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ABSTRACT The composite electromagnetic (EM) scattering characteristics of low-altitude target above
valley composite rough surface are studied. The composite rough surface modeling theory is adopted to
simulate the natural cavity structure of valley environment. Aiming at efficiently and accurately calcu-
late the composite EM scattering from low-altitude target above valley environment, a hybrid method
combining shooting and bouncing ray (SBR) technique and equivalent edge currents (EEC) method is
proposed, in which SBR method based on the ray-density normalization (RDN) is applied to consider the
multiple interactions between target and environment, and EEC method meliorates target’s edge diffraction.
Numerical examples illustrate the efficiency and validation of proposed hybrid method. Finally, based on the
hybrid SBR-EEC method, the EM scattering characteristics of low-altitude target above valley environment
are further investigated to show scattering mechanisms of this composite model and provide some useful
conclusions through physical phenomena.

INDEX TERMS Valley composite rough surface, shooting and bouncing ray technique, equivalent edge

currents method, composite electromagnetic scattering.

I. INTRODUCTION

In recent years, study on electromagnetic (EM) scattering
characteristic of target with cavity structure has been a con-
cerned focus in computational electromagnetism. Many tar-
gets, such as radome, sidewall of ship, shell launching port,
air inlet of aircraft’s engine and body of armored vehicle
possess the cavity structures which would cause multiple
reflections and alter the scattering characteristic of target.
Numerical method is commonly utilized method to inves-
tigate the EM scattering of target. Taking the method of
moment (MOM) [1] and the multilevel fast multipole algo-
rithm (MLFMA) [2] as representative examples, they are
impractical for calculating the electrically large-scale prob-
lems in realistic engineering field due to memory requirement
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constraints. The high-frequency method is very suitable for
solving the electrically large-scale problems. For example,
physical optics (PO) [3] is a representative one. However,
when target possesses the cavity structure and the multiple
reflections are dominant, PO is no longer applicable and
accurate. In 1989, the shooting and bouncing ray (SBR) [4]
was proposed by Ling et al to solve the scattering problems
of open-ended cavities. The SBR has evolved into a stan-
dard method to calculate the scattering problems of object
with cavity structure. This method describes the multiple
bouncing in cavity structure by virtue of geometrical optics
(GO) and PO approximation concepts, in which GO regulates
the rules of the wave propagation and the PO integrations
are implemented to obtain the scattering field. Its accuracy
could be controlled by regulating ray density and number of
reflections and transmissions, respectively. At first, the SBR
was used to analyze EM scattering from objects with corner
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structure [5]-[6]. Then, some scattering problems of actual
targets with cracks, gaps or small protrusions were consid-
ered [7]-[9]. Zhang et al. [10] utilized the SBR to give
the scattering simulation of radomes and dielectric lenses.
Ding et al. [11] analyzed EM scattering of cavities with
nonuniform plasma coating. Weinmann and Vauple [12] stud-
ied the scattering from a metallic cavity filled with dielectric
material. Li et al. [13] proposed an improved SBR based
on Unigraphics to calculate the RCS of cavity target. At the
technical level, SBR has also been greatly improved. Ji et al
proposed a method that uses triangular ray tubes [14] in
place of the conventional rectangular tubes [15] to improve
the efficiency and accuracy of SBR. Graphics processing
unit (GPU)-based parallelization with compute unified device
(CUDA) [16] was utilized to model the EM wave propaga-
tion from dielectrics and perfect conductors. Dong ef al.[17]
utilized OpenGL and neighbor search technique to accelerate
the SBR and studied the EM scattering from complex objects.
Guo and Guo [18] proposed the near field SBR based on
PO near field integral to analyze the near field scattering
problems.

These research achievements show the efficiency and
diverse applications of SBR. Nevertheless, most of these
achievements focus on the study of scattering from target
with carved surface or cavity structure. A few researchers
also have studied environmental scattering or scattering from
target above relatively flat surface. However, there is a
kind of environment with natural cavity structure existing
in the nature, which is always simplified or neglected by
researchers. The valley environment is the representative
one. With the washing and erosion by waters, the valley
environment contains the water surface and the mountain
structure with cavity characteristics. This special structure
makes its scattering mechanism more complicated. When
target is located above valley environment, multiple interac-
tions between target and natural cavity structure will have
tremendous impact on target’s scattering characteristic.

