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Abstract—Resonant Bessel-beam launchers have recently
gained much attention due to their capability to radiate focused
beams by means of a compact and low-cost devices at microwave
and/or millimeter waves. Most realizations consider only the use
of TM-polarized beams, whereas only few works deal with the
TE case. Here, we present an original workflow based on leaky-
wave theory for the design and performance analysis of both
kinds of launchers in wireless power transfer (WPT) scenarios.
Simple analytical formulas are provided and validated with both
numerical and full-wave methods for different case studies. The
results obtained here offer considerable insight into the WPT
performance of such devices.

Index Terms—Bessel beams, near-field focusing, leaky waves,
wireless power transfer

I. INTRODUCTION

Different modern applications, such as high data-rate trans-
fer [1] and medical imaging [2], just to name but a few, call
for compact devices capable of radiating focused beams in the
radiative near field at high frequencies.

As a matter of fact, radiative near-field links show a larger
cover distance with respect to typical reactive near-field links
based on inductive coupling [3] and a higher efficiency with
respect to far-field links [4]. Moreover, the implementation of
this kind of links at high frequencies allows for device minia-
turization: a desirable feature in diverse practical applications,
such as wireless power transfer (WPT) for wearable devices
[5].

For the reasons above, the possibility to realize radia-
tive near-field links at millimeter-waves through planar, low-
profile, low-cost devices has recently gained much attention
[6], [7]. In this context, resonant Bessel-beam launchers
(BBLs) represent promising candidates due to their capability
to radiate Bessel beams, by means of a metallic cavity which
is a few wavelengths large and half-a-wavelength thick. Bessel
beams are an attractive type of focused beams with self-healing
properties, i.e. with the capability to reconstruct themselves
after an obstacle [8]. In case of a low number of lobes, Bessel
beams can also be preferred to the more localized Gaussian

beams thanks to their limited-diffraction behavior, i.e., their
ability to maintain the transverse intensity beam distribution
almost constant during the propagation [9].

More precisely, resonant BBLs are constituted by a
dielectric-filled cylindrical metallic cavity whose upper face
is replaced by a partially reflecting sheet (PRS). This resonant
device is typically excited by a dipole-like source: a vertical
electric dipole (VED) in case of a transverse magnetic (TM)
polarized BBL (see, e.g., [10] or [11]) and a vertical magnetic
dipole (VMD) for a transverse electric (TE) polarized BBL
[12]. However, resonant TM-polarized BBLs are way more
common than TE-polarized BBLs, although the latter can be
of interest for applications where the coupling with dielectric
objects has to be minimized [12]. This scientific trend is
justified by the practical implementation of a VED in the
TM case. Indeed, a VED has a simple, practical, and low-cost
implementation given by a coaxial probe. Conversely, typical
implementations of VMDs are loop antennas and coils [12]
that, due to their feeding structure, do not present an exact
azimuthal symmetry and, thus, do not excite a purely TE-
polarized field. Only recently, it has been shown [13] that a
purely TE-polarized Bessel-beam can be conveniently excited
through a radial slot array etched on the ground plane of the
resonant BBL.

In this work, we aim at providing a simple and effective
design workflow suitable for both kinds (viz. TM- and TE-
polarized) of resonant BBLs with a description of a WPT link
between them and its performance. The paper is organized
as follows. In Section II, an efficient leaky-wave approach is
exploited in order to describe and design differently polarized
BBLs. In Section III, a radiative near-field WPT link is realized
through two identical resonant BBLs and its performance
is rigorously evaluated [14]. In Section IV, conclusions are
drawn.

II. THEORETICAL APPROACH

The common architecture of resonant BBLs consists of a
circular metallic rim around a grounded dielectric slab with a
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Fig. 1. Pictorial representation of a resonant BBL and of its theoretical near-
field distribution: |Ez | or |Hz | for a TM- or a TE-polarized case, respectively.

