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Abstract: Two-dimensional leaky-wave antennas (LWAs) are a class of planar, traveling-wave
radiators with attractive features of low profile, ease of feeding, frequency reconfigurability of
the radiation pattern and polarization agility. Their use in conjunction with array feeders has been
the subject of various investigations in the last decades, thanks to the additional degrees of freedom
provided by the presence of multiple independent sources. Here we propose a review of some of
the most recent and promising array-fed two-dimensional (2-D) LWAs, selecting a pair of the most
significant structures in applications, namely Fabry–Perot Cavity Antennas (FPCAs) and Bull’s-Eye
Antennas (BEAs), and discussing some of their recently proposed advanced features.

Keywords: leaky-wave antennas; planar antennas; phased arrays; Fabry–Perot Cavity
Antennas; Bull’s Eye Antenna; Orbital Angular Momentum; polarization reconfiguration; pattern
reconfigurability; near-field focusing

1. Introduction

Two-dimensional (2-D) leaky-wave antennas (LWAs) belong to the class of traveling wave
antennas. Based on planar geometries either metallic or metal-dielectric, their working principle
depends on the excitation on the antenna aperture of cylindrical leaky waves, excited by a simple
nondirective source and propagating with a complex leaky radial wavenumber kρ = βρ − jαρ (with
respect to cylindrical coordinates reported in Figure 1), being βρ and αρ the radial leaky phase and
attenuation constants, respectively [1].

Leaky waves in uniform open waveguides constituted by ordinary materials are improper solutions
of the relevant dispersion equations, i.e., they do not satisfy the Sommerfeld radiation condition at
infinity [2], [3], [4], whereas they may be either proper or improper in periodic open waveguides [5],
depending on the operating frequency. In any case, their physical validity is restricted to certain angular
ranges within which they are exponentially damped and hence negligible at infinity; nevertheless,
if they are effectively excited in frequency ranges where they are both fast (

∣∣βρ

∣∣ < k0) and weakly
attenuated (αρ ≪ k0) with respect to the free-space wavenumber k0, they may dominate the antenna
aperture field, providing an asymptotic representation of the relevant waveguide continuous spectrum
and thus, via Fourier transformation, of the antenna radiation pattern [6], [7].

The condition αρ ≪ k0, crucial for the leaky-wave to dominate the aperture field, implies that
the complex wave provides a large aperture illumination, in terms of the free-space wavelength λ0.
An immediate consequence is that, considering the properties of the Fourier transform, the radiation
pattern is characterized by high elevation directivity.
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Figure 1. Pictorial representation of a Fabry-Perot Cavity antenna (FPCA), with the relevant reference
system.

A cylindrical leaky wave with βρ > αρ radiates a conical scanned beam with beam angle θ0 > 0,
whereas when βρ ≤ αρ a broadside beam (θ0 = 0) is produced, [6]. Two important formulas for the
beam angle θ0 and the 3-dB elevation beamwidth ∆θ , valid for the case of a scanned beam are (1):

θ0 ≃ arcsin (β̂) ∆θ ≃ 2α̂

cos (θ0)
(1)

where the hat ·̂ indicates the normalization of radial phase and attenuation constants, βρ and αρ

respectively, by the free-space wavenumber k0. (Additional general pattern-related formulas may
be found in [6], [8] and [9], for a great variety of circumstances encountered in applications). The
normalized radial wavenumber k̂ρ typically shows a frequency-dispersive behavior. Therefore, as a
consequence of (1), to perform an elevation scan (and also potentially vary the elevation beamwidth) it
is sufficient to vary the operating frequency [10], [11], [12].

The aim of the this work is to introduce two-dimensional (2-D) leaky-wave solutions with multiple
feeders, i.e., array-fed 2-D LWAs. In such designs the attractive features of LWAs in terms of elevation
directivity, pattern reconfigurability, and feed simplicity are combined with the additional degrees of
freedom provided by the possibility of independently controlling the multiple sources in amplitude
and phase, thus shaping the associated array factor. In particular, in this paper we will focus on two
types of planar and low profile 2-D LWAs. In section II we present array-fed implementations of a class
of uniform or quasi-uniform structures known as Fabry–Perot Cavity Antennas (FPCAs), whereas
section III is devoted to radially periodic Bull’s-Eye Antennas (BEAs), presenting for both classes the
most recent developments and perspectives.