For this kind of environment, our research group has
done several tentative works, e.g., the modeling for water
zone embedded in land surface [19] and the adjacent region
between ground and near sea [20]. In this paper, the geo-
metrical model of valley environment is established referring
to the theory of composite rough surface modeling [20].
Conventional SBR method could calculate the far field by
opening surface integral according to the Huygens’ principal.
However, the valley composite rough surface has no tangible
opening surface. Although the SBR with PO type integration
does not need to compute the opening surface integral, it is
also unable to obtain the field on every facet, even the surface
currents. Therefore, the concept of ray-density normalization
(RDN) [21] is introduced. It can be utilized to determine
field of the facet which the ray passes through according to
the relationship between the power of ray and the area of
illuminated facet. In this paper, the SBR with RDN is applied
to simulate the complex ray propagation in the valley’s cav-
ity structure and multiple interactions between low-latitude
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target and valley environment. The equivalent edge currents
(EEC) [22] method is introduced to meliorate the results after
ray propagation process which makes the final results more
accurate.

The rest of paper is organized as following: In Section II,
the formulations of SBR based on the RDN are described.
The theory of EEC method is reviewed. Several examples are
given to verify the validation of hybrid SBR-EEC method.
In Section III, firstly, a low-altitude prismatic table above
valley environment with different polarization mode is con-
sidered to discuss the influence of polarization mode on
scattering characteristic; Secondly, a low-altitude cube above
valley environments with diverse statistic parameters com-
bination is considered to discuss the influence of rough-
ness parameters on scattering characteristic; Finally, the EM
scattering characteristics of low-altitude aircraft above valley
environment are investigated. In Section IV, some discussion
and conclusions are provided and a proposition for further
research is given.

Il. FORMULATION

A. THE SHOOTING AND BOUNCING RAY BASED ON
RAY-DENSITY NORMALIZATION

We adopt the triangular facets to simulate the surface of low-
altitude target and valley environment. Figure 1 shows the
sketch map for geometrical structure of composite model and
the process of ray propagation. The SBR technique describes
multiple bouncing in cavity structure by GO and PO approx-
imation concepts. The multiple bouncing between different
triangular facets on model’s surface is calculated by GO.
At the last reflection position, the PO integration based on the
induced surface currents is utilized to compute the far field of
the ray tubes.

N;
atura[ cay;,

Str"ctllre

FIGURE 1. The sketch map for geometrical structure of composite model
and the process of ray propagation.

The incident wave is plane wave and the expression of
electric field (includes the time factor ¢/“?) is taken in the
form:

E) = AV&Y¢/% (1

where A? denotes initial electric field intensity; ¢o denotes
initial electric field phase; é? presents direction of polar-
ization. 6; and ¢; present incident pitch angle and incident
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FIGURE 2. The sketch map of EM scattering from the triangle facet.

azimuth angle. Direction of polarization is presented as
follow

(cos 6; cos ¢;, cos 0; sin ¢;, — sin 6;), vertical
&) = polarization
(— sin ¢;, cos ¢;, 0), horizontal polarization

(@)

After determining the polarization mode and intensity of
electric field, the initial incident electric field vector of each
ray is determined. The relationship between incident vector
and reflective vector obeys the Snell reflection theorem [6].
The reflection electric field E'(rp;) can be obtained from the
incident electric field E';(rp,). Their relationships are given
as follow:

E'i(rp,) = E,&, + E;é, (3a)
E'.(rp) = (DF)i(R,E,&, + R;E&;) (3b)

where the subscript v and & present vertical polarization
and horizontal polarization, respectively. (DF'); denotes the
diffusion coefficient of facet S, and its detailed description is
givenin [23]. R, and R, present reflection coefficient in verti-
cal polarization and horizontal polarization, respectively [4].

