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Abstract— Transverse-electric (TE) polarized Bessel-beam
launchers working at millimeter-wave frequencies are theoreti-
cally described, simulated, realized, and experimentally validated.
A limited-diffractive near-field distribution up to the so-called
nondiffractive-range distance of about 30 mm has been obtained
in this work. To generate a pure TE leaky mode, avoiding unde-
sired transverse-magnetic (TM) field components, an innovative
feeding scheme is designed consisting of a circular array of four
radial slots. To enhance compactness, the four slots are excited
through a single-port meandered microstrip feeding network,
which has been optimized to ensure the same signal distribution
exciting the slots while minimizing unwanted coupling among
them. Full-wave simulations allowed for accurately designing a
resonant cavity at 30 GHz able to generate a TE-polarized Bessel
beam (BB). Two launchers of this kind are then exploited to create
a wireless power transfer (WPT) link whose performance is first
computed numerically and then verified by means of measure-
ments for different transmitter-receiver distances, namely 25, 35,
and 48 mm. These values respectively fall within, in proximity of,
and away from the nondiffractive region of the transmitting (TX)
device, showing an increasing WPT performance deterioration,
as expected. For the case of a 25-mm distance, the evaluated
|S21| is −12 dB, in excellent agreement between full-wave and
measurement results.
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I. INTRODUCTION

THE possibility to focus the electromagnetic energy in a
narrow spatial region and to limit its diffractive spreading

has a great interest in many practical applications. These
features are fulfilled by a specific class of solutions of the
Helmholtz equation called localized waves [1], [2]. The main
common characteristic of localized waves is their theoretically
diffraction-free behavior.

Among localized waves, the simplest yet the most known
solutions are Bessel beams (BBs) [3]. They simultaneously
show a limited-diffractive, focusing, and self-healing behavior,
i.e., they are able to maintain their localized transverse profile
over large distances and can regenerate themselves after an
obstacle placed along their propagation axis [4]. Thanks to
these intriguing features, BBs have been investigated as a
next-generation solution in many practical scenarios, such
as near-field point-to-point communications [5], imaging [6],
and, recently, wireless power transfer (WPT) [7], [8], [9], [10],
[11], [12].

Devices able to generate BBs at microwaves and millime-
ter (mm) waves are typically referred to as BB launchers.
Although they exist in different architectures (see, e.g., [8],
[13], [14], [15], [16], [17], [18], [19], [20], [21], [22]), here
we focus on resonant BB launchers based on higher-order
leaky waves only [11], [18], [23], as they offer an efficient,
low-profile, cost-effective, and compact solution, suitable for
WPT scenarios.

In the literature, dielectric-filled launchers have been con-
sidered due to the easier physical implementation with respect
to air-filled launchers. The latter is however preferable to
reduce the dielectric losses that may become unbearable as the
working frequency increases, at least with common low-cost
materials [23]. On the other hand, an air-filled cavity requires
a thorough analysis and poses more challenges in terms of
fabrication. In this work, air-filled BB launchers have been
designed and, for the first time, fabricated and experimentally
validated. A circular aluminum ring has been conceived to
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precisely connect and align the feeding network with the
launcher, consisting of an isotropic metasurface. The latter has
been realized using a thin, yet rigid, tungsten sheet.

A key feature of the BBs considered in this paper is their
polarization. Most of the previous studies on BB launchers,
both of the wideband and of the resonant kind, deal with
devices excited by coaxial feeders. The latter can effectively
be modeled as vertical electric dipoles (VEDs); hence, the
resulting BB has a transverse-magnetic (TM) polarization.
By duality, a transverse-electric (TE) polarized BB launcher
could be excited by a vertical magnetic dipole (VMD), whose
physical implementation is however far from being trivial.
In fact, the physical counterpart of VMDs is usually given
by loop antennas or feeding coils [20], [21], but their feeding
point breaks the azimuthal symmetry inside the cavity, thus
producing a hybrid TE (HTE) [24], rather than a pure TE,
polarization [25] for the propagating BB. These spurious TM
components are further enhanced by the resonant conditions
inside the cavity and their effect is thus more prominent with
respect to loop antennas radiating in free space [24].