2. Fabry–Perot Cavity Antennas

Fabry–Perot Cavity Antennas represent a class of resonant radiating systems. The historical roots
of such structures are found in the last quarter on 19th century, when Fabry–Perot interferometers
where developed, presenting at the time exceptional, unprecedented spectroscopic resolving powers
[13]. The idea behind FPCAs, first proposed in [14], stems from the intuition that such a high optical
wavelength resolution could be turned into angular resolution and hence high elevation directivity in
the microwave range.

A plane-parallel cavity represents the core of the structure, enclosed by a metal ground plane and
a partially reflective sheet (PRS), either uniform (e.g., a high-permittivity superstrate) or quasi-uniform
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(e.g., a periodic metal screen with spatial periods small with respect to the free-space wavelength),
[15], [16] (see Figure 1).

Even if the first approach describing the possibility to obtain a collimated beam at broadside was
based on geometrical optics [14], the leaky-wave method has been proven to be both more physically
insightful and effective in the design procedure [17]. In this perspective, the antenna feeders have just
the role of efficiently exciting cylindrical leaky waves, hence they are typically simple, nondirective
radiating elements such as dipoles, slots or patch antennas. The choice of the source, however, directly
affects the azimuthal dependence as well as the polarization of the pertinent excited field [6].

2.1. Fabry–Perot Cavities and Far-Field Twisted Beams

Recently, FPCAs have been employed in a number of cases to launch waves carrying orbital
angular momentum (OAM) [18]. While the polarization manipulation is a widespread topic, OAM
engineering has recently gained interest due to potential applications to telecommunications, radar,
imaging and sensing due the fact that electromagnetic waves with different orbital angular momenta
are completely orthogonal, greatly enlarging the bandwidth of a possible channel, [19], [20].
OAM transporting waves have been introduced in [21] for optical frequencies, rapidly finding interests
in other bands, from radiofrequencies up to X and gamma-rays. Field twists are due to phase
distribution depending from the azimuth ϕ coordinate with the form exp (jℓϕ), i.e., there is no phase
invariance on planes orthogonal to the main axis of power flux supposed to be, with no loss of
generality, the z axis. The mode index ℓ is an integer, known as topological charge, its sign determines
the handedness of the vortex and the relevant number of twists in a period.

The interest in OAM-carrying waves mainly depends on the fact that, unlike the circular
polarization being able to provide only right-handed or left-handed rotation, a potentially unlimited
number of waves with different indices of ℓ can be generated.
In a real-world scenario, OAM applications have actually limitations principally due to phenomena
of strong attenuation and fading [22], [23]. One distinct issue consists in finding a suitable way for a
successful OAM launch. It has been demonstrated that the most versatile method consists in circular
arrays, which can be properly phased to obtain a radiated field transporting a given momentum. By
switching from an inter-element phase difference value to another, the order of the momentum is
then varied. An issue for the latter scheme in the free-space configuration consists in the fact that, for
every OAM beam, the pointing direction is markedly dependent on the topological charge ℓ, since the
dependence of the far field on the elevation angle θ is given through the expression in (2):

PFS(θ) = −2π jℓP0 sin θ Jℓ(k0a sin θ) (2)

where P0 is the complex amplitude coefficient impressed to feeders, k0 the free-space wavenumber, a is
the radius of the array and Jℓ represents the first kind Bessel function of ℓ-th order.
When switching from an order to another, i.e., changing the value of the integer ℓ, due to the form of
Bessel functions, the maximum of the pattern moves to different angles, for fixed values of array radius
a and free-space propagation constant k0. This aspect has been overcome by considering concentric
circular arrays, one for each OAM order [24], increasing the overall number of feeders and the total
complexity of the system. An alternative solution in order to reduce the number of sources has been
addressed in [18] where the effect of source embedding in Fabry–Perot cavities is considered. In
a resonant environment, a simple planar circular array of coaxial cables, approximated by vertical
electrical dipoles (VEDs), is inserted through the ground plane of the cavity (consider [18] for the
complete antenna structure). This choice is largely motivated by the fact that, according to (1), the
main-beam features are mainly established by the radial wavenumber kρ of the operating leaky mode
(3):

