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Abstract: Bistatic scattering coefficient have important application of ocean active microwave remote sensing.
In this paper, a general expression of the composite scattering coefficient for multiple dielectric targets of one-
dimensional fractal sea surface is derived by MOM method. Secondly, the bistatic scattering coefficient is
computed, there are two class missile targets and one class ship target of one-dimensional fractal sea surface,
and the influence of the water dielectric constant, fractal dimension, wind speed, the target dielectric constant
and spatial position is discussed, and the corresponding conclusions are given. The proposed algorithm is able
to solve some composite scattering problems, such as “dielectric or conductive object + rough surface”,
“dielectric or conductive floating object +rough “and it has certain generalization and reference.
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1. Introduction

Over the past years, with the emergence of new weapons such as ultra-low-altitude, ultra-high-
speed missiles and stealth aircraft flying sea-skimming [1], the research of the composite
electromagnetic scattering for target and the sea surface is gradually followed with interests [2,3].
When there is a target above or on the sea surface, an additional coupling scattering field is expected
to generate due to the electromagnetic interaction between the target and the sea surface, adding to
the difficulties of target measurement, tracking and recognition [4]. Conventionally, the
electromagnetic scattering of a target and rough sea surface is separately studied, while practically
the target and the rough sea surface should be taken into account as a whole, since the coupling field
between the target and the rough sea surface is expected to be considered. Hence, the composite
scattering of multiple targets and the rough sea surface is rather complicated problem and has highly
study value[5,6]. Currently, there are two research methods for electromagnetic scattering from
multiple targets above and on the sea surface: approximate method and numerical method.
Approximate method includes: Kirchhoff Approximation Method[7,8], Phase Perturbation Method,
Small Perturbation Method, Small Slop Approximation, and Physical Optical Method[9-11] , etc.
Approximation method is simple to model, fast to calculate and less computation consume, but their
calculation results are often not accurate enough, now people are paying more and more attention on
the numerical method such as the MOM method, fast multilevel method, finite element method,
FDTD and forward-backward method[12-15] ,etc. The numerical method is less efficient than
approximate method in terms of calculation, but its calculation accuracy is higher, and the obtained
result is more universal. Based on FBM[16], people[17] proposed spectral acceleration algorithm to
speed up GFBM calculation in an effort to explore composite scattering issue between two-
dimensional target and the sea surface, with the calculation quantity dropped substantially from

2
o(N7) to O(N). Ref. [18-20] proposed a fast mutual coupling iterative algorithm integrated with
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CG and FBM algorithm, on the basis of difference field scattering theory, and In addition, concerning
the issues of big storage size and long computational time inherited from FBM, a mixed KA-MOM-
CG mutual coupling iterative method is proposed in a bid to accelerate the calculation speed for
electromagnetic scattering. Due to the performance of the FBM deteriorates, as it is applied to layered
random rough surface problems, a robust and accurate iterative algorithm is proposed for the
solution of electromagnetic wave scattering from 1-D layered rough surfaces, and the proposed
method greatly improves the convergence rate of the FBM by applying a residual minimization
step[21]. For the scattering from target , including higher orders of scattering and the interactions
between the target and rough sea surface, a reliable method based on facet-based asymptotical model,
geometrical optics and physical optics (GO-PO) is developed to calculate composite scattering from
3-D complex ship targets over a rough sea surface and the accuracy of the target scattering and
composite scattering is demonstrated by comparing with Multi-level fast multipole method
(MLFMM), method of equivalent currents, and four-path model[22].

However, the above papers mainly focus on the composite scattering of single conductor target
and the rough surface, in most cases there are usually multi-batch targets above and on the sea
surface. Not only seawater is dielectric but also the dielectric characteristics of the target should be
considered and then in the paper, a general expression of the composite scattering coefficient from
multiple dielectric targets above and on one-dimensional fractal sea surface is derived by using of
the MOM method, and a conclusion is given by taking into account the effect of sea permittivity,
fractal dimension, wind speed, target dielectric constant and target position on the composite
scattering coefficient. The proposed algorithm is able to solve some composite scattering problems,
such as “dielectric or conductive object + rough surface”, “dielectric or conductive floating object
+rough surface” and it has certain generalization and reference.

