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Abstract—An efficient approach called general sparse matrix
canonical grid (G-SMCG) method is proposed to analyze the
electromagnetic scattering from 2-D dielectric rough surface with a
conducting object partially buried. In this paper, the scattering of
3-D arbitrarily shaped object is computed by using the traditional
method of moments (MoM) with RWG basis function, and the
scattering of rough surface is analyzed by using the SMCG method.
The coupling interactions between an object and rough surface are
calculated by iterative method. Combing the ocean rough surface with
Pierson Moskowitz (PM) spectrum, the bistatic scattering coefficients
of typical objects buried in the ocean surface have been computed by
using the proposed method. Then the accuracy and efficiency of this
method are discussed. Finally, the bistatic scattering coefficients of a
ship located on ocean surface are calculated, and the influence of sea
state and wind direction on the scattering coefficients is indicated.

1. INTRODUCTION

The electromagnetic (EM) scattering from objects located above or
buried in a rough surface, which is applied to microwave sensing
and radar signature widely, has been studied extensively using
analytical and numerical methods in the past decades. In the actual
applications, different objects are located in different environments.
For example, ships are located on the sea, and tanks are located on
the ground, which can be considered as objects partially buried in
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rough surface. Hence, solutions for the electromagnetic scattering
from partially buried objects are needed. However, more research
has focused on the EM scattering from objects located entirely above
or below a rough surface ([1–14]), and there are few publications
on electromagnetic scattering from the partially embedded objects
in dielectric rough surface between two media. For analyzing the
electromagnetic scattering from a ship on ocean surface, not only
should the electromagnetic scattering of targets and the rough surface
be taken into account respectively, but also the coupling scattering
field between them should be computed. Thus, more accurate model
is required to study the effects of the rough surface on the object’s
scattering property.

In past researches, in order to use analytical method, the interface
of the ground and ocean surface was usually assumed to be a planar
interface or rough surface with small roughness limit ([10–14]). The
advantage of the analytical method is the computational simplicity, but
it only adapts to canonical geometries and a small rms rough surface
height. Effect such as multiple scattering, shadowing and diffraction
is very difficult to model analytically. Therefore, a numerical method
has to be used to characterize the EM scattering from general target
located on the rough surface. In order to numerically simulate the
scattering from the object partially buried in rough surface, some fast
numerical methods have been studied. The MoM and finite-difference
method have been applied to analyzing the electromagnetic scattering
from a 2-D PEC cylinder partially buried in flat dielectric interface.
In [15–18], the scattering problem of a PEC cylinder partially buried in
one-dimensional dielectric rough surface has been studied by using the
MoM. In [19], the Generalized Forward-Backward Method (GFBM)
is proposed to analyze the scattering from target on ocean-like rough
surfaces. In [20], The GFBM/SAA is applied to numerical simulation
of bistatic scattering from one-dimensional arbitrary dielectric constant
soil surface with a conducting object partially buried under the tapered
wave.

Different methods have been developed in recent years in order to
reduce the number of computer operations required to analyze the
rough surface scattering problem via the numerical method. It is
worth mentioning, among others, that the sparse matrix canonical
grid method (SMCG) [21–25] has been shown to be an extremely
efficient method for the computation of scattering from 2-D dielectric
rough surface, with the computational complexity of O(N log N) and
memory requirement of O(N). However, the SMCG fails to converge
in the presence of a target (ship) on the rough surface mainly due
to the strong interaction between the obstacle and ocean-like surface.
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What is more, in the conventional formulation involved in the standard
SMCG method, it does not take the interaction within the obstacle
itself into account. In this paper, we propose an efficient approach to
analyze the electromagnetic scattering from conducting object partially
buried in 2-D dielectric rough surface (3-D scattering problem). The
scattering of 3-D arbitrarily shaped object is computed by using the
traditional method of moments (MoM) with RWG basis function [26],
and the scattering of rough surface is analyzed by using the SMCG
method. A numerical iterative method is used to calculate the coupling
interactions between object and surface. As a conclusion, we call this
method general sparse matrix canonical grid method (G-SMCG). The
computational cost of the G-SMCG method is essentially the same as
the conventional SMCG method since the direct matrix size is usually
fixed for the finite sized target which is smaller than the rough surface.

