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Backward Scattering of Electrically Large Standard
Objects Illuminated by OAM Beams

Kang Liu"”, Hongyan Liu"”, Wei E. I. Sha

Abstract—To evaluate the interaction between the orbital angu-
lar momentum (OAM) beams and the electrically large standard
objects, the backward scattering characteristics of the perfect elec-
trical conductor (PEC) sphere and PEC cone are studied. First, the
incident vortex electromagnetic field carrying OAM is generated
by Hertizian dipole arrays. Subsequently, the backward-scattered
field is calculated by the physical optics algorithm. The phase
profiles and OAM spectra are analyzed in detail, which indicates
that the scattered field for axial symmetric objects still keeps the
main characters of the vortex field due to the angular momentum
conservation. Finally, the radar cross section for PEC sphere and
cone are calculated, respectively. The backward scattering features
show significant differences when OAM beams change their topo-
logical charges. Consequently, given a specific propagation direc-
tion, compared to plane waves, more information will be offered by
the OAM beams for object detection and recognition.

Index Terms—Orbital angular momentum (OAM), physical
optics (PO), radar cross section (RCS), vortex electromagnetic
wave.

1. INTRODUCTION

VER the past few years, electromagnetic waves carrying
O orbital angular momentum (OAM) have been applied in
wireless communications [1], rotational Doppler detection [2],
and radar imaging [3]. Many approaches about the multiplexing
and demultiplexing of OAM beams, OAM measurement, and
OAM target imaging are proposed. However, the interaction
between OAM beams and the electrically large object is still
a challenging problem to be solved, especially for OAM’s ap-
plications in radar realms [4].

To the best of our knowledge, only a few publications have
studied the scattering characteristics of OAM beams. Compared
with plane waves, the OAM beams have helical wavefronts
with different topological charges, which is expected to lead
to different and rich scattering phenomena when illuminating
the object. In [5], the scattering from a zero-order Bessel beam
by a dielectric sphere was reported. In [6], the finite-difference
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time-domain technique is applied to calculate the scattering from
the Laguerre—Gaussian beams by dielectric particles. In [7],
the scattering problem of chaff clouds was studied, and results
show that the information carried by the OAM beams can pass
through the chaff clouds easier than the plane waves. In 2018, the
measured RCS values of corner reflectors and flat plate in an ane-
choic chamber were reported [8]. From the works of literature
above, some distinct characters of the OAM scattering have been
found. However, the high-frequency scattering characteristics of
electrically large objects illuminated by OAM beams have not
been studied yet. From high-frequency scattering theory, the
backward scattering of electrically large objects dominantly de-
pends on its strong scattering centers. But the argument based on
plane wave incidence is not applicable to OAM beams, and the
scattering center may disappear due to zero intensity at the phase
singularity of the OAM beams. Also, the angular representation
(plane wave expansion) of OAM beams is complex and changes
drastically as the topological charges of OAM beams change.
The interference of the backward scattering fields from these
plane-wave rays will significantly modify the scattering feature
from a simple plane-wave ray.

In this letter, motivated by the spatial phase difference of
OAM beams, the scattering of electrically large standard objects
at microwave frequencies is studied. To reveal the basic high-
frequency scattering characteristics, we focus on two standard
objects, i.e., the perfect electrical conductor (PEC) sphere and
the PEC cone. The incident vortex field is generated by Hertizian
dipole arrays, and the physical optics (PO) simulation of the
scattered field is studied. Moreover, the characteristics of the
scattered field and the RCS are analyzed. Finally, the conclusions
are drawn.

