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ABSTRACT In this letter, a novel dual-beam and tri-band leaky-wave antenna (LWA) based on substrate
integrated waveguide (SIW) structure is proposed, which has the capability of wide beam scanning range
including broadside direction. The antenna consists of two kinds of periodic structures which can excite
two -1st spatial harmonic waves and result in two radiation beams simultaneously. Through theoretical
dispersion diagram analysis of the unit cells of two periodic structures and by applying the techniques of
impedance-matching and reflection-cancelling, the open-stopbands at broadside are suppressed. Then the
main beam of the proposed LWA can scan from backward to forward through broadside when frequency
changes. Moreover, a tri-band application can be achieved in the dual-beam antenna by optimization of the
second periodic structure. The measured results validate that the proposed SIW LWA has three operating
frequency bands. In band 1 from 8.6 to 9.2 GHz, there is one beam scanning from 42◦ to 71◦ in the forward,
in band 2 from 10 to 12 GHz, there is one beam scanning from -40◦ to 4◦ in the backward, and in band
3 from 12.5 to 15 GHz, there is a dual-beam scanning from -55◦ to 54◦ including broadside direction, which
show good agreements with the simulated results.

INDEX TERMS Dual-beam, tri-band, open-stopband (OSB), leaky-wave antenna (LWA), substrate inte-
grated waveguide (SIW).

I. INTRODUCTION
Leaky-wave antennas (LWAs) have attracted significant
attentions in microwave and millimeter-wave regions due
to their simple feeding network, frequency beam scanning
capability and high directivity [1]. These features make
leaky-wave antenna a good candidate for modern wireless
communication systems, e.g. automotive radar sensor [2],
analog real-time spectrum analyzer [3], and the fifth gener-
ation (5G) mobile communication [4].

Generally, LWAs are classified as uniform struc-
tures [5], [6] and periodic structures [7], [8] based on the guid-
ingwave systems. A typical uniformLWA is usually designed
based on wave-guiding structure supporting fast-wave on
fundamental (n = 0) mode, whose beam can only scan in
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forward region. The periodic LWA is formed by introducing
periodic unit cells along slow-wave guiding structure. The
slow-wave structure itself is a non-radiation structure, but the
introduced periodic unit cells can excite infinite spatial har-
monics, some of which are locating in the fast-wave region,
such as the -1st spatial harmonic (n = -1) mode, and can leak
away from the structure. The periodic LWAs can steer their
main beams not only in the forward directions but also in
the backward directions, except for a narrow angular region
near the broadside direction, where an open-stopband (OSB)
occurs [1]. In the open-stopband region, a large reflection
coefficient is encountered and the radiation power drops
substantially.

For the OSB suppression of periodic LWAs, several tech-
niques are proposed, such as impedance-matching [9]–[12],
reflection-cancelling [13], [14], and using asymmetric struc-
ture [15], [16], etc. In [11], a simple technique is presented
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for suppression of OSB in periodic LWAs using two similar
but non-identical elements. With this technique, one only
needs to optimize the distance between the two elements and
the dimension of the second element. In [12], a substrate
integrated waveguide (SIW) leaky-wave antenna with wide
angular beam scanning is presented, in which a longitudinal
slot and an inductive post are placed oppositely and offset
from the center line. By introducing the inductive post along
with the longitudinal slot, the OSB of the proposed antenna
is suppressed, and a continuous beam scanning including
broadside is achieved.

In modern wireless communication and detection systems,
such as personal and vehicular communications, collision
avoidance system, radar sensor and radar-tracking systems,
dual-beam or multi-beam antennas are usually desired [17].
These antennas can transmit and receive signals to and from
different directions simultaneously, which exhibit flexibility
in communication with more objects simultaneously. In order
to excite two radiation beams, various methods are applied in
the design of LWAs. In [18] and [19], the dual-beam radiation
is realized by using two feeding ports and center-feeding
structure, respectively. In [20] and [21], the second higher
order mode of micro-CPW LWA and both TE10 and TE01
modes of a SIW LWA are used to generate the dual-beam
radiation, respectively. In [22] and [23], two dual-beamLWAs
using active components are demonstrated. In [24] and [25],
twomultiple periodic structures are presented for asymmetric
beam-scanning.