As numerical examples, the EM scattering from typical objects
partially buried in ocean surface with PM spectrum are calculated
using G-SMCG, and the accuracy and efficiency of this method are
discussed. At last, with different directions of incident waves, the
bistatic scattering coefficients of a PEC ship located on ocean surface
are computed. Additionally, the influence of sea state and wind
direction on the scattering coefficients is also indicated.

2. THEORY AND FORMULATION

Consider a perfect conducting object partially buried in 2-D dielectric
rough surface as shown in Fig. 1, where the rough surface is described
by z = f(x, y), generated by Monte Carlo method. The top and
bottom regions are half spaces, and the dielectric constants are ε0 and
ε1. The permeability of all layers is assumed to be µ0.
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Figure 1. Geometry of a PEC object partially buried in 2-D dielectric
rough surface.



122 Ji and Tong

2.1. The Coupling Interaction Integral Equations

In practical cases, the incident field is tapered so that the illuminated
rough surface can be confined to the surface area Lx×Ly. Assume the
tapered plane wave incident on the structure along k̂i = sin θi cosφix̂+
sin θi sinφiŷ− cos θiẑ, which is the incident wave vector. The incident
fields can be expressed in terms of spectrum of the incident wave [22]

Hinc(x, y, z) =−1
η

∫ ∞

−∞
dkx

∫ ∞

−∞
dky exp(ikxx + ikyy − ikzz)

·ETE(kx, ky)ĥ(−kz) (1)

Einc(x, y, z) =
∫ ∞

−∞
dkx

∫ ∞

−∞
dky exp(ikxx + ikyy − ikzz)

·ETE(kx, ky)ê(−kz) (2)

where ETE(kx, ky) =
1

4π2

∫ ∞

−∞
dx

∫ ∞

−∞
dy exp(−ikxx− ikyy)

· exp(i(kixx + kiyy)(1 + w)) exp(−t) (3)

t = tx + ty = (x2 + y2)/g2 (4)

tx =
(cos θi cosϕix + cos θi sinϕiy)2

g2 cos2 θi
(5)

ty =
(− sinφix + cosφiy)2

g2
(6)

w =
1
k0

[
(2tx − 1)
g2 cos2 θi

+
(2ty − 1)

g2

]
(7)

The parameter g controls the tapering of the incident wave.
For TE wave incidence

ê(−kz) =
1
kρ

(x̂ky − ŷkx) (8)

ĥ(−kz) =
kz

k0kρ
(x̂kx − ŷky) +

kρ

k0
ẑ (9)

And for TM wave incidence

ĥ(−kz) = − 1
kρ

(x̂ky − ŷkx) (10)

ê(−kz) =
kz

k0kρ
(x̂kx − ŷky) +

kρ

k0
ẑ (11)

with kz =
√

k2
0 − k2

ρ and kρ =
√

k2
x + k2

y. In the above k0 and η are
the wave-number and wave impedance of free space respectively, and
ê, ĥ denote the polarization vectors.
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Let r′ = x′x̂ + y′ŷ + f(x′, y′)ẑ denote a source point, and r =
xx̂ + yŷ + f(x, y)ẑ denote a field point. If there is no object buried
in the rough surface, the surface fields satisfy the following boundary
integral equations

n̂ ·Es(r)
2

− n̂ ·
{∫

S
n̂′ ×Hs(r′)iωµG0ds′

+P

∫

S
[(n̂′×Es(r′))×∇′G0 + n̂′ ·Es(r′)∇′G0]ds′

}
= n̂ ·Einc(r) (12)

n̂×Hs(r)
2

− n̂×
{∫

S
(−iω)n̂′ ×Es(r′)ε0G0ds′

+P

∫

S
[(n̂′×Hs(r′))×∇′G0+n̂′ ·Hs(r′)∇′G0ds′

}
= n̂×Hinc(r) (13)

− n̂×Es(r)
2

− n̂×
{∫

S
n̂′ ×Hs(r′)iωµG1ds′

+P

∫

S
[(n̂′ ×Es(r′))×∇′G1 + n̂′ ·Es(r′)∇′G1]ds′

}
= 0 (14)

