Hindawi

International Journal of Antennas and Propagation
Volume 2023, Article ID 1295821, 14 pages
https://doi.org/10.1155/2023/1295821

Research Article

@ Hindawi

Relativistic Bistatic Scattering of a High-Speed Moving Plasma

Coated Object

Pengcheng Ren (),"? Lei Kuang ©,' Jianjun Gao,” and Qing Huo Liu’

!Shanghai Key Laboratory of Multidimensional Information Processing, School of Communication and Electronic Engineering,

East China Normal University, Shanghai 200241, China

2School of Physics and Electronic Science, East China Normal University, Shanghai 200241, China
Department of Electrical and Computer Engineering, Duke University, Durham, NC 27708, USA

Correspondence should be addressed to Lei Kuang; lkuang@ee.ecnu.edu.cn

Received 20 December 2022; Revised 12 April 2023; Accepted 13 April 2023; Published 25 April 2023

Academic Editor: Shah Nawaz Burokur

Copyright © 2023 Pengcheng Ren et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Accurate modeling of relativistic electromagnetic scattering characteristics from high-speed motion of plasma coated objects is
crucial for the development of hypersonic aircraft and their applications in the identification and surveillance of moving stealth
targets. Nevertheless, a solution for bistatic polarized radar cross sections (RCSs) from a 3-D object with plasma coated layer in
motion has yet to be obtained. This manuscript proposes a solution to this problem by employing a combination of the auxiliary
differential equation (ADE) method with Lorentz finite-difference time-domain (FDTD) method. Utilizing the Lorentz
transformation, this paper presents the transformation of parameters of the incident plane wave and dimensions of the object
between the laboratory system that remains static and the rest system that remains stationary relative to the object in high-speed
motion. The near-zone electromagnetic fields near the object are computed using the ADE method in the rest system, after which
the near-field to far-field (NE-FF) transformation is employed to obtain the far-zone polarized scattered field. By applying Lorentz
transformation to the coordinates, this paper presents a solution for the polarized scattering from moving plasma coated objects.
Especially, radial components of the polarized scatterings are analyzed. The proposed method is validated through several
numerical experiments, demonstrating its efficiency and accuracy.

1. Introduction

In recent years, there has been significant interest in the
analysis of electromagnetic scattering from high-speed
moving objects, driven by the rapid progress of high-
speed target. In particular, there is a growing focus on in-
vestigating EM scattering characteristics of moving plasma
coated targets due to their superior stealth performance.
Such investigations have practical applications in the de-
tection and analysis of high-speed stealth moving objects.
The plasma layer is typically considered as an isotropic and
dispersive medium, satisfying the single-pole Drude model.
To simulate such materials, the FDTD algorithm [1] has
become a popular choice due to its simplicity relative to
analytic methods and other numerical algorithms. Basically,

the available frequency dispersive FDTD algorithms can be
divided into three categories, and all of these are based on the
polarization equation which constructs the relationship
between the electric flux density and the electric field in-
tensity. In the first type which is called recursive convolution
(RC) approach [2, 3], the electric flux density is proposed to
be combined with the electric field density through a con-
volution integral. Based on this theory, several modified RC
schemes such as the piecewise linear recursive convolution
(PLRC) [4] and the trapezoidal rule recursive convolution
(TRC) [5] are presented to obtain the second-order accuracy
in time while modeling the dispersive media. The dispersive
FDTD algorithm based on the RC scheme has been applied
for modeling of different types of dispersive materials in
[6-8]. However, the formulation of the RC scheme is
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complex, and the implementation of the derivation process
is also difficult. The second approach involves reducing the
convolution integral in the time domain to a multiplication
through the implementation of Z-transform, and a recursive
relationship between electric flux density and electric field
can be obtained [9]. However, the transformation between
the time domain and Z domain requires complex arithmetic
which lowers the computational efficiency of this scheme. In
the third approach, the polarization vector and the electric
flux density are linked utilizing ADE method [10-12]. Thus,
Maxwell’s curl equations and the ADE method from a sys-
tem are solved recursively by the FDTD algorithm. Due to
the implementation of the ADE method to describe the
frequency-dependent material properties [12-17], it is worth
noting that among the various numerical methods, the ADE
method can achieve an optimal balance between compu-
tational efficiency and accuracy compared to the other
frequency dispersive FDTD algorithms. However, the al-
gorithms discussed above concentrate exclusively on elec-
tromagnetic analysis of dispersive media that are stationary.