The implementation of a TE-polarized BB launcher has
crucial importance both from a theoretical and a practical
viewpoint. As shown in [20], the excitation of a TE-polarized
field minimizes the coupling with lossy dielectric materials.
For this reason, the possibility to excite a pure TE-polarized
field through a resonant BB launcher has recently and pre-
liminarily been investigated. In [23], the excitation of a
TE-polarized leaky-wave mode has been achieved through
a circular waveguide feeder operating on the azimuthally
symmetric higher-order TE01 propagation mode. Such a feeder
excites a pure TE-polarized BB but needs a bulky feeding
network to isolate the desired higher-order mode in the circular
waveguide [8], [26], [27]. Another possibility has been shown
in [25] where a pure TE-polarized BB has been obtained
through the ideal, simultaneous, in-phase excitation of a cir-
cular array of N = 8 radial slots. Here, to achieve a practical
demonstrator of an air-filled TE-polarized BB launcher, the
number of slots is reduced to N = 4 to implement an innova-
tive and realistic feeding scheme for this kind of structure (and
not just the ideal simultaneous excitation of slots preliminary
investigated in [25] and theoretically studied in [28]). Results
in Section III will demonstrate that with four slots a high
polarization purity is maintained.

In this regard, a meandered microstrip network is here
proposed as an original feeder for a TE-polarized BB launcher
able to ensure a uniform excitation of the four slots both in
amplitude and in phase. At mm-wave frequencies, the feeding
structure is highly sensitive to losses related to meandered
arrangements; thus, the design must be carried out by means
of combined geometric and electromagnetic optimizations to
find the best and most accurate trade-off between a precise
geometrical arrangement and a correct radio frequency (RF)
signal distribution. The exciting structure design is shown from
a theoretical and practical viewpoint obtaining an excellent
performance and good matching between simulated and mea-
sured results.

Moreover, the designed launchers are exploited in a radia-
tive near-field WPT scenario. The importance of radiative

near-field WPT links has been recently investigated in [29]
and [25], showing how such links outperform typical reactive
near-field [30] and far-field [31] WPT links in terms of
working distance and efficiency, respectively [10]. In this
work, the WPT performance is reported in terms of link budget
and it is evaluated through a fast semi-analytical numerical
method. The results expected from the proposed accurate
method are corroborated by the first experimental validation
of a radiative near-field link among resonant BB launchers
and the evaluation of the link performance in a realistic
environment.

The paper is organized as follows. Section II shows the
design workflow of a TE-polarized resonant BB launcher
through a simple yet powerful leaky-wave approach, whereas
Section III describes the implementation of a realistic feeding
network. In Section IV, the link budget estimation in a WPT
scenario is carried out for two TE-polarized BB launchers,
fabricated and validated by the measurement campaign as
shown in Section V. Conclusion is finally drawn in Section VI.

II. THEORETICAL DESIGN WORKFLOW

In this section, the theoretical design of a TE-polarized reso-
nant BB launcher is presented through an efficient leaky-wave
approach to introduce the physical implementation of the
feeding network and the device described in the subsequent
Sections III and V-A, respectively.

As mentioned in the Introduction, resonant BB launch-
ers are low-cost, compact, and effective devices capable of
focusing electromagnetic energy in a narrow spatial region
at microwaves and mm waves. As shown in Fig. 1 (a refer-
ence coordinate system {ρ, φ, z} is used hereafter), they are
typically constituted by a cylindrical metallic cavity excited
by a dipole-like source whose upper plate is a partially
reflecting sheet (PRS) which enables the power to leak, and
then radiate, while propagating [17], [18]. For this reason,
this kind of structure can effectively be described by the
straightforward, yet powerful and rigorous theoretical leaky-
wave approach [11], [17], [18], [32].

Regardless of the polarization type, constructive interfer-
ence between an outward cylindrical leaky wave generated
by the source and an inward one reflected by the cir-
cular metallic boundaries has to be enforced to obtain a
limited-diffractive BB distribution. From a practical viewpoint,
both amplitude and phase constraints have to be ensured to
maintain almost the same amplitude for the outward and
the inward contributions and to ensure the vanishing of
the electric-field tangential components on the metallic rim,
respectively [17].

The first condition can be satisfied by enforcing a
design constraint on the attenuation (or leakage) constant α,
i.e., the imaginary part of the leaky-wave radial wavenumber
kρ = β − jα (being β the phase constant). As shown
in [23], it is possible to achieve a good representation of a BB
distribution through an inward and outward cylindrical leaky
wave if approximately α ≤ 0.03/ρap, being ρap the aperture
radius, i.e., the inner radius of the cylindrical cavity.