By virtue of GO theorem, the i-th reflection electric field
can be calculated by the i-th incident electric field. Then,
the i-th reflection electric field is used as the (i + 1)-th
incident electric field. The amplitude and phase tracking can
be realized by such sequential calculation.

After the process of ray tracing, the far field of each ray is
calculated by PO integral. The far field of triangle facet can
be written as

E' ~ (jk/470)(e ™ /r)[§ x (M +no§ x J))] - AA-T  (4)

where J; and M; denote electric current and magnetic current
on the facet; If the facet belongs to PEC surface, the magnetic
current M equals to 0; k denotes wave number: k = 27 / A
AA denotes the area of triangle facet; I denotes the Fourier
transform form of the triangle shape function, whose expres-
sion is given as follow:

I=(1/AA) / expljkr’ - (§ — 1)]ds’ 5)
S
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The equation above satisfies the form of Gordon integral
method [24], and it can be written as:

3

1
= ———— nxw
jk|ﬁxw|AAr;( )

1
-y, exp(jkr,, - W) sin C(Ekam - W) (6)
where w = §—§, sin c(x) = sinx/x; a,, denotes the length and

the orientation of the m-th side of facet f;; r,, is position vector
of midpoint of the m-th side; i and § are unit vector of incident

and scattering direction, respectively. When | x w| = 0,
the expression of I can be rewritten as:
I = exp (jkrp - w) @)

where r( denotes the position vector of arbitrary point in tri-
angle facet f;. In this paper, we choose the centroid of triangle
as this point. Finally, far field of all facets are added, then
the preliminary far field of the composite model is obtained.
Based on the equivalence principle, the electric current J; and
magnetic current M; on facet can be obtained by equation
Js = n x Hy and M; = —n x E;. The E; and H; denote
total electric field and total magnetic field, respectively. In the
condition of PO approximation, they could be calculate by
adding the incident field E;, H; and the reflection field E,,
H, based on GO, which are taken in these forms:

E(r') = E(") + E, (1) (8a)
H(') = H;(r) + H,(r') (8b)

The reflection field can be obtained by equation (3a)
and (3b). However, there are multiple incident rays existing in
one triangular facet. These rays will lead to multiple incident
fields with different amplitude and direction of propagation.
Thus, the RDN theory [21] is introduced. The core of RDN
theory is to determine the field of the facet which the ray
passes through according to the relationship between the
power of ray and the area of illuminated facet [25]. As shown
in Figure 3, assuming the emission surface is rectangular,
the sides of the rectangle are Xpyax and Ymax. They are dis-
serted by n,;, and ny, respectively. Thus, there will be 2n,ny,
triangles with same area.

ax
M Ny A A Man-1 Thn X

FIGURE 3. The definition and propagation process of single ray.

Take an arbitrary triangle Q as the emission surface of
single ray, the ray density is defined as the number of rays
in unit area, whose expression is shown as follow:

ng = annl’lyp /Xmax Ymax (9)
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Correspondingly, the area of each ray can be written as:
dA =1/ng = Xmax Ymax/2nnyp (10)

Assume the area of triangle is St, the number of rays in j-th
incidence is taken in this form:

M; = niiST cos 6; (11

E!(r) and Hi(r) denote the total incident electric field and
incident magnetic field [26] of a facet determined by ray
tracing, which can be written as

N,

Ei(r) = ZXJFEj(hj x kj)exp(—jk; - ;) (12a)
j=1
N,

H(r) = ZX,?Hjhj exp(—jk; - 1)) (12b)
j=1

where N, denotes the total times of reflection; E; and H;
denote amplitude of electric field and magnetic field, respec-
tively. There is a relationship H; = E;/no, where no denotes

wave impedance in free space; flj denotes direction of polar-
ization; k; denotes wave vector; and r; denotes position vector
of reflection point; ch is amplitude weighted factor, which
can be written as:

X¢ = dA/Sr = 1/n]; cos(6))St (13)

B. EQUIVALENT EDGE CURRENTS METHOD
In scattering computation process, the scattering caused by
the edge structure may always be neglected. However, this
kind of structure commonly exists in the actual flying target.
In 1980s, Michaeii has verified the effect of edge struc-
ture on the scattering characteristics and proposed the EEC
method [22] to compute it. In this paper, EEC is utilized
to consider the edge diffraction from the low-altitude target.
The contribution of edge structure will be added into total
field to enhance the accuracy of the final numerical results.
The edge diffraction is obtained by substituting the equivalent
electric/magnetic current into the radiation integral.

