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ABSTRACT In this paper, an improved hybrid scheme combining the method of moment (MoM) and
physical optic (PO) is proposed to analyze composite scattering from multiple 3D conductingobjects above
a 2D random rough dielectric surface. In the calculation scheme, rough surface scattering is calculated
using the PO method and target scattering is calculated by the MoM. The coupling interactions between the
multiple targets are considered using the domain distribution method (DDM), where the matrix equations
are constructed upon each individual target and are then presented and solved as a whole. The contribution
from rough surface scattering, which is calculated by the PO method, is coupled with the impedance matrix,
and the unknowns must be considered only in the MoM region. Most of the composite scattering problems
are computing interactions between objects and rough surface, and solving the complex impedance matrix
equation in the MoM part. To solve these two problems, first, the combined multilevel fast multipole
algorithm (MLFMA) and the fast far field approximation (FaFFA) are introduced to accelerate interactions
between objects and rough surface, where the near area on the rough surface is computed byMLFMA, while
the far area is computed by FaFFA. In addition, to further improve the efficiency, the adaptive integral method
(AIM) is employed to solve the impedance matrix equation of the MoM part in the scheme. The results are
compared to those obtained with the traditional MoM-POmethod, showing that the hybrid method proposed
in this paper can maintain a high accuracy with a much smaller computational time and fewer resource
requirements. The numerical results obtained under several different conditions are presented and discussed
in this paper.

INDEX TERMS Composite electromagnetic scattering, hybrid method, 3D multiple objects, 2D random
rough dielectric surface.

I. INTRODUCTION
Composite scattering from multiple targets above a rough
surface has been widely used in applications, such as naviga-
tion for multiple aircraft and detection of an important target
among multiple targets in the air, and in other areas [1]–[6].
However, most studies of composite scattering reported in
the literature only consider a single target above a rough sur-
face. In contrast, the scattering properties for an environment
with multiple targets have rarely been analyzed. This lack
of studies is because the calculation of composite scattering
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frommultiple targets above a rough surface must consider the
complex interactions among different targets and the interac-
tions between the targets and the rough surface. Moreover,
as the number of targets increases, the evaluation of singular
integrals becomes difficult. Among the studies of composite
scattering frommultiple targets with a rough surface reported
in the literature, Ref. [7] studied composite scattering from
multiple targets above and on a rough surface, and Ref. [8]
computed composite scattering from multiple targets above
and below a dielectric rough surface. Ref. [9] investigated
wide-band composite electromagnetic scattering from a 1D
dielectric surface and multiple shallow buried 2D conductor
targets. Ref. [10] studied composite scattering from multiple
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2D conductor spheres above a 1D rough conductor surface.
Thus, all of these studies examined 2D multiple targets and
a 1D rough surface. To the best of our knowledge, there
have been rare reports considering composite scattering from
three-dimensional (3D) multiple targets above a 2D random
rough dielectric surface.

Numerical methods are typically used for composite scat-
tering calculations. Among the numerical methods, the most
common method is the method of moments (MoM) [11],
which calculates the direct mutual effects between all
the facets both on the object and on the rough surface.
To accelerate the MoM, several improved numerical algo-
rithms have been proposedsuch as the conjugate gradient
method (CG) [12] the propagation-inside-layer expansion
(PILE) [13], [14], the forward and backward algorithm [15]
and the multilevel fast multipole method (MLFMM) [16].
Additionally, a method combining compressive sensing and
the MoM [17] and a method based on compute unified device
architecture (CUDA) [18] are used to further accelerate the
MoM. However, these methods are not suitable for calcu-
lating composite scattering from electrically large targets
above a rough surface because the computational complexity
increases strongly with increasing numbers of unknowns in
the composite model. Another class of methods that are typ-
ically used for composite scattering calculation is analytical
methods such as the physical optics- physical optics (PO-PO)
method [19]. However, pure analytical methods have become
impractical for complex target shapes and numerous tar-
gets. Recently, numerical-analytical hybrid methods, such as
MoM-PO [20], FE-BI-PO [21] and SPM/MoM [22] have
been developed by combining the advantages of numerical
and analytical methods; in this approach, analytical meth-
ods such as the PO method and the small perturbation
method (SPM) are used to calculate scattering from a rough
surface, and numerical methods such as the MoM are used
to calculate scattering from the object. Compared to these
models, MoM-PO is more efficient for calculating compos-
ite scattering from electrically large objects above a rough
surfacebecause it only establishes the electric field integral
equation (EFIE) on the surface of the object rather than inside
the target. Two approaches have been used in the implemen-
tation of the MoM-PO hybrid schemes. The first is iterating
the voltage matrix of the MoM with PO, and the second is
coupling the contribution of the PO area into the impedance
matrix of the MoM. For example, Ref. [23] used the iterative
IEM–PO method to analyze composite scattering from a 2D
PEC object above a 1D dielectric sea surface. In Ref. [24],
Ye used the iterative KA-MoM technique to study scatter-
ing from a 3D target above a rough dielectric surface with
the MoM part accelerated by using the conjugate gradient
(CG) method. Among the studies using the fully coupled
MoM-PO method, Ref. [20] analyzed composite scattering
from a single 2D conductor target above a 1D rough sea
surface. In Ref. [25], scattering from two conductor targets
above a 1D rough surface was calculated, with scattering
from the target and the rough surface treated as a whole.

