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ABSTRACT In this work, the concept of high-order space harmonics (HSHs) applied to a hybrid form
of nonradiative dielectric (NRD) waveguide and substrate-integrated square waveguide (SIW) involving
both TE10 and TE01 modes is investigated with aim to develop multi-functional dually polarized leaky-
wave antennas (DP-LWAs). A polarization-selective coupling (PSC) mechanism is used to guide the
two orthogonally oriented modes in the hybrid structure to achieve a polarization diversity feature. The
polarization effect on unit-cell geometrical structures is examined for different characteristics of LWA such
as propagation constant behavior, leakage ratio, and scanning range variation. In addition, we demonstrate
how the extrinsic characteristics of HSHs in a one-dimensional periodic LWA and its unit-cell analysis
can provide design flexibility through two case studies. In the first case of demonstration, we show
a dually polarized multi-beam LWA design with wide scanning capability in which we use both even and
odd HSHs of n ε [−1, −2]). The second antenna design case is concerned with a DP-LWA having the
capability of fixed and scanning beams operation by using a combinatory set of PSC and four HSHs of n
ε [−1, −2, −3, −4]. Two DP-LWA prototypes are demonstrated as proofs of concept, and the obtained
experimental results show a very good agreement with their simulation and analysis counterparts.

INDEX TERMS One-dimensional periodic leaky-wave antenna (1D-periodic LWA), higher-order space har-
monics (HSHs), polarization-selective coupler (PSC), nonradiative dielectric (NRD) waveguide, substrate
integrated waveguide (SIW), dually polarized antenna (DPA).

I. INTRODUCTION

ONE-DIMENSIONAL periodic leaky-wave antennas
(1D-periodic LWAs) have some distinguishable fea-

tures such as low profile, single layer, wide bandwidth,
and inexpensive beam steering solution compared to phased
array antennas which usually require couplers, phase
shifters, and complex bulky feeding or beam-forming
networks [1], [2], [3]. Based on their geometrical structures,
LWAs are divided into three categories: uniform [4], quasi-
uniform [5], [6], and periodic [7], [8], [9], [10], [11], [12].
Regardless of this classification, most of the LWAs usually
produce a narrow fan beam which finds many potential appli-
cations in frequency modulated continuous-wave (FMCW)
radars [13], feeding of high gain reflector antennas [14],

sparse 3D imaging [15], multi-target sensor detection [16],
and fading mitigation in multipoint communications [17].
With the recent and rapid evolutionary growth of wireless

communications like 5G networks, bandwidth consumption
has become a major concern for most system design engi-
neers. Fortunately, deploying FR2 bands (24.2 to 54.6 GHz)
in the millimeter-wave (30 to 300 GHz) frequency range
with polarization diversity offers a potential solution to ful-
fill this gap. In this case, orthomode transducer (OMT) is
an essential component for polarization diversity. Different
methodologies can be used in designing OMTs, such as
Bøifot [18], turnstile junctions [19], [20], dual-mode dou-
ble ridge waveguides [21], and groove gap waveguides [22].
However, most have 3D geometrical structures which make
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them hard to integrate with other parts. Planar OMT struc-
tures were investigated in [23], [24] at the expense of using
multi-layers. Nevertheless, a low-profile monolayer planar
OMT with integration capability should be highly attractive
for 5G applications and beyond.
Additionally, considerable efforts have been made in real-

izing dually polarized antennas (DPAs) due to the spectrum
limitation and high data demand in cellular systems. DPAs
judging from their mechanisms and radiation properties
are divided into two different categories. The first cate-
gory belongs to the DPA with the capability of fixed beam
operations [25], [26], [27], [28], [29], [30], [31], where the
antenna beam of each polarization targets a similar angle.
These types of DPAs are more suitable for channel capacity
improvement especially in dense areas where we encounter
user plane (UE) traffic [32], [33]. The second category is
related to DPAs featuring a different beam direction for
each polarization [34], [35]. These types of DPAs provide
a wider coverage compared to the first category since
the beam of each polarization targets different angles. It
should be mentioned that besides this categorization, the
features of beam steering and polarization diversity can
also be beneficial for multi-user streaming and broadcasting
where the use of a multiple input multiple output (MIMO)
technology can improve the cell throughput (base station)
performances [36], [37].
Several methods were proposed to realize a dually

polarized LWA (DP-LWA), such as the dual-mode transmis-
sion line [38], symmetrical spoof surface plasmon polari-
ton lines [39], back-to-back slot array [40], OMT based
LWA [35], partially reflected surface (PRS) LWA [41], meta-
material LWA [42], and lens LWA [43]. However, all those
methodologies can only provide a single beam operation
for each polarization which makes them unsuitable for
multi-beam operations, which are essential in 5G new
radio (NR) [44]. A multi-beam mechanism can be used
to enhance the spectral efficiency, power delay profile,
reduce recovery times [45], and also to provide reduc-
tion in computational complexity and access times [46].
Furthermore, a code book technique can be applied to
simultaneous multi-beam radiators to achieve faster initial
access times [47]. Some methods were also used to achieve
common source multi-beam LWAs, such as dual-mode trans-
mission line [48], defected ground structure (DGS) [49]
and aperture coupled feeding [50], [51]. However, applying
all these methodologies [48], [49], [50], [51] to a DPA for
achieving a multi-beam operation is challenging, and to
the authors’ best knowledge, do not yet exist in litera-
ture. In addition to multi-beam operation, dual-polarization,
and beam steering features, it is also beneficial for the
antenna to have a fixed beam operation, especially for point-
to-point communications [52]. However, the beam in most
LWAs usually steers with frequency which makes them una-
menable for fixed beam operations. Besides, using single
beam operation there will be a high possibility of link fail-
ure due to the blockage effect. This issue can be overcome

by using multi-beam operation and assigning a code book
to the radiated signals. In this case, if one of the beams
fails then the alternative one can still provide a reliable
connection [53].
In this work, we introduce a method for designing and

analyzing 1D-periodic LWA as a common source dually
polarized multi-beam antenna. We try to benefit from the
hybrid form of the nonradiative dielectric (NRD) waveg-
uide and the substrate-integrated square waveguide (SIW) to
achieve the polarization diversity for our LWA design. The
authors in [54], [55] demonstrated a planar OMT which has
the potential integration capacity with antenna. However,
they did not investigate this feature in their work since the
focus was on developing the concept and theory of OMT
operation. Hence, in this work, we demonstrate a compre-
hensive analysis in this regard; we analyze the behavior of
two OMT modes (TE10 and TE01), along with an LWA,
for different higher-order space harmonic (HSH) of each
OMT operation mode. This work differs from [56] where
the authors discussed the HSH behavior for a single polar-
ization LWA and their focus was on the broadside condition
of n = −2 space harmonic. Here, however, we tackle the
HSH behavior with the presence of two orthogonal modes
in which the geometrical effect of the LWA’s unit cell on the
propagation constant, leakage ratio, and stop-band for single
and dual-mode operations is investigated and their differ-
ences are highlighted. Furthermore, the design flexibility in
terms of multi-beam alignment of the HSH for two OMT
modes is also investigated.
In the first design reported in this work, we demonstrate