As shown in Figure 4, the far field of edge diffraction
is obtained by the integral on edge C, whose expression is

FIGURE 4. The sketch map of wedge construction.
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shown as follow:

Ed B ]k e—jkr

T 4x

f {ZO§ X [§ X J(l‘l)] +8 x M(r/)}e/ké-r/dl

c
(14)

where Zy denotes the wave impedance in free space;
J(') = 1,(r)t and M(r') = L, (')t denote equivalent electric
current and equivalent magnetic current of edge C, respec-
tively; t denotes unit tangential vector of edge C; § denotes
unit vector of observation direction; r’ denotes vector from
original point to a point located in edge C; d! is arc length
increment of edge C; Nz denotes exterior angle of wedge.
I.(r") and L,,(x’) are taken in the forms:

L) =1 +18
Ln(r') = My + M%

(15a)
(15b)

where the superscripts A and B present the contributions from
wedge face A and face B, which are shown in Figure 4. The
subscript T presents the truncated term. The truncated term
could be obtained by the untruncated term and the correction
term, which are represented by subscripts U and C respec-
tively. I.(r') and I,,,(r’) can be written as:

L) = @14 —18) + 15 —18)
L) = (M$, — M2) + (M5 — ME)

(16a)
(16b)

Detailed descriptions of the untruncated term and the cor-
rection term of both electric current and magnetic current
can refer to [27]. By virtue of the treatment for singulari-
ties [28], the EEC method can be safely and efficiently used to
compute te edge diffraction at all directions of incidence and
observation.

Ill. NUMERICALSIMULATION AND DISCUSSION

A. MODELING OF VALLEY COMPOSITE ROUGH SURFACE
The valley environments are characterized by cavity, compo-
sitionality and complexity. The valley circumstance contains
both ground surface and water surface, which is obviously
shown in Figure 5.

FIGURE 5. The actual valley environments.

In this subsection, we assume that the statistic properties
of valley environment’s water surface obey the PM spectral
distribution. The PM spectrum [29] is taken in this form:

o Bg?
Wen (k) = ﬁ eXp(_W) (17)
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where o), and B denote dimensionless empirical constants:
ap =8.1x 1073, B = 0.74; g, denotes gravity acceleration,
gc = 9.81m/s?; In rectangular coordinate system, k can be
presented as K2 = kf + k)%; v19.5 denotes wind velocity
on the height of 19.5m above sea surface, which controls
the roughness of the sea surface. It is just an approximate
method to model the water surface. It is feasible to use some
more suitable spectral functions. Correspondingly, we adopt
Gaussian spectral function [30] to simulate the ground surface
of valley environment, whose expression is taken in this form:

L1, h2 K22 k22
W ke ky) = = exp (-5 — 22 A8)

where Ay, denotes root mean square (RMS) height; [
and [/, denote correlation lengths along x-axis and y-axis,
respectively. Both of them belong to a kind of tentative
approach. If the prospecting data for the valley environment’s
surface profile distribution can be obtained, it will make the
modeling more practical.

At first, we give the review of the modeling method for
composite rough surface from [20]. The most important pro-
cedure in modeling process is the filtering processing by
weighted inverse tangent function, which is taken in this
form:

Jeom(x,y) = faur1(x,y) - [/2 + arctan f,,(x, y)| /7
+fsur2(x,y) - [/2 — arctan f,,(x, y)I /7 (19)

where fur1(x, ), foura(x, y) and feom(x,y) present the pro-
file distribution of rough surface region surl, rough surface

region sur2 and composite rough surface com respectively;
fw(x,y) denotes the weighted function for simulating the
shape of borderline, whose concrete form depends on the
actual structure of environment. The sketch map of the com-
posite rough surface modeling is shown in Figure 6.

