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Compared with scattering from a rough surface only, composite scattering from a target above a rough surface has

become so practical that it is a subject of great interest. At present, this problem has been solved by some numerical

methods which will produce an enormous calculation amount. In order to overcome this shortcoming, the reciprocity

theorem (RT) and the method of equivalent edge currents (MEC) are used in this paper. Due to the advantage of RT, the

difficulty in computing the secondary scattered fields is reduced. Simultaneously, MEC, a high-frequency method with

edge diffraction considered, is used to calculate the scattered field from the cone-cylinder target with a high accuracy

and efficiency. The backscattered field and the polarization currents of the rough sea surface are evaluated by the

Kirchhoff approximation (KA) method and physical optics (PO) method, respectively. The effects of the backscattering

radar cross section (RCS) and the Doppler spectrum on the size of the target and the windspeed of the sea surface for

different incident angles are analysed in detail.
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1. Introduction

In recent years, composite electromagnetic scattering between a randomly rough surface and a target has

attracted considerable interest in the fields of radar surveillance, target tracking and oceanic remote sensing,

etc. The electromagnetic scattering from a target above a rough surface has received more and more attention

from many researchers[1−7] and some numerical approaches[8−12] such as the method of moments (MOM),

finite-difference time-domain method (FDTD), forward–backward method (FBM), generalized FBM (GFBM),

FBM spectrum accelerate algorithm (FBM/SAA), finite element method (FEM) and iterative method have

been applied to the electromagnetic scattering from a one-dimensional (1D) model of an object and the oceanic

surface. However, the elements of the impedance matrix and the surface electric and magnetic currents of the

lossy dielectric ocean must be determined and evaluated again at different moments due to the variation of

the ocean with time, and the numerical algorithm will produce an enormous calculation amount, especially for

a large scale rough surface with low grazing angle incidence. In addition, there are few numerical methods

applied to the problem of scattering from the two-dimensional (2D) case[13,14] at present due to the fact that

unknowns of the large 2D surface in the algorithm become extremely large. Hence, this subject still needs

further investigation. Another point that is worth noting is that in previous work, edge diffraction of the target

was often neglected in the composite scattering model. To solve the above mentioned problem, the reciprocity

theorem (RT) and the method of equivalent edge currents (MEC) are introduced in this paper, the currents

and the backscattering field of the sea surface are derived by using the physical optics (PO) and Kirchhoff

approximation (KA) methods, respectively. The backscattered field from the cone-cylinder is used by the MEC

method with consideration of the edge diffraction, and then, based on the RT,[1] the secondary scattered fields

between the cone-cylinder and the sea surface is reduced. This paper provides a method for studying the

composite scattering from an electrical large-size target and a rough surface.
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The rest of the present paper is organized as follows. Formulae for the currents and the backscattering field

of the rough sea surface are derived by using the PO and KA methods in Section 2. The scattering from the

cone-cylinder is briefly presented by the MEC method in Section 3. The composite scattering field is solved

based on the RT in Section 4. The numerical results of the composite backscattering are presented and discussed

in Section 5. Section 6 ends with the conclusions of the paper and a proposition for further investigation in this

topic.

2. Scattered field from a rough sea surface

For the scattering computation, surface realizations are needed at a set of P points with spacing ∆x over a

length of L = P∆x. Realizations with the desired properties can be generated at points xp = p∆x (p = 1, . . . , p)

using[15]

f(xp, t) =
1

L

P/2∑
m=−P/2+1

ς̃(Km, t) exp(−iKmxp), (1)

where for m ≥ 0,

ς̃(Km) =
√

2πLW (Km) exp(iω(Km)t)

 [N(0, 1) + iN(0, 1)]/
√
2, m ̸= 0, P/2,

N(0, 1), m = 0, P/2
(2)

with ω(Ki) = {g0|Ki|[1+ (Ki/363.2)
2]}1/2; for m < 0,

ς̃(Km) = ς̃∗(K−m) with Km = 2πm/L and the symbol

∗ representing the complex conjugation. N(0, 1) ap-

pears each time, which indicates an independent sam-

ple taken from a zero mean, unit variance Gaussian

distribution. For the present work, the rough surface

used in the scattering model is generated randomly

with a Pierson–Moskowitz (PM) spectrum,[15] i.e.