a dually polarized multi-beam steering LWA where we use
a combination of one even and one odd HSH of n ε [−1, −2]
of each OMT mode. It should be mentioned that a combina-
tion of fixed beam operation along with beam steering can
sufficiently reduce the volume and size of wireless communi-
cation systems and present an alternative solution for future
broadcasting designs. This work also demonstrates a dually
polarized multi-beam LWA with the capability of providing
simultaneous fixed and scanning beam operation. In the sec-
ond design, we use a combination of polarization-selective
coupling (PSC) mechanism and four HSHs belonging to n ε

[−1, −2, −3, −4]. This design is different compared to [57]
where two reflector antennas with 180◦ phase shift between
the reflected waves were used to achieve a single fixed-beam
operation for their LWA. This contribution differs from [52]
and [58] where the fixed single beam LWA (single polar-
ization) is achieved at the expense of adding a mirror and
glide-symmetric prisms to the structure. While, in this work,
we achieve fixed multi-beam operation by utilizing the HSH
concept along with beam scanning feature. To the best of
our knowledge, this is the first time that an antenna with the
capability of simultaneous fixed and scanning beams oper-
ation is proposed and demonstrated. Experimental results
show a good agreement between the simulation, analysis, and
measurements (CST STUDIO SUITE used in all simulations
and analyses).
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This work is organized as follows. Section II investi-
gates LWA’s unit-cell for two oriented modes and shows the
analysis and experimental validation of a dually polarized
multi-beam steering LWA. Section III gives the modeling,
analysis and experimental validation of a DP-LWA with
simultaneous fixed and scanning multi-beam capabilities.
Finally, Section IV concludes the work and discusses future
perspectives.

II. DUALLY POLARIZED PERIODIC LWA
A. EFFECT OF POLARIZATION ON UNIT-CELL
RADIATED POWER
In this section, we study and analyze the effects of the
TE10 and TE01 polarization diversity in connection to our
antenna radiating element for a DP-LWA design based on the
PSC concept. The performances of the periodic LWAs are
predictable thanks to careful analysis of their unit-cell radi-
ating element [4]. The geometrical shape of the radiating
element is usually chosen based on the current distribu-
tion of the transmission line propagating mode. Most of the
uni-polarized periodic LWAs operate with a single mode to
prevent additional modes from any hybrid-mode coupling in
their operation band [59]. However, for dual-polarization (if
two modes are used for the antenna operation), it is necessary
to examine the coupling effect between the two operating
modes and its impact on the antenna performances. In addi-
tion, for each polarization, we also need to investigate the
geometrical shape of the LWA’s unit-cell to make sure we
can get an acceptable radiating performance from it.
As a first step, we study and analyze the effect of the SIW-

LWA unit-cell for two modes, namely TE10 and TE01. Here
we are interested in examining the unit-cell in the Ka-band.
Therefore, the square section of the SIW-LWA’s unit-cell is
considered to be 3mm, using an RT6002 substrate. Based on
these dimensions, the cutoffs of the TE10 and TE01 modes are
29 GHz, and the higher mode cutoff starts from 41.2GHz.
The behavior of most periodic LWAs is usually predictable
thanks to a careful analysis of their Brillouin diagram, where
the relation between different space harmonics can be writ-
ten as βn = β0 + 2nπ/p. In this work (DP-LWA), we want
to study the behavior of the propagation constant (β0) of
the two modes TE10 and TE01. Here the focus is on the
n = −1 space harmonic. By choosing the periodicity of
the LWA’s unit-cell as p = 6.9mm and the square section’s
length as 3mm, the contribution of the n = −1 space har-
monic is a single fast wave (β−1/k0 ≤ 1) for the frequencies
above 36 GHz where the fundamental and n = −2 space
harmonics remain as a slow wave due to the condition of
β0/k0 ≤ 1 and β−2/k0 ≥ 1, respectively. Fig. 1(a) shows
the Brillouin diagram analysis in this case (the propagation
model is theoretically calculated). Here we achieve the same
Brillouin diagram for the TE10 and TE01 modes because of
the square section unit-cell. It should be mentioned that
besides the analysis of the Brillouin diagram, it is also nec-
essary to investigate the radiating element’s effect on the
performance of the LWA.

FIGURE 1. (a) Brillouin diagram for 1D-periodic SIW-LWA with periodicity of p =
6.9mm on a dielectric propagating medium of εr = 2.94 with and effective width of
3mm, (b) LWA’s unit-cells, (c) radiating element impedance for TE10 mode,
(d) radiating element impedance for TE01 mode, (e) radiating element admittance for
TE10 mode, (f) radiating element admittance for TE01 mode, (g) equivalent circuit for
TE01, and (h) equivalent circuit for TE10 mode.

Fig. 1(b) shows different radiating geometries that can
be used for our LWA’s unit-cell. Here the focus is on
the upper frequency of the Ka-band, so the length of
the cross-slot, X-slot, square-slot and diameter of circle-
slot are considered to be λg/2 (2.2mm) and the width of
cross-slot, and X-slot are λg/10 (0.44mm). The response
of the impedance/admittance behavior of these LWA’s unit-
cells is demonstrated in Figs. 1(c)-(f). In this analysis, we
consider modes 1 and 2 of the LWA’s unit-cell as TE10
and TE01, respectively, where the relation for impedance
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and admittance behavior based on the Z and Y matrix
analysis [60] can be written as:

TE10→By = −1/Y2(1)1(1) (1)

TE01→By = −1/Y2(2)1(2) (2)

TE10→Cz = 1/Z2(1)1(1) (3)

