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Near-Field Power Efficiency Maximization of a Bessel-Shaped Beam Through
Planar Layered Media

Santi C. Pavone™ and Gino Sorbello

Abstract— We discuss the problem of power transfer maximization
through locally planar layered media of focused Bessel-shaped beams
(BSBs) synthesized in the near-field region, by introducing a suitable
spectral figure of merit able to quantify the amount of beam power
that can be efficiently delivered through an arbitrary planar multilayer
structure. Such an approach is quite novel in the Fresnel region of a beam
launcher since standard figures of merit normally adopted in the far-field
region cannot be extended tout court to near-field, due to peculiar field
distribution and wavefront curvature. The presented numerical results
show that the adopted figure of merit can predict correctly the axicon
angle for which BSBs, radiated by arrays of a given length, maximize
power transmission in near-field through planar multilayer structures,
and also maximize the BSB wireless power transfer efficiency.

Index Terms— Bessel beams, Bessel-shaped beams (BSBs), efficiency,
layered media, multilayer, near-field, wireless power transfer.

I. INTRODUCTION

In the last decades, localized and nondiffractive waves in near-
field [1], [2] deserved increasing attention both in engineering and in
physics research communities [3], [4], [5], [6], [7], [8], due to their
remarkable field structure and features, among which the invariance
of their transverse field profile when propagating plays undoubtedly
a key role. In the framework of nondiffractive waves, Bessel beams
can be considered significant from both historical and technical view-
points, since their introduction in optics by Durnin and his research
group [9], [10], [11]. They represent an exact and elegant beam—wave
solution of Maxwell’s equations in cylindrical coordinates [12] and
are theoretically not affected by diffraction and spatial spreading in
free space. Despite pure Bessel beams requiring an infinite radiating
distribution to be radiated, like plane waves, nowadays different
high-efficiency truncated Bessel beam launchers were successfully
designed and fabricated both at optical frequencies [13], [14], [15]
and at microwaves and millimeter waves [16], [17], [18].

However, at present, not much attention has been paid, from
an electromagnetics engineering perspective, to the propagation of
Bessel beams, and, more in general, of nondiffractive waves, in more
complex environments than free space (an exception can be found
in [19] for the case of closed metallic cavities), such as in layered
media. Recent interesting works have been devoted to the analysis,
optimal design, and synthesis [20], [21], [22], [23], [24] of focusing
arrays in near-field and to the maximization of wireless power transfer
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also in lossy media [25], [26], [27]. These general methods deserve
interest, due to their remarkable potential applications in near-field
communications, microwave heating, and soil disinfestation, just to
mention some of them. However, the general problem of Bessel beam
maximum power transfer through multilayer structures is still open
and needs to be appropriately stated, not only from practical, but also
from theoretical viewpoints, since standard figures of merit adopted
in the far-field region, such as gain and directivity, cannot be applied
in the radiative near-field region, in which nondiffractive waves are
normally radiated. Hence, a suitable figure of merit for power transfer
maximization needs to be properly defined [28], [29], [30].

For the sake of simplicity, in this communication an equivalent
2-D problem is stated in place of a full 3-D model since it evenly
allows highlighting relevant physical phenomena, preserves beam
main features (i.e., collimation, shape, focusing properties, etc.), and
avoids making the formalism quite heavy to describe the canonical
problem at hand. However, the achieved results are of general validity.
To avoid confusion, we refer to a Bessel-shaped beam (BSB) when
discussing the 2-D equivalent of Bessel beams, without loss of
generality.

Therefore, in this manuscript, the problem of power transfer maxi-
mization through locally planar layered media of focused BSBs in the
near-field is rigorously investigated, by defining also an appropriate
figure of merit to quantify the amount of beam power that is
efficiently delivered through an arbitrary planar multilayer structure.
Moreover, to guarantee not only efficient power delivery beyond
the stratification, but also beam focusing preservation, a constrained
problem [that accounts also for the beam nondiffractive range (NDR)]
is stated and solved numerically. The proposed numerical results
on specific case studies pave the way to novel applications of
nondiffractive waves, beyond conventional focusing in free space
since a rigorous procedure is established to maximize efficiency.

