefficient of Sub-array #2 is different from that of Sub-array
#1. The reason for this phenomenon is the different alignment
of the slots. Although the reflection coefficient of Sub-array #2
is greater than —10 dB around 28.25 GHz, the |S;;| of the final
design is less than —10 dB within the whole frequency band
of 19-38 GHz due to the existence of Sub-array #1 and Cell
C. Therefore, Sub-array #1 and Cell C are not only radiators
but also the impedance transformers of Sub-array #2. Since the
proposed 1-D LWA is symmetrical, the reflection coefficients
from both sides of the 1-D LWA are the same, which are not
shown here for brevity.

Utilizing the proposed 1-D LWA, a 2-D LWA is implemented
by placing the two same 1-D LWA orthogonally, as depicted
in Fig. 2. Such a radiation aperture is designed to achieve
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polarization and radiation beam reconfigurability, which would
be described in detail in Section II-C.

C. Polarization and Radiation Beam Reconfigurability

As shown in Fig. 2, four switchable input ports and a mul-
tifunction coupler are used to obtain the polarization and ra-
diation beam reconfigurability. The operating principle of the
proposed LWA is detailed in Fig. 7. Based on the means of
excitation and electric field orientation, the polarization states
and radiation beam are systematically investigated. Regarding
the feeding mechanism in Fig. 7, the red arrows represent the
excited EM waves, while the green arrows represent no excita-
tion or a small amount of residual EM waves. The dispersion
characteristic of the proposed PPW unit cell indicates that the
antenna scans in the backward quadrant over the frequency
band of 19-28.3 GHz, and in the forward quadrant within the
frequency range of 28.3-34 GHz. Broadside beam occurs at
the frequency of 28.3 GHz, which has been given in Fig. 4.
Besides, it is noted in Fig. 7 that the proposed multifunction
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coupler has three kinds of operating states, e.g., equal-amplitude
coupler, unequal-amplitude coupler, and crossover states. When
the amplitude difference between the two output ports of the
coupler is lower than 3 dB, the coupler is defined as an equal-
amplitude power divider, otherwise it is an unequal-amplitude
power divider. Moreover, when the amplitude difference exceeds
10 dB, the coupler is defined as a crossover. Therefore, Fig. 7
shows that the polarization reconfigurability and radiation beam
reconfigurability are simultaneously controlled by the switching
of the input ports, the change of the operating frequency and the
energy distribution of the coupler.

The basic principle of the proposed antenna is explained as
follows. When Port 1 is excited, while keeping other ports ter-
minated with a matched load, the incident EM wave is converted
into a plane wave by the reflector system, which is radiated out-
side along the y-direction of the radiation aperture and absorbed
at Ports 3 and 4. In this case, a y-directed horizontal LP radiation
with single-beam operation is implemented and its radiation
beam scans from the backward to forward direction within the
yoz-plane. Similarly, an x-directed vertical LP is achieved when
the excitation is switched to Port 2. In this case, the antenna
scans in xoz-plane. Thus, a single-polarization single-beam is
obtained by exciting Port 1 or 2. When Port 3 is excited, there are
four operating states by simultaneously controlling the operating
frequency and the energy distribution of the coupler, as depicted
in Fig. 7. The first operating state is the CP radiation state.
When Port 3 is excited, the incident wave is split into two
equal-amplitude components with a 90° phase shift. These two
parts of EM waves are transmitted to two orthogonal sides of
the proposed 2-D LWA, forming two orthogonal plane waves
to excite the two adjacent sides of the radiation aperture. In
this case, two beams are generated in two orthogonal planes
(xoz- and yoz-plane). When these two beam all scans to the
broadside direction, a RHCP radiation can be obtained [22]. The
second state is an equal-amplitude dual-polarization dual-beam
radiation state which is achieved when the antenna operates at the
backward or forward frequency region and the proposed coupler
provides a pair of equal-amplitude outputs. Furthermore, the
third state is the dynamic amplitude dual beams when the coupler
provides a pair of unequal-amplitude outputs. The amplitude
difference between two beams can be dynamically controlled by
directly changing the power difference between two output ports
of the proposed coupler. The final state is an x-directed vertical
LP beam if the coupler is changed to a crossover. Similarly,
when Port 4 is excited, four operating states are changed cor-
respondingly, including LHCP, equal/unequal-amplitude dual-
polarization dual-beam, and y-directed horizontal LP radiation.