2. Composite Scattering from Multiple Dielectric Targets using the MOM method

2.1. One-dimensional fractal sea surface

We use a one-dimensional fractal model to simulate the actual rough sea, the specific expression
[23] is:

N
fen=on) a " sin{K,d (x+V1)eos f, ~B,1+0;,}
0 1)
N1
+on) B sinfK ' (x+V1)oos B, Dt +05,}

n=0
where O is the standard deviation of the amplitude and 7] is a normalization constant,d is true

fractal dimension, 2<d <3, a is the scale factor of space wave number smaller than the
fundamental, b is the scale factor of space wave number greater than the fundamental, b > 1,
a=1/b.V, Vy are the Cartesian coordinates of the platform velocity vector along the x and y

axes; 3, , [3,, are the direction angle of the movement wave ; Q€2 are the angular frequency of
the m-th and n-th spectral component; A, , A are sea wavelength, A =A,/a" , A, =A,/b" and
K, =2n/A, =K,a" K, =2x/A,=K,b" , A, is the fundamental spatial wavelength, K| is
the fundamental wavenumber. N, is the number of sinusoidal components; ¢, , ¢, are initial

arbitrary phases modeled as independent random variables uniformly distributed in the interval
[-7,7],¢& is the power-law factor, ¢ is the correction factor, that normalization constant is
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K,=0877°g/U’ ,

When £=3.9, b=1.015, d =2.62, ¢=1.65, N, =400, the improved two-dimensional

fractal sea spectrum are good agreement with the global PM spectrum.

2.2. Composite scattering coefficient calculation

Consider a tapered wave [24] @.(r) illuminates on a target and one-dimensional fractal sea
surface, electromagnetic scattering is shown in Figure 1. The free space above the sea surface is
Q (&), 1,), the space below the sea surface is €24(€,, 4, = ) and their relative permittivity is

£ =&, /€,, and their permeability are (4, , 14, . Height profile of the sea surfaceis S, and the length
of the sea is L, . The surface profile of the class missile targets 7,7,y in Q ; space are
S,>S, +++»S, and their relative permittivity are ¢ ,€ -+, and their permeability
N N
My by s My respectively; The surface profile of the class ship targets s, -, s N, in space € s
are S,;,8,,--,8y ; and the surface profile of the class ship targetss,,s, -*+,5, in Qg space are
P P
So2:80 > Sy , and their relative permittivity are £ ,€ ---,€ and their permeability are
4 P
U e ,respectively. The center coordinates of the class missile targets are
502 s Sy P y 8
P
(X,,H ), (X, ,H, ), (X, ,H, ) and the center coordinates of the class ship targets are
(X, Hy ) (X H ) (X Sy, H Sy, ) ;respectively.

inc The class missle targets N
% (r) QPP StN Iy
N So tv| GGGy TR
- 7T NI
A |
Swi

20m

S The class ship targets § \

G, 3 g/ <8m e

Q, (6 4) \ 123 /A

s N0 TN
—/ N\

Gs

Figure 1. Scattering diagram of multiple dielectric targets above and on one-dimensional fractal sea
surface.

According to boundary equations [25,26] in Horizontal polarization (HH), the following
formulas can be derived:
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where n isthe unit normal vector of the surface pointing to the free space or targets, n = ﬁ ,
1+[1.]
X

f. is the first derivative of the sea surface function f(x). @,(r) and @,(r) denote the total
fields in region €, and Qg ; Gf(r,r') =iHél)(kf ‘r —r") and Gy(r,r) =£Hél)(ks ‘r—r")
are Green functionsin Q. rand Q.; H él) is the first kind zero order Hankel function . k rand kg
(kg =+/€,k ) are the propagation vectors in €2 and Qg; ¢, (r),¢, (r):--, @, (r) are the total
fields at arbitrary location inner the class missile targets  f,,f,--,fy
th (r,r), Gt2 (r,r')---,GtN (r,r) are the corresponding 2-D Green functions; kt1 ,kt2 ---,ktN are
the corresponding propagation vectors: @,(r),®,(r)---,@, (r) are the total fields at arbitrary

location inner class ship targets s,,5 :--,5, ; The corresponding 2-D Green functions are
P

G,(r, r), G, (r, r)e-, Gy (r, r') and the propagation vectors are kg, k, -,k .