The motion of an object at high speeds leads to modulation
of the scattering wave’s frequency and amplitude, and it is
crucial to consider this phenomenon in any accurate solution
to the object’s scattering property. Einstein’s special relativity
theory provides the necessary foundation for developing such
a solution. As a result, more attention is being paid to the
development of efficient models that can effectively simulate
moving objects. So far, researchers have made significant
contributions to the development of various theoretical and
numerical solutions for relativistic electromagnetic scattering
of moving objects. The frame hopping method (FHM) is an
analytical method based on the theory of relativity, which
solves the scattering fields in the comoving frame and trans-
forms the scattering fields back to the laboratory frame. The
FHM method is used to obtain the exact solution of the
scattering from a perfectly conducting half plane in relativistic
uniform motion in [18]. Despite significant progress in ana-
Iytical and asymptotic methods, obtaining exact scattering
solutions for arbitrarily shaped and composed moving objects
remains a challenging task.

In recent years, the FDTD algorithm has emerged as
a popular tool for analyzing the scattering from moving
objects. Two primary categories of algorithms have been
developed to solve for relativistic scatterings of moving
objects. The first algorithm involves direct solutions that
employ the relativistic boundary condition (RBC) [19-21] to
the boundary surface in motion between two media in the
FDTD simulation, known as the RBC-FDTD algorithm.
Nevertheless, this algorithm can be susceptible to numerical
instability issues arising from the discrete interpolation of
the electromagnetic field on the boundary surface in motion
at each time step. An alternative method for modeling the
electromagnetic scattering from objects in high-speed mo-
tion is the Lorentz-FDTD method that involves converting
parameters of the incident plane wave to the rest system
relative to the moving object through the implementation of
Lorentz transformation. The far-zone scattered fields of the
moving object are then solved using the FDTD algorithm in
the rest system and subsequently converted back into the
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laboratory system, completing the Lorentz-FDTD method.
This method is considered a viable alternative to the
RBC-FDTD algorithm and has gained attention in recent
years due to its accuracy and stability. During the recent
years, the Lorentz-FDTD method has become increasingly
recognized for its effectiveness in solving relativistic scat-
tering problems. This method circumvents the need for field
interpolation on the moving interface and is considered
more numerically stable than the RBC-FDTD method. As
a result, the Lorentz-FDTD method has become the pre-
ferred approach for addressing relativistic scattering prob-
lems. The Lorentz-FDTD method has been employed to
investigate double Doppler effects of scatterings from
moving conducting surfaces [22] and moving dielectric slabs
[23] at various velocities when the incident plane wave is
introduced into the rest system. This analysis provided in-
sight into the scattering from high-speed moving objects and
demonstrated the effectiveness of the Lorentz-FDTD
method in accurately modeling such phenomena. The
Lorentz-FDTD method was employed to analyze the bistatic
radar cross sections of 2-D objects in uniform motion, which
consisted of both conducting and dielectric materials.
Through this analysis, the Doppler effect was studied,
considering quantities of the incident plane wave and
scattered wave. The results of this analysis were presented in
[24], providing valuable insights into the scattering prop-
erties of moving objects and further demonstrating the ef-
ficacy of the Lorentz-FDTD method in solving complex
electromagnetic scattering problems. To investigate the
scattering properties of a 3-D irregularly-shaped object in
motion, the Lorentz-FDTD method is employed to solve
scattering problems. This analysis was presented in [25], and
the successful implementation of the Lorentz-FDTD method
demonstrates its potential for solving scattering problems
involving 3-D complex moving structures. The transmitted
and reflected waves by a 2-D left-handed metamaterial
(LHM) slab in high-speed motion are investigated using
a combination of the Lorentz-FDTD method and the ADE
method, as presented in [26]. Due to the study target is a 2-D
LHM slab in high-speed motion, it is not possible to obtain
the polarized RCS. By employing the boundary perturbation
method in conjunction with the Lorentz transformation,
scatterings of electromagnetic wave from rough surfaces in
motion were investigated in the study presented in [27]. In
addition, the study presents the radial scattering cross
sections that are exclusively attributed to the motion of the
scatter. Despite the advancements made in the asymptotic
method described in [27], exact solutions for the scattering
of objects in high-speed motion with arbitrary shapes and
compositions still pose a significant challenge. In [28], the
Lorentz-FDTD method is employed to solve the problem of
relativistic polarized RCSs of a dielectric-coated target in
high-speed motion. So far, there has been no investigation
into the far-zone polarized scatterings from 3-D objects in
high-speed motion with the plasma coating layer.