− n̂ ·Hs(r)
2

− n̂ ·
{∫

S
(−iω)n̂′ ×Es(r′)ε1G1ds′

+P

∫

S
[(n̂′ ×Hs(r′))×∇′G1 + n̂′ ·Hs(r′)∇′G1]ds′

}
= 0 (15)

where S denotes the rough surface. Es and Hs are the surface fields of
the rough surface, and the integral P

∫
denote a Cauchy integral. G0

is the three-dimensional Green’s function of free space, and G1 is the
three-dimensional Green’s function of lower dielectric medium. They
are given by

G0,1 =
exp(ik0,1R)

4πR

where R =
√

(x− x′)2 + (y − y′)2 + (f(x, y)− f(x′, y′))2 and k1 is the
wave-number of the lower medium. The unit normal vectors n̂ and n̂′
refer to primed coordinates and point away from the lower medium.

If there is only the PEC object in free-space, the fields satisfy the
following boundary integral equations

Einc(r)
∣∣
tan

= iωµ0

∫

Sb

[n̂′b×Hb(r′)+
1
k2

0

∇(∇′ · (n̂′b ×Hb(r′)))]G0ds′ (16)

where Sb denotes the surface of object. Hb are the surface fields of
the object, and n̂′b refer to primed coordinate and point away from the
object.
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When there are both object and rough surface, the coupling
interaction between them must been considered. The scattering fields
of object can be calculated by following formulas [24]

Hs
b(r) =

∫

Sb

Jb(r′)×∇′Gqds′ (17)

Es
b(r) = − i

ωεq
∇×

∫

S
Jb(r′)×∇′Gq(r, r′)ds′ (18)

where Jb(r) = n̂b ×Hb(r), q = 0, 1 denote the scatter fields of object
in free space and lower medium, respectively.

The scattering fields from rough surface to object can be
calculated by following method [24]

Es
S(r) = −

∫

S
[(−iωµq)JS(r′)Gq + MS(r′)×∇′Gq +∇′Gqn̂′ ·ES(r′)]ds′

(19)
where MS(r) = n̂ × ES(r) and JS(r) = n̂ ×HS(r), q = 0, 1 denote
the scatter fields from rough surface to object in free space and lower
medium, respectively.

In summary, the total equations for PEC object partially buried
in dielectric rough surface are
n̂ ·Es(r)

2
− n̂ ·

{∫

S
Js(r′)iωµG0ds′

+P

∫

S
[Ms(r′)×∇′G0+n̂ ·Es(r′)∇′G0]ds′

}
= n̂ · (Einc(r)+Es

b(r)) (20)

Js(r)
2

− n̂×
{∫

S
(−iω)Ms(r′)ε0G0ds′

+P

∫

S
[(Js(r′))×∇′G0+n̂·Hs(r′)∇′G0ds′

}
= n̂×(Hinc(r)+Hs

b(r)) (21)

−Ms(r)
2

− n̂×
{∫

S
Js(r′)iωµG1ds′

+P

∫

S
[(Ms(r′))×∇′G1 + n̂ ·Es(r′)∇′G1]ds′

}
= −n̂×Es

b(r) (22)

− n̂ ·Hs(r)
2

− n̂ ·
{∫

S
(−iω)Ms(r′)ε1G1ds′

+P

∫

S
[(Js(r′))×∇′G1 + n̂′ ·Hs(r′)∇′G1]ds′

}
= −n̂ ·Hs

b(r) (23)

(Einc(r)+Es
S(r))

∣∣
tan

= iωµ0

∫

Sb

[
Jb(r′)+

1
k2

q

∇(∇′ · (Jb(r′)))
]
Gqds′ (24)
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The MoM is used to discretize the integral Equations (20)–(24).
If we solve the equations using traditional method such as Gaussian
elimination directly, the number of unknowns is very enormous; the
complexity is O(N3); it will be very time-consuming. So fast numerical
method must been introduced.

2.2. The General Sparse Matrix Canonical Grid Method
(G-SMCG)

Although the surface of object is close, it can be detached from the
rough dielectric surface into two parts. One of witch is above the
surface, and the other is below the surface, as shown in Fig. 2.

