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Abstract: A novel, periodic, leaky-wave array antenna using substrate-integrated waveguide (SIW)
technology is proposed for continuous beam scanning applications. For this purpose, a periodic
structure with the ability to radiate from backward to forward is proposed. The unit cell of this
periodic structure includes a longitudinal slot and an H-plane discontinuity. The H-plane step discon-
tinuity is suggested to suppress the open stopband (OSB) and enable continuous beam scanning from
backward to forward through the broadside. The impedance matching technique is used to suppress
the open stopband. In contrast to phased array antennas, this form of antenna is distinguished
by its ability to scan without requiring a complex feeding network. These antennas are used for
different factors such as scanning the beam, determining the direction of arrival, avoiding collisions,
indoor communications, etc. A prototype of the proposed antenna was fabricated for experimental
characterization. The overall physical dimensions of the fabricated antenna are 7.9 mm × 128 mm.
The results demonstrate that an adequate level of agreement between measurement and simulation is
satisfactory. The results indicate that the suggested antenna can scan continuously in the frequency
range of 14.5 to 22.5 GHz between −60 and +57.5 degrees through broadside with a maximum gain
of 16 dBi and radiation efficiency of 71%.

Keywords: SIW; leaky-wave antenna; open stopband; impedance matching; frequency beam scanning

1. Introduction

Beam-scanning antennas have widely been used in radar systems, modern wireless
communication, mobile communication, and satellite communication. Beam-scanning
antennas can be realized mechanically, electrically, and frequency scanning. Servo motors
and rotary joints are required for mechanical beam scanning [1]. These systems are massive
and bulky, and the implementation process is costly and complicated. The realization of the
electrical beam scanning requires phase shifters and switches [2]. Since these components
are active and need the driving supply, the power consumption of the system is significantly
increased. In some papers, ferrite has been used to make beam scanning possible. However,
because ferrite depends on frequency, it has limited bandwidth [3,4].

The leaky-wave antenna (LWA) is one of the most intriguing mechanisms for providing
frequency beam-scanning capability. These structures are commonly used in engineering
electromagnetics because of their simple and lightweight structure, high gain, and beam-
scanning capability. For example, LWAs are widely used in automotive radars [5], human
range-azimuth tracking systems [6], estimating the direction of arrival (DoA) [7], real-time
spectrum analysis [8], and navigation systems [9].

LWA consists of a transmission line inspired by the radiating elements. Several types
of transmission lines exist; microstrip lines [10–12], dielectric waveguides (NRD) [13,14],
rectangular waveguides [15], and substrate-integrated waveguides (SIW) are some of the
examples [16,17] recommended for implementing LWA. Among them, SIW is a proper
alternative to the classic hollow waveguide. Unlike metallic waveguide LWAs, which are
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bulky and expensive, SIW LWAs are inexpensive, with low profiles, and simple to fabricate.
The SIW LWA integrates easily with other planar circuits. The substrate’s undesired
radiation in the microstrip LWA is eliminated in SIW LWA [18]. Additionally, the SIW
LWA has a substantially higher power handling capacity than the microstrip-line-based
one. As a result, the SIW LWA is a lightweight and planar choice for applications requiring
high power-handling capability. Due to the aforementioned benefits, SIW-based structures
have become one of the most intriguing topics in the disciplines of LWA in recent years.
SIW LWAs are classified into four types: uniform [16,17], quasi-uniform [19–21], composite
right/left-handed (CRLH) [22,23], and periodic [24,25].

The radiating element in the first type of SIW LWA is evenly dispersed along the
path of wave propagation within the substrate [16,17]. The quasi-uniform SIW LWA is a
periodic structure with a spacing interval that is less than the wavelength [19–21]. These
two classes of SIW LWA operate on the fundamental space harmonic, on which fast waves
propagate inside the substrate. These structures can be used for beam scanning in the
forward quadrant space while avoiding broadside radiation. The beam-scanning range
is one of the most essential characteristics of LWAs. Beam scanning from backward to
forward is necessary for many applications. Unlike the two previous kinds of SIW LWAs,
the CRLH and periodic LWAs can enable backward-to-forward beam scanning [22,23].