W (Km) =
α

4K3
m

exp

(
− βg20
K2

mU
4
19.5

)
, (3)

where Km refers to the spatial wave-number, g0 =

9.81 m/s2 is the gravity acceleration, U19.5 represents

the windspeed at a height of 19.5 m above the mean

surface z = 0, and constants α = 8.1 × 10−3 and

β = 0.74. The rough sea surface can be simulated

from Eq. (1) by the fast Fourier transform (FFT).

Consider an electromagnetic (EM) wave with a

unit amplitude that irradiates the rough sea surface

extending from −L to L. Using the KA theory, the

scattered field from the ocean can be written as[16]

Es(r) =
ik exp(ikr)

4π r

∫ L

−L

(pf ′
x(x, t)− q)

× exp i[vxx+ vzf(x, t)]dx, (4)

where

p = (1−R) sin θi + (1 +R) sin θs, (5)

q = (1 +R) cos θs − (1−R) cos θi, (6)

vx = k(sin θi − sin θs), (7)

vz = −k(cos θi + cos θs) (8)

with θi and θs being the incident angle and the scat-

tering angle, respectively. In the backscattering direc-

tion, θs = −θi. The parameter R denotes the Fres-

nel reflection coefficient of the tangential plane at the

point of interest, which is given by

Rvv =
εr cos θl − (εr − sin2 θl)

1/2

εr cos θl + (εr − sin2 θl)1/2
,

and

Rhh =
cos θl − (εr − sin2 θl)

1/2

cos θl + (εr − sin2 θl)1/2
, (9)

where θl is the local incident angle (the angle between

the incident wave direction and the oceanic surface

normal at the point x) and εr is the relative dielectric

constant of the surface. If the average slope of the

oceanic surface is small, the local incident angle can

be replaced by the incident angle θi.

Let a plane wave Ei = ŷ exp(ik · r) (hh-

polarization) irradiate the dynamic ocean. If the con-

dition of validity of the standard KA is satisfied in

modelling the EM scattering from the ocean, the sur-

face electric and magnetic currents can be calculated

by PO, which yields[17]
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Jrte = (1−Rhh)n̂×Hi = (1−Rhh)

√
ε

µ

(cos θi + f ′
x sin θi)√

1 + f ′2
x

exp(ikx sin θi − ikf cos θi)ŷ, (10)

Mrte = −(1 +Rhh)n̂×Ei = (1 +Rhh)
x̂+ f ′

xẑ√
1 + f ′2

x

exp(ikx sin θi − ikf cos θi). (11)

On the other hand, the scattered field can also be given by the well-known Stratton–Chu formula,[17] i.e.

Es
r(r, r

′) = iωµ

∫∫
s′

[
=

G (r, r′) · exp(ik|r − r′|)
4π|r − r′|

Jrte +∇×
=

G (r, r′) ·Mrte

]
ds′, (12)

where the dyadic Green function
=

G= (
=

I +∇∇/k2). Substituting Eqs. (10) and (11) into Eq. (12), the expression

for the scattered field, which is completely coincident with Eq. (4), is obtained in the far-field zone. Similarly,

when the surface is irradiated by the incident field Hi = ŷ
√
ε/µ exp(ik · r) (vv-polarization), the electric and

the magnetic currents on the surface can be written as

Jrtm = (1 +Rvv)n̂×Hi = −(1 +Rvv)
x̂+ f ′

xẑ√
1 + f ′2

x

exp(ik sin θi − ikf cos θi), (13)

