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Abstract

The scattering of a Bessel beam (BB) incident field by a di-
electric circular cylinder is here discussed and compared to
more standard plane wave (PW) scattering, in such a way
to clearly show that the scattering by BBs is more localized
than that by PWs. Such an inherent localized scattering
process, especially if applied to dense dielectric scatterers,
offers new possibilities for imaging techniques at millime-
ter waves, especially of biological media.

1 Introduction

Diffractionless beams can be considered of great interest
among researchers in electromagnetics, due to the possibil-
ity of using them for near-field beam collimation. Indeed,
in several applications, such as in high-data rate transfer [1],
imaging [2—-4], ground penetrating radars (GPR) [5-7], and
also for small particle manipulation [8], just to mention a
few, the incident field is required to be highly localized,
and diffraction has to be limited.

Among nondiffractive waves, Bessel beams (BBs) gained
increasing importance since their introduction in optics [9],
since they are able to focus energy in their main beam (that
acts as a ray caustic), inside which the wavefront exhibits
also the remarkable feature of being planar. This fact sug-
gests the idea of using BBs as incident fields for scattering
problems, thanks to their inherent beam localization.

In particular, if the scatterer is both a perfect electric con-
ductor (PEC) and a dielectric, the BB inherently allows
the scattering process to be spatially localized, since its
main beam is dominantly involved in the scattering pro-
cess, not the sidelobes, as a first approximation. Moreover,
if the scatterer is a dense dielectric, i.e., when its dielectric
permittivity is much greater than that of the surrounding
medium, the scattering process is not so different from that
by a PEC material under physical optics (PO) approxima-
tion [10]. In particular, most of the incident field is reflected
back at the interface between the two media, since the in-
trinsic impedance jump at the interface is really high. On
the other hand, the transmitted field strength is inherently
weak, and directed along the local normal unit vector to the
scatterer interface.

In order to prove the spatial localization of BB scattering
process, in this paper it is compared with more standard
PW scattering by a circular dielectric cylinder; indeed, it is

shown that PW scattering produces in general a total elec-
tric field that inherently tends to wrap around the scattering
surface, hence it cannot be considered spatially localized.
To analyze the BB scattering, we consider the spectral rep-

Figure 1. Bessel beam scattering by a dielectric circular
cylinder: problem geometry definition, together with local
and global reference systems.

resentation of BBs in terms of PWs, thanks to the linear-
ity of the problem at hand. The proposed results on BB
scattering localization can support new applications of lo-
calized beams in scattering and microwave imaging such
as, for instance, near-field radar cross section measure-
ment (NF-RCS), GPR and through-the-wall linear imaging
(TWI) [11-14]. For the sake of simplicity, we discuss a two
dimensional (2D) transverse magnetic (with respect to the
z-axis, TM?) electromagnetic problem.

The paper is structured as follows; in Section II, the formu-
lation of BB scattering by a dielectric circular cylinder is
briefly discussed, whereas in Section III, numerical results
are shown to validate the theoretical model. Therefore, con-
clusions are drawn.

2 Problem analytical formulation

Let us consider the geometry of the 2D problem in Fig. 1,
in which a dielectric circular cylindrical scatterer, oriented
along the z-axis, is illuminated by a BB. For simplicity, the
global Cartesian xy reference system is centered in corre-
spondence of the cylinder axis, whereas the transmitting
antenna is characterized by an auxiliary uv reference sys-



tem, in which {i unit vector is tangent to the circumference
of radius R,,. We consider, without loss of generality, a TM?
illumination, so that Efffg Eﬁlj" The BB incident field can
be written as superposition of PWs, that is
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being k, = ksin ¢, k,, = ksin ¢, the imposed wavenumber
on the linear source, H(gl 2) (+) the zeroth order, first (second)
kind Hankel function, L the transmitting antenna length, &
and 1) the free-space wavenumber and intrinsic impedance,
respectively, ¢, the so-called axicon angle [7,9].

In (2), a truncated cylindrical standing wave distribution
(CSW) Jo (kyqu')TI( /L) has been imposed to radiate a BB
generation in free-space. Indeed, it is well-established in
literature [7, 15] that such a distribution is able to radiate
a nondiffractive Bessel beam up to a finite distance called
nondiffractive range [7,9].

To evaluate quantitatively the BB incident field localization
in the scattering problem, the half-power beamwidth nor-
malized to the wavelength (HPBW ) is introduced, defined
as
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in which A = 2x/k is the operating wavelength.

It is worth noting that the complex spectral weights 7, ()
used for BB reconstruction by PW elementary contributions
are referred to the local uv reference system, thus to refer
them to the global reference system xy normally adopted
for scattering description, an angle-dependent phase com-
pensation is required, namely
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being R, = \/(x —x4)2 + (y — ya)?, Whereas (x4, y,) are the
coordinates of the feeding array center, and ¢, the azimuthal
orientation of the array with respect to the global xy frame,
as shown in Fig. 1.