The open stopband (OSB) causes gain deterioration toward the broadside direction,
which is one of the primary concerns with the CRLH and periodic LWAs [22–24]. Due to
the fact that the reflected waves from each unit cell are in phase at the broadside frequency,
electromagnetic energy cannot be transmitted from the antenna to the surrounding medium,
resulting in the open stopband. In a CRLH LWA, the balanced transmission line must
be employed to avoid the open stopband. One of the key disadvantages of the CRLH
LWA is that its random behavior at the cutoff frequency is highly dispersed. Several
strategies including impedance matching [26–30], reflection cancellation [31], and the use
of an asymmetric structure [31,32] are discussed for suppressing periodic LWAs with an
open stopband.

In this paper, a novel unit cell is proposed for open stopband-suppressing of the SIW
periodic LWA based on the impedance matching technique. The proposed unit cell consists
of the longitudinal slot and the rectangular-shaped H-plane discontinuity. The rectangular-
shaped H-plane discontinuity is one of the most commonly utilized waveguide junctions
in waveguide filters and multiplexers design, which exhibits inductive behavior. The
inductive nature of the rectangular-shaped H-plane discontinuity is used to compensate
for the capacitive effect of the longitude slot and provide proper impedance matching.
The circuit equivalent and dispersion analysis are performed to verify the validity of
the proposed unit cell in providing the impedance matching and suppressing the OSB.
For the experimental verification, a prototype of the proposed LWA array is fabricated.
The experimental results confirm that an adequate level of agreement exists between
measurement and simulation. Results show that the proposed antenna provides continuous
beam scanning capability between ranges of −60 and +57.5, involving broadside direction
with a maximum gain of 16 dBi.

2. Antenna Design

The proposed leaky-wave antenna is constructed using substrate-integrated tech-
nology. The copper-cladding layers are placed at the top and bottom of SIW. The SIW
technology can provide a high power-handling capability, low return loss, low manufac-
turing cost, and high-density integration. The two rows of metallic vias, which are placed
along the wave propagation path, play similar roles to the perfect conducting wall of the
waveguide. The thickness and width of the SIW are h and w, respectively. The period of the
vias is s, and the diameter of the metallic vias is d. A 0.813 mm thick RO4003 laminate with
a relative permittivity of εr = 3.55 and tanσ = 0.0027 is used as the substrate. The length of
each unit cell as a period of the full array antenna is p.
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As shown in Figure 1, the longitudinal slots are placed on the two opposite sides
of the top plate of the array antenna. This configuration increases the number of slots
as radiating elements and consequently enhances radiation performance and maximum
gain. In addition, for the array in which the radiating elements are placed on one side of
the top wall, the cross-polarization level is high due to the coupling effect. The proposed
configuration for the array antenna can resolve this problem and significantly decrease the
cross-polarization level.
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For a periodic LWA, the direction of the main beam is related to the phase constant of
the nth space harmonic in the following way:
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)
(1)

βn = β0 +
2nπ

p
(2)

where β0 is the propagation constant of the dominant TE10 mode within SIW, k0 is the
free-space wavenumber, and p is the period of the array. It can be clearly seen that the
direction of the main beam is changed by the frequency, which can provide the frequency
beam-scanning capability. The proposed leaky-wave antenna setup is based on the −1st
space harmonic.

2.1. Unit Cell in Ideal Waveguide

As shown in Figure 1, the unit cell of the proposed LWA consists of a longitudinal slot
and rectangular-shaped H-plane discontinuity. To perturb the surface current for radiation,
the longitudinal slots are placed offset from the center and on top of the metallic plate of
SIW. In this paper, the length of the slot and distance from the centerline were selected to
provide a longitudinal slot with capacitive behavior.

In [33], metallic via has been used to compensate for the capacitive effect of the
longitudinal slot and provide impedance matching for OSB suppression. In a similar way
to the cylindrical post, which is used in waveguide structures such as filters, the metallic
via effectively behaves as an inductance. The rectangular-shaped H-plane discontinuity is
another mechanism that can provide an inductive behavior in the waveguide [34,35]. Iris
is one of the application examples for the H-plane discontinuity, which is widely used in
waveguide filters.

It is possible that the rectangular-shaped H-plane discontinuity, which is realized by
using metalized vias in the SIW technology, is similar to the method presented in [33]. As
presented earlier, in the proposed method, rectangular-shaped H-plane discontinuity is
used. In contrast, the technique presented in [33] is based on similarities between metallic-
via cylindrical posts in providing an inductive effect. For revealing this difference, the
proposed design for the unit cell is verified with the ideal waveguide technology, and then
the results are presented for the SIW structure.

