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Abstract— A novel low-cost, dual-polarized, 2-D leaky wave
antenna (LWA) with four beams is proposed in this article.
The proposed 2-D LWA includes a 2-D leaky wave radiation
aperture and an orthogonal feeding network. The 2-D leaky wave
radiation aperture is evolved from two identical 1-D parallel-plate
long-slot LWAs that are orthogonally placed within a shared
radiation aperture. Based on the proposed feeding networks,
two pairs of orthogonal in-phase excitations are provided for
the proposed 2-D radiation aperture to realize four beams with
orthogonal polarizations. Combining the frequency-controlled
beam-scanning characteristic of the 2-D LWA in the elevation
plane and the quad-beam radiation by the proposed feeding
network in the azimuth plane, a wide-angle beam-scanning
characteristic can be realized. Besides, different from the conven-
tional multibeam antenna with multiple feeding ports or multiple
radiation apertures, only a simple coaxial feeding port and single
aperture are used, which greatly reduces the complexity and cost
of the antenna. A prototype for verifying the design concept is
manufactured and measured. The measurement results illustrate
that the antenna supports a wide beam-scanning range around
+83° except for broadside direction in two orthogonal eleva-
tion planes with orthogonal polarizations. Furthermore, a wide
operating bandwidth from 23 to 33.6 GHz with a peak realized
gain of 21.2 dBi is obtained by the antenna. The low-profile,
quad-beam, dual-polarized, wideband, high-gain, low-cost, and
wide-angle beam-scanning features make the proposed antenna
suitable for various millimeter-wave applications.

Index Terms—2-D leaky wave antenna (LWA), beamforming
network (BFN), dual-polarized antenna, low cost, multibeam
antenna, wide-angle beam scanning.
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I. INTRODUCTION

S MILLIMETER-WAVE communications become more

ubiquitous, the demand for low-profile, low-cost, high-
gain antennas is gradually increasing. Especially, the develop-
ment of low-cost wide-angle beam-scanning antennas enables
a wide range of applications, including automotive radars,
base stations, the Internet of Things, small satellites data
downlink, and so on. Traditional reflectors provide mechan-
ical beam-scanning capabilities, but they are bulky and not
applicable for high-speed links. Phased arrays feature elec-
tronic beam-steering, which is implemented by controlling
the localized phase of each array element [1]. Unfortu-
nately, the significant losses in the feeding network and
huge demand for phase shifters make phased arrays ineffi-
cient and expensive at the millimeter-wave frequency band.
In contrast, leaky wave antennas (LWAs) can act as a low-
cost, scalable alternative to phased arrays in some scenarios,
since LWA is a type of frequency-controlled beam-scanning
antenna without the requirement of additional phase
shifters [2], [3].

Periodic LWA could scan from backward to forward direc-
tion through broadside while its open stopband (OSB) problem
was effectively suppressed in [4], [5], [6], and [7]. The
OSB problem occurs due to the in-phase reflected waves
of each unit cell when scanning to broadside direction, and
hence degraded broadside radiation is caused. In addition
to OSB suppression, the wide beam-scanning range is also
an important issue in LWAs design [8], [9], [10], [11]. The
beam-scanning range of LWA is dependent on its phase
constant and attenuation constant. Based on an almost linear
phase constant and a stable attenuation constant, a broadband
(54.5%) substrate-integrated waveguide (SIW) LWA support-
ing wide-angle beam-scanning range from —49° to +69°
could be obtained [12]. However, 1-D LWAs only scan in
the plane coinciding with the direction of leaky wave prop-
agation and the normal direction of antenna aperture (defined
as the elevation plane), resulting in a common problem of
limited beam scanning range. Even with 2-D LWA designs,
it is still difficult to accomplish a wide beam-scanning cov-
erage in both azimuth and elevation planes without using
phased array techniques. Generally, 2-D LWAs were designed
as directional antennas with a fixed beam at broadside
direction [13], [14], [15], [16], [17].
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Multibeam antennas can form multiple beams in different
directions and thus can be used to broaden the beam-scanning
range. The performance of a multibeam antenna depends on
the number of radiation elements and corresponding beam-
forming networks (BFNs) [18]. To steer the beam direction, the
BFNs should provide different phase gradients to the radiators
by switching various feeding ports. Various types of BFNs
were reported, including circuit-based or quasi-optical-based
BENSs. Circuit-based BFNs, such as Nolen [19], Blass [20],
and Butler matrices [21], [22], were widely deployed. Quasi-
optical-based BFNs are usually divided into two categories:
the lens-based BFNs and the parabolic reflector-based BFNG.
The former type, such as Ruze [23], [24], Rotman [25],
[26], [27], [28], [29], Luneburg lenses [30], [31], were gen-
erally constructed to achieve high-gain multibeam antennas.
However, these techniques suffer from some major draw-
backs, such as bulky volume, complicated design process, and
high loss at high-frequency bands. Parabolic reflector-based
BFNs integrate the feeding ports and the reflector wall on
a single substrate by utilizing the SIW technology, thereby
providing an easier implementation for low-profile low-
cost multibeam antennas [32], [33], [34], [35], [36], [37],
[38], [39]. However, the aforementioned multibeam antennas
commonly steer their main beam by switching from one
input port to another one. Besides, these antennas usually
produce high-gain beams with narrow beamwidths. For wider
beam-scanning coverage, a large number of input ports were
needed [18], which inevitably increase the complexity and cost
of the antenna. Meanwhile, the leaky wave-based multibeam
antennas usually exhibit narrow impedance bandwidth, which
reduces the angular coverage in the elevation plane due to
the frequency-controlled scanning nature of LWAs [32], [33],
[34], [35], [36], [371, [38], [39]. Moreover, these antennas were
generally single-polarized. Considering that dual-polarized
antennas can be used to improve the channel capacity and
overcome high path losses in millimeter-wave communica-
tions [16], a dual-polarized LWA is necessary for practical
applications. Therefore, a low-cost dual-polarized multibeam
antenna with fewer input ports and wide beam-scanning cov-
erage is of great significance for millimeter-wave applications.

