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Abstract— In this communication, a composite right-/left-handed
(CRLH) based four-quadrant dual-beam scanning leaky-wave antenna
is proposed and demonstrated using substrate-integrated waveguide
(SIW) technology. The simultaneous use of dual-radiating sections of the
TE20-mode SIW makes the structure quite compact with the enhance-
ment in overall gain as compared to the TE10-mode SIW. In addition to
this, the incorporation of interdigital slots on the top as well as the bottom
plates of the waveguide enables the feature of CRLH media, resulting
in full-space beam scanning. Based on the orientation of the electric
field on the guiding structure, the top and bottom slots are orthogonally
placed to each other. The unit cell characteristics and space harmonics
are thoroughly investigated using the dispersion and Bloch impedance
analysis. By tactfully tuning the design parameters, the balanced condi-
tion is obtained at the broadside frequency of 11.5 GHz. The radiated
dual beam covers a four-quadrant scanning range of 248◦, having the
beam steering from −75◦ to 49◦ for both top and bottom halves of the
space. The proposed antenna operates within 10–12.8 GHz with a peak
gain of 18 dBi. The designed antenna is finally fabricated and tested,
where the simulated responses are found in good agreement with the
corresponding measured data.

Index Terms— Composite right/left handed (CRLH), leaky-wave
antenna (LWA), substrate-integrated waveguide (SIW).

I. INTRODUCTION

Leaky-wave antennas (LWAs) fall under the general category
of traveling-wave antennas, where the electromagnetic (EM) wave
travels along the structure with decaying power [1], [2]. For such
types of structure, the power corresponding to the leaky mode keeps
decaying as the radiation occurs continuously along its length, thereby
exhibiting a traveling wave type of radiator operating over a specified
frequency band. Due to various attractive features such as the
frequency beam scanning, simple configuration, narrow beamwidth,
and so on, the LWAs are widely used in many applications such
as the angle diversity, surveillance systems, and so on. It is to be
noted that most of the conventional antennas such as patch and
dipole usually have narrow bandwidth due to their resonant nature,
involve complex matching network design for array applications,
and hence, are not usually suitable for the aforementioned appli-
cations. Although some LWAs exhibiting wider operating bandwidth
have been reported in the past [3]–[5], the reported configurations
radiate only along the broadside direction without providing the
beam scanning capability. Moreover, it is essentially required for
such types of LWAs to possess higher directional properties over
a wide operating bandwidth in addition to a larger beam scanning
range. Hence, the dual-beam LWAs appear to be quite appropriate
for such types of applications. In literature, few studies have been
conducted to realize dual-beam LWAs, showing structural benefits for
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specified applications. However, they usually either suffer from the
limited scanning range or the lower gain [4], [6]–[8].

Over the recent years, the substrate-integrated waveguide (SIW)
technology has widely been used to implement LWAs possessing
characteristics such as ease of integration, high power handling, good
isolation, lightweight, and low cost [9]. However, most of the earlier
proposed SIW-based LWAs [10]–[13] are either uniform or quasiuni-
form types suffering from limited scanning range within the forward
region. The use of periodic LWAs (PLWAs) appears to be quite
appropriate, where the periodic perturbations along the length of the
nonradiating geometry may be introduced to facilitate beam steering
from backward to forward direction [14]. Over the past few years,
a considerable effort has been made to design SIW-based composite
right-/left-handed (CRLH) LWAs to facilitate continuous backward to
forward beam scanning through broadside [15]–[21]. However, most
of the reported designs either have a larger electrical size or possess
a lesser beam scanning range with the typical maximum radiation
efficiency of 80%. Recently, the higher-order mode of SIW [22]
has been utilized for antenna designs due to its capability to hold
larger radiating sections [23]–[25], with a single feed as compared
to fundamental TE10-mode SIWs. The usage of higher-order mode
SIW basically results in compact configuration due to the utilization
of multiple sections for radiation without requiring new physical
interconnection. In addition, due to the asymmetry of the radiated
fields at both the sides of the SIW transmission line, the equivalent
magnetic currents are added in phase at the center of the antenna
which causes directivity improvement. In [24], a TE20-mode SIW
structure has been utilized to design the high gain dual-beam LWA;
however, the antenna scans only two quadrants with limited scanning
range. In [5], a double-sided LWA has been proposed which shows
improved radiation properties and higher directivity. However, it also
exhibits a very limited scanning range. It can be inferred from the
aforementioned work that it is quite challenging to design a dual-
beam LWA with high gain over the full operating frequency band
while maintaining an adequate scanning range, design simplicity, and
compactness.