For clearer demonstration, the 3-D radiation patterns of the
proposed LWA when excited by Ports 1 and 3 at four operating
frequencies are illustrated in Figs. 8 and 9, respectively. As
shown in Fig. 8, a y-directed horizontal LP radiation is realized
and the radiation beam scans from backward to forward within
the yoz-plane. As for Fig. 9, RHCP, equal/unequal-amplitude
dual-polarization dual-beam, and x-directed vertical LP
radiations are achieved when Port 3 is excited. Therefore, the
polarization and radiation beam reconfigurability can be
achieved by the proposed antenna.
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III. DESIGN OF THE INTEGRATED FEEDING NETWORK

In this design, a feeding network for the proposed antenna is
integrated with the radiation aperture within a single substrate,
by employing four GCPW-SIW transitions, four offset parabolic
reflector systems and a multifunction coupler. Four GCPWs
is used as the antenna feed, and a GCPW-to-SIW transition
is placed between the GCPW and the SIW for transforming
quasi-TEM mode to TE;y mode. The tapered width of the
GCPW-to-SIW transition is selected to ensure smooth transition
of the characteristic impedance from the GCPW to SIW. With
the aid of HFSS, excellent performances of the feeding structure
are obtained. The reflection coefficient and the insertion loss of
this feeding structure are smaller than —20 dB and 0.75 dB over
the whole operating band, respectively.

A. Design of the Offset Parabolic Reflector System

To achieve an antenna with high-gain performance, a uniform
wavefront is required for illuminating the proposed PPW LWA.
In this design, the offset parabolic feeding system is utilized to
provide a plane-wave illumination for PPW LWA. Such offset
feeding mechanism generates no blockage to the reflected waves
so that the feeding network can be integrated into the same
substrate of the radiation aperture. The geometry of the parabolic
reflector system is displayed in Fig. 10. As shown, the system
contains a parabolic-shaped array of vias and a SIW horn. The
configuration of the parabolic reflecting vias array can be defined
by

y* =4fx 3)

where f is the focal length. The optimal parameters of this
reflector system are given in Fig. 10. Besides, the long arm of
the SIW horn is tilted by 11.5° to guide EM waves to the middle
of the reflector. Both arms of the horn are designed to suppress
the propagation of EM waves outside the reflector boundary and
confine the EM waves inside the system.

The operating principle of the proposed parabolic system is
described as follows. The phase distribution of the electric field
within the feeding system is shown in Fig. 11. As demonstrated,
when the phase center of the horn is positioned at the focal
point F of the reflector, the incident waves from the SIW horn
illuminate the offset parabolic reflector and are changed to plane
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Fig. 11.  Phase distribution of the electric field of the proposed offset parabolic
reflector system.
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Fig.12.  Simulated S-parameters of the offset parabolic reflector system. (Input
port is defined as Port 1, while the output port is Port 2).

waves travelling in the direction perpendicular to the aperture of
parabola. Therefore, a uniform quasi-TEM wavefront is created
at the aperture of the parabolic system, thereby yielding high
gain. As depicted in Fig. 12, the simulated reflection coefficient
|S11| of the input port is below —14.2 dB, and the average
insertion loss from the input port to the output port is around
1.8 dB.