Weighted inverse
tangent function —>"

Composite
rough surface

Contour line

Trancitinnal 7zana

FIGURE 6. The sketch map of composite rough surface modeling.

The statistic properties of ground region are determined
by parameters of Gaussian spectrum [30], e.g., RMS height
hmms and correlation lengths along x-axis and y-axis [y, Iy.
The surface characteristic of water surface is controlled by
parameters of PM spectrum [29], e.g., the wind velocity on
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the height of 19.5 m above sea surface vi9 5. Here, we review
the weighted inverse tangent function for valley environ-
ment [29], whose expression is shown as follow:

fvalley(x’ y)=wig- [fgro(xv )+ Hgrol + w2  fsea(x,y)
{ wi = [m/2-arctan(ax + bL, — y*)|/7

wy = [ /2+arctan(ax + bLy — yz)] /T (20)

where fo,0(x, ), frea(x, ) and fiaey(x, ¥) present the surface
profile distribution of ground rough surface, sea surface and
valley composite rough surface, respectively; w; and wp
present the weighted factors; Hgy, denotes the depth factor
which controls the depth of valley; L, denotes the length
of total surface along x-axis direction; a and b present the
width factor and length factor which are used for changing
the opening width and valley length of the valley composite
rough surface. The working frequency is set as 300 MHz; Size
of environment is Lx X Ly : 40m x 40m; The shape parameters
of valley are set as: Hgry = 5.0, a = 2.0 and b = 0.5; The
RMS is set as sy = 0.5 and the correlation lengths along
x-axis and y-axis direction are set as [, = I, = 2.04; The
wind velocity on the height of 19.5 m above sea surface
is set as vigs = 0.3m/s. The simulation result of valley
environment is shown in Figure 7.

y/(m)

FIGURE 7. The simulation result of valley environment.

In Figure 7, the valley composite rough surface comprises
the obvious cavity structure. In actual natural environment,
the borderline between the ground region and water region
should be non-linear and more complex. We can also use
different forms of weighted inverse tangent function to realize
more complicated borderline that we need.

B. VERIFICATION OF HYBRID SBR-EEC METHOD

In this subsection, we consider two computation examples
to verify the efficiency and accuracy of hybrid SBR-EEC
method. We choose three algorithms as the reference algo-
rithm, e.g., the conventional MOM with bi-conjugate gradient
method (Bi-CGM), SBR with RDN and conventional PO.
In this paper, when we apply the SBR, up to ten reflections
are included, which ensures the accuracy and sufficient con-
vergence of the results [21]. First, the example of a PEC
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dihedral reflector above Gauss rough surface is considered.
Working frequency is set as 300 MHz; Size of environment
is Ly X Ly : 40m x 40m. The dihedral reflector is composed
of two squares with side length of 6.0m and its height above
rough surface is set as 5.0m. Eight sampling points are con-
sidered per wave length. The Gauss rough surface is set as
PEC surface and its statistic parameters are: hyms = 0.1,
I, = I, = 2.0A. The incident angles are set as 0; = 45°
and ¢; = 0°. The observation angle ranges from 6; = -90°
to 6, = 90°; Polarization mode is vertical-to-vertical (VV)
polarization. The numerical results are obtained based on one
surface realization. The scattering coefficient in this paper
denotes radar cross section, which is represented as “dBsm”
in the following figures. In this paper, the computing platform
is AMD processor of 2.3 GHz with 64 kernels and 64 GB
RAM.