The communication is structured as follows; in Section II, the
formulation of both the unconstrained and constrained problems
is stated, and a suitable figure of merit for BSB power transfer
maximization is defined. After, in Section III, numerical results
are presented for different dielectric multilayer structures, to show
the effectiveness of the proposed approach. Finally, in Section IV,
conclusion are drawn.

II. PROBLEM FORMULATION

The equivalent 2-D geometry of the problem at hand is depicted
in Fig. 1. Without loss of generality, the problem is assumed to be
y-invariant, and the field is TM?-polarized, that is, the magnetic field
is oriented along the y-axis, being the extension to TEZ-polarized
a simple generalization. Moreover, the standard time-harmonic con-
vention exp(jwot), being wq the angular frequency, is assumed and
suppressed throughout the communication. A BSB can be radiated
by a finite electric current density distribution of the form [31]
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Fig. 1.  Geometry of the problem. A BSB launcher (BSB-L) is used
to illuminate a planar multilayer structure. Power transfer maximization is
achieved by exploiting spectral wave constituents of the impinging beam.
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Fig. 2. Normalized angular spectrum of a BSB characterized by an axicon
angle 6, = 20°, for different array lengths. As it is apparent, the spectrum is
peaked in correspondence of positive and negative values of the axicon angle,
due to dominant PW constituents. If aperture size increases, the amplitude
spectrum tends to §(0 F 6,), as expected theoretically.

in which ky, = kg sin 6, is the imposed wavenumber on the radiating
linear distribution, IT(-) is the rectangular function, L is the array
length, whereas kg = wq/c and 6, are the free-space wavenumber
and the so-called axicon angle of the BSB [9], [16], respectively. This
latter parameter, together with the array length L, allows tuning the
maximum NDR of the distribution [31], [32], that is, the maximum
distance from the radiating current distribution for which the beam
preserves its transverse field profile.

To evaluate the interaction of a BSB with a locally planar mul-
tilayer structure, it is interesting to determine the plane-wave (PW)
spectrum of the distribution (1). Indeed, due to problem linearity, the
overall response of the multilayer structure to an incoming shaped
field can be written as a suitably weighted superposition of PWs.
This simplifies dramatically the complexity of the problem at hand
since it is reduced to the solution of a set of canonical sub-problems
that can be treated separately in closed form. Thus, the PW spectrum
of (1) yields

. L/2 .
Ty :/ J(x)e/*x gy
—L/2
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in which kyx(6) = kosiné is related to the angular PW spectrum.
By numerical inspection of (2) (refer to Fig. 2, in which an axicon
angle 6, = 20° is assumed as a reasonable value), it is apparent that
the spectrum is peaked in correspondence of 8 = £60,, that is, at the
axicon angle. As a limit case, in the presence of an infinite radiating
array (i.e., L — +00), the PW amplitude spectrum is shaped as a
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superposition of two Dirac delta distributions at §(6@ F 6,), that is,
of two PW constituents.

This interesting result suggests that for very large current distri-
butions like (1) (L > X) radiating on a single interface between
two unbounded media and under a TMZ*-polarized impinging BSB,
there exists a Brewster-like angle [33], [34] in which maximum
transmission occurs. Thus, by matching the beam axicon angle 6,
with the theoretical Brewster angle, it is possible to achieve it.
Unfortunately, such a simplistic approach applies only to simple
stratifications and very large BSB launchers; it needs to be refined,
by introducing a suitable figure of merit, in the presence of finite
radiating current distributions, whose spectrum is still peaked but
distributed also on a wide range of angles. Thus, the concept of a
Brewster-like angle, despite inspiring, cannot be easily applied.

