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Abstract—The higher order method of moments (HMOM) has been
proposed to calculate the bistatic scattering from two-dimensional
(2D) perfectly electric conducting (PEC) rough surface in this paper.
The electric field integral equation (EFIE) is solved through the
HMOM with the hierarchical higher order basis functions which
are the modified Legendre polynomials. The non-uniform rational
B-spline (NURBS) surface is applied to model the plane surface
related to the rough surface. Validity of this approach is shown by
comparing the bistatic scattering coefficient (BSC) to that of lower
order MOM (LMOM) with the Rao-Wilton-Glisson (RWG) or rooftop
basis function. This approach has fewer segments in the parametric
directions than the LMOM with rooftop basis, and is more efficient for
the fewer unknowns and requires less memory than the LMOM with
RWG basis. Properties of bistatic scattering from a 2D Gaussian rough
surface are also exhibited and analyzed.

1. INTRODUCTION

Electromagnetic (EM) wave scattering from the rough surface has
been extensively studied over the past decades and is a popular
topic to researchers [1–4], for its important role in surface physics,
satellite remote sensing, radar data interpretation and signal processing
problems. There have been many methods to solve this scattering
problem such as the methods based on the approximate analytical
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method and the numerical methods from the Maxwell’s equations.
Three of the most widely used analytical methods are the Kirchhoff
approximation (KA) [5], the small perturbation method (SPM) [5],
and the small slope approximation (SSA) [6]. Numerical methods have
more general applicability and have been widely presented to compute
the EM scattering from rough surface [7–9]. In these numerical
methods, the MOM technique [10] is more widespread and accepted
for its high accuracy. Unfortunately, the number of unknowns with
the 2D rough surface modeled by the flat triangular patch is extremely
large, which leads to the computational requirements increasing and
impossible to solve by the LMOM with the RWG basis [11] on the
personal computer. When there are 64 discrete points both along the
x and y directions, the surface current unknowns will be N = 11781
with the flat triangular patch. New geometric modeling methods
have been considered to reduce the number of unknowns, such as, the
quadrilateral patch [12] and the NURBS surface [13]. The number of
unknowns will be N = 8096 with the quadrilateral patch or N = 760
with the NURBS surface to deal with the scattering problem mentioned
above. It is obviously found that the number of unknowns with the
NURBS surface has been greatly reduced.

A hierarchical higher order basis includes the lower order basis,
e.g., the RWG [11] and the rooftop [14]. Here, the modified Legendre
polynomials [15], which impose the continuity between neighboring
elements and maintain most of their satisfied characters, have been
chosen as the hierarchical higher order basis. And this hierarchical
higher order basis has lower matrix condition number than the power
series [16]. To directly generate the impedance matrix, the position
vectors of the source points and field points will be repeatedly
computed for different orders and consumed time. In this paper, the
position vectors have been independently calculated on the orders of
the basis functions to reduce the computing time. When the EFIE
is discretized with the hierarchical higher order basis function to a
matrix equation, the 1/R singularity will be inevitable. In [16], the
integral has been divided into two parts on account of Taylor’s formula.
In [17], the singularity cancelation method has been applied to treat
the singular integrals via coordinate transformation. In this study, the
singular integrals are treated by dividing the source patch into five sub-
patches. The integrand of the four edge sub-patches is handled similar
as the nonsingular parts. The singularity subtraction method [18] is
applied in the middle sub-patch.

The purpose of this paper is efficiency and accuracy in calculating
the bistatic scattering from 2D PEC rough surface by the HMOM
based on the previous work [13, 19–22] of our research teams. To
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our knowledge, this is the first time that the HMOM is introduced
to calculate the BSC of rough surface, and the BSC is obtained and
compared to that of LMOM with RWG or rooftop basis function to
verify the validity.

This paper is organized as following. There are three points
in Section 2: (1) modeling the 2D rough surface with the NURBS
surface; (2) definition of the hierarchical higher order basis functions;
(3) formulas of bistatic scattering from 2D PEC rough surface
calculated through the HMOM method. Section 3 presents the
optimized process in generating the impedance matrix and the
treatment of the singular integrals. Validity of the technique proposed
in this paper is firstly shown in Section 4. Several numerical results
and analyses are also exhibited in Section 4 to discuss the influences of
polarization, rms height and correlation length of the Gaussian rough
surface on the BSC. Section 5 ends with a summary of this paper and
the proposition about further investigation in this topic.

