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Abstract: In this study, we obtained the intensity and orbital angular momentum (OAM) spectral
distribution of the scattering fields of vortex electromagnetic beams illuminating electrically large
targets composed of different materials. We used the angular spectral decomposition method
to decompose a vortex beam into plane waves in the spectral domain at different elevations and
azimuths. We combined this method with the physical optics algorithm to calculate the scattering field
distribution. The OAM spectra of the scattering field along different observation radii were analyzed
using the spiral spectrum expansion method. The numerical results indicate that for beams with
different parameters (such as polarization, topological charge, half-cone angle, and frequency) and
targets with different characteristics (such as composition), the scattering field intensity distribution
and OAM spectral characteristics varied considerably. When the beam parameters change, the results
of scattering from different materials show similar changing trends. Compared with beams scattered
by uncoated metal and dielectric targets, the scattering field of the coating target can better maintain
the shape and OAM mode of beams from the incident field. The scattering characteristics of metal
targets were the most sensitive to beam-parameter changes. The relationship between the beam
parameters, target parameters, the scattering field intensity, and the OAM spectra of the scattering
field was constructed, confirming that the spiral spectrum of the scattering field carries the target
information. These findings can be used in remote sensing engineering to supplement existing radar
imaging, laying the foundation for further identification of beam or target parameters.

Keywords: angular spectral decomposition; electrically large target; orbital angular momentum
spectra; physical optics; scattering field; vortex electromagnetic beam

1. Introduction

In the 1990s, Allen demonstrated that vortex beams, i.e., light beams with a helical
phase structure, carry significant orbital angular momentum (OAM) and thus have an ad-
ditional degree of freedom when compared with conventional plane waves [1]. Vortex light
beams have found applications in fields such as high-capacity optical communication [2-5],
rotating object detection [6-8], optical tweezers [9,10], and laser processing [11]. In 2007,
Thidé et al., applied OAM to a radiofrequency (RF) field [12]. Subsequently, research
has been conducted on the role of OAM in RF vortex beam generation [13-17], wireless
communication [18-21], radar imaging [22-25], and detection and recognition [26].

Vortex electromagnetic (EM) beams have been investigated because of their unique
helical phase structure, which may be superior to plane waves for information transmission
and radar imaging. The acquisition of target scattering information is an indispensable
part of the latter. It is possible to detect the feature parameters of a target by analyzing its
scattering echo. OAM-based radars obtain scattering-echo information more easily than
conventional radars.

Remote Sens. 2024, 16, 754. https:/ /doi.org/10.3390/rs16050754

https://www.mdpi.com/journal /remotesensing


https://doi.org/10.3390/rs16050754
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0002-8444-8114
https://doi.org/10.3390/rs16050754
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs16050754?type=check_update&version=3

Remote Sens. 2024, 16, 754

2 0f 23

The study of vortex beams scattered by electrically large targets is still in its infancy.
In 2011, Mitri investigated the scattering field of a homogeneous dielectric sphere, illumi-
nated by a high-order Bessel vortex beam using the surface integral equation method [27].
Subsequently, Liu et al., defined the OAM radar cross-section, compared it with the con-
ventional radar cross-section (RCS), and calculated the backward scattering from several
typical metallic targets [28]. Using the series expansion method, Wu et al., investigated
the scattering of OAM waves using a metallic sphere [29]. Later in 2022, the scattering
characteristics of a vortex beam incident on a metallic sphere [30] and an electrically large
aircraft [31] were investigated using the physical optics (PO) method in conjunction with
the angular spectrum expansion method. Zhang et al. [32] analyzed in detail the theoretical
scattering of OAM waves incident on typical targets; in particular, they simulated and
analyzed the scattering characteristics of a perfect electric conductor and dielectric targets.
It was found that the target RCS was greater for vortex-beam incidence than for plane-wave
incidence. Chen et al. discussed the near-field scattering characteristics of a vortex beam
incident on metal targets [33].

The OAM spectrum encapsulates the spiral phase information in a field and is often
used to detect turbulent transport in oceans and the atmosphere [34-36]. It can also be
used to detect the spiral phase distribution of scattering fields for vortex beam scattering;
however, insufficient research has been conducted on this topic and on the estimation of
target information from spiral spectral distributions. In 2012, Petrov et al. [37] investi-
gated the spiral spectra of scattering from transparent dielectric spheres illuminated by
Laguerre-Gaussian light beams. They found that scattering data could be used to deter-
mine the positions and other geometrical properties of the spheres. The scattering effects of
vortex beams scattered by multilayer chiral spheres were investigated in [38], and the phase
distortion and OAM spectra of the beams after particle scattering were analyzed. In 2020,
Liu et al. [39] used the PO algorithm to investigate the backscattering characteristics of
conductive spheres and cones under vortex-beam illumination. After sampling the phase
of the scattering field along a circle with a fixed radius, they concluded that the scattering
field of a symmetric object was still a vortex field with the same topological charge as the
incident field. Recently, Shi and her co-workers discussed a difference-sampling method
that covered the entire region and line path along a specific radius. They found that, unlike
sampling along a certain radius, whole-region sampling could accurately represent the
particle scattering results [40]. In a previous study, we investigated the scattering char-
acteristics of on- and off-axis vortex beams scattered by differently shaped targets. We
found that when the off-axis degree of the beam or the topological charge carried by the
beam increased, the scattering field was distorted and the OAM spectrum was aliased. For
asymmetric targets, spectral aliasing occurred even when the beam was on the incidence
axis [41].