B. Design of the Multifunction Coupler

The multifunction coupler is a crucial component in this work,
which controls the polarization and radiation beam states of the
proposed antenna. In this design, three kinds of operating states,
e.g., equal-amplitude coupler, unequal-amplitude coupler, and
crossover, are needed for the design of the proposed multifunc-
tion coupler. Note that conventional couplers generally work in
a single operating state, such as the equal-amplitude coupler, re-
sulting in a limited operating frequency band and a single coupler
function. However, the coupler designed in this work realizes
three working states by expanding its operating bandwidth.
Fig. 13 illustrates the configuration of the proposed coupler
and its optimized dimensions. Its S-parameters are shown in
Fig. 14(a). It can be observed that the reflection coefficients of
Port 1 are less than —10 dB from 22 GHz to 34 GHz. Besides,
isolation between two adjacent ports (Ports 1 and 2) is higher
than 10 dB within the operating frequency range. The phase im-
balances between two output ports (Ports 3 and 4) are also given
in Fig. 14(b). As shown, the phase imbalances are around 90° in
the frequency band of 23-32 GHz. Fig. 15 shows the magnitude
imbalances of two output ports. It can be seen that there are
three operating states, e.g., equal-amplitude, unequal-amplitude
coupler, and crossover. It is noted that the coupler is defined
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Fig. 13.  Top view of the proposed coupler. (a = 5 mm, dp = 0.5 mm, d; =
1 mm, sop = 0.75 mm, w; = 1.6 mm, wy = 6 mm).
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Fig. 14.  (a) Simulated S-parameters and (b) Phase imbalance of the proposed
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Fig. 15.  Simulated amplitude imbalance of the proposed coupler (Region I:

equal-amplitude coupler, Region II: unequal-amplitude coupler, and Region III:
Crossover.).

as an equal-amplitude coupler when the amplitude difference is
lower than 3 dB, otherwise it is an unequal-amplitude coupler.
Moreover, if the amplitude difference exceeds 10 dB, the coupler
is defined as a crossover. Therefore, three operating states are
achieved when frequency varies.

IV. RESULTS AND DISCUSSIONS

To experimentally validate the design concept and methodol-
ogy, the proposed antenna is constructed on a single substrate
by low-cost PCB fabrication technology. As shown in Fig. 16,
four standard 2.92-mm connectors are assembled to the antenna
so that the antenna can be connected to the measuring facilities.

The simulated and measured S-parameters of Port 1 and Port
3 are shown in Figs. 17 and 18, respectively. The measured
S-parameters are obtained by Keysight network analyzer. As
shown, the measured curves show a good matching with the
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Fig. 16.  Fabricated prototypes. (a) Top view. (b) Bottom view.
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Fig.17. Comparison of simulated and measured S-parameters for the proposed
LWA excited by Port 1.
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Fig.18.  Comparison of simulated and measured S-parameters for the proposed
LWA excited by Port 3.

simulated ones. As depicted in Figs. 17 and 18, the reflection
coefficients of Port 1 are all below —10 dB within 19-34 GHz,
and the reflection coefficients of Port 3 are all below —10 dB
within 22-34 GHz. The bandwidth difference between Port 1
and Port 3 is the addition of a coupler with a limited operating
frequency of 22-34 GHz. Besides, all the isolations are all better
than 10 dB within the operating band. Especially, a high isolation
around 35 dB is obtained between Port 1 and Port 2. Besides, the
transmission coefficients (such as [S3;| and |S4; |) are also below
—10 dB, which means that most of EM waves are radiated out.
The results for Port 2 and Port 4 are not illustrated here, as they
are similar to those for Ports 1 and 3, respectively.
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Fig. 19. Near-field antenna measurement system for the proposed antenna in
the anechoic chamber.
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Fig. 20. Simulated and measured gains of the proposed antenna excited by
different input ports.

For the measured radiation performance of the proposed
antenna, the near-field antenna measurement system by an ane-
choic chamber is used, as illustrated in Fig. 19. As shown, a
computer is used to control the anechoic chamber and analyze
the measured results. During measurement, only one port is
connected to the transmission line, while the other three ports
are connected to a matching load, respectively. In this way,
the antenna radiation performance of one excited port can be
tested. Then, the excited port is switched so that the radiation
performance of all four ports can be tested one by one.