Mrtm = −(1−Rvv)n̂×Ei = (1−Rvv)
cos θi + f ′ sin θi√

1 + f ′2
x

exp(ikx sin θi − ikf cos θi)ŷ. (14)

3. Scattered field from the cone-

cylinder with MEC

As far as MEC is concerned, the explicit GTD-

MEC expressions for an arbitrary local wedge angle

and arbitrary direction for irradiation and observa-

tion were derived by Michaeli.[18] MEC is applicable

to the theory with consideration of the electromag-

netic high frequency diffraction by edges. However,

there are many singularities in the implementation of

this method. To eliminate the singularities, some new

expressions were derived for the fringe current compo-

nents of the equivalent edge currents, which are finite

for all directions of irradiation and observation, except

for the special case where the direction of observation

is the continuation of a glancing incident ray propa-

gating “inwards” with respect to the wedge surface.[19]

According to the research by Ando et al.,[20−23] Cui et

al.[24] derived the quasi-uniformity expressions of PO-

MEC just including a real singularity by choosing the

integral direction with the incremental-diffraction the-

ory, which is called the comprehensive analysis of the

total field method. In the present paper, the scattered

field from a cone-cylinder is calculated by combin-

ing the comprehensive analysis with the PTD-MEC

of Machaeli.

The basic idea of the MEC method is to assume

the equivalent electric and magnetic currents I and

M to be existent on the discontinuity edge C, and the

diffracted field to be acquirable for the Fresnel and far

zones by the radiation integral[18]

Es = ik

∫
C

[Z0I (r
′)ŝ× (ŝ× t̂) +M (r′)

(
ŝ× t̂

)
]

× exp(−iks)

4πs
dl, (15)

where k = 2π/λ is the wavenumber of the incident

wave; Z0 =
√
µ/ε is the characteristic impedance of

the medium, ŝ = s/s = (r − r′)/|r − r′| is the direc-

tion of observation of the radiating edge element at

r′ on C. In Fig. 1, s = |r′ − r|, r is the vector of

the observation point P . Figure 2 shows the wedge

scattering geometry, where ŝ′ is the direction of the

incident wave, t̂ is the tangent unit vector, β′ is the

separation angle between −t̂ and the direction of the

incident wave, β is the separation angle between ŝ and

t̂, φ is the separation angle between x̂ and the projec-

tion of ŝ in the xy-plane, and φ′ is the separation an-

gle between x̂ and the projection of ŝ′ in the xy-plane.

I(r′) = IPO + IPTD and M(r′) = MPO +MPTD can

each be split into PO and PTD components.

Fig. 1. Radiation field of the equivalent currents.
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Fig. 2. Wedge scattering geometry.

The expressions for I(r′) and M(r′) from the

comprehensive analysis method are as follows:[25]

IPO =
2iEi

0 · t̂
k0η0 sin

2 β′D
PO
e +

2iHi
0 · t̂

k0 sinβ′D
PO
em , (16)

MPO =
2iZ0H

i
0 · t̂

k sinβ′ sinβ
DPO

m , (17)

DPO
e =

sinφ′ sinβ′X1

X2
1 + Y 2

1

U1

+
sinπ − φ′ sinβ′X2

X2
2 + Y 2

2

U2, (18)

DPO
m = −

{
sinφ sinβ′X1

X2
1 + Y 2

1

U1 +
sinπ − φ sinβ′X2

X2
2 + Y 2

2

U2

}
, (19)

DPO
em =

(cosβ cosφ sinβ′ + cosβ′ cosφ′ sinβ)X1

(X2
1 + Y 2

1 ) sinβ
U1

+
(cosβ cos(Nπ − φ) sinβ′ + cosβ′ cosπ − φ′ sinβ)X2

(X2
2 + Y 2

2 ) sinβ
U2, (20)

X1 = sinβ cosφ+ sinβ′ cosφ′,

X2 = cosπ − φ sinβ + cos(Nπ − φ′) sinβ′,

Y1 = cosβ − cosβ′,

Y2 = Y1, (21)

U1 = U(π − φ′),

U2 = U [(1−N)π + φ′)],

U(x) =

 1 x ≥ 0

0 x < 0
. (22)

The expressions for IPTD and MPTD come from

the PTD–MEC method which was firstly proposed by

Michaeli[19] for calculating the diffracted field.