So both the object and rough surface have been divided into three
parts. Part 1 is dielectric rough surface, which is Section 1 in Fig. 2.
Part 2 is perfect conducting object surface above rough surface, which
is Section 2 in Fig. 2. Part 3 is the object surface below rough surface,
which is Section 3 in Fig. 2.

The integral equations of Section 1 is discretized by using MoM
with pulse base function. Therefore, the integral equations of Section 2
and Section 3 are discretized by using MoM with RWG base function.
Then we get the following matrix equation

ZtotalItotal = Vinc (25)

where the impendence matrix Ztotal is for both rough surface and
object, and Itotal is the unknown vector of both rough surface and
object. Vinc is the total initialized incident vector. The number of the
unknowns for 2-D dielectric rough surface is always thousands upon
thousands. So it is time consuming and difficult to solve this equation
using traditional MoM. We adopt the following fast method to solve
this equation.

Figure 2. Geometry of three sections.
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The equations for rough surface are also solved using traditional
SMCG as follows. We choose a neighborhood distance rd as the
distance which defines the boundary between the weak and strong
elements of the impedance matrix. Then the impedance matrix is
decomposed into the sum of a strong matrix Z(s)

S and a weak matrix
Z(w)

S .
ZS = Z(s)

S + Z(w)
S (26)

where Z(s)
S represents near field strong interaction, and Z(w)

S represents
non-near field weak interaction. The weak matrix elements are
expanded in a Taylor’s series about the horizontal distance between
the two points

Z(w)
S =

M∑

m=0

Z(w)
m (27)

The zeroth term in (27) is called the flat surface contribution.

Z(FS)
S = Z(w)

0 (28)

Then the equations are solved using iterative method as the conjugate
gradient method (CGM). The matrix-vector products of Z(FS)

S IS and
Z(w)

m IS can be computed using a 2-D FFT algorithm. However, the
equation for PEC object is solved using traditional MoM. We call this
method G-SMCG.

As a result, the structure of impendence matrix Ztotal is shown
in Fig. 3. Z(s)

S is the strong interaction matrix of rough surface.
Zup and Zlower are the impedance matrix of Section 2 and Section 3
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respectively. The width of the half band is rd. IS is the unknown
vector of rough surface. Iup and Ilower are the unknown vectors of
Section 2 and Section 3 respectively. Vinc

S and Vinc
b are the incident

vectors of rough surface and Section 2 respectively. It should be noted
that the initialized incident vector of Section 3 is zero.

The total steps of G-SMCG as follows
STEP1. Solve the equations of rough surface by using SMCG.

(
Z(s)

S + Z(FS)
)
J(1)

S = b (29)
(
Z(s)

S + Z(FS)
)
J(i+1)

S = b(i+1) (30)

b(i+1) = b−
M∑

m=1

Z(w)
m J(i)

S (31)

Equations (29) and (30) are solved using CGM. The matrix-vector
products of Z(FS)

S JS , and Z(w)
m JS are computed using a 2-D FFT

algorithm. We keep the expansion terms at 6(M = 5).
STEP2. Calculate the scattering field Es

S , which comes from rough
surface to object by solving formula (19).

STEP3. Solve the equations of object by using MoM with RWG
base function.

ZT arg etJb = Vinc
b + Es

S (32)

Here, the scattering field from rough surface has been taken into
consideration. Because the object size is much smaller than the rough
surface, Vinc

b is considered as plane incident wave.
STEP4. Calculate the scattering field Hs

b and Es
b, witch come

from object to rough surface by solving formulas (17) and (18).
STEP5. Calculate the relative error. The iteration is terminated

when the relative error is less than the appointed precision. Otherwise,
go back to STEP1 after updating the incidence vector of rough surface.

b(0) = VS
inc + Vs

b (33)

where Vs
b contains Hs

b and Es
b.