Multi-band leaky-wave antenna can work in several
bands and reduce the volume of wireless communica-
tion system [26]. Many efforts focused on the realiza-
tion of multi-band LWAs have been made, in which
different transmission lines are used, such as general-
ized negative-refractive-index (NRI) transmission-line [27],
mu-negative (MNG) transmission line [28], composite
right-/left-hand (CRLH) transmission line [29], [30], and
the U-slot [31] and L-slot [32] half-width microstrip line
(MSL). Most of them are constructed by utilizing periodic
unit cells with nonlinear dispersion characteristics. Recently,
several dual-band LWAs based on the slotted SIW struc-
tures are proposed. In [33], an antenna consisting of two
back-to-back slotted SIW arrays fed by two strip lines in
a simple way is proposed, which can realize frequency-
controlled beam scanning in two bands. In [34], a dual-band
and dual-polarized SIW leaky-wave antenna with periodic
transverse slots etched on the top plane and periodic circular
slots on the bottom plane is investigated.

In this paper, a novel dual-beam and tri-band SIW LWA
with beam scanning in a wide angular range including
broadside direction is presented. Two kinds of periodic
structures are used to support the dual-beam radiation, and
impedance-matching and reflection-cancelling techniques
are used to suppress the OSB. Moreover, the second peri-
odic structure is optimized by introducing multiple periodic
slots for the tri-band application. The design of dual-beam
radiation and optimization of three frequency bands of the

FIGURE 1. Unit cells of (a) the first periodic structure and (b) the second
periodic structure.

proposed antenna are given in Section II. The measurement
results and discussion are shown in Section III. The conclu-
sions are drawn in Section IV.

II. DESIGN AND OPTIMIZATION
A. DESIGN OF DUAL-BEAM RADIATION
Fig. 1 gives the unit cells of the two periodic waveguide
structures with different periods p1 and p2, the width weff
and thickness h of the two structures are the same, and
the permittivity of substrate is εr =3.66, which is chosen
among the available dielectric material considering the trade-
off between operating frequency, size and efficiency of the
antenna [11]. The first unit cell, as shown in Fig. 1 (a),
consists of a longitudinal (y-direction) slot with length lsl
and width wsl , and an inductive post with diameter dp. The
longitudinal slot is located in one side of the waveguide with
an offset distance dx from the center line of waveguide, and
the post is placed in the other side of slot with an offset
distance sp from the center line of waveguide. The longitu-
dinal slot and metallic post provide capacitive and inductive
effect, respectively. By adjusting the diameter of post and the
offset distance from the center line, the impedance-matching
is achieved, and the OSB can be suppressed [12]. The second
unit cell, as given in Fig. 1 (b), contains two transverse (x-
direction) slots with identical length lst and width wst . The
distance dy between them is approximately a quarter of the
period p2, which is optimized to cancel the refection and mit-
igate the OSB [11]. All the parameters mentioned in Fig. 1 are
listed in Table 1.

Fig. 2 gives the simulated dispersion diagram of the two
unit cells, in which the suppression of OSB can be explained
by the properties of phase constant βand attenuation con-
stant α, calculated by [10]
|β| =

1
p
Re
[
cos−1

(
1− S11S22 + S12S21

2S21

)]
(1− 1)

|α| =
1
p
Im
[
cos−1

(
1− S11S22 + S12S21

2S21

)]
(1− 2)

As pointed out in [11], the suppression of the open stop-
band can be performed by a linear curve of the normalized
phase constant and a flat curve of the normalized attenuation
constant against the frequency around broadside. In Fig. 2,
the phase delay |β · p| and attenuation |α · p| of the two unit
cells are depicted together and compared with k0 · p. The
decreasing and increasing parts of |β · p| curve are corre-
sponding to the backward and forward radiation, respectively.
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FIGURE 2. Simulated dispersion diagram of the unit cells of the two
periodic structures.

