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Composite electromagnetic scattering from a two-dimensional (2D) ship-like target on a one-dimensional sea surface

is investigated by using the finite-difference time-domain (FDTD) method. A uniaxial perfectly matched layer is

adopted for truncation of FDTD lattices. The FDTD updated equations can be used for the total computation domain

by choosing the uniaxial parameters properly. To validate the proposed numerical technique, a 2D infinitely long

cylinder over the sea surface is taken into account first. The variation of angular distribution of the scattering changing

with incident angle is calculated. The results show good agreement with the conventional moment method. Finally,

the influence of the incident angle, the polarization, and the size of the ship-like target on the composite scattering

coefficient is discussed in detail.
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1. Introduction

In recent years, the composite electromagnetic
scattering between the randomly rough surface and
target has attracted considerable interest in the fields
of radar surveillance, target tracking, oceanic remote
sensing, etc. However, the study of such electromag-
netic scattering models is a complex and difficult sub-
ject due to the complicated interactions between the
target and underlying rough surface. Some methods
have been used to deal with the problem. For exam-
ple, the “four-path” method,[!] the image technique,

(2]

and the multi-pole algorithm!®! have been investigated

for a target above a flat surface. The reciprocity
theorem[®4 is adopted to study the electromagnetic
scattering from the object above a one-dimensional
slightly rough surface. The method of moments
(MOM)B! was employed to calculate the scattering
of a target above a rough surface. The general-
ized forward-backward method, the multiple sweep
method of Moments,® and the hybrid method!”) were
analysed for the electromagnetic scattering from tar-
get located above an ocean-like rough surface.

In this paper, the finite-difference time-domain

(FDTD) algorithm is utilized to study the compos-
ite electromagnetic scattering from a two-dimensional
(2D) ship-like target floating on a rough sea sur-
face. In our previous work, the FDTD method was
used to analyse the scattering from a target above
a rough surface.l®! The uniaxial perfectly matched
layer (UPML) medium is placed at the outer ex-
tremities of the mesh in the paper. In the uniax-
ial medium the finite-difference equations are suit-
able for all the computation domain due to the field-
satisfying Maxwell’s equations, which makes the algo-
rithm convenient and accordant in use. By comparing
the FDTD algorithm with other numerical methods,
there are some advantages: the rough surface and tar-
get may be a perfect electrical conductor (PEC) and
dielectric, due to the fact that no other changes need
to be done in the original FDTD code except the part
where the material constants are set in each cell. In
addition, the results obtained by this method are in
the time domain, and can indicate both the transient
behavior as well as the steady state. This paper is ar-
ranged as follows: the theoretical formulae for calcu-
lating a composite scattering field by FDTD are devel-
oped in Section 2. Numerical results of the compos-
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ite scattering between a 2D ship-like target and the
underlying sea surface under different conditions are
presented and discussed in Section 3, which include
the incident angle, polarization, and the size of 2D
ship-like target. Section 4 gives the conclusion and

the further investigation in this topic.

2. FDTD method in the scatter-

ing model

A one-dimensional random sea surface profile
with PM spectrum is simulated by the Monte Carlo
method.['% Tt is assumed that the length of sea sur-
face is L, the number of the point discretized at equal
intervals is M + 1, and the distance of two adjacent
points is Az, where L = M - Az. And the altitude
of every point z,, = mAxz (m =1,...,M) on the sea

surface is defined as

| Mo
Cmi=L S Fogeen )
i=—M/2

where, for i > 0

F(k;) = [2nLW (k;)]"/?
i #0,M/2;

VO HNOINE T

N(0,1).

(2)

For i < 0, F(k;) = F(k_;)*, where the asterisk im-
plies complex conjugate. N(0,1) is a random vari-
ant with a Gaussian distribution of zero mean and
unit variance. k; = 2mi/L, and W (k;) is the Pierson—
(11]

Moskowitz ocean power spectrum function!*" i.e.

o Bg?
— g | ki =0
4|k [3 P ( k’?Uflg.s) =0 (3)

0 k; <0,

W(k;) =

where o = 8.10 x 1072 and 8 = 0.74 are empirical
constants, g is the gravitational acceleration equal to
9.81m/52, Uig9.5 represents wind speed in meters per
second measured at a height of 19.5 m above the sea
surface, and k; is the spatial frequency in the x di-
rection. Usually Eq.(1) is treated with a fast Fourier
transform.

