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Abstract
Resonant Bessel-beam launchers (BBLs) are radiating devices constituted by a cylindrical
metallic cavity with a partially reflecting sheet (PRS) on top. Millimeter-wave resonant BBLs
typically exhibit transverse magnetic (TM) polarization due to the use of coaxial probes as
feeders and homogenized metasurfaces as PRS. Launchers showing either a purely transverse
electric (TE) or a hybrid (quasi-TE) polarization have recently been proposed for realizing
wireless power transfer (WPT) links in the radiative near-field region at millimeter waves.The
former are obtained by means of a radial slot array as a feeder and a homogenized metasur-
face as a PRS. The latter are obtained by using a loop antenna as a feeder and an annular strip
grating in the homogenization limit as radiating aperture. In this work, based on an original
semi-analytical model, such a metasurface is demonstrated to show a dichroic behavior. This
interpretation explains the improvement in terms of polarization purity with respect to more
nondichroic conventional homogenized metasurfaces. The behavior of the annular strip grat-
ing under a pure TM polarization is tested with a coaxial feeder, whereas its behavior under
a pure TE polarization is tested by means of the radial slot array feeder. Results confirm the
validity of the proposed analysis, which is finally exploited to evaluate the WPT performance.

Introduction

An earlier version of this paper was presented at the 52nd European Microwave Conference
and was published in its Proceedings [1]. In paper [1], the authors have shown the possibility
to exploit a purely transverse electric (TE-) Bessel beam in a wireless power transfer (WPT)
scenario. In this work, a thorough analysis of the devices discussed in paper [1] is presented
both from a theoretical and a practical viewpoint.

Bessel beams are monochromatic solutions of Helmholtz equation in a cylindrical reference
frame [2] with focusing, limited-diffraction, and self-healing properties (i.e., the capability to
reconstruct themselves after an obstacle placed along the beam axis) [3–6]; such features are
particularly attractive for WPT applications in the microwave and/or millimeter-wave range
(see, e.g., [7–13]).

Many kinds of Bessel-beam launchers (BBLs), i.e., devices able to generate a Bessel beam,
have been proposed in the microwave and millimeter-wave range [14]. Two families of launch-
ers can be distinguished in terms of their frequency behavior: wideband BBLs [15–18] feature
a large bandwidth at the expense of an electrically large aperture size, whereas resonant BBLs
[19–21] are compact in size but typically feature a narrow frequency band.

In a WPT scenario, the bandwidth is of minor concern, whereas a compact size might play
a crucial role as, e.g., in WPT for wearable and implantable devices [22]. As a result, resonant
BBLs are preferable due to their limited transverse size. Resonant BBLs are typically constituted
by a metallic cavity whose upper plate is replaced by a partially reflecting sheet (PRS), which
is often a homogenized metasurface. Dipole-like sources are often considered for exciting such
cavities [23].

As already discussed in paper [1], in most of the reported experiments on BB launchers (see,
e.g., [15, 19, 24]), these are fed with coaxial probes, which are ideally equivalent to vertical elec-
trical dipoles (VEDs), and thus excite transversemagnetic (TM) polarized Bessel beams. From a
theoretical viewpoint, a TE-polarized Bessel beam has to be excited by means of a vertical mag-
netic dipole (VMD). The latter, however, does not have a simple physical implementation. As
shown in papers [25, 26], theVMDcould be implemented by loop antennas or coils but the feed-
ing point breaks the azimuthal symmetry, thus generating undesired TM-field components [8].
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Figure 1. Pictorial representation of a TE-polarized resonant BBL and of its Hz field distribution through a three-dimensional colormap. The BBL consists of a metallic cavity
of height h and radius 𝜌ap with a PRS (reported through an aqua green color) on top. TE-polarized resonant BBLs can be excited by means of either loop-antenna feeder (on
the bottom-right corner) or a radial slot array on the ground plane (on the bottom-left corner). Two different geometries are considered for the PRS: a fishnet-like
metasurface (on the top-left corner) and a dichroic annular strip-grating metasurface (on the top-right corner).

The possibility to generate TE-polarized focused beams, however,
is important not only from a theoretical viewpoint but also from
a practical one to mitigate dielectric losses [25]. Indeed, in wear-
able and implantableWPT applications [22], it is important to have
focused fields with a negligible on-axis electric-field component so
as to minimize the coupling with the very large dielectric losses
exhibited by human tissues in the microwave and millimeter-wave
ranges.