Let us focus first on the incidence of a single BSB PW con-
stituent on the multilayer. With reference to Fig. 1, a transmission
matrix (7-matrix) approach can be efficiently developed. By assuming
N — 1 planar interfaces between different media, it is possible to
individuate N — 2 dielectric layers. Indeed, the media labeled by
n =1 and n = N represent the unbounded background media in
front and beyond the stratification. Each dielectric layer is assumed to
be linear, homogeneous, isotropic, stationary, and possibly temporally
dispersive, thus characterized by electrical permittivities and magnetic
permeabilities (€, uy), with n = 2,..., N — 1. Moreover, the
position of each interface along the z-axis is labeled by dj, with
n=1,...,N.

The total T-matrix TE, associated with the whole stratification, can
be evaluated as the product of N — 1 matrices, associated with any
planar interface, namely

T T Tl(ll ) T1(21) Tl(lf) Tl(g)
|:T221 Tzzj: ) 1) Ly 1)
Tz({v_l) Tz(év_l) _n=] Tz(?) Tzé)

3

in which the nth T-matrix relates backward (—) and forward (4)
magnetic field complex amplitudes (i.e., H— and Hy) at the nth
interface under TM? field polarization, namely

(n) (n) (n+1)
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in which o and B can assume only the values 1 or 2, depending
on the position of the matrix element TOEZ) in T(”); moreover,
nT M — k. cos6, are the propagation constants in the longitudinal
direction (i.e., z-axis), Z,{ M _ N cos By, are the equivalent TM?*
impedances, k;, = wo./€nin are the wavenumbers in each layer
of the stratification, and finally n, = /un/€n are the intrinsic
impedances of each layer.

The TM? reflection coefficient at z = 0 for the specific PW
incidence angle 61, that is, I'7 7 (01, z = 0), can be calculated via (3),
namely
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by assuming as a boundary condition the fact that no reflected waves
can exist in the unbounded medium N (i.e., HEN) = 0). Thus, the
reflection coefficient is

16 1561
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HP 6 Ty6D

(6)

The TM? total transmission coefficient through the whole stratifica-
tion, for the specific PW incidence angle 61, namely 77,7(6;), can
also be derived straightforwardly by (5) as

(N)
H " (01) 1
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It is worth noting that the -calculation of cosf, of nth

layer requires the use of 274 Spell law, so that cosf, =

\/1 — (Up—1€n—1)/(Ln€n) sin? 01, withn=2,...,N.

Once the interaction (i.e., I'7ps, 77)) of each BSB PW spectral
constituent with the stratification is calculated for any incidence angle
6;, the maximization of BSB power transfer through the stratification
is obtained as weighted superposition of each PW transmittance and
the pertinent complex spectral weight precalculated via (2). Thus, the

BSB near-field power transfer nggtB can be defined as
2 ~
ssp ST 1T OD T 003 00 Pd6)
Nwpt (Ba) = 2 = 5
JZ2p 17 ©OD)1%ab,
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being J(6;) the PW spectral weights, and Ny the number of points
used to discretize the angular range —n/2 < 6; < m/2. The
computational burden to evaluate (8) is negligible, since the proposed
model is essentially analytical. However, to ensure accurate angular
discretization, Af; = 1° has been chosen, so that Ng = 181 points.
The relation (8) is appealing, due to its simplicity and inherent
physical interpretation; indeed, the overall BSB wireless power
transfer through a general dielectric stratification can be thought
of as the weighted superposition (via the local PW transmission
coefficient 77,7) of each PW constituent. Power normalization at
the denominator has been introduced to make the efficiency definition
independent of the specific source spectrum and to be smaller than
(or equal to) one if the first and last background media are equal to
each other.