In this research, we proposed the Lorentz-
ADE-FDTD algorithm combining the ADE method with
Lorentz-FDTD method to solve for the relativistic far-
zone polarized scatterings of a 3-D plasma coated object
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in high-speed motion. The manuscript is structured as
follows: In Section 2, the quantities of incident plane
wave between the rest system Q with the respect to the
moving object and the laboratory system Q relative to the
free space are presented. A concise overview of the ADE
method is provided, and we outline its implementation
for computing the near-field data of the 3-D plasma
object in high-speed motion which satisfies the Drude
model in the rest system. Sections 3, respectively,
presents the computation of the far-zone scattered field
and the RCS of the moving target using the proposed
Lorentz-ADE-FDTD algorithm. Section 4 discusses the
simulated results that demonstrate the efficiency and
accuracy of the Lorentz-ADE-FDTD algorithm. In
Section 5, the findings of this study are concluded and
discussed.

2. Lorentz-ADE-FDTD Formulation

The previous works [25] have detailed described the
transformation formulas of the incident plane wave using
the Lorentz-FDTD method. Assume that an object is in
motion along x axis at a velocity of v. Therefore, corre-
spondence relationships between unprimed quantities of the
incident plane wave in the laboratory system , which is
stationary with respect to the free space and primed
quantities of the incident plane wave in the rest system Q'
relative to the object in motion, can be presented as

Eq = Eyy(1-Bsin6;cosg,), (1a)
k; = k;y(1 - Bsin6; cos ¢;), (1b)
w; = w;y (1 - Bsin 6; cos ¢;), (1c)
\/ 2 (sin 8 2 | 6in26.sin2
ind y° (sin 6; cos ¢; — B)” + sin”H;sin"g; (1d)
! y(1 - Bsin 6, cos ¢;) ’
cos 0
9,4 = 4 > 1
084 y(1 - fBsin6; cos ¢;) (le)
L sin 0; sin g,
S == 2, 252 (1f)
\/y (sin 6; cos ¢; — B)” + sin“6;sin”g;
cos g = y(sin 6; cos ¢; — B) (1e)
\/yz (sin 6, cos ¢; — B)° + sin®6,sin’g, 8
sina - y (sin 6; sin o — B cos ¢; sin a — B sin ¢, cos ; cos )
\/yz (sin 6; cos ; — B)* + sinB;sin’ g ’
(1h)
cosd = y(sin 6; cos & — B cos ¢; cos a + S sin ¢; cos ; sin )

\/y2 (sin 6; cos ; — ) + sin’@;sin’
(1i)

FiGure 1: Transformation between incident plane waves in the
laboratory system and in the rest system.

As illustrated in Figure 1, 0;, ¢; are the incident angles, o
represents the polarizing angle of the incident plane wave, k;
denotes the wavenumber of the incident plane wave, w; is the
angular velocity of the incident plane wave, Z;, denotes the
intrinsic impendence, and E, represents the electric field
amplitude of the incident plane wave. The definition of the
quantities 8 and y is expressed as follows:

B =vlc, (2a)
y=1\1-5, (2b)

where ¢ denotes the velocity of light in vacuum.

