This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/ACCESS.2021.3118286, IEEE Access l E E E ACCGSS

Multidisciplinary * Rapid Review * Open Access Joumal

Date of publication xxxx 00, 0000, date of current version xxxx 00, 0000.

Digital Object Identifier ...

A High-Gain Leaky-Wave Antenna Using
Resonant Cavity Structure with
Unidirectional Frequency Scanning
Capability for 5G Applications

A. GOUDARZI', M. M. HONARI?, (Senior Member, IEEE), and R. MIRZAVAND?, (Senior
Member, IEEE)

"™WT lab, department of Mechanical Engineering, University of Alberta, Edmonton, Canada (e-mail: a.goudarz@ualberta.ca)
2Department of Electrical and Computer Engineering, University of Wisconsin-Madison, Madison, WI (e-mail: honarikalate @wisc.edu)
SIWT lab, department of Mechanical Engineering, University of Alberta, Edmonton, Canada (e-mail: mirzavan@ualberta.ca)

Corresponding author: R. Mirzavand (e-mail: mirzavan @ualberta.ca).

This work was supported by TELUS Communication Inc., The Natural Sciences and Engineering Research Council of Canada (NSERC),
Alberta Innovate (AI), and CMC Microsystems.

ABSTRACT This paper presents a high-gain leaky-wave antenna based on a resonant cavity (RC)
structure with the capability of unidirectional beam scanning over predefined frequencies and desired
beam angles. Frequency scanning is achieved by implementing a properly-designed single-layer partially
reflective surface (PRS) based on a simple ray tracing-based design procedure. In the proposed structure,
two techniques are combined to make the beam scanning unidirectional. First, a metallic wall is placed at
a proper distance from the radiator to suppress the antenna propagation at undesired directions. Second, a
feed antenna with a tilted beam is designed as the main radiating element inside the cavity to radiate over
desired beam angles. A prototype of the proposed antenna is fabricated and measured demonstrating a beam
scanning from 12° to 46° over the frequency band from 25 to 31 GHz. Moreover, a maximum gain of 15.4
dBi is achieved at 26 GHz on the elevation plane with tilted angle of 22°. The proposed leaky-wave antenna
is suitable for various wireless applications, in particular the 5*" generation of cellular networks and small
cell base station antenna (BSA) applications.

INDEX TERMS Base station antenna (BSA), leaky-wave, resonant cavity (RC), millimeter-wave, partially
reflective surface (PRS), small cell, 5G antenna, unidirectional beam steering.

. INTRODUCTION speed scanning and high directivity, expensive and compli-
cated phase shifter structures and antenna feed networks re-
main to be potential problems. Leaky-wave antennas (LWAs)
are a qualified candidate to address the mmW spectrum
concerns. LWAs have been attractive due to their frequency
scanning feature, planar configuration, simple feeding net-
work, and high-gain characteristics [3]-[9]. The mentioned
features make LWAs attractive for future 5G small cell base
station antennas (BSAs), and many works have addressed the

5G challenges based on the great features of LWAs.

Increasing demand for higher data rates and broader band-
width has created an opportunity for next generation cellular
communication systems, i.e., 5G, especially at millimeter
frequencies around 28 GHz and 38 GHz . However, the
millimeter-wave (mmW) spectrum suffers from high loss
and propagation issues such as interference, shadowing, and
weaker penetration through objects. A suitable solution to
mitigate this problem can be achieved by increasing the
gain of the antenna while steering the antenna beam. Phased