Compared to the iterative MoM-PO technique, the fully cou-
pled MoM-PO technique is more appropriate for calculating
the scattering from multiple targets above a rough surface,
because it considers all of the scattering interactions among
the different targets and the scattering interaction between
the targets and the rough surface, making this approach more
accurate and enabling it to effectively avoid the problem of no
convergence. Moreover, simulations have shown that when
the length of the incident wave is similar to the roughness
of the rough surface, the fully coupled MoM-PO technique
is more suitable for solving scattering from the composite
model as a whole [20].

However, for traditional fully coupled MoM-PO, as the
number of targets increases, the PO area becomes larger, and
the number of unknowns on theMoM area increases strongly,
resulting in increasing computational cost for vector-matrix
multiplications between the target and the rough surface
as well as greater complexity of the impedance matrix of
the MoM. To overcome the bottlenecks of the traditional
MoM-PO technique for calculating scattering from multiple
targets above a rough surface, acceleration strategies must be
considered. In Ref. [26] and [27], the fast far field approxima-
tion (FaFFA) is presented to accelerate vector-matrix multi-
plication between the source group and field group. However,
in the FaFFA scheme, the near field area is still computed
by direct interaction, which requires long computing times.
To further improve the efficiency, the combinedMLFMA and
the FAFFA technique is introduced [28]. In the combined
MLFMA-FaFFA scheme, when distances between the object
and rough surface do not meet the far field condition, interac-
tions are accelerated by MLFMA, otherwise, the interactions
are accelerated by FaFFA. Thus, the computing complexity
can be significantly reduced. Furthermore, the surface trun-
cation technique could be applied to reduce the computa-
tional area in the rough surface [29]. In addition, to solve
the great complexity of the impedance matrix, the adaptive
integral equation method (AIM) is effectively applied [30],
with which the near area is computed directly, while the far
area is accelerated with fast Fourier transform (FFT).

The paper is organized as follows: the traditional MoM-PO
technique is discussed in Section II, theacceleration tech-
niques are given in Section III, the rough surface model
is introduced in Section IV, and the numerical results are
presented in Section V, followed by the conclusions.

II. MOM-PO HYBRID METHOD
The setup of the system of multiple conductor targets above
a rough surface is shown in Figure 1, where Smomtk is the
target k in the MoM area, and SPOr is the rough surface in
the PO area with a size of Lx × Ly. The incident direction
is denoted by ki, and the incident angle is (θi, ϕi). εr is the
relative dielectric constant of the rough surface SPOr . The
procedure used for the composite scattering calculation is as
follows. (1) First, the scattering electric field from each target
is expressed by the electric expansion coefficient. (2) Then,
the scattering electric field acting as the incident field travels
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FIGURE 1. Schematic illustration of multiple objects above a rough
surface.

from the target’s surface to the rough surface, and the electric
and magnetic fields induced on the PO area are obtained
according to the scattering field from the targets and the outer
incident field. (3) Finally, electric field integral equations
(EFIEs) are constructed on the surface of each target, the
contribution of the PO area is coupled into the impedance
matrix of theMoMpart, and the electric expansion coefficient
is obtained by solving the EFIE; then, the total scattering
field is obtained. For the MoM-PO method, unknowns are
only required in the MoM area, greatly reducing the storage
requirements. Furthermore, this approach considers all of
the scattering contributions from the targets and the rough
surface, guaranteeing the accuracy of this method. To ensure
computational accuracy, the wavelength of the incident field
must be less than the radius of curvature at the object surface.

A. SCATTERING FROM OBJECTS
The Rao-Wilton-Glisson (RWG) vector basic function is used
to simulate the current distribution on the target. The surface
of the targets k is represented by a mesh of Nk triangular
facets. The electric currents on the facets of the target Smomtk
excited by the incident field are Jtk . The expression for Jtk is

J tk =
Nk∑
n=1

αknf kn, k = 1, 2 . . .K (1)

where αkn is the electric current expansion coefficient on the
facets of the target Smomtk . The electric field excited by the
induced electric currents in free space is

Estk = Le(J tk ), k = 1, 2 . . .K (2)

where Le is

Le(J(r′)) = ikη
∫
S
(I +
∇∇
′

k2
)J(r′)g(r, r′)ds′ (3)

where I is the unit parallel vector, k = ω
√
µ0 · ε0 is the

wavenumber in free space, g(r, r′) = e−jk|r−r
′
|/4π |r − r′|

is Green’s function in free space, and J (r′) is the induced
electric current. The scattering electric field on the target
region is

Est =
K∑
k=1

Estk =
K∑
k=1

Nk∑
n=1

αknLe(f kn) (4)

B. SCATTERING FROM A ROUGH SURFACE
According to the Huygens principle, when the incident field
isEi, the scattering electric fieldEs(r) from a rough surface is