According to transformation relations of quantities of
the incident plane wave between system ) and system Q,
the incident plane wave can be converted from system € to
system Q' in order to excite the object. The computation
domain is meshed by applying the Yee grid algorithm, and
the boundary of the computation domain is truncated by the
implementation of convolutional perfectly matched layer
(CPML) to absorb outward-propagating waves. The total-
field scattered-field (TF-SF) connecting boundary technol-
ogy is then applied to introduce the transformed incident
plane wave into the total-field domain. By applying the ADE
iteration equations, scattered near field of the plasma coated
object in system Q' can be obtained.

Maxwell’s curl equation converted into discretized time
domain equation applying the central-difference approxi-
mation can be written as

o ~ntl an
+E +]P +]P’ (3)
2 2

-ntl  on -1+l

-n+1/2 E _E E
[V x H ] = &€ —+0
At

where At' represents the time incremental step in system Q.
The expression of At is given by
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where Ax', Ay, and Az represent the spatial incremental
step in system Q. The transformation relationships between
the spatial incremental steps between system Q' and system
Q are expressed as

Ax = PAX, (5a)
Ay =Ay, (5b)
AZ = Az (50)

The phasor polarization current J, in the frequency
domain is presented as

}p(w) = jwegy (@E (@) (6)

where j represents the imaginary unit. The plasma in-
volved in this paper can be regraded as isotropic and
frequency-dependent material. The permittivity of the
plasma can be described by the single-pole Drude model
and presented as

2
£ (7)

>

() =——"—

w(w=jr.)

where w,, denotes the frequency of the Drude model; v, is the
collision frequency.

Substitute the equation (7) into the equation (6), the

phasor polarization current ], in the frequency domain can
be rewritten as
- 2 -
], (w) = jwegy (w)E (w) = —jwe © E(w) (8)
= Jwé = TJwE ‘
P @ (C() - Jvc)

Transform the above equation into time domain, we can

get

-

-

dJ a -
a_tp +v.J, = sow;E.

)

Applying the central-difference approximation to dis-
crete the equation (8), we can yield
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sn+1 -n -n+1 N
]p :kp]P+ﬁP(E +E), (10)
2-v.At
k= (11a)
2+ v At
2 !
w’ g At
PzL_ (11b)
2+ v At

Substitute the equation (10) into the equation (3), ,the
updated equation of the E components in system Q is
written as

X

-n+l -n -n+1/2 -n

E :CA-Ex+CB-HV><H ] —E(1+kp)lp},
) (12a)

-n+1 -n -n+1/2 7 1 -n

E, =CA-Ey+CB-{ VxH —5(1+kp)jp]»,

Iy
(12b)

-1+l -n -n+1/2 7 1 -n
E :CA~EZ+CB-<I VxH _E(“kp)]l’}’

dz

(12¢)
where
2€0€00 — At - oAt
ca=" By : - (13a)
2€0€,, + PAL + oAL
20
CB= (13b)

2egeq, + BoAL + 0L

It should be noted that the E field components which are
not involved in the plasma layer should be computed using
the conventional FDTD method.

3. Polarized Scattering of the Moving Object

After obtaining the near-field data in the scattered field domain,
we employ NF-FF transformation to obtain the electromagnetic
scattered far-field of the object in system Q. According to the
derivation of the electromagnetic scattered far-field described in
reference [1], the scattered far-fields are given by with respect to
the Cartesian coordinate system as follows:



International Journal of Antennas and Propagation 5

~F, cos 0; + F, sin 6 sin ¢, — ZOAX(I - sinzeécosz(p;)

!

