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Abstract—Resonant Bessel-beam launchers are azimuthally in-
variant structures characterized by a circular grounded dielectric
slab with an isotropic metasurface on top. Previous works ana-
lyzed the launchers performance for some specific cases, assuming
TE or TM polarizations, inductive or capacitive metasurfaces,
cavities with sub-wavelength or half-wavelength height. We show
here with both theoretical and full-wave results that the inductive
or capacitive nature of the metasurface has a fundamental role
in the radiating behavior of these devices. Results are reported
for the relevant TM-polarized case, considering air-filled, half-
wavelength thick cavities. The extension of this analysis to the
TE-polarized and dielectric-filled case will be discussed at the
conference.

Index Terms—Bessel beams, leaky waves, plasmonic surface
wave, metasurfaces, millimeter waves

I. INTRODUCTION

Various modern applications call for radiating devices capa-
ble of focusing the electromagnetic energy in a narrow spatial
region at millimeter waves (mm-W). In this regard, the mm-
W generation of localized beams [1], and in particular Bessel
beams [2], has attracted much interest owing to the limited-
diffractive and self-healing properties of such beams [1]. In
the last decade, a number of planar structures have been
recently proposed at microwaves and mm-W (see, e.g., [3]
and refs. therein). A common classification of such structures
distinguishes between resonant launchers (see, e.g., [4]–[7])
and wideband launchers [8], [9]. The former have the advan-
tage of being compact in size, but typically show a narrow
fractional bandwidth, the latter present a wideband behavior
at the expense of an electrically large aperture size [10].

Here, we will focus only on resonant Bessel-beam launchers
(BBLs) with azimuthal symmetry, giving emphasis to some
theoretical aspects that were previously neglected, but still
have a general character. Indeed, the class of resonant BBLs
with azimuthal symmetry comprises different kinds of struc-
tures, all sharing the same architecture: a circular grounded
dielectric slab with an isotropic metasurface on top [11], and
excited with a simple dipole-like source at the center. In the
literature, these structures are distinguished by the type of the
feeder (e.g., a simple coaxial cable [4] for TM-polarized BBs,
or a loop antenna [7] for TE-polarized BBs), the metasurface
geometry (e.g., square patches [4], or strip gratings [7]), the
cavity height (sub-wavelength [4], or half-wavelength [6]).

Fig. 1. On the left, a schematic view of a TM polarized Bessel beam launcher
centrally fed by a 50-Ω coaxial cable. On the right, its transverse equivalent
network. Zair and ZC are the characteristic impedances of the corresponding
transmission-line sections.

In this work, we aim at analyzing the differences in the
radiating behavior of such BBLs, highlighting the important
role played by the inductive/capacitive nature of the isotropic
metasurface. We limit the analysis to air-filled λ/2-thick cav-
ities in the TM case. Interestingly, we will show that when
a capacitive metasurface is used, care must be taken to the
resonances between the fundamental leaky mode and the
higher order leaky mode. The interaction between these two
modes can indeed negatively affect the radiating performance.
For the same reasons, when an inductive metasurface is used,
care must be taken to the resonances between a plasmonic
mode and the higher order leaky mode. These findings will
be derived in Section II through a theoretical analysis and val-
idated with full-wave simulations in Section III. In Section IV,
conclusions are drawn.

II. THEORETICAL ANALYSIS

The reference structure is represented in Fig. 1 along with
the relevant transverse equivalent network (TEN). The central
coaxial cable acts as a vertical electric dipole source and
thus excites only TM modes supported by the cavity. These
partially guided modes can be seen as slight perturbations of
those of a radial parallel-plate waveguide (PPW) radiating in
free space due to the presence of a partially reflecting sheet
(the isotropic metasurface) replacing the top metallic plate of
a radial PPW. The electromagnetic properties of the isotropic
metasurface are assumed to be fully described by a single
scalar purely imaginary impedance sheet Zs = jXs, where
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Fig. 2. Results for the BBL with (a)–(c) an inductive metasurface, and (d)–(f) a capacitive metasurface. In (a) and (d) the dispersion diagrams are shown.
The radial resonances are reported in black dashed lines, whereas the n = 1 leaky mode (labeled as LW) is shown in light blue solid line. Black solid lines
are used for the plasmonic mode (labeled as PSW) in (a) and for the n = 0 leaky mode in (d). In (b), (c), (e), and (f) the normalized amplitude (in dB)
of Ez is shown over a 2-D plane limited along ρ and z by the aperture radius and the nondiffractive range, respectively. Shadow boundaries are reported
as white dashed lines. In (b) Ez is evaluated at 60 GHz for the structure having the dispersion reported in (a). In (c) the same result of (b) is shown for a
structure with a slightly different choice of the parameters so as to avoid the resonance with the plasmonic mode. In (e) and (f) Ez is evaluated at 60 GHz
and 62 GHz for the structure having the dispersion reported in (d). From (e) and (f) it is manifest that at 60 GHz (62 GHz) the higher order (fundamental)
leaky mode gives the dominant contribution to the radiation mechanism.