In this article, a simple dual-polarized 2-D LWA with
four beams is proposed for low-cost mm-wave beam-scanning
applications. Two identical 1-D parallel-plate long-slot LWAs
are orthogonally placed within a shared aperture to realize
a 2-D LWA. The peripheral sides of the radiation aperture
are excited by four rotationally symmetric parabolic reflector-
based BFNs. These BFNs are seamlessly integrated with a
four-way SIW power divider through four SIW slot couplers.
The proposed antenna combines the leaky wave radiation in
the elevation plane and the quad-beam feature in the azimuth
plane, thereby achieving a wide-angle beam coverage. The
novelties of this antenna are summarized as follows. First,
the proposed 2-D LWA has a wide-angle beam-scanning
characteristic in the elevation plane by choosing an appropriate
LWA unit cell and using a broadband feeding network. Second,
quad-beam radiation in the azimuth plane is obtained, which
further increases the beam coverage range. Third, with the
coexistence of the four reflector-based BFNs and a four-way
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SIW power divider, multiple beams can be realized using
only one input port in a low-cost manner. Furthermore, the
dual-polarized capability is realized by the orthogonal arrange-
ment of two 1-D LWAs, which is easy to implement.
Although a slot-based 2-D LWA has been presented in [17],
the proposed antenna is different from [17] in the following
aspects. First, the proposed antenna is a multibeam antenna
with beam-scanning capability for each beam, while the
reported antenna in [17] is a single-beam antenna with two
achievable fixed broadside beams. Second, the radiating aper-
ture of the proposed antenna is different from that of [17]. The
proposed unit cell of the radiating aperture has two identical
slots while the unit cell in [17] has three slots for OSB
suppression. Third, the proposed two-layer feeding network
provides two pairs of in-phase equal-amplitude signals by
using one input port, while the reported four-layer feeding net-
work offers two pairs of out-of-phase equal-amplitude signals
by two input ports. In addition, a novel single-layer parabolic
reflector-based BFN is integrated with the radiating aperture
to reduce the antenna complexity and cost, while a two-layer
pillbox transition is utilized in [17]. Finally, the proposed
antenna is designed for low-cost wide-angle beam-scanning
applications, instead of full-duplex applications in [17]. More-
over, the proposed antenna can generate four beams with a
wide-angle beam-scanning capability by using a single input
port, while the reported antenna in [17] realizes a fixed
broadside beam without a beam-scanning characteristic.

II. ANTENNA DESIGN AND ANALYSIS

The geometry of the proposed antenna is shown in Fig. 1.
As shown, two Rogers RO4003C substrates are glued together
by a Rogers RO4450F bonding film to place the proposed
antenna. The 2-D LWA radiation aperture is etched on the top
surface of Substrate 1#. Four parabolic reflector-based BFNs
and corresponding SIW feeds are seamlessly integrated with
the radiation aperture in Substrate 1#. A four-way SIW power
divider for the dual-polarized LWA is constructed in Substrate
2#. To couple energy from Substrates 2# to 1#, two pairs
of orthogonal SIW slot couplers consisting of longitudinal
slots and matching vias are constructed at the terminal of
the power divider. By integrating the SIW slot couplers and
four parabolic reflector-based BFNs, two pairs of orthogonal
opposite transmitted plane waves for the proposed LWA can
be generated.