Once the amplitude condition is enforced through the atten-
uation constant value α, the phase condition has to be applied
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Fig. 1. Exploded, top, and bottom view of the proposed TE-polarized resonant BB launcher along with its relevant geometrical parameters. The device is
fed through an array of four radial slots on the ground plane (see the bottom view) and it is constituted by a metallic cavity whose upper plate is replaced
by a PRS. The latter has been implemented through a fishnet-like metasurface (see the top view).

through the leaky-wave phase constant β. In particular, the
tangential electric-field components must vanish on the circu-
lar metallic rim, thus obtaining a different resonant condition
for each polarization. In an ideal TE-polarized BB launcher,
a zeroth-order Bessel function J0(kρρ) describes the verti-
cal component (along the z-direction) of the electric vector
potential. In such a way, the magnetic-field component Hz

also follows a J0(·) distribution. The transverse components,
i.e., Eφ and Hρ , have a radial dependence described instead
by a first-order Bessel function J1(kρρ) [23]. Therefore, since
the only nonzero electric-field component in an azimuthally
symmetric TE field is Eφ , the radial resonance is enforced
by equating j1q , the qth zero of J1(·), to the real part of the
Bessel function argument [20], [21]

βρap = j1q . (1)

The radial-resonance order q can be set almost arbitrarily
in conjunction with the geometrical and physical parameters
(e.g., frequency) of the structure. The first radial resonance,
however, is typically avoided due to the occurrence of unde-
sired non-negligible truncation effects. For this reason, the
second radial resonance, i.e., q = 2, is assumed in the
following to achieve a more compact device and the minimum
number of secondary lobes [10]. The working frequency f0 is
chosen depending on practical constraints, such as usable
bands and dimension limits. An additional practical restriction
depending on the specific application target is given by the
device size. We are here interested in rather miniaturized WPT
devices so that the maximum aperture radius of the launcher
is fixed at ρap = 2 cm, considering an additional margin of
0.5 mm to physically implement the circular metallic rim (see
Fig. 1).

To excite a leaky-wave mode with the desired β and α

values at the working frequency f0 and with a fixed value for
the aperture radius, the effect of the cavity height h and the
specific PRS has to be studied through a transverse-resonance-
technique (TRT) approach (see, e.g., [11] and references
therein). The TRT is applied to the transverse equivalent
network of the cavity to obtain the dispersion equation of the
relevant TE-polarized leaky mode. The dispersion equation is
then numerically solved for the complex improper roots to find
the leaky wavenumber [33].

In this context, a PRS constituted by a lossless, isotropic,
homogenized metasurface is simply represented through a
purely imaginary sheet impedance Zs = j Xs, being Zs
the equivalent surface impedance and Xs its imaginary part
(reactance). As shown in [34], typical 2-D metal arrangements,
such as patch arrays, metal strip gratings, or fishnet-like
metasurfaces can efficiently and rigorously be described in
this way.

The cavity height h and Xs are strictly related to each other
and they can be found, as shown in [35], to obtain the desired
values of α and β at the working frequency f0. While h is
simply set by the metallic-cavity inner height (see Fig. 1),
the equivalent PRS surface impedance has to be implemented
through a homogenized metasurface topology with specific
physical dimensions.

In this work, an inductive PRS is used, constituted by a
fishnet-like metasurface whose design parameters, shown in
Fig. 1, are: the unit-cell period p, the strip width w, and
the patch gap g [34]. It is worth noting that the period p
has to be selected to work under the homogenization limit,
i.e., p ≪ λ0 (being λ0 the vacuum wavelength at the working
frequency f0).
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TABLE I
DESIGN PARAMETERS OF A TE-POLARIZED BB

LAUNCHER WORKING AT 30 GHz

Fig. 2. Dispersion curves of the leaky-wave phase (β) and attenuation (α)
constants, normalized with respect to the vacuum wavenumber k0, are reported
as β̂ = β/k0 and α̂ = β/k0 through a red and a blue solid line vs. frequency f
for a structure with parameters as in Table I, respectively. The radial resonance
curves of the q = 1, 2, 3 zeros of the first-order Bessel function of the first
kind, J1(·), are reported through black dashed lines.

The characterization of the fishnet-like metasurface and the
evaluation of its equivalent Xs value have been performed as
shown in [34]. In particular, to obtain the desired Xs value,
the unit-cell design parameters p, w, and g reported in Table I
are used. It is worth pointing out that, differently from [34]
where an ideal zero-thickness perfect electric conductor (PEC)
is considered, the fishnet-like metasurface is here realized and
designed assuming a realistic tungsten sheet. Since an isotropic
PRS can be described in terms of a simple sheet impedance
only if it is electrically thin, a very low-profile metal arrange-
ment was necessary. For this reason, a 0.2 mm (corresponding
to λ0/50) thick fishnet-like metasurface has been realized
through a tungsten sheet which simultaneously shows a very
high conductivity (namely σ = 1.76 · 107 S/m), rigidity, and
planarity. Further details can be found in Section V.