In this context, the authors investigated the possibility to real-
ize aWPT link between TE-polarized BBLs in papers [1, 8]. While
in paper [8] a hybrid-TE (HTE-) polarized Bessel beam has been
obtained by means of a loop antenna excitation and an annular-
strip grating metasurface, in paper [1] a pure TE-polarized Bessel
beam has been theoretically excited through a radial slot array on
the ground plane. In this paper, an effective and original theoreti-
cal analysis for the annular strip grating used in theHTE-polarized
BBL is presented and corroborated through full-wave simulations
on CST Microwave Studio [27]. Afterwards, the WPT perfor-
mance of TE- and HTE-polarized BBLs is evaluated in terms of
link budget, obtaining improved results with a purely TE-polarized
BBL.

The paper is organized as follows: section “Design of TE-
polarizedBBLs” shows the theoretical leaky-wave approach needed
to design a TE-polarized BBL. In section “Physical implemen-
tation,” full-wave results of HTE- and TE-polarized BBLs are
shown along with their physical implementation and the theoreti-
cal description of theirmetasurface and feeder. In section “Wireless

power transfer,” the WPT performance of the different resonant
BBLs analyzed in this work are shown and compared. In particu-
lar, the transmission efficiency has been computedwith an effective
hybrid numerical and full-wave approach. Conclusions are finally
drawn in section “Conclusion.”

Design of TE-polarized BBLs

As mentioned in section “Introduction,” resonant BBLs consist
of a circular grounded dielectric slab enclosed by a metallic rim
and with a PRS on top [19, 21] (see Figure 1). Purely TM(TE)-
polarized BBLs can only be obtained by using ideal VED(VMD)
sources, which generate a zeroth-order Bessel beam over the verti-
cal electric(magnetic)-field component. Such beamsmaintain their
transverse profile (thanks to the limited-diffraction property) up
to the so-called nondiffractive range zndr, which is given by the
following ray-optics approximation [2]:

zndr = 𝜌ap cot 𝜃0, (1)

where 𝜌ap is the aperture radius, and 𝜃0 is the so-called axicon
angle (measuredwith respect to the vertical z-axis). Resonant BBLs
belong to the family of leaky-wave BBLs which possesses slightly
different properties with respect to classical BBLs due to the intrin-
sic amplitude exponential decay on the aperture field distribution
[28, 29].
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Figure 2. Dispersion curves of the normalized leaky-wave phase ̂𝛽 (blue solid line)
and attenuation �̂� (green solid line) constants vs. frequency f. The black dashed
lines represent the dispersion curves of different radial resonances for TE-polarized
BBLs.

In leaky-wave BBLs, the axicon angle 𝜃0 is related to the real
part 𝛽 of the complex, leaky, radial wavenumber k𝜌 = 𝛽 − j𝛼 [28].
While the attenuation constant 𝛼 describes the power decay due
to the radiation during the propagation inside the cavity, 𝛽, i.e.,
the leaky phase constant, is related to the axicon angle through the
relation 𝛽 = k0 sin 𝜃0 (being k0 the vacuum wavenumber).

In each polarization type, resonant BBLs generate the desired
limited-diffractive beam through the interference of the outward
cylindrical leaky wave coming from the source and the inward
one given by the reflection on the circular metallic rim [20]. In
particular, in order to enforce the correct constructive interfer-
ence among such cylindrical waves, the outward and the inward
contributions should add in phase andwith almost the same ampli-
tude. While the latter constraint is fulfilled by requiring a “small”
value of the leakage constant 𝛼, the former has to be achieved by
enforcing a correct radial resonance. From the boundary condi-
tions, it follows that a resonance is achieved when the tangential
electric field at the rim location is zero. In this regard, it is worth-
while noticing that depending on the polarization type, the tangen-
tial electric field will show a different aperture distribution, thus
different design conditions have to be enforced for the TE and TM
case. In particular, a null for the first or the zeroth-order of the first-
kind Bessel function has to be placed on the circular metallic rim
depending on the specific polarization [23]. As concerns the TE
case, the following relation has to be verified [26]:

𝛽𝜌ap = j1q, (2)

where j1q is the qth null of the first-order Bessel function of the first
kind.