PFP(θ) =
2 cos θ csc(kzεh)PFS(θ)ejk0h cos θ

jk̂zεr (1 + cos(θ)YPRS) + ϵr cos θ cot kzϵh
(3)
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in which kzε corresponds to the complex transverse propagation constant [1], Y represents the scalar
equivalent admittance YPRS normalized by the free-space impedence η0 [25], ϵr the value of dielectric
constant of the material filling the cavity and h the relevant height.
Observing the numerator in (3), the PFS is still present but the nulls of the denominator, which appear
due to the resonant nature of the cavity, mitigate the shifting effect due to OAM order selection, at least
for low values of the ℓ integer. Equivalently, such a condition can be explained by the dominance over
the entire field of a singular spectral leaky contribution on the antenna aperture. Conversely, from the
expression in (3), one may observe that a radiation null is always located at broadside [6], [26], [27].
Assigning to the VEDs a proper phasing scheme, it is possible to obtain a radiated field of a desired
orbital angular order, selected among 0, ±1, ±2, ±3, without affecting the beam angle.

It is worth to stress that the latter result is obtained reducing the TEM mode to a slow wave regime
filling the cavity with a low-dielectric-constant material, and exciting the TM1 mode in a fast-wave
regime, with the relevant radial attenuation constant small enough to make the field dominant on the
aperture, as shown in the dispersion diagram in Figure 2.

Figure 2. Dispersion diagram for the dominant TM1 leaky-mode supported by an FPCA. Two different
curves both for phase and attenuation constants correspond to two different low permittivity dielectrics,
obtained respectively with a single layer and through a multilayer, reproduced from [18].

It is demonstrated that, referring to parameters chosen as in [18], a single dominant leaky solution
is obtained around 18 GHz, whose relevant far-field pattern in the elevation plane is weakly affected
by the chosen OAM order imposed by phasing, as shown in Figure 3.
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Figure 3. Normalized radiation pattern for the ideally-infinite FPCA extension, at a frequency of 18
GHz, for an elevation angle of 52◦, with the filling low-permittivity dielectric obtained with a single
layer; further details and effects due to FPCA truncation are available in [18].

The aspect of efficient feeding, then, crucial to design efficient radiating systems has been
evaluated, considering that, due to azimuthal symmetry of the feeding network, the relevant scattering
matrix S is circulant, meaning that a single row is enough to determine it completely. In Figure 4 the
magnitudes of the scattering parameters are reported, demonstrating values lower than the -18 dB
threshold, hence confirming excellent excitation performance.

Figure 4. Reflection and transmission coefficients of the optimized FPCA feeding network. Due to
circular symmetry of the feeding array, a limited number of scattering parameters has been simulated
and reported in [18].

2.2. Fabry–Perot Cavities for Far-Field Polarization Reconfiguration

Fabry–Perot Cavity Antennas find applications in polarization reconfigurability and beam
scanning. Circular-polarization demand is rapidly growing in civil, medical and military sectors, due
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to a number of advantages, such as, the absence of orientation matching, resilience to multipath fading,
and possibility to overcome obstacles on the propagation path, [28]. Linear to circular conversion
is a solution which may avoid complex geometries to produce conditions of phase quadrature and
magnitude equality on both horizontal and vertical field components. Once again, leaky-wave antennas
and low complexity standards required by relevant feeders may effectively simplify the design.

In [29], by independently exciting a couple of TM and TE leaky modes, simple
polarization-reconfigurable elevation scan is obtained. The relevant feeding network consists in
a coaxial cable inserted through the ground plane to obtain a VED-like source, whereas by etching
in the ground plane radial slits in a circular configuration a source equivalent to a vertical magnetic
dipole (VMD) is obtained (refer to [29] for an exhaustive geometrical description and parameters). The
cavity optimization [30] obtains a large frequency span (approximately from 12 to 19 GHz in the case
considered in [29]) in which only a couple of TE and TM leaky modes with zeroth azimuthal order are
independently excited by relevant sources.