Fig. 20 shows the gain performances of four ports. It can be
seen that the measured gains are slightly lower than the simulated
results because of the measured errors and the loss of connectors.
The simulated gains of two adjacent ports (Ports 1 and 2, Ports
3 and 4) are almost the same. The maximum measured gains
of Ports 1 and 2 are 23.6 dBi at 29.5 GHz and 23.3 dBi at
29.5 GHz, respectively. For Ports 3 and 4, the peak gains are
22.5 dBi at 32.5 GHz and 21.8 dBi at 32.5 GHz, respectively.
For all ports, the measured gains are higher than 15 dBi over the
operating frequency band. It is noted that the measured gains
are shifted to the lower frequency by about 0.25 GHz compared
to the simulated ones, which may be attributed to the dielectric
constant difference and fabrication errors of the LWA during the
manufacturing.
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Fig. 21. Measured and simulated radiation patterns of the proposed antenna
excited by Port 1 at four different frequencies. (a) 19 GHz. (b) 22 GHz. (c)
28 GHz. (d) 33 GHz.

Fig. 21 illustrates the y-directed horizontal LP radiation pat-
terns in the yoz-plane for Port 1. As shown, the simulated beam
scans from —67° to +18°. The measurement results indicate that
a wide scanning range from —73° to +18° is obtained, which is
wider than the simulated results due to the fabrication and test
errors. The x-directed vertical LP radiation performances in the
xoz-plane for Port 2 are not shown here for brevity. Its simulated
beam scans from +67° to —18°, while the measured result is
from +70° to —18°.

Fig. 22 shows the simulated and measured radiation
patterns for Port 3 at four operating states, i.e., RHCP,
dual-polarization equal-amplitude dual-beam, dual-polarization
unequal-amplitude dual-beam, single-polarization single-beam
radiation. As seen, the measured curves are consistent with the
simulated ones with a small frequency shift. For the first case in
Fig. 22(c), an RHCP beam is realized in two orthogonal planes.
Fig. 23(a) shows the simulated and measured axial ratio (AR)
of the antenna for Port 3, which are less than 3 dB within the
band of 27.6-28.9 GHz. Moreover, when the proposed coupler
is an equal power divider, the second state of dual-polarization
equal-amplitude dual-beam radiation is achieved, as illustrated
in Fig. 22(a), (b) and (d). It can be observed that the antenna has
a scanning coverage of 38° in each of the orthogonal planes. For
example, in xoz-plane, the antenna scans from —35° to —2° for
the backward quadrant, and 3° to 8° for the forward quadrant.
For the third case, an unequal-amplitude dual-beam radiation is
implemented when the coupler is an unequal power divider, as
shown in Fig. 22(e). For the final case, a single-polarization
single-beam radiation in the xoz-plane is achieved when the
coupler is converted into a crossover, as shown in Fig. 22(f). For
clearer demonstration, the simulated and measured amplitude
imbalances of two beams of the proposed antenna exited by
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excited by different input ports. (a) Port 1 at yoz-plane. (b) Port 2 at xoz-plane.
(c) Port 3 at xoz-plane. (d) Port 3 at yoz-plane. (e) Port 4 at xoz-plane. (f) Port
4 at yoz-plane. (The gray region represents the operating frequency band of the
proposed antenna).

scanning coverage through broadside direction (105° in xoz-
plane & 108° in yoz-plane) is realized in this work. For detailed
demonstration, the measured results are listed in Table I, includ-
ing bandwidth, peak gain, coupler function, polarization states,
number of beams, and scanning coverage. Table I shows that
the proposed antenna features broad bandwidth (19-34 GHz),
high antenna gain (23.6 dBi), versatile polarization and beam
reconfigurability.