P
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According to the tangential continuity of electromagnetic fields on the rough sea surfaces and
the objects, for an arbitrary point F on a rough sea surfaceS,, @,(r) and @g(r) satisfy the

following boundary conditions:

@, (1) =¢s(r), res, ()

99, (1) _ 1 Igpg(r)
on Py on

reS. (8

For an arbitrary point r on the surface contour of class missile targets #,,¢,-:-,fy . @, (r)

and ¢, , .., (r) satisfy the following boundary conditions:

¢f(r) = ¢fl”fz'“JN (l‘) » TE€ Stl’Stz '“’SIN (9)

I (r) 1 99,
Bn Iotl ety al’l

, re S, S, .8, (10)

For an arbitrary point » on the upper sea surface contour of class ship targets s,,s,--*,s, ,
»
@,(r) and @, . N, (r) satisfy the following boundary conditions:

Q,»(")=¢o,1...,Np(")7 re SOI,SH---,S]\,F1 (11)

09,0 _ 1 99, ()
an pSOl’Sll'“’SNpl an

L €SS, Sy, (12)

For an arbitrary point 7 on the lower sea surface contour of class ship targets s,,s, Sy

@,(r) and @),  (r) satisfy the following boundary conditions:
¢f(r) =@, (r), resSy,S, "'aSsz (13)

dp, () 1 9 ()

an pSOZ’S]Z""sNPZ an

’ rESms 12""SNp2 (14)

Since the sea surface and targets referred above are nonmagnetic, there are p{)=ﬁ =1,

W p - L luso’:usl '“nus,v
U, P =p - @@ _
ptl,tzu-,t =¥ -], SotsS1155N,1 So2551238w 2

U, “
A
Discrete the sea contour S, along the directionof X, and N class missile targets, N , class
ship targets along their surface contours using regular pulse function and point matching test, the
following matrix can be obtained:
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thus each element of the impedance matrix is expressed as:
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Do D2 qw 2 4
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Where H, 1( ) is the first kind first order Hankel function; fx (x) is the second derivative of the

sea surface function f(x); , Z  and z are the first derivative of the
2ty by ? iy, Gox, Gagp oy sy,

class missile target surface contours, the class ship target surface contours upper and lower the sea

surface; z , Z and z are the second derivative of the class missile
-9 iy 5912951, qupl sy 59515 qupz

target surface contours, the class ship target surface contours upper and lower the sea surface; ¥, ,¥,

are arbitrary two points on sea surface S ; are arbitrary two points on different

r
pll,p,z Py Ay Gy ey

class missile target surfaces; r r are arbitrary two points on upper surface of
& T PPy Py 7 g G y p PP

different class ship targets; r r are arbitrary two points on lower surface of
P BELs; p.coz,Pslz“'p.wpz’ soz 12" "D 2 y p

different class ship targets; other groups are as follows:

Al = A1+ (£, (x,))*] (20)

Al‘]q iy iy = quq iy iy \/[1 + ( 440 )2] (20b)

Al =Ax 1+(z 21 (20c
g1 9on1 s 1 g1 1D 1 [ (qm 9y qul)] (200)

Al =Ax 1+(z, ’1 (20d
s 512" s> 9502 2" sy 2 [ ( G502 2" Doy 2 ) ] (20d)
, A A
A —Z X+ 7z
_ qy s‘Itz"'qtN
nqusqrz"'qtN - (21a)
1+[z T
‘Itl iy
, A A
—Z X+ 2z
A Dsor D11 I 1 21b
nqSOl,%11 sy, 1+ ]2 ( )
\/ qsm,qsll Dy, 1
, A A
-z X+z
A q502 ’qSIZ qu 2 21
L P l+[ ]2 (21c)
\/ qsoz iy s, 2
- r.—r.
sy — —l ‘/ ] — LY LY LR *
R; = A=D PPy s Do Py, Py 5 Py P, Py
— P P
"’i j (22)