Defining the relative error at the nth iteration as

τ(n) =

∣∣Ztotal(Itotal,(n) − Itotal,(n−1))
∣∣

|Vinc| (34)

where the Itotal,(n) and Itotal,(n−1) are the unknown vectors at nth
and n − 1th iteration. The computational complexity of the G-
SMCG is O(NSur log NSur + (NTar)2). Assume that the number of
surface unknowns NSur is much larger than the number of target
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unknowns NTar, the computational complexity of G-SMCG can be
considered as O(NSur log NSur). This is true for most problems of
interest, which usually involve an obstacle which is much smaller than
the very large ocean surface on which it is situated. The storage
requirement is O(NSur) to store the strong matrix of ocean surface,
with the additional storage of a matrix of size NTar ×NTar. Thus the
computational complexity and memory requirements for the G-SMCG
method are practically the same as the conventional SMCG method.

This method is an accurate numerical approach for PEC object
partially buried in 2-D dielectric rough surface. All of the multiple
interactions are taken into consideration in this solution. With the
complexity of almost O(NSur log NSur), this method is a very fast
numerical method. As a conclusion, we call this method G-SMCG.

2.3. The Bistatic Scattering Coefficient

Numerical results are presented in terms of the normalized bistatic
scattering coefficient σαβ(θs, φs, θi, ϕi), defined for a scattered wave in
α-polarization and an incident wave in β-polarization as

σαβ(θs, ϕs, θi, ϕi) = lim
r→∞

4πr2
∣∣∣ESur

α + Eup,Tar
α

∣∣∣
2

2η
∫
S Si

β · n̂ds
(35)

where ESur
α is the α-polarized scattered field of rough surface, and

Eup,Tar
α is the α-polarized scattered field of Section 2, and

ESur
h =

ik0

4πr
exp(−ikr)

∫

S
[(Msx cos θs cosϕs + Msy cos θs sinϕs

−Msz sin θs)− η(Jsx sinϕs − Jsy cosϕs)] ds

ESur
v =

ik0

4πr
exp(−ikr)

∫

S
[(Msx sinϕs −Msy cosϕs)

+η(Jsx cos θs cosϕs + Jsy cos θs sinϕs − Jsz sin θs)] ds

Eup,Tar
h =

ηik0

4πr
exp(−ikr)

∫

Sup

(Jbx sinϕs − Jby cosϕs)ds

Eup,Tar
v =

ηik0

4πr
exp(−ikr)

∫

Sup

(−Jbx cos θs cosϕs

−Jby cos θs sinϕs + Jbz sin θs)ds

where Si
β is the time average Poynting vector of the β-polarized

incident wave. Sup is the surface of Section 2, and S is the 2-D rough
surface profile of interest.
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3. NUMERICAL RESULTS AND DISCUSSIONS

In this section, several examples are presented using the proposed
method, in which a ocean rough surface is generated as a zero-mean
Gaussian random process with the PM wave spectrum [27]

WPM (k, ϕ) =
a0

2K4
exp

(
− βg2

0

K2U4
19.5

)
Φ(ϕ) (36)

where

Φ(ϕ) =
cos2(ϕ− ϕv)

π

K =
√

kx + ky

ϕ = tan−1(ky/kx)

thus (36) can be rewritten as

WPM (kx, ky) =
a0

2(k2
x + k2

y)2
exp

(
− βg2

(k2
x + k2

y)U4
19.5

)

· cos2(tan−1(ky/kx)− ϕv)
π

(37)

The rms height of ocean surface is h2 = a0U
4
19.5

/
4βg2. Here, a0 =

0.0081, β = 0.74, g0 is the gravitational acceleration equal to 9.81m/s,
and U19.5 is the wind speed, in m/s, at the altitude of 19.5 meter above
the mean ocean level. φv is the direction of wind, and φv = 0 denotes
the direction is x̂. The main characteristics of the PM spectrum
are that higher wind speeds give rise to longer ocean waves (lower
wavenumber), whereas the small-scale waves (higher wavenumber) are
relatively unaffected by the wind speed.