As noted in Fig. 1, only a coaxial feed is used as the
input port. When the input port is excited, the coax to SIW
transition transforms the TEM waves into TE waves. There
are two pairs of in-phase TE waves with equal amplitude in
x- and y-directions, respectively (see red and blue dashed lines
in Fig. 1). Then, these TE waves are coupled to parabolic
reflector-based BFNs, where the cylindrical waves are further
converted to plane waves to excite the proposed antenna.

A. Analysis of the LWA Unit Cell

As shown in Fig. 1, to realize a 2-D LWA within a shared
aperture, a square periodic parallel-plate long-slot LWA is
designed as the radiation part. The reason for choosing a
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Fig. 2. (a) Proposed unit cell. (b) Simulation model of the unit cell
(geometrical dimensions, all units are in mm: p = 5, d = 1.6, s = 0.4,
and [ = 130).

slotted parallel-plate waveguide (PPW) is that conventional
radiators such as the SIW-based LWA are not suitable for
this design. Since the conductive vias will block the waves
excited from two orthogonal directions, it is difficult to receive
waves from four rotationally symmetric BFNs, thus different
beams cannot be realized in the azimuth plane. Therefore, the
unit cell is designed as a slotted PPW. Fig. 2(a) shows the
proposed PPW LWA unit cell with two identical slots, with
the simulation model illustrated in Fig. 2(b). Although the
unit cell with two asymmetrical slots can suppress the OSB
completely [40], [41], [42], [43], the corresponding radiation
patterns are asymmetrical because of the different excited
response between two ports of the unit cell [17]. To achieve
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Fig. 3. Simulated results from the proposed unit cell with different geometry
dimensions. (a) Complex propagation constants versus d (s = 0.4 mm).
(b) Complex propagation constants versus s (d = 1.6 mm).

symmetrical radiation patterns, the proposed unit cell uses two
symmetrical slots.

To acquire the dispersion diagram, the effective phase con-
stant and the attenuation constant of the unit cell are obtained

from [44]
lIm|:cosh1(—A+D):| e
p 2

lRe|:cosh_1(A+D)] 2)
p 2

where A and D are the elements of the ABCD matrix of the
unit cell, which can be calculated using the classic conversion
formulas [45]. By calculating (1) and (2), the normalized phase
constant B.rr/ko and the normalized attenuation constant
aerr/ko of the proposed unit cell with different slot gap d
and different slot width s are shown in Fig. 3(a) and (b),
respectively. It should be noted that the gray region in Fig. 3
indicates the used frequency band of 23-33.2 GHz for the pro-
posed design. As shown in Fig. 3, the OSB regions in all these
cases are outside the operating frequency range. Therefore, the
suppression of OSB is of limited effect on the proposed design.
In Fig. 3(a), the normalized phase constants have no obvious
variations with a different slot gap d, while the normalized
attenuation constants decrease with the increase of d. Besides,
the normalized attenuation constants increase with the increase
of s, as shown in Fig. 3(b).

For a given value of the attenuation constant, the effective
antenna length L.s; that enables 90% of the power radiated
can be calculated by [2]

Bery

Qeff

Lesr 018

Ao defp/ ko
From (3), the effective antenna length L.ss increases with
the decrease of a.rr. According to the design principle of
an LWA [2], the smaller attenuation constant o,ss is suitable
for the high-gain antenna design due to the longer effective
antenna length L.rr. Nevertheless, the attenuation constants
with too small values require excessive antenna length, which
is impractical for mm-wave applications. Therefore, the attenu-
ation constants of the unit cell should be chosen appropriately.
As shown in Fig. 3(a), although the attenuation constant with
a smaller value within the frequency band of 23-32.5 GHz is
obtained when d = 1.9 mm, the attenuation constant sharply
increases around the operating frequency near 33.2 GHz.
In contrast, the attenuation constant of the unit cell with
d = 1.6 mm has a relatively flat performance, compared with

3)
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Fig. 4. S-parameters of the 1-D LWA array with a different unit cell number
N. (a) Reflection coefficient |Sy;|. (b) Transmission coefficient |Sy].
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Fig. 5. (a) Geometry of the 1-D periodic LWA (d = 1.6 mm and

s = 0.4 mm). (b) Beam directions of the 1-D periodic LWA with a single
feed.

the two cases of d = 1.3/1.9 mm. Therefore, d = 1.6 mm is
chosen for the proposed antenna. A similar discussion could
be obtained for the case of different slot width s shown
in Fig. 3(b). For this reason, the slot width s = 0.4 mm is
chosen.