In a homogenized regime where the PRS has a simple scalar description [25], a dispersion analysis
may be readily carried out via transverse resonance [1] to obtain and verify the equalization between
TE and TM wavenumbers kTE

ρ and kTM
ρ . While the attenuation-constant equalization is obtained

through PRS design, the phase constants of the two modes are equalized by acting on the effective
dielectric constant of the cavity, by inserting in it a wire-medium (WM) layer partially embedded in
a second low-permittivity dielectric material, thus slowing down the phase velocity of quasi-TEM.
A single frequency optimization provided at 16 GHz [29] produces a noticeable broadband beam
consistency, in a range between 12 and 19 GHz ( see Figure 5).

Figure 5. Frequency sweep and related beam scanning for produced TE and TM modes, over a
frequency span between 12 and 19 GHz. Only a slight deviation from the equalization condition is
observed around 12 and 19 GHz. Reproduced from [29].

Complex amplitudes for both VEDs and VMDs are chosen to obtain equal peak amplitudes and
similar phase constant. Further, by simply imposing adequate complex amplitudes to feeders, it
is shown that a swift polarization conversion is possible, producing a frequency driven right-hand
circularly polarized (RHCP) beam scan from an elevation angle of 30◦ to 70◦ with low level of
cross-polarized circular component, i.e., left-hand circular polarization (LHCP) component (see
Figure 6).
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Figure 6. RHCP (solid lines) component frequency-scanning process in the elevation plane. As
expected, the cross-polarized component (dotted lines) is negligible in a wide range of frequencies.
Reproduced from [29].

The overall system, while not being able to scan too much close to broadside due to constraints
on far-field patterns generated by azimuthally invariant sources, demonstrates a versatile behavior in
performing angular scan, both with linear and circular polarization.

2.3. Fabry–Perot Cavities for Beam Scanning in Elevation and Azimuth

Frequency scan in elevation is a property of LWAs of considerable interest, albeit a full beam
control requires to lose azimuth symmetry, hence abandoning the conical radiation pattern typical of
FPCAs. Recently, a novel solution has been proposed embedding a dipole array into the cavity that
makes it possible to vary the azimuth angle on which radiation maximum is observed.

Limitations of free-space arrays are well known, often requiring a very large number of elements.
To avoid radiation through unwanted grating lobes, the spacing between adjacent elements should be
lower than half a free-space wavelength [31]. Complying with the aforementioned limitation could
prove hard, especially when the operating frequency is raised up to tens of GHz and beyond. Elevation
selectivity of radiated leaky-wave beams allows us to significantly relax such a limit, given that an
elevation-directive element pattern washes away lobes in the array factor. This latter aspect has been
proposed in [32] to find a profitable solution in array thinning to enlarge inter-element distance and
reduce cross-talk phenomena. A grid of simple planar antennas is designed considering multilayer
dielectric structures, which in turn recreate a resonant environment and provides leaky-wave launching
effect. Even without considering elements with high-gain features, the narrow-beam radiation element
pattern of a single source relaxes requirements over the element spacing, healing parasite coupling
effects. The latter possibility has been further developed in [33], when a dual-polarized antenna,
constituted by two interleaved N = 2 × 2 arrays are employed, obtaining a high-gain radiation pattern
in the far field. Seminal works in [32], and [33] constituted the starting point for the substantial portion
of the literature interested in compact high-gain antennas, with reduced components cost and low-level
fabrication complexity, [34], [35], [36]. Further, novel features for FPCA-embedded sources have been
studied, proposing different designs characterized by the common leaky nature of the relevant radiated
fields.

Electronic reconfiguration of the radiation pattern, in particular of the beam angle in elevation
represents a critically interesting technology for a large number of applications, from satellite
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communication to radar and tracking pursuits, remote sensing and biomedical applications.This
has been studied in [37], once again considering an FPCA-embedded source array, composed by
simple non directional VEDs in the form of coaxial probes. The PRS is designed by periodically
patterning metallic square patches over a low-permittivity dielectric filling the cavity and making the
quasi-TEM mode a slow wave, hence preventing it from radiating. The relevant inter-patch spacing is
observed to weakly influence the phase constant of the excited TM1 leaky-mode, while the attenuation
constant shows a stronger dependence, as shown in Figure 7.