One can observe that in the yellow part (nearly from 12.5 to
16.5 GHz), there are two -1st spatial harmonic waves which
can radiate (|β · p1| < k0 · p1 and |β · p2| < k0 · p2). The
first periodic structure can generate a beam scanning from
broadside (around 13 GHz) to forward, as denoted by the blue
line. The second periodic structure can generate a beam scan-
ning from backward to broadside (near 16.5 GHz), as denoted
by the red dotted line. As we can see, the attenuation curves
(|α · p1| and |α · p2|) of the two unit cells are flat around
broadside direction, which indicate that the OSBs are sup-
pressed for both two periodic structures.

Fig. 3 shows the whole configurations of two SIW LWAs
constructed by cascading the unit cells in Fig. 1. The length
and width of antennas are L and W . It’s worth noting that,
the adjacent unit cells of first LWAare placed asymmetrically,
the slots and posts in adjacent cells are arranged oppositely,
so the period of unit cell is reduced by half (i.e., p1 =
7.5 mm). This arrangement allows more longitudinal slots
to exist in a fixed-length waveguide, which will enhance the
radiation efficiency and reduce the cross-polarization com-
pared with the side by side design [12]. The transvers slots
of second LWA at two ends of waveguide are tapered to
realize a better impedance matching. The detail view of the
microstrip feeding line with length lm and width wm, and
the tapered section with length lt and width wt is shown
in Fig. 3 (c). The SIW structure with width a, diameter of vias
d and adjacent vias distance s is also given. The values of all
parameters shown in Fig. 3 (c) are summarized in Table 1.

Fig. 4 shows the simulated S-parameters of two LWAs. One
can observe that for two LWAs, the open-stopbands around
broadside are suppressed and the |S11| is lower than -10 dB
in the whole passband, except the stopband (from 10.7 to
11.7 GHz) between the fundamental mode and the -1st spatial
harmonic mode of the second LWA. The reason for the elim-
ination of corresponding stopband (from 9.3 to 9.6 GHz) in
the first LWA is due to the asymmetric arrangement of the unit
cells. The simulated gain patterns in yoz-plane of two LWAs
at different frequencies are shown in Fig. 5. Continuous beam

FIGURE 3. Configurations of two SIW LWAs: (a) complete view of the first
LWA, (b) complete view of the second LWA, (c) detail view of the
microstrip line and structure of SIW.

TABLE 1. Detail values of all parameters in this work (unit: mm).

FIGURE 4. Simulated S-parameters of the two LWAs: (a) first LWA,
(b) second LWA.

scanning from backward to forward including broadside can
be observed in Fig. 5 (a) for the first LWA. In Fig. 5 (b),
the main beam of the second LWA scans only from backward
to broadside due to occurrence of the second higher mode of
waveguide TE20 when frequency exceeds two times of the
cut-off frequency.

Fig. 6 (a) demonstrates the configuration of proposed dual-
beam SIW LWA based on the combinations of two periodic
structures as shown in Fig. 3. As we can see, two kinds of
periodic structures (the longitudinal slots with posts and pairs
of transvers slots) can be etched on the top wall of waveguide
simultaneously by proper design of structure parameters. The
simulated S-parameters and gain patterns of the dual-beam
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FIGURE 5. Simulated gain patterns (yoz-plane) of two LWAs at different
frequencies: (a) first LWA, (b) second LWA.

FIGURE 6. Simulated results of the proposed antenna with dual-beam
radiation: (a) configurations, (b) S-parameters, (c) gain patterns
(yoz-plane) at different frequencies.

antenna are plotted in Fig. 6 (b) and (c) respectively. Because
the first LWA is a high-pass structure in the total band
from 8.5 to 16.5 GHz as can be seen from Fig. 4 (a), the
S-parameters of the dual-beam antenna is similar to that
of the second LWA as shown in Fig. 4 (b), except for the
transmission coefficient |S21| is lower due to increasing of
radiation slots. Fig. 6 (c) shows that there are two beams
radiating from the proposed antenna. Beam 1 is generated by
the first periodic structure, scanning from 3◦ to 52◦ and beam
2 is generated by the second periodic structure, scanning
from -74◦ to -1◦ when frequency changes from 12.5 GHz to
16 GHz.