As shown in Fig. 2, where the dispersion curves of
the normalized phase β̂ = β/k0 and attenuation α̂ =

α/k0 constants, being k0 the vacuum wavenumber, are reported
vs. frequency f , the second radial-resonance curve for TE
modes [given by (1)] intersects the normalized phase-constant
dispersion curve exactly at the desired working frequency
f0 = 30 GHz. Moreover, as expected, the normalized atten-
uation constant values α̂ are sufficiently small to ensure the
abovementioned amplitude condition. These curves have been
achieved by considering the design parameters ρap, h, and Xs
in Table I.

The evaluation of the leaky phase constant is not only
important for the correct design of the device and to have a
vanishing azimuthal electric field on the metallic boundaries,
but also for the evaluation of the nondiffractive range (ndr).
The ndr indicates the maximum distance from the aperture
plane for which the truncated BB, i.e., the BB generated by

TABLE II
PARAMETERS OF RADIAL SLOT FEEDING

a realistic, finitely extended aperture, remains approximately
propagation invariant. As shown and corroborated in previous
works (see, e.g., [23] and references therein), the ndr can be
computed through the ray-optics approximation, as [3]

zndr = ρap cot θ0 (2)

being θ0 the so-called axicon angle. The latter is strictly
related to the leaky-wave phase constant through the relation
β = k0 sin θ0 [17]. Since in this case, at the working frequency
f0 = 30 GHz, we have β ≃ 0.56k0, it results that θ0 ≃ 34◦

and zndr = 29.7 mm.
The last design step is related to the realistic feeder

implementation. As discussed in Section I, TE-polarized BB
launchers are indeed not common in the available literature
due to the problems related to realistic implementations of
VMDs through electric current loops. To avoid the need to
shift the loop position to partially limit the occurrence of
TM contributions as in [20], in [25] a radial eight-slot array
on the ground plane has been considered as the discrete
counterpart of a continuous azimuthally symmetric radially
directed magnetic surface current, which is transversely irro-
tational and, by reciprocity, excites an irrotational transverse
magnetic field, i.e., a TE-polarized field. Although a higher
number of slots would better approximate such an ideal surface
current, only four slots have been considered in this work to
achieve a physically realizable design, nonetheless obtaining
high polarization purity, as shown next. The design parameters
of the slots, pictorially represented in Fig. 1, are reported
in Table II. How these slots have been excited, the original
feeding network design and its implementation are the topics
addressed in the following Section III.

III. FEEDING NETWORK DESIGN

In this section, a realistic network in microstrips tech-
nology is designed to ensure identical slot excitation, both
in amplitude and phase. In the first stage, a four-port
microstrip network, with the ground plane coincident with
the BB-launcher bottom metal plane hosting the slots, has
been considered. It consists of four identical open stubs to
excite the slots, designed to provide a 50-� impedance at
each port. To obtain an irrotational transverse magnetic field,
a prescribed mutual orientation between each slot-feeding line
pair must be ensured. Starting from this four-port network
[see Fig. 3(a)], a five-port network has been designed to be
finally connected to the first one, by means of the sub-network
growth method [36]. The resulting one-port network has been
optimized by carefully taking into account and maintaining
as much as possible the symmetry conditions mentioned
before: on the one hand, the symmetry forces a meandering
arrangement of the feeding branches, requiring a more accurate
tuning especially due to the operating frequency of 30 GHz; on
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Fig. 3. (a) Schematic view of the full-wave characterization of the four-port network used as the load of the design feeding network. (b) Illustrative
representation of the blocks designed by means of full-wave simulations. (c) Rendering of a portion (one-half) of the designed feeding network, highlighting
the geometrical arrangement of the branches. (d) View of the designed feeding network. The slot positions are represented for reference with dotted lines.
Dimensions, in mm, are: L1 = 12.27, L2 = 7.47, L3 = 6.36, L4 = 10.2, L5 = 11.3, L6 = 4.58, L7 = 4.67, L8 = 1.98, L9 = 1.88, L10 = 1.1, L11 = 0.96,
L12 = 3.15, L13 = 2.6, L14 = 1.2, L15 = 0.72, L16 = 1.95, L17 = 1.5, L18 = 2.3, L19 = 2.1, w1 = 0.35, w2 = 0.3, w3 = 0.35, and w4 = 0.23.

the other hand, it allows for initially designing only one half
of the structure. The first step of the optimization process has
been to characterize the mutual coupling of the four slots in
the presence of the upper cavity equipped with the fishnet-like
PRS in terms of a four-port network, whose terminal planes are
located on the microstrips feeding the slots in proximity of the
latter. This computation is carried out by means of full-wave
simulations and the relevant setup is shown in Fig. 3(a).