PRS on top [15], as shown in Fig. 1. This defines a partially
open circular cylindrical cavity, whose main design parameters
are: the thickness of the dielectric slab h (or, the cavity
height in the air-filled case), the radius of the circular metallic
rim ρap, and the surface reactance of the PRS Xs, which
fully characterizes the electromagnetic response of canonical
homogenized lossless metasurfaces, such as arrays of metallic
patches, strip gratings, etc. [16].

The aperture radius ρap and the working frequency f0 are
typically set by practical constraints dictated by the applica-
tion scenario. In a realistic implementation of a millimeter-
wave radiative near-field WPT link for wearable devices, the
working frequency has been set here to f0 = 30 GHz and the
maximum aperture radius to ρap = 15 mm. The parameters
h and Xs have then to be fixed in order to enforce the radial
resonance of the desired Bessel-like beam as explained below.

In a TE(TM)-polarized BBL, a zeroth order BB distribution
is theoretically excited over the vertical magnetic(electric)
field component, as depicted in Fig. 1. Thanks to its limited-
diffraction property, this field distribution is maintained up
to a certain distance called nondiffractive range zndr. The
zndr value is related to ρap and the so-called axicon angle
θ0 through the following equation [11]:

zndr = ρap cot θ0. (1)

In a resonant BBL, the axicon angle is strictly related to the
phase constant β of the relevant leaky wave, i.e., the real part
of its radial wavenumber kρ = β−jα (being α the attenuation
constant), through the relation β = k0 sin θ0, because of the
underlying leaky radiation mechanism (a rigorous explanation
in terms of complex rays can be found in [17]), where k0 is
the free-space wavenumber.

In order to excite the theoretical field distribution, the
outward leaky wave generated from the source and the inward
one reflected by the metallic rim should add in phase and with
almost the same amplitude. Therefore, two different conditions
have to be satisfied: an amplitude condition described by the
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Fig. 2. Dispersion diagrams for TE and TM modes representing the
normalized phase constant β̂ vs. frequency f . Green and yellow dashed
lines represent the radial resonances of the device for TE and TM modes,
respectively. Green and yellow solid lines are the dispersion curves of the
higher-order TE and TM leaky modes propagating in the cavity, respectively.

attenuation constant α, and a phase condition given by the
radial resonance enforced by the phase constant β.

The normalized attenuation constant α̂ = α/k0 has to be
determined in order to obtain almost the same power amplitude
for outward and inward cylindrical waves. By applying a
plane-wave approximation and by considering a minimum
power ratio between the waves equal to 0.95, the upper bound
for the normalized attenuation constant is set to α̂ = 0.0027.

The normalized phase constant β̂ = β/k0 has to be fixed
in order to enforce the correct radial resonance, which how-
ever depends on the polarization type. In particular, different
boundary conditions have to be applied according to the
polarization type: the circular metallic rim has to be placed at
a radial distance from the central feeder which coincides with
one of the nulls of the zeroth-order (first-order) Bessel function
for the TM (TE) case (see, e.g., [11] and [18]). Therefore,
the normalized phase constant should satisfy the following
condition:

β̂ =
jnq

k0ρap
, (2)

where jnq is the q-th zero of the n-th order Bessel function,
with n = 0 and n = 1 for the TM and TE case, respectively.
For q = 2, β̂ = 0.5857 and β̂ = 0.7436 corresponding to
zndr ≃ 20 mm and zndr ≃ 13.5 mm are found for the TM-
and TE-polarized resonant BBL, respectively.

Once the α̂ and β̂ values have been fixed and an air-filled
cavity is considered in order to reduce dielectric losses, the
remaining design parameters of a resonant BBL Xs and ρap
are found as shown in [19], and are reported in Table I. It
is worth noting that is possible to consider a dielectric-filled
cavity instead of an air-filled one in order to reduce the vertical
extension of the devices at the expense of dielectric losses.