3.1. Validation of the Computations

In the following examples, the size of the rough surface is 8λ × 8λ.
U19.5 = 5 m/s, φv = 0, and the rms height of the ocean surface
is h = 0.1334m. The relative permittivity of the sea-water is
εr = 2.0 + 0.2i. The surface is sampled at 64 points per λ2 giving
4096 points on the rough surface and 24576 surface unknowns. The
neighborhood distance in the implementation of G-SMCG is rd = 2.5λ.
A tapered wave is incident from the direction of θi = 30◦, and ϕ = 0◦
direction. Working frequency is 300MHz. The G-SMCG method is
implemented on a personal computer with Pentium(R) Dual-core CPU.
For CPU: 2.5 GHz; Memory: 2 GB. The numerical results presented in
the following are the average of 10 Monte Carlo realizations. Because
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Figure 4. The validation of the computation (ϕs = ϕi = 0◦).

of the limit of paper length, we only compute the EM scattering
for H-polarization incidence wave. However, the EM scattering for
V-polarization incidence wave can be calculated by using the same
method.

The numerical simulation is conducted for a perfectly electrical
conductor (PEC) sphere buried under a 2-D ocean rough surface as
shown in Fig. 1. The center of the sphere is at z = 0 plane. The
radius of sphere is a = 0.01λ. The error norm criterion is set at < 1%.
Making the average of 10 realizations, bistatic HH and VH-polarized
scattering coefficients (BSC) are computed using the G-SMCG shown
in Fig. 4. The BSC of only 2-D rough surface with the same parameter
using the traditional SMCG are also presented to validate the proposed
method. From Fig. 4, we clearly see that two results match very well
for nearly all angles.

3.2. Discuss

Figure 5(a) shows the BSC of sphere with radius a = 0.3λ partially
buried in 2-D ocean surface for both HH and VH-polarizations.
Azimuthal variation of bistatic HH and VH-polarized scattering
coefficients are shown in Fig. 5(b). The ocean surface and incident
wave are the same as those described in Section 3.1. The surface of the
sphere is discretized into 365 triangle patches. In order to illustrate the
rough surface effect, we also compute the BSC of rough surface without
object with the same parameter. From Fig. 5, the peak value appears
at θs = 30◦. It can be seen that co-polarized scattering is always
stronger than cross-polarized at most scattering angles, and scattering
peaks occur at θs = 30◦ for both polarizations. When an object is
partially buried in ocean surface, HH-polarized scattering is greatly
enhanced, and HV-polarized scattering is also uniformly increased due
to the object presence.
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Figure 5. Sphere partially buried in ocean surface (ϕi = 0◦).

(a) Cylinder partially buried 

      in ocean surface

(b) Cube partially buried 

      in ocean surface

Figure 6. Geometry of targets located on ocean surface.

In the second example, the target is a cylinder with radii of 0.3λ
and height 0.6λ. The ocean surface and incident wave are the same
as those described earlier. The surface of cylinder is discretized into
578 triangle patches. In the third example, a cube with dimensions
0.6λ× 0.6λ× 0.6λ is partially buried in ocean surface, and the surface
of cube is discretized into 666 triangle patches. The centers of the
cylinder and cube are both at z = 0 plane as shown in Fig. 6.

Figures 7 and 8 show the BSC for the second and third examples,
respectively. As expected, the bigger the object is, the more obvious
the change of BSC is. Because the object’s size is much smaller than
the ocean surface, angular pattern of total bistatic scattering seems to
be governed by ocean surface scattering. The difference between the
cases with and without the object can show the scattering effect due
to the object presence.
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Figure 7. Cylinder partially buried in ocean surface (θi = 30◦,
ϕi = 0◦).
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Figure 8. Cube partially buried in ocean surface (θi = 30◦, ϕi = 0◦).

Figure 9 shows the relative error of unknown induced currents τ(n)
versus iteration steps compared with different objects. It can be seen
that, for different objects, the induced currents on the object and rough
surface are both convergent after several iteration steps. Experiments
show that the G-SMCG method always convergent well for hundreds of
realizations. Here we just make the average of 10 realizations, because
the computing time will be intolerable if making more realizations.
Table 1 shows the computing time for different targets buried in ocean
surface. It is clear that the cylinder target requires the most time, due
to more iterative steps.
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Table 1. Comparison of CPU time for different targets (10
realizations).

Target CPU time (hours)
Sphere 34.19

Cylinder 48.01
Cube 44.60

2 10 12 14
1E-3

0.01

0.1

1

τ(
n
)

iterative steps n

sphere + ocean surface
cylinder + ocean surface
cube + ocean surface

4 6 8

Figure 9. The validation of the computation.
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2
h

2
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Figure 10. Geometry of a PEC ship located on the ocean surface.