arrays have been considered as a proper configuration which
can be used to improve the antenna gain and steer the main
beam, simultaneously. Beam steering mechanism of phased
arrays is based on applying phase differences between the
antenna elements [2]]. Although these antennas allow a high
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Resonant cavity (RC) structures can significantly enhance
the gain of a single antenna element [10]—[15]]. Due to the
leaky-mechanism of the RCAs, they are categorized as 2-D
leaky-wave antennas. The RC antennas are composed of a
partially reflective surface (PRS) placed at a proper distance
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above a ground plane, surrounding a radiator or an array of
radiators that feeds the entire structure [16]], [17]. Multiple
reflections inside the cavity between PRS and ground plane
result in in-phase propagation leaking from the structure,
which increases the antenna gain. There are many methods
to achieve further gain enhancement. As such are using a
PRS unit cell with positive reflection phase gradient, sharp
resonance, or non-uniform structures in order to compensate
for the non-uniform magnitude and phase distribution of the
electric filed over the antenna aperture [17]-[19]. There are
several studies in the literature on beam steering of RCAs,
some of which steer the antenna beam at a fixed frequency
[20]-[31]], while others do it over a frequency band [32]—
[36] as leaky-wave antennas. Steering the antenna beam at a
fixed frequency can be achieved by utilizing micro-electro-
mechanical systems (MEMS) [20], PIN diodes [21], and
varactors [22]], [23]]. In some recent studies [25]—[28]], beam
steering is achieved by mechanically rotating the structures,
displacing the main radiating elements or creating phase
differences between the radiating elements using power di-
viders. Such methods require complicated feeding networks
or a complex control unit.

There are many works in the literature on the RCAs with
frequency scanning capability [20], [32]-[37]. In conven-
tional RC structures with a symmetric PRS fed by a main
radiator at the center, either conical or broadside beams are
achieved. There are only few studies on RC antennas with
uniderectional beam steering. In [35]], the unidirectional fre-
quency scanning was achieved through using a periodic sub-
strate integrated waveguide (SIW) LWA. In [36], by properly
phasing the elements of a feeding system, the unidirectional
beam steering was achieved with a low aperture efficiency
of 6.9% at 18.5 GHz and the maximum gain of 17 dBi. In
these studies, the main radiator mostly plays a significant
role in obtaining the unidirectional beam steering. Using a
well-designed PRS layer, however, might bring much more
flexibility to the design for beam scanning over the desired
frequency band and corresponding beam angles. In many
applications, the range of both the operating frequencies and
beam angles is predefined. Thus, this paper studies the design
of a RCA with unidirectional frequency scanning capability
over predefined frequency range within desired beam angles
based on a systematic ray tracing-based design guideline with
less computational process.

In this paper, a high-gain leaky-wave antenna with unidi-
rectional beam scanning by varying frequency based on the
RC structures is presented. The proposed antenna consists
of a single-layer PRS, a main radiating element with a tilted
beam, and a metallic wall. The PRS is theoretically designed
based on a simple design procedure to simultaneously in-
crease the antenna gain and steer the beam over predefined
frequency range and corresponding desired beam angles. The
feed antenna element is designed to have a tilted beam whose
beamwidth covers the desired range of steering angles. A
metallic wall is placed at a certain distance from the antenna
structure to suppress the undesired propagation and create a
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FIGURE 1. The configuration of a conventional RCA structure.

unidirectional radiation pattern. Finally, a prototype of the
proposed antenna is fabricated and measured. The proposed
antenna has the ability to steer the antenna beam from 12° to
46° over the frequency range from 25 GHz to 31 GHz, both
defined as the predefined desired outputs. The results show
a good agreement between simulation and measurement and
confirm the reliability of the proposed antenna to be used in
5G small cell BSA.

The article is organized as follows: in Section II, a beam
steering analysis is introduced. In Section III, a PRS with a
performance closed to the analysis is designed. Moreover,
the reflection behaviour of the designed PRS unit cell is
studied. Section IV focuses on the design of the entire RCA
structure including the main radiator. Besides, experiments
are performed to validate the performance of the designed
RCA prototype. Finally, conclusions are drawn in Section V.