The scattering characteristics of arbitrarily shaped targets on electrically large scales
are investigated in the present study. Different intensities and phases are produced when
the vortex beam is incident on triangular patches of the target surface. The coherent
superposition of the scattering fields causes the phase of the scattering electric field to
become more complex and variable. Unlike the simply shaped particles in [40], the targets
in this study require that the OAM spectrum corresponding to different radii be described
in detail. Use of the OAM spectrum description method in [40] may result in significant
information loss. Therefore, we adopted a method to calculate the scattering OAM spectral
distribution for different radii. This method can provide more data, which are beneficial
for subsequent identification and inversion.

In this study, the angular spectral decomposition method was used in conjunction
with the PO algorithm to establish a reliable theoretical model for simulating and analyzing
the EM scattering characteristics of vortex beams that illuminate targets made of different
dielectric materials. The vortex beams were first expanded into a series of plane waves in
different directions. The scattering of these plane waves by targets comprising different
materials was then calculated, and the results were superimposed to obtain effective feature
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information, such as the scattering field intensity and OAM spectra of the target under
incident vortex beams. Further, the target and beam information can be inferred and
inverted from the differences in the scattering field intensity and the OAM spectrum of the
vortex beam in the receiving plane. The eventual goal is to construct a reference database
that will allow accurate comparisons and references for the remote sensing, detection, and
recognition of different dielectric material targets. The main contributions of this study are
as follows:

1. A calculation method for analyzing the scattering of a polarized transmitting and
receiving vortex beam by electrically large targets of varying materials is presented,
utilizing the angular spectrum expansion technique. The impact of diverse polar-
ization transmission and reception methods, as well as sampling directions, on the
scattering field intensity and OAM spectrum, is thoroughly examined. It is suggested
that target scattering data can be multi-dimensionally sampled to supplement the
information required for target recognition. Based on this, the scattering field intensity
and OAM spectra of different material targets under different incidence conditions
are calculated and analyzed.

2. The correlation between the beam parameters, target parameters, the scattering field
intensity, and the OAM spectra of the scattering field was constructed, confirming
that the spiral spectrum of the scattering field carries the target information. It is
proposed that the beam and target parameters can be inferred and inverted based
on the differences in the scattering field intensity and OAM spectrum. A complete
classification and recognition database based on the different scattering results can
be established to lay the foundation for identifying different target geometries and
dielectric properties.

The structure of the paper is as follows: Section 2 presents the PO algorithm based on
the angular spectral expansion method and the theory of OAM spectrum calculations. In
Section 3, the incident field distribution of the Bessel vortex is presented, and the effects
of the state of polarization, reception method, and characteristic parameters of the targets
and beam on the scattering field intensity and OAM spectrum are investigated. Finally, the
conclusions are presented in Section 4.

2. Theoretical Background
2.1. Angular Spectral Decomposition Method for Bessel Vortex Beam

Ideal Bessel vortex beams are considered in this study. They are the most commonly
used vortex EM beams because of their good non-diffraction and self-healing properties
and their directionality. The Bessel vortex beam constitutes an exact solution to the scalar
Helmholtz wave equation. Its radial energy distribution is infinite, thus making it suitable
for long-distance transmission. Moreover, a vortex electromagnetic beam with quasi-Bessel
distribution can be generated using a uniform circular array antenna.

With the time-harmonic factor e ¢!, the scalar electric field of a Bessel vortex beam
propagating along the +z direction in the cylindrical coordinate system (p, ¢, z) is [42]

Eg(p, ¢,2) = Ji(kop) exp(ilp) exp(ikzz), (1)

where Jj(-) is the Ith order cylindrical Bessel function of the first kind, p = /x2 + 12,
and ¢ = arctan(y/x). Additionally, k, = ksin 6y and k; = k cos 0 are the transverse and
longitudinal components of the wavenumber k, respectively, where 6 is the half-cone
angle of the Bessel beam. When z = 0, the scalar field of the Bessel beam in the initial
plane becomes

Eg(p, ¢,0) = Ji(kop) exp(ilg). )
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With initial plane z = 0, the scalar field in a cylinder is E(p, ¢,z = 0). The expression
of the Bessel vortex beam in the spectral domain can be obtained using a two-dimensional
Fourier transform as follows:

~ 1 21 poo . .
E0.9)= 1z [ Elez=0epl-ikpsinocos(p—p)lpdpdp, (@)

where 6 and ¢ are spherical coordinates in k-space. After additional calculations, the
angular spectral amplitude of the Bessel vortex beam can be obtained:

E 0 2 ) L

E(0,¢) = ﬁfo Ji (kepf)))fo ﬂexp(zlgo) exp|—ikp sin 6 cos(¢ — ¢)]dppdp
_ 1 - . .
= 5 Fsinfoleosty] <P (I19)

(4)

The vector angular spectrum of the vortex-beam electric field can be represented by a
scalar angular spectrum as follows:

E(G, $) = |ax+ By — é (asinf cos ¢ + Bsinfsin¢)z E(Q, $), (5)
Ey = aE, (6)
E, = BE, (7)

~ 1 . . . ~
EZ:—@(zxsmecow)+ﬁ51n951n¢)E. (8)

Using the relationship between the electric and magnetic fields H(6, ¢) = %%,
the angular spectrum of the magnetic field can be expressed as

) . ) )
A, — _lxlsm 651n<pcos<pE _ ﬁlsm 6 sin ([)E —/31 cosOF, ©)
n cos® n  cosb n
~ _ 2 24 020 _
Ay = ot cosOF + a2 005 P g, gloinOsingeospy g (10)
n n  cosf n cos
~ 1 . = 1. . =~
H, = ‘B; sinf cos pE — oc; sin 0 sin ¢E, (11)

where « and j are the polarization coefficients that determine the polarization state of
the vortex beam. Specifically, when the time-harmonic factor is e~ i@t the («, B) pairs (1,
0), (0, 1), (1,—i)/ V2, and (1,4)/ V2 correspond to x-linear polarization (x-LP), y-linear
polarization (y-LP), left-circular polarization (L-CP), and right-circular polarization (R-CP),
respectively.

The electric and magnetic fields of the vortex beam can then be calculated using the
inverse Fourier transform of the angular spectrum:

T2
E(p, ¢,2) :/0 /0 E(6, ¢) exp|ikp sin 6 cos(¢ — ¢)] exp(ik cos 8z)k? cos 0 sin 0d0dp, (12)

. 27
H(p, ¢,z) = /On /0 H(6, ¢) exp|ikp sin 6 cos(¢ — ¢)] exp ik cos 8z)k? cos 0 sin §dOd . (13)

2.2. Physical Optics Algorithm of an Electrically-Large Target llluminated by Vortex Beam

The vector of the angular spectrum of the vortex beam represents the EM field com-
ponents of a single plane wave propagating along a certain path (6, ¢). By incorporating
this into the PO algorithm, the scattering of plane waves at a certain angle (6, ¢) can be
calculated, and the inverse Fourier transform can be performed to obtain the scattering



Remote Sens. 2024, 16, 754

50f23

result. Figure 1 schematically shows the problem under investigation. According to the
Stratton-Chu formula, the scattering electric field at the observation point is given by [43]

g = ke {[ & [(n x ET) — R x (n x HT)}e—”‘(R‘r')dsz, (14)

4mr

wherek =27 /A and 7 = 4 /o / € are the propagation constant and intrinsic 1mpedance
of free space, respectively; R denotes a unit vector of the scattering direction; r’ is the
facet-element position vector; and f is the unit normal vector of the target surface. ET and
HT are the total fields on the boundary:

El = FE +F, (15)

H' =H + 1, (16)

where the superscripts i and s specify incident and scattering fields, respectively.

P
=r-r’
/ , Receiving
, \ | plane
Bessel vortex Target { s
beam with order 1
Scattering

field

Figure 1. Schematic of an electrically large target illuminated by a Bessel vortex beam.

To obtain ET and H”, a local coordinate system is first defined (Figure 2). The incidence
angle of the single plane wave is 6;, the corresponding wave vector is k; = kxX +kyY +kzZ,
and 6 and ¢ are the elevation and azimuth angles of a single incident wave. Furthermore,

is the direction of the incident electric field perpendicular to the

plane of incidence, and éi“ =& X k; and éﬂ =& X k; are the directions of the incident
and reflected electric fields parallel to the plane of incidence, respectively.

A

N Free Space

Incident Wave .
éJTM &y = Hy =1

~ TMe

k.

Coating materials

/1777777777777 /77
Target Surface

Figure 2. Scattering of a single plane wave incident on coating materials.

After mathematical manipulations, the scattering fields become
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B ikeikr 27 (1+RL ELI‘IXEL—F(RH—l)EHCOSQeL) R
e ke / / ﬂ R x ([(1+RH)EH(HXeJ-)"‘(l_RJ_)EJ_COSQieJ_}) e *RT)gg,dodp,  (17)

T 4y

where E| = &, - E(6,¢) exp[ikpsin 6 cos(¢ — ¢)] exp(ik cos 0z)k? cos 6 sin § and E| = él“ .
E(6,$) exp
[iko sin 6 cos(¢ — )] exp(ik cos 8z)k? cos 6 sin 6.