As in paper [1], the choice of the working frequency, the
aperture radius, and the number of nulls is fixed as follows:
f0 = 30 GHz, 𝜌ap = 15 mm, and q= 2, respectively. At this point,
the normalized leaky phase constant is fixed at ̂𝛽 = 𝛽/k0 ≃ 0.7436
through equation (2). As concerns the normalized attenuation con-
stant ̂𝛼 = 𝛼/k0, it should be as low as possible in order tomaintain
almost the same amplitude between outward and inward cylindri-
cal leaky waves [30]. A good design rule is to consider the inward
wave power at the antenna rim equal to the 95% at least of the
outward one at the antenna feeder which corresponds here to a
normalized attenuation constant equal to ̂𝛼 = 0.0027 as in papers
[1, 9].

It is worth pointing out that a low value of 𝛼 does not mean
that the radiation efficiency of the proposed launcher is low. It is
true that, in typical leaky-wave antennas (see, e.g., [31] and refer-
ence therein), the radiation efficiency 𝜂r is often evaluated through
the well-known expression 𝜂r = 1 − exp(−2𝛼𝜌ap). However, this
formula ignores the cylindrical spreading factor that characterize
cylindrical leakywaves, and assumes the structure to be terminated
with an ideal absorber, whereas the leaky-wave launcher studied
here is terminated over a circular metallic rim, which would make
the radiation efficiency tend to one. This efficiency evaluation,
however, does not take into account material losses, mismatching,
and potential coupling of the source with other modes different
from the dominant leaky wave. All these quantities could affect the
total efficiency of the launcher. Since an air-filled cavity, a lossless
dielectric and ideal metal are considered in the following, dielec-
tric and ohmic losses are negligible. Therefore, the efficiency is not
affected by material losses in our work (this assumption is totally
reasonable in this frequency range [32]). The same holds for mis-
matching losses which are negligible (and not shown for brevity)
since ideal sources have been assumed. The interesting point is
related to the potential coupling with other existing modes (e.g.,
surfacewaves) thatmay subtract power to the leakymode responsi-
ble for radiation. In this context, we properly designed the structure
to avoid resonances with those modes (more details can be found
in papers [19, 21]) and to limit the excitation of spurious modes
that arise in HTE-polarized configurations, as shown next.

At this point, once the desired leakywavenumber has been com-
puted, it is necessary to suitably design the cavity to excite the
targeted k𝜌 value at f 0. To this aim, the design parameters available
in a resonant BBL are the cavity height h and the equivalent PRS
reactanceXs that can be computed through themethods described
in paper [33]. The PRS is indeed typically realized through an
isotropic metallic metasurface [34] which is represented by an
imaginary scalar impedance Zs = jXs since losses are negligi-
ble. This assumption is in general fully satisfactory for resonant
BBLs [19–21]. Therefore, as shown in paper [1] and by follow-
ing the analysis in papers [23, 33], the design parameters for the
TE-polarized BBL analyzed in this work are fixed at: h= 7.194mm
and Xs = 67.235 Ω.

In order to verify the validity of the design, the transverse reso-
nant technique [35] is applied on the transverse equivalent network
(TEN) of the device, thus obtaining the relevant dispersion equa-
tion of the structure, as in papers [19, 20, 23]. In particular, the
dispersion curve of the leakymode can be found by solving the dis-
persion equation for the complex improper roots, using the Padé
algorithm [36].

The results of this complex-mode analysis are reported
in Figure 2. As shown, the dispersion curve of the leaky phase
constant intersects the dispersive radial resonance at the working
frequency f 0. Moreover, as concerns the dispersion curve of the
leakage constant, very low values for ̂𝛼 are achieved around the
working frequency, as desired in order to achieve the Bessel-beam
distribution.

Once the theoretical design parameters are verified, it is neces-
sary to implement from a practical viewpoint the excitation of the
device and the PRS. These aspects are discussed in the following
section “Physical implementation.”

Physical implementation

In this section, we analyze the possibility to excite TE-polarized
and HTE-polarized BBLs through two different feeders.
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Figure 3. Pictorial representation of the proposed PRS composed by an annular
strip grating with periodicity ps and width ws. The nonvanishing electromagnetic
tangential field components in the case of an azimuthally symmetric device with a
TE (light blue color) and TM (red color) are represented.