B. Analysis of the Proposed LWA

The S-parameters of the 1-D LWA with different unit cell
number N are shown in Fig. 4(a) and (b). As shown, the reflec-
tion coefficients |S;;| change slightly, while the transmission
coefficients |S,;| decrease with the increase of the number
of the unit cell. |S;;| of the 1-D LWA with 27 periods is lower
than —10 dB and |S;;| is smaller than —15 dB. It indicates
that the residual power is quite small and most of the power is
radiated. Although the 1-D LWA with 33 periods has smaller
residual power, the dimension of the radiation aperture will be
increased greatly. Therefore, the 1-D LWA with 27 periods is
chosen, as shown in Fig. 5(a). When Port 1 is set as the input
port, the other port is connected to a matching load, which
is known as conventional feed mode. Such conventional feed
is first considered for the 1-D LWA to realize single beam-
scanning radiation. According to the LWA theory [2], the main
beam direction 6( f) can be approximately calculated by

O(f) ~ sin™ (Borr (f)/ko(f)). 4

Based on B.sr(f)/ko(f) in Fig. 3, the calculated angle 6(f)
is given in Fig. 5(b) according to (4). As shown, a limited
beam-scanning range from the backward endfire to the forward
direction except the broadside direction is observed. More-
over, the simulated 6(f), obtained by full-wave simulation
of the proposed 1-D LWA in Fig. 5(a), are also depicted.
As shown, the simulated results are generally consistent with
the calculated results.
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Fig. 6. [Illustration of the scanning range of the double-beam 1-D LWA fed
by two ports.

As shown in Fig. 5(b), if the OSB is eliminated com-
pletely, the single-fed 1-D LWA with a single beam can
scan from —90° to +30° through broadside due to the
wide frequency band from 23 to 45 GHz. It shows that the
proposed 1-D LWA features a “slow beam-scanning rate,”
which means that its wide-angle beam scanning coverage
is realized at the cost of a wide frequency band. However,
in practical scenarios, the operating bandwidth is normally
restricted [46]. To ease this issue, the desired LWA should
have a wider beam-scanning range within a limited operating
frequency band to economize on spectrum resources [47].
To achieve a wider angle coverage over a given frequency
range, that is, rapid beam-scanning property, the derivative of
0(f), expressed as 6'(f), should have a larger value, and it is
determined by

0'(f) ~ (,Beff(f)/ko(f))//\/l = Berr (H)/ko(f N (5)

According to (5), if the curve of effective phase con-
stant Berr(f) or the normalized effective phase constant
Berr(f)/ko(f) has a larger slope, a larger 6'(f) can be
obtained. In other words, the rapid beam-scanning prop-
erty could be implemented by a larger (Besr(f)/ko(f)).
As shown in Fig. 5(b), the proposed 1-D LWA has a larger
(Berr(f)/ko(f)) in the backward region than that in the for-
ward region, which indicates that the backward wave features
a relatively rapid beam-scanning property.

To have a clearer understanding of the scanning rate at
different frequency bands, the beam-scanning range per frac-
tional bandwidth is calculated. From Fig. 5(b), the backward
scanning beam features a more rapid scanning rate (2.3°
per fractional bandwidth), which is 2.3 times faster than
the forward beam (1° per fractional bandwidth). Thus, the
backward region is utilized to design a wide-angle beam-
scanning LWA with limited bandwidth. Furthermore, different
from the conventional feed mode, two ports are excited at
the same time, and then two beams can be realized. In this
manner, each port can control a backward radiation beam to
steer from endfire (—90°) to near broadside (0°), and then
around 180° scanning range in the elevation plane can be
realized, as shown in Fig. 6. In such a way, the beam-scanning
rate of the 1-D LWA can be doubled, and the operating
frequency band is reduced by half (23-34 GHz). Note that the
beam-scanning rate of the LWA is improved by the proposed
approach, which relieves the wide bandwidth requirements for
the system, thereby reducing the system costs.
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Fig. 7. Configuration of the shared-aperture dual-polarized 2-D LWA.

For the conventional feed mode, the OSB should be sup-
pressed completely to achieve a wide-angle beam-scanning
range from the backward to forward direction through the
broadside. However, for the proposed feed mode, the OSB is
not needed to be eliminated completely as only the backward
radiation beams are used in the proposed design. Although the
unit cell with two asymmetrical slots can suppress the OSB
completely, the resulting radiation patterns are asymmetrical.
Therefore, the unit cell with two symmetrical slots is utilized
for this design.