At this point, a further consideration should be made, to allow the
use of (8) in practical applications, in which beam focusing is required
beyond the layered medium. Indeed, despite the model described
above allowing prediction of the axicon angle for which the maximum
amount of power is delivered through the stratification, once the
dimension L of the radiating aperture has been set, no additional
requirements on beam focalization beyond the layers are imposed.
However, in some applications, for instance, in microwave heating,
beam focusing is of primary importance. Thus, a certain range of
acceptable NDR in free space can be additionally set a priori (that,
in turn, bounds also the range of feasible axicon angles, since the
current distribution length is fixed by design), so that d; < NDR <
d. In conclusion, efficiency maximization can be rewritten in terms
of a constrained problem of the form

®)

BSB
max 6,
o Nwpt 6a) ©)
dy < NDR(l,, L) < d>.

This problem admits, in general, a unique absolute maximum, that lies
at the upper (lower) boundary of the region of feasible axicon angles
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6, if the function ngng (64) is monotonically increasing (decreasing);
otherwise, if the function is nonmonotonic, as normally happens when
the BSB interacts with complex layered media in which multiple
reflections occur, the absolute maximum can belong either to the
boundaries of the feasible region, or its inner portion.

As a general theoretical remark, the choice of upper and lower
constraints di and d; in (9) should be clarified, since they represent
an important degree of freedom in the optimization process. Since
they are related to beam shape preservation beyond the stratification,
one has to ensure that dy, dy > h+ hy, being h the distance between
the BSB launcher and the planar stratification, and h; the whole
multilayer thickness. Hence, we tacitly assume dp > h + h; in free
space, that is, in the absence of the stratification. Moreover, small
axicon angles (less than 5°) are normally difficult to achieve by planar
Bessel beam launchers in the 3-D case, thus in the following we will
always assume as d; the free-space NDR corresponding to such an
angle.

In Section III, some numerical examples are presented to show the
application of the proposed approach.

ITII. NUMERICAL VALIDATION

We consider here some numerical case studies of near-field
wireless power transfer efficiency maximization through dielectric
multilayers, on which a BSB impinges. Throughout this section, the
background media in front and beyond the stratification are assumed
to be free space. Moreover, nonmagnetic discontinuities (i, = pq all
over the space) are assumed, without loss of generality. Moreover,
in the first two examples, the results are normalized to the operating
wavelength (A = 1 m) so that ky = 27 rad/m. We also assume a large
linear array of length L = 20A able to radiate a BSB, by synthesizing
the electric current density distribution presented in (1). The axicon
angle 0, is a free design parameter to optimize in such a way as
to maximize the near-field wireless power transfer efficiency of the
BSB, according to the constrained optimization problem (9). The
BSB launcher is assumed to be parallel to the stratification (beam
normal incidence) and placed at a distance of 4 = 2) from the first
interface. It is worth mentioning that the design of BSB launchers
close to multilayer structures should in general consider its presence.
However, if the transmittance of the layered medium is very high
and the structure is matched to free space in terms of exhibited
TM? equivalent impedance over a wide angular range (let us say,
larger than the axicon angle), it is possible to neglect it as a first
approximation. Finally, the results in terms of field levels and maps
are validated by full-wave numerical simulations by the 2-D version
of COMSOL Multiphysics.

As a first example, we present a single dielectric slab in free space,
characterized by an electrical permittivity €; = 4€p, and thickness
t1 = 1.6A. In Fig. 3(a), the plots of multilayer reflectance |I'7 s |2 and
overall transmittance |77 Ml2 at the interface z = 0 are shown versus
the incidence angle. Moreover, in Fig. 3(b), the calculation of ’75513
versus the beam axicon angle has been performed.

The allowed range of NDRs has been chosen by assuming to
transmit the beam in free space beyond the dielectric stratification.
This consideration allows finding a reasonable range to set a priori
the constraint in (9). In the first numerical example, we assumed
dy = 6.5\ and dy > 102, associated with axicon angles 6, equal to
20° and 5°, respectively.