2. FORMULAS

2.1. Modeling the 2D Rough Surface with the NURBS
Surface

How to simulate a 2D Gaussian rough surface is proposed in detail
in [12]. In this study, δ and l are the rms height and the correlation
length of the Gaussian rough surface, respectively. The edge length
of the Gaussian rough surface is denoted by L. Figure 1 illustrates
a geometric model of a 2D Gaussian rough surface, where δ = 0.1λ,
l = 1.0λ, ∆x = ∆y = 0.1λ and L = 6.3λ. Definition of the NURBS
surface is shown in [23].
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Figure 1. Geometry of a 2D
Gaussian rough surface.

Figure 2. A plane surface
modeled by the NURBS surface.
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To model the Gaussian rough surface with the NURBS surface, the
plane surface (z = 0) related to the rough surface is firstly modeled by
the NURBS surface (see Figure 2). Then the control points, the degrees
and the weights for each control points can be obtained through the
IGES standard. After obtaining the height function of the Gaussian
rough surface, the control points of the plane surface are replaced by
the corresponding data of the rough surface. The weights and degrees
of the plane surface are still used. Then the Gaussian rough surface
can be reconstructed by the parameters of the plane surface and its
height function.

2.2. Definition of the Hierarchical Higher Order Basis
Functions

Definition of the higher order basis functions for MOM calculations
are given in [24] based on the higher order geometry. In this paper,
the modified Legendre polynomials proposed by Jørgensen et al. [15]
are presented as the hierarchical higher order basis functions as
following, which impose the continuity between neighboring elements
and maintain most of their satisfied characters.

p̃m(u) =

{1− u m = 0
1 + u m = 1
pm(u)− pm−2(u) m ≥ 2

(1)

and pm(u) is the Legendre polynomial and satisfies

pm(u) =
1

2mm!
dm

dum

(
u2 − 1

)m (2)

Figure 3. The normalized inner product matrix [S1D] for the modified
Legendre polynomial p̃m(u).
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Then the elements of the normalized inner product matrix [S1D]
can be defined as

S1D =
∫ 1

−1
p̃m(u)p̃n(u)du (3)

The normalized inner product matrix [S1D] for the modified Legendre
polynomial p̃m(u) is illustrated in Figure 3. One can observe that
p̃m(u) provides a diagonally strong [S1D].

Using the higher order basis function of the modified Legendre
polynomials of (1), the u-directed current Ju

s (u, v) can be written as

Ju
s (u, v) =

ru(u, v)
|ru(u, v)× rv(u, v)| ×

Nu−1∑

n=0

Nu∑

m=0

αmnC̃u
mp̃m(u)Cv

npn(v) (4)

where, p̃m(u) is the modified Legendre polynomial, pn(v) the Legendre
polynomial, and ru(u, v) and rv(u, v) the u-directed and v-directed
partial derivatives, respectively. Nu is the order of Ju

s , and αmn are
unknown coefficients. C̃u

m and Cv
n are defined as

C̃u
m =

{ √
6

4 m = 0, 1√
(2m−3)(2m+1)

4(2m−1) m ≥ 2
(5)

Cv
n =

√
n +

1
2

(6)

The surface divergence of Ju
s (u, v) is

∇s · Ju
s (u, v) =

1
|ru(u, v)× rv(u, v)|

×
Nu−1∑

n=0

Nu∑

m=0

αmnC̃u
m

d

du
[p̃m(u)]Cv

npn(v) (7)

The v-directed current Jv
s(u, v) and surface divergence ∇s ·Jv

s(u, v) are
defined similar as those in (4) and (7), respectively.