To increase the beam coverage in the azimuth plane, a dual-
polarized 2-D LWA with four BFNs is designed, as shown
in Fig. 7. The basic idea is arranging two orthogonal linearly
polarized (LP) 1-D LWA in the same aperture and placing
four identical parabolic reflector-based BFNs in a rotationally
symmetric configuration. The radiating aperture consists of
two orthogonal LP 1-D LWA, which are the horizontal LP
LWA and the vertical LP LWA. In this manner, a dual-
polarized 2-D LWA is obtained. As shown in Fig. 7, the
proposed 2-D LWA is excited by four rotationally symmetric
feeding ports simultaneously. When each SIW is excited by
a feeding port, the electromagnetic waves could enter the
parabolic reflector-based BFN from the SIW. In this manner,
the cylindrical wave is converted into the plane wave to feed
the proposed 2-D LWA. The detailed design of the BFN
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Fig. 8. Full-wave simulated 3-D radiation patterns of the proposed antenna
simultaneously excited by four BFNs at (a) 22.85 GHz, (b) 24 GHz,
(c) 26 GHz, (d) 28 GHz, (e) 31 GHz, and (f) 33.2 GHz.

is discussed in Section III-B. And the full-wave simulations
are implemented by the HFSS. It is worth pointing out that
the complex propagation constants of the unit cell for the
2-D LWA are identical to the unit cell characteristics shown
in Fig. 3, and thus are not shown for brevity.

When such a shared-aperture dual-polarized 2-D LWA is
simultaneously excited by four BENs with the same amplitude
and 0° phase difference, two pairs of orthogonal backward
radiation beams can be obtained, as shown in Fig. 8. Therefore,
quad-beam radiation is realized, with each beam designed to
operate over the whole backward radiation frequency band.
As can be seen from Fig. 8, each beam can steer from
endfire to near broadside direction when frequency increases.
In this case, the proposed 2-D LWA can provide a wide
beam-scanning range in two orthogonal elevation planes.
Moreover, it is also shown that the proposed antenna has
a wide bandwidth from 22.85 to 33.20 GHz. It should be
clarified that the radiation aperture is excited by only one
input port with the help of four reflector-based BFNs and
a four-way SIW power divider, which will be illustrated in
Section III. Note that the four-way SIW power divider can
effectively reduce the number of input feeding ports, which
further reduces the costs.

III. DESIGN OF THE INTEGRATED MULTIBEAM
FEEDING NETWORK

A multibeam feeding network is integrated with the 2-D
LWA, by employing a four-way SIW power divider and four
parabolic reflector-based BFNs.
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Fig. 9. Four-way SIW power divider. (a) Dimensions of the power divider.
(b) Simulated electric field distribution at 28 GHz. (c) Top view of the
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dy =03,d, =08, g =0.75r =6.3, and h = 1.524).

A. Design of the Four-Way SIW Power Divider

The presented power divider is crucial to the proposed
design, which reduces the number of feeding ports and pro-
vides a pair of dual-polarized signals for the proposed antenna.
Fig. 9(a) illustrates the configuration of the four-way SIW
power divider. As shown, the signal excitation of the four-way
SIW power divider is accomplished by using a probe of a
coaxial cable. The height and radius of the inserted probe are
designed with HFSS, resulting in a probe height of 1.524 mm
and a radius of 0.15 mm. For the isolation of the probe, the
radius of the etched circular slot is 0.4 mm on the top layer of
Substrate 2#. To improve the return loss characteristic, a cir-
cular SIW transition with four matching vias is added between
the coaxial cable and the proposed divider. Its parameters are
also optimized to provide a smooth transition from the TEM
wave to the TE;p wave. After optimization, good impedance
matching can be obtained. The optimized parameters are given
in Fig. 9.

The circular SIW transition is a hybrid junction, which has
five ports. The operation principle of this component is shown
in Fig. 9(b). As shown, when Port 0 is excited, the input signals
are transformed to the divider through the current probe, and
these signals are then equally divided to Ports la and 1b
without phase difference. Similarly, the input signals are also
evenly divided to Ports 2a and 2b with the same phase in the
y-polarized channel. Therefore, a pair of orthogonal polarized
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Fig. 10. Measured and simulated results of the proposed divider. (a) S-param-
eters. (b) Phase imbalance of four output ports (solid lines: measured results
and dotted lines: simulated results).

millimeter-wave signals can transmit in the proposed divider.
A prototype is fabricated, which is shown in Fig. 9(c) and (d).
The simulated S-parameters of the proposed divider are shown
in Fig. 10. It can be seen from Fig. 10(a) that a wide frequency
bandwidth of 42.8% from 22 to 34 GHz is accomplished with
a reflection coefficient below —10 dB. The measured reflection
coefficient is generally consistent with the simulated one. The
measured insertion loss is slightly higher than the simulated
ones due to the additional insertion loss of connectors and
fabrication and assembling errors. The phase imbalance of
output signals is depicted in Fig. 10(b). As shown in Fig. 10(b),
the simulated output phase imbalance is smaller than £0.2°
for all output ports, while the measured phase imbalance
varies from —3° to +41.3°. The reason for this discrepancy
may be attributed to the difference in the used connectors
and fabrication errors. In view of these results, the proposed
power divider can provide two pairs of output signals with
good magnitude and phase balance.