To better show the shape of the function ngslB, a larger range of
axicon angles than the allowed region (i.e., 0° < 6, < 40°) has been
reported, whereas the forbidden range by design has been filled in
yellow color. Thus, the optimal choice to maximize nfjg,B is obtained

for a BSB of axicon angle 6, = 20°, corresponding to 775513 ~ 73%.
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Fig. 3. First example of BSB power transfer maximization through a double
interface (single dielectric slab), by solving the constrained problem (9).
(a) Reflectance and transmittance at the interface z = 0 versus plane wave
incidence angle. (b) Calculation of nﬁSlB versus BSB axicon angle 6.
A maximum occurs at the upper boundary of the feasible range, that is,

noat = 73% for 6, = 20°.
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Fig. 4. Nonvanishing magnetic field y-component of the optimal radiated
BSB presented in the numerical example #1. Field radiated (a) free space for
comparison, and (b) specific planar multilayer environment under test.

It is worth noting that the presented numerical example shows a
monotonically increasing efficiency curve up to an axicon angle of
40°, so that the unconstrained optimization problem (i.e., without
any limitation in the range of feasible axicon angles in such a
way to guarantee not only maximum power transfer, but also beam
shape preservation beyond the multilayer) allows a solution for high
axicon angles. However, due to the further important requirement of
beam preservation beyond the stratification, sometimes dictated by
the specific application, the feasible range of axicon angles has been
drastically reduced.

In Fig. 4, the nonvanishing y-component of the magnetic field
radiated by the linear distribution synthesizing (1) (i.e., a BSB
launcher) is shown by assuming the optimal axicon angle 6, = 20°.
In particular, in Fig. 4(a), the BSB radiated in free space is reported
for comparison, whereas in Fig. 4(b), the beam interaction with the
stratification is highlighted. Multiple reflections and refractions occur
inside the dielectric layer, and the BSB amplitude reaches values
(~ 0.8 A/m) higher than the maximum in free space (= 0.5 A/m), due
to stationary waves inside the slab. However, beyond the stratification,
the beam can preserve its focalization, as required by design.

As a second example, the interaction of a BSB with a stratification
made of three different layers of electrical permittivities (€1, €3, €3) =
(2,3,2)¢eq, and thicknesses (t1,1,13) = (1.8,2.3,0.7)A is con-
sidered. We reported in Fig. 5(a), the magnitudes of both overall
reflectance and transmittance versus each PW constituent incidence
angle. Moreover, in Fig. 5(b), nggtB has been computed versus the
beam axicon angle.
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Fig. 5. Second example of BSB power transfer maximization through

four interfaces (symmetric triple dielectric slabs), by solving the constrained
problem (9). (a) Reflectance and transmittance at the interface z = 0 versus
plane wave incidence angle. (b) Calculation of ngS,B versus BSB axicon angle
0q. A maximum occurs at the lower boundary of the feasible range, that is,

st ~ 100% for 0 = 5°.
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Fig. 6. Nonvanishing magnetic field y-component of the optimal radiated

BSB presented in the numerical example #2. Field radiated (a) free space for
comparison, and (b) specific planar multilayer environment under test.

The allowed range of NDRs has been chosen by assuming, as an
equivalent problem, the transmission of the beam in free space
beyond the dielectric stratification. In the second numerical example,
we assumed d; =~ 4.5A and dp > 101, associated with axicon angles
0, equal to 30° and 5°, respectively. Also in this case, a larger range
of axicon angles than the allowed region (i.e., 0° < 6; < 40°) has
been reported for completeness, and the forbidden range by design
has been filled in yellow. The optimal axicon angle to maximize
775518 has been achieved for 6, = 5°, corresponding to the very
high value ngStB ~ 100%. It is worth noting that such a very
large efficiency is due to the peculiar antireflective properties of the
stratification. Indeed, with reference to Fig. 5(a), it can be noticed
that in the neighborhood of the optimal axicon angle 6, = 5°,
the transmittance is really close to 1. Since also the spectrum of
the radiating distribution is dominantly peaked in the proximity of
such an angle, it follows that such a stratification acts as a quasi-
antireflective coating for the impinging BSB.