Esx = Jk; > (143)
+Z0Aysin20; sin ¢! cos ¢, + Z, A, sin 0, cos 0. cos ¢!
E -k ~F, sin 0] cos ¢ + F, cos 0} — ZyA (1 — sin®0}sin’ ] ) (14b)
P +ZyA,sin’6.sin @) cos ¢! + Z, A, sin 6. cos 6. sin ¢!
. . . 2
£ i F, sin §; cos ¢; — F,, sin 6 sin ¢ — ZOAZ(I - cos 95') (140)
¥ 70| +ZyA, sin 6, cos 0, cos g} + Zy A, sin 6 cos 6 sin ¢
i ! : I s ! Fx - 20! 2 1
A, cosO;— A, sin 0 sin g, — 7 (1 — sin“fcos (ps)
! 0
H_, =jk. - (14d)
F,V <200 . ! ! Fz . ! ! !
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. ! ! ! Fy 200 s 2 0
A, sinf cos ., — A, cosO — A (1 - sin“f,sin (ps)
: 0
H,, = jk, 1 : . = (14e)
+Z—xsin29; sin ¢, cos . + Z—Z sin 6. cos 0. sin ¢
0 0 J
i F ;
A, sinfsin g — A, sin 6 cos g, — Z_Z (1 - cos’6;)
; 0
He=jkqy . S (14)
+Z—x sin 6, cos 0; cos ¢, + Z_y sin 6, cos 6 sin ¢,
0 0
where
eXp<_jk;R ) e 1) ' / 1! ' ' 1) ' (15a)
Ar= TJS J¢ exp(jksx sin 0, cos @, + jk,y sin 0, sin ¢, + jkz cos 95>ds,
7 y
eXp<_jk;R ) m it A [T N I [ ’ (15b)
F, = TJS J¢ exp(;ksx sin 6, cos @, + jk,y sin ;sin ¢, + jkz cos 65>ds,
s y
_./e Q/m E _ E/ (16a)

where ( is selected as x, y and z, respectively; ] and J are
equivalent surface electric current and equivalent surface , ,
magnetic currents on the imaginary surface selected to E,, = Y(Esy +v-u- HSZ>, (16b)
enclose the object in the scattered field domain, respectively;

k! denotes the wavenumber of the scattered wave in system ) )

Q', which is equivalent to k. By = V(Esz v Hsy)' (16¢)
The Lorentz transformation formulations can be

employed to transform the scattered electromagnetic far- The electromagnetic scattering problem typically in-

fields in system Q' back to system Q using the following ~ volves the consideration of polarized scattered field com-
equations: ponents, which are oriented parallel and perpendicular to



the plane of scattering. However, in doing so, the expression
for the scatterings of the moving object becomes intractable.
According to [27], the transformation of the three polarized
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scattered electric fields between the rectangular coordinate
system (O, X,Y,Z) and the Galilean spherical coordinate
system (Og, (1), 0, (t), ¢, (t)) can be expressed as follows:

E, —sin ¢, (t) cos ¢, (t) 0 E,.
E,, | =] cos8(t)cosg,(t) cosb,(t)sing,(t) —sinb,(t) Eg | (17)
E, sin 6, (t) cos ¢, (t) sin 6, (t) sin g, (t) cos b, (t) E,

where E,
(16a)-(16c¢).

As shown in Figure 2, R is applied to represents the
distance between the observation point P (x,, ¥,,z,) and the
origin point O.

The bistatic polarized RCS of the 3-D object in motion,
which denotes the electromagnetic power scattered towards
P (x4, ¥9»29)> can be expressed as follows:

B P
>(dB sm),

Fq
E
(18)

E,,, and Eg are derived from equations

CTqP (Gi’ (N 05, §05) = Rlil{loo 10 1g<47’[R2 )

where g = v, h,r denotes scattered electric fields with three
types of polarization, respectively; p = h, v denotes the in-
cident electric fields with two types of polarization, re-
spectively. The definitions of v, h, and r are presented: v
represents the vertical polarized component; h represents the
horizontal polarized component; r represents the radial
scattering component. The formulas of the scattered electric
fields contain quantities of the scattering wave involved in
system Q. The crucial process in computing the solutions of
different polarized scattering of an object in high-speed
motion is to establish relationships of the quantities of
the scattering wave between the two systems, which can be
obtained by the combination between Lorentz trans-
formation and the geometrical relationship.