R, and R are respectively the reflection coefficients of the transverse electric (TE)
and transverse magnetic (TM) waves at the target surfaces of different materials and can be
calculated using the following recurrence formulas [44]:

Ru(0) = B AR 1) )
R0 = a1 @
with

= exp[i2k - B(n —1)D(n —1)Ry(n —1)], (20)

A1 =Z(n—1)Ry(n) —Z(n)Ry(n —1), (21)

Z(n—1)Ry(n) + Z(n)Ry(n—1), (22)

:Z(”)RY(”) Z(n—1)Ry(n 1), (23)

= Z(n)Ry(n) + Z(n — 1)Ry(n — 1). (24)

Here, B(n) = /e, (n)py(n), Z(n ur(n)/e,(n),and Ry (n \/1—s1n 0;/ [er(n)py(n)],
where ¢,(n) and pr(n) are the perm1tt1v1ty and permeability of the nth layer, respectively;
R(n) is the reflection coefficient of the interface between the nth and (n — 1)th layers. When
there is no dielectric coating on the outer surface of the target (i.e., only a metal layer and
vacuum layer exist), R; = —land R =1.

2.3. Spiral Spectral Expansion Method

Vortex beams carry OAM, which is related to the spiral phase. After interacting with
the target, the phase distribution of the scattering field changes. To display the distribution
and variation of the spiral phase visually, the OAM spectral distribution of the scattering
field is calculated using the spiral spectral expansion [38,40]. Any field distribution can be
expanded into the superposition of multiple spiral harmonics:

=00
E(p) = ). Cexp(ilp). (25)
|=—00
Here, C; is the weight coefficient
L7 1g)d
G = ﬂ/o (¢) exp(~ilg)dg. (26)

The normalized weight of each OAM state of the vortex field distribution is

G

Cp, = m,l € (—o0,00). (27)

3. Simulation and Discussion

The inverse Fourier transform was performed to the vector angular spectrum, and the
spatial distributions of the incident electric and magnetic fields in the initial xoy plane for



Remote Sens. 2024, 16, 754

7 of 23

S 10

(u 2

II! 1

02 0

I(H 1

the Bessel vortex beams with x-LP, y-LP, L-CP, and R-CP were calculated by Equations (12)
and (13) and are shown in Figure 3. Their corresponding phases are shown as insets in the
top-right corner. The beam parameters were set as f =5 GHz, I =1, and 6y = 5°. From the
Figure, we can observe that all the intensity distributions of the electric and magnetic field
components have axial symmetry, except for the y- and x-components of the electric field
cases of the x-LP and y-LP beams, respectively. For the L-CP and R-CP beams, the electric
and magnetic field distributions of the x- and y-components are similar, but the phase is
shifted by 71/2. The z-component distributions of the electric and magnetic fields of the
L-CP beam are not hollow, and its maximum field intensity is larger than that of R-CP.
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Figure 3. Intensity distribution of the x, y, and z components of the electric and magnetic fields in
the xoy plane (z = 0) for Bessel beams with x-linear polarization (x-LP), y-linear polarization (y-LP),
left-circular polarization (L-CP), and right-circular polarization (R-CP). The receiving plane has an
area of 4 x 4 m?,

0.015 0

Ol'll
0.1- I
Ulilﬁ
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Additionally, the OAM spectra of all components of the incident vortex beam under
different polarization conditions were calculated, and the results are presented in Figure 4.
The electric field components were sampled along different receiving radii, and the Fourier
transform was performed to obtain the proportion of each mode of the incident field. This
method can digitally represent the OAM carried by a vortex field. The vortex beam used in
this study is an ideal Bessel vortex beam. Therefore, the phase distribution shown in the
top-right corner of Figure 3 is significantly perfect, and the number of changes in phase
along different radius circles is completely consistent with the topological charge calculated
in Figure 4. It can be concluded that the incident beam is a high-purity vortex beam.

Based on a radio attenuation measurement flight experiment reported by the National
Aeronautics and Space Administration, an aircraft with a length of 1.3 m was selected as
the target model for the research [45]. To illustrate the validity of the proposed algorithm,
a validation example was used to compare the calculation results of the PO method with
those of FEKO 2021 EM simulation software. The RCS (far field) and scattering field
distributions of a perfect electric conductor (PEC) blunt cone and a PEC blunt cone coated
with a single-layer dielectric were calculated using the PO method and FEKO; the results
are presented in Figure 5. The receiving plane of the scattering field was located at z = 60
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m, and the coating dielectric parameter was set to & = 0.3 + 0.7i (coating thickness: 0.1 m).
The dielectric parameters and coating thickness of the target were obtained according to
NASA flight tests. The thickness of the plasma sheath during aircraft flight is about 0.1
m. Based on the plasma parameter measured during flight, the dielectric parameter of the
coating was further calculated using the Drude model [45,46]. There is no ideal vortex
beam excitation in FEKO 2021 simulation software. We imported the vortex beam EM field
data into simulation software, and the near-field aperture field was used to equivalent the
incident vortex beam. However, it is worth noting that this equivalent method will bring
some errors. Therefore, in comparing the results calculated by the PO algorithm and FEKO,
there is a slight difference in the scattering field intensity distribution in the peripheral
region.
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OAM Spectrum OAM Spectrum
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Figure 4. Orbital angular momentum (OAM) spectral distributions corresponding to the three

0OAM Sputrum 0OAM Sputrum

components Ey, By, and E, of incident electric fields with different polarizations x-LP, L-CP, and R-CP
incidence. Panels (a-c,d—f,g—i) correspond to the OAM spectral distributions under x-LP, L-CP, and
R-CP incident conditions. The first to third columns represent the spectral distribution corresponding
to the Ey, Ey, and E, components of incident electric fields.