2.3. Formulas of Bistatic Scattering from 2D PEC Rough
Surface by the HMOM

Suppose an EM wave impinging upon a 2D PEC Gaussian rough
surface with the height function z(rs) as shown in Figure 4. The
time dependence is e−iωt, and the incident wave propagates in the −z
direction. k̂i = x̂ sin θi cosϕi + ŷ sin θi sinϕi− ẑ cos θi, where θi and ϕi

are the incident angle and incident azimuth angle. k̂s = x̂ sin θs cosϕs+
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Figure 4. Geometric model of bistatic scattering from a 2D PEC
Gaussian rough surface.

ŷ sin θs sinϕs + ẑ cos θs, θs and ϕs are the scattered angle and the
scattered azimuth angle.

To avoid the artificial edge diffraction resulting from the finite
length of the simulated rough surface, the incident wave can not be
simply chosen as a plane wave, and should be expressed as a Gaussian
beam which has a Gaussian shape with half-width W centered at
rs = 0 in the z = 0 plane. Consider an incident Gaussian beam,
which uses a summation of plane waves, illuminating the geometry
model as shown in Figure 4, which is exhibited as [12]

Einc(rs) =
2πW 2

L2

∑

|K|≤k0

êinc(K) exp(iK · rs)

× exp(−ikzz) exp [−(K−K0)2W 2/2] (8)

here, K0 = k0(sin θi cosϕix̂ + sin θi sinϕiŷ). L denotes the edge
length of the rough surface. The summation over K = kxx̂ + kyŷ
is computed with kx and ky being multiples of 2π/L. kz satisfies

kz =
√

k2
0 − (k2

x + k2
y) for each K, and

êinc(K) =





1√
k2

x+k2
z

(kz, 0, kx) V

(kxky ,−(k2
x+k2

z),−kykz)

k0(k2
x+k2

z)1/2 H
(9)

V and H indicates the incident Gaussian beam is considered at vertical
or horizontal polarization. The magnitude of the Gaussian beam
normally incident on a 2D Gaussian rough surface is shown in Figure 5.

Then the EFIE for solving the surface current unknown J(r) is [25]

n̂×Einc(r)= n̂×−ik0η0×
∫

S

[
J(r′)G(r, r′)+

1
k2

0

∇′ ·J(r′)∇G(r,r′)
]
dS (10)
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Figure 5. Magnitude of a Gaussian beam normally incident on a 2D
Gaussian rough surface.

n̂ represents the unit normal vector of the rough surface. η0 is the
wave impedance, and G(r, r′) indicates the Green’s function in the
free space, i.e.,

G(r, r′) =
exp(ik0R)

4πR
=

exp(ik0|r− r′|)
4π|r− r′| (11)

To discretize the EFIE, the surface current unknown J(r) is
expanded into a set of hierarchical higher order basis function, and
the Galerkin technique is applied as the testing function. Then the
EFIE can be converted into the following matrix equation

¯̄Z · Ī = V̄ (12)

where, ¯̄Z is the impedance matrix with elements [16]

Zmn =−ik0η0×
∫

Sm

∫

Sn

[
Wm ·Jn −∇·Wm∇′ ·Jn

k2
0

]
G(r, r′)dSndSm (13)

Jn and Wm are the basis function and the testing function. Sm and
Sn are the patches corresponding to Wm and Jn. And the matrix ¯̄Z
can be also written as

¯̄Z =

[
¯̄Z

HH ¯̄Z
HL

¯̄Z
LH ¯̄Z

LL

]
(14)

where, greater than one order of Wm and Jn are used to obtain ¯̄Z
HH

,
and zero or one order of them are applied to get ¯̄Z

LL
. Similarly, one

can compute ¯̄Z
HL

and ¯̄Z
LH

. How to generate Zmn will be provided in
detail in Section 3.
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The voltage vector V̄ has elements as

Vm =
∫

Sm

Einc(r) ·Wm(r)dSm (15)

and,
V̄ = [V̄HV̄L]T (16)

here, greater than one order of Wm is applied to compute V̄H , and
zero or one order of Wm is used to calculate V̄L.