B. OPTIMIZATION FOR TRI-BAND APPLICATION
We can see from the dispersion diagrams of two unit cells
plotted in Fig. 2, there are another two bands in the low

FIGURE 7. Unit cell and dispersion diagram of the optimized second
periodic structure.

frequency with single-beam radiation. In band 2 (green part,
nearly from 10 to 12.5 GHz except the stopband of second
periodic structure from 10.7 to 11.7 GHz), the -1st spatial
harmonic wave of first periodic structure will leak away
(|β · p1| < k0 · p1) and radiate in backward directions. In band
1 (blue part, nearly from 8 to 9 GHz), the fundamental waves
(n = 0) of these two periodic structures both can radiate
theoretically. However, because the parameters of two unit
cells are designed tomake the antenna work on the -1st spatial
harmonicmode in band 3 to generate the dual-beam radiation,
the radiation of fundamental wave in band 1 is not obvious.
In this section, in consideration of the difficulty of design and
implementation, wewill optimize the unit cell of second LWA
to realize the tri-band application for the proposed dual-beam
antenna.

Fig. 7 gives the unit cell and dispersion diagram of the
optimized second LWA. Compared with the unit cell of
original second LWA as shown in Fig. 1 (b), only the slots
etched on the top wall of waveguide are changed, i.e., the two
identical transverse slots are extended to six symmetric (about
x-axis) transverse slots with identical width wst but different
lengths lst , l ′st and l ′′st . The distance between two adjacent
slots d ′y are adjusted according to the simulated dispersion
diagram to suppress the OSB. Compared with the dispersion
diagram of original design shown in Fig. 2, the frequency
of broadside radiation for the optimized second structure
is reduced from 16.5 GHz to 15.5 GHz and the stopband
between the fundamental wave and the -1st spatial harmonic
wave becomes smaller too, which means the scanning rate
of this optimized structure has been enhanced due to the
introduction of multiple periodic slots [35].

Fig. 8 shows the whole configuration of the optimized sec-
ond LWA and its simulated S-parameters. The simulated
radiation patterns of it at different frequencies in two bands
(band 1 and band 3) are given in Fig. 9. As we can see from
the simulated results, the optimized second LWA works on
the fundamental mode in the low band (band 1) with forward
scanning beam and works on the -1st spatial harmonic mode
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FIGURE 8. Simulated results of the optimized second LWA:
(a) configuration, (b) S-parameters.

FIGURE 9. Simulated radiation patterns (yoz-plane) of the
optimized second LWA at different frequencies: (a) band 1, (b) band 3.

FIGURE 10. Configuration of the optimized antenna for tri-band
applications.

in the high band (band 3) with the beam-scanning capability
from backward to forward including broadside.

The whole configuration of the optimized dual-beam
antenna for tri-band application is illustrated in Fig. 10.
Fig. 11 (a)–(c) plot the simulated gain patterns of the pro-
posed antenna at different frequencies in three bands, from
which we can see, there is one beam scanning from 44◦ to
74◦ in forward region within the band from 8.6 to 9.2 GHz,
one beam scanning from -41◦ to 2◦ in backward region within
the band from 10 to 12 GHz, and two beams scanning from
-61◦ to 57◦ including broadside direction within the band
from 12.5 to 15.5 GHz. The cross-pol level of this antenna
in the three bands are around -20 dB as can be observed from
Fig. 11.

III. MEASUREMENT AND DISCUSSION
Fig. 12 (a) shows the fabricated prototype of the proposed
dual-beam and tri-band SIW LWAwith the SMA connectors.
The prototype is fabricated using Rogers RO4350B substrate
with thickness of h = 1.524 mm and dielectric constant

FIGURE 11. Simulated gain patterns (yoz-plane) of the optimized
antennas in different frequency bands: (a) band 1, (b) band 2, (c) band 3.

FIGURE 12. (a) Photo and (b) S-parameters of the proposed dual-beam
and tri-band SIW LWA prototype.

of εr = 3.66. The measured S-parameters of this prototype
are depicted in Fig. 12 (b) in comparison with the simulated
results. As can be seen, the simulated and measured |S11| are
in good agreements with each other. However, the measured
|S21| is lower than the simulated one, which means the SMA
connectors and measurement errors cause additional losses
during the experiment.