In this communication, the above issues are tackled by designing
a novel and simple dual-beam CRLH LWA capable of scanning
all the four quadrants from backward to forward through broad-
side. The proposed antenna is based on the TE20-mode SIW, where
the CRLH property is achieved by placing interdigital capacitive
slots (IDCs) on the top and bottom metallic wall of TE20-mode
SIW. The IDC is placed in accordance with the fields of TE20 mode
which provides two simultaneously scanning beams. The performance
of the proposed antenna is optimized using HFSS and validated
through experiments. The proposed antenna is 5.7λ0 long and scans
from −75◦ to +49◦ for each of the upper and lower halves of
the visible space by varying the frequency from 10 to 12.8 GHz.
As a whole, the dual-beam coverage of 248◦ is achieved using
the proposed CRLH LWA along with high gain and compact
geometry.
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Fig. 1. (a) Layout of proposed TE20-based SIW CRLH unit cell.
(b) Orientation of electric field vector on the slots of the unit cell.

Fig. 2. Variation of physical parameter Sg of the unit cell to achieve the
balance condition. (a) Sg = 1.5 mm. (b) Sg = 1.2 mm. (c) Sg = 0.9 mm.
(d) Sg = 0.7 mm.

In this communication, Section II includes the design methodology
of CRLH unit cell which comprises the TE20-mode SIW incorporated
by the quad of IDCs. The analysis of dispersion behavior and Bloch
impedance using the full-wave simulation and the equivalent circuit
approach are also provided in this section. In Section III, the design
principle of the proposed LWA is explained along with the excitation
mechanism by microstrip–slotline–TE20-mode SIW transition. The
achieved responses from both the simulation and the measurement
along with comparative study with the previous works are described
in Section IV. Finally, a conclusion is drawn based on the entire
analysis and design suitability to meet the desired requirement.

II. TE20-MODE SIW-BASED CRLH UNIT

CELL DESIGN METHODOLOGY

Initially, a TE20-mode SIW transmission line is designed, where
the electric field has the same amplitude but 180◦ out of phase along
the symmetrical plane of the SIW [24]. Thereafter, to implement a
dual-beam full-space scanning LWA, a CRLH structure is realized
using tilted IDCs etched on the upper and lower metallic walls of the
SIW. These radiating slots are placed in accordance with the electric
field distribution of TE20 mode [refer Fig. 1(a) and (b)] and made
center symmetric by placing them at an angle of ±45◦ with respect to
the magnetic walls. It is worth mentioning that balancing the CRLH
unit cell is critically important to avoid the issue of open stopband
along the broadside direction that predominantly restricts radiation.
To achieve a balanced unit cell, the elimination of the stopband can
be performed by tuning the geometrical parameters such as Sg , Sw,
and Sl . For example, the suppression of open stopband based on
optimizing the parameter Sg is shown in Fig. 2, where the stopband
is completely eliminated for Sg = 0.7 mm. Basically, the interdigital

Fig. 3. Dispersion diagram of the proposed unit cell.

slots on the top and bottom layers can be modeled as series capacitors
(or left-handed capacitance, CL ), and the metallic vias are responsible
for the shunt inductance (or left-handed inductance, L L ). The upper
and lower metallic walls form a series inductance (or right-handed
inductance, L R) and distributed shunt capacitance (or right-handed
capacitance, CR). The electric field vector orientation on the top as
well as the bottom plane is shown in Fig. 1(b). The balanced condition
occurs when the left- and right-handed contributions exactly balance
each other at a given frequency, leading to the condition