Consider an ideal waveguide with the longitude slot placed at the top plate, as shown
in Figure 2. The waveguide is filled by the dielectric substrate with a relative permittivity



Electronics 2022, 11, 1804 4 of 15

of εr = 3.55 and tanσ = 0.0027. The height and width of the waveguide are W = 6.6 mm and
h = 0.813 mm. All numerical simulations for the ideal waveguide are performed for the
mentioned specifications. The numerical simulation is performed using the commercial EM
software of ANSYS Electronics Desktop (HFSS V.15.0.2., Canonsburg, PA, USA) The length
and width of the slot are Ls = 5.1 mm and Ws = 0.4 mm. The offset of the longitudinal
slots from the centerline of the top plate is Lofs = 2 mm. The period of the unit cell must
be considered to be p = 11.9 mm to provide the broadside frequency at 18 GHz based
on Equations (1) and (2). The longitude slot is modeled with T-network, as shown in
Figure 3 [36]. The series and shunt normalized impedance in T-network is calculated by
formulations presented in [36] and is shown in Figure 4.
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It can easily be seen that the series impedance and the real part of the shunt impedance
are very small and can be neglected in the equivalent circuit. Therefore, the longitude slot
can be modeled by shunt capacitance.

As shown in Figure 5, the rectangular-shaped H-plane discontinuity can be decom-
posed to the two H-plane steps with a width of Wc and the waveguide section with a length
of Lc and width of W-Wc.



Electronics 2022, 11, 1804 5 of 15Electronics 2022, 11, x FOR PEER REVIEW 5 of 15 
 

 

 
Figure 5. Decomposition of rectangular-shaped H-plane discontinuity. 

The H-plane step discontinuity can be modeled using shunt inductance [37]. The 
waveguide section is modeled using series impedance. The circuit equivalent of the rec-
tangular-shaped H-plane discontinuity is represented based on π-networks, as shown in 
Figure 6. The series and shunt impedance values of the circuit equivalent are obtained as 
follows: 

( ) ( )2 2

11 21

21

1
2S

S S
Z

S
−+

=  (3)

( ) ( )
( ) ( )

2 2

2 2
11 21

21 11

1
1sh
S S

Z
S S

−

−

+
=

−
 (4)

 
Figure 6. Equivalent circuit: (a) H-plane step; (b) short waveguide section; (c) rectangular-shaped 
H-plane discontinuity. 

The Π-network equivalent circuit for waveguide with rectangular shaped H-plane 
discontinuity is shown in Figure 7. 

 
Figure 7. Π-network equivalent circuit for waveguide with rectangular shaped H-plane discontinu-
ity. 

The S-parameters of the rectangular-shaped H-plane discontinuity are calculated us-
ing numerical simulation. The width and length of the discontinuity are assumed to be 

Figure 5. Decomposition of rectangular-shaped H-plane discontinuity.

The H-plane step discontinuity can be modeled using shunt inductance [37]. The
waveguide section is modeled using series impedance. The circuit equivalent of the
rectangular-shaped H-plane discontinuity is represented based on π-networks, as shown
in Figure 6. The series and shunt impedance values of the circuit equivalent are obtained
as follows:
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The Π-network equivalent circuit for waveguide with rectangular shaped H-plane
discontinuity is shown in Figure 7.

Electronics 2022, 11, x FOR PEER REVIEW 5 of 15 
 

 

 
Figure 5. Decomposition of rectangular-shaped H-plane discontinuity. 

The H-plane step discontinuity can be modeled using shunt inductance [37]. The 
waveguide section is modeled using series impedance. The circuit equivalent of the rec-
tangular-shaped H-plane discontinuity is represented based on π-networks, as shown in 
Figure 6. The series and shunt impedance values of the circuit equivalent are obtained as 
follows: 

( ) ( )2 2

11 21

21

1
2S

S S
Z

S
−+

=  (3)

( ) ( )
( ) ( )

2 2

2 2
11 21

21 11

1
1sh
S S

Z
S S

−

−

+
=

−
 (4)

 
Figure 6. Equivalent circuit: (a) H-plane step; (b) short waveguide section; (c) rectangular-shaped 
H-plane discontinuity. 

The Π-network equivalent circuit for waveguide with rectangular shaped H-plane 
discontinuity is shown in Figure 7. 

 
Figure 7. Π-network equivalent circuit for waveguide with rectangular shaped H-plane discontinu-
ity. 

The S-parameters of the rectangular-shaped H-plane discontinuity are calculated us-
ing numerical simulation. The width and length of the discontinuity are assumed to be 

Figure 7. Π-network equivalent circuit for waveguide with rectangular shaped H-plane discontinuity.