This characterization allows us not only to quantify the
impedance to be matched by the feeding network but also it
is of paramount importance to take into consideration the pos-
sible existing coupling between the slots. The goal of the
optimization process is to have a feeding signal that has the
same amplitude and phase in the same section of all four
branches feeding the slots. This purpose, combined with geo-
metrical and orientation constraints in a mm-wave operative
context, forces the design to be carried out by full-wave sim-
ulations. Each slot must be fed by one branch of the feeding
network that needs not only to be compliant with the slot
orientation, as can be inferred from Fig. 3(a), but must also be
of the same electrical length to be able to provide a signal with
the same amplitude and phase. To reduce the computational
time, and also to find a starting point from which to conduct
a combined geometrical/electromagnetic optimization, two of
the four branches of the feeding network are modeled and
optimized, as schematically represented in Fig. 3(b) and (c).
We should stress that the extracted four-port network cannot
be directly connected to the two-branch designed feeding net-
work; thus, the specific value of impedances for the operating
frequency is extracted directly from the full-wave simulator
and used for a preliminary rough performance evaluation. The
complex impedances calculated in the sections of the lines
immediately before slots 2 and 3, [P2 and P3 in Fig. 3(c)]
are: 17 − j78 � and 16 − j70 �, respectively, and they are
used as load terms for the two branches simulated network.

Because these impedances are complex, the modeling and
optimization of the power divider should follow design steps
as in [37]. However, the challenge added to this design is
strongly related to the geometrical arrangement of the struc-
ture, implying the choice of carrying out the design by means
of full-wave simulations.

TABLE III
SIGNAL DELIVERED TO EACH PORT AT 30 GHz

(2-BRANCH FEEDING NETWORK)

To evaluate the performance of this branch in terms of
power distribution, the RF-power provided at each slot [P2
and P3 in Fig. 3(c)], when a 27 dBm input power is provided
to the input port, [P1 in Fig. 3(d)], has been first evaluated
through a circuital simulator that combines the two full-wave
blocks, as in Fig. 3(b). After a fine tuning of the branch length,
enabled by the use of a circuital simulator, the obtained results
are reported in Table III, showing an equal distribution of the
signal between the two branches, both in terms of amplitude
and phase.

The combined full-wave/circuital simulation enables the
tuning of the feeding network with the aim of finding the
best trade-off among system performance, in terms of power
splitting, dimensions, and orientation arrangement constraints
introduced by the slot-fed type of feeding. Authors are
aware that the choice of using the extracted fixed values of
impedances as loads of the feeding network introduces an
approximation of the overall behavior of the network, because
the mutual influence and coupling between the two ports,
and between each port and the others, is not accounted for.
However, it gives a useful starting point, especially in terms of
geometrical arrangement, to conduct the final optimization of
the overall structure. After validating the feasibility of a design
having two branches, the final feeding network is realized by
exploiting the perfect radial symmetry of the system, resulting
in the arrangement shown in Fig. 3(d).

Now that the feeding network is equipped with four sym-
metrical branches, to provide the input signal correctly, two
additional branches are introduced for compensation purposes.
In fact, a single microstrip line feeding the four-branch
structure would introduce a small coupling between the two
slot-fed sections in close proximity, modifying not only the
power distribution but also the phase shift in each branch.
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TABLE IV
SIGNAL DELIVERED TO EACH PORT AT 30 GHz

(4-BRANCH FEEDING NETWORK)

The final optimization of the entire network accounts for the
combination of the four-port system, modeling the impedance
offered to the feeding network by the presence of the BB
cavity, with the five-port network as in Fig. 3(d). The opti-
mization process, carried out in a circuital environment has
led to the final arrangement shown in Fig. 3(d). This process
allows us to verify not only the overall tuning of the system,
with the center frequency at 30 GHz, in agreement with
the full-wave simulations of the entire structure, but also to
validate the correct power distribution at each port, namely
P2–P5. Table IV lists the power delivered to each of the four
slots when a 27 dBm input power is provided to the feeding
network input port [see Fig. 3(d) for reference].

It is worth mentioning that both the high operating fre-
quency and the meandered structure forced by the need to
achieve symmetry introduce some losses in the overall power
distribution leading to resulting values that slightly differ from
the theoretical ones.