Il. BEAM STEERING ANALYSIS

The geometry of a conventional RC antenna, which consists
of a main radiating element, a ground plane, and a PRS layer
placed above the ground plane with an optimum distance of
hprs, is shown in Fig. |1l The PRS can be either a dielectric
with a specific thickness or an array of patches with different
patterns to make waves leak out [[17]. There are various
methods in order to analyze the RC mechanism such as ray
tracing, transmission line (TL), LW, EBG, and the principle
of reciprocity methods; among them, ray tracing is more
popular [16]. Since ray tracing is a very straightforward and
simple method, it is used in this paper for the design and
analysis of the proposed RC antenna, which might be time
consuming or complex by using the other methods.

In RC antennas, the radiation pattern is easily controlled
by designing PRS structures such that they provide suitable
magnitude and phase of reflection for different functionalities
such as gain enhancement, polarization control, side lobe
level reduction, etc. [[17]. Based on the ray tracing method,
and by controlling the amplitude and phase of the reflection
coefficient in the unit-cell level, we can design an active
antenna with beamforming capability at fixed frequencies or
realize a leaky-wave antenna with beam scanning capability
over a frequency range.

Here, the reflection coefficient of the PRS structure and the
ground plane are given by A;e 771 and Age=7%6na where
A; and A, are the magnitude of the reflection coefficients of
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FIGURE 2. PRS unit cell boundary condition.

the PRS structure and the ground plane, respectively. Also,
Oprs and 05,4 are assumed as the PRS and ground plane
reflection phases, respectively. According to the ray tracing
method, by utilizing the PRS layer, the antenna gain increases
by [16]:

1+ Ay

1-4A

According to (1), increasing A; will elevate the antenna gain.
For a perfect conductor ground plane with 0g,q = 7 and
Ao = 1, it can be shown that the resonance condition of
RCAs is given by [16]:

AG = 10log (1)

epgs(f, 9) + 0cnag = 2N7 + 2k x hprs X cos 6 )

where k = ? ¢, and 6 are the propagation constant,

the speed of light, and the incident angle, respectively.
Oprs(f,0) denotes the PRS reflection phase at the frequency
f under the incident angle 6. It should be noted that h,,,
can be calculated by (2) considering the reflection phase at a
specific frequency and angle, then it can be used as a constant
for the other frequencies and angles. The interesting point is
that a leaky-wave relation with a high gain at 0prs(f, 6) can
be designed such that (2) is satisfied for a scanning range of
frequency and angle 6. Under this circumstance, the antenna
gain does not deteriorate over the operational bandwidth of
the leaky-wave antenna.

The initial goal of this paper is steering the antenna beam
from 10° to 45° over the frequency band of 25-31 GHz
as desired beam angles and predefined frequency range,
respectively. Consequently, a unit cell with a high reflection
magnitude and a proper reflection phase is required over
the desired bandwidth. In order to design the unit cell, it is
necessary to determine the phase difference between the start
(25 GHz) and end (31 GHz) frequencies of the desired band.
Then, Oprs(f,0) is designed to have the beam steering from
10° at 25 GHz to 45° at 31 GHz.

For the design of the unit cell, the first step is to determine
the value of h,,,. This can be calculated from (2) by having
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FIGURE 3. Reflection characteristic of the proposed unit cell: (a) phase, and
(b) magnitude of the unit cell for different values of hqp1 -

Oprs(f =25 GHz,0 = 10°) as the desired start frequency
and beam angle. Then, the PRS needs to be designed such
that its phase variation between the predefined start and end
frequencies of the operating bandwidth satisfies the following
equation:

80 = 0prs(25 GHz, 10°) — Oprs(31 GHz, 45°)  (3)

Hence, the reflection magnitude of the unit cell should be
close to 1 and its phase difference at the edges of the
frequency bandwidth needs to satisfy (3).