Es(r) = K e(JS(r),MS(r))

=

∫
s

ds′·ikη(I +
∇∇
′

k2
)g(r′, r) · JS(r)

+

∫
s

ds′∇g(r′, r)×MS(r) (5)

When the local incident angle θi on the rough surface meets
the condition cos θi = −n̂ · ki, for which the local orthogonal
coordinate system (p̂, q̂, k̂) is constructed, the horizontal and
vertical polarization vectors are defined as

q̂ =
ki × n̂
|ki × n̂|

, p̂ = q̂× k̂ (6)

When the curvature radius ρ of a rough surface and the inci-
dent wavelength λ meet the condition ρ � λ, the condition
of the tangent plan approximation is satisfied. Based on the
tangent plan approximation, the local reflection direction is
k̂r = k̂i − 2n̂(n̂ · ki), and the local reflected electric field
andmagnetic fieldsmeet the condition of the TEM right-hand
screw relationship.

The directly induced electric currents JS0(r) and the mag-
netic currentsMS0(r) excited by the incident field Einc on the
rough surface are

JS0(r)

= n̂×

{
(p̂ · Einc)

η
(1+RTM )q̂−

(q̂ · Einc)
η

[p̂− RTM k̂r × q̂]

}
MS0(r)

= n̂×
{
(1+RTE )(q̂ · Einc)q̂+(p̂ · Einc)[p̂−RTM k̂r × q̂]

}
(7)

where RTE and RTM are the Fresnel reflection coefficients
under the condition of the local tangent plane approximation.
E1(r) and H1(r) are generated by the outer incident field
Einc. n̂ is the local outer normal vector. The induced electric
currents JSd (r) and magnetic currents MSd (r) on the rough
surface excited by the scattering field Estk are

JSd (r)

= n̂×
{
1
η
(p̂ · Est )(1+R

TM )q̂−
1
η
(q̂ · Est )[p̂−R

TM k̂r × q̂]
}

MSd (r)

= n̂×
{
(1+RTE )(q̂ · Est )q̂+(p̂ · E

s
t )[p̂−R

TM k̂r × q̂]
}

(8)

The total electric and magnetic currents on the rough sur-
face are

JS(r) = JSd (r)+ JS0(r)

MS(r) = MSd (r)+MS0(r) (9)
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The scattering electric field Es(r) from the rough surface to
the targets can be expressed as

Es(r) = Es0(r)+ Esd (r)

= K e(Js0,M s0)+ K e(Jsd ,M sd ) (10)

where Es0(r) is the direct scattering electric field from the
rough surface, and Esd (r) is the mutual scattering electric
field between the targets and the rough surface.

C. MUTUAL INTERACTION
The scattering field Es(rk ) from the target Smomk is composed
of the contribution from the scattering electric field excited by
the induced electric currents on the target itself, the electric
currents induced on other targets and the electric and mag-
netic currents induced on the rough surface. The expression
for ES (rk ) is

ES (rk ) = Le(J tk )+
K∑

i=1,i6=k

Le(J ti)+ K e(JS ,MS ) (11)

When the incident wave is vertically polarized, based on the
Dirichlet boundary condition, theEFIEfor the facets of the
conductor target is

Etan = Einc + ES
∣∣∣
tan
= 0 (12)

where Einc is the outer incident electric field, and ES is the
scattering electric field in free space that is composed of the
scattering electric field from the induced currents on the target
and the rough surface. By substituting Eq. (11) into Eq. (12),
Eq. (12) can be rewritten as

0 =
K∑

i=1,i6=k

Le[J ti(r ′i )]+ K
e[JS0(r ′k ),MS0(r ′k )]

+ K e[JSd (r ′s),MSd (r ′s)]
∣∣
tan+E

inc(r ′s)+L
e[J tk (r ′s)],

(r ′s ∈ S
po
r rk ∈ S

mom
k , k = 1, 2 . . .K ) (13)

The equation is then tested by the Galerkin method and
discretized as a matrix equation:

−

〈
Le[J t1(r ′1)]+

K∑
i=2

Le[J ti(r ′i )]+K
e[JSd (r ′s),MSd (r ′s)], f 1m

〉
tan

=

〈
E inc(r ′1), f 1m

〉
tan
+
〈
K e[Js0(r ′s),Ms0(r ′s)], f 1m

〉
tan

· · ·

−

〈
Le[J tk (r ′k )]+

K∑
i=1,i6=k

Le[J ti(r ′i )]

+ K e[JSd (r ′s),MSd (r ′s)], f km

〉
tan

=

〈
E inc(r ′k ), f km

〉
tan
+
〈
K e[Js0(r ′s),Ms0(r ′s)], f km

〉
tan

· · ·

−

〈
Le[J tK (r ′K )]+

K−1∑
i=1

Le[J ti(r ′i )]