B. Design of the Parabolic Reflector-Based BFN

As the proposed 2-D LWA has a large radiation aperture,
the conventional SIW corporate feeding structures are not
applicable. More specifically, the 2"¥-way corporate feeding
networks limit the design freedom of antenna geometry [16],
since a high value of N will increase the network dimension
and the number of vias exponentially, thereby increasing
design complexity and costs. In contrast, the pillbox transition
systems release the dimension limitation of SIW corporate
feeding structures. However, the classical pillbox transition
is a double-layer structure with a parabolic slot coupler,
which turns out to be narrowband and introduces phase distor-
tion [33]. To solve this issue, a single-layer parabolic reflector
illuminated by an SIW feed is integrated seamlessly with the
radiation aperture on the same substrate, as shown in Fig. 11.
Based on this simple single-layer configuration, phase distor-
tion is not introduced and a wide operating frequency band can
be obtained by adjusting the parameters of the corresponding
feeding structure. In addition, compared to the double-layer
pillbox transition, the proposed reflector-based BFN reduces
the number of metallic vias in half, thereby reducing the
complexity and cost of the design.

Fig. 11 shows the geometry of the single-layer parabolic
reflector-based BFN, which is constructed in Substrate 1#.
The optimized parameters of the BFN are given in Fig. 11.
As shown, a parabolic-shaped metallic vias array using the
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Fig. 11.  Configuration of the parabolic reflector-based BFN (geometrical
dimensions, all units are in mm: a =5, d3 = 5.05, and f = 35).

Fig. 12. Phase distribution of the electric field of the proposed BEN (the red
and black arrows represent the direction of the incident wave and reflected
wave, respectively).

SIW technique is utilized to construct the parabolic reflector.
The profile of the parabolic reflecting wall can be expressed
as follows:

y:=4fx (6)

where f is the focal length. To illuminate a large radiation
aperture, the value of f should not be too small. Therefore, f
is designed as 35 mm to realize a compact size. The feeding
structure consists of an SIW feed and a matching metallic via,
as shown in Fig. 11. The dimensions of SIW are designed to
ensure the single-mode (TE;y) excitation within the interested
frequency band (22-34 GHz).

When the signals enter the parabolic reflector-based BFN
from the SIW feed, the cylindrical wave can be converted into
the plane wave to feed the proposed 2-D LWA. To show the
operating principle of the proposed BFN, Fig. 12 illustrates
the phase distribution of the electric field of the proposed
BFN. As shown, when the SIW feed is positioned at the
focal point F of the parabola, the cylindrical waves that are
produced upon reflection by the parabolic wall, combine into
a plane wave, and then the plane wave travels in the direction
perpendicular to the aperture of the parabola. The plane-wave
characteristic of the output waves is developed by geometrical
optics. Therefore, the phase wavefront emitted from the focal
point F' can be transformed from cylindrical waves to plane
waves, and a uniform phase distribution at the aperture can be
obtained, thereby yielding high gain.

C. Design of the SIW Slot Coupler

In this design, a two-layer configuration is used, and the
SIW slot coupler is consequently indispensable. Fig. 13(a)
shows the geometry of the proposed coupler. It consists of two
longitudinal slots and a pair of metallic vias, which are placed
oppositely offset from the center of SIW. The two longitudinal
slots are etched on both the top layer of Substrate 2# and the
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Fig. 13. (a) Configuration of the SIW slot coupler. (b) Simulated electric field
distribution in two substrates (the black dashed line represents the propagation
direction of the EM waves. Geometrical dimensions, all units are in mm:
g1 =04, g0 =225, 51 =0.6, 50 = 1.2, wy =0.7, and [y = 3.75).
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Fig. 14. Simulated S-parameters of the SIW slot coupler.

bottom layer of Substrate 1# to couple the signals, as shown
in Fig. 13(b). As shown, the EM waves excited by Port 1
in Substrate 2# are transmitted to Substrate 1# through the
longitudinal slots. Moreover, the longitudinal slot and metallic
via provide capacitive and inductive effects, respectively [7].
Thus, by combining these effects, wider impedance matching
between two-layer SIWs can be obtained. The optimized
dimensions of the proposed coupler are given in Fig. 13.
Fig. 14 illustrates that the achieved frequency bandwidth of
the coupler is from 22 to 34 GHz.