As depicted in Figure 2, as the observation distance R
approaches infinity, we can observe that

Rlinoor(t) =R, (19a)
Jm 6,(1) =0, (19b)
Rlil)noo Ps (1) = Ps- (19¢)

Based on the geometrical relationship between the tri-
angle P'O'P" and the triangle P'O.P", it is possible to prove
that

1-p

lim sin ¢! = sin g, ————, (20a)
Reo \1 - fsin’g,

i ;o 1
Rm cos ¢ = cos g (20b)

\1 - sin’p,
Based on the geometrical relationship, transformation
relationships between quantities of the scattering wave in

system ) and corresponding quantities in system () are
shown as follows:

1-p
\/ 1- ﬁz(coszes + sinzessinZ(ps)
(20¢)

. !
lim cos 6 = cos 0,

R— 00

>

\1 - sin’g,
\/1 - ﬂz(coszes + sinzessinz(ps)
(20d)

>

lim sin 6, = sin 6,

—> 00

s

lim — = (206)
R—0co R \/l - ﬁz(coszeS + sinzessinqus)

Combination of (20a)-(20e), (14a)-(14f), (15a) and
(15b), (16a)-(16c), (17), and (18) leads to the acquirement for
the bistatic polarized RCS from the moving object. It is
worth noting that the movement of the object introduces
a new component E_,., which remains absent in the case of
a stationary object.

For the static case of the object, the expressions of the
components f3, y are modified as follows:

v
:—:0,
ﬁ C

I

(21a)

=1 (21b)
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FIGURE 2: Scattering geometry.

Substitute formulation (21a) and (21b) into formulation
(20a)-(20e), the relationships between quantities in system
Q' and corresponding quantities in system ( are rewritten as
follows:

sin ¢! = sin ¢, (22a)
oS ¢ = €OS @y, (22b)
cos 0, = cos b, (22¢)
sin 0, = sin 0, (22d)

R =R (22¢)

Meanwhile, substitute formulation (21a) and (21b) into
(16a)-(16¢), the modifications of the transformation

—F, cos 0, + F_sin 6, sin ¢, — ZoAx(l - sin295cos2¢s)

between the scattered polarized far-fields in system Q' and
corresponding scattered electric fields in system Q are
presented as follows:

E,.=E, (23a)
Ey =E,, (23b)
E, =E,, (23¢)

Combination of formulation (22a)-(22e), (23a)-(23c¢),
and (14a)-(14c) leads to the scattered electric field com-
ponents corresponding to the Cartesian coordinate system
which can be written as follows:

Esx = ]ks’ .2 . . > (243)
+ZyA,sin"6; sin g, cos o, + Zy A, sin 0, cos 0, cos ¢,
—F_sin@, cos ¢, + F_cosB, + Z,A, (sin’0 sin’o, — 1

E, = jid O T ISR (i Osin‘e, ~1) | (24b)
+ZyA,sin” 0 sin @, cos ¢, + Z, A, sin 0, cos O, sin ¢,
F,sin@, cosg, — F_sinf,sin ¢, + Z,A_(cos’6, — 1

Esz - ]k; y s . Ps x s Ps .0 z( s. ) ) (24C)
+ZyA, sin 6 cos 6 cos ¢, + Zy A, sin 6, cos 6, sin ¢,

Substitute the formulation (24a)-(24c) and (19a)-(19¢)
into formulation (17), the radial component of the scattered
electric field from the static object can be expressed as
follows:



.
o = jksin 6, cos ¢,
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F_ sinfsing, - F, cos 6, + Zo(sinzescoszgos - I)Ax

.2 . .
+Zysin" 0, sin ¢ cos 9 A, + Z sin 0, cos 0 cos A,

+ jk.sin 0 sin ¢, <|

+ jk. cos 03{

After refreshing the above expression, we can get

F, cos O, — F,sin 0, cos ¢ + Z,sin” sin ¢ cos p A, (25)
+Zo(sin2955in2q)s - I)Ay + Zysin O, cos 0, sinp A,
F,sinf,cos ¢, — F, sin 0, sin ¢, + Zo(coszes - I)AZ }

+Z, sin 6 cos O sin g A, + Z, sin 6, cos 6 cos g A,

F . 26 . . 26 .
.(sin“6, sin ¢, cos ¢, — sin” 0 sin @, cos @,

= jki +F (—sin 6, cos 0, cos ¢ + sin 6, cos O, cos ¢, )

(sin 6, cos 6, sin ¢, —

sin 6, cos 0, sin @)

in’0 + sin 6.cos*0
ik Z,A <sm Scos @, + sin 0 cos™ 0, cos ¢ >

. 3 2
—sin 0, cos @, + sin” 0 sin” ¢, cos @,

(26)

. . 3 . 2
—sin 6, sin ¢, + sin” 6, sin g cos” @,

3 .2 .2
6 0 0
4 jKZ,A < cos’ 6, + sin“8; cos O sin” ¢, >

.2 2
—cos 0, + sin“6; cos O,cos” ¢,

4 jKZ,A ( sin’@,sin’ g, + sin 0,cos”6), sin ¢, >

It can be seen from the formulation (26) that the value of
the radial scattering component for the static object is zero.