The scattering geometries of the cylinder and the

cone-cylinder are depicted in Fig. 3, where the geomet-

rical parameters a = 5 cm and h = 15 cm are taken

as an example, and the results of bistatic scattering

from the above target with the MEC method are pre-

sented in Fig. 4 and Fig. 5 respectively, where the in-

cident wave propagates along the direction of θi = 0◦,

and φi = 0◦ and the electric field polarizes along the

direction of θ̂, the frequency of the incident wave is

10 GHz. From the scattering patterns, it is readily

found that the results of the MEC method in this pa-

per show good consistency with those of the MOM,

which indicates the validity of the MEC method in

this paper. Moreover, the MEC method has a higher

efficiency than the MOM since it is a high frequency

method and this method can be applied to the calcu-

lation of the EM scattering from electrical large-size

targets with consideration of the edge currents and

the edge diffraction.

Fig. 3. Scattering geometry of the cylinder and the cone-

cylinder.
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Fig. 4. Bistatic RCS of the cylinder.

Fig. 5. Bistatic RCS of the cone-cylinder.

4. Coupling scattered field be-

tween the cone-cylinder and

the rough sea surface

In this Section, the RT is used to calculate the

coupling field between the cone-cylinder and the rough

sea surface. Figure 6 shows the geometry of compos-

ite scattering between the cone-cylinder and the sea

surface. For the case of hh-polarization (TE case),

assume the elementary electric and magnetic currents

Je = ŷδ(r− r0) and Me = −θ̂δ(r− r0) to be existent

in the far zone r0 and the EM fields produced by them

can be denoted as[1]

Eed(r) = E0 exp(iki · r)ŷ, (23)

Hmd(r) = −H0 exp(iki · r)θ̂, (24)

where E0 = ikZ0/(4πr0) exp(ikr0), H0 =

ikY0/(4πr0) exp(ikr0), and Y0 is the characteris-

tic admittance of the medium. Consider the cone-

cylinder irradiated by a plane wave Ei
h = exp(iks ·r)ŷ

and the corresponding scattered field may be ex-

pressed as Es
h = θ̂Es

hθ + φ̂Es
hφ by using Eq. (15).

Thereby the scattered field of the cone-cylinder il-

luminated by Eed can be expressed as Es
hec =

E0(θ̂E
s
hθ + φ̂Es

hφ). By using the RT, the coupling

scattered fields of the composite model (shown as in

Fig. 6) are obtained as

ŷ ·Es
h,rc =

∫
S

Jrte ·Es
hecdS

=

∫
S

(1−Rhh)

√
ε

µ

(cos θi + f ′
x sin θi)√

1 + f ′2
x

exp(ikx sin θi − ikf cos θi)ŷ ·Es
hecdS

= (1−Rhh)E0

√
ε

µ

∫
S

(cos θi + f ′
x sin θi)√

1 + f ′2
x

exp(ikx sin θi − ikf cos θi)

× (cos θ sinφEs
hθ + cosφEs

hφ)dS, (25)

−θ̂ ·Hs
h,rc =

∫
S

Mrte ·Hs
hmcdS

= (1 +Rhh)

∫
S

1√
1 + f ′2

x

exp(ikx sin θi − ikf cos θi)(x̂+ f ′
xẑ) ·Hs

hmcdS

= (1 +Rhh)H0

∫
S

1√
1 + f ′2

x

exp(ikx sin θi − ikf cos θi)

× [f ′
x sin θE

s
hφ − (cos θ cosφEs

hφ + sinφEs
hθ )]dS. (26)

Here, Hs
hmc = H0(−θ̂Es

hφ + φ̂Es
hθ ) is the scattered field from the cone-cylinder irradiated by Hmd. Then, from

Eqs. (25) and (26), the coupling scattered fields Es
h,rc total for the hh-polarization may be written as

Es
h,rc total = ŷ(Es

h,rc − Z0H
s
h,rc). (27)
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Fig. 6. Geometry of composite scattering between the

cone-cylinder and the sea surface.