In radar systems, employing a multifrequency and multipolarization operating mode
significantly enhances imaging quality and target-resolution capability. Therefore, after
verifying the reliability of the results, we discuss the scattering field intensity and OAM
spectral distribution of Bessel vortex beams with different polarizations to determine
whether they can exhibit differences in target-characteristic parameters. The research target
was a PEC blunt cone coated by a single-layer dielectric (coating thickness: 0.03 m, coating
dielectric parameter: e, = 1.3 4- 3.2i); the blunt-cone size was consistent with the validation
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example. The beam parameters were set to f =5 GHz, and the half-cone angle was 6y = 5°.
First, we used co-polarization transmitting and receiving methods to obtain the scattering
field. Figure 6 shows that the OAM mode of the scattering field remained consistent with
that of the incident field when the receiving and transmitting polarization states were the
same. The receiving field intensity distributions corresponding to the different polarizations
were similar. This conclusion is consistent with the results of previous research [39,41]; that
is, for symmetric targets, when the polarization of the receiving field is the same as that of
the transmitting field, the topological charge of the scattering field is the same as that of the
incident field. When x-linear polarization incidence occurs, other modal components also
occupy a portion of the proportion. This is mainly manifested in modal components that
are one bit apart from the incident mode; however, this phenomenon does not occur if the
incident beam is circularly polarized.

20 0.025
xoz plane ——PO
—FEKO PO 0.02 0.02
of =5°1=1 -

€ %= g o015 E
s f=5GHz & R = 0.015
m e =
T-20 v 4o
2 e 0.01 ] 1 0.01
O = =
x

&

0.005
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080 =120 =60 0

20

(=]
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()

Figure 5. Comparison of the results calculated by the physical optics (PO) algorithm and FEKO
simulation software. Panel (a) shows the radar cross section (RCS), and panels (b,c) are the scattering
field intensity distributions for a perfect electric conductor (PEC) blunt cone obtained by the PO
algorithm and FEKO software, respectively. Panel (d) is the RCS, and panels (e,f) are the scattering
field intensity distributions for a blunt cone coated by dielectric, obtained by the PO algorithm and
the FEKO software, respectively.

Subsequently, the scattering electric field intensity and OAM spectral distribution
in the x, y, and z directions of the receiving plane illuminated by vortex EM beams with
different polarizations were investigated. The incident frequency was set to 5 GHz, the
topological charge was [ = 1, and 6y = 5°.The target parameters were consistent with
Figure 6. Figure 7 shows that for x-LP incidence, the distribution of the scattering electric
field in the x direction remained basically consistent with that of the incident field. The
scattering electric field appeared in the y direction; the mode was different from that carried
by the incident field, which was separated from the main incident mode (by single bits on
both sides). In the cases of L-CP and R-CP incidence, the distributions of the scattering
electric field in the x direction were similar to those in the y direction, but the phase was
shifted by 7r/2. The main mode of the scattering OAM spectrum was consistent with the
incident mode, and the submaximal modes appeared at single-bit distances from the main
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mode. A comparison of Figures 4 and 7 shows that scattering did not have a significant
impact on the OAM spectrum of the z component of a scattering electric field with arbitrary
polarization. Hence, it can be concluded that as long as the spectral distribution in a certain
direction is known, we may attempt to use it to infer the target and beam parameters.
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Figure 6. Scattering field intensity and OAM spectral distributions for the same transmission and
reception polarizations, but different incident topological charges. Panels (a—c,g-i,m-0) correspond to

the scattering electric field intensity distributions, and panels (d—f,j-1,p-r) correspond to the scattering

OAM spectral distributions. The three columns correspond to different incident topological charges
(I=1, 2, and 3). The calculation results for the first and second, third and fourth, and fifth and sixth
rows correspond to x-LP incidence and x-LP reception, L-CP incidence and L-CP reception, and R-CP

incidence and R-CP reception, respectively.
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Figure 7. Scattering field intensity and scattering OAM spectral distribution of the components
Ey, By, and E; with different incident-beam polarization. Panels (a-c,g-i,m-0) correspond to the
scattering electric field intensity distributions, and panels (d—f,j—1,p-r) correspond to the scattering
OAM spectral distributions. The three columns respectively correspond to the cases of the Ey, Ey,
and E, components. The calculated results for the first and second, third and fourth, and fifth and
sixth rows correspond to the x-LP, L-CP, and R-CP incidences, respectively.