The S-parameters of the rectangular-shaped H-plane discontinuity are calculated
using numerical simulation. The width and length of the discontinuity are assumed to
be Wc = 1.4 mm and Lc = 1.1 mm, respectively. ANSYS Electronics Desktop is used for
numerical simulation. The S-parameters are used in Equations (3) and (4) to calculate the
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series and shunt impedance values in the equivalent circuit. The real and imaginary parts
of the series and shunt impedance in π-network equivalent circuit are shown in Figure 8. It
can easily be seen that the real part of the Zsh and the series impedance of Zs are smaller
than the imaginary part of Zsh. The rectangular-shaped H-plane discontinuity can be
modeled using shunt inductance, as shown in Figure 9.
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Figure 10 shows the variation in the shunt reactance regarding the thickness and
width of the discontinuity. Results confirm that the inductive effect of the proposed
discontinuity is varied by thickness and width, which can be used for tunning in the
impedance matching process.
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Figure 10. Variation in shunt reactance regarding width and length of discontinuity.

According to the presented circuit equivalent for the longitude slot and rectangular-
shaped H-plane discontinuity, our proposed unit cell can be equivalently modeled with
shunt susceptance, as shown in Figure 11. The imaginary parts of the shunt susceptance
for the longitude slot, rectangular-shaped H-plane discontinuity, and proposed unit cell
are shown in Figure 12. Results confirm that the rectangular-shaped H-plane compensates
for the capacitive effect of the longitudinal slot. The combination of the longitude slot
and rectangular-shaped H-plane discontinuity act as an open circuit and provides proper
impedance matching in the proposed unit cell.
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2.2. Unit Cell in Ideal Waveguide

In this section, the performance of the proposed unit cell is investigated for realization
in the SIW technology. In order to investigate the OSB suppression, the circuit equivalent
and dispersion analysis must be performed for the unit cell. The width of the equiva-
lent substrate-integrated waveguide corresponding to the ideal waveguide is obtained
as follows:

WSIW = WWG +
4Rd

2

10WW
− 4Rd

2

0.95S
(5)

The dimensions of the unit cell in the SIW technology, which is used in an array
configuration, are presented in Table 1.

Table 1. Parameters of SIW Periodic LWA.

Parameter Value (mm) Parameter Value (mm)

W 6.9 Lc 1.15
Lofs 2 Wc 1.15
Rd 0.3 Ls 5.2
S 1.2 Ws 0.4
p 12.8

The schematic of the longitude slot, rectangular-shaped h-plane discontinuity, and
the proposed unit cell in the SIW technology are shown in Figure 13. The imaginary part
of the shunt admittance in the circuit equivalent for mentioned unit cells is presented in
Figure 14. It can easily be seen that the effective nature of the longitude slot is compensated
by rectangular discontinuity, and the impedance matching is provided in the proposed
unit cell.
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In order to investigate the OSB suppression, a dispersion analysis must be performed
in the following. The effective attenuation constant αeff and the effective phase constant βeff
can be calculated using the S-parameters as follows [38]:

αe f f =
1
p

Im
[

cos−1
(

A + D
2

)]
(6)

∣∣∣βe f f

∣∣∣ = 1
p

Re
[

cos−1
(

A + D
2

)]
(7)

where A and D are the elements of the ABCD matrix of the unit cell, which can be calculated
with Equation (2) using the classic conversion formulas.

Figure 15 shows the effective phase constant and the attenuation constant for a unit cell
with a longitudinal slot. It can easily be seen that the attenuation constant is maximum at
the broadside frequency, which can result in gain deterioration occurring in OSB. Figure 16
depicts the effective phase constant and attenuation constant of the proposed unit cell,
which consists of a longitudinal slot and a step discontinuity. Results confirm that the
effective attenuation constant is approximately near zero and that OSB suppression is
achieved. Moreover, the dispersion diagram confirms that the slope of the effective phase
constant versus frequency continuously varies from negative to positive, covering the zero
value at broadside frequency. Therefore, the LWA consisting of an array of the proposed
unit cells can provide the continuous beam-frequency beam scanning from backward to
forward through the broadside.
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2.3. Full Structure Array Antenna

As this antenna operates at frequencies ranging from 14.5 GHz to 22.5 GHz, it is
critical that the feeding structure has good impedance matching in this band. To provide
good impedance matching, a wideband microstrip-to-SIW transition scheme is used in
the feeding section, as shown in Figure 9. This transition was presented in [39]. When
compared with the traditional microstrip-to-SIW transition, using a short metallic via can
improve impedance matching. Figure 17 shows the microstrip-to-SIW transition, which
compares the traditional design with the proposed one. The return loss for the two types of
transitions is shown in Figure 18. One can easily see that the proposed microstrip-to-SIW
transition significantly improves the impedance matching over the entire frequency range
of 14.5 GHz to 22.5 GHz.
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Figure 18. Return loss of different types of microstrip-to-SIW transition.