The accuracy of this choice of parameters can be inferred
from Fig. 2, where the dispersion curves of both the TE and
TM leaky modes are reported along with the radial resonance
given by βρap = jnq for both polarizations and q = 1, 2, 3.
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TABLE I
PARAMETERS FOR TE- AND TM-POLARIZED BBLS WORKING WITH THE
2nd RADIAL RESONANCE AND AN APERTURE RADIUS OF 15 MILLIMETERS

Polarization Xs [Ω] h [mm] zndr [mm]

TE 67.2 7.19 13.5

TM 26.7 6.04 20

The intersections between the q = 2 radial resonances and β̂
yield the working points for the TM and TE cases at f0 = 30
GHz, as expected. Further details about the dispersion curves
analysis can be found in [11].

Once the design parameters have been found, it only re-
mains to effectively excite TE or TM modes inside the cavity.
As commented in the Introduction, while VEDs are well
realized in practice by means of coaxial probes, it does not
hold the same for VMDs with loop antennas or coils (see, e.g.,
[20]). However, in order to limit the TM components due to the
asymmetry introduced by the feeding point of the loop-antenna
source, an interesting annular strip grating metasurface has
been exploited in [20] obtaining a hybrid TE-polarized BBL.
It has recently been shown in [13] that a purely TE-polarized
BBL can be excited by means of a radial slot array on the
ground plane, which is the discrete counterpart of a radially
directed magnetic surface current. In the next section, all the
devices presented in [20] and [13] are exploited in order to
realize radiative near-field WPT links and their performance
is evaluated.

III. RADIATIVE NEAR-FIELD WPT LINKS

A radiative near-field WPT link can be realized with two
resonant BBLs placed one in front of the other, as shown in
Fig. 3. A rigorous and efficient approach to evaluate the WPT
performance is exploited [14].

In this model, the entire WPT link performance is obtained
from just one full-wave simulation of the transmitting (TX)
side through CST Microwave Studio [21], thus halving the
computational time of the overall connection. The simulated
electromagnetic field of the TX side can be extracted on a
plane S, placed exactly in the middle of the separation distance
between the TX launcher and the receiving (RX) one. By
exploiting the reciprocity theorem and the equivalence theorem
on S, as shown in [14], the equivalent current Ieq of the RX
Norton’s equivalent circuit can be found. By obtaining the
antenna admittance Ya(f) through full-wave simulations, the
received power has been obtained for the conjugated match
case:

Pr =
|Ieq|2

8Re[Ya(f )]
(3)

A comparison between the WPT performance of differently
polarized BBLs can be done by considering three different
links between two TE-polarized BBLs, two TM-polarized
BBLs, and two hybrid-TE polarized BBLs. By considering
different distances between the TX and RX devices (namely,
20, 30, and 40 mm) and a transmitting power equal to 21 dBm,
the received power for each polarization is reported in Fig. 4.

Fig. 3. Real part of the vertical component of the Poynting vector Πz obtained
through a full-wave simulation of the TM-polarized WPT link at 20 cm. The
Re(Πz) distribution is reported through a contour plot with a color map that
goes from white (20 dB(W/m2)) to black (60 dB(W/m2)).

As expected, the resonant cases with TE or TM polarization
show almost the same performance, also taking into account
the lower nondiffractive range of the TE-polarized case. The
hybrid-TE link, instead, shows an inferior performance.

IV. CONCLUSION

In this work, a millimeter-wave wireless power transfer link
is investigated between resonant Bessel-beam launchers oper-
ating in different polarization conditions. The design workflow
of such kinds of devices is derived under a leaky-wave
interpretation, whereas the link power budget is evaluated with
a rigorous and fast method. Comparable and interesting results
have been obtained for purely TE- or TM-polarized Bessel-
beam launchers, whereas the hybrid-TE case has shown an
inferior performance. Thanks to their limited sizes and their
efficient power transmission at millimeter-waves, resonant
Bessel-beam launchers represent an innovative yet effective
solution for wireless power transfer applications. A theoretical
analysis of the annular strip grating exploited in the hybrid TE
case, the effect of a lossy material between the transmitting
and receiving device, and the experimental validation of the
obtained results will be addressed in future works.

Fig. 4. Received power vs. distance in a radiative near-field WPT link realized
through differently polarized BBLs.
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