Table II presents a comparison of the proposed antenna with
other reported reconfigurable antennas in order to illustrate
the merits of the proposed antenna. As shown in Table II,
the proposed antenna demonstrates much wider bandwidth
(56.6%) than other reported LWA antennas. Compared with
other reported PPW LWAs [20], [21], [22], [24], the proposed
antenna has smaller radiation aperture size, but still keeps high
gain (23.6 dBi). Although the antennas presented in [21] and [22]
have higher gain, their aperture sizes are around 3.5 times larger
than that of the proposed antenna. Table II shows that the pro-
posed antenna has broadband and high-gain performance. This
is mainly due to the complete suppression of OSB, the design of
symmetrical array, the implementation of broadband low loss
feeding network, and the seamless integration of the feeding
network and the radiation aperture. In terms of the polarization
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states, the proposed antenna has seven available states. It can be
seen from Table II that most of the reported PPW LWAs [20],
[21], [22], [24] were designed to be single/dual-polarization
antennas with a single fixed broadside beam. As for the SIW
LWAG, the designs in [27] and [28] have six polarization states.
However, their multi-polarized states are achieved by changing
different extended couplers, which would increase the transmis-
sion loss and the measured complexity. Moreover, the amplitude
difference of the proposed dual-polarization dual-beam antenna
could be easily adjusted by controlling the power ratio between
two output ports of the multifunction coupler. As for the scanning
range, the proposed PPW LWA has a wide beam-scanning
coverage through broadside direction (105° at xoz-plane & 108°
at yoz-plane), while other reported PPW LWAs in [20], [22]
and [24] do not have beam-scanning ability. From Table II,
the scanning ranges of the LWAs in [26], [27], [28] are limited
within the backward or forward regions due to the existence of
OSB. In summary, due to the merits of broad bandwidth, high
gain, polarization and radiation beam reconfigurability, wide
beam coverage, and ease of fabrication, the proposed LWA is
suitable for mmWave vehicular communication system.

The novelty of the proposed antenna over the work in [22] lies
in the following aspects. In [22], two symmetrical slots are used
to suppress the OSB, while two nonidentical slots are utilized
to fully suppress the OSB in this work. The radiation aperture
of the proposed antenna is also different from that of [22]. Two
sub-arrays are arranged symmetrically by the middle line of
the array to achieve the proposed 1-D array, while the uniform
array arrangement is utilized in [22]. In addition, a single-layer
offset parabolic reflector system is proposed in this work, while
a two-layer feeding network is utilized in [22]. As for the
polarization states, the proposed antenna has seven polarization
states, while the reported antenna in [22] is a dual-polarization
antenna. Besides, the proposed antenna has radiation beam
reconfigurability, while the antenna in [22] does not have ra-
diation beam reconfigurability. Furthermore, the bandwidth of
the presented antenna in [22] is 1%. For the proposed antenna,
a larger impedance bandwidth (56.6%) is obtained. Finally, the
scanning range of the proposed antenna is much wider than that
of the antenna in [22].

V. CONCLUSION

A broadband high-gain integrated antenna with polarization
and radiation beam reconfigurability has been presented in this
article. A shared-aperture 2-D LWA is designed for the realiza-
tion of antenna polarization and beam reconfigurability. Depend-
ing upon its feeding scheme, the proposed antenna has the ability
to change its polarization and radiation beam states. An antenna
prototype has been designed, fabricated, and installed into an an-
tenna measurement system for characterization. The measured
results have a good match with the simulated ones, which verify
the proposed design concept. Specifically, the proposed antenna
supports linear-polarization single-beam (y-directed horizon-
tal LP and x-directed vertical LP beam), circular-polarization
single-beam (RHCP and LHCP beam), and dual-polarization
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TABLE I