In particular, an effective theoretical analysis for the meta-
surface used here to enhance the TE components of a non-ideal
TE excitation is presented.

Feeder

As discussed in section “Introduction,” a purely TE-polarized BBL
can only be obtained with an ideal VMD source. As shown in
papers [8, 25, 26], loop antennas and feeding coils are not ideal
VMD sources. Therefore, even if a well-designed TE-polarized
resonant BBL is considered (as discussed in section “Design of
TE-polarized BBLs”), the excitation through a simple loop feeder
generates a hybrid-polarized field with a generally nonnegligible
TM-field contribution (see Figure 4). This effect is due to the
feeding point (with height hlf ≃ 𝜆0/10, being 𝜆0 the vacuum
wavenumber at the working frequency f 0) of the loop antenna
(with radius Rl ≃ 𝜆0/(2𝜋)) which breaks the azimuthal symmetry
of the structure (see Figure 1). Therefore, a simple loop antenna
does not excite a purely TE-polarized Bessel beam but rather an
HTE one. However, as shown in paper [8], it is possible to reduce
the undesired TM contributions by using an original homogenized
metasurface consisting of an annular strip grating (see its pictorial
representation on the top-right corner of Figure 1 and in Figure 3)
whose innovative theoretical description and its dichroic behavior
are presented in the following subsection “Metasurface.”

As recently demonstrated in paper [1], an option to achieve the
excitation of a purely TE-polarized Bessel beam is given by a radial
slot array on the ground plane. In this work and in paper [1], the
radial slots on the ground plane are ideally excited by dipole-like
sources but, from a practical viewpoint, an ad hoc feeding scheme
of the slots should be considered. The design and the optimization
of the physical excitation of the slots will be addressed in future
works.

Once the radial slot array on the ground plane is correctly
excited, it represents the discrete counterpart of a continuous loop
of radially directedmagnetic surface current.The ideal, continuous
source couples only with irrotational magnetic fields and, hence,
it excites a pure, azimuthal symmetric, TE-polarized field. In this
work and in paper [1], an array of N = 8 rectangular radial slots
of width w= 1 mm and length l = 2 mm are considered with a
uniform azimuthal distribution and a fixed radial distance from
the vertical z-axis given by R= 2.5 mm (see Figure 1). It is worth
pointing out that the slots have to be electrically small (please
note that, in this work, w = 𝜆0/10 and l = 𝜆0/5), simultane-
ously excited with the same amplitude, and their number should
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Figure 4. Full-wave results for the designed TE-polarized BBL with a typical
fishnet-like metasurface as a PRS and a loop antenna near the ground plane as a
feeder. All the components are normalized with respect to the maximum of their
respective field on the z = zndr/2 plane, where their absolute values are reported
in dB.

be sufficiently high to well represent their continuous counterpart.
The purity of the polarization is corroborated by the field envelope
further reported in the analysis (see Figure 6): the Ez field com-
ponent is indeed negligible with respect to the ||Et|| contribution.
Therefore, since a realistic pure TE excitation has recently been
achieved in paper [1], it can be exploited to demonstrate and quan-
tify the dichroic behavior of the annular strip grating proposed in
paper [8].

Metasurface

The main difference between HTE-polarized and TE-polarized
BBLs is given by their excitation scheme. In the former case, the
hybrid character of the source call for radiating apertures able to
enhance the TE field components with respect to the undesired TM
ones.

As discussed in section “Design of TE-polarized BBLs,” an
inductive-like metasurface with Xs ≃ 67.235 Ω is needed in
order to excite the desired leaky wavenumber and achieve the cor-
rect radial resonance at the working frequency f0 = 30 GHz. A
simple structure that allows for synthesizing a wide range of induc-
tance values is the fishnet-like metasurface [30]. In particular, the
desired Xs value is obtained by setting the distance among patches
to g = 0.86 mm and the width of the metallic bridge among them
to w= 0.3 mm, when the period is set to p= 2 mm (which is fully
within the homogenization limit, viz. p < 𝜆0/4). Such a metasur-
face shows almost the same behavior for both TE and TM polar-
ization [30] and thus is not well suitable for HTE-polarized BBLs
that instead call for dichroicmetasurfaces, such as the annular strip
grating (see Figure 3).