After solving the matrix Equation (12), the surface current J(r) is
obtained. In the observational direction with k̂s, BSC can be defined
as [12]

σab(k̂s, k̂i) =
4πR2(SR)a

P inc
(a, b = V, H) (17)

and,

(SR)a =
|Escat

a (k̂s)|2
2η0R2

(18)

P inc =
L2

2η0

4π2W 4

L4

∑

|K|≤k0

exp [−(K−K0)2W 2] · cos θK (19)

where, θK is the incident angle of each plane wave of the Gaussian
beam.

3. GENERATING THE IMPEDANCE MATRIX

3.1. Generating the Impedance Matrix

From (13), it is observed that calculating the double integrals is the
kernel of generating the impedance matrix. In this study, the rough
surface has been modeled by the NURBS surface. Namely, the elements
of ¯̄Z are given by

Zmn =−ik0η0×
∫ bum

aum

∫ bvm

avm

∫ bun

aun

∫ bvn

avn

F (um,vm;un,vn)dumdvmdundvn (20)

and,

F (um, vm; un, vn) = G
[
r(um, vm), r′(un, vn)

]

×
[

Wm(um, vm) · Jn(un, vn)
−∇·Wm(um,vm)∇′·Jn(un,vn)

k2
0

]
(21)
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According to the Gauss-Legendre single-integral integration
formula, the element Zmn has the form as

Zmn = −ik0η0 ×
Pum∑

um=1

Pun∑

un=1

Pvm∑

vm=1

Pvn∑

vn=1

GwumGwvmGwunGwvnF̃ (22)

where, Pum ∼ Pvn and Gwum ∼ Gwvn are degrees and weights of the
corresponding Gauss-Legendre integration formula, respectively. F̃ is
obtained from

F̃ =G
[
r(ũm, ṽm), r′(ũn, ṽn)

]×
[
Wm(ũm, ṽm) · Jn(ũn, ṽn)
−DmDn

∇·Wm(ũm,ṽm)∇′·Jn(ũn,ṽn)
k2
0

]
(23)

and, ũm = Gnum , Gnum is the corresponding knot of the Gauss-
Legendre integration formula. ṽm, ũn and ṽn have a similar form as
ũm. Dm and Dn can be expressed as

Dm =

{
2

bum−aum
for the u-directed Wm

2
bvm−avm

for the v-directed Wm
(24)

Dn =

{
2

bun−aun
for the u-directed Jn

2
bvn−avn

for the v-directed Jn
(25)

3.2. Optimized Algorithm in Generating the Impedance
Matrix

In (22), the position vectors of the source point r′(ũn, ṽn), filed point
r(ũm, ṽm) and Green’s function G(r, r′) have been repeatedly evaluated
for different orders of Wm and Jn. It will be time-consuming to
directly calculate Zmn. Analyzing the three variables, it is concluded
that they are independent of the orders of Wm and Jn. This issue
motivates several improvements to rapidly generate the impedance
matrix. In this investigation, an optimized algorithm has been used
by independently calculating the position vectors and the Green’s
function. This idea has been proposed by Notaros to analyze the
scattering of a dielectric scatters [26]. Moreover, this idea can be also
applied to rapidly calculate the voltage vector Vm and the scattered
filed.

Table 1 exhibits the computing time by directly calculating Zmn

and the optimized algorithm, where EM scattering from a plane surface
and a sphere has been considered. To create the hierarchical higher
order basis function, the maximum order is Nu = 3 and Nv = 3 for both
u-directed and v-directed surface current. There are 4 segments along
the u and v direction of the plane surface, 10 segments in the u direction
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and 5 segments in the v direction of the sphere. The superiority of the
optimized algorithm is obvious in Table 1.

3.3. Treatment of the Singular Integrals

When the source patch Sn and the filed patch Sm correspond to the
same patch, the 1/R singularity will be inevitable. Many methods have
been used to deal with the singularity [16, 17]. In this study, the source
patch Sn has been divided into five sub-patches as shown in Figure 6.
Hence, for Sn = Sm, Equation (13) can be also obtained as

Zmn = −ik0η0 ×
∫

Sm

[∫

S1

F1dS1 +
∫

S2

F2dS2 +
∫

S3

F3dS3

+
∫

S4

F4dS4 +
∫

∆S
F∆dS∆

]
dSm (26)

and, expressions of F1 ∼ F∆ are similar as those in (21).
The integrand of the four edge sub-patches S1 ∼ S4 can be treated

similar to the non-singular case of (20). It is necessary to note that ũn

and ṽn is different from those in (23), and has the following form

ũn =
2us − (bun + aun)

bun − aun

(27)

Table 1. The computing time by directly calculating Zmn and the
optimized algorithm, respectively.