The scattered field due to BB incident field by a dielec-
tric cylinder, placed at the center of the global xy reference
system, is then considered. For simplicity, we denote by
p = pcosPX + psin@dy the observation point. The con-
stituent PW contribution is assumed to be of unitary ampli-
tude and phasing e /%P ¢°s3(9=9r) wherein ¢, denotes the in-
cidence angle (Fig. 1). The PW scattered field EFY = EFW 3
by a dielectric cylinder can be expressed through the cylin-
drical wave expansion, i.e.,
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being r. the scatterer radius, J'(-) and H.(®)(-) the deriva-
tives of Bessel and Hankel functions with respect to their
arguments, whereas 19 = 1/ &/ 1o = 377 is the free-space
impedance, and 1y = No\/&- /U, is instead the intrinsic
impedance of the medium of which the scatterer is made.
Furthermore, to determine the scattered field under BB illu-
mination, i.e., EB8 = EBB3 we exploit the angular spectrum
coefficients given by (4), so that
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which represents the scattered field by a BB impinging or-
thogonally with respect to the local tangent plane to the
scatterer PEC surface. Following the above explained pro-
cedure, the scattering problem can be handled as a contin-
uous superposition of scattered PW fields, weighted by the
relevant Fourier coefficients. Such an expression is easy to
be implemented and gives an exact solution to the problem

at hand. The total electric field, E?ff W — ng W3, due to
both PW and BB incident fields, can be finally calculated

as the sum of incident and scattered fields [16], namely

o™ (p) = Epe" () +Ei ™ (p). (8)
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Figure 2. (a) Amplitude and (b) phase of BB incident
field, by considering the following parameters: axicon an-
gle o, = 25°, abscissa of the radiating array L, = 64, length
of the radiating array: L = 12A.

3 Numerical examples

In this Section, the scattering of a PW and a BB by a dielec-
tric circular cylinder is numerically analyzed and discussed,
in the particular case of dense scatterer, i.e., for which the
dielectric permittivity is much greater than that of the back-
ground medium. Such a case is of interest, for instance, for
biological imaging, since it is well-known that biological
media usually exhibit an high electrical permittivity.

Without loss of generality, in the following we will consider



a BB characterized by an axicon angle o, = 25° [7,9], ra-
diated by a current distribution of length L = 12A, parallel
to the y-axis, and placed at a distance L, = 6A from the
center of the global xy reference system. In Fig. 2, the BB
incident field is shown (a) in amplitude and (b) phase. As
it is apparent, inside its main lobe the wavefront is locally
planar, and this fact is really of interest for imaging pur-
poses. Moreover, the main lobe acts as a ray caustic for the
beam [7, 17], hence most of the energy can be localized in-
side it.

As a numerical example, in Fig. 3 we show and compare

N

Figure 3. Scattering of both BB and PW by a dense dielec-
tric circular cylinder (g, = 81) of radius equal to 2A. (a)
Amplitude of BB total electric field. (b) Amplitude of BB
scattered electric field. (c) Amplitude of PW total electric
field. (d) Amplitude of PW scattered electric field.

the scattering of a BB with that of a standard PW by a dense
dielectric circular cylinder of radius r. = 2A, placed at the
center of the global xy reference system, whose electric rel-
ative permittivity is € = 81, corresponding to a refractive
index n = 9. In particular, in Fig. 3(a)-(c) the total elec-
tric fields E38 and EPYW are shown, respectively, whereas

ot ot
in Fig. 3(b)-(d) the scattered electric fields EZ8 and EPY

sct sct
are presented. As it is apparent especially from the color
maps associated to total electric fields, the BB scattering is
effectively a more localized phenomenon than that from a
PW; indeed, a stationary wave arises in the backward re-
gion, i.e., for Ly > 0 and L, € (—oo,+o0), due to the pres-
ence of a wave reflected back from the localized scatter-
ing region at the interface between the background medium
and the dense dielectric. Conversely, the PW incident field
inherently wraps around the scatterer, hence the scattering
process is not localized; then, similarly, the total electric
field EFY shows a diffused stationary pattern, due to the
non local scattering process.

Similar results can be obtained also by considering the case
of less dense dielectrics, as it can be inferred from Fig. 4,
in which the scattering of both BB and PW incident fields
by a dielectric circular cylinder of radius r. = 1A and rela-
tive electrical permittivity €. = 40 is shown. The interesting

Figure 4. Scattering of both BB and PW by a dielectric
circular cylinder (&, = 40) of radius equal to 1A. (a) Am-
plitude of BB total electric field. (b) Amplitude of BB scat-
tered electric field. (¢) Amplitude of PW total electric field.
(d) Amplitude of PW scattered electric field.

and inherent localization of BB incident fields with respect
to PW counterpart, both for PEC and dense dielectric scat-
terers, opens new and interesting possibilities to apply BBs
and in general nondiffractive waves in imaging problems at
microwaves/millimeter waves.

4 Conclusions

In this paper, we proposed the scattering analysis of Bessel
beams by a dielectric circular cylinder, and we compared
it to more classical plane wave scattering under same con-
ditions. We have shown that Bessel beams, due to their
inherent focused nature, provide localized scattering phe-
nomenon, differently from plane wave counterparts. To
conclude, this result paves the way to new effective appli-
cations of nondiffractive waves for imaging purposes.
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