IV. RESULT AND DISCUSSION

The quad-beam dual-polarized shared-aperture 2-D LWA
with a wide beam-scanning angle is fabricated and the proto-
type is shown in Fig. 15. The total size of the array antenna
is 216 x 216 x 3.248 mm, while the radiation aperture size
is 132 x 132 mm. A standard 2.92-mm coaxial connector is
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Fig. 15.  Fabricated prototype of the proposed antenna. (a) Top view.
(b) Bottom view.
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Fig. 16.  Simulated and measured reflection coefficients of the proposed
antenna.
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Fig. 17. Simulated and measured gains of the proposed antenna.

mounted on the bottom layer of the antenna for measurement
purposes.

Fig. 16 shows the simulated and measured reflection coef-
ficients of the proposed antenna. As shown, the measured
results are generally consistent with the simulated ones. From
Fig. 16, it is noted that the measured impedance bandwidth
is from 22 to 33.6 GHz. The simulated and measured gains
are plotted in Fig. 17. As shown, the measured gains are more
than 16 dBi within the band of 26.3 to 33.6 GHz and the peak
gain is around 21.2 dBi at 32 GHz.

The simulated and measured radiation patterns of the
proposed LWA are shown in Fig. 18. For clearer demonstra-
tion, the left column shows the horizontally polarized (HP)
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Fig. 18. Measured and simulated radiation patterns of the proposed 2-D

LWA antenna at four different frequencies. (a) 23.05 GHz. (b) 24.00 GHz.
(c) 28.00 GHz. (d) 33.60 GHz.

radiation patterns, while the right column illustrates the verti-
cally polarized (VP) radiation patterns. As shown in Fig. 18,
when the frequency varies from 22.85 to 33.20 GHz, the
simulated radiation beam scans from —85.5° to —2.5° and
85.5° to 2.5°, and therefore the total scanning range reaches
up to 166°. It should be noted that a radiation null is appeared
in the broadside direction due to the in-phase excitation of
the power divider in opposite directions. Despite this, the
nearly full coverage of the upper half of the space proves
that the proposed LWA has wide-angle scanning ability in the
elevation plane. For the measured radiation patterns, as the
frequency varies from 23.00 to 33.60 GHz, the measured
radiation beam scans from —83° to —2° and 83° to 2°, thus the
total scanning range in the elevation plane reaches up to 162°.
The measured scanning angle is reduced by 4° compared
to the simulated beams, which may be caused by ground
diffraction near the endfire direction. The frequency deviations
between simulated and measured radiation patterns are mainly
caused by the frequency shift of the antenna. For clearness,
the variation of the beam direction at different frequencies
is shown in Fig. 19. Note that the direction of each beam is
constant in the azimuth plane and varies in the elevation plane
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TABLE I
COMPARISON BETWEEN THE PROPOSED ANTENNA AND OTHER REPORTED LEAKY WAVE-BASED MULTIBEAM ANTENNAS
. Scanning Range Radiating Aperture Volume
Ref. pw () Max. Gain in Elevation Polarizations No. of Beams/ No. of Substrate (length x width x height)
No. (dBi) Ports Layers 3
Plane (degree) Ay
(18] 16 16 7.2 Single 28/28 1 9.6 X 9.6 x 0.12
[32] 8 N. A. N. A. Single 718 1 N. A.
(33] 9 23.78 20 Single 717 2 10.67 x 9 x 0.09
(35] 2.5 24.8 N. A. Single 13/13 2 19 x 13.1 x 0.1
(36] 1.86 21.6 N. A. Single 5/10 2 N. A.
This
37.45 21.2 162 Dual 4/1 2 10.1 x 10.1 x 0.25
work

* Ao is the free-space wavelength at the lowest operating frequency.

6 (deg)
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-12.1
--22.3 e
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Fig. 19.  Variation of the pointing angle for four beams within the band
23-33.6 GHz.

with the frequency due to the leaky wave radiation behavior.
It is clear from this figure that the proposed antenna can
steer its main beam in an angular sector of about 162° in
the elevation plane by frequency scanning. Meanwhile, the
beam coverage in the azimuth plane is also improved by
generating four beams in different directions. Note that the
proposed LWA is a single-port frequency-controlled beam-
scanning antenna, and its beam cannot be scanned by varying
the phase of the single input port. Therefore, the cumulative
distribution function (CDF) calculation may not be suitable
for the proposed antenna.