Model
Directly t1
(Second)

Optimized t2
(Second)

t1/t2

Plane surface 935.33 36.53 25.6
Sphere 5184.08 331.25 15.65

S

S

SS

3

4

1

2

Figure 6. Dividing the source patch Sn into five sub-patches.



Progress In Electromagnetics Research, Vol. 130, 2012 95

where,

us =
bus − aus

2
Gnus +

bus + aus

2
(28)

ṽn can be obtained in the same way as that in (27).
The singularity subtraction method, which has been applied in [18]

for higher order polynomial vector basis functions on planar triangles,
is applied to calculate the integrand of the middle sub-patch ∆S. The
Green’s function (11) can be decomposed into two parts

G(r, r′) =
exp(ik0R)− 1

4πR
+

1
4πR

(29)

And the exponent can be also evaluated in the Taylor’s formula

exp(ik0R) = 1 + ik0R +
(ik0R)2

2!
+

(ik0R)3

3!
+ . . . (30)

Therefore, the first term of (29) can be computed by the Gauss-
Legendre integration formula. The right term can be analytically
calculated like ∫

S
f(r′)dS′ = 7.087

√
Sfavg (31)

S indicates the integral area, and

favg = f(rc) (32)

where, rc is the centre of S.

4. NUMERICAL RESULTS AND ANALYSES

To ensure validity of the proposed technique in this paper, the angular
distribution of the BSC from a 2D PEC Gaussian rough surface has
been calculated in Figure 7 by the HMOM, the LMOM with RWG
basis and the LMOM with rooftop basis. Both H and V polarized
incident waves are considered. Parameters of the incident Gaussian
beam are set at θi = 20◦, ϕi = 0◦ and W = L/4 [12]. The edge length
of the Gaussian rough surface is L = 6.3λ, and there are 64 discrete
points along both x and y directions. The Gaussian rough surface is
modeled by the NURBS surface with 23 control points in each direction
of u and v [13]. The rms height and correlation length of the Gaussian
rough surface are set to be δ = 0.1λ and l = 1.0λ.

In performing the LMOM with rooftop basis, the Gaussian rough
surface is divided into 20 segments in each parametric direction of u
and v. The number of unknowns is N = 760 [13]. In this study,
only 12 segments are divided in u and v directions. One can obtain
that the discrete interval is 0.3λ of the LMOM with rooftop basis
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and 0.5λ for the HMOM. In other words, there are fewer segments
in the parametric directions of the HMOM than those of the LMOM
with the rooftop basis. The HMOM is more efficient in calculating
the bistatic scattering from 2D rough surface with large size than the
LMOM with the rooftop basis. The maximum order of the hierarchical
higher order basis functions is Nu = 3 and Nv = 3 for the u-directed
and v-directed surface current. The number of unknowns will be
N = 2520 for the HMOM. To solve this scattering problem, the surface
current unknowns will be N = 11781 of the LMOM with RWG basis.
It is obviously concluded that the HMOM is more efficient for fewer
unknowns and requires less memory than the LMOM with RWG basis.
It is also obvious that, for the LMOM with RWG basis, N = 11781 is
extremely large and hardly to solve through the conventional MOM [10]
on the personal computer. Here, the parallel MOM algorithm with two
processors is utilized for the calculation with the RWG basis. As can
be seen in Figure 7, the scattering pattern of the HMOM is in good
agreement with that of the LMOM with RWG or rooftop basis near
the specular direction.