Figure 7. Dispersion of radial phase (red lines) and attenuation constants (blue lines) for multiple
values of distance s between metallic patches composing the PRS. Higher values of s induce higher
attenuation while weakly affecting the phase constant. Reproduced from [37].

An optimal value of inter-patch spacing is found, since placing patches too close one to other
produces a lower attenuation constant, which provides more selective beams in elevation plane but
requires wider planar antenna extension to radiate up to 90% of available power and avoid edge
diffraction. Additionally, for a single coaxial cable generating the relevant element pattern, angular
frequency-driven scan should be evaluated in the frequency range that guarantees a satisfactory
excitation of the cavity. Indeed, the overall frequency range, with a single leaky-mode dominating
the aperture, should be assessed to hold the magnitude of the input reflection coefficient, Γin, under
the threshold of -10 dB. Considering limitations due the magnitude of input reflection coefficient, an
overall elevation scan is obtained from 45◦ to 60◦, [37]. Full-wave results obtained through reciprocity
theorem are verified to be in good agreement with a mathematical model provided considering the
radiation beam related to a cylindrical wave propagating on the aperture. Ulterior comparison with the
truncated version of the cylindrical wavefront model is carried out taking into account finite dimension
of the cavity and relevant effects on the pattern, [37], as shown in Figure 8.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 June 2024                   doi:10.20944/preprints202406.1655.v1

https://doi.org/10.20944/preprints202406.1655.v1


9 of 17

Figure 8. Cylindrical leaky-wave model, truncated cylindrical leaky-wave model and
reciprocity-obtained elevation pattern (TEN) at 16 GHz. (a) s=50 µm, (b) s=10 µm, (c) as in (b) but
radiating 99% of input power. Reproduced from [37].

Once element-pattern radiation capabilities are assessed and validated by different approaches,
multiple feeders are considered to extend the beam-scanning effect on the azimuthal dimension. A
highly reduced number of N × N = 9 VEDs is considered in a planar square grating, breaking the
azimuthal invariance of the conically shaped element pattern with the multiplication by the scalar
array factor, (4):

AP(θ, ϕ) = EP(θ, ϕ)AF(θ, ϕ) (4)

where AP(θ, ϕ) corresponds to the array pattern, EP(θ, ϕ) to the element pattern and AF(θ, ϕ) to the
scalar array factor. Expression for uniform arrays may be found in [31] for different planar geometries.
Beam-shaping effects are shown, for multiple frequencies, in Figure 9, through directivity patterns.
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Figure 9. Directivity colormaps in the (ϕ, θ)-plane for an array-fed FPCA, for multiple frequency values
and two main beam azimuth planes. (a) f = 13.5 GHz, ϕ = 60◦, (b) f = 13.5 GHz, ϕ = 225◦, (c) f = 16
GHz, ϕ = 60◦, (d) f = 16 GHz, ϕ = 225◦, (e) f = 18.5 GHz, ϕ = 60◦, (f) f = 18.5 GHz, ϕ = 225◦.
Reproduced from [37].

When multiple inputs are considered, it is important to assess the cross-coupling among elements.
This latter aspect is properly addressed by considering the input scattering matrix, reported in Figure 10
for three independent elements (the others may be deduced from these thanks to symmetry), [37].
Cross-coupling coefficients have been proven to be lower than -10 dB for adjacent elements, under -18
dB for elements on the same side of the square lattice and lower than -25 dB for elements at opposite
corners. The resulting effect on the bandwidth is to obtain an enlargement of relevant extremes, which
in turn widens the elevation scan from about 21◦ to 68◦. A full electronic steering effect is achieved
with high level of beam directivity employing simple and inexpensive materials in compact and
scaling-friendly geometries.
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Figure 10. Input reflection coefficients for a 3× 3 square planar VEDs array inside an FPCA. The
horizontal dashed black line corresponds to the -10 dB threshold. Reproduced from [37].

The fruitful results obtained in [37] turned into a successive study presented in [38], with a
novel multilayer resonant cavity, where the usual quasi-TEM mode is confined to a slow-wave
regime inserting multiple, commercial, low-cost dielectric layers realizing a low-permittivity dielectric
constant. Maintaining the same principle to separately scan elevation and azimuth planes empowered
by combination of leaky-wave theory and array-factor multiplication principle, an increased matching
and a shift to higher frequencies of the input reflection coefficient is achieved by concentrically inserting
two rings of vias contacting the ground plane of the cavity and the lower dielectric laminate (see Figure
11).