The proposed LWA and the conventional phased array
antenna are different in terms of beam-scanning manner.
The conventional phased array antenna can realize a wide
beam-steering range at a specific frequency, while the pro-
posed LWA can achieve wide beam-scanning coverage within
a specific frequency band. In some scenarios, LWA can act
as a low-cost alternative to phased arrays, since its wide
beam-scanning capability is realized without the requirement

of additional phase shifters. It can be seen from Fig. 18 that
each radiation beam of the proposed LWA can scan from
near endfire direction to near broadside direction, which is
not easy to be achieved by using the conventional phased
array antenna. Moreover, the proposed LWA supports four
beams with orthogonal polarizations, which further improves
its functionality.

The simulated cross-polarization level is less than —30 dB
across the whole operating band, while the measured cross-
polarization level is below —26 dB. The increase in measured
cross-polarization levels may be generated by the errors from
both the fabrication and measurement procedures. Besides,
the port isolation is larger than 28 dB within the operating
band if the four-way power divider is removed and four input
ports are used to excite the proposed antenna. Regarding the
dual-polarized operation of the proposed antenna, it can be
seen from Fig. 18 that good HP and VP radiations are achieved
by the single radiating aperture with a cross-polarization level
smaller than —26 dB across the whole operating band.

To demonstrate the merits of the proposed antenna, a com-
parison between the proposed antenna and other recently
reported multibeam antennas is listed in Table I. In terms of
the beam-scanning range, it is observed that the measurement
scanning range of the proposed antenna is wider than all
the listed designs. The key factor in realizing a wide scan-
ning angle for the proposed antenna rests on the leaky wave
radiation across a larger impedance bandwidth (37.45%).
Ma and Chan [18] and Ettorre et al. [33] also present the
leaky wave-based designs which have a small beam-scanning
range due to their narrow bandwidth (16% and 9%, respec-
tively). As for the polarization states, the proposed antenna
is dual-polarized, while other reported multibeam antennas
listed in the table are single-polarization antennas. For mm-
wave communication, the proposed dual-polarized antenna
can be utilized to overcome high path losses and improve
the channel capacity. In addition, different from the reported
multibeam antenna with multiple ports, the proposed antenna
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only uses a single port to realize a quad-beam scanning
LWA. Regarding the gain performance, it should be noted
that most of the reported multibeam antennas realize a single
beam per feeding port, while the proposed antenna achieves
four beams by using a single input port. For a fair com-
parison, the 2-D LWA with four independent input ports
is further investigated. When only one port is excited and
the other ports are terminated with matched loads, a single
beam can be obtained by the same radiating aperture. In this
case, the simulated peak gain of such a 2-D LWA is up to
26.7 dBi, which is higher than the reported antennas listed
in Table 1.

The novelty of the proposed antenna over the work in [36]
lies in the following aspects. In [36], ten input ports are used
to realize the multibeam performance, while only a single
input port is utilized in this work. The radiating aperture
of the proposed antenna is also different from that of [36].
The orthogonal PPW slots are used to realize the proposed
radiating aperture, while the SIW slots are utilized in [36].
In addition, a novel single-layer parabolic reflector-based BFN
is proposed in this work, while a two-layer pillbox transition
is utilized in [36]. As for the polarization states, the proposed
antenna is a dual-polarized antenna, while the reported antenna
in [36] is a single-polarization antenna. Furthermore, the
presented antenna in [36] is designed in the 24-GHz band
and its bandwidth is only 1.86%. For the proposed antenna,
a larger impedance bandwidth (37.45%) is obtained. Finally,
the scanning range of the proposed antenna is much wider
than that of the antenna in [36].

V. CONCLUSION

A dual-polarized LWA with four beams has been presented
in this article. The realized wide-angle beam coverage can
be used for low-cost wide-angle beam-scanning applications.
In this design, the proposed unit cell with two identical slots is
utilized to develop the dual-polarized 2-D LWA. The integrated
feeding network provides an orthogonal plane wave feed for
the 2-D LWA, which reduces the complexity and cost of
the proposed antenna. The measurement results illustrate that
the operating frequency bandwidth of this antenna is 37.45%
from 23 to 33.6 GHz, and the peak gain is around 21.2 dBi.
Moreover, within the operating band, the proposed antenna
can steer its main beam in a wide angular area of +83°
except for broadside direction in two orthogonal elevation
planes and increases the beam coverage in azimuth plane by
generating four symmetric beams. The elegant combination of
2-D LWA and four parabolic reflector-based BFNs achieves
low-cost wide-angle beam-scanning capability, making the
proposed antenna a valuable candidate for various mm-wave
applications.
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