L R

L L
= CR

CL
. (1)

The unit cell described above is simulated using the full-wave EM
solver HFSS with periodic boundary condition, and S-parameters are
extracted to study the dispersion and Bloch impedance characteristics.
The dispersion curve of the proposed balanced unit cell is shown
in Fig. 3, which is obtained by employing the analysis given in [20].
The balanced condition for the proposed design is obtained at
11.5 GHz, by controlling the LH and RH media near the balanced
point as shown in Fig. 3. In addition, the normalized attenuation con-
stant (|α|/k0) exhibits smooth behavior with frequencies, indicating
that the radiated beam will not be degraded with frequency variation.
Furthermore, the circuit analysis is performed using Advanced Design
System (ADS), where dispersion characteristic is obtained through
gradient optimization. For the circuit analysis, four IDCs (two slots
on each of the top and bottom planes) are considered as four LC-
tank circuits. The change in circuit element values from the initial
prediction gives an insight into the direction of required change
in physical parameters of the unit cell in simulation to achieve a
balanced condition. Since the unit cell consists of four IDCs (two
IDCs with 180◦ out of phase in the top metallic plane and two IDCs
with 180◦ out of phase in bottom metallic plane), the overall L L
and CL include the combined effect of all left-handed contribution
of inductance and capacitance. The optimized circuit parameters are:
L L = 1.18 nH, CL = 0.9 pF, L R = 1.45 nH, and CR = 1.1 pF.
The circuit analysis results obtained using ADS agrees well with the
full-wave simulation as shown in Fig. 3. In order to estimate β/k0
and α/k0 more appropriately, the finite structure having 11 unit cells
is considered. Fig. 4(a) and (b) shows the dispersion characteris-
tics of full structure for both the unbalanced and balanced cases,
respectively. It is clear from the figure that the unbalanced structure
shows the presence of sharp stopband at broadside frequency region,
whereas a good matching is obtained for the balanced case with
complete suppression of stopband.
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Fig. 4. Characteristics of dispersion curve with the variation of a number of
cells for (a) unbalanced and (b) balanced structure.

Fig. 5. Variation of Bloch impedance with frequencies with increment of
cell numbers.

Next, the Bloch impedance is determined using the following
expression (2) [20], [26]. The Bloch analysis here is carried out
for both unit cell and finite structure having 11 unit cells [27]. The
periodic boundary condition is used in the former case, whereas in
the latter case, the radiation boundary condition is utilized

ZB = ±Z0

√√√√ (1 + S11)2 − S2
21

(1 − S11)2 − S2
21

. (2)

Moreover, to simplify the analysis, the radiation resistance is
neglected. The normalized Bloch impedance (Z B/Z0) for both unit
cell and finite structure is shown in Fig. 5, indicating the impedance
matching throughout the frequency band. It is to be noted that this
impedance matching is improved in the case of 11 unit cells, where
Re{Z B/Z0} ∼1 and Im{Z B/Z0} ∼0 over the desired frequency band.
This TE20-mode SIW-based effective CRLH unit cell is utilized to
design the proposed antenna structure as described in Section III.

III. LWA DESIGN

The fast-wave characteristic of the TE20-mode SIW transmission
line facilitates the design of LWA with fundamental space harmonic,
i.e., n = 0. However, it can only provide a limited scanning range in
the forward quadrant. To facilitate the beam scanning from backward
to forward along with broadside, the SIW is periodically loaded with
the proposed CRLH unit cell having periodicity p along the x-axis
of the structure. To demonstrate the effectiveness of the concept,
a finite lossless structure having 11 cells is designed and optimized
through full-wave simulation. The layout of the proposed antenna
is shown in Fig. 6(a). It can be observed from this figure that the
microstrip–slotline–SIW transitions are used at the input and output

Fig. 6. (a) Layout of the proposed antenna. (b) Quadrant-wise beam scanning
layout.

