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Abstract. The high-order Bessel vortex beam (BVB) carrying orbital angular momentum (OAM) is used to
study the scattering characteristics of the stealth-material (SM) triangular pyramid and the SM cube for
evaluating the interaction between the orbital angular momentum (OAM) beams and the SM standard objects.
We use the radial point interpolation method (RPIM) algorithm to calculate the electric and magnetic field
values which are used in the near-field to far-field transformation (NFFFT), and use the RCS empirical
formula to calculate the value of the RCS. The results show that the RCS increases obviously when the BVB
beam illuminate the target objects. Then, the scattering field is calculated for analyzing the phase distribution
and OAM spectrum in detail. The results show that the scattering field of axisymmetric objects still retains
the main characteristics of vortex field due to the conservation of angular momentum. Therefore, compared
with plane waves, OAM beams possess more potential for anti-stealth target detection and recognition.

Keywords: anti-stealth, orbital angular momentum (OAM), radar cross section (RCS), scattering, stealth-
material (SM).

1. Introduction (Use “Header 1” Style)

Radar emits electromagnetic waves to illuminate the targets, and receives the reflected electromagnetic
waves to detect and image it. With the development of stealth-material (SM) technology, the smaller Radar
Cross Section (RCS) of the target make detection of stealthy targets more difficult [1-4]. At present, radar
anti-stealth technology is principally divided into frequency domain anti-stealth, such as ultra-wideband
radar (Airspace anti stealth)[5], multi-base radar (polarization domain anti-stealth)[6, 7], polarization radar,
etc. Recently, a new radar scheme based on Orbital Angular Momentum (OAM) has been proposed. It
focuses on using OAM beam to carry out structural anti-stealth in the aspect of anti-stealth in OAM
domain[8]. However, there are few researches on anti-stealth techniques using OAM scattering
characteristics.

Electromagnetic (EM) waves carrying OAM have helical wave fronts with different topological charges,
which leads to rich scattering phenomena. In literature[9], the scattering of a high-order Bessel beam by a
sphere is reported. Yu et al. investigate the scattering of non-diffracting high-order Bessel vortex beam (BVB)
by radar targets[10]. The effects by OAM intrinsic mode characteristics on the radar scattering cross section
are studied. Wu et al. use the series expansion and the physical optics (PO) methods to calculate scattering
field[11]. The scattering field is simulated and measured, and the results effectively explain the interaction
between OAM wave and metal target sphere. In [12], the scattering characteristics of a metal flat plate
illuminating by vortex EM waves are investigated. Then, the scattering field of OAM wave and plane wave
are compared. Liu et al. study the backward scattering characteristics of perfect electrical conductor (PEC)
sphere and PEC cone to evaluate the interaction between the OAM beams and the electrically-large standard
objects[13]. Some unique characters of the OAM scattering have been found in the literatures above.
However, the scattering characteristics of the SM objects illuminated by OAM beams has not been studied
yet.

This paper is outlined as follows. Section II presents the radial point interpolation method (RPIM)
algorithm to calculate the electric and magnetic field values, which are used in the near-field to far-field
transformation (NFFFT) method, and used the RCS empirical formula to calculate the value of RCS. In
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addition, the essential formulations of the BVB are presented. The numerical results of this work are
presented in Section III. The conclusion is stated in Section IV.

2. Method

Bessel beam is a typical non-diffraction beam. When Helmholtz equation is solved in cylindrical
coordinate system, the cube illuminated by Bessel beam can be obtained in Fig 1, which can be expressed as
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Fig. 1: The Schematic diagram of a stealth material cube illuminated by Bessel vortex wave.
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where ®m is azimuthal coordinates in the transverse plane, 9m is the electrical conductivity of the electric

field component, kp is wave number, and Pm is the charge density of the electric field. Where P s the
power density parallel to the electric field vector, and ”* the power density perpendicular to the electric field
vector.

The Bessel vortex beam (BVB) is a typical vortex electromagnetic wave, which has the characteristics of
non-diffraction propagation, small central spot diameter, good directionality and long propagation distance,
etc., and has been widely used in electromagnetic research.

We use the Radial Point Interpolation Method (RPIM) [11] to calculate the near-field electromagnetic
values. The RPIM adopt the radial basis function Bi(x) and polynomial basis function Pj(x). The
approximate function evaluated at the node xi inside support domain is assumed to be ui [14].

m

u(x) :iBi(x)a,. +Y P (x)b, =B (x)a+P" (x)b (5)

Where, ai, bj are the coefficients for Bi(x) and Pj(x), respectively. The n is the number of scatter nodes in
support domain x, m is the number of polynomial basis function. Then, the Maxwell equation is used to
update the near-field electromagnetic values.

The NFFFT [15] method is used to gain the far-field electromagnetic values. It is necessary to adopt the
empirical formula to calculate the value of RCS. The domain is excited with a total-field/scattered-field
(TE/SF) scheme based on the RPIM method and truncated by means of a perfectly matched layer (PML). To
acquire the bistatic RCS of the stealth-material (SM) section, a near-to-far field transformation is applied at
the rectangular surface S in the scattered field region. Far-field field components at distance r, are obtained in
term of [16]
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Where c is the speed of light in vacuum and n0 = (#0/€0)1/2. In addition, the Js = n*H and Ms = n*E
terms are the electric and magnetic surface currents on the surface S, respectively, while n is the unit vector
perpendicular to S. Therefore, the bistatic RCS at the far field direction (€. €) is computed by

[16]

RCS(0,p) = lim(4rr* oo (10)
1 . .