For the sake of clarity, in Fig. 6, the nonvanishing magnetic field
y-component, radiated by the linear distribution synthesizing (1),
is reported, by considering the optimal axicon angle 6, = 5°.
In Fig. 6(a) the equivalent BSB radiated in free-space has been shown
for comparison, whereas in Fig. 6(b) the BSB propagation inside and
beyond the multilayer structure is shown. Despite multiple internal
reflections and refractions within the stratification, which is more
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Fig. 7. Third example of BSB power transfer maximization through
two interfaces (i.e., a lossy slab of concrete), by solving the constrained
problem (9). (a) Reflectance and transmittance at the interface z = 0 versus
plane wave incidence angle. (b) Calculation of nB SB yersus BSB axicon angle
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0q. A maximum occurs inside the feasible range, that is, nggtg = 63% for
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Fig. 8. Non-vanishing magnetic field y-component of the optimal radiated
BSB presented in the numerical example #3. Field radiated (a) free space for
comparison, and (b) specific concrete slab under test.

involved than that of the first numerical example, the beam is still
able to preserve its focalization, as imposed.

In the last third example, a practical situation of BSB penetration
inside a layer of concrete is reported. The operating frequency
has been set here to f = 900 MHz, so that A = 33.3 cm,
in correspondence of which the electrical permittivity is €] = 6¢,
whereas the loss tangent is tan§ = (.03, and consequently the
electrical conductivity is o = 0.003 S/m, as shown in [35]. The
thickness of concrete has been chosen to be #1; = 0.45A =~ 15 cm.
In addition, a different radiating distribution of length L = 4.5) has
been considered to ensure the second null of Jy(ky,x) falls at its
boundaries for the axicon angle 6, =~ 25°. This way, beam edge-
diffraction due to aperture truncation is minimized, according to the
general theory of aperture antennas.

In Fig. 7(a), the magnitudes of reflection and transmission coef-
ficients versus PW constituent incidence angle are shown, whereas
in Fig. 7(b), nﬁ;f,B is calculated versus the beam axicon angle. The
allowed range of NDRs has been chosen by assuming also in this case
to transmit the beam in free space beyond the dielectric stratification.
In this last numerical example, we assumed dy =~ 4A and dp > 10X,
associated with axicon angles 6, equal to 25° and 5°, respectively.

The optimal axicon angle to maximize 775*;,3 has been achieved for
04 = 25°, corresponding to an efficiency of nﬁ‘;tB = 63%. In Fig. &,

the nonvanishing magnetic field y-component has been reported,
in which the optimal axicon angle 6, = 25° has been assumed.
In Fig. 8(a), the equivalent BSB radiated in free space has been
presented for completeness, and in Fig. 8(b), the BSB propagation
inside the planar stratification is shown. Also here, a nonnegligible
stationary field pattern arises inside the dielectric layer of concrete,
due to the internal reflection of some plane wave constituents
inside the slab of higher permittivity than free space. However,
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the beam is still focused beyond the stratification, as required by
design.

IV. CONCLUSION

In this manuscript, we dealt with the problem of power transfer
maximization of focused BSBs in near-field through planar layered
media, by defining a physics-based figure of merit to quantify the
amount of beam power that is efficiently delivered beyond the
stratification. Such an approach is quite original in the Fresnel region
of a beam launcher since standard figures of merit used in the far-
field region (for instance, gain and directivity) cannot be applied tout
court, due to peculiar field distribution and wavefront curvature. In all
numerical case studies, we have shown the effectiveness of the the-
oretical model to ensure both beam shape preservation and efficient
power transmission beyond the multilayer. These results pave the way
to novel applications of nondiffractive waves, beyond conventional
focusing in free space, spanning from near-field communications to
through-the-wall radars.
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