J= qt] ’qtz h .qtN ’qsm ’qsn o .qupl ’qsoz ’qslz a .qSsz

Using far-field approximation ( |r| —> o0 ), the two-dimensional Green function can be

approximated as[26]:


https://doi.org/10.20944/preprints202309.1366.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 September 2023 doi:10.20944/preprints202309.1366.v1

12

, ] 2 ) T LN
G,(r.r) zi ——exp(jk,r =) s exp(=jky ko) @3
f

N N ] ) Y/ n g D
neVGy(r.r) =L | exp(jkyr— j ) [=jn's (k, k)lexp(jk, k,+') 24)
4\ wkyr 4

Let

Uy(x) =9,

U(x)=neVe.r)

’

res,

U,()=@,(r)| o ¢ .

2 StN

7

U, (x) =Ny 4, q,® vqﬁf (r)

7

reS, Sy S,

U,(x)=9,(r).

'5501 Sip- SNpl

R
Us(x)= Pty oV ®r (r)

7

’€S019511""SN,,1

U6(x') @, (r )

"GSoz S Ssz

7

/\'
U7 (‘x ) = nq.goz 1o "'qupz b V ¢sr (r )

’

reSy ’SIZ""SN[,Z

So the scattered field at any point in €2, space can be obtained:

i 2 . T
E*(r) =£1 /E eXP(Jko”—Jz)Ef/(@@) (25)
0

ES(6.60)= [ {U, ([~ mek, 1-Ui )} expl—jik, o r)[1+(. )

[ Uy, K-V ep( ko) 14, , -, s

() ’11\/

'Lm S SNI{U =/ ""Am vy, O K= Us () exp(=jk, °r)\/[1+( )

Do Bt ™ Do 1

A A A A A A
where k, =k (xsinf cos?? —zcosl), k =k, (xsinf cos?} +zcosb), r =xx +zz, 6
is the incident angle, @, is the scattering angle, ¢} is the incident azimuth, @} is the scattering
azimuth.

Here, we use the tapered wave incidence, which gives:

@" (r) = exp{—jik,[xsin 6, — zcos ][1+ W (r)]} exp[— m]
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2(x+ztan8)’ /g -1

(kyg. cos6)’

According to the definition of electromagnetic scattering coefficient [27], then the composite
scattering coefficient can be computed:

Where g_ is the tapered wave width factor, W(r)=

8,6,) =4z lims* <‘ES‘2> _ 2ggicos’ 9EN©,.6)]

r—o0 A() ‘ ¢inc

27)

-
8ﬂ'k0gT\/§ (2k;g; cos® @ —2tan” 6, —1)

2.3. Establish the coordinates for targets above the sea

Here is coordinate diagram for two dielectric targets above one-dimensional fractal sea surface
shown in Figure 2, assuming that the geometric center coordinates of the class missile target A is

A(0,H ), and the geometric center coordinates of the class ship target Bis B(X,,H ), thus the

coordinate formula of the target A is:
—61<x. <-—
When —04S%, < 5/1’
(x,+54) +(z,—H,)" =(4)" (28a)

When 4<%, 35/1/

|z,—H,|=104 (28b)

When 5A<x, 36/1/

|z, —H,|= %(xA —5A)+4 (28¢)
While the coordinate formula of the target B is:
When 8845x, <904
(x; —=904)* +(z, —H,)’ =(21)° (29a)

When 904 < x, <1 10/1,

|z, —H,y| =24 (29b)

When 1104 < x, S112/1,

|2y — H,| =%(x3 ~1104)+24 (29¢)
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Figure 2. Coordinates diagram for two dielectric targets above one-dimensional fractal sea surface.
3. Numerical examples

3.1. Effect of class missile target permittivity and spatial locations on composite scattering coefficient

Firstly, the effect of different target permittivity on bistatic composite scattering coefficient is
studied when a class missile target is above a sea surface. Here, we use the tapered wave, and the
tapered wave width factor meets the requirements of wave dynamic equation, related length and
energy truncation. Radar and two-dimensional fractal sea surface model parameters is shown in
Table 1.