TE01→Cz = 1/Z2(2)1(2) (4)

where By and Cz are the parameters of the ABCD matrix
of the LWA’s unit-cell. The analysis of Figs. 1(c)-(f) shows
that the LWA’s radiating elements have different responses
for each polarization. For instance, comparing Figs. 1(c)-(d)
indicates that we can only get the contribution of the real
part of the radiating element impedance for the TE10 mode
for the frequency range of interest (35 < fGHz < 39),
while we do not have any response for the TE01 mode over
this frequency range. Besides, comparing Figs. 1(e)-(f) also
shows that the contribution of the real part of the radiat-
ing element admittance only belongs to the TE01 mode, and
we have no response for the TE10 mode in the frequency
range of interest. Thus, each polarization has different cir-
cuit response. Approximate equivalent circuits for the TE01
and TE10 modes are illustrated in Figs. 1(g)-(h), respectively.
Another point that needs to be considered here is related to
the radiated power response of LWA’s unit-cell. The anal-
ysis of Figs. 1(c)-(f) shows that the radiating element with
a wider geometry (square-slot in this case) radiates more
power compared to other LWA’s unit-cells. However, the
slope variation of the impedance/admittance behavior of the
square-slot is sharper compared to other LWA’s unit-cells
in the frequency range of interest. Thus, we expect to have
more gain variation for our LWA, which is not desirable.
The analysis of Figs. 1(c)-(f) shows that the cross-slot can
provide a suitable tradeoff between the slope variation and
the real part of unit-cell’s impedance/admittance behavior
for both polarizations (TE10 and TE01 modes) within the
frequency range of interest. Thus, we choose the cross slot
as the radiating element for the design of the DP-LWA.

B. EFFECT OF POLARIZATION ON UNIT-CELL
PROPAGATION CONSTANT AND LEAKAGE RATIO
It should be mentioned that most of the periodic LWAs oper-
ate with a single polarization. However, adding a second
polarization to the LWA will highly affect the performance
of the primary one. To address this issue, we investigate the
effect of single- and dual-polarization on the performance of
our periodic LWA unit-cells. Figs. 2(a)-(b) show the propaga-
tion constant and leakage ratio behavior for different LWA’s
unit-cells for the case of single- and dual-polarization where
the phase and attenuation constants can be expressed as [60]:

β = Im
[
cosh−1 ((A + D)/2)

]
/p (5)

α = Re
[
cosh−1 ((A + D)/2)

]
/p (6)

Here A and D are two components of the ABCD matrix
and they can be found from the Z and Y matrices. In the

analysis of Figs. 2(a)-(b), we consider having transverse
and longitudinal slots with single polarization and cross-
slots for dual-polarization. The periodicity in the unit-cells
of Fig. 2(a) is chosen based on the analysis of Fig. 1(a)
and is equal to 6.9mm and the length and width of all
slots are λg/2 (2.2mm) and λg/10 (0.44mm), respectively.
Besides, the square section of the SIW-LWA’s unit-cell is set
to 3mm with the substrate RT6002. Based on these dimen-
sions, the same cutoff is obtained for the two modes as in
Section II-A. At first, we compare the operation of the TE10
mode between the single and dual-polarization of our LWA’s
unit-cells. The analysis of Fig. 2(b) shows that the propa-
gating TE10 mode can provide a wider stop-band frequency
range for the case of a single polarization (transverse slot)
compared to the dual-polarization (cross-slot). In addition,
the leakage ratio of propagating TE10 mode for the case of
a single polarization (transverse slot) has a higher value at
the pass-band and stop-band frequencies compared to the
dual-polarization (cross-slot). Hence, we should expect to
have more radiated power in the single polarization (trans-
verse slot). Furthermore, the propagation constant behavior
of the propagating TE10 mode also has different behavior
for each case of the single and dual polarization at the pass-
band frequency. It is expected that the propagating TE10
mode for the dual-polarization provides more scanning range
compared to the single polarization. This is attributed to
the higher value and increased variation of its propagation
constant (β−1) (over the pass-band). On the contrary, the
propagation constant behavior and leakage ratio variation
of the propagating TE01 mode has approximately simi-
lar behavior in both the single polarization (longitudinal
slot) and dual-polarization (cross-slot). Hence, their radi-
ated power and scanning angle variations must be similar.
Another notable point from the analysis of Fig. 2(b) is that
we also have different responses of propagating TE01 and
TE10 modes for dual-polarization cases (cross-slot). Here the
TE10 mode can provide a wider stop-band frequency com-
pared to the TE01 mode scenario while the leakage ratio of
these modes has an approximately similar response in their
common passband frequency range. In addition, the propaga-
tion constant (β−1) of the TE01 mode shows more variation
as compared to that of the TE10 mode (in the common pass-
band) which results in a wider scanning range and angular
misalignment.
To overcome the issue of misalignment between propa-

gation constant variations in each polarization, we investi-
gate the geometrical effect of the cross-slot LWA’s unit-cell
for the two polarizations of our DP-LWA. Figs. 2(c)-(d) show
the effect of slot length variation of the cross-slot for the
propagating TE10 and TE01 modes, respectively. The peri-
odicity of unit-cells in Figs. 2(c)-(d) is chosen based on the
analysis of Fig. 1(a). The analysis of Figs. 2(c)-(d) shows
that using a longer slot not only provides a wider stop band,
but it also shifts down the lower edge of the stop band
to lower frequencies while slightly affecting the upper stop
band edge as well. In addition, using the longer slot decreases
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FIGURE 2. (a) LWA’s unit-cells, (b) propagation constant and leakage ratio behavior for single and dual-polarization, (c) slot length variation effect of TE10 mode, (d) slot
length variation effect of TE01 mode, (e) slot width variation effect of TE10 mode, and (f) slot width variation effect of TE01 mode.

the variation and values of the propagation constant (β−1)
in the passband, which results in a lower scanning range.
Comparing Figs. 2(c)-(d) also shows that a propagating TE10
mode is more sensitive to slot length variations compared to
the TE01 mode. Figs. 2(e)-(f) show the effects of slot width
variations with the same condition as the length variation.
The analysis of Fig. 2(e) shows that a wider slot not only pro-
vides a wider stop band, but also it shifts up the upper edge
of the stop band to higher frequencies while slightly affecting
the lower edge of the stop band. Also, it slightly affects the
propagation constant (β−1) in the passband frequency range.
While for the TE01 mode, using a wider slot decreases the
variation and values of the propagation constant (β−1), which
results in a shorter scanning range. Besides, using a wider
slot for the propagating TE01 mode also increases the stop
band and shifts down the lower edge of stop band to lower
frequencies, while slightly affecting the upper edge of stop
band.
The analysis of Figs. 2(c)-(f) suggests that a symmetric

cross slot could provide an approximate similar response of
leakage ratio for both TE10 and TE01 modes in the common
passband frequency range. However, the propagation con-
stant (β−1) of these modes has different responses in their
common passband frequency ranges. Interestingly, choos-
ing the cross-slot as our LWA’s radiating element gives us
the flexibility of controlling the propagation constant for
each propagating modes of the TE10 and TE01 since it
can be approximately considered as a combination set of
a transverse slot and a longitudinal slot. From the analysis