Figure 8 shows the bi-static scattering coefficient (BSC)
of a dihedral reflector above Gauss rough surface by hybrid
SBR-EEC method and above three reference algorithms.
As we see, there is a strong peak value existing in the specular
scattering direction, because of the contribution from the
relatively flat rough surface. In the backscattering region,
there is also an obvious peak value due to the contribution
from the dihedral structure. The BSC curves computed by
MOM and SBR-EEC are in good agreements. Comparing
the BSC curves obtained by SBR-EEC and SBR, we can
find out that EEC method provides melioration at some
scattering angles. But the effects are not obvious because of
the little amounts of edge structure. We utilize the average
deviation and maximum deviation to analyze the difference
of the numerical results, whose expressions are taken into the
forms:

1 T R
0 = - e -y @w
S {6}
max y = max PRCSERECN (21b)

70+

——MOM
60 —— SBR-EEC

50

40

304

o/(dBsm)

20+

'10 T T T T T T
-90 -75 -60 -45 -30 -15 0
0/()

T T T T T 1
15 30 45 60 75 90

FIGURE 8. The simulation results of dihedral reflector above Gauss rough
surface by different algorithms.
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The average deviation and maximum deviation between
MOM and SBR are 1.4721 dB and 8.3241 dB. The aver-
age deviation and maximum deviation between MOM and
SBR-EEC are 0.9627 dB and 2.8318 dB. As we see, both of
their average deviation is small, but the maximum deviation
between MOM and SBR is too large. The introduction of EEC
improves the accuracy of SBR. The consuming time of MOM
is 5.76 h, and the consuming time of SBR-EEC is 0.98 h.
The efficiency and accuracy of hybrid SBR-EEC method is
verified.

To give the further validation of hybrid SBR-EEC method,
we consider a PEC pyramid above valley composite rough
surface. The working frequency and size of environment are
the same as previous example. The pyramid is composed by
four equilateral triangles with the side length of 6.0 m and its
height above valley environment is set as 5.0 m. The position
of pyramid is shown in Figure 9. The shape parameters of
valley are set as: Hgy = 5.0, a = 2.0 and b = 0.5
The statistic parameters of valley are set as: hymg = 0.1,
Iy =1, = 2.0 and vi95 = 0.3m/s. Relative permittivity
of ground region equals to 10.95-j8.73 when soil’s humidity
is 20 %, soil density is 20.0 %, sand density is 54.5 %,
which is obtained based on the semi-empirical formulas
proposed in [31]; Relative permittivity of sea region equals to
71.37-j324.47 when water’s salinity equals to 40 %, tem-
perature is 20 °C, which is obtained based on the Debye
expression [31]. The incident angles are set as 6; = 45° and
¢; = 0°. The observation angle ranges from 6; = —90° to
0; = 90°; Polarization mode is VV polarization.

721
64
56
48

B 40+

it
F
|
,’H\"\,'
£ ' y
@324/ !
<
® 24-f)

164
8
0

'8 T T T T T T
90 -75 -60 -45 -30 -15 0
a/(°)

—MOM
——SBR-EEC

T T T T T 1
15 30 45 60 75 90

FIGURE 9. The simulation results of pyramid above valley composite
rough surface by different algorithms.

Figure 9 shows the BSC of a pyramid above valley com-
posite rough surface by hybrid SBR-EEC method and above
three reference algorithms. As we see, the scattering energy
is concentrated in the region of specular scattering and
backscattering. The peak value in the specular scattering
direction is no longer obvious. The total scattering energy
distributing near the backscattering region increases appar-
ently due to the cavity structure of valley environment and
the multiple interaction between pyramid and rough surface.
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The BSC curves computed by MOM and SBR-EEC are in
good agreements. Comparing with the results of Figure 8§,
the effect of EEC to meliorate target’s edge diffraction is obvi-
ous because the pyramid has a certain number of edges. The
average deviation and maximum deviation between MOM
and SBR are 3.5796 dB and 27.3469 dB. The average devia-
tion and maximum deviation between MOM and SBR-EEC
are 0.8415 dB and 2.9384 dB. As we see, both the average
deviation and the maximum deviation between MOM and
SBR is too large. The introduction of EEC improves the
accuracy of SBR. The consuming time of MOM is 7.63 h,
and the consuming time of SBR-EEC is 1.24 h. Therefore, the
above numerical results verify that hybrid SBR-EEC method
is an efficient tool to solve the scattering problems of target
above valley environment.