It is important to know the division of computa-
tion region with FDTD algorithm in calculating com-
posite scattering from a ship-like target above the sea

surface. The incident wave is generated on the connec-
tive boundary (see Fig.1), and the UPML absorbing
medium is the outer boundary of FDTD region. In
addition, the output boundary must be set by making
a near-to-far transformation to obtain the far fields.
In what follows, the three boundaries will be investi-

gated.

UPML absorbing boundary

T T TR,
e e Tt e
Reteteiieteleetel el il ettt ey,

connective boundary

Arepunoq Surqrosqe TNJN

Axepunoq 3uiqrosqe TINJN

UPML absorbing boundary

Fig.1. Division model of the computation region for the
FDTD algorithm.

In theory, the computation domain should be un-
bounded for the scattered field existing in infinite
free space. But no computer can store an unlimited
amount of data. To deal with the conflict, a virtual
absorbing boundary (see Fig.1) must be built, and
the outgoing waves have to propagate outward with-
out non-physical reflection from the boundary. There
are many developments in absorbing boundary con-
dition to implement the FDTD method, where the
UPML absorbing medial'>!3! are used to terminate
the FDTD lattices, in which the finite-difference equa-
tions can be used for the total computation domain
due to the fields satisfying Maxwell‘s equations (Am-
pere’s and Faraday’s laws). This makes the algorithm
efficient since one does not have to take special care
of the interface plane between the boundary and the
interior regions. In addition, the uniaxial medium
can be perfectly matched to an interior lossy medium
without any modification except for properly choosing
the uniaxial parameters. For the 2D Maxwell’s equa-
tions, only E,—, H,—, H,— field components(TM
case)/H,—, E,—, E,— field components (TE case)

are nonzero. In the uniaxial medium, Faraday’s law
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for TM wave is expressed as

oF, . s
5 = —jwpy L Hy,
Y S
oL, Sy
— =] —H,,. 4
o vy (4)
And the Ampere’s law is
O0H, OH, )
8:;! - ay = (J’LU€1 + UI)SISyEza (5)

where, j = v/1, w is the angular frequency, 1, 1 and
o1 represent the parameters of interior medium. s,
and s, are only spatially variant along the x and y
directions, and s, = kg + 04 /jweo, sy = ky + oy /jweo,
referring to Ref.[12]. In Eq.(4), the intermediate vari-
ables B, and B, are introduced as
M1 H1
B, =—H,, B,=—H,. (6)
S Sy
And in Eq.(5), the intermediate variables P, and

P, are given by
P! = s,s,E.,, = P!/s,. (7)

Using a Fourier transform where jw — 9/90t, can
transform Faraday’s law into the time domain. Thus,

the magnetic fields are obtained by the following rela-
tions £, — B,, By — H,, H,

(’98Eyz _ yaaBtz _ Z—sz, (8a)
aai —k, a@% + ZSB (9a)
k %Jrgy y:ﬂl%' (9b)

Similarly, for Ampere’s law the electric field is deduced
by the relations H,, H, — P, — P, — E,,

0H, 0H, __ 0P
y _ Oz _ P, 10
oz oy ot T (102)
OP! OP, o
£ = kac - isz 10b
at a2 (10b)
0P 4, %E: g (10c)

a ot e
Using central difference approximation, the differ-
ence expressions of Eqgs.(8-10) are as follows:
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where ¢ and j denote the grid points along x and
y directions, respectively, and the superscript n is
the number of time step; m denotes (i,j + 1/2) in
Egs.(11) and (12); it denotes (i +1/2,5) in Eqgs.(13)
and (14), and (7,7) in Egs.(15)—(17); Az and Ay are
respectively the spatial increments in the x- and y-
directions, and At is the time increment. To en-
sure the stability and accuracy™¥ of FDTD algorithm,
in this paper the spatial increment and temporal in-
crement could be set to Az = Ay = § = \/20,
At = 0.5 x §/c, and c is the light speed in vacuum.
The finite-difference equations for the TE wavel!d] can
be obtained by similar transformations, which are not
given here.