ports of TE20-mode structure. Basically, the two-step transitions have
been exploited here to realize the wideband TE20-mode excitation.
It is observed that one transition is acting as a mode converter from
slotline to the higher-order mode of SIW, where the horizontally
polarized electric field of the slotline is converted to the vertically
polarized field of the SIW. Since the amplitude maximum exists
at the center of the half-wavelength resonator (quarter wavelength
away from the shorted termination), a portion of slotline having a
length of λg /2 is extended inside the SIW to achieve high coupling
between slotline and SIW. By using slotlines, the electric field with
equal magnitude but reversed phase is formed along the symmetrical
plane of the SIW [24] (field plot is not shown here for brevity).
For the better impedance matching, few vias are placed at the edge
of SIW section. In the present design, the dimensional parameter
m5 is kept as minimum as possible according to the minimum
fabrication precision for reducing any significant radiation losses
during slotline to SIW-mode conversion. Another stage of transition
is input microstrip line to grounded slotline, where the length of the
triangular microstrip stub m2 is set to be a λg /4 to ensure a high
coupling between the microstrip line and slotline resonator. For fine
tuning, all the other design parameters are optimized accordingly
using full-wave simulator HFSS. A prototype is built on Rogers
RT/duroid 5880 substrate of thickness 0.787 mm having �r = 2.2
and tanδ = 0.0009. It is worth mentioning here that the excitation
of the fundamental TE10 mode is effectively suppressed and made
localized by utilizing the specified feeding mechanism. Hence, only
TE20 mode is dominant throughout the structure in the present
situation. The periodicity p of the slots is maintained by taking
care of the homogeneity condition, i.e., p � λ0/4. The scanning
angle of the proposed antenna depends on nth spatial harmonic βn
and the free-space wavenumber k0. The antenna is working in fast-
wave region, where the range of βn is −k0 < βn < k0 having the
scanning capability from backward (θ = −90◦) to forward quadrant
(θ = 90◦) including broadside (θ = 0◦). The antenna is operating
at the fundamental space harmonic, i.e., n = 0. The direction of
maximum radiation from z-axis and 3 dB beamwidth of the LWA
with a radiator length of L A can be determined from [28].

Authorized licensed use limited to: Abhishek Sharma. Downloaded on January 30,2022 at 03:15:09 UTC from IEEE Xplore.  Restrictions apply. 



IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 68, NO. 10, OCTOBER 2020 7205

Fig. 7. Variation of radiator length and its effect on remaining power at Port 2.

Fig. 8. (a) Top view and (b) bottom view of the fabricated prototype of the
proposed antenna.

Fig. 9. Comparison of simulated and measured S-parameter responses of
the proposed antenna.

The radiator length L A is chosen such that almost 90%–95%
power radiates from the structure, whereas remaining 5%–10% power
may reach at the Port 2 of the antenna, which actually provides no
significant reflection mismatch at the other end [2]. The variation
of the radiator length and the corresponding remaining power at
Port 2 are shown in Fig. 7. It is clear that the radiated power
from the structure increases with the increment of the number of
cells and is optimum for L A = 5.7λ0, consisting of 11 unit cells,
where the radiated power is almost 95%. For the proposed structure,
the radiation from the top slots scans from second to first quadrant,
whereas the bottom slots scan from third to fourth quadrant. Thus,
these simultaneous dual-radiated beams scan all the four quadrants
with frequency variation as shown in Fig. 6(b).

Fig. 10. (a)–(e) xz plane radiation patterns of the proposed antenna at
different frequencies and (f) 3-D radiation patterns of the proposed antenna
at 10.5, 11.5, and 12.8 GHz.