C. A PRISMATIC TABLE MODEL ABOVE VALLEY
COMPOSITE ROUGH SURFACE WITH DIFFERENT
POLARIZATION MODE

To investigate the influence of polarization mode on the
scattering characteristics of a simple object above valley envi-
ronment, we consider a PEC prismatic table model above the
valley rough surface. Working frequency is set as 300 MHz.
The size and shape parameters of valley environment are the
same as previous example, and the relative permittivities of
each region are the same as previous example. The bottom
side length and top side length are 8.0 m and 4.0 m, respec-
tively, and its height is set as 4.0 m. The height above rough
surface is set as 5.0 m. The following numerical simulations
obtained by hybrid SBR-EEC method are determined by
averaging 30 Monte Carlo realizations. The incident angles
are set as ; = 45° and ¢; = 0°. The observation angle ranges
from 6, = —90° to 6, = 90°; The VV polarization, vertical-
to-horizontal (VH) polarization, horizontal-to-vertical (HV)
polarization and horizontal-to- horizontal (HH) are consid-
ered. The BSC curves of a PEC prismatic table above valley
composite rough surface with different polarization mode are
given in Figure 10.

65+ —
—— VV polarization

60 - — HH polarization

55 — VH polarization
— = =HYV polarization

5 T T T T T T ] T T T T 1
-90 -75 -60 45 -30 -15 0 15 30 45 60 75 90
0/()

FIGURE 10. The BSC curves of a PEC prismatic table above valley
composite rough surface with different polarization mode.
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In Figure 10, the curve of VV polarization presents strong
specular peak value and obvious backscattering. In the curve
of HH polarization, there is also a strong peak value at the
direction of specular scattering, but the backscattering is no
longer obvious. The curves of both VH and HV polarization
presents no obvious regular characteristic. In terms of scatter-
ing coefficient, the curve values of VH polarization are larger
than that of HV polarization in the scattering angle range from
—38°t042° and 60° to 90°. In the scattering angle range from
—68° to —47°, the curve values of HV polarization are larger
than that of VH polarization.

D. A CUBE MIODEL ABOVE VALLEY COMPOSITE ROUGH
SURFACE

To investigate the scattering characteristics of a simple object
above valley environment, we consider a PEC cube above the
valley rough surface. Simultaneously, the effects of valley
environment’s statistic parameters on the EM scattering are
discussed. Working frequency is set as 300 MHz. The size
and shape parameters of valley environment are the same
as previous example, and the relative permittivities of each
region are the same as previous example. The cube’s side
length and its height above rough surface are set as 5.0 m. The
valley environments with four kinds of statistic parameters
combination are considered, which are shown in the legend
of Figure 11. The incident angles are set as 6; = 45° and
¢; = 0°. The observation angle ranges from 6; = —90° to
6; = 90°; Polarization mode is set as VV polarization. The
BSC curves of a PEC cube above valley composite rough
surface with different statistic parameters combination of
valley composite rough surface are given in Figure 11.
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FIGURE 11. The BSC curves of a PEC cube above valley composite rough
surface with different statistic parameters combination.

In Figure 11, when a cube is located above the first kind of
valley environment, except for the peak value at the specular
direction (6; = —45°), there is also a peak value existing at the
scattering angle of -40°. The cavity structure of valley leads
to the splitting of specular scattering energy. There is also a
wide range of backscattering region existing in the scattering
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angle range from 17° to 66°, which is caused by the target and
the multiple interactions between target and valley’s cavity
structure. In the second kind of valley environment, when
the water surface becomes rougher, the peak value at spec-
ular direction decreases, and the scattering energy at almost
scattering angles declines at some degrees. In the third kind
of valley environment, when the ground surface becomes
rougher, the total curve presents a strong diffuse scattering
characteristic. In the fourth kind of valley environment, with
the increase of correlation length, the correlation of every
point in surface enhances. Though the RMS is large, the total
roughness will become relatively smaller. Thus, there is also
a peak value existing at the specular direction, but the value
is smaller than the first two cases. Although the larger cor-
relation length makes the peak value appear again, but the
total roughness is still very large, which leads to the weak
scattering energy at the other scatting angles. Compared with
the first case, the backscattering of the last three cases is
significantly weaker. The reason causes this phenomenon is
that the relatively rougher surface will weaken the interaction
effect between the target and environmental surface, even
though the cavity structure exists.