In Fig.2, a plane wave of unit amplitude E; =
zexp(—j(k - 7 + wt)) propagates in the direction of
0; relative to the y-axis, #; being the incident an-
gle. Let the propagation direction k be the y'-axis,
direction E; the z’-axis, and build the rectangular

Ay
\
\
\ ..
\ 6 '(17])
N/
\ 0s -
\ )’T/¢/ -
/// \\
z’ /// \\
A~ E \
\
Hi/xk ¥y/

Fig.2. Projection of the node on the connective boundary
onto the y’-axis.

coordinate z'y’z’. In the FDTD algorithm, the con-
nective boundary can divide the computation region
into the total field region and the scattered field re-
gion. But the incident electrical field E; and mag-
netic field H; only exist in the total field region. To
solve the problem, the incident field is generated on
the connective boundary by the equivalent theory.!8:!
In numerical implementations of composite scattering,
finite-length rough surface must be used to model scat-
tering from infinite surface. When a plane wave strikes
the finite-length rough surface, boundary reflection oc-
curs. One way of minimizing reflection is to construct
an incident wave that tapers to very small values at
the surface edges. Reflection still occurs, but it makes

negligible contributions to the scattered field. To solve
this problem, Fung!'%l put forward the Gaussian win-
dow function to guard against the truncation effect.
And the Gaussian window function is expressed as

G (x,y) exp{ — [ (@ — @0)”

ro-w? ] (22) ) o

where xy and yo are the spatial coordinates at the

centre of the connective boundary. T is a constant
which determines the width of the window function,
cosb; /T = 2.6/pm and py, is the minimum distance
from the centre (20 yo) to the surface edge.

The near fields for the composite model of 2D
ship-like target and underlying sea surface can be ob-
tained on the basis of theory described above. As in-
dicated in Ref.[15], a way to obtain the far fields is to
do a near-to-far field transformation, which is based
on the surface equivalence theorem. The transform
formula for the output boundary is expressed as

1 /jk
E, = 25 é]? exp (—Jk’/’) (_Zfz - fmx Sin¢) ) (19)

where j = v/—1 and k is the incident wave number,
k = |k|; r is the distance from the origin in the
reference coordinates to any point at infinity, and z
is the wave impedance. ¢ represents the angle be-
tween the direction of scattered field and z-axis, with
¢ = 90° — b, 05 being the scattered angle (as shown in
Fig.2); f. and fi.x are the terms which are related to
the equivalent surface electric and magnetic currents

written as

o1
fz= _Azzl:Hx <Z,j+2>

X exp (jko ((] + ;) sin Ay + i cos (bAz)) ,

(20)

fux = —Azx Z E, (i,7) exp(jko(j sin oAy
+ icos pAx)). (21)

Substituting Egs.(20), (21) into Eq.(19), the far-zone
scattered field F can be acquired, and the radar scat-
tering coefficient!”) in the far-zone is defined as

277 | Ey|?
o= lim —

. 22
r—oo I |Ei|2 ( )
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3. Numerical results and discus-

sions

In order to ensure the validity of FDTD algorithm
presented in the paper, in Fig.3 we firstly compute
the angular distribution of bistatic scattering coeffi-
cient from a PEC cylinder with radius A and altitude
of h = 3\ above a sea surface 180\ in length using
the conventional MOMI['8! and FDTD algorithm, re-
spectively. In Fig.3 the UPML thickness is 5J, the
TM-polarized incidence wave is considered, the wind
speed is 3 m/s, and incident frequency 0.3 GHz. It
is obvious that the angular distribution of scattering
coefficient for both incident angles 30° (Fig.3(a)) and
60° (Fig.3(b)) obtained by FDTD algorithm is in good
agreement with that obtained by MOM over the whole
scattered angular range, which demonstrates the effec-
tiveness and accuracy of FDTD algorithm.