The comparisons of the simulating time and memory requirements
by the HMOM, the LMOM with rooftop or RWG basis for the same
surface realization is also listed in Table 2, where H and V indicate
the polarizations of the incident wave, respectively. The numerical
simulations are realized on the computer with a 2.33 GHz processor
(Intel Core 2 Quad Q8200), 8GB Memory, ASUSTekP5Mainboard,
Microsoft Windows Server 2003 Enterprise edition and the Visual
Fortran 6.5 compiler. MPICH 2.103 has been used. It needs to
point out that the simulating time by LMOM with the RWG basis

-90 -60 -30 0 30 60 90
-20

-10

0

10

20
 HMOM
 LMOM with rooftop
 LMOM with RWG

HH

s (deg)

(a)

-90 -60 -30 0 30 60 90
-30

-20

-10

0

10

20

VV

s (deg)θ θ

(b)

σ
 (

dB
)

σ
 (

dB
)

 HMOM
 LMOM with rooftop
 LMOM with RWG

Figure 7. Comparisons of the BSC from a 2D Gaussian rough surface
by different methods. (a) HH; (b) V V .
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Table 2. The simulating time and the memory requirements of
different methods for one same surface realization.

Polarization Method
Number

of unknowns

Memory

requirements

(MB)

Simulating

time

(Second)

HMOM 2520 98.75 2591.00

LMOM with

rooftop basis
760 10.29 2950.58

H

LMOM with

11781

(parallel

MOM

with two

processors)

2140.03

(parallel

MOM

with two

processors)

1833.31

(parallel

MOM

with two

processors)

RWG basis
–

(conventional

MOM)

–

(conventional

MOM)

–

(conventional

MOM)

HMOM 2520 98.75 2589.48

LMOM with

rooftop basis
760 10.29 2957.59

V
LMOM with

RWG basis

11781

(parallel

MOM

with two

processors)

2140.03

(parallel

MOM

with two

processors)

1820.44

(parallel

MOM

with two

processors)

–

(conventional

MOM)

–

(conventional

MOM)

–

(conventional

MOM)

corresponds to that of parallel MOM with two processors, and it is
difficult to give the calculating time by the conventional MOM for the
large number of unknowns.

From Table 2, it is readily found that the HMOM spends less time
to solve this scattering problem than the LMOM with rooftop basis.
Although the HMOM technique saves only a small percentage in terms
of simulating time and requires more memory than the LMOM with
rooftop basis, there are fewer segments in the parametric directions
of the HMOM than those of the LMOM with the rooftop basis. The
HMOM is more efficient in calculating the bistatic scattering from
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2D rough surface with large size than the LMOM with the rooftop
basis. Comparisons of the HMOM and LMOM with RWG basis show
that the HMOM can extremely reduce the number of unknowns and
memory requirements for both H and V polarizations. The HMOM is
more efficient for fewer unknowns and requires less memory than the
LMOM with RWG basis. However, calculating the bistatic scattering
from a 2D Gaussian rough surface through the HMOM is still time-
consuming. The parallel algorithm [13, 27] or the adaptive integral
method (AIM) [28] will be introduced in the future work.

In the next simulations, the properties of bistatic scattering from
a 2D PEC Gaussian rough surface are investigated and discussed.
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The BSC of Gaussian rough surface with different rms heights and
correlation lengths for both co-polarization and cross-polarization are
illustrated in Figure 8–Figure 11. The Gaussian rough surfaces are all
discreted with interval ∆x = ∆y = 0.1λ and have 64 discrete points
along x and y directions. There are 12 segments along both u and v
directions. To perform hierarchical higher order basis, the maximum
order is still Nu = 3 and Nv = 3. Parameters of the incident Gaussian
beam are W = L/4, θi = 20◦ and ϕi = 0◦. All the numerical results
of the BSC are computed by averaging 10 surface realizations.

Figure 8 and Figure 9 show the influences of the rms height δ on
the BSC of co-polarization and cross-polarization with the correlation
length l = 1.0λ. For the co-polarization (see Figure 8), there is an
obvious peak in the specular direction for the smaller rms height
δ = 0.1λ at both HH and V V cases, because the specular peak of
the coherent wave strongly depends on the surface roughness, and
the roughness of the Gaussian rough surface relies on rms height,
smaller rms height, more smoothness of the Gaussian rough surface,
leading to the obvious peak in the specular direction. Oppositely, for
larger rms height, the Gaussian rough surface becomes rougher and will
generate more contribution to the incoherent wave in the non-specular
direction. Considering the cross-polarization (see Figure 9), this
phenomenon is more obvious because the BSC of the cross-polarization
relies more on incoherent wave. With increasing rms height, more
energy is scattered by the incoherent wave. Consequently, the
incoherent scattering is enhanced with increasing surface roughness.
In Figure 9, the backscattering angle is labeled in the dashed line, and
the backscattering coefficients are shown. From Figure 9, it is found
that the backscattering coefficients satisfy approximately V H = HV
at the backscattering angle.