An original approach is used here to theoretically describe
the latter. As mentioned earlier, this kind of metasurface allows
for enhancing the TE field components with respect to the TM
ones.This effect clearly emerges from a direct comparison between
the field envelopes in Figure 4, where a non-ideal TE source
(the loop antenna) is used with a fishnet-like metasurface, and
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Figure 5. Full-wave results for the HTE-polarized BBL [8] obtained with a
loop-antenna feeder and annular-strip-grating metasurface. All the components are
normalized with respect to the maximum of their respective field on the z = zndr/2
plane, where their absolute values are reported in dB.

that in Figure 5, where the same source is used with an annular
strip grating. In the latter case, the Ez component is considerably
reduced.

However, there is still a nonnegligible vertical component
of the electric field that should be zero [23], even though its
maximum value is much lower than the maximum value of Et.
For this reason, we refer to both these cases as a HTE polar-
ization and not as a purely TE-polarized Bessel beam as the
one achieved with the radial-slot-array feeder and the typical
fishnet-like metasurface (whose field distribution is reported in
Figure 6).

The effect of the annular-strip-grating metasurface is strictly
related to its dichroic nature. In order to understand this behavior,
it is important to recall that the only nonvanishing contributions
for the TE and the TM polarizations are Hz, H𝜌, E𝜙, and Ez, E𝜌,
H𝜙, respectively [23]. As shown in Figure 3, the only tangential
components on the PRS are H𝜌(E𝜌) and E𝜙(H𝜙) for the TE(TM)
polarization.Therefore, the tangential electric-field components in
the TE(TM) case are locally parallel(perpendicular) to the metal-
lic strips, thus revealing the dichroic nature of the metasurface
which shows an inductive (capacitive) behavior in the TE(TM)
case. Moreover, by virtue of the azimuthal symmetry of the struc-
ture, we can consider a section at constant 𝜙 and consider a local
linear approximation of annular strip grating to treat it as a con-
ventional metal strip grating [37] (see Figure 3). Since the period
of the unit cell is much smaller than the wavelength (viz., p ≪ 𝜆0),
we can also exploit the homogenization principle and character-
ize the whole metasurface by studying the scattering properties of
the zeroth-order Floquet harmonic under TE and TM incidence.
As for more conventional homogenized metasurfaces, the annu-
lar strip grating admits a simple surface-impedance representation:
an inductive one for the TE case and a capacitive one for the TM
case.These impedance values can in principle be found using either
approximate analytical formulas [37] or conventional full-wave
approaches [30].

However, it is worthwhile to note that such PRS has to be
printed on some thin dielectric substrates placed on the BBL top

-15 -7.5 0 7.5 15 
-15 

-7.5

0   

7.5 

15 

-15 -7.5 0 7.5 15 
-15 

-7.5

0   

7.5 

15 

-15 -7.5 0 7.5 15 
-15 

-7.5

0   

7.5 

15 

-15 -7.5 0 7.5 15 
-15 

-7.5

0   

7.5 

15 

-30

-25

-20

-15

-10

-5

0

Figure 6. Full-wave results for the designed TE-polarized BBL proposed in paper
[1]. In this case, a typical fishnet-like metasurface has been considered as PRS and a
radial slot array on the ground plane as a feeder. All the components are
normalized with respect to the maximum of their respective field on the z = zndr/2
plane, where their absolute values are reported in dB.

Figure 7. The TEN for the TE-polarized contribution in the resonant BBL with the
annular strip grating as PRS is represented along with its dispersive diagram.

with negligible losses, height hd and relative dielectric constant 𝜀r.
Therefore, a more precise TEN has to be considered in order to
correctly enforce the radial resonance at the desired working fre-
quency f 0. As shown in Figure 7, the TEN is given by two cascaded
transmission lines: one of length h with the characteristic admit-
tance of the TE mode in the air Y0 and one of length hd with
the characteristic admittance of the TE mode in the dielectric Yd.
The metasurface and the air medium are represented by their
equivalent admittances YTE

s = −j/XTE
s and Y0, respectively.