After the feeding network has been numerically simulated
and optimized, the final geometrical parameters, reported in
the caption of Fig. 3, are used as a source for the designed
BB launcher. A full-wave simulation of the entire structure
has been carried out in CST Microwave Studio [38] to verify
the effectiveness of this excitation scheme, when compared to
the same launcher excited by a radial slot array. As shown in
Fig. 4, the field distribution computed for an operating distance
of 12 mm from the radiating aperture is in agreement with
the expected results. To ease the comparison and visualization
of the TE polarization, the electric field components are nor-
malized with respect to the maximum value of the transverse
electric field component ∥Et∥ on the z = 12 mm plane and the
magnetic ones are normalized with respect to the maximum
value of Hz . As can be inferred from Fig. 4, the tangential
components Et and Ht have a radial dependence described
by a J1(·) function, whereas the longitudinal component Hz

follows a J0(·) profile, as expected. The proposed launcher
experiences an Ez component that is 16 dB lower than ∥Et∥,
whereas, in the HTE polarized BB launcher presented in [24]
the Ez component is only 10 dB lower than ∥Et∥. Indeed, the
solution exploiting the four radial slot array, fed ideally with
discrete ports, would allow for obtaining an Ez component
that is 30 dB lower than ∥Et∥ [see Fig. 4(b)] and, therefore,
a pure TE-polarized BB. However, the unfeasibility of this
solution makes it simply a gold standard, whereas the final
results, shown in Fig. 4(a), confirm that the designed structure
represents a valid feeder for a TE-polarized BB launcher,
improving the results obtained in [24]: actually a high polariza-
tion purity is maintained (having a still negligible contribution

Fig. 4. Full-wave outcomes for (a) TE-polarized launcher with the proposed
optimized feeding network and (b) with the ideal radial slot array. Both field
distributions are reported on an xy plane at z = 12 mm.

of Ez), thus obtaining a realistic implementation of a
TE-polarized BB.

IV. LINK BUDGET ESTIMATION

After carrying out the design and verification of the
customized matched feeding network loaded by the cavity,
a link budget estimation is performed to quantify the system
performance in terms of wireless power transmission. The
general-purpose link-budget numerical approach, extensively
described in [39], is exploited and applied considering two
slot-fed TE-polarized BB launchers as transmitting (TX) and
receiving (RX) antennas. This approach allows for obtain-
ing an accurate link budget calculation without the need to
simulate an entire WPT link made of two launchers in an
electromagnetic environment. The full-wave characterization
of a single launcher, carried out by means of CST Microwave
Studio [38], provides the electromagnetic field components
that are extracted, numerically post-processed, and used by a
custom-made numerical algorithm based on [39]. In particular,
the collected electromagnetic fields are both analyzed on a
surface S that is located between the two launchers. The
assessment plane is positioned in the center of the separation
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Fig. 5. Model based on the electromagnetic theory for quick and precise
link-budget evaluation.

space between the two launchers in the scenario, as depicted
in Fig. 5.

By combining the reciprocity and equivalence theorems,
this technique enables the representation of the RX device
through a Norton equivalent circuit, whose current source is
Ieq. Through full-wave simulations, the RX antenna admittance
Ya(ω) may be assessed, which reduces the computation of
the received power to the assessment of Ieq in the presence
of a monochromatic incident field from a TX antenna with
volume Vi. The reciprocity theorem can be used to make
the RX antenna switch between operating in the TX mode
(while being driven by a sinusoidal voltage source with an
internal impedance of ZR and electromotive force U ), and
in the RX mode (while being loaded by ZR and illuminated
by the incident field produced by the TX antenna). The
independent TX antenna of volume Vi is replaced by the
electric and magnetic surface currents Js and Ms depicted in
Fig. 5, computed on the plane S, to simulate a two-antenna
connection and expand these calculations to a generic situation
involving both far- and near-field conditions. Subsequently,
the Norton current Ieq can be precisely computed as follows
(see Fig. 5):

Ieq =
1 + ZRYa(ω)

U
n̂ ·

∫
S
[Ei(PS) × HR(PS)

− ER(PS) × Hi(PS)]dS (3)

where Ei, Hi, ER, and ER are the electric and magnetic fields
of the TX and RX BB launchers, respectively.

The received power can then be computed as [40]

Pr = (1/8)|Ieq|
2/Re[Ya(ω)] (4)

where Ya(ω) is the internal complex admittance of the con-
sidered antenna, i.e., the TE-polarized BB launcher. As it
can be inferred from (4), the correct computation of Ieq
allows for safely estimating the overall link power budget.
In particular, from the equation for Ieq, reported in [39],
it is possible to plot the equivalent current density in the
longitudinal xz plane at y = 0, by computing the integrand of
such equation. In this manner, as shown in Fig. 6, it is possible
to notice that, as expected, it has a zero in the center of the
aperture, in agreement with the distribution of the transverse
components of the fields that follows a J1(·) profile [23].
The link power budget has been subsequently computed for
different operating distances between the two launchers: 20,

Fig. 6. Plot of the equivalent current density normalized with respect to its
maximum for an xz plane.