II. METHOD

In this section, a dipole array is used to generate the incident
vortex field [3], [9], and the scattered field is calculated by
PO approximation algorithm with the help of dyadic Green’s
functions [10]. The schematic for the high-frequency scattering
of the PEC sphere is shown in Fig. 1. The PEC sphere is placed at
the origin in the Cartesian coordinate, and the radius of the sphere
is denoted as a. A uniform circular array (UCA) composed of
dipolesislocated on a plane parallel to the xoy plane and centered
on the z-axis. The choice of the dipole orientation in Fig. 1
is motivated by the need to preserve the axial symmetry and,
therefore, the OAM purity of the incident field [11], [12]. The
radius of the UCA is r,, the number of dipoles is denoted by NV,
and the distance between the center of the UCA and the origin
is R,. To generate OAM beams, the current density J(r,,) for
the nth Hertizian dipole is set as

J(r,,) = yexp(ild,)o(r — ry,) (1)
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Zoom-up view of UCA

Fig. 1.  Schematic for the high-frequency scattering of the PEC sphere.

where r,, indicates the position of the nth dipole, and r is the
position vector of arbitrary point. ¢,, denotes the azimuthal angle
of the nth dipole, and [ signifies the topological charge of OAM
beams.

According to the Helmholtz equation [ 13], the vector potential
for the nth dipole is

aw =p [[[3w)gte,r)d, @)

where g is the magnetic permeability and v,, indicates the
integration cell of the space where the source exists. g(r,r;,)
is the scalar Green’s function, i.e.,

g(r,r,) = exp(ik|r —r,|) /4w |r — r,]. 3)
The generated magnetic field for the nth dipole can be given

by

H — %v « A / / / Vg(r,r,) x I )dvn.  (4)

Considering the high-frequency scattering of electrically large
objects for radar applications, the PO approximation [10] is usu-
ally applied for the calculation of the target scattering problem.
The induced current density by the nth dipole at the surface of
the PEC object can be approximated as

2n x HY|,, illuminated regions
Jo(r) = {O, . others ¢ )

where 1 is the unit vector perpendicular to the object surface
and r’ is the position of the PEC object.
The scattered magnetic field can be calculated by the Stratton—

Chu equation
// J2(r") x V'g(r,r")dS
s

= 2// [A x H}] x V'g(r,r')dS (6)
s

HY(x) =

where S indicates the integration cell of the object surface
illuminated by the incident field.

Based on (4) and (6), the total incident field H; and the total
scattered field H can be obtained by vector superposition of
the dipole array. Then, the RCS o can be calculated using the
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Fig. 2. Intensity and phase distributions of the incident electric field (y com-
ponent). (a) Intensity / = 1. (b) Phase [ = 1. (¢) Intensity / = 2. (d) Phase
1=2.

TABLE I
MAIN SIMULATION PARAMETERS

Parameter Symbol Value
Frequency f 10 GHz
Dipole number of UCA N 16
Radius of UCA Ta 0.15m
Distance between the center R 5m
of UCA and the object i

definition [10]

o 2 |H [
7= A e

(7

III. RESULTS AND DISCUSSION

In this part, simulations are performed to analyze the char-
acteristics of the incident and the scattered fields. The RCSs of
the PEC sphere and the PEC cone illuminated by OAM beams
are estimated, respectively. The intensity and phase distributions
of the incident fields are shown in Fig. 2. The main simulation
parameters are listed in Table L. It can be seen that the radiation of
OAM beams shows helical wavefronts in the free space, which
is different from the plane wave illumination [4]. Generally, the
divergence angle of the radiation pattern and the variance period
of the phase are related to the topological charge.

According to the parameters listed in Table I, the phase
profiles of the scattered field are shown in Fig. 3. In contrast
to the illumination of the plane wave, results indicate that the
scattered field still follows a helical structure corresponding
to the topological charge of the incident field. This result can
be understood by the angular momentum conservation [14] by
collimating the OAM beam axial and symmetric axial of the
sphere. Furthermore, the OAM spectra [15] of the scattered
field are shown in Fig. 4. The scattered field is sampled along
with a circle and fast Fourier transform is performed on the
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Fig. 3. Phase profiles of the scattered field from a PEC sphere with the radius
of 0.2 m.
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Fig. 4. OAM spectra of the scattered field. (a) I=1. (b) [ = —1.(c) [ = 2.
(d)yl=-2.

sampled data. Since the scattered field can hardly be written
in an analytical expression, the OAM spectra can generally
be obtained by numerical methods. For the PEC sphere, the
scattered field of the OAM’s illumination is also a vortex field,
and the topological charge is almost the same as that of the
incident field. It is also noted that a weak mixing of the OAM
spectra occurs, which is mainly caused by the calculation error
of the scattered field.