For the case of vv-polarization (TM case), as-

sume the elementary electric and magnetic currents

Je = θ̂δ(r − r0) and Me = ŷδ(r − r0) to be existent

in the far zone r0 and their produced EM fields to be

denotable as

Eed(r) = E0 exp(iki · r)θ̂, (28)

Hmd(r) = H0 exp(iki · r)ŷ. (29)

Similarly, using RT, the coupling scattered fields

can be obtained as

θ̂ ·Es
v,rc =

∫
S

Jrtm ·Es
vecdS

= −(1 +Rvv)

√
ε

µ

∫
S

1√
1 + f ′2

x

exp(ikx sin θi − ikf cos θi)(x̂+ f ′
xẑ) ·Es

vecdS

= −(1 +Rvv)E0

√
ε

µ

∫
S

1√
1 + f ′2

x

exp(ikx sin θi − ikf cos θi)

× [(cos θ cosφEs
vθ − sinφEs

vφ)− f ′
x sin θE

s
vθ ]dS, (30)

ŷ ·Hs
v,rc =

∫
S

Mrtm ·Hs
vmcdS

= (1−Rvv)

∫
S

cos θi + f ′
x sin θi√

1 + f ′2
x

exp(iky sin θi − ikf cos θi)ŷ ·Hs
vm2cdS

= (1−Rvv)H0

∫
S

cos θi + f ′
x sin θi√

1 + f ′2
x

exp(iky sin θi − ikf cos θi)

× (− cos θ sinφEs
vφ + cosφEs

vθ )dS, (31)

where Es
vec = E0(θ̂E

s
vθ + φ̂Es

vφ) and Hs
vmc =

H0(−θ̂Es
vφ + φ̂Es

vθ) are the scattered fields from the

cone-cylinder irradiated by Eed and Hmd, respec-

tively. Then, from Eqs. (30) and (31), the total cou-

pling scattered Es
v,rc total field for the vv-polarization

may be written as

Es
v,rc total = θ̂(Es

v,rc − Z0H
s
v,rc). (32)

As is well known, the scattered field can be writ-

ten as the following expression:[1]

Es = [exp(ikr)/r]
=

S E i , (33)

where
=

S is the factor of the scattering matrix. There-

fore, combining Eq. (4) with Eq. (33), we can solve

the scattering matrix Sr, and the scattering matrix

Sc for the isolated cone-cylinder can be obtained from

Eq. (15). The coupling scattering matrix Scr can be

calculated from Eqs. (27) and (32).

It can be proved that
=

Src can be evaluated from
=

Scr by using the following identity:[1]

=

Src (k̂s, k̂i) =
=

S
(– t)
cr (−k̂i,−k̂s), (34)

where the superscript (−t) denotes the matrix trans-

position and multiplication of the off-diagonal ele-

ments by –1. Rewriting the above equation in matrix

form leads toSvv
rc (k̂i, k̂s) Svh

rc (k̂i, k̂s)

Shv
rc (k̂i, k̂s) Shh

rc (k̂i, k̂s)


=

 Svv
cr (−k̂s,−k̂i) −Shv

cr (−k̂s,−k̂i)

−Svh
cr (−k̂s,−k̂i) Shh

cr (−k̂s,−k̂i)

 . (35)