}).vml:_(EH +E¢) (11)
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Where Pinc is the power density of the incident electromagnetic wave and Pscat is the power density of
scattering electromagnetic waves. The equations (6), (7) are used to calculate the RCS values of the SM
objects.

3. Results and Discussion

The characteristics of incident and scattering fields are analyzed by simulation. The intensity and phase
distribution of the incident field are shown in Fig 2. It presents that the radiation of OAM beam has a spiral
wave front, which is different from plane wave in free space. The divergence angle and phase change period
of radiogram are related to topological charge, and the phase uneven distribution is caused by calculation
error.
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Fig. 2: Phase and intensity distributions of the incident electric field (y component). (a) Phase 1=1; (b) Intensity 1=1; (c)
Phase 1=2; (d) Intensity 1=2.
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Fig. 3: The RCS values for cubes of three materials: (a) plane wave in the phi direction; (b) plane wave in the theta
direction; (c) OAM wave in the phi direction; (d) OAM wave in the theta direction.
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We use the RPIM and the empirical formula of the RCS to calculate the values of the RCS of the SM
cube and the SM triangular pyramid. The SM target is excited with one order Bessel wave of bandwidth f =
10GHz, which is the X-band radar. For our time-domain simulations, a cubic cell with Ax = Ay = Az=1 x
10-2m is selected, whereas the thickness of PML is 20 cells. Left-handed materials (¢ = -40 and ¢ = -3.9 S/m)
and two-dimensional materials MoS2 (¢ = 20.9907 and ¢ = 10 S/m) are selected as stealth materials, and
their RCS results are compared with right-handed materials (¢ =40 and 6 = 3.9 S/m).
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Fig. 4. The RCS values for triangular pyramid of three materials: (a) plane wave in the phi direction; (b) plane wave in
the theta direction; (¢) OAM wave in the phi direction; (b) OAM wave in the theta direction.

The RCS results are shown in Fig 3-4. Fig 3 and Fig 4 show the RCS values of cube and
triangular pyramid of the right-handed, left-handed, two-dimensional MoS2 materials, respectively. There
are the two directions of RCS, including the Phi angle in the Fig 3a and the Theta angle in the Fig 3b. Fig 3a
and Fig 3b show that RCS of the cube illuminated by a plane wave. Fig 3¢ and Fig 3d show that RCS of the
cube illuminated by an OAM wave. The results show that left-handed materials and two-dimensional
materials can reduce the RCS of objects, especially in phi angle. However, the RCS of the target object
increased significantly because of the OAM illumination. For the phi angle, the normal vector of the cone is
constant. Thus, the constructive interference of the induced current at the surface of the SM triangular
pyramid occurs at specific angles due to the identical amplitude and direction of the induced current.

The scattering of OAM beam on SM cube is studied. The schematic diagram of cube scattering is shown
in Fig 1. The cube side length is set as 0.1m. Fig 5 describes the phase distribution of the scattered electric
field (y component) in different OAM modes. And the OAM spectrum is shown in Fig 6. The results show
that the scattering field still follows the spiral structure corresponding to the topological charge of the
incident field, due to the conservation of axisymmetric angular momentum[13, 17]. Besides, a weak mixing

of the OAM spectra occurs, which is mainly caused by the calculation error of the scattered field.
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Fig. 5: The phase distribution of the scattered field from a SM cube with the side length of 0.1 m.
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The scattering of SM triangular pyramid illuminated by OAM beam is studied, and the schematic
diagram of cone scattering is shown in Fig 7. The bottom side length of equilateral triangular pyramid is set
as 0.1m and the height is set as 0.2m. Fig 8 describes the phase distribution of the scattered electric field (y
component) in different OAM modes, and the OAM spectrum is shown in Fig 9. The scattering field of SM
triangular pyramid is also a vortex field.
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Fig. 6: The OAM spectra of the scattered field. (a) I=1; (b) I=-1; (c) 1=2; (d) 1=-2.
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Fig. 7: The Schematic diagram of a stealth material triangular pyramid illuminated by Bessel vortex wave.
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Fig. 8: The phase distribution of the scattered field from a SM triangular pyramid.
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Fig. 9. OAM spectra of the triangular pyramid scattering field. (a) 1=0; (b) I=1.

4. Conclusion

To conclude, the scattering characteristics of several typical stealth material objects illuminated by OAM
wave are studied. The radial point interpolation method (RPIM) algorithm is used to calculate the electric
and magnetic field values, and use the RCS empirical formula to calculate the value of the RCS. The RCS of
stealth target irradiated by OAM wave and plane wave are compared. The results show that OAM wave can
significantly increase the RCS of target object. Then, the scattering field of the target is analyzed, theoretical
and simulation results indicated that the scattering field of OAM beam from axially symmetric objects is still
vortex field when OAM beam is aligned to the symmetric axis. These results could be used as a reference for
the study of scattering characteristics of vortex beam in OAM domain of stealth radar target.
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