After numerical optimization, it is found that the desired reso-
nance at f 0 is obtained for an annular strip grating with parameters
ps = 𝜆/10 and width ws = 0.26 mm printed on a lossless dielec-
tric with 𝜀r = 3 and thickness hd = 0.127 mm, as shown in
Figure 7. It is worthmentioning that this choice of parameters leads
to XTE

s = 35.18 Ω, which considerably differs from the value
reported at the beginning of subsection “Metasurface”; this is a
consequence of the phase shift introduced by the thin dielectric
layer considered here.

However, if loop-antenna feeders are considered, non-
negligible TM components are excited and need to be taken
into account. For this purpose, we analyzed the behavior of
the annular strip grating under TM polarization and found
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Figure 8. The TEN for the TM-polarized contribution in the resonant BBL with the
annular strip grating as PRS is represented along with its dispersive diagram.

XTM
s = −5530.66 Ω. As opposed to the TE case, the surface

impedance in the TM case is large in absolute value and negative.
As a result, while the PRS is rather reflective for the TE case, it
is almost transparent for the TM case, thus strongly promoting
the efficient radiation of TE leaky waves with respect to TM leaky
waves. This statement is corroborated by the dispersive diagram
reported in Figure 8 for the TM case along with the TEN of the TM
wave (the meaning of each admittance is the same of the TE case
but for the TM polarization). As shown, the TM leakage constant

̂𝛼 is very high (due to the very low reflectivity of the PRS for this
polarization), thus a TM-polarized Bessel beam can no longer be
effectively generated by this leaky mode (because the reflected
inward cylindrical leaky wave would be significantly damped, thus
a stationary aperture field would not be efficiently created).

The surface impedance models of the annular strip metasur-
face, its dichroic nature, and the related dispersive properties of the
leaky modes supported in the BBLs can be verified by considering
a purely TE (as the radial slot array proposed in paper [1]) and a
purely TM (a coaxial cable [23]) excitation scheme.

In the former case, a comparison between the results achieved
through the realistic metasurface and its surface impedance model
Xs = XTE

s has been considered in Figure 9(a), where the Hz
field radial profile (normalized to its maximum) at z = zndr/2
is reported. (All TE field components have been evaluated, but
not shown for brevity; similar agreement is obtained in all cases).
The analysis of the dual case is shown in Figure 9(b). The impres-
sive agreement between the realistic metasurface and the surface
impedance model with an ideal source corroborate the theoretical
analysis of the proposed metasurface: the same field distribution
has indeed been achieved with the theoretical Xs value and the
annular strip grating for both polarizations.

Wireless power transfer

After conducting a thorough characterization of the HTE-
polarized BBL, it is interesting to evaluate its performance in terms
of WPT. The intrinsic high-focusing capabilities, together with
the system compactness, make BBLs valuable candidates to be
exploited within these types of applications. As shown in papers
[8–10], by placing two identical launchers one in front of the
other, it is possible to create limited-diffractive WPT links. Here,
we focus specifically on the launchers that were created using the
specifications provided in Section II.

When using two BBLs within a wireless link, the calculation of
power budget becomes a crucial aspect, taking advantage of their
unique propagation properties within the nondiffractive range.
While in previous works the evaluation of the WPT efficiency
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Figure 9. Full-wave validation of the theoretical description of the PRS when a
purely (a) TE- or (b) TM-polarized source are considered inside the resonant BBL
designed in section “Design of TE-polarized BBLs.” The blue dashed lines represent
the normalized (a) Hz and the (b) Ez field components with respect to their
maximum at z = zndr/2 when the annular strip grating is considered as PRS. The
red solid lines report the same field components when the PRS is implemented by
a surface impedance boundary condition with (a) Zs = jXTE

s or (b) Zs = jXTM
s .

has been achieved through an accurate, analytical, and numer-
ical approach based on the equivalence theorem in the spatial
[38] and spectral [39] domains, a fast, straightforward, yet effec-
tive method has been considered in this work. In particular, the
general-purpose link budget model given in paper [40] is used to
produce an estimation of the power budget of the presented WPT
scenario when two BBLs are used as the transmitting (TX) and
receiving (RX) antennas [1]. In order to facilitate the comparison
of obtained performance, the two BBLs are chosen of the same
polarization. The Norton equivalent circuit of a rectenna can be
exploited to rigorously estimate the received power [40]:

Pr = (1/8)|Ieq|2/Re [Ya(𝜔)] , (3)

where Ya(𝜔) is the internal complex admittance of the considered
antenna, i.e., the HTE-polarized BBLs. As can be inferred from
equation (3), the correct computation of Ieq allows for safely esti-
mating the overall link power budget. According to the numerical
algorithm [40], the electromagnetic field components of the TX
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Figure 10. Computed equivalent current density for the (a) TE-polarized BBL [1] and two HTE-polarized BBLs achieved through a loop antenna feeder, and (b) an annular
strip grating [8], or (c) a fishnet-like metasurface. All the plots are evaluated on a xy-plane at z = 10mm and reported in a dB scale after the normalization with respect to
the maximum among them.