In the calculations, only the start and end frequencies along
with their corresponding desired beam angles are considered
for simplicity. The unit cell is then designed to obtain the
desired reflection phase at start and end frequencies so that
a beam scanning over desired angles at those predefined fre-
quency range is achieved. This way, a systematic ray tracing-
based design guideline is given as follows: First, based on
the intended application, predefined ranges of sweeping fre-
quency and corresponding beam angles are defined. Next,
the PRS unit cell must be designed properly to provide the
phase variations between start and end ranges. In fact, by
substituting the start frequency and its associated angle in
(2), and having an arbitrary reflection phase, obtained from
an arbitrary PRS, the cavity height is calculated. After that,
the PRS needs to catch the phase variations by satisfying (2)
in other frequencies and angles. This phase variation is given
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FIGURE 4. Reflection characteristic of the proposed unit cell with
hsup1 = 4.4 mm: (a) phase, and (b) magnitude of the PRS unit cell under
different incident wave angles.

in (3) for the required frequency and beam angle ranges in
this paper.

In the next section, a single-layer unit cell that supports the
beam steering over a predesigned frequency band is designed
based on the above analysis.

lll. PRS DESIGN

In this section, the design of a unit cell capable of steering
the antenna beam over predetermined frequency range and
desired beam angles is studied. Although any unit cell with
metal and dielectric layers can be designed, a fully dielec-
tric structure is designed here for simplicity. The Rogers
TMMI10i substrate with the thickness of A1, relative per-
mitivity of 9.8, and loss tangent of 0.002 is used as the PRS
layer. The unit cell is simulated using Ansys HFSS with
periodic boundary conditions and Floquet port excitation as
shown in Fig. [2] First, designing a proper PRS, which is able
to satisfy the phase difference estimated by (3) is of prime
importance. Note that in fully dielectric unit cells, we have
two key parameters, which are the thickness and permittivity
of the dielectric in order to adjust the reflection phase and
magnitude. The thickness of hg,p1 has great impact on the
proposed unit cell behaviour, which should be optimized to
achieve the best performance. To have a deep insight into
the impact of the substrate thickness on the reflection phase
and magnitude, a parametric study is performed in Fig.[3] As
shown, changing hg,1 affects both the phase and magnitude

4

of the unit cell. Based on Fig. Eka), for hgyp1= 4.4 mm, the
phase difference between the start and end frequencies is
matched with the theoretical value of 06 = 42°, calculated
by (3). Also, Fig. B[b) shows that the proposed unit cell
has a proper reflection magnitude over the desired frequency
band of 25-31 GHz for hs,p1= 4.4 mm, while for the other
values, the magnitude of the reflection coefficient has a
sharp resonance or null over this frequency range. Thus, the
optimum value of hgyp; is 4.4 mm due to its high reflection
magnitude and desired phase variation over 25-31 GHz for
achieving beam scanning.

For more investigation on the behaviour of the designed
fully dielectric PRS unit cell with hg,p1 = 4.4 mm, its reflec-
tion phase and magnitude for different incident wave angles
versus frequency are demonstrated in Fig.[d] As shown, more
variations are observed at higher frequencies. The reflection
phase has the values of 200° and 150° at 25 GHz and 31 GHz,
respectively, which are corresponding to the beam scanning
angles of 10° at 25 GHz and 45° at 31 GHz, according
to (2). The theoretical phase differences, i.e., 60, using (3),
and the simulated phase difference based on Fig. f{a) are
around 42° and 50°, respectively, which are close together.
This assures that the proposed unit cell is suitable to steer
the antenna beam from 10° to 45° over the predetermined
frequency band. Fig. [d{b) shows a high reflection magnitude
around 0.8, demonstrating the ability of the proposed unit cell
to increase the antenna gain over a wide frequency band from
25 to 31 GHz. Note that a metallo-dielectric unit cell might
be designed to have much freedom to control the antenna
radiation pattern. The same design procedure can be used to
achieve the best initial design values. In fact, the unit cell
reflection phase based on the predetermined frequencies and
the desired beam angles needs to be obtained.

IV. RCA WITH STEERING BEAM

The proposed leaky-wave antenna based on an RC structure
is depicted in Fig.[5} It consists of a feed antenna, a dielectric
PRS, a metallic wall, and a ground plane. In order to have
unidirectional beam scanning, two techniques are consid-
ered. The first one is to design a feed antenna with a tilted
beam along with a metallic wall that suppresses undesired
propagations and makes the radiation pattern unidirectional.
The second step is the proper design of the PRS, which
was discussed in the previous section to steer the beam by
changing the frequency. To have a large scan angle with high
gain, not only should the PRS phase be designed properly, but
the feed antenna beamwidth needs to be wide. Consequently,
both the PRS and feed antenna are required to be designed
properly to have a large scanning angle with a high antenna
gain.