+ K e[JSd (r ′s),MSd (r ′s)], f Km

〉
tan

=

〈
E inc(r ′K ), f Km

〉
tan
+
〈
K e[Js0(r ′s),Ms0(r ′s)], f Km

〉
tan

(r ′s ∈ S
po
r , rk ∈ S

mom
k , k = 1,2. . .K ) (14)

where the inner product of the vector is defined as 〈f , g〉 =∫
s
f · gds. This equation can be simplified as[

Z1mn + Z
1t
mn + Z

1S
mn

]
· [α1] =

[
V inc

1 + V
S
1

]
· · ·[

Zkmn + Z
kt
mn + Z

kS
mn

]
· [αk ] =

[
V inc
k + V

S
k

]
· · ·[

ZKmn + Z
Kt
mn + Z

KS
mn

]
· [αK ] =

[
V inc
K + V

S
K

]
(15)

where Zkmn is the self-impedance matrix on the target Smomtk ,
Zktmn is the mutual-impedance matrix between the target Smomk
and the other targets, andZkSmn is themutual-impedancematrix
between the targets and the rough surface. V inc

m is excitation
from the outer incident field, and VS

m is excitation due to the
interaction between the rough surface and the incident field.

The bistatic scattering coefficient (BCS) can be expressed
as

σαβ = lim
r→∞

4πr2
∣∣ESur
α + E

Tar
α

∣∣2 cos θi∣∣∣Ei
β

∣∣∣2 · S · cos θi (16)

where α is the scattering direction; β is the incident direction;
ESur
α and ETar

α are the α− polarized scattering electric fields
of the rough surface and the targets, respectively; Ei

β is the
β− polarized incident electric field; θi is the incident angle;
and S · cos θi is the projected area that is illuminated by the
incident wave in the direction of vertical polarization. The
BCS can be obtained after the electric currents are induced
on the targets and the electric and magnetic currents on the
rough surface are calculated.

III. MODIFICATIONS AND ACCELERATION TECHNIQUES
A. FAFFA-MLFMA ACCELERATION TECHNIQUES
In Eq. (15), ZkSmn denotes the mutual-impedance matrix
between objects and rough surfaces, which is obtained
by vector-matrix multiplications between objects and
rough surfaces. The computational complexity of ZkSmn is
O(2M2P) [31], where M and P denote the number of basic
functions in theMoM-region and the PO-region, respectively.
Apparently, ZkSmn is time-consuming for an electrically large
PO-region. To accelerate the vector-matrix multiplications,
the multilevel fast multipole algorithm(MLFMA) and the fast
far field approximation (FaFFA) are introduced.

1) MLFMA Algorithm
To operate the MLFMA and FaFFA algorithms, first,
the model of 3D multiple objects is immersed in the smallest
box that refers to the level zero. The zero-th box is then
divided into eight subboxes, which are referred to the first
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level. Each first level box is divided into eight boxes that
are located in the second level. The procedure is recursively
continued until the finest level Lf and the size of the box
in this level are approximately 0.2λ ∼ 0.5λ. Thus, an oct-
tree structure is made with the above procedure. Similarly,
a quad-tree structure is made for rough surfaces. With the tree
structure made, boxes at each level are indexed, and only the
no-empty boxes are recorded.

Themultilevel fast multipole algorithm (MLFMA) is based
on the addition theorem. Suppose that rm and rm′ are the cen-
ter vectors of the field group and source group, respectively.
ra and rb are the field point and source point, respectively,
and rab = ra − rb = ram + rmm′ − rbm′ . When the distance
meets the condition |rmm′ | > |ram− rbm′ |, the Green function
defined on the Ewald sphere can be expressed as [32]

eik|rab|

|rab|
=

ik
4π

∫
SE
d2k̂e−jk·(ram−rbm′ )αmm′ (k̂ · rmm′ ) (17)

where
∫
SE
d2k̂ denotes the integral on the unit sphere,

the Ewald sphere. αmm′ (k̂ · rmm′ ) is the translator from the
center of the field group to the center of the source group,
and it can be expressed as follows:

αmm′ (k̂ · rmm′ ) =
L∑
i=0

(−j)l(2l + 1)h(1)l (krmm′ )Pl(k̂ · r̂mm′ )

(18)

where h(1)l is the spherical Hankel function of the first kind,
Pl is the Legendre polynomial, and L is the transaction num-
ber of infinite summation. According to Ref. [33]

L = int
[
kD0 + 1.8d2/30 (kD0)1/3

]
(19)

whereD0 is the largest group size. d0 = log(1/ς) denotes the
required accuracy, and ς is the transaction error; generally,
ς ≤ 10−3. The total sampling numbers of k̂ on the Ewald
sphere can be written as [34]

K = 2L2 + 4 (20)

Apparently, the total sampling numbers are enormous, and a
great deal of computation resources is needed to perform the
translator in the MLFMA.