For plane-wave illumination, the RCS for the PEC sphere can
be calculated by the Mie theory [16], i.e.,

2

12 | "
o=" Z:jl (=1)"(n+0.5)(b, — an) ®)
where
o = J/n(/ka) o b = :]n(ka) o
1Y (ka) Y (ka)
B (=) "(2n+1)
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Fig. 5. RCS as a function of the sphere radius for / = 0.

To validate the accuracy of the proposed method, the RCSs of
the PEC sphere from the backward scattering are provided, as
shown in Fig. 5. As for the illumination of the plane wave, the
NRCS is equal to the well-known value of 7a?. It can be seen
from Fig. 5 that two RCS curves fit well to each other, which
verifies the accuracy of the proposed method.

The normalized radar cross section (NRCS) from different
scattering angles is shown in Fig. 6. For / = 0, the maximum
value of the NRCS is located at the position # = 0°, which indi-
cates that the backward scattering for plane wave illumination
is stronger than other directions. It is clear that the calculation
results of the proposed method fit well with the full-wave sim-
ulation results by CST. The differences between the two curves
are mainly caused by the nonideal effect during the generation of
OAM beams. In contrast to the plane wave, the minimum value
for OAM beams occurs in the backscattering direction, which
is mainly caused by the phase singularity of OAM beams, as
illustrated in Fig. 6.

The scattering of OAM beams by PEC cone is also studied,
and the schematic for cone scattering is shown in Fig. 7. The
bottom radius of the cone is set as 0.1 m, and the height is 0.2 m.
The phase profiles of the scattered electric field (y component)
for different OAM modes are depicted in Fig. 8, and the OAM
spectra are shown in Fig. 9. Similar to the sphere scattering, the
scattered field for PEC cone is also a vortex field. Thus, for the
axial symmetric object, it can be concluded that the scattered
field will maintain the OAM characteristics. However, for a
non-symmetric object, the significant OAM spectra mixing will
occur.

The NRCS for the PEC cone as a function of the scattering
angle is shown in Fig. 10. The maximum value occurs at the
angle of # = 0° for [ = 0. Similarly, the minimum value occurs
for OAM beams’ illumination. For OAM beams, the maximum
direction is dependent on the topological charge, i.e., high-order
topological charge leads to large scattering angle. Compared to
the PEC sphere, the backward RCS of PEC cone shows many
ripples. The induced current highly depends on the normal vector
of the surface, as shown in (5). For the cross section at the yoz or
xoz plane, the normal vector of the cone is constant but that of
sphere is gradually changed. Thus, the constructive interference
of the induced current at the surface of the PEC cone occurs at
specific angles due to the identical amplitude and direction of
the induced current.
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Fig. 8. Phase profiles for cone scattering field.
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IV. CONCLUSION

In this letter, the backward scattering of OAM beams by two
standard objects at microwave frequencies has been studied. The
incident vortex field was generated by a dipole array, and the
scattered field was calculated by the PO algorithm. Theoretical
and simulation results indicated that the scattered field of OAM
beam by an axial symmetric object is still a vortex field when
the phase singularity point of OAM beams is aligned to the
symmetric axis. And the topological charge of the scattered field
is the same as that of the incident field. For the PEC sphere
and PEC cone, the RCS characteristics are different from the
plane wave illumination, and the direction angle of the maximum
NRCS value changes significantly with the topological charge.
The results in this letter can benefit the design of the OAM-
based radar system and radar target detection. In future work,
the scattering of complex structured objects by OAM beams will
be studied.
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