Table 1. Radar and two-dimensional fractal sea surface model parameters.

Parameter items Simulation value
Incident angle of the tapered wave 6, 30°
Incident frequency f 1GHz
The wind speed at 19.5m above the sea surface U, 3m/s
Observation time ¢ 0.25s
Observation distance L, O0m
Sample frequency f, 6kHz
Gravity constant g 9.8
Power-law factor & 2.9
Correction factor ¢ 1.65
Fractal dimension d| 1.62
Scale factor a 0.985
Scale factor b 1.015
Number of resonant waves N, 400
Normalization constant 77 0.152
Relative Speed of target to sea surface Vx 360m/s
Relative dielectric of the sea water &, 72.54j63.6
Angular propagation direction £, ,/3,, 45°
Fundamental wavenumber £, 0.84
Standard deviation of the amplitude o 0.19
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The coordinates of the class missile target are shown in Figure 2, the height of target A is
30m, the simulation results are shown in Figure 3 when the permittivity of target A is
£, =1.7143%0.55,3.92+7*0.76, 8.114)*6.86, respectively. From Figure 3, it can be seen that

strong scattering wave occurred at the specular direction when the cone-shape wave illuminated the
targets and the sea surface at the 30° incident angle. Within a small range of scattering angle, there is
little effect of target permittivity on the composite scattering coefficient. However, for the large and
middle range of scattering angle, the bistatic composite scattering coefficient increases with the
dielectric of the targets increasing and this is due to the fact that the absorption loss of dielectric
material decreases with the permittivity increasing.

20 T T T T T T ® T T T
E ;= 1.71+0.55i One class missile target
1ok = above the sea surface 1
— — — — & =392+276i |
of £, =8.11+6.86i |
o f B
-10f 4 \ i
o A '.' 0 g n. Y)o
_720kL n" 0 "»“"“ o® o ollP n"'k' ‘“ |
20 A‘w fl"l I ,

Bistatic scattering coefficient KdB)

fo =1GHz,dy =1.62,X ,=0,H , =30m
£, =72.5+63.6i,U, , =3m /5,6, =30’

-60 ! ! ! ! ! ! I I I
-80 -60 -40 -20 0 20 40 60 80

Scattering angle @), /(°)

Figure 3. Bistatic scattering coefficient variations with scattering angle for different permittivity of
class missile targets.

Consider two class missile targets A and B at different locations above the sea surface. When
fixes the spatial location of target A and moves the target B towards target A, the composite scattering
coefficient variation with scattering angle is discussed. Target A is located at the coordinate of (0,30m),
the height of target Bis /1, =30m, the other parameters of targets and 1-D fractal sea surface are

the same to the above. When the distance between A and B is 6m, 8m, 12m, respectively, the
simulation results are shown in Figure 4. From Figure 4, it can be seen that, with the target moving
close to the center of illumination, the composite scattering coefficient overally increases and this is
resulted from the non-uniformity of the cone-shape incident wave. Closer to the center of the
illuminated sea surface, the incident power is more larger. This made the induction of the targets and
the interaction between the sea surface and the targets increase. Oppositely, far away from the center
of the illuminated sea surface, the incident wave becomes weak, which makes the induced fields on
target surface and the interaction between sea surface and the target decrease. The backscattered peak
near 30° results from the intensive reflection of the target. The amplitude of the peak increases with
the wavelength of incident wave increasing.
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Figure 4. Bistatic scattering coefficient variations with scattering angle for different locations of class
missile targets.