2) FaFFA ALGORITHM
However, the MLFMA is still expensive for solving the inter-
action between large electrical objects and rough surfaces
because the translator in the MLFMA is defined on the
Ewald sphere with multiple k̂ directions. When the group
distance is well separated, the translator can be simplified by
using the FaFFA, where only a single k̂ vector is involved in
the translator along the ray-propagation direction. When the
group distance krmn is large enough, the Green function can
be simplified as

eik|ri−rj|

|ri−rj|
∼
eikrmn

rmn
eikr̂mn·(rim+rnj)=

ik
4π

∫
SE
d2keikk̂·(rim+rnj)αfarmn

(21)

where

αfarmn = 4π
eikrmn

ikrmn
δ(k̂ − r̂mn) (22)

Here, we show that only k̂ is involved in the FAFFA translator
along the ray-propagation direction from group m to group n,
as illustrated inEq.(22).

3) COMBINATION OF FaFFA AND MLFMA
In the FaFFA, the far-field condition can be expressed as

rmn ≥ 3γ
√
(Dlx)2 + (Dly)2 + (Dlz)2 (23)

where 3
√
(Dlx)2 + (Dly)2 + (Dlz)2 is the maximum distance of

two groups in the second near neighbors [28], and γ ≥ 1.
Moreover, the coarsest level LC should satisfy the condition
LC > 2. Thus, when the distance between the source point
and the field point satisfies the far-field condition, the FaFFA
is used; otherwise, the MLFMA is used. The interactions in
the near field area that do not meet the far-field condition are
performed with the MLFMA and are defined on the Ewald
sphere with many sampling directions. With the distance
increasing such that the far-field condition can be satisfied,
the translator function is simplified as one sampling direction,
where the computing complexity is greatly reduced. An illus-
tration of the MLFMA-FaFFA is shown in Figure. 2. The
MLFMA area and the FaFFA area change with changing the
distance between the rough surface and the object. When
the object is close to the rough surface, the MLFMA area
will enlarge, while the FaFFA area will decrease; as a result,
the computing time will increase. However, as the distance
increases, the MLFMA area will decrease, the FaFFA area
will increase, and the computational complexity will decrease
correspondingly. Furthermore, when the distance between the
facets in the rough surface is very large, its contribution to
the mutual interaction is small and could even be ignored.
Thus, the very-far facets are discarded to further reduce the
computational complexity, and this thought will be discussed
next.

A

B

mnR

qrnqr
n

pmr pr
m

MLFMA area

FaFFA area

FaFFA

cL

r

H

o

FIGURE 2. Illustration of MLFMA-FaFFA.

B. ADAPTIVE INTEGRAL METHOD(AIM)
Although the impendence matrix ZkSmn is accelerated by the
FaFFA, the impedance matrix

[
Zkmn + Z

kt
mn + Z

kS
mn
]
is still

time-consuming, with a computing complexity of O(M2).
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FIGURE 3. Models of truncation for rough surface.

Thus, the adaptive integral method (AIM) is introduced to fur-
ther accelerate theMoMpart. TheAIM is used by introducing
the auxiliary basis function located on the series of grid
nodes [30]. The main process of AIM is shown as follows:

(i). The vector-matrix
[
Zkmn + Z

kt
mn + Z

kS
mn
]
is split into the

near interaction termZkmn, which denotes the self-impendence
matrix of the object, and the far interaction term

[
Zktmn + Z

kS
mn
]
,

which denotes the mutual interaction between different
objects and interaction between objects and the rough surface.

(ii). TheMoM basis function is projected to the grid points.
(iii). The near interaction term Zkmn is calculated directly,

and the far interaction term
[
Zktmn + Z

kS
mn
]
is accelerated

by FFT.
With the AIM, the computing complexity of the indepen-

dence matrix in the MoM area is successfully reduced from
O(M2) to O(M log M ).

C. TRUNCATION FOR ROUGH SURFACE
When computing composite scattering from objects above a
rough surface, to fully consider the scattering contribution of
a rough surface, the size of the rough surface needs to be
large enough. However, as the distances between the rough
surface and objects increase, the interaction between them
becomes weaker. Thus, it is of great importance to set the
proper size of a rough surface to avoid enormous computation
for electric currents on rough surfaces and fully consider the
interaction between objects and rough surfaces. According to
the Kirchhoff approximation, the scattering field in the spec-
trum reflection direction is the strongest, which is used as the
principle for setting the proper size of the rough surface [29].

Suppose that objects are surrounded in a cuboidwith length
ranges from xmin to xmax, width ranges from ymin to ymax, and
height ranges from zmin to zmax. According to the principle of
light illumination, the length of the rough surface is

x1 = xmin − zmax tan θ

x2 = xmax + zmax tan θ (24)

The width of the rough surface is

y1 = ymin − zmax tanϕ

y2 = ymax + zmax tanϕ (25)

where θ = max{θi, θs1, θs2, . . . , θsn}, and ϕ =

max{ϕi, ϕs1, ϕs2, . . . , ϕsn}. (θi, ϕi) is the i-th incident angle,
and (θsi, ϕsi) is the i-th scattering angle.

FIGURE 4. Geometry of a rough surface (a)hr = 0.1m, lx = ly = 1.0m,
(b)hr = 0.3m, lx = ly = 1.0m.

FIGURE 5. Illustration of a single sphere above a rough surface.