the sign of the reactance Xs can be either positive (inductive
sheet) or negative (capacitive sheet). In the capacitive case,
the height h of the cavity can be set to h� λ0, λ0 being the
free-space wavelength, if one wants to create a Bessel beam
with the fundamental n = 0 leaky mode (see, e.g., [4]). When
the height is set to h ' λ0/2, the higher order n = 1 leaky
mode is excited (see, e.g., [6]), thus one can choose to use
either an inductive or a capacitive sheet.

The circular metallic rim is placed at a radial distance ρap
from the center so as to coincide with one of the zeroes of
the stationary Bessel-like distribution that is supported by the
cavity [4]. In such a way, a Bessel beam is radiated into
the near field, within a conical-shaped region whose apex
determines the so-called nondiffractive range given by the
expression [4]:

zndr = ρapRe[kz]/Re[kρ] (1)

where kz and kρ are the generally complex vertical and radial
wavenumbers, respectively, related through the separation re-
lation k2ρ + k2z = k20 , k0 being the free-space wavenumber. In
particular, a zeroth order, azimuthally invariant Bessel beam
is created for the vertical electric field component Ez .

The main features of the Bessel beam, namely, the
beamwidth and the nondiffractive range, are fully deter-

mined by the aperture radius ρap and the radial wavenumber
kρ = β − jα, where β and α are the phase and attenuation
constants, respectively [12]. In [4], closed-form expressions
have been derived to set the values of h, Xs, and ρap to
have a desired value of β and α at a given frequency f0 to
generate a zeroth Bessel beam with a prescribed number q of
zeroes over the aperture, when generated with the n = 0 leaky
mode. These formulas have been extended to the generation
of Bessel beams with higher order (i.e., n 6= 0) leaky modes
and experimentally validated for n = 1 in [6].

Here we use the formulas in [6, eqs. (12)–(13)] to generate
a Bessel beam with q = 5 zeroes at f0 = 60 GHz with
β̂ = 0.5 and α̂ = 0.005 (the ‘hat’ refers to the normalization
with respect to k0), using the n = 1 leaky mode in an air-
filled cavity (relative permittivity εr = 1). This choice leads
to Xs = 32.5 Ω and h = 2.79 mm for the inductive case
and Xs = −34.7 Ω and h = 2.98 mm for the capacitive
case, and ρap = 23.75 mm in both cases. The accuracy of
the formulas can be inferred from the dispersion diagrams
reported in Fig. 2(a) and (d) for the inductive and the capacitive
case, respectively. The dispersion curves of the leaky modes
have been obtained through the application of the transverse
resonance technique [13] to the TEN in order to obtain the
relevant dispersion equation of the structure, which is then
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solved for the complex improper roots (i.e, with Im[kz] > 0)
using the Padé algorithm [14]. The dispersion curves for the
radial resonances are found from