of Figs. 2(c)-(f), it is expected that an unsymmetrical cross-
slot can decrease the difference between the propagation
constants of each propagating mode, TE10 and TE01. This
is shown by plotting the β−1TE10 - β−1TE01 of the LWA’s
unit-cell. In addition, if the condition of β−1TE10− β−1TE01
≈ 0 is satisfied, we should expect that the phase difference
between the two modes also approaches zero (�ϕTE01 -
�ϕTE10 ≈ 0) and that their related beams must be in align-
ment. However, the β−1TE10 - β−1TE01 condition is only valid
and applicable for the single space harmonic (this study case
n = −1) operation for our DP-LWA. The beam’s alignment
for a dual-polarized operation (two modes operation in this
study) is more complex when we are simultaneously deal-
ing with more than one space harmonic (as fast waves) at
the same frequency, since the distinction between the phase
operation of each mode and their related HSH becomes more
challenging and complicated.

C. BEAM ALIGNMENT OF HSH
In order to address this issue in a comprehensive manner,
first, we analyzed and studied the behavior of phase varia-
tion of different unit-cells with the capability of supporting
two space harmonics as fast waves at the same frequency.
Based on the analysis of βn = β0 + 2nπ/p, we expect
to get the contribution of n ε [−1, −2] space harmonics
as fast waves by choosing the permittivity, effective width
and periodicity of our SIW-LWA’s unit-cell as 2.94, 3mm,
and 8.5mm, respectively, in the frequency range of 35 <

fGHz < 39. Fig. 3(a) shows its Brillouin diagram analysis,
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FIGURE 3. (a) Brillouin diagram for a 1D-periodic SIW-LWA with periodicity of p =
8.5mm on a dielectric propagating medium of εr = 2.94 with and effective width of
3mm, (b) SIW-LWA’s unit-cell, and (c) phase shift difference of two propagating modes
of TE10 and TE01 for different SIW-LWA’s unit-cells of Fig. 3(b).

where the n = 0 space harmonic remains as slow waves
and n ε [−1, −2] space harmonics behave as fast waves
for frequencies above 35GHz. The Brillouin diagram of
Fig. 3(a) is also applicable to both TE10 and TE01 modes
since the SIW-LWA’s unit-cell is designed to have a square
section dimension (3mm). Figs. 3(b)-(c) show symmetric
and asymmetric cross-slot type radiating elements with their
phase shift difference response of two propagating modes
of TE10 and TE01 (�ϕTE01 - �ϕTE10), respectively. In
the analysis of Figs. 3(b)-(c) at first, we try to investigate
the phase response behavior for two symmetric cross-slots
(type A), where the length and width dimensions are set
to be λg/2 and λg/10 for f = 35.5GHz (black line) and
f = 38.5 GHz (blue line), respectively. We chose these
two frequencies since they can be set as lower and upper
frequencies for the passband of the Brillouin diagram of
Fig. 3(a). The analysis of Fig. 3(c) shows that using a sym-
metric cross-slots (blue and black lines) cannot provide a flat
and low response for the phase shift difference of two prop-
agating modes (TE10 and TE01). However, based on the
analysis of Fig. 2, we should expect to have less differ-
ence between two propagating modes’ phase shift variations
by using an asymmetric cross-slot in which the transverse
slot has a shorter length compared to the longitudinal slot
(type B). Fig. 3(c) shows that a transverse slot with dimen-
sions of 2.2mm, and 0.5mm along with a longitudinal slot
with dimensions of 2.5mm, and 0.5mm in a cross slot can
provide a low value and flat response for the phase shift

difference variations between the two propagating modes
(red line). Contrarily, an asymmetric cross-slot with a longer
geometrical length for its transverse slot (type C) cannot pro-
vide such a flat response (green line). Besides, our analysis
also shows that choosing a longer dimension for the trans-
verse slot compared to the longitudinal slot, in addition to
shifting up/down the longitudinal slot in an asymmetric cross
slot (type D), not only can give us a flat response for the two
propagating modes’ phase shift difference but also gives us
the feasibility of shifting up/down the phase shift difference
between them (brown and purple lines).
Comparing the A-D responses of the radiating element

in Fig. 3 indicates that a better beam alignment must be
achieved for type B since it realizes a lower value of
phase shift difference between the two propagating modes. It
should be mentioned that the beam angle alignment between
the two propagating modes in Fig. 3 does not comply with
the value of the phase shift difference between the two prop-
agating modes. This non-compliance occurs as it shows the
total phase response difference between the two propagating
modes and their related HSH’s phases. In order to find an
accurate beam angle difference between the two propagating
modes and their related HSH, we investigate the behavior
of the propagation constant of each mode along with the
propagation constant response of each mode’s HSH. Here
we are interested in analyzing the unit-cells of Fig. 3 for
35 < fGHz < 39. Based on βn = β0 + 2nπ/p, the total phase
response for each propagating mode in the frequency range
of our interest must be the summation of βTE10 (n = −1) +
βTE10 (n = −2) for TE10 mode and βTE01 (n = −1) +
βTE01 (n = −2) for TE01 mode. They can be written as:

βTE10 lz = lz

(√
εrk2

0 − (π/lx)2 − 2π

p

)

+ lz

(√
εrk2

0 − (π/lx)2 − 4π

p

)
(7)

βTE01 lz = lz

(√
εrk2

0 − (
π/ly

)2 − 2π

p

)

+ lz

(√
εrk2

0 − (
π/ly

)2 − 4π

p

)
(8)

where lz is the length of periodic unit-cell of our LWA. The
difference between the two propagating modes is:

βTE10 − βTE01
= 2

(√
εrk2

0 − (π/lx)2 −
√

εrk2
0 − (

π/ly
)2

)

(9)

It should be mentioned that the factor of 2 in (9) is only
applicable when we are dealing with 2 space harmonics
simultaneously (this case n ε [−1, −2]). However, the con-
ditions in (9) can also be extendable for any set combination
of different space harmonics as:

βTE10 − βTE01
= m

(√
εrk2

0 − (π/lx)2 −
√

εrk2
0 − (

π/ly
)2

)

(10)
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FIGURE 4. Difference between the propagation constant of TE10 and TE01 modes
of two SIW-LWA’s unit-cells of Fig. 3 (types B and D).

where m is the number of fast wave space harmonics in
the frequency range of interest. One point that needs to be
considered here is that the beam angle difference between
similarly involved space harmonics of each propagating
mode must comply with propagation constant difference
value. The difference between their arcsine function can be
written as:

sin−1
(

(βTE10 − βTE10)/m

k0

)
(11)