IV. MODEL OF ROUGH SURFACES
In this paper, the rough surface area of SPOr is simulated by the
Gaussian spectrum function [35], and the spectrum function
W
(
Kxm,Kyn

)
can be expressed as

W (Kx ,Ky) =
lx lyh2

4π
exp(−

K 2
x l

2
x

4
−
K 2
y l

2
y

4
) (26)

where lx and ly are the correlation lengths of the rough
surface, and h is the root mean square height of the rough
surface. Figure 4 presents the geometry of the rough surface.

V. NUMERICAL SIMULATIONS
A. VERIFICATION OF THE IMPROVED MOM-PO
To verify the improved MoM-PO hybrid method, an example
of a single conductor sphere above the underlying rough
surface is considered, as shown in Figure 5. The calculation
parameters are as follows: the working frequency is f =
0.3 GHz, the incident angle is θi = 30◦ and ϕi = 0◦,
the observation angle is θs = −90◦ ∼ 90◦ and ϕs = 0◦,
the rough surface type is silt clay, the moisture of silt clay
mv is = 0.3 g·cm3, the environment temperature is 22◦C, the
relative dielectric constant ε = (8.69,−0.47), the size of the
rough surface is Lx × Ly: 40× 40 (m2), the root mean square
height of the rough surface is hin 0.1m, the correlation length
of the rough surface is lx=ly=1 m, five sampling points are
considered per wavelength, the size of the perfect conductor
sphere is r3 = 1 m3, and the height of the sphere above the
underlying surface is H = 5 m. The computing platform is
an AMD processor with a speed of 3.2 GHz, a 64-bit kernel
and 64 GB RAM. The examples in this paper calculate the
statistical average of 30 rough surfaces by the Monte Carlo
method.
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FIGURE 6. Comparison results of four different polarizations obtained by
two different solvers: (a) VV polarization, (b) VH polarization, (c) HH
polarization, and (d) HV polarization.

The simulation results of the horizontal-horizontal
(HH)polarization, vertical-vertical (VV) polarization,
horizontal-vertical (HV) polarization and vertical-horizontal
(VH) polarization are shown in Figure 6. The proposed
method agrees well with the MoM. To better analyze the
accuracy of the proposed method, the function of error anal-
ysis is used, and the expressions of mean deviation and max
deviation are

〈γ 〉 =
1
Nθs

∑
{θs}

|γ T (θs)− γM (θs)| (27)

max γ = max
{θs}
|γ T (θs)− γM (θs)| (28)

where γ T (θs) is the BCS obtained by improved MoM-PO,
γM (θs) is the BCS obtained by the MoM, and Nθs is the
number of scattering angles.

TABLE 1. Error analysis for different polarizations.

The comparison results are shown in TABLE 1. In VV and
HH polarizations, this proposed method agrees well with the
MoM under the PO condition. In VH and HVpolarizations,
the accuracy of the proposed method is not satisfactory. The
reason for this is that the proposed method has not considered
the coupling interaction between different facets on the rough
surface.

The simulation results obtained for different root mean
square (RMS) values are shown in Fig. 7. The calculation

parameters are the same as those in Figure 6 except for
the RMS height. The RMS heights are hin = 0.1 λ and
hin = 0.3 λ. With increasing RMS, the BCS in the specular
direction decreases, and the BCS in the backward scattering
direction increases. The reason is that the BCSs in the specu-
lar direction are mostly caused by coherent scattering, while
the BCSs in the backward scattering direction are mostly
caused by incoherent scattering. Thus, with increasing RMS,
coherent scattering becomes weak, and incoherent scattering
becomes stronger, which results in weak BCSs in the spec-
ular direction and stronger BCSs in the backward scattering
direction.

FIGURE 7. Comparison results obtained for different RMS values by two
different solvers: (a) hin = 0.1λ and (b) hin = 0.3λ.

The different results are compared in TABLE 2. As the
RMS increases, the accuracy of the imposedmethod worsens,
especially at large incident angles. The reason for this lies in
that the mutual interaction becomes stronger when the RMS
increases and the imposed method ignores it. These results
show that this proposedmethod has limitations, especially for
rough surfaces with large RMS heights. Thus, this method is
suitable for composite scattering from complex targets above
a surface with a small RMS.

TABLE 2. Error analysis for different RMS.

The computational times and storage requirements for the
two solvers are compared in Table 3. The storage requirement
of the improved MoM-PO is 0.12% of that of MoM, and the
computation time of the improved MoM-PO is 2.3% of that
of the MoM. This result shows that the improved MoM-PO
technique has a low storage requirement and high efficiency.

B. COMPOSITE SCATTERING FROM DIFFERENT
QUANTITIES OF OBJECTS ABOVE A ROUGH SURFACE
A comparison of the results obtained for the BCS from one,
two, and three cubes above a rough surface is presented
in Figure 7. The size of the cubes is l×l×l: 2 × 2 × 2 (m3),
the incident angle is θi = 30◦ and ϕi = 0◦, the observation
angle is θs =-90◦ ∼90◦ and ϕs =0◦, the rough surface
is silt clay, the moisture content of silt clay mv is = 0.3
g·cm3, and the relative dielectric constant ε = (8.69, −0.47).
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FIGURE 8. Bistatic scattering coefficient (BCS) obtained for different
numbers of objects.