βρap = j0q (2)

where j0q is the q-th zero of the zeroth order Bessel function.
Interestingly, Fig. 2(a) and (d) clearly show that the disper-

sion curves of the n = 1 leaky modes (light blue solid lines)
intersect the radial resonances (black dashed lines) with q = 5
zeroes at 60 GHz. However, in the inductive case (Fig. 2(a)),
attention should be paid to the propagation of a plasmonic
surface wave (PSW) which is inherently supported by the
structure. The dispersion curve of this surface wave mode can
be found by solving the dispersion equation for the real proper
(i.e, with Im[kz] < 0) roots, using, as an initial guess, the
approximate expression of the plasmonic mode propagating
on a free-standing inductive sheet [15]:

k̂ρ =
√

1 + (2Xs/η0)2 (3)

where η0 ' 377 Ω is the free-space impedance. Interestingly,
Fig. 2(a) not only shows the presence of PSW mode, but
highlights that it resonates with the q = 10 radial resonance at
f0 = 60 GHz. As a result, it is expected that the simultaneous
presence of the leaky mode and the PSW mode resonance at
f0 = 60 GHz may have a detrimental effect in the generation
of a pure Bessel-beam. This argument will be corroborated in
Section III with the help of full-wave simulations, where we
will also propose a simple technique to circumvent this issue.

The capacitive case also deserves some attention. As a
matter of fact, PSW modes are not supported by capacitive
sheets under TM polarization. However, in the capacitive case
we have previously commented that a fundamental n = 0
leaky mode exists. At higher frequencies, it has been shown
[6] that in a dielectric-filled λ/2-thick cavity loaded with a
capacitive sheet, this fundamental TM leaky mode evolves
in a TM surface wave that may resonate. Such surface-
wave resonances negatively affect the generation of Bessel
beams based on the higher order leaky mode. In the air-
filled cavity studied here, surface waves do not exist, but at
higher frequencies the fundamental leaky mode resonates with
q = 10 zeroes at around 62 GHz with β̂ → 1 (see the black
solid line in Fig. 2(d)). We will show that the resonance with
the fundamental leaky mode may also affect the Bessel-beam
generation with the higher order leaky mode.

III. NUMERICAL RESULTS

In this Section III, full-wave results for BBLs under TM
polarization in both the inductive and capacitive case are
discussed to corroborate the theoretical analysis in Section II.
The structure reported in Fig. 1 is designed on CST Microwave
Studio [16] modeling the isotropic metasurface by means of
a surface impedance boundary condition (SIBC) using the
reactance values provided in the Section II. We should stress
that the implementation of a SIBC in a full-wave solver
may lead to some differences with respect to the design of
a realistic isotropic metasurface, yet it produces sufficiently

accurate results to corroborate the concept (see, e.g., [4]–[6]).
In addition, it is worth noting that CST requires SIBC to have
a frequency dispersion that respects Foster’s reactance theorem
[17]. Therefore, we use Zs = j2πfL and Zs = (j2πfC)−1

for the inductive and capacitive case, respectively, fixing the
lumped L and C inductance and capacitance so as to match
the desired value of Zs at f0. Common geometries, such as
2-D patch arrays, strip gratings, and fishnet-like metasurfaces
[18], [19] exhibit similar dispersive behaviors.

In order to produce a pure TM-polarized Bessel beam, we
excited the cavity with a central coaxial cable whose inner
probe extends within the cavity up to z0 = h/2 (see Fig. 1).
The effects of a different choice for z0 will briefly be outlined
at the end of this Section III. It is worthwhile noting that
a thorough comparison of the analytical and full-wave input
impedance of such kinds of coaxial feeders has already been
investigated in [4].

In Fig. 2(b), the contour plots of the amplitude (in dB) of the
vertical electric field component Ez at 60 GHz are shown for
the inductive case over the domain ρ < ρap and 0 ≤ z ≤ zndr.
As expected from the dispersion analysis reported in Fig. 2(a),
the simultaneous presence of a PSW mode resonating with
q = 10 zeroes and a higher order leaky mode resonating
with q = 5 zeroes prevents the generation of a pure Bessel
beam with only 5 nulls. As is manifest from Fig. 2(b), the
near-field distribution has around 10 nulls in close proximity
of the aperture where the surface-wave contribution prevails,
and reaches around 5 nulls away from the aperture, where
the radiative contribution of the leaky mode prevails over
the surface-wave mode. However, the radiating behavior is
far from being useful for focusing purposes, the radiating
efficiency being poor [20].