Based on the above discussion, we selected the vortex beam with x-polarization
incidence and the scattering field in the x direction for further research and analyzed the
influences of the beam parameters on targets with different dielectric parameters. Three
typical targets with different dielectric parameters, namely a PEC target, a dielectric target
(dielectric parameter: ¢, = 4 + 1.57), and a coating target (coating thickness: 0.1 m, dielectric
parameter €, = 0.6 + 0.2i) [47], were selected. Figure 8 shows the scattering field intensities
and the OAM spectral distributions (x-components) of vortex beams carrying different
topological charges incident on PEC, dielectric, and coating targets. The incident frequency
was set to 5 GHz, the topological charges were [ = 1-3, and the half-cone angle was 6y = 5°.
The receiving plane was located 60 m away from the target. For a more intuitive illustration,
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Figure 9 and Table 1 present the one-dimensional intensity distribution of the scattering
field in the polarization direction and the total proportion of each mode on the sampling
surface, respectively. The bold display in the table shows a special mode proportion of the
scattering field, which is the same as the incident field mode. The scattering field intensity
distributions differed for targets made of different materials. For all three targets, other
modal values occurred as the observation radius increased. In particular, for the metal
targets there were other obvious modes, whereas for the dielectric and coating targets
there were not. Of the three targets, the coating target had the largest peak value of the
scattering electric field, and the original incident mode was best maintained. With an
increase in the topological charge, the scattering-field intensity distribution showed a clear
outward diffusion trend. The total proportion of the modes in the scattering field, which
was consistent with that of the incident mode, also decreased in all three cases. We found
that the scattering field intensity and OAM spectra may reflect the characteristic parameters
of the target, such as the type of target material and the coating method. Based on this, it

may be possible to identify and invert the target parameters.
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Figure 8. Scattering field intensity and scattering OAM spectral distribution of metal, dielectric, and
coating targets under different topological-charge incidence conditions. Panels (a-c,g-i,m-o) corre-
spond to the scattering electric field intensity distributions, and panels (d—f,j—1,p—r) correspond to
the scattering OAM spectra. The three columns respectively correspond to the cases of topological
charges I =1, 2, and 3. The calculated results for the first and second, third and fourth, and fifth and
sixth rows correspond to metal, dielectric, and coating targets, respectively.
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Figure 9. One-dimensional intensities of the scattering field in the polarization direction, where
the beam is incident with topological charges in the range of 1-3. The receiving plane is located at
z = 60 m. Subfigures (a—c) correspond to topological charges ! with 1, 2, and 3, respectively.

Table 1. Total proportions of different orbital angular momentum (OAM) modes of the scattering
field on the receiving plane when the incident vortex beams carry different topological charges I. The
data in the table (left to right) correspond to metal, dielectric, and coating targets.

Total Mode Proportions of the Scattering Field of Targets Made from Different Materials

OAM I=1 1=2 1=3

Modes Metal Dielectric  Coating Metal Dielectric  Coating Metal Dielectric  Coating
=5 0.0007 0.0009 0.0012 0.0012 0.0014 0.0016 0.0028 0.0016 0.0016
—4 0.0017 0.0014 0.0019 0.0029 0.0019 0.0022 0.0039 0.0022 0.0025
-3 0.0031 0.0024 0.0042 0.0027 0.0024 0.0035 0.0093 0.0095 0.0097
-2 0.0022 0.0033 0.0055 0.0059 0.0092 0.0099 0.0110 0.0152 0.0116
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Table 1. Cont.

Total Mode Proportions of the Scattering Field of Targets Made from Different Materials

OAM I=1 1=2 1=3
Modes Metal Dielectric ~ Coating Metal Dielectric ~ Coating Metal Dielectric ~ Coating
-1 0.2223 0.0588 0.0260 0.0063 0.0099 0.0072 0.0190 0.0263 0.0150
0 0.0055 0.0049 0.0044 0.2795 0.0813 0.0307 0.0221 0.0290 0.0101
1 0.5539 0.8611 0.9168 0.0052 0.0092 0.0082 0.2676 0.0885 0.0300
2 0.0074 0.0087 0.0106 0.4922 0.8102 0.8916 0.0101 0.0133 0.0122
3 0.1966 0.0557 0.0254 0.0088 0.0121 0.0131 0.4656 0.7396 0.8581
4 0.0044 0.0017 0.0027 0.1895 0.0600 0.0291 0.0108 0.0150 0.0168
5 0.0023 0.0011 0.0012 0.0056 0.0024 0.0029 0.1778 0.0598 0.0324

Like Figure 8, Figure 10 compares the effects of the half-cone angle on targets with
different parameters. The topological charge was set to two, the half-cone angles were
2.8°,10°, and 20°, respectively, and the other target parameters remained unchanged. It
can be observed that as the half-cone angle increased, the scattering electric field intensity
distribution exhibited a diffusion trend, and the peak intensity decreased. In addition, for
the same half-cone angle, the peak scattering field of the coating target was the highest. This
is because—despite the absorption of EM wave energy—the coating’s thickness increased
the volume of the target, thus resulting in a larger scattering field. In addition, owing to the
combined influence of the target size and the coating dielectric parameters, the purity of
the scattering OAM spectrum along the radius distribution of the coating target was higher.
An increase in the half-cone angle resulted in other larger modes at certain radii.
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Figure 10. Scattering field intensity and scattering OAM spectral distributions of metal, dielectric, and
coating targets under different half-cone angle incidence conditions. Panels (a-c,g—i,m—o0) correspond
to the scattering electric field intensity distributions, and panels (d—f,j-1,p—r) correspond to the
scattering OAM spectra. The outcomes are the same as those in Figure 8, but the first three columns
correspond to half-cone angles of 2.8°, 10°, and 20°, respectively.