3. Experimental Verifications

In this section, experimental verification of the proposed LWA array is described by
comparing the simulation results with those obtained by measurement. For this purpose,
a prototype of the LWA array with 19 elements was fabricated based on the dimensions
given in Table 1. The fabricated antenna is depicted in Figures 19 and 20 showing the
S-parameters of the proposed antenna. The results showed that the proposed design
effectively suppressed OSB at broadside frequency. In addition, one can easily see an
adequate level of agreement between simulation and measurement.
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Figure 20. Simulated and measured S-parameters for LWA array.

The normalized radiation pattern of the proposed LWA array, obtained by simulation
and measurement, is shown in Figures 21–27 for different frequencies. Results confirmed
the capability of the proposed antenna to provide continuous beam scanning from back-
ward to forward through the broadside. The measurement and simulation results agreed
very well with each other.
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The result shows the main beam direction of the proposed antenna continuously
varied from −60◦ to +57.5◦, with a maximum gain of 16 dBi. The simulated and measured
maximum gain values of the antenna are shown in Figure 28. For a maximum gain of
16 dBi, the measurement results agreed well with the simulated result.
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4. Conclusions 
In this paper, a novel SIW LWA was presented for use in continuous beam-scanning 
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stopband suppression was performed using an impedance matching technique. A proto-
type of the proposed antenna was fabricated, with overall physical dimensions of 7.9 mm 
× 128 mm, for experimental verification. A comparison of the results demonstrated that 
an adequate and satisfactory level of agreement between measurement and simulation 
was achieved. The results confirmed that the proposed SIW LWA can provide continu-
ously scanning in the frequency range of 14.5 to 22.5 GHz between −60 and +57.5 degrees 
through broadside, with a maximum gain of 16 dBi and radiation efficiency of 71%. 
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Figure 28. Measured and simulated maximum gain values of antenna.

The performance of the proposed antenna was compared with different types of
reported SIW LWAs, which are listed in Table 2. For approximately the same length,
the maximum gain of the proposed antenna is greater than that of the other reported
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SIW LWA. Furthermore, the proposed antenna can provide beam-scanning capability in
a narrower frequency bandwidth, which is appropriate for applications requiring fast
frequency beam scanning.

Table 2. Comparison of performance of SIW-based LWAS.

Ref Slot Type εr
Total Length

(λ0)
Band

Width (%)

Operating
Band

Width (GHz)

Scanning
Range (deg)

Max Gain
(dBi)

Efficiency
(%)

[30] Longitudinal 6.15 7.6 37 20–29 −50 to 45 12.2 -

[32] Longitudinal 3.55 - 40 8–12 −35 to 35 12.5 91

[33] Longitudinal 3.66 6 55 10–17.5 −49 to 69 14.2 68

[38]
Transverse

and
Longitudinal

3.66 6 43 9–14 −40 to 35 12 -

[40] Transverse 10.2 11.2 16 13.2–15.6 −61 to 42 14.1 -

Proposed Longitudinal 3.55 6.7 43 14.5–22.5 −60 to 57.5 16 82

4. Conclusions

In this paper, a novel SIW LWA was presented for use in continuous beam-scanning
applications. The unit cell of the LWA consists of a longitude slot and rectangular-shaped
H-plane discontinuity and was proposed to suppress open stopband (OSB). The open
stopband suppression was performed using an impedance matching technique. A pro-
totype of the proposed antenna was fabricated, with overall physical dimensions of
7.9 mm × 128 mm, for experimental verification. A comparison of the results demon-
strated that an adequate and satisfactory level of agreement between measurement and
simulation was achieved. The results confirmed that the proposed SIW LWA can provide
continuously scanning in the frequency range of 14.5 to 22.5 GHz between −60 and +57.5
degrees through broadside, with a maximum gain of 16 dBi and radiation efficiency of 71%.
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