In order to avoid this behavior and remove the resonance of
the PSW mode at f0 = 60 GHz, the values h and ρap of the
Bessel beam launcher can properly be tuned. In particular, ρap
can be changed to shift the radial resonances, whereas h can
be adjusted to move the dispersion curve of the leaky mode to
obtain approximately the same working point at f0 = 60 GHz.
In particular, the choice of h = 2.742 mm and ρap = 25.2 mm,
allows for having the higher order leaky mode resonating at
almost the same working point (now β̂ = 0.47 at f0 = 60 GHz
where it resonates with q = 5 zeroes), while shifting the PSW
resonance with q = 10 zeroes at around f = 57.5 GHz. This
fine tuning technique has proven to be effective, as can be
inferred from Fig. 2(c): the near-field distribution has now
five distinct nulls from z = 0 to z = zndr.

We can now examine the capacitive case whose dispersion
curve is reported in Fig. 2(d). As opposed to the inductive case,
we no longer have a PSW, but the fundamental (n = 0) leaky
mode which resonates with q = 10 zeroes at f = 62 GHz.
Since this resonance does not occur at f0 = 60 GHz, the near-
field distribution is not much affected, and we can distinguish
five nulls as we move sufficiently far from the aperture plane
(see Fig. 2(e)). Nevertheless, the beam is not as pure as in
Fig. 2(c) where we shifted away the PSW resonance present in
the inductive case. The deterioration of the beam can therefore
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Fig. 3. The phase (in degrees) of Ez is reported for the capacitive case at (a)
60 GHz, and at (b) 62 GHz. The phase fronts are aligned with a wavenumber
that points at (a) 30◦ and (b) 90◦, in agreement with the normalized phase
constant β̂ ' 0.5 of the n = 1 leaky mode at 60 GHz and β̂ ' 0.991 of
the n = 0 leaky mode at 62 GHz. Shadow boundaries are reported as white
dashed lines.

be attributed to the presence of this fundamental leaky mode,
whose existence is corroborated by Fig. 2(f) which shows
the near-field distribution at f = 62 GHz, where this mode
is supposed to resonate with q = 10 zeroes, and the beam
has indeed 10 nulls. However, the purity of the beam at
the working frequency f0 = 60 GHz can be improved by
tuning the positioning of the probe within the cavity. We noted
that, in the capacitive case, the purity of the beam is slightly
improved for z0 = h/4, whereas it considerably deteriorates
for z0 = 3h/4 (not shown for brevity) with respect to the
case analyzed here (viz., z0 = h/2). As a matter of fact, this
parameter affects the excitation coefficients of the two existing
leaky modes. Conversely, in the inductive case, it appears that
when the PSW resonates exactly at 60 GHz the near-field
distribution is negatively affected, regardless the position of
the source. An in-depth investigation on these aspects will
deserve further specific attention.

Finally, we report in Fig. 3(a)–(b) the phase (in degrees) of
Ez at 60 GHz and 62 GHz, respectively, and for the capacitive
case only. The 2-D maps of the phase are useful to corroborate
the dispersion analysis as the phase fronts are expected to be
orthogonal to the wavevector of the dominant leaky mode.
As is well known, the phase constant of the leaky mode is
associated to a ray emitted from the aperture at an angle
θ0 = arcsin β̂ (measured from the vertical z-axis). In our case,
we have β̂ ' 0.5 for n = 1 and β̂ = 0.991 for n = 0 that
generate wave fronts with angles approximately equal to 30◦

and 90◦, as confirmed by the orientation of the phase fronts
shown in Fig. 3(a) and Fig. 3(b), respectively.

IV. CONCLUSION

In this work, we have investigated the role of the induc-
tive/capacitive character of an isotropic metasurface for the
realization of TM-polarized Bessel-beam launchers from a
theoretical viewpoint. In particular, we demonstrated through a
rigorous modal analysis that in the inductive case the presence
of a plasmonic mode may interfer with the Bessel-beam
generation, whereas in the capacitive case, the simultaneous
presence of a fundamental and a higher order leaky mode may
have some detrimental effects as well. The consistency of the

results has been established through full-wave simulations, and
possible techniques to mitigate these issues have briefly been
commented. More detailed analyses, such as the extension
to the TE-polarized case, as well as the introduction of a
dielectric filling and the positioning of the source will be
discussed at the conference and analyzed in depth in future
works.
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