Fig. 13 demonstrates the simulated transient electric field
distributions on the top wall (z = 1.524 mm) of two unit
cells for the two periodic structures. It’s clear that the first
periodic structure produces vertical polarization wave (the
electric field is parallel to the x-direction), and the second
periodic structure produces horizontal polarization wave (the
electric field is parallel to they-direction). Therefore, the two
beams of proposed antenna in band 3 are in different polar-
ization directions, which means beam 1 generated by the
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FIGURE 13. Transient electric field distributions on the top wall
(z =1.524 mm) of the two unit cells for: (a) first periodic structure,
(b) second periodic structure.

FIGURE 14. Measured radiation patterns (yoz-plane) of the proposed
antennas in different frequency bands: (a) band 1, (b) band 2, (c) beam 1
in band 3, (d) beam 2 in band 3.

first periodic structure is in vertical polarization and beam
2 generated by the second periodic structure is in horizontal
polarization. Similarly, the forward beam in band 1 generated
by the second periodic structure is in horizontal polarization
and the backward beam in band 2 generated by the first
periodic structure is in vertical polarization.

In the measurement of radiation patterns, the proposed
antenna is set to be the receiving antenna, and a standard
linear polarized horn antenna working in the same frequency
band is used as the transmitting antenna. So we need to
separately measure the two different polarization beams in
band 3 as shown in Fig. 14 (c) and (d). Fig. 14 (a) and (b)
show the measured normalized gain patterns of the proposed
antenna in band 1 and band 2, respectively. Compared with
the simulated patterns, the beam angles of measured patterns
are shifted a little and the side lobe level (SLL) is not as good
as the simulated patterns, especially for the patterns plotted
in Fig. 14 (a) and (d), which are generated by the second
periodic structure. For the patterns generated by the first
periodic structure as shown in Fig. 14 (b) and (c), due to
the discrepancies between the measured stopband and the
simulated stopband as observed from Fig. 12 (b), there are
strong reflection beams and deteriorated gains in the patterns
at 10.5 and 15.5 GHz, so they aren’t given in the measured
results.

FIGURE 15. Measured and simulated gain and simulated toal efficiency
of the proposed antenna at different frequenies.

TABLE 2. Comparison between the proposed LWA and the similar art
works.

The simulated and measured gain of the proposed antenna
at different frequencies are summarized Fig. 15. As we can
see, the measured gains are lower than the simulated ones
due to the fabrication and measurement errors. As can be
observed from Fig. 15, there are two broadside gain dips
around 12 GHz and 15.5 GHz for beam 1 and beam 2,
respectively, which are caused by the transversely symmet-
ric antenna structure, so the Q balancing condition is not
achieved and the consistent gain is not obtained [36]. Fig. 15
also gives the simulated results of total efficiency of the
proposed antenna, which show the total efficiency is about
20% in band 1 and 2, and as the frequency increased to band 3,
the efficiency of antenna increases to 60% or so. Table 2 sum-
maries the comparison between the proposed antenna and
the similar available works, which shows the obvious advan-
tages of this proposed LWA in the wide beam-scanning
range including broadside direction, and the generation of
dual-beam and tri-band radiation due to the novel structure.

IV. CONCLUSION
A novel dual-beam and tri-band SIW LWA with beam scan-
ning including broadside direction is proposed and investi-
gated. The dual-beam radiation is generated by two kinds of
periodic structures working on -1st spatial harmonic modes
which are combined in one antenna. The dispersion diagrams
are analyzed to suppress the OSBs of both two periodic
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structures, which makes the proposed antenna support the
beam scanning in a wide angular range including broadside
direction. Moreover, the second periodic structure has been
optimized to realize the tri-band application. The results of
measurement show that the proposed antenna has three oper-
ating frequency bands. In band 1 from 8.6 to 9.2 GHz, there
is one beam scanning in forward region (42◦ ∼ 71◦), in band
2 from 10 to 12 GHz, there is one beam scanning in backward
region (-40◦∼ 4◦), and in band 3 from 12.5 to 15.5 GHz, there
is a dual-beam scanning from backward to forward including
broadside (-55◦ ∼ 54◦).
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