To investigate the beam angle difference between the two
modes of TE10 and TE01 and their related HSH, in Fig. 4 we
plot the propagation constant difference of TE10 and TE01
modes of the two SIW-LWAs’ unit-cells of Fig. 3 (types B
and D). This analysis shows that the value of βTE01 - βTE01
in type B of the SIW-LWAs’ unit-cell has a lower value
compared to type D, which shows a good agreement with the
geometrical unit-cell analysis of Figs. 2-3. To examine the
validity of our analysis we choose a random frequency, i.e.,
38GHz, to check the beam behavior of the two propagating
modes in comparison. Based on Fig. 3, at f = 38GHz we
have two space harmonics as fast waves, so m in (11) must
be set to 2, and the value of k0 is set to be 2.35. The value of
βTE01 - βTE01 in Fig. 4 at f = 38GHz for unit-cell types B
and D are 0.15 and 0.6, respectively. Dividing these values
by 2 and putting them in the arcsine function of (11) give us
the angle of 1.82◦ and 7.73◦ for SIW-LWAs’ unit-cells type
B and D, respectively. So, for type B of SIW-LWA’s unit-cell
in Fig. 3, we should expect that the beam angle difference
between two n = −1 space harmonics related to the TE10
and TE01 modes must be 1.82◦ at f = 38GHz. Similar angle
difference must be expected for two beams of n = −2 space
harmonics at f = 38GHz in a type B unit-cell. On the other
hand, for type D unit-cell, the expected angle difference is
7.73◦ at f = 38GHz for each pair of n ε [−1, −2] space
harmonics. Fig. 5 shows the simulated radiation pattern of
two SIW-LWAs based on type B and D of SIW-LWA’s unit-
cells in Fig. 3 (the length of the antennas considered to be
more than 10λ0 in this example). Fig. 5 shows a 2◦ and 7◦
difference between each pair of beams for our LWAs based
on type B and D unit-cells, respectively. This shows a good
agreement with our unit-cell analysis of Figs. 3-4.

FIGURE 5. Simulated radiation pattern (gain in dB) of two SIW-DP-LWAs based on
type B and D SIW-LWA’s unit-cells of Fig. 3 at f = 38GHz.

FIGURE 6. Simulated S-parameters of two SIW-DP-LWAs based on type B and D
SIW-LWA’s unit-cells of Fig. 3.

The analysis of Figs. 3-5 also show that we can feasi-
bly shift the beams of each mode by choosing a suitable
unit-cell (Type D) for our LWA with a careful analysis of
the propagation constant behavior of the LWA’s unit-cell.
It should be mentioned that besides the study of the DP-
LWA’s unit-cell behavior, we also need to analyze its effect
on the bandwidth for our antenna to make sure that the two
propagating modes of our DP-LWA have roughly the same
bandwidth operation. Fig. 6 shows the simulated S-parameter
responses of two LWAs based on type B and D unit-cells of
the previous example (the antenna length is considered to be
10λ0 in this analysis). The analysis of Fig. 6 shows that the
type B DP-LWA can provide a better alignment between the
S-parameter responses compared to the type D for the two
propagating modes of TE10 and TE01. Thus, it is chosen in
the fabricated prototype.

D. EXPERIMENTAL VALIDATION AND CONFIGURATION
OF SIW-DP-LWA
The geometry of the designed SIW-DP-LWA is shown in
Fig. 7. Here we utilized PSC-OMT as a compact feeding
network since it provides two orthogonal modes of TE10
and TE01. The dimensions of the PSC-OMT were calculated
based on the analysis of [61] and applied to the proposed
design. In addition, a transition between the PSC-OMT and
the WR28 waveguide is designed to support the operation
over the frequency range of interest (35 < fGHz < 39). Here
we use a triangular shape for our transition section (taper
section) with the length of 9mm where we removed the top
and bottom copper layer of the substrate. This transition is
used on both ports of the PSC-OMT along its vertical and
horizontal axes for the excitation of TE10 and TE01 modes,
respectively. For the LWA section, we used a type B cross
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FIGURE 7. Schematic design of SIW-DP-LWA with the PCS-OMT and transition
section to WR28 (all dimensions are in mm).

slot radiating element. The length of the LWA’s section is
considered to be more than 10λ0 in this analysis. In addition,
due to the reciprocal behavior of HSH in the Brillouin dia-
gram analysis of Fig. 3, we used two sets of SIW-DP-LWAs
in this design to have a symmetric multi-beam radiation
for our antenna. Fig. 8 shows the fabricated prototype of
the SIW-DP-LWA with the PCS-OMT and transition sec-
tion to WR28. The dielectric material used in this design is
RT6002 with a dielectric constant of εr = 2.94 and thickness
of 3mm. In addition, we also applied a metal epoxy in the
via section of the PSC-OMT in order to ensure the via‘s wall
is well covered with metal to keep the antenna performance
acceptable. The type B cross slot has transverse and lon-
gitudinal slots lengths of 2.2mm and 2.5mm, respectively,
with a width of 0.5mm. Figs. 9 (a)-(b) show simulated and
measured S-parameters of the proposed SIW-DP-LWA for
ports 1-2 and ports 7-8, respectively. The measured reflec-
tion coefficients of TE10 (port 1 and 7) and TE01 (port 2
and 8) modes for the antenna are below −10dB for the
frequency ranges of 35.3 < fGHz < 38.9 and 35.7 < fGHz
< 38.7, respectively. This shows that the two propagating
modes have an approximately similar bandwidth behavior
for our DP-LWA. In addition, the simulated and measured
leakage ratio of the antenna for the two propagating modes
has approximately similar behavior. There is a small dis-
crepancy between the measured and simulated results due to
fabrication tolerances. According to the analysis of Fig. 3(a),
it is expected to have one proper beam (n = −2) and one
improper beam (n = −1) for our antenna. Fig. 10 shows the
antenna radiation patterns at two frequencies; f = 36.5GHz
and f = 38.4GHz for the two propagating modes of TE10 and
TE01 where we have one backward beam and one forward

FIGURE 8. (a) Top view of fabricated SIW-DP-LWA prototype with PCS-OMT and
transition section to WR28, (b) side view, and (c) measurement setup in
a quasi-far-field chamber.