IV. RESULTS AND DISCUSSION

To validate the proposed concept experimentally, the designed
antenna is fabricated using the PCB technology for testing as shown
in Fig. 8. The final optimized dimensions are as = 22.3 mm,
d = 0.8 mm, s = 1.6 mm, Sg = 0.7 mm, Sl = 2 mm, Sw =
1.3 mm, p = 10 mm, m1 = 1.6 mm, m2 = 3.4 mm, m3 = 1.16 mm,
m4 = 3.3 mm, m5 = 0.2 mm, m6 = 2 mm, m7 = 3 mm, and
m8 = 3.5 mm. The prototype is only 5.7λ0 long having 11 unit cells.
The simulated and measured S-parameter responses of the proposed
LWA are in good agreement as shown in Fig. 9. The proposed antenna
operates from 10 to 12.8 GHz, having −10 dB impedance bandwidth
of 24.56%. The simulated and measured normalized radiation patterns
in yz plane are compared and shown in Fig. 10(a)–(e). From the
figure, it is clear that the proposed antenna covers a scanning range
of ±124◦ for each of the top and bottom planes with the frequency
variation from 10 to 12.8 GHz. The radiated dual beam scans all the
four quadrants with the frequency variation from 10 to 12.8 GHz.
The beam on the top plane scans the first and second quadrants,
whereas the beam at the bottom plane scans simultaneously the third
and fourth quadrants. Thus, the proposed dual-beam LWA covers
all the four quadrants with the overall beam coverage of 248◦.
The broadside (±z-direction) radiation is obtained at 11.5 GHz, and
the measured sidelobe level is less than −10 dB throughout the
working band. Fig. 10(f) shows the 3-D radiation pattern for three
different frequencies with corresponding values of normalized β, α,
and the beam pointing angle. The measured peak gain (G P ) of the
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TABLE I

PERFORMANCE COMPARISON OF PROPOSED STRUCTURE WITH THE CLOSELY RELATED CRLH AND TE20-MODE SIW-BASED LWA

Fig. 11. Variation of peak gain and direction of radiated main beam with
the variation of frequencies.

proposed antenna ranges from 16.2 to 18 dBi across the operating
band as shown in Fig. 11. It is worth mentioning here that since
the radiated power criteria are already maintained for the proposed
design, therefore any further increase in the number of unit cell
causes a negligible impact on gain enhancement. As a matter of fact,
the increase of radiator length from 5.7λ0 to 11λ0 (almost doubling
the radiator length) creates an overall gain increment of only 1.5 dBi.
The variation of main beam direction with frequency is also shown
in Fig. 11 (blue curve) along with the corresponding simulated phase
constants (green dashed line), which proves the validity of the antenna
radiated beam direction.

A detailed comparison of the proposed work with other reported
works is shown in Table I. In comparison to the earlier work proposed
such as in [4], [16], and [19], the present work is advantageous in
terms of its much larger radiation coverage, high gain, and radia-
tion efficiency having comparable radiator lengths and bandwidths.
Although the works reported in [5] and [24] have used TE20-
mode SIW to design LWA with comparable efficiency and operating
bandwidth, the proposed LWA design achieves a higher scanning
range along with the compact size. Thus, the work proposed herein
possesses the merits of having wider scanning range, higher gain, and
larger radiation efficiency along with the much compact geometry.

V. CONCLUSION

The design and implementation of a TE20-mode SIW-based
four-quadrant beam scanning CRLH LWA has been successfully

demonstrated. The CRLH media have been realized by placing tilted
interdigital slots on the top and bottom magnetic metallic walls of
the TE20-mode SIW. The proposed antenna is compact having an
overall dimension of 5.7λ0 × 1.3λ0 × 0.03λ0 and has achieved the
beam scanning range of −75◦ to 49◦ for each of the upper and
lower halves of the visible space, providing a total of 248◦ scan in
all the four quadrants. Across the operating band of 10–12.8 GHz,
the variation of peak gain is from 16.2 to 18 dBi. The performance
of the proposed LWA prototype shows considerable advantages over
the recently proposed SIW-CRLH-based dual-beam LWAs in terms
of scanning range, size, gain, and radiation efficiency. The proposed
LWA could be a potential candidate for automotive radar systems,
collision warning radar systems, wireless applications, vehicular
communication, and so on.
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