Figure 11. Simulated values for reflection coefficient magnitude, considering different numbers of
via-rings. Inserting more concentric rings the reflection coefficient dip shifts to higher frequencies.
Reproduced from [38].

A comparison between square and circular planar arrays is also performed, finding out that the
azimuthal symmetry of the latter induces a saturation of the maximum gain obtained by the overall
antenna when the number N of coaxial probes is larger than or equal to 6. The circular symmetry
of the feeding array impresses full azimuthal stability to the value of the gain and, interestingly, the
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same is true for the first sidelobe level, which remains stable above a certain number of array elements,
maintaining, as the main beam, a perfect symmetry as shown in Figure 12. Additionally, by increasing
the number of elements in the source ring, the sidelobe level shows little or no sensitivity after a
number of 8 elements is reached.

Figure 12. FPCA fed by a circular array with N elements: Simulated maximum directivity for N = 6
(green dotted line) and main sidelobe level at 20 GHz for with N = 6, 8, 10 (solid lines). Reproduced from
[38].

3. Bull’s-Eye Antennas

The second class of planar structures considered in this paper consists in Bull’s Eye Antennas
(BEAs).

First proposed in [39], and sketched in Figure 13,

Figure 13. Pictorial representation of a Bull’s Eye Antenna, constituted by an arrangement of concentric
microstrip rings on top of a grounded dielectric slab.

BEAs constitute an evolution of the classic grounded dielectric slab, loaded by a certain number
(ideally infinite) of concentric, metallic rings. As an evolution of the slab, the typical operative regime
consists in exciting the fundamental TM0 mode which, differently from the case of the simple dielectric
slab, may exhibit a radiative fast-wave (i.e., leaky) nature.

As is known, propagation modes (also known as Bloch modes) in periodic structures are
constituted by an infinite number of space harmonics, each one being solution of the relevant dispersion
equation [1]. It is known that, even if the corresponding mode in the unloaded structure is a slow
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mode, the perturbation due to the periodicity may push, in certain frequency ranges, one or more
space harmonics into a fast-wave regime, thus producing radiation leakage. Should one wish to draw
a comparison, a BEA is a radially evolved classical metal strip grating on a grounded dielectric slab
(MSG-GDS) [40], [41], [42]. Capable of being excited by simple dipole-like sources as in FPCA resonant
scenario, due to high similarity to the MSG-GDS, the spectral analysis of a BEA may be assumed to be
congruent to the one performed for the latter. Further detail on spectral analysis and design rules are
found in [39]. As shown in [43], [44], a diffraction-limited beam requires an inward cylindrical-wave
distribution. Taking advantage of the symmetry properties of Hankel functions recalled by equations
in (5), an inward cylindrical-wave distribution can be obtained from an outward cylindrical-wave
distribution once a backward leaky wave is excited. Therefore, if a zeroth-order TM cylindrical wave
is launched in a BEA through a coaxial feeder, the annular strip grating can be designed to have a
space harmonic with a fast and negative phase constant in the desired frequency range. Under such
conditions, the BEA is capable of radiating a beam which retains its limited-diffraction properties up
to a finite distance known as the nondiffractive range zNDR, [45], [46].

H(2)
0 (ze−jπ) = −H(1)

0 (z) H(1)
0 (zejπ) = −H(1)

0 (z) (5)

The idea of diffraction-limited generation choosing a BEA in the range of microwaves and
millimeter-waves gathered interests for the creation of cutting-edge antenna systems with additional
innovative features. For instance, nondiffractive beams, often referred to as Bessel Beams (BBs) may
be twisted and forced to carry an OAM, similarly to what happens in the far-field region. While
different methods have been proposed to produce such beams, e.g., employing metasurfaces, lenses
and radial line slot arrays [47] [48], [49], [50], here we consider array-based solutions. In particular, a
novel method to generate OAM-carrying near-field focused beams has been explored considering the
insertion of multiple VEDs in the form of a planar, circular coaxial probe array to excite a BEA [51], in
order to impress a phase dependence on the azimuth angle of the type ejℓϕ.