A. ANTENNA FEED

This subsection focuses on designing a proper feed antenna
inside the RC structure. It is aimed to design an antenna with
a tilted beam for obtaining an unidirectional radiation beam,
instead of a conical beam. The proposed feed is demonstrated
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FIGURE 5. Proposed RCA structure: (a) perspective view, (b) top view, (c) perspective view, and (d) top view (W =60, L =49, wo =0.6, w; =0.6, ws =0.2,
ro =3.7, 71 =1.9, h1 =1, houpr =4.4, dwaii =9 wanp =30, weyp, =10, and hp7-5 =6.4 allin mm)
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FIGURE 6. Simulation results of the feed antenna: (a) gain patterns at
¢ = 0°,and (b) S11.

in Figs. Pfc) and 5(d). Two rings are printed on a Rogers
TMM4 laminate with a thickness of hg,p2 = 1.524 mm, rela-
tive dielectric constant of 4.5, and loss tangent of 0.002. The
operating frequency band can be adjusted by changing the
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FIGURE 7. Simulated normalized patterns of the proposed RCA for different
frequencies at ¢ = 0°.

radius of the rings and the distance between the patch and the
ground plane. A via is used to decrease the cross radiation, as
shown in Fig.5[c) [38]. The feed element has an asymmetric
structure to achieve a tilted beam, which has been used in
other previous studies [39]. The feed element is simulated
and the results are demonstrated in Fig. @ As shown, the
feed antenna has a tilted beam with a wide beamwidth over
the antenna bandwidth of 25-31 GHz. Note that designing
the feed with lower sidelobe level and backward radiation is
desired. Therefore, in the final RCA structure, a metallic wall
is also used to decrease such undesired radiation.

B. SIMULATION AND MEASUREMENT RESULTS

This subsection demonstrates the performance of the pro-
posed leaky-wave antenna. The dielectric PRS is placed
above the ground plane at a distance h,,, as shown in Fig.
Bla). It is obvious that multi reflections in the cavity require
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FIGURE 9. Fabricated antenna: (a) entire RC structure, and (b) antenna
measurement setup.

bigger PRS structure as the scanning angle increases. Thus,
the dimension of the PRS structure should be large enough
to increase the antenna gain for the desired scanning angles.
Therefore, optimizing the values of W and L is imperative.
The simulated radiation patterns for different frequencies at
¢ = 0° are shown in Fig.[7] As it is evident, the unidirectional
beam scanning is achieved over the predefined frequency
range of 25-31 GHz. It can be seen that the proposed RCA
has a scan beam from 12° to 46° at 25 GHz and 31 GHz,
respectively.

Fig. []is plotted to investigate the impact of the metallic
wall on the antenna radiation pattern. As shown, four dif-
ferent cases are considered. For Case I and Case 11, there is
no metallic wall in the design, while in Case III and Case
IV, the metallic wall is used with different distances from
the feed antenna (d,,,;;). As can be seen from these four
cases, the backward radiation can be suppressed to a certain
degree by using a metallic wall with the optimized value of
dwarr = 9mm (Case III).