TABLE V
RECEIVED POWER AT 30 GHz FOR TE-POLARIZED BB LAUNCHERS WITH

AN IDEAL OR A REALISTIC FEEDER FOR DIFFERENT
WORKING DISTANCES

30, and 40 mm, respectively, to enable a fair performance
comparison with previous works.

The received power levels for the three considered dis-
tances are reported in Table V together with the power levels
presented in [25] to perform a safe comparison between
the proposed solution and the previous designs, which are
computed considering an input power of 27 dBm. For the
sake of completeness, the results obtained for the shortest
distance of 20 mm exploiting the proposed method have been
compared with full-wave simulations, obtaining |S21| values
of −10.60 and −10.05 dB respectively. This comparison is
of paramount importance to show that coupling effects do
not modify significantly the transmission coefficient over the
frequency of interest.

V. EXPERIMENTAL VALIDATION

In this Section V, the fabrication process of an original air-
filled millimeter-wave resonant BB launcher is presented. The
designed radiating device and its feeding network are then
experimentally validated. Moreover, a measurement campaign
of a WPT link between two BB launchers is addressed for
the first time for three different distances, namely 25, 35,
and 48 mm.

A. Fabrication Process

Prototypes have been fabricated through a combination of
machining processes, involving the utilization of computer
numerical control (CNC) milling and laser cutting, to assemble
three distinct components according to the design shown in
the exploded view of Fig. 1. Specifically, the hollow cylinder,
fabricated from aluminum through CNC milling, features a
5 mm-thick frame, essential for accommodating the securing
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Fig. 7. (a) Picture of the realized feeding network, equipped with anchor
holes on the substrate. (b) Realized BB launcher. (c) Comparison of the
realized BB launcher with a 1 euro coin.

screws for the other two elements. The screw holes were
strategically arranged in two groups of three, spaced 120◦

apart on both the upper and lower planes, ensuring the utmost
planarity of the object. For the lower part, the feeding-network
printed circuit board (PCB), connected to the device through
the three bottom screws, also acts as the slotted ground plane.
On the other hand, crafting the upper part with the fishnet
pattern required a more delicate approach. A laser cutting
technique was precisely operated on a 0.2-mm thick tungsten
sheet. The use of tungsten was crucial to maintain material
rigidity and planarity despite the reduced thickness, which is a
feature required to minimize losses and to properly represent
the PRS as a purely imaginary sheet impedance. To further
enhance precision during fabrication, the cutting process was
conducted in steps rather than all at once. This approach
effectively mitigated the detrimental effects of thermal and
mechanical stress on the delicate fishnet structure.

B. Measurement Results

After carrying out an accurate optimization process, the
prototype has been fabricated (Fig. 7), and measurement
campaigns have been conducted. First, the feeding network
has been realized accounting for the presence of holes for
anchor purposes. A close-up of the feeding network is shown
in Fig. 7(a).

The reflection coefficient of the presented feeding network
is measured by means of a vector network analyzer (VNA)
without the presence of the BB launcher and results are
compared with simulated ones. As can be inferred by Fig. 8,
the characterization of the feeding network is carried out in a
frequency range from 28 to 32 GHz, showing good agree-
ment with the simulations. Minimal discrepancies between

Fig. 8. Simulated and measured reflection coefficient in absolute value (in dB)
for the proposed feeding network.

Fig. 9. Simulated and measured reflection coefficient in absolute value (in dB)
for the proposed TE-polarized BBL.

simulated and measured results are possibly related to some
imperfections in the physical implementation of the device and
they can be considered negligible. As expected, the feeding
network without the presence of the cavity approximately
behaves as if it were terminated on an open circuit, hence
different from the load for which it had been optimized,
thus it does not show good impedance matching around the
resonant frequency. However, such a characterization allows us
to validate the feeding part of the system to better confirm the
overall system performance. Subsequently, the entire system is
assembled and fixed exploiting the other three screws located
on the bottom layer to firmly close the cavity and allow the
feeding-network PCB. The reflection coefficient at the system
input port is then measured. Simulated and measured results
are compared and plotted in Fig. 9.