beam through the whole frequency range of the antenna.
The peak gains of HSH (n ε [−1, −32]) for both modes of
TE10 and TE01 are 15.3dB and 15.1dB, respectively. Besides,
based on the analysis of Fig. 3(a), we expect that for both
modes the beam related to the n = −2 space harmonics scans
faster than the n = −1 space harmonic beam since the arc-
sine function variation of β−2/k0 is closer to 1 compared
to the β−1/k0. This behavior is also validated in Fig. 10,
in which the beam of n = −2 space harmonic covers more
angles than the beam of n = −1 space harmonic for the same
frequency variation. Here the measured scanning ranges of
n ε [−1, −2] space harmonics are 4◦ to 22◦ and −67◦ to
−33, respectively, which shows a good agreement with the
ratio analysis of arcsine β−n/k0 of Fig. 3(a). In addition,
based on the analysis of Fig. 4, a misalignment is expected
between the beams of TE10 and TE01 modes for our antenna.
Fig. 10 also shows that we have a 2◦ mismatch alignment
between the beams of TE10 and TE01 modes. Thus, a good
agreement is observed between the analysis, simulations, and
measurement results of the proposed DP-SIW-LWA in which
a wide scanning range can be achieved by using the HSH
(n ε [−1, −2]) concept.

III. DP LWA WITH FIXED AND SCANNING
BEAM CAPABILITY
A. ANALYSIS AND MODELING
A DPA based on its radiation mechanism can be divided
into two categories: a DPA with fix beam operation and
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FIGURE 9. Simulated and measured S-parameter response of TE10 and TE01
modes of (a) ports 1 and 2, and (b) ports 7-8.

FIGURE 10. Simulated and measured E-plane co-polar radiation patterns (gain in
dB) of SIW-DP-LWA of TE10 and TE01 modes of (a) ports 1 and 2 at f = 36.5GHz 2,
(b) ports 1-2 at f = 38.4GHz, (c) ports 7 and 8 at f = 36.5GHz, and (d) ports 7-8 at f =
38.4GHz.

a DPA with scanning beam operation. To the best of the
authors’ knowledge, a DPA with the capability of both scan-
ning and fixed beam operations does not exist in literature.
Therefore, in this work, we demonstrate an DPA with fixed

and scanning beam capabilities by using the HSH concept.
The core idea of the proposed design is to assign a spe-
cific task (scan or fix) to each polarization of the proposed
DP-LWA. However, several aspects need to be analyzed and
their trade off needs to be investigated. In the proposed
design, first, we need to choose the topology of each polar-
ization and decide about their function and operation task.
In addition, other antenna characteristics such as gain level
alignment and gain stability between each polarization need
to be analyzed. In the proposed design and as a first step,
we chose to assign the scanning and fixed beam operations
to the TE01 and TE10 modes, respectively.

In the second step, we analyze the Brillouin diagram
with the unit-cell geometrical effect (periodicity) on the
antenna performances. From that, we can predict the HSH
behavior in the fast wave region and evaluate the scanning
range variation. The total behavior of the scanning range
in periodic LWAs is predictable based on the arcsine func-
tion analysis. This function has two specific features when
applied in the analysis of periodic LWAs. First, as long as
we keep the ratio of βn/k0 close to zero in the frequency
range of the antenna, we expect the scanning range variation
related to the involved space harmonic not to vary too much
due to the specific behavior of the arcsine function. However,
periodic LWAs usually encounter the stopband issue when
the ratio of βn/k0 approaches zero. Therefore, using this
feature of the arcsine function to overcome the wide scan-
ning range requires applying methods to suppress the open
stopband problem, such as a phase reversal technique [62],
impedance matched unit cells [56], [63], [64], and reflection
cancelation [65]. The second feature of the arcsine func-
tion, which can be applied to overcome the limitation of
a wide scanning range in periodic LWAs is the possibility of
decreasing the variation of βn/k0 in the passband frequency
range operation of the antenna, leading to the decrease in
the scanning range variation. Since the scope of this work
is not focused on the band edge issue of periodic LWAs, we
chose to investigate the possibility of applying the second
feature to our antenna.
From the analysis of Fig. 3(a), the scanning range varia-

tion of n = −1 space harmonic decrease at the third passband
frequencies (f ≥ 35GHz) compared to lower ones. This is
due to the higher value of k0 which decrease the variation of
β−1/k0. On the other hand, the n = −2 space harmonic has
a wide scanning range variation compared to the n = −1
space harmonic in the third passband as the variation of
β−2/k0 is close to 1. Thus, there is a possibility of decreasing
the scanning range variation of the n = −2 space harmonic
by approaching the fourth or higher passband since the ratio
of β−2/k0 will be decreased. Fig. 11 shows the Brillouin dia-
gram analysis of a one-dimensional periodic SIW-LWA with
5 passbands (periodicity, dielectric propagating medium, and
effective width are 17mm, 2.94, and 3mm, respectively).
Here we are interested in setting our analysis for the upper
frequency range of Ka-band (f ≥ 36GHz). Therefore, based
on the analysis of Fig. 11, the fundamental space harmonic
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FIGURE 11. Brillouin diagram for a 1D-periodic SIW-LWA with periodicity of p =
17mm on a dielectric propagating medium of εr = 2.94 and effective width of 3mm.

(n = 0) remains a slow wave, and we have 4 HSHs as
fast waves (n ε [−1, −2, −3, −4]). The ratio of βn/k0 for
n ε [−1, −2, −3, −4] space harmonics for 36 < fGHz <

38 in the fifth passband are [−0.54, −0.64], [−0.08, −0.15],
[0.41, 0.33], [0.89, 0.84], respectively, which correspond to
the angles [−33◦, −39◦], [−4◦, −8◦], [24◦, 19◦], [63◦, 57◦],
respectively. Besides, the analysis of Fig. 11 also shows that
the n = −2 space harmonic has the lowest scanning range
variation in the fifth passband since its propagation constant
is located near the center of the Brillouin diagram, resulting
in the lowest value and variation ratio of βn/k0. Thus, we
expect to have very low scanning range variation (around
5◦) for our antenna in the frequency range of interest (36 <

fGHz < 38).
A point that needs to be considered here is that the topol-

ogy of applying scanning and fixed beam operation requires
different periodicities (based on Brillouin diagram analysis
of Fig. 3 and Fig. 11). Thus, to avoid modifying the geo-
metrical shape of the antenna radiating element, we should
choose the periodicity ratio between both polarizations as
PTE01/PTE10 = 0.5 or PTE10/PTE01 = 2. Besides, taking
the periodicity into the consideration for the proposed DP-
LWA has a direct effect on the number of radiating elements
for each polarization. Since one polarization has a higher
number of radiating elements. Therefore, as a first estimation,
we should expect to have a higher gain for one polarization
compared to the other (if only we judge based on the radi-
ating element number). A point that needs to be considered
is that we also need to evaluate the effect and influence of
the radiating elements on the antenna performances for both
operating modes of TE01 and TE10 especially when we are
dealing with the dually polarized operation.
To investigate this effect and as a third step, we analyze

the geometrical effect of the radiating elements on the radi-
ated power response of each polarization (TE10 and TE01
modes). First, we consider a symmetric cross slot and its
longitudinal slot as our radiating element where they are
assigned to the TE10 and TE01 modes, respectively (TE01
and TE10 modes are assigned to the Brillouin diagram of
Fig. 3 and Fig. 11, respectively). Fig. 12 shows the radiated
power response of these unit-cells for the frequency range of