Table 1. Received power for BB launchers with different feeders, metasurfaces,
and polarizations

TX-RX
distance
(mm)

Pr (dBm)
TE
[1]

Pr (dBm)
HTE

Annular
strip grating

Pr (dBm)
HTE

Fishnet
metasurface

20 9.8 6.6 2.6

30 3.2 1.2 −4.3

40 −1.1 −2.4 −7.6

and RX launchers are replaced by the equivalent electric and mag-
netic surface currents computed on a plane positioned between the
two launchers, and the current Ieq is then precisely determined by
solving the surface integral of the following expression [40]:

n̂ ⋅ [Ei(PS) × HR(PS) − ER(PS) × Hi(PS)] (4)

where PS are the points belonging to the interposed surface S
between the TX and the RX, with unit vector n̂, whereas Ei, Hi,
ER, and HR are the electric and magnetic fields of the TX and RX
launchers, respectively.

The fields Ei and Hi are computed and extracted by the full-
wave characterization of a single launcher radiating in free space,
acting as the TX, whereas ER and HR refer to the receiver and are
numerically evaluated, reducing remarkably the global computa-
tional time required for a full-wave simulation of the studiedWPT
link.

Figure 10(a) shows the computed equivalent current density for
a link made of two pure TE-polarized BBLs (fed with radial slot
arrays) [1], whereas Figure 10(b) and (c) refer to the equivalent cur-
rent density evaluated for the HTE-polarized BBLs (fed with loop
antenna) designed with an annular strip grating and a fishnet-like
metasurface, respectively. Both cases are computed and plotted for
a reference distance of z = 10 mm. As can be noticed, they both
present four main lobes in which the overall equivalent current
density is mainly concentrated. However, the pure TE-polarized
case exhibits higher peaks that reflects in a higher receiver power,
as is further addressed in the following results.

The receiver power levels for the analyzed WPT links are com-
puted for three different TX-RX operating distances, namely 20,
30, and 40 mm.The link performances are listed in Table 1 and the
comparison is carried out for the three different polarization types.
The obtained values are computed considering an input power at
the TX side equal to 21 dBm.

As can be inferred from Table 1, when a pair of pure TE-
polarized BBLs is considered, the received power levels are higher
than both cases with an HTE polarization due to the higher polar-
ization purity and the correct excitation of the desired dominant
leaky mode. It is worth pointing out that the HTE-polarized WPT
link performance is greater when a dichroic metasurface is con-
sidered rather than a typical isotropic one (such as the fishnet-like
metasurface). This effect is related to the promising ability of the
innovative strip-grating metasurface to enhance the TE field com-
ponents with respect to the TM ones when the device is excited
with a non-ideal VDM source. Therefore, since the BBL parame-
ters are chosen in order to excite a TE-polarized Bessel beam, the
WPT efficiency is higher as the TE polarization purity increases.

Conclusion

In this work, it is shown how a TE-polarized Bessel-beam is excited
by a leaky-wave resonant cavity with a radial slot array on the
ground plane. As expected from a theoretical viewpoint, a dom-
inant zeroth-order Bessel beam over the vertical magnetic field
component Hz and a negligible vertical electric field Ez have been
achieved. This innovative radial slot array and a more conven-
tional coaxial cable are then respectively used as ideal TE and
TM sources to corroborate the theoretical analysis of an innova-
tive dichroic metasurface under TE and TM polarization, respec-
tively. This kind of metasurface is very useful when a non-ideal
source, such as a loop antenna, is considered and the device
is designed to resonate with a TE polarization. Finally, the link
power budget is evaluated for different cases obtaining interest-
ing results with respect to the state-of-the-art and showing a
higher power transmission efficiency as the polarization purity
increases.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S1759078723001538.
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