Referring specifically to the structure analyzed in [51], the dielectric slab is loaded with a number
of N = 13 metallic rings with a certain width, which determine a backward-wave regime for the
n = −1 space harmonic of the perturbed TM0 mode in a frequency range between 13.5 and 23 GHz.
Consequently, by varying the frequency in such a range, a diffraction-robust beam is produced whose
nondiffractive limit is given by zNDR = ρBEA cot θ0, with ρBEA being the radius of aperture and θ0

corresponding to the so-called axicon angle, determined by the radial leaky phase constant through
θ0 = sin−1(βρ/k0).

A systematic issue in problems requiring multiple feeders consists in avoiding cross-coupling
among different ports, which is certainly reduced with array thinning. Feeding network design is
tackled in [51] and consists in the single uniform circular array (SUCA) tailoring process, which
successfully converges to satisfactory port excitation and OAM purity. Since the BEA does not benefit
from translational symmetry, relevant design rules cannot be directly inherited from the case of FPCAs
and different array radius brings to different interactions with metallic rings, thus affecting antenna
performances. The optimization process determines a circular array with radius ρBEA = 6 mm and a
number of N = 8 VEDs. As displayed in Figure 14,
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Figure 14. Electric field Eθ along the cone of maximum amplitude θ = θLW radiated by a BEA fed by a
circular phased array. (a) Magnitude in dBV/m and (b) phase in degrees. Reproduced from [51].

considering the Eθ component, for |ℓ| ≤ ±3, the phase constant maintains a linear dependence
with respect to azimuth angle ϕ, whereas the amplitude slope remains quasi-flat, with the only
exception for ℓ = 3, where some oscillations appear within the ±3 dB region with respect to the
maximum. Finally, magnitude and phase distributions are presented for multiple values of the index ℓ

in Figure 15.

Figure 15. BEA fed by a circular array for the generation of twisted Bessel beams: Ez component
magnitude and phase distributions over a transverse z = zNDR/2 plane for different azimuthal orders
ℓ = 0, 1, 2, 3 at a frequency of 18 GHz, with β/k0 = −0.4. (a)-(d) Magnitude (dB). (e)-(h) Phase (rad).
Reproduced from [51].
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The chosen array parameters have been proven capable to ensure a satisfactory feeding, with an
average level of -15 dB for the generic scattering parameter Sij and -10 dB for active scattering
parameters. The overall design allows us to create a compact device with a satisfactory OAM
purity up to nondiffractive limit represented by zNDR, with OAM order selection possible among
l = 0,±1,±2,±3, with little or no impact on the nondiffractive range for a selected frequency.

4. Conclusion

In this paper, several different 2-D planar antenna structures fed by phased arrays have been
reviewed, emphasizing advanced radiative features achieved at limited complexity cost. The common
property of the presented devices consists in the excitation of cylindrical leaky waves on the planar
surface which constitutes the antenna aperture. The simplicity in providing an elevation scan,
resulting from the frequency dispersion of relevant supported leaky-mode wavenumbers, substantially
simplifies several critical design details, which otherwise would require significant additional efforts.

The review has been focused on two categories, Fabry–Perot Cavity Antennas and Bull’s-Eye
Antennas, both capable of producing narrow pencil beams at broadside or conical scanned beams.

Array-fed Fabry-Perot Cavity antennas have been seen capable of achieving reconfigurable
far-field polarization, or reconfigurable orbital-angular-momentum order, or 2-D beam scanning in
elevation and azimuth.

Bull’s-Eye Antennas exhibit a richer modal spectrum, allowing negative radial wavenumbers,
corresponding to cylindrical backward leaky-waves. This valuable characteristic has been shown to be
useful for producing diffraction-resistant Bessel-like beams which, when excited by circular phased
arrays, may exhibit a higher azimuthal order and thus carry nonzero orbital angular momentum.

Finally, when compared with traditional phased-array configurations, both the considered
categories of leaky-wave antennas require a very reduced number of simple, inexpensive, broadly
available primary radiators, whose reduced complexity substantially simplifies the design and
realization of feeding networks.
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