Measurements and simulations of |S11| are in fair agree-
ment. The main difference is related to a shift of the measured
resonance frequency which is most likely due to a difference
between the simulated cavity height and the actual one since
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TABLE VI
TRANSMISSION COEFFICIENTS FOR DIFFERENT TILT ANGLES

FOR A TX-RX DISTANCE OF 48 mm

resonant BB launchers are very sensitive to this parameter (see,
e.g., [23] and references therein).

Subsequently, a link between two TE-polarized BB launch-
ers is established and characterized. Given the high operating
frequency, the measurement setup must be accurately cali-
brated and firmly fixed to avoid inaccurate data. Fig. 10 shows
the measurement setup accounting for a 3-D printed support
structure to hold the launchers during the measurements.
When measuring the transmission coefficient of the link, three
additional distances, with respect to those in Table V, have
allowed us to measure the performance with a rather stable
setup, especially as concerns the movement of the cables
connecting each BB launcher to the VNA, and in specific
interesting working conditions. Such distances are 25, 35,
and 48 mm, and they have been chosen to place the RX
launcher within the, in the proximity of, and far from the
nondiffractive region of the TX device (zndr ≃ 30 mm),
respectively. Absolute values of the measured and simulated
S-parameters of an equivalent two-port network constituted by
the two launchers are shown in Fig. 11. For every working
distance, there is a fair agreement among the S11 results,
always ensuring an efficient matching condition despite the
TX-RX near-field coupling effect. Moreover, for a distance of
25 and 35 mm, simulations and measurements of the transmis-
sion coefficient are in excellent agreement, whereas the last
distance, much larger than zndr (so that the received power
is anyway rather reduced due to much stronger diffraction),
shows a more evident discrepancy. This last result is most
likely due to the greater effect of real-scenario nonidealities,
mainly due to fabrication tolerances and losses, far away from
the nondiffractive region of the TX device. Moreover, although
the measurement has been conducted paying attention to the
alignment of the two launchers, a slight tilt of one of the
two devices may have occurred. To quantify the effect, full-
wave simulations have been conducted showing how a simple
5◦-tilt of one of the BB launchers deteriorates the |S21| of
about 6 dB for the highest separation distance. For the sake of
completeness, Table VI reports the |S21| obtained for tilting
angles spanning from 0◦ to 10◦ computed for the TX-RX
distance of 48 mm. For the shorter distances, no significant
variations have been observed over the selected range on tilting
angles.

It is worth pointing out that, at lower working distances, the
misalignment does not impact much on the WPT performance
of the devices. This effect can be simply justified considering
a ray-optics approximation: since a generic tilt angle θt of
a launcher with respect to the other radially shifts the beam
axis of a value ρbeam = z tan θt, the higher is the working

Fig. 10. Photograph of the measurement setup. A 3D-printed structure is
realized for holding the launchers and the scattering parameters of the link
are measured using a VNA.

Fig. 11. Simulated and measured S-parameter results in absolute value
(in dB) for a link configuration of two TE-polarized BB launchers in a
real-world scenario for an increasing separation distance, namely 25, 35,
and 48 mm.

distance of the WPT link, the farther is the beam axis from
the receiver center. This possible inaccuracy, together with
the nonidealities effect, has led to a significant difference
between simulated and measured results appearing for the
largest analyzed separation distance, which is, however, above
the expected working condition of the TX device. The possible
effects of the nonidealities on the WPT link-budget perfor-
mance, especially for large distances, deserve further specific
deeper investigation. Nevertheless, the obtained results aim to
be a proof of concept of a design and a feasible realization
of an original air-filled mm-wave TE-polarized BB launcher
with a novel feeding technique to be exploited for future WPT
purposes.

VI. CONCLUSION

In this work, an air-filled TE-polarized Bessel-beam
launcher fed by four radial slots has been designed and imple-
mented for mm-wave applications. Preliminary theoretical
results have been made feasible by the design and optimization
of a feeding network to enable the correct generation of
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an azimuthally symmetrical electromagnetic field inside the
cavity. The geometrical parameters of the cavity, together
with the realization of the fishnet-like metasurface, have been
accurately designed, exploiting an efficient and accurate leaky-
wave approach. A 30-GHz feeding network has been designed
by means of a geometric and electromagnetic optimization
that allows each slot to be excited with an RF signal hav-
ing the same amplitude and phase. Prototypes have been
fabricated and measurement campaigns have been conducted
to quantify the power transfer capabilities of the realized
link. The theoretical design of such polarized BBLs has been
conclusively validated by measurements in the mm-wave range
that have demonstrated a reasonable agreement with full-wave
simulations. The work aims to be a proof of concept of this
kind of WPT technology, demonstrating the feasibility of the
realized launchers and their performance in compliance with
the realization process at millimeter-wave frequencies.
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