Further investigation on the relationship between the BSC and
the correlation length l for both co-polarization and cross-polarization
are plotted in Figure 10 and Figure 11, respectively, where the rms
height is δ = 0.1λ. As apparent in Figure 10, there is a wider
band of the BSC near the specular direction for the larger correlation
length l = 1.0λ, and this behavior shows the fact that the height
of Gaussian rough surface changes gently for the larger correlation
length, which causes a more coherent scattering contribution to the
BSC near the specular direction. Whereas, the smaller the correlation
length is, the greater the BSC is far from the specular direction for
both HH and V V polarizations. The primary reason for this is that
by keeping the rms height constant and decreasing the correlation
length, the electromagnetic roughness is constant, but the rms slope
increases, leading to a higher angular spreading of the scattered energy,
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which implies an increase of the scattered energy in the incoherent
scattering direction. Similar result is obtained by considering the
cross-polarization in Figure 11, but the BSC is greater over the
whole scattering regions (including the secular direction) for the
small correlation length. Similar to the computing case in Figure 9,
from Figure 11, it is also seen that the backscattering coefficients
approximately satisfy V H = HV at the backscattering angle.

The azimuth variation of the BSC from the 2D Gaussian rough
surface is depicted in Figure 12 for both co- and cross-polarizations,
where parameters of the Gaussian rough surface are δ = 0.1λ, l = 0.5λ.
The scattered angle is θs = θi = 20◦. From Figure 12(a), it is readily
seen that the BSC has a greatest value with ϕs = 0◦ for both HH
and V V polarizations. We attribute this behavior to the fact that
the BSC in this azimuth is mainly contributed to the coherent wave.
Based on the analysis mentioned above, including the influences of
the BSC on the rms height and the correlation length, more coherent
scattering contribution to the BSC under this condition (δ = 0.1λ,
l = 0.5λ). Oppositely, the BSC is the smallest in this azimuth for the
cross-polarization in Figure 12(b). The BSC shows a ‘dip’ near the
azimuth ϕs = 90◦ in Figure 12(a). Namely, the coherent contribution
to the BSC is the least in the direction perpendicular to the incident
plane, which is built by k̂i and ẑ. As can be also observed for the
co-polarization, the BSC of the V V polarization is greater than that
of the HH case for ϕs > 90◦, and for the cross-polarization the BSC
of V H polarization is almost the same as that of HV case over the
whole scattering azimuth.
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Figure 10. Comparison of the BSC with different correlation length:
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5. CONCLUSION

This paper proposes the HMOM to investigate on the properties of
the bistatic scattering from a 2D PEC Gaussian rough surface. The
EFIE has been converted to a matrix equation with the hierarchical
higher order basis functions and Galerkin technique. And the
modified Legendre polynomials have been chosen as the basis function.
An optimized algorithm has been applied to rapidly generate the
impedance matrix. And a special treatment of the singular integral
has also been provided in this study. The validity of this new technique
is exhibited by comparing to the LMOM with RWG or rooftop basis.
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Compared to the LMOM with rooftop basis, the HMOM has fewer
segments in the parametric directions and has fewer unknowns than
the LMOM with RWG basis. It is necessary to note that the focus of
this study is only on the bistatic scattering from a 2D PEC rough
surface. The influences of the backscattering cross section on the
incident angle will be discussed in the future. Moreover, it is still time-
consuming in calculating the bistatic scattering from a 2D Gaussian
rough surface through the HMOM. The parallel algorithm [13, 27] or
the AIM technique [28] will be introduced in calculating the scattering
from 2D rough surface, especially for the 2D surface with large size in
the future work.
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