4. Numerical Results

In order to validate the Lorentz-ADE-FDTD algorithm, this
section presents the results of several numerical cases. To
verify the accuracy of the Lorentz-ADE-FDTD algorithm,
the first case investigates the reflection coefficient of a slab in
motion filled with plasma. To further verify the effectiveness
of the Lorentz-ADE-FDTD algorithm, the second case an-
alyzes the polarized scatterings from moving plasma objects.
The other numerical cases are proposed to investigate the
polarized RCSs from moving plasma coated objects. And the
plasma used in the numerical cases can be regarded as the
isotropic and dispersive medium, which satisfies the single-
pole Drude model. It should be noted that the “FDTD-LT”
in the following figures denotes the results obtained using
the Lorentz-ADE-FDTD algorithm.

We have conducted an extra comparison of our method
with respect to the previous analytical results in order to
validate the Lorentz-ADE-FDTD algorithm. We compared
the reflection coefficients of a moving plasma slab calculated
by the Lorentz-ADE-FDTD algorithm with respect to the
theoretical method presented in [29]. A 1-D moving plasma
slab of thickness d = 0.005 m is considered in this case. The
plasma frequency is w, = 6.8829 x 10'°rad/s. A harmonic

incident plane wave is propagated towards the interface of
the plasma slab in motion with its magnetic field linearly
polarized along the y axis. The frequency is set to be 10 GHz.

The reflection coefficients are solved for incident angles
ranging from 0° to 90°. Figure 3 presents reflection co-
efficients of the plasma slab in motion along x axis for
velocities of v = 0.1c and v = 0, respectively. The analytical
results are calculated by applying formulations given by the
authors of [29]. By comparison, Figure 3 shows a perfect
agreement, which demonstrates the validity of the Lorentz-
ADE-FDTD algorithm.

In this case, a plasma cylinder having the dimension of
r =0.1m, h = 0.4 m is simulated to verify the accuracy of the
Lorentz-ADE-FDTD algorithm. A sinusoidal plane wave
with the frequency of 8 GHz is introduced into the com-
putation domain via the connecting boundary technique
formulation. We set the incident plane wave propagating
along the y-direction with the electric field polarized along
the z-direction. The plasma frequency w, is equal to
3.9845x 100rad/s. The electron collision v, is
27 x 10'rad/s.

The polarized (VH, HH, RH) bistatic RCS for the cases of
velocity v =0, 0.00001¢ (about Mach 8.82), 0.0lc, and
0.1cm/s in the x-direction is shown in Figures 4(a)-4(c),
respectively. The scattering angle 0, is in the range from 0° to
360°. The scattering angle ¢, is 0°. The obtained results are
further validated by comparing them with the theoretical

c
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FIGURE 6: Polarized RCS for the plasma coated sphere: (a) VH-polarization, (b) HH-polarization, and (c) RH-polarization.

solution, as depicted in Figures 4(a) and 4(b). The simulation
results obtained using the Lorentz-ADE-FDTD algorithm
show excellent agreement with the analytical results, pro-
viding evidence of the accuracy of the Lorentz-ADE-FDTD
algorithm. The motion of the object results in field com-
ponent E,. Figure 4(c) depicts patterns of the RH-polarized
RCS, arising from movements of the plasma cylinder. The
increase in velocity is accompanied by an increase in the RH-
polarized RCS component of the plasma cylinder, as shown
in Figure 4(c). The patterns corresponding to different ve-
locities of the RH-polarized RCS component exhibit no-
ticeable differences, even at velocities below 0.01c. In other
words, the RH-polarized bistatic RCS component exhibits
greater sensitivity to variations in velocity, in comparison
with the VH-polarized bistatic RCS component and the HH-
polarized bistatic RCS component.