In the case of backscattering, i.e. k̂s = −k̂i, equa-

tion (35) can be simplified into[1]Svv
rc 0

0 Shh
rc

 =

Svv
cr 0

0 Shh
cr

 . (36)
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The analytical expressions of radar cross section

(RCS) for the secondary coupling field and the total

composite scattered field can be defined as

σcr = 4π |2Scr|2 , (37)

σ = 4π |Sr + 2Scr + Sc|2 . (38)

The Doppler spectrum is a power spectral den-

sity of the random time-varying complex amplitude of

the composite scattering field. To evaluate it, we use

a standard spectral estimation technique. Thus, the

expression of the Doppler spectrum is defined as[15]

S(f) =
1

T
|
∫ T

0

Es(t, θi, θs) exp(−i2πft)dt|2, (39)

and in the case of backscattering, we have θs = −θi.

5. Numerical results and discus-

sion

In this Section, the numerical simulations and a

sensitivity analysis are presented to demonstrate the

significance of the scattering interaction between the

cone-cylinder target and the dielectric rough sea sur-

face. We first compute the angular distribution of

RCS for a cone-cylinder above the sea surface. Figure

7 shows the total backscatterings and coupling RCSs

of cone-cylinders with different sizes at a height of

H = 150 cm above the sea surface (t = 0 s) for both

hh- and vv-polarizations. In the calculation, the fre-

quency of the incident wave is 10 GHz, the length of

the sea surface is 200 m, the windspeed U19.5 = 5 m/s,

and the permittivity of the sea water is (61.0, 33.0).

The numerical results are the average of 20 Monte

Carlo surface realizations.

Fig. 7. Angular distributions of backscattering RCS with different sizes of the cone-cylinder. (a): Total backscat-

tering RCS (hh), (b): coupling backscattering RCS (hh), (c): total backscattering RCS (vv), and (d): coupling

backscattering RCS (vv).

From Figs. 7(a)–7(d), it is observed that the backscattering RCS of the sea surface only decreases with

increasing incident angle, while the total backscattering RCS and the coupling backscattering RCS exhibit more

oscillations than those of the surface only (without target), which is due to the fact that the interaction becomes

stronger between the target and the surface, in particular for the case of large incident angle. Moreover, when

the incident angle is small, the coupling area is so small that the secondary coupling backscattering is not
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strong enough and the backscattering from the sea surface plays a leading role in the total scattering field,

and it is difficult to distinguish the cone-cylinder from the sea surface. It is also observed that the coupling

backscattering RCS increases with the increase of the size of the cone-cylinder, which is visually larger than

that only from the sea surface, especially for the cases of large incident angles. This phenomenon is caused

mainly by the fact that the interaction between the rough sea surface and the cone-cylinder increases, which

leads the secondary coupling backscattering RCS to become large with the size of the cone-cylinder increasing.

It should be pointed that only the backscattering pattern for θi < 60◦ is depicted in this paper, which is because

the limitation of the conventional KA is invalid for sea surface scattering in the large scattering angle region

without considering multiple scattering and the shadowing effect.

In Figs. 8(a) and 8(b), the effects of the total composite backscattering RCS on the wind speeds are

plotted for hh-polarization, and vv-polarization, respectively. The relevant parameters are the same as those

given in Fig. 7. As shown in Fig. 8, all the total composite backscatterings with different wind speeds are

larger than those of the scattering from the sea surface only for both hh-polarization and vv-polarization. The

backscattering RCS of the sea surface increases with the increase of the winds peed, which is due to the increase

of the roughness of the sea surface. As far as the total composite backscattering is concerned, it is found that

as the wind speed increases, the composite backscattering almost does not change. The above result indicates

that the effect of the wind speed on the tendency of the secondary coupling backscattering cross section is very

small, in other words, the coupling scattering is not “sensitive” to the variation of the wind speed. This result

is just similar to that of the sphere-rough surface composite model given in our previous work.[26]

Fig. 8. Backscattering RCSs for different wind speeds, (a): hh-polarization, and (b): vv-polarization.