FIGURE 12. Effect of longitudinal slot width variation to the radiated power
responses of TE10 and TE01 modes for the case of (a) a cross slot,
and (b) a longitudinal slot. Input power is 0.5W.

interest (36 < fGHz < 38). This analysis shows that the TE01
and TE10 radiated power responses have different behavior
for each of these unit-cells. The TE10 mode has a higher
radiated power compared to the TE01 mode for the case
of a symmetric cross slot, while for the case of a longi-
tudinal slot it has much less radiated power compared to
the TE01 mode. A point that needs to be considered here
is that the TE01 mode has an approximate similar response
for both radiating elements (symmetric cross slot and lon-
gitudinal slot) and its slope variation is not sharp, while
the slope variation for the TE10 has a sharp variation for
the case of a symmetric cross slot which results in more
gain variation for this antenna polarization (TE10 mode). To
overcome this issue, we investigated the geometrical effect
of our radiating elements on their radiated power response
for two polarizations of our DP-LWA. In this regard, we ana-
lyzed the effect of slot width variation on the radiated power
responses of TE10 and TE01 modes for the case of a cross-
slot and a longitudinal slot. The analysis of Fig. 12 shows
that the radiated power response of TE01 mode is increased
by increasing the longitudinal slot width for both cases of
cross slot and longitudinal slot. However, for the case of
TE10 mode, the radiated power response will decrease for
the case of the asymmetric cross slot while it remains close
to zero for the case of a longitudinal slot and it is much
less compared to the TE01 mode. It should be mentioned
that in addition to the LWA unit-cell analysis, we also need
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FIGURE 13. (a) S-parameters responses of a DP-LWA with symmetric cross slot (Lx
= 2.2, Ly = 2.2, Wx = 0.7, Wy = 0.7) with a longitudinal slot (Ly = 2.2, Wy = 0.7),
and (b) S-parameters responses of a DP-LWA with an asymmetric cross slot (Lx = 2.2,
Ly = 2.2, Wx = 0.7, Wy = 1) with a longitudinal slot (Ly = 2.2, Wy = 1). All dimensions
are in mm.

FIGURE 14. Simulated radiation pattern of DP-LWA at f = 37.5GHz based
on (a) Fig. 13(a) analysis, and (b) based on Fig. 13(b) analysis.

to check the S-parameter response of each antenna polariza-
tion to ensure that the DPA has an acceptable performance.
Fig. 13 (a)-(b) show the S-parameters responses for the
case of DP-LWA with symmetric and asymmetric unit-cells,
respectively (dimensions of LWA unit-cells specified in the
capture of Fig. 13). The analysis of Fig. 13 shows that the
antenna polarization related to the TE10 mode has a nar-
rower bandwidth compared to the TE01 mode since it has
a narrower passband frequency range. This shows a good
agreement with the Brillouin diagram analysis of Fig. 11 and
Fig. 3. In addition, S-parameters responses (S21) related to
the TE10 mode for the case of LWA with symmetric unit-cell
have a sharper variation compared to the TE01 mode, while
both modes have smooth variation for the case of LWA with
asymmetric unit-cell. In this regard, we should expect to have
a mismatch between the gain level of each antenna polariza-
tion for the case of LWA with symmetric unit-cell. Besides,
From Fig. 13 (b) it is expected that the beam levels of
TE10 and TE01 modes have approximately similar levels
since the radiated power of TE10 mode (with four beams)
is around 3 dB higher than TE01 mode (with two beams).
Fig. 14 shows the simulated radiation pattern response (gain
in dB) of the DP-LWA at f = 37.5GHz based on the anal-
ysis of Fig 13. The analysis of Fig. 14 shows that for both
LWAs cases (with symmetric and asymmetric unit-cell), we
have one proper beam (n = −2) and one improper beam
(n = −1) for the TE01 mode while we have two proper beams
(n ε [−1, −2]) and two improper beams (n ε [−3, −4])

FIGURE 15. (a) Model of SIW-DP-LWA with fixed and scanning beam capabilities
with and transition section to WR28, and (b) fabricated prototype.

for the TE10 mode. This shows a good agreement with the
Brillouin diagram analysis of Figs. 11 and 3. Besides, these
analyses show that we have a mismatch between the gain
level of each polarization for the case of LWA with sym-
metric unit-cell (4.2dB difference). However, a good gain
alignment is observed between the antenna polarization for
the case of LWA with asymmetric unit-cell (0.1dB differ-
ence). This shows a good agreement with the analysis of
Figs. 12-13. Thus, with a careful analysis of Brillouin dia-
grams and their related unit-cells, we are able to achieve
a DPA with fixed and scanning beam capabilities. We could
also assign the features of scanning and fixed beam opera-
tions to the TE10 and TE01 modes, respectively. However,
the use different radiation elements will be required for our
DPA to find a suitable tradeoff between the antenna charac-
teristics of the two propagating modes. In Section III-B we
validate our analysis by showing a prototype of the proposed
DP-SIW-LWA. Such a dual operation can be beneficial in
next-generation access points.