We also investigated whether the distance between the receiving plane and the target
affected the intensity and spiral spectrum of the scattering field. The intensity distribution
of the scattering field at different receiving distances is shown in Figure 11, in which the
incident topological charge was I = 2, and the other beam and target parameters were
the same as in Figure 8. As the receiving distance increased, the size of the scattering
field increased and the energy decreased. It was found that although the incident beam
was an ideal non-diffracted beam, the scattering field (after target scattering) underwent
diffraction. The intensities of the scattering fields received by different receiving planes
were different, and the field intensity gradually decreased at increasing receiving distances.
The center position of the scattering field maintained the mode of the original incident field,
and the scattering field at the center position gradually spread as a function of the receiving
distance. Therefore, the different positions of the receiving plane obviously affect the
observation results. If the computer’s computing power allows, a large enough observation
surface size and sufficient scattering field calculation points should be selected. In this way,
the scattering field energy can be received as much as possible to obtain more scattering
information and improve recognition accuracy.



Remote Sens. 2024, 16, 754

17 of 23

Scattering Field Intensity x107
14
=, 12
10
Y| B
6
4
50
SO 2
0
o =50 -5 5
y-axis (m) 0 x-axis (m)
OAM Spcctrum -
::‘D 4
= 3 0.8
= 2
> 1 0.6
S0
S 0.4
°-2
g3 0.2
!
-5
5 10 15
Obscr\ ation Radlus P (m)
(d)
Scattering Fleld Intensity x107
12
10
8
6
4
2
y-axis (m) x-axis (m)
g
OAM Spectrum -
::‘ﬁ 4
= 3 0.8
= 2
> 1 0.6
S0
-1 0.4
22
g3 0.2
!
-5
0 S 10 15 20 25 30
Observation Radius p (m)
Scattering Fleld Intensity
0.025
0.02
0.015
0.01
50 Io 005

y-axis (m) x-axis (m)

(m)

Scattering Field Intensity

/)’

A

50
50
: 0
" -50 -5 s
y-axis (m) 0 x-axis (m)
: OAM Spectrum
o 4
23
N
4
Zo
o1
]
g3
=4
-5

5 10 15
Observation Radlus P (m)
(e)
Scattering Field Intensity

y-axis (m) x-axis (m)

(h)

0OAM Spc.ctrum

unJ—LuN—c—-NuJ.un

Topological Charge

|

5 10 15
Obscr\‘atlon Radlus P (m)

(k)

Scattering Field Intensity

y-axis (m) x-axis (m)

Figure 11. Cont.

Scattering Field Intensity X107

-50 50

y-axis (m) x-axis (m)

OAM Spcctrum

5
4
3
2
1
0
-1
-2
-3
-4
55

Obser\ ation Radlus P (m)

(f)

Topological Charge

Scattering Field Intensity x107
6
> ;
4

13
2
50
50! S0p!

y-axis (m) x-axis (m)

l
OAM Spectrum -

5 10 15
Obscr\‘ ation Radlus p (m)

(M

unJ—LuN—c—-NuJ.un

Topological Charge

|

Scattering Field Intensity %10~

y-axis (m)

x-axis (m)



Remote Sens. 2024, 16, 754

18 of 23

OAM Spectrum

1

0.8

0.6

0.4

0.2
5 1 15 25 30

Topological Charge
I

Nk N =S =Wk
=

Observation Radius p (m)

P

OAM Spectrum

Topological Charge
I

Nk N =S =Wk
=

Observation Radius p (m)

(@)

5 1 15 0 25 30

0.6

04

0.2

OAM Spectrum

1

0.8

0.6

0.4

0.2
5 1 15 25 30

Topological Charge

o W e Do W R
=

Observation Radius p (m)

(r)

Scattering Field Intensity x1073

QI- o

—50 —
y-axis (m) 0. =50

W= O =W s

Topological Charge

11
'th

5 10 15

OAM Spcurum

0.8
0.6
0.4

Figure 11. Scattering field intensity and scattering OAM spectral distributions of metal, dielectric,
and coating targets at different receiving-plane distances. Panels (a—c,g—i,m—o0) correspond to the
scattering electric field intensity distributions, and panels (d-f,j—1,p-r) correspond to the scattering
OAM spectra. The outcomes are the same as those in Figure 8, but the first three columns correspond
to receiving-plane and target distances of 50 m, 80 m, and 100 m, respectively.