20
— FDTD (a)
10 --- MOM
PEC sea surface
T™M 6;=30°
° 09 w=3m/s f=0.3GHz
o r=1\ h=3X
0y
~10
\
\
\
0 O |
_30 T T T T T T T T T T T
-9 —-60 —-30 0 30 60 90
0s/(°)
20
— FDTD (b)
1--- MOM H
101 PEC sea surface
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= r=1\ h=3\
=~ 1 A
b \ N
_10_
—204
_30 T T T T T T T T T T T
-9 —-60 —30 0 30 60 90
0s/(°)
Fig.3. Comparison of the two different methods for

bistatic scattering coefficient o for a PEC cylinder above
the PEC rough sea surface.

In what follows, the numerical results of compos-
ite scattering from a 2D ship-like target and a rough
sea surface are presented and analysed in detail. The

geometry of the 2D ship model is shown in Fig.4,
where h represents the distance from the bottom of
the ship to the sea surface, and the size of ship is
determined by the parameter [. In performing the
calculation, the size of the sea surface is L = 260,
the incident frequency 1.0 GHz, the relative dielectric
constant of sea water!') is e, = (72.0,84.0), and the
randomly rough sea surface is created by 45 Monte

Carlo realizations.
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; R T
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Fig.4. Geometry of 2D ship-like target.

10- b, (b)

Fig.5. Bistatic scattering coefficient for different incident
angles | = 1.5\ and h = 4.5X (a) TM, (b) TE.

The dependence of the angular distribution of
scattering coefficient for a 2D ship-like target located
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above a dielectric sea surface on the incident angle is
depicted in Fig.5, where the wind speed U195 = 3 m/s
is considered. The parameters of 2D ship-like target
is I = 1.5\ and h = 4.5\. It can be observed easily
that for the incident angle 8; = 0° the scattering coef-
ficient in the specular direction has a more prominent
peak and with the increase of incident angle the peak
becomes ambiguous for both TM-polarized (Fig.5(a))
and TE-polarized incidence (Fig.5(b)). In addition, it
is easily found that as the incident angle increases to
40°, an obvious peak occurs in the backward direction.

To further explore the important scattering char-
acteristics of the ship—sea surface, in Fig.6, the effect
of the size of the ship-like target on the composite

20

u19.5=3m/s *J

T T
-90 —60 -30 0 30 60 90
6s/(°)

u19.5=5H In/S
_40 T T T T T

—-90 —-60 —30 0 30 60 90
0s/(°)
Fig.6. Bistatic scattering coefficient for different size of
ship-like target 6; = 30° and h = 2.0\. (a) Uig.5 = 3 m/s,
(b) Uigs =5 m/s.

scattering coefficient is analysed for the wind speed
Uig.s = 3m/s (Fig.6(a)) and Uyg5 = 5 m/s (Fig.6(b)),
where the TM polarization is investigated. It is shown
that the bistatic scattering coefficient near the specu-
lar direction decreases with the increase of the size of
the ship-like target (except for the specular direction).
Another point worth noting is that the larger the ship
size, the more obvious the peak in the backward di-
rection is observed.

In addition, the effect of the wind speed Ujg s
and the depth h of the ship-like target immersing in
sea water on the composite scattering coefficient is
also investigated in our work. It can be found that
the changes of the composite scattering coefficient are
‘not sensitive’ to the wind speed Ujyg 5 and the depth
h.

4. Conclusions

This paper presents a study of composite electro-
magnetic scattering from a 2D ship-like target floating
on a rough sea surface by using a FDTD algorithm.
The basic theory of the FDTD method for calculat-
ing the composite scattered field is presented, includ-
ing the generation of incident wave, the UPML under
absorbing boundary condition, and a transform from
near- to far-field on the output boundary. The bistatic
scattering coefficient from the cylinder above a ran-
domly rough sea surface by using the present method
is compared with the numerical results obtained by
the conventional Method of Moment, which verifies
the effectiveness and accuracy of the FDTD algorithm.
Finally, the dependence of the angular distribution of
bistatic scattering coefficient on the incident angle, the
polarization and the size of ship are investigated and
analysed in detail. Future investigation will be on the
composite electromagnetic scattering from a 3D ship
model above a 2D rough sea surface, which is more
important for practical application.
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