B. VALIDATION AND PROTOTYPE
Fig. 15 shows the design prototype of the proposed SIW-
DP-LWA with simultaneous fixed and scanning beam
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FIGURE 16. Simulated and measured S-parameter response of TE10 and TE01
modes of (a) ports 1 and 2, and (b) ports 7-8.

capabilities. Here, we again use a PSC-OMT for our
DPA. The dielectric material used in this design is
RT6002 with a dielectric constant of εr = 2.94 and thickness
of 3mm. In the proposed DPA’s prototype and the SIW-
LWA’s section, we use two sets of radiating elements in
which we assign the periodicity of 17mm and 8.5mm to
each. The first radiating element is an asymmetric cross slot
in which the length of the transverse and longitudinal slot
dimensions are set to 2.2mm, and their widths are set to
0.7mm and 1mm, respectively. The second radiating ele-
ment is a longitudinal slot with length and width of 2.2mm
and 1mm, respectively.
Figs. 16 (a)-(b) show the simulated and measured

S-parameters response of the proposed SIW-DP-LWA for
ports 1-2 and ports 7-8, respectively. The measured reflec-
tion coefficients of the TE10 (port 1 and 7) and TE01
(port 2 and 8) modes for the antenna are below −10dB
for the frequency ranges of 36.35 < fGHz < 38 and
36 < fGHz < 38, respectively. There is a small discrepancy
between the measured and simulated results due to fabri-
cation tolerances. According to Fig. 3(a) and Fig. 11, it is
expected to have two improper beams (n ε [−1, −2]) and
two proper beams (n ε [−1, −2]) for the TE10 mode and one
proper beam (n = −2) with one improper beam (n = −1) for
the TE01 mode of our DP-LWA. In addition, we used two
sets of DP-LWA in this design to have a symmetric multi-
beam radiation for our antenna. Fig. 17 shows the antenna

FIGURE 17. Simulated and measured E-plane co-polar radiation patterns (gain in
dB) of SIW-DP-LWA of TE10 and TE01 modes of (a) ports 1 and 2 at f = 36.5GHz 2,
(b) ports 7 and 8 at f = 36.5GHz, (c) ports 1 and 2 at f = 37.5GHz, and (d) ports 7 and
8 at f = 37.5GHz.

radiation patterns at the two frequencies of f = 36.5GHz
and f = 37.5GHz for two propagating modes of TE10 and
TE01. Here we have two forward beams and two backward
beams for the TE10 mode and one backward beam with one
forward beam for the TE01 mode of our antenna. Besides,
based on Fig. 3(a), we should expect that the beam related
to the n = −2 space harmonic of the TE01 mode scans faster
than the n = −1 space harmonic beam of this mode since the
arcsine function variation of β−2/k0 is closer to 1 compared
to the β−1/k0. In addition, Fig. 11 predicts to have a very
low scanning range variation for each of HSH’s beams of the
TE10 mode since the variation of βn/k0 of this mode is very
low, and they are not close to 1. Fig. 17 also validates this
behavior. Here the measured scanning ranges of n ε [−1, −2]
space harmonics of the TE01 mode are 4◦ to 22◦ and −67◦ to
−33◦, respectively. For the TE10 mode we have [5◦, 4◦, 5◦,
6◦] angle beam’s variation for n ε [−1, −2, −3, −4], respec-
tively. This shows a good agreement with the ratio analysis
of the arcsine βn/k0 in Fig. 3(a) and Fig. 11. In addition,
the scanning range variation for the fixed beam operation in
this work is in an acceptable range compared to the scan-
ning range variation in [57] and [66], which have around 12◦
variation. Thus, an agreement observed between the analysis,
simulation, and measurement results of the proposed DP-
LWA in which the simultaneous fixed and scanning features
are achieved by using the PSC mechanism and the HSH con-
cept. Fig. 18(a) also shows the antenna gain performance for
each polarization of the proposed DP-LWA. The peak gains
for both TE10 and TE01 modes are 14.8dBi and 14.6dBi,
respectively. An acceptable gain alignment is observed
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TABLE 1. Comparison of proposed SIW-DP-LWA with other LWAS.

between those polarizations. This shows a good agreement
with the unit-cell radiated power analyses of Fig. 12. The
maximum gain difference between the beams related to the
TE10 and TE01 modes are 0.2dB and 0.3dB, respectively (the
gain values presented in Fig. 18(a) are the average values
of the beams of TE10 and TE01 modes). Fig. 18(b) provides
the side lobe level (SLL) of each polarization where they
are operating in an acceptable range better than −12dB over
the whole operating frequency range. Fig. 18(c) gives the
radiation efficiency where a good agreement is observed for
both polarizations. A maximum radiation efficiency of 84%
is obtained for each polarization. Besides, a high level of
coupling between antenna ports could be highly beneficial
to reduce the effects of interference. Fig. 18(d) shows the
port coupling level of the proposed antenna. A coupling
level better than -40dB is observed for the whole operat-
ing frequency range. Table 1 shows the comparison between
proposed work and others LWAs. The work presented in
Section II (LWA with scanning feature) achieves more band-
width and lower scanning range compared to [40] while
these features improved in [39] by using a plasmon polariton
LWA. The works of [39], [40] generated a single beam while

FIGURE 18. Simulated and measured (a) antenna gain (in dBi), (b) side lobe level,
(c) radiation efficiency, and (d) ports coupling level of the proposed
SIW-DP-LWA prototype of Figure. 15.

the work presented here can provide multi-beam operation
from each antenna polarization which can improve the link
reliability and availability [53]. Besides, the antenna demon-
strated in Section III takes the benefit of shrinking the size
and achieving a lower scanning range variation compared to
the reflector based LWAs in [57], [66] for the case of a fixed
beam operation. On the other hand, using dispersive symmet-
ric prism [58] and glide symmetric prism [52] can provide
a lower scanning range and wider bandwidth at the expense
of a larger geometry for the antenna to achieve a fixed beam
operation. Finally, this work demonstrates a combination of
fixed and scanning beam operations which can reduce the
volume and size of wireless communication systems, thereby
presenting an alternative solution for future broadcasting and
wireless developments.

IV. CONCLUSION
The concept of applying HSHs in a hybrid form of the NRD
waveguide and the square SIW structure for the TE10 and
TE01 modes is proposed and applied to several theoretical
and experimental prototypes in this work. The properties
of polarization diversity related to the unit-cell geometrical
structures for different features of an LWA are investigated.
It is shown that the propagation constant of the TE10 and
TE01 modes can be manipulated by the geometrical struc-
ture of the LWA’s radiating element for achieving the design
flexibility of the proposed antenna. In addition, the effect
of the difference between the two propagation constants for
the two modes TE10 and TE01 on the beam alignment of
their related HSHs is investigated. Besides, the feasibility of
even and odd HSHs (n ε [−1, −2, −3, −4]) of the two
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propagating modes (TE10 and TE01) in different passbands
is studied, where we show that the features of scanning and
fixed beam operations are achievable with a careful analysis
of the Brillouin diagram and propagation constant variation
of each HSH. In this regard, the PSC mechanism along with
the HSH concept is used in this work to demonstrate a multi-
functional SIW-DP-LWA with the capability of simultaneous
fixed and scanning multi-beam operations. In this work, two
experimental prototypes of the proposed antennas are shown
as proofs of concept to validate the analysis method for-
mulated in this work. The measured results show a good
agreement with simulated counterparts, thus validating the
proposed LWAs.
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