Furthermore, a moving plasma coated cylinder object is
considered. The PEC cylinder under the plasma layer has
a radius of 0.09m and a height of 0.38 m. The thickness of
coated layer is 0.01 m. The material of the coated remains the
same as used in the previous simulation. The angle of the
incident wave is (6; = 90°, ¢; = 90°), and the motion di-
rection of the object is perpendicular to the incident wave
propagation direction. The frequency of the incident plane
wave is 8GHz. The scattering angle ¢, is 0°. Figures 5(a)-5(c)
presents the bistatic RCS as a function of 0, for the object
with various velocities, respectively. As the velocity of the
plasma coated object increases, slight increases and de-
creases can be observed in the VH-polarized RCS compo-
nent near the forward and backward scattering direction,
respectively. In Figure 5(b), it is evident that the copolarized
RCS has shifted significantly to the right near the scattering
angle 0, = 180° and to the left near the scattering angle
60, = 360°. Meanwhile, as shown in Figures 5(a) and 5(b), the
bistatic scattering results of coated cylinder are lower than
the results of PEC (perfectly electric conductor) cylinder.
The patterns of the RH-polarized RCS resulting from the

movement of the sphere are depicted in Figure 5(c). At the
same speed, the RH-polarized RCS of the cylinder coated
with plasma layer is around 5dBsm lower than that of
cylinder without the plasma coating layer. It is evident that
the RH-polarized RCSs from the plasma coated cylinder are
significantly decreased for different velocities.

Furthermore, a case of a plasma coated sphere in motion
with the radius r = 0.11 m is proposed. The plasma coating
layer has a thickness of 0.01 m. The material of the coated
remains the same as used in the previous simulation. The
angle of the incident wave is (6; = 90°, ¢; = 90°), and the
motion direction of the object is perpendicular to the in-
cident wave propagation direction. The frequency of the
incident plane wave is 8GHz. The scattering angle ¢, is 0°.
The comparison of the polarized (VH, HH, RH) bistatic
scatterings from a plasma coated sphere with different ve-
locities is shown in Figures 6(a)-6(c), respectively. As shown
in Figure 6(a), in the range of scattering angle from 0° to
180°, VH-polarized bistatic RCS increases with increasing
velocity. Within the scattering angle ranging from 6, = 180°
to 0, = 360°, the result of VH-polarized bistatic RCS de-
creases with increasing velocity. The bistatic HH-polarized
RCSs show negligible variation with the change in the ob-
ject’s velocity. Meanwhile, as shown in Figures 6(a) and 6(b),
the RCS of coated sphere is lower than the RCS of the PEC
sphere. As depicted in Figure 6(c), the RH-polarized bistatic
RCS increases with increasing velocity. The RH-polarized
bistatic scattering results of coated sphere are lower than that
of the PEC sphere. We can draw the conclusion that the
plasma coating is still effective in decreasing the RH-
polarized scatterings.

5. Conclusion

This manuscript presents a novel approach for computing
the polarized scattering characteristics of a 3-D object with
the plasma coated layer initially by utilizing the Lorentz-
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ADE-FDTD algorithm. The relativistic electromagnetic
polarized scattering characteristics from the object with
plasma coating layered in motion are comparable to those of
the stationary object since the velocity becomes lower than
0.01c. When the velocity increases to 0.1c, a distinct dif-
ference is observed in the RCS curve of the plasma coated
object in motion compared to the stationary case. The
motion of the object results in radial RCSs in the spherical
coordinate system, which is absent in the case of a stationary
object. The obtained results demonstrate a significant de-
crease in the bistatic polarized scatterings from the object
coated with plasma for all velocities. This indicates that the
plasma coating layer remains effective in decreasing the RCS,
even when the object is in motion. The radial RCS can be
utilized for the identification of high-speed moving objects.
In further studies, we plan to extend the proposed method to
investigate polarized scatterings from hypersonic reentry
objects.
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