Fig. 9. Dependence of the backscattering RCS on the

height of the cone-cylinder above the sea surface.

The dependences of the variation in total

backscattering RCS (hh-polarization) with height H

between the cone-cylinder target and the rough sur-

face are also presented in Fig. 9 for different incident

angles, where the size of the cone-cylinder is given by

a = 10 cm, h = 30 cm, the other parameters are the

same as those in Fig. 7. As clearly shown in Fig. 9, the

total backscattering RCS has an oscillation instead of

a monotonic change with the increase of the height. In

the case of the small incident angles (θi = 20◦, 30◦),

the backscattering field of the sea surface plays a

leading role, the coupling scattering is small as men-

tioned in Fig. 7, hence, the total backscattering RCS

changes very little with the variation of H. However,
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for the large incident angle (θi = 60◦), the contribution of the coupling scattering component becomes strong

in the total scattering, which results in a more oscillating behaviour of scattering for the composite model.

In addition, it is also found that the tendency of the composite scattering decreases with the increase of H,

especially for the large incident angle, which we also attribute to the fact that the actual coupling scattering

becomes small with the value of H increasing.

For the figures of Doppler spectrum which follow, most of the relevant parameters in the calculation are

displayed correspondingly. In Figs. 10–13, the permittivity of the sea water is (61.0, 33.0) and the frequency

of the incident wave 10 GHz. The size and the height of the cone-cylinder are a = 10 cm, h = 30 cm and

H = 150 cm, respectively.

Fig. 10. Doppler spectra of the backscattered field for different wind speeds, (a): only surface scattering, (b):

coupled scattering, and (c): composite scattering.

Figures 10(a)–10(c) show the Doppler spectra of the backscattered field from the sea surface only and the

total composite backscattered field with different wind speeds for hh-polarization. From Fig. 10(a), we can find

that as wind speed increases, the velocities of the surface water and the orbital motion of the sea wave increase

on a large-scale, and for the Doppler spectrum of the backscattering from the oceanic surface, there appears to

be a gradual increase in Doppler spectrum frequency shift, which is coincident with the measurement results

given by Rozenberg et al.[27] On the other hand, there also exists a broadening for the lobe of the Doppler

spectra with increasing wind speed. The above phenomenon should not be really surprising; the primary reason

for this is that the incoherent scattering increases with an increase in the roughness of the oceanic surface,

and thus the backscattering energy will be distributed over a wide region of the frequency domain, which has

been discussed in Refs. [28]–[30]. Similar to the case in Fig. 10(a), the Doppler spectra of the coupled and

the composite backscattering fields become broader with the increase of the wind speed (see Figs. 10(b) and

10(c), respectively), which is similar to the case in Fig. 10(a), however, their frequency shifts have almost no

increase, which is unlike the scenario in Fig. 10(a). The main reason may be ascribed to the existence of the

deterministic target (cone-cylinder), which leads the “roughness” of the composite model to decrease, thereby

causing the incoherent scattering to decrease. Moreover, all the maximum values of spectral density of the

Doppler spectrum for the composite model and the surface only become small with the increase of wind speed.
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Fig. 11. Doppler spectra of the backscattered field for different sizes of the cone-cylinder, (a): coupled scattering,

and (b): composite scattering.

Fig. 12. Comparison of the Doppler spectral width between the sea surface and the composite models with

different incident angles, (a): sea surface backscattering, and (b): composite backscattering.

Fig. 13. Doppler spectra of the backscattered field for different incident angles: (a) θi = 20◦, (b) θi = 40◦, (c)

θi = 60◦.
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The changes in Doppler spectra of the composite and the coupled backscattered field with cone-cylinder

size for hh-polarization are presented in Fig. 11. It shows that the amplitudes of the spectra become larger with

increasing cone-cylinder size, as well as the previous composite backscattering cross section in Fig. 7. It should

be noted that this may be due to the fact that the composite and the coupled backscattering cross sections

become stronger as the cone-cylinder size increases.