TABLE 3. Comparison of the computation results and storage
requirement by three solvers.

It is observed that BCS increases with increasing numbers
of targets. Moreover, the BCS values obtained for the cubes
with different numbers of targets above the rough surface are
the same in the mirror scattering direction, and the difference
between the BCS values for the cubes with different numbers
of targets increases with increasing scattering angles. This
finding is because the mutual interaction between the targets
and the underlying rough surface has little influence onmirror
scattering, while in the other directions, the BCS increases
with the increasing numbers of targets.

C. COMPOSITESCATTERING FROM OBJECTS ABOVE A
ROUGH SURFACE WITH DIFFERENT INCIDENT ANGLES
The composite scattering models for the cubes above a
silt clay surface with different incident angles are shown
in Figure 9. The comparison of the obtained BCS with dif-
ferent incident angles is presented in Figure 10. The incident
angles are θi = 30◦ and ϕi = 0◦, θi = 30◦ and ϕi = 45◦ and
θi = 30◦ and ϕi = 90◦, and the observation angles are θs =
−90◦ ∼90◦ and ϕs = 0◦, θs = −90◦ ∼90◦ and ϕs = 45◦ and
θs =−90◦ ∼90◦ and ϕs = 90◦; the size of the cubes is l×l×l:
2×2×2m3, the rough surface is silt clay, themoisture content
of silt clay mv is = 0.3 g·cm3, and the relative dielectric
constant ε = (8.69, −0.47). It is observed that the BCS from
the cubes above silt clay with the incident angle of θi = 30◦

and ϕi = 0◦ is the largest among the values obtained for the
three incident angles. The fluctuation of the BCS from the
cubes above silt clay is larger for the incident angle of θi =
30◦ and ϕi = 45◦ than that for the incident angles of θi =
30◦ and ϕi = 0◦ and θi = 30◦ and ϕi = 90◦. This finding is

FIGURE 9. Models of composite scattering from cubes above a rough
surface with different incident angles: (a) incident angle is θi = 30◦ and
ϕi = 0◦; (b) incident angle is θi = 30◦ and ϕi = 45◦; (c) incident angle is θi
= 30◦ and ϕi = 90◦.

FIGURE 10. Bistatic scattering coefficient (BCS) obtained for different
incident angles.

because the illuminated area is larger for the incident angle
of θi = 30◦ and ϕi = 0◦ and because scattering from an edge
is stronger for the incident angle of θi = 30◦ and ϕi = 45◦.

D. COMPOSITE SCATTERING FROM OBJECTS WITH
DIFFERENT LOCATIONS ABOVE A ROUGH SURFACE
The model of the cubes with different positions above the
rough surface is shown in Figure 11. The BCS results
obtained for the three cubes parallel to the rough surface and
for the three cubes rotated by 45◦ relative to the rough surface
are compared in Figure 12. The three cubes are located above
the rough surface and are parallel to and rotated by 45◦ with
respect to the rough surface; the incident angle is θi = 30◦

and ϕi = 0◦, the observation angle is θs =−90◦ ∼90◦ and ϕs
= 0◦, the size of the cubes is l×l×l: 2× 2× 2 m3, the rough
surface is silt clay, the moisture of the soil mv is= 0.3 g·cm3,
and the relative dielectric constant ε = (8.69, -0.47). The
mirror scattering from the two different positions is the same,
and the backward scattering from the three cubes parallel to
the rough surface is stronger than that for the three cubes
rotated by 45◦ with respect to the rough surface. However, for
the composite model in the large scattering angle directions,
the BCS obtained for the cubes rotated by 45◦ with respect
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FIGURE 11. Models of composite scattering for cubes with different
positions above a rough surface: (a) three cubes parallel to the rough
surface and (b) three cubes rotated 45◦ with respect to the rough surface.

FIGURE 12. Bistatic scattering coefficient (BCS) obtained for different
positions of the objects.

to the roughness is higher than that for three cubes parallel
to the rough surface. This result is because the contact area
between the cubes and the rough surface is larger when the
cubes are parallel to the rough surface, contributing to the
increased mutual interaction between the cubes and the rough
surface. Due to scattering from the edge of the cubes, the BCS
obtained from the cubes rotated by 45◦ with respect to the
rough surface is larger in the large scattering angle directions.