3.2. Impact of Seawater permittivity, fractal dimensions, wind speed at sea surface on composite scattering
coefficient

For the scene of the sea surface with two class missile targets and one class ship dielectric target
above it, the effect of seawater permittivity on composite coefficient is studied. The size of the class
ship target is shown in Figure 1 and the size of the class missile target is shown in Figure 2,
respectively. Target A is located at (Om, 30m) above the sea surface. Target B is located at (30m, 10m)
above the sea surface. The class ship target C with permittivity of & =9.92+7*4.26 is at a

r—ship
draught of 63 m. The permittivity of seawater is chosen as & =90.84J*83.3, 81.8+j*66.3,
42.5+j*34.7, as shown in Figure 5. From Figure 5, it can be seen that the effects of different

seawater permittivity on forward scattering and backward scattering are different. In the domain of
forward scattering, the scattering coefficient decreases with the seawater permittivity increasing;
whereas in the backscattering domain, scattering coefficient is nearly a constant. This is due to the

fact that in the forward scattering and backward scattering domains the absorption losses of the
dielectric are different.

doi:10.20944/preprints202309.1366.v1
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Figure 5. Bistatic scattering coefficient variations with scattering angle at different permittivity of sea
surface.

For the scene of sea surface with two class missile targets and one class ship dielectric target
above it, the effect of the sea surface fractal dimension on composite coefficient is studied. It is

assumed that the relative permittivity of seawateris £, = 78.84)%66.3, parameters of the fractal sea

surface and the location of target A, target B, target C are the same as above. The fractal dimension

of the sea surfaceis dg=1.32, 1.92, respectively. The simulation results are shown in Figure 6. From

Figure 6, it can be seen that, at the incoherent scattering angles, if the fractal dimension is larger, the
scattering coefficient is larger as well; whereas the composite coefficient decreases with the fractal
dimension increasing at the spectacle direction. This is because there is a linear relationship between
the fractal dimension of 1-D sea surface and its correlation length. For example, when

d=1.22,1.32,1.62,1.92, there is [/ =0.5544,0.5515,0.5398,0.5295 . The correlation length

decreases when the fractal dimension increases, and the sea surface root-mean-square slope increases
if the roughness of sea surface is given. This results in the energy in the incoherent scattering domain
increasing and the energy in the coherent scattering domain decreasing.
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Figure 6. Bistatic scattering coefficient variation with scattering angle at different fractal dimensions
of sea surface.

For the scene of sea surface with two class missile targets and one class ship dielectric target
above it, the effect of wind speed at sea surface on composite coefficient is studied. It is assumed that

the relative permittivity of seawater is £, = 78.8+]%66.3, the fractal dimension of the sea surface is
d=1.62, and the location of targets A, targets B, targets C are the same as above. The wind speeds

are respectively 3m/s and 6m/s, the simulation is shown in Figure 7. From Figure 7, it can be seen that
the composite scattering in the non-spectacle domain increases with the wind speed increasing. The
reason is that the incoherent scattering coefficient increases with the wind speed and the interaction
between the sea surface and the targets increasing. Furthermore, at the direction of spectacle
scattering, when the wind speed is small, the roughness of the sea surface decreases, which results in
the increasing coherent scattering. Therefore, the composite coefficient is large. Oppositely, when the
wind speed increases, the sea surface becomes rough, and the coherent scattering becomes weak.
These result in the peak in the spectacle direction decreasing.
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Figure 7. Bistatic scattering coefficient variation with scattering angle at different wind speeds at sea
surface.

4. Conclusions

For the composite scattering problem on the rough sea surface and multiple dielectric targets on
and above it, an approach to solve the composite coefficient using method of moment is proposed.
In the content above, multiple class missile targets above and multiple class ships floating on the
dielectric sea surface are considered into a complex electromagnetic scattering scene. A set of integral
equations is built and the impedance matrix is deduced. One type of missile, two missiles, two
missiles and a ship on the sea are respectively selected and discuss are carried out. Parameters of the
sea surface, such as fractal dimension, wind speed, seawater and target dielectric, and location of
targets are referred. Their effects on composite scattering coefficient are studied. From the simulation
results, it can be seen that the missile’s dielectric characteristics, spatial position and wind speed are
sensitive to the effect of the composite scattering coefficient. This approach can be used to solve
several problems, such as targets above dielectric or metal rough surface, ship targets floating on
dielectric or metal rough surface. It can be generalized and expanded at a certain degree.
Furthermore, it needs to point out this article does not discusses the scenes of multiple targets on the
sea or multiple ship targets on the sea surface and the real sea surface and targets both are two
dimensional, the application of this approach to 2-D sea surface electromagnetic scattering needs to
be studied further.
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