To further explore the Doppler characteristic of the target-rough surface model, in Fig. 12, we consider

the effect of incident angle on the normalized Doppler spectrum of the sea and the composite backscattered

fields for hh-polarization. An interesting feature that is worth noting is the behaviour of the spectral width. As

seen in Fig. 12, with increasing incident angle, both the Doppler spectra for the sea surface and the composite

models first broaden (as shown for θi = 40◦), then shrink (as shown for θi = 60◦), which is consistent with

the results given by Toporkov et al.[15] In order to properly describe and analyse the phenomenon shown

in Fig. 12, the Doppler spectra of the backscattered field, including the sea surface scattering, the coupled

scattering, as well as the composite scattering, with different incident angles are presented in Figs. 13(a)–13(c)

for hh-polarization. It can be readily seen that with a small incident angle, the amplitude of the Doppler

spectrum of the coupled backscattered field is much smaller than that of the sea surface only and that of the

composite model, and in this case, the Doppler spectra of backscattering from the cone-cylinder target and the

coupling scattering from the composite model are entirely covered by the spectrum of the sea clutter. Therefore,

hardly any information about the target from the Doppler spectrum of the composite model is obtained. As

the incident angle increases up to θi = 40◦, the amplitude of the Doppler spectrum of the composite model

becomes larger than that of the sea surface only, and the Doppler spectrum shift of the rough sea surface only is

apparently separated from that of the composite model. Meanwhile, the amplitude of the Doppler spectrum of

the coupled field gradually becomes large, however, it is still smaller than that of the sea surface only. When the

incident angle θi = 60◦, the amplitude of the Doppler spectrum of the sea surface is very small, consequently,

the influence of the Doppler spectrum of the coupling backscattering on the total Doppler spectrum of the

composite model becomes important, and the Doppler spectrum of the coupling backscattering will emerge in

the Doppler spectrum of the backscattering from the sea surface. In this case, the existence of the target is

easily known due to the fact that the Doppler spectrum of the coupling backscattering is easily distinguished

from the spectrum of the sea clutter, which is of great importance for target detection above the oceanic surface,

especially for the larger incident angle. Similar conclusions about the Doppler spectrum can also be obtained

for vv-polarization.

6. Conclusions

This paper presents a study of electromagnetic scattering from a cone-cylinder above a time-varying dielec-

tric sea surface by using the MEC theory and reciprocity theorem. Compared with the traditional numerical

simulations, the edge diffraction of the target is taken into account in the composite scattering, and this method

overcomes the problem of the vast memory and computational requirements for the electrical large-size targets,

which results in the problem of electromagnetic scattering from the target above the surface becoming easier to

solve. Using a combination of RT with the MEC and KA methods, the dependences of the backscattering RCS

and the Doppler spectrum of the backscattering field on the size of the target, the wind speed, and the incident

angle are numerically demonstrated and discussed. What is worth noting is that the Doppler spectrum of the

coupling backscattering and that of the cone-cylinder target are covered by the Doppler spectrum of the sea

clutter with small incident angle, thus, it is difficult to obtain information about the target from the Doppler

spectrum of the composite model. With increasing incident angle, the contribution of the coupling scattering

field to the total scattering increases gradually, the Doppler spectrum of the coupling backscattering becomes

more prominent and important, which is of great significance for target detection with large angle incidence.

This paper only deals with the problem of composite scattering from a target above a one-dimensional

time-varying dielectric sea surface, so further investigation should include composite scattering from an actually

moving target above a sea surface with low grazing angle incidence under the modified KA. For composite
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scattering from a target above a two-dimensional dielectric sea surface, our numerical simulations also need to

be verified by some absolutely exact numerical method and by experiment in future work.
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