To verify the performance of the designed RC antenna,
the proposed structure is fabricated and measured with a
DVTEST dbSafe enclosure using Signalshape® Near-field
Antenna Measurement software. In fact, the near-field-to-
far-field (NF-FF) transformation is performed to obtain the
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FIGURE 10. Results of the proposed RCA: (a) measured radiation patterns at
¢ = 0°, and (b) measured and simulated S11 and gain.

far-field radiation performance of the proposed antenna. A
fabricated prototype of the proposed antenna and the mea-
surement setup are shown in Figl9] The measured radiation
patterns for different frequencies at ¢ = 0° are plotted in
Fig. [[0[a), which show the beam steering capability of the
proposed antenna. The simulated and measured reflection
coefficients and gain of the proposed RCA are in good
agreement, as shown in Fig. [[0[b). A maximum gain of
15.4 dBi is achieved at 26 GHz, which corresponds to the
maximum aperture efficiency of 23.7%. The simulated and
measured radiation patterns of the proposed antenna at 26
GHz are illustrated in Fig.[TT] The slight differences between
simulated and measured patterns are attributed to fabrication
errors and alignments between the feed antenna and the PRS
in the assembly process.

A comparison between the proposed RC antenna and other
works in the literature is summarized in Table I. As seen,
the proposed antenna in this paper shows a comparable
leaky-wave performance with the works listed in Table I.
In comparison with [20], the proposed antenna has higher
antenna gain in addition to having an easier design approach.
References and [33]] use multiple PRS layers to improve
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TABLE 1. Comparison between the proposed antenna and different LWAs.

Ref Realization fe Frequency Scanning Conical or Max-gain layer size
Method (GHz) | sweep (GHz) | angle (deg) | unidirectional (dBi) no.(#) (Ae)?
[20] half phase gradient PRS with MEMS 10.6 9.9-11.3 12 to 50 Uni 135 1 5.5%5.5%0.6
[ 132] spiraphase-type reflectarray 36.5 36.37-39.9 0to 38 Conical N.A 3 12.2x12.5%x0.2
133 high-impedance surfaces 14 11-16 5to 67 Uni 12.2 2 9.2x0.5x1
I 133] SIW LWA 11.85 9.1-14.6 -38 t0 28 Uni 14.6 1 5.37x1.84x0.67
I 136] properly phasing the array feed 18 16-21 6to0 42 Uni 17 1 8.43x8.43x0.2
This work PRS and tilted main radiator 28 25-31 12 to 46 Uni 15.4 1 5.6x4.5x0.6

fc is the center frequency.
Ac is the wavelength at the center frequency.
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FIGURE 11. Measured and simulated radiation patterns at 26 GHz: (a)
¢ = 0°, and (b) & = 24° for simulation and 6 = 22° for measurement.

the radiation characteristics of the structure while this paper
uses a single dielectric as PRS for simplicity. In [35], the PRS
layer is only used for improving the radiation characteristics
of the antenna and the beam scanning is performed by the
main radiator. Also, in [35]], the author used a PRS with a
sharp reflection phase. This 180° jump in phase leads to a
wide bandwidth. The main problem with such structures is
the sudden gain drop at the resonant frequency of the PRS,
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due to having a low reflection magnitude. In comparison
with [36], the proposed antenna has smaller size and higher
aperture efficiency. Moreover, the design in [36] needs to
provide phasing for an array of feeds to steer the antenna
beam. This makes the design and fabrication process more
complex compared to our proposed antenna, where the PRS
is responsible for beam steering.

V. CONCLUSION

In this paper, a leaky-wave antenna based on the RC struc-
tures with unidirectional beam scanning over the millimeter
waves is presented. The proposed RCA consists of a main
radiating element with tilted beam, a metallic wall, and a PRS
layer. Utilizing a metallic wall and a main radiating element
with a tilted beam are methods to make beam scanning
unidirectional over the desired frequency band from 25 to
31 GHz. The PRS unit cell is designed based on a ray
tracing-based design guideline so that the beam scanning
by varying frequency is achieved, while the antenna gain is
improved. A prototype of the antenna was fabricated and
measured, and the results confirm the theoretical formula
and the functionality of the proposed high-gain mmW leaky-
wave antenna. A scan from 12° to 46° was achieved over the
frequency band from 25 to 31 GHz. Moreover, a maximum
gain of 15.4 dBi was achieved at 26 GHz on the elevation
plane with tilted angle of 22°. The proposed antenna can be
used in small cell BSAs while spatial frequency division is
required.
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