Figure 12 shows the influence of different offset distances on the scattering charac-
teristics of the targets for different dielectric parameters. The incident frequency was set
to 5 GHz, the topological charges were | =2, and the half-cone angle was 6y = 5°. It can
be observed that the scattering field and OAM spectral distributions of all the dielectric
targets are also affected by changes in offset distance. The metal targets were the most
sensitive to beam offset, thus causing more severe deformation of the scattering field and
more significant crosstalk among OAM modes than did the dielectric and coating targets.
At the same offset, the scattering field of the coating target could maintain the original
vortex shape. Furthermore, the offset had a relatively small impact on scattering. The
scattering field distribution was no longer symmetrical when the beam axis deviated from
the target center. Moreover, because of the off-axis incidence of the beam, the intensity of
the illumination at the center of the target was no longer zero, the position of the hollow
region in the scattering field deviated, and the intensity at the central position was no longer
the minimum value. This asymmetry also made the scattering OAM spectral distribution
chaotic; as the degree of deviation increased, the OAM spectral confusion became more
obvious.
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Figure 12. Scattering field intensity and scattering OAM spectral distributions of metal, dielectric, and
coating targets at different beam offset distances. Panels (a—c,g—i,m-0) correspond to the scattering
electric field intensity distributions, and panels (d-f,j—1,p—r) correspond to the scattering OAM spectra.
The outcomes are the same as those in Figure 8, but the first three columns correspond to the beam
offset distances 0.05 m, 0.1 m, and 0.15 m.

As is commonly known, the impact of frequency on a beam is multifaceted, leading
to variations in intensity distribution, hollow-region size, and other parameters. Based on
this understanding, our study included an in-depth examination of the effects of incident
frequency on target scattering and changes in the OAM spectrum. The results of this
investigation are presented in Figure 13. Among them, the simulation parameters are the
same as in Figure 12, except that the frequency f changes to 3 GHz, 5 GHz, and 10 GHz.
The incident frequency not only affected the size of the scattering electric field but also
changed the oscillation distribution of the scattering electric field. Figure 13 shows that
as the frequency increased, the scattering electric field tended to contract, whereas the
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peak intensity also increased. Thus, when the frequency increased, the scattering energy
distribution was more concentrated, which was consistent with the effect of the frequency
increase on the incident field. Other modes may appear at smaller observation radii. The
main mode had an absolute advantage in that it indicated the mode of the incident beam.
The other modal values contributed less. The OAM spectrum of the coating targets was the
least affected by frequency changes. In future research, we will use target scattering data to
identify and invert beam and target parameters based on machine learning.
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Figure 13. Scattering field intensity and scattering distributions of the OAM spectra of metal,
dielectric, and coating targets at different incident frequencies. Panels (a—c,g—i,m-o) correspond to the
scattering electric field intensity distributions, and panels (d—f,j—1,p—r) correspond to the scattering
OAM spectra. The outcomes are the same as those in Figure 8, but the first three columns correspond
to incident frequencies 3 GHz, 5 GHz, and 10 GHz.

4. Conclusions

We investigated the influences of targets with different dielectric parameters on the
scattering field intensity and OAM spectrum of vortex electromagnetic beams with various
beam parameters. We used the PO algorithm and angular spectral decomposition method
to calculate the scattering fields of a Bessel vortex EM beam. Subsequently, the spiral
spectral expansion method was used to calculate the OAM spectral distributions of the
scattering fields at different radii. We also examined the influences of different polarizations
(transmitting and receiving) and different directional sampling methods on the sampling
results. Subsequently, we investigated the effects of different topological charges, half-cone
angles, receiving plane positions, offset positions, and frequencies on the scattering fields
and OAM spectra of targets with different dielectric parameters. The following conclusions
can be drawn:

(1) The sampling results obtained by co-polarization transmission and receiving methods
were relatively similar, but the results for different directions of the scattering field
were inconsistent. Therefore, the sampling direction can be used as the calculation
dimension to construct a target-scattering database.

(2) The scattering field of the target was extremely sensitive to different incidence pa-
rameters. As topological charge increased, the scattering field intensity distribution
showed a clear outward diffusion trend, and the proportion of modes consistent with
the incident field decreased. The scattering field of the non-diffracting vortex beam
underwent diffraction, and the intensity gradually decreased with increasing receiv-
ing distance. The position of the receiving plane directly affected the scattering-field
sampling results. Choosing the appropriate sampling distance and receiving-plane
size facilitated receiving more information. The scattering field intensity distribution
maintained a profile similar to that of an on-axis incident beam, but when incidence
was off-axis, the scattering field was significantly distorted and the topological charge
could not be preserved.

(8) Inaddition, beams with the same parameters incident on targets with different di-
electric parameters produced significantly different scattering results. The intensity
distribution and patterns most similar to those of the incident beam came from scat-
tering by a dielectric coating.

Therefore, when the target parameters are known, the parameters of the incident
beam can be retrieved using scattering field intensity and OAM spectra; similarly, the
target parameters can be inferred by knowing the beam parameters. This research is more
general and universal. The investigation of the scattering field intensity and spiral spectral
distribution of a vortex EM beam scattered by electrically large targets comprising different
materials provides a theoretical basis for the potential application of vortex beams in remote
sensing, such as the inversion of targets and beam parameters to supplement radar imaging
and other fields.
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