Now, we consider EM scattering from a ship located on the ocean
surface as shown in Fig. 10. The length of the ship is 1.8m. The width
of deck is W1 = 0.2m, and the width of the bilge is W2 = 0.14m. The
height on the ocean surface is h1 = 0.15m, and the height below the
ocean surface is h1 = 0.05m. The ocean surface and incident wave
are the same as those described earlier. The surface of the ship is
discretized into 622 triangle patches.
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Figure 11. BSC of ship located on ocean surface (θi = 30◦, ϕi = 0◦).
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Figure 12. BSC of ship located on ocean surface (θi = 30◦, ϕi = 90◦).

Figures 11 and 12 show the BSCs of a ship on the ocean surface.
In Fig. 11, the incident azimuth angle is ϕi = 0◦ thus the incident wave
irradiates the side face of the ship, and the scattering azimuth angle
is ϕs = 0◦. In Fig. 12, the incident azimuth angle is ϕi = 90◦ thus
the incident wave irradiates the fore of the ship, and the scattering
azimuth angle is ϕs = 90◦. It can be seen that the BSCs are greatly
enhanced beyond the specular angle θs = 30◦, and the changes are
more obvious when ϕi = 0◦.

Figure 13 shows the BSCs of the ship located on the ocean
surface with different wind speeds, U19.5 = 0 m/s, U19.5 = 3m/s and
U19.5 = 5 m/s. The other parameters are the same as those used
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in Fig. 11. The results show that the BSC decreases as the wind
speed decreases. The BSCs of the ship on the ocean surface, as a
function of the wind direction (φv = 30◦, φv = 50◦ and φv = 70◦), are
shown in Fig. 14. It is observed in Fig. 14(a) that the BSC increases
with increasing φv. The results shown in Fig. 14(b) are interesting.
When the azimuth angle is smaller than 90◦, the BSC increases with
increasing φv. However, the BSC decreases with increasing φv when
the azimuth angle is bigger than 90◦.

-80 -60 -40 -20 0 20 40 60 80
-75

-70

-65

-60

-55

-50

-45

-40

-35

-30

-25

-50

-40

-30

-20

-10

0

10

V
H

-B
S

C
(d

B
)

 U    = 0 m/s 19.5

H
H

-B
S

C
(d

B
)

0 20 40 60 80 100 120 140 160 180
-55

-50

-45

-40

-35

-30

-25

-20

-60

-50

-40

-30

-20

-10

0

10

V
H

-B
S

C
(d

B
)

H
H

-B
S

C
(d

B
)

θs (
o
) φs (

o
)

 U    = 3 m/s 19.5

 U    = 5 m/s 19.5

 U    = 0 m/s 19.5

 U    = 3 m/s 19.5

 U    = 5 m/s 19.5

o
(a) ϕ  = 0s (b) θ  = 30s

o

Figure 13. BSC for different wind speed (θi = 30◦, ϕi = 0◦).
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Figure 14. BSC for different wind direction (θi = 30◦, ϕi = 0◦).
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4. CONCLUSION

Based on the sparse matrix canonical grid method (SMCG) and MoM
with RWG base function, an efficient approach called general sparse
matrix canonical grid method (G-SMCG) is presented. By using
this method, arbitrarily shaped PEC 3-D objects partially buried in
dielectric 2-D rough surface can be computed quickly. The merit of this
method is that the solution accounts for all of the multiple interactions
between the rough surface and the object, and the complexity of G-
SMCG is similar to SMCG (O(N log N)). It only includes additional
cost associated with the direct MoM solution of PEC object.

The EM scattering from typical objects partially buried in ocean
surface with PM spectrum are calculated by using G-SMCG, and the
accuracy and efficiency of this method are then discussed. The BSCs of
ocean surface without object are compared with that of ocean surface
with object. The results show that the BSCs are greatly enhanced, and
the difference can show the scattering effect due to the object presence.
At last, the BSCs of ship located on ocean surface are computed with
different incident azimuth angles. The results show that the BSCs are
greatly increased due to the ship presence, and the changes are more
obvious when the incident wave irradiates the side face of the ship.
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