MEASURED RESULTS OF THE PROPOSED ANTENNA

E)l(;;l;fd Bandwidth Peak Gain Coupler Function Polarization States ONfu];r; l:fnrqs Beam Scanning Range (Radiation Plane)
g . . y-Directed Horizontal . Backward to Forward Through Broadside
Port 1 19-34 GHz 23.6 dBi Ineffective LP Single (-73° 10 +20° @ yoz-planc)
. . . . . Backward to Forward Through Broadside
Port 2 19-34 GHz 23.3 dBi Ineffective x-Directed Vertical LP Single (+70° t0 -21° @ xoz-Plane)
. Equal-Amplitude . Broadside (-2° to 0° @ xoz-Plane & 2° to
Port 3 27.6-28.9 GHz 20.4 dBic 90° Coupler RHCP Single 2° @ yoz-Plane)
i . x-Directed Vertical LP Backward & Forward (-35° to -2° & +3°
Port 3 2228%?360 g}éZH& 21.9 dBi Equaé— Amlp litude & y-Directed Horizontal Dual to +8° @ xoz-Plane & +36° to +2° & -2°
. . z oupier LP to -8° @ yoz-Plane)
Unequal- x-Directed Vertical LP ° ° . °
Port 3 306-32.25 21.4 dBi Amplitude & y-Directed Horizontal ~ Dual ~ Forward (+8% o +14% @ xoz-Plane & -8
GHz Coupler LP to -15° @ yoz-Plane)
32.25-33.5 . . . . ° o
Port 3 GHz 22.5 dBi Crossover x-Directed Vertical LP Single Forward (+14° to +18° @ xoz-Plane)
. . Equal-Amplitude . Broadside (+2° to -2° @ yoz-Plane & -2°
Port 4 27.6-28.9 GHz 20 dBic 90° Coupler LHCP Single t0 0° @ xoz-Plane)
. y-Directed Horizontal Backward & Forward (+35° to +2° & -3°
Port 4 2228'37‘361 gléZH‘i‘ 21.3 dBi Eq‘“‘é‘ (ilmlzlr““de LP & x-Directed Dual  to-13° @ yoz-Plane & -37° to -2° & +3°
R P Vertical LP to +12° @ xoz-Plane)
Unequal- y-Directed Horizontal ° ° )
Port4  312-325GHz  21.8 dBi Amplitude LP & x-Directed Dual Forward (-13° to -16% @ yoz-Plane &
. +12° to +16° @ xoz-Plane)
Coupler Vertical LP
Port 4 32'2{5&'25 20.3 dBi Crossover y-DlrecteilI)-I orizontal Single Forward (-16° to -19° @ yoz-Plane)
TABLE I
COMPARISON BETWEEN THE PROPOSED ANTENNA AND OTHER REPORTED ANTENNAS
Polarization Peak
Ref. Bandwidth (%) Ma)f' Ggm Reconfigurability Number‘ot Scanning Range APeFture Radiation Apegr ture
(dBi/dBic) .o . Beams Efficiency Volume (A3)
(Polarization States) (%)
[20] 3.6 23 No (1) Single Broadside N. A. 7.2x5.8x0.14
. o 11 x 9.4 x
R 342& 145 27.1 & 25.3 Yes (2) Single B("_O;;;‘fj _%7?»% 3?'95‘;?0/& 0.42&12 x
R 10.3 x 0.46
[22] 1 26 Yes (2) Single Broadside N. A 10.3 x 10.3 x0.32
[24] 6.6 24 Yes (2) Single Broadside N. A 7x7x0.29
[25] N. éH(ZZ)SS 22 Yes (2) Single Broadside N. A. 11.2 x 5.2 x 0.14
+45° LP: 27.2°
14.85 & . . (30.3° to 3.1°) &
[26] 16.7 13.55 Yes (4) Single CP: 26.1° (-29.2° N. A. 8.7 x 0.6 x 0.06
to -3.1°)
+45° LP: 36.9
- & fﬁ'z’l* 12 Yes (6) Single N. A. N. A 3% 0.8 x 0.03
Dual-CP: 28.6
45° LP: 52° (20°
to 72°) & X-Pol.:
62° (14° to 76°) & ‘
[28] 8.92 12.6 Yes (6) Four Y-Pol.: 60° (14° to N. A 6.8 X 0.7 x 0.06
74°) & CP: 60°
(16° to 76°)
[29] 4 9&6 No (3) Four 10° (-46° to -36°) N. A. 10.8 x 0.1 x 0.03
X-Pol.: 91° (70° to
. -21°) & Y-Pol.:
This ’g\g‘?li 656&6 Single/Dual  93° (-73° to 20°)
wofk Dual—I;P"22 6 23.6 Yes (7) (Variable & CP: 4° (2° to 28.7% 5.5 x 5.5 x 0.1
o Amplitude) -2°) & Dual-Pol.:

& 147

33° (-35° to -2°)

& 11° (3° to 14°)

* N.A.: Not available.
** )Xo is the free-space wavelength at the lowest operating frequency.
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dual-beam operation (equal/unequal-amplitude dual-LP radia-
tion), showing the feasibility of realizing an integrated recon-
figurable antenna. With its advantages of low cost, broad band-
width, high gain, polarization, and radiation beam reconfigura-
bility, the proposed antenna can potentially be employed for var-
ious mmWave vehicular communication application scenarios.
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