E. COMPOSITE SCATTERING FROM DIFFERENT TYPES OF
OBJECTS ABOVE ROUGH SURFACE
The model of composite scattering from different types of
targets above the rough surface is shown in Figure 13. The
BCS results obtained for the three different types of targets
above a rough surface are compared in Figure 14. The targets
are spheres, cylinders and cubes, the incident angle is θi =
30◦ and ϕi = 0◦, the observation angle is θs = −90◦ ∼90◦

and ϕs = 0◦, the size of the cubes is l×l×l: 2 × 2 × 2 m3,
the size of the cylinders is πr2 × l: π×12×2 m3, the size
of the spheres is 4/3πr3:4/3π×12 m3, the rough surface is
silt clay, the moisture of the soil mv is = 0.3 g·cm3, and the
relative dielectric constant is ε = (8.69, -0.47). It is observed
that the highest BCS values are obtained for the three cubes
above a rough surface and that the BCS obtained for the
three spheres above a rough surface are the lowest. Moreover,
both in the mirror scattering direction and in the backward
scattering direction, the BCS obtained for the cubes above a
rough surface are higher than those obtained for the spheres
and cylinders. This result is because the cubes have more

FIGURE 13. Models of composite scattering for cubes with different types
above a rough surface: (a) three spheres above a rough surface, (b) three
cylinders above a rough surface, and (c) three cubes above a rough
surface.

FIGURE 14. Bistatic scattering coefficient (BCS) obtained for different
types of objects.

edges than either the cylinders or spheres, leading to stronger
interactions between cubes and rough surfaces.

F. COMPOSITE SCATTERING FROM OBJECTS ABOVE
DIFFERENT TYPES OF ROUGH SURFACE
TheBCS values obtained for three cubes above three different
types of rough surfaces are compared in Figure 15. The rough
surface types are sandy soils, silt loam and silt clay, and the
relative dielectric constants of sandy soils, silt loam and silt
clay are ε = (15.10, −0.91), ε = (13.61, −0.79), and ε =
(8.69, −0.47), respectively. The incident angle is θi = 30◦

and ϕi = 0◦, the observation angle is θs = −90◦ ∼90◦ and
ϕs = 0◦, the size of the cubes is l×l×l: 2× 2× 2 m3, and the
soil moisture mv is = 0.3 g·cm3. It is observed that the BCS
values obtained for the cubes above the sandy soils are higher
than those obtained for the other soil types. Moreover, in the
mirror scattering direction, the BCS values obtained for the
cubes above the sandy soil are higher than those obtained for
cubes above silt loam and silt clay. This result is because the
relative dielectric constant of sandy soils is higher than that of
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FIGURE 15. Bistatic scattering coefficient (BCS) obtained with different
types of soil.

FIGURE 16. Bistatic scattering coefficient (BCS) obtained for different soil
moisture contents.

silt loam and silt clay, leading to a stronger reflection effect
for sandy soils and a stronger interaction between the cubes
and sandy soils.

G. COMPOSITE SCATTERING FROM OBJECTS ABOVE A
ROUGH SURFACE WITH DIFFERENT MOISTURE CONTENTS
OF THE SOIL
The BCS values obtained for three cubes above silt clay with
different moisture contents are compared in Figure 16. The
rough surface is silt clay, the moisture contents of silt clay are
mv = 0.2 g·cm3, mv = 0.3 g·cm3, and mv = 0.4 g·cm3, and
the relative dielectric constants of silt clay with three different
moisture contents are ε = (4.56, 0.09), ε = (8.68, 0.19), and
ε = (16.29, 0.37). The incident angle is θi = 30◦ and ϕi = 0◦,
the observation angle is θs =−90◦ ∼90◦ and ϕs = 0◦, and the
size of the cubes is l×l×l: 2×2×2 m3. It is observed that as
the moisture content of the rough surface increases, the real
part of the relative dielectric constant increases strongly, and
the imaginary part of the relative dielectric constant decreases
slightly. Thus, the BCS values obtained for the cubes above
silt clay with a moisture content mv of = 0.4 g·cm3 are the
highest. Moreover, the BCS obtained for the cubes above the
silt clay increases both in the mirror scattering direction and

in the backward scattering direction with increasing moisture
content. This result is because the relative dielectric constant
increases with increasing moisture content, contributing to
the increasing reflection effects of silt clay and the increase
in the interaction between the cubes and the silt clay rough
surface.

VI. CONCLUSION
To solve scattering from multiple 3D conducting objects
above a 2D random electrically large rough dielectric sur-
face, an improved hybrid method combining the method of
moment and the physical optics method is proposed in this
paper. The contribution of the PO area and interactions of
different objects are coupled into the independence matrix
equation of the MoM part. In the coupled MoM-PO tech-
nique, computation of the interactions between objects and
rough surfaces and solving for the impedancematrix equation
are two problems. To solve the computational bottleneck,
accelerating techniques are adopted. First, the combined mul-
tilevel fast multipole algorithms and fast far field approxi-
mation (MLFMA-FaFFA) are used to accelerate the matrix
vector multiplications between objects and rough surfaces.
The rough surface truncation technique is applied to further
reduce computation complexity. In addition, the adaptive
integral method (AIM) is applied to solve the impedance
matrix equations of theMoM part. Compared with traditional
MoM-PO, this improved hybrid method is proven to be much
faster and maintain the same accuracy. Finally, the BCSs
obtained for multiple objects above a random dielectric rough
surface under different conditions are analyzed and discussed
in detail. Our future study will address composite scattering
from multiple dielectric objects above a random dielectric
rough surface by the improved MoM-PO method.
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