E. AN AIRCRAFT MODEL ABOVE VALLEY COMPOSITE
ROUGH SURFACE

In this computation example, the influence of valley environ-
ment on the scattering characteristic of a low-altitude aircraft
target is analyzed. Working frequency is set as 300 MHz. Size
of environment is Ly X Ly : 60m x 60m. The shape parameters
of valley are set as: Hgro = 10.0, a = 2.0 and b = 0.5; The
relative permittivity settings are the same as previous. The
aircraft model is set as PEC. The fuselage length, wingspan
length and fuselage height are 17.5 m, 12.1 m and 3.6 m,
respectively. We consider the mono-static scattering of the
front incidence (6; = —90° ~ 90° and ¢; = 0°) and the
side incidence (6; = —90° ~ 90° and ¢; = 90°), and
the concrete sketch maps of the position relationship between
incidence wave and scattering model are given in Figure 12.
The mono-static scattering coefficient curves of an aircraft
model above valley composite rough surface with differ-
ent incidence direction are calculated by using the hybrid
SBR-EEC method, which are given in Figure 12.

As shown in Figure 12(a), the mono-static scattering of
an aircraft model is unevenly distributed in the space. The
mono-static scattering in the angle range of —15° to 15°
is relatively stronger compared to other angles due to the
contribution of flat wing surfaces and fuselage. There are also
some strong scattering region existing in the space, which
mainly comes from the protruding fuselage and tailpipes. The
scattering near the nose cone direction is relatively smaller
than other angles due to the stealth design of the aircraft.
When the aircraft model is located above valley composite
rough surface, the existence of valley’s cavity structure leads
to the multiple interactions between target and cavity, which
will make the scattering characteristic more complicated and
enhance the scattering intensity at most scattering angles.
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FIGURE 12. The mono-static scattering coefficient curves of an aircraft

model above valley composite rough surface with different incidence
direction.

As shown in Figure 12(b), the mono-static scattering of an air-
craft model is symmetrically distributed in the space because
of the symmetrical shape of aircraft.

In Figure 12(b), in the scattering angle region 0° to 90°,
there are four obvious peak values at the scattering angle
0°, 15°, 44°, and 87°, respectively. The fuselage, wings,
ailerons and tails comprise several quasi-dihedral structures
which will bring strong backscattering. The curve in another
half of the angle region presents the same characteristic.
When the aircraft model is located above valley composite
rough surface, the existence of valley’s cavity structure also
has tremendous impact on scattering characteristic of the
target. Through many realizations and average processing,
the mono-static scattering coefficient curve of composite
model also presents symmetry. There is an obvious peak value
at the scattering angle of 0°, which mainly comes from the
scattering of rough surface and flat wing surfaces. In the
scattering angle region 0° to 90°, there is a strong scattering
region existing in the angle region from 53° to 70°. The
first reason causes this phenomenon is that the quasi-dihedral
structure comprised of fuselage and wing surface could bring
strong backscattering. The second reason is that the side sur-
face of valley’s mountain and the water surface also form the
quasi-dihedral structure which could enhance the scattering
intensity. The third reason is that the multiple interactions
between target and cavity structure may change the scattering
energy distribution at some degree. The curve in another half
of the angle region presents the same characteristic.

IV. CONCLUSION

In this paper, a hybrid SBR-EEC method is proposed to study
the EM scattering characteristics of low-altitude target above
valley environment. The theory for modeling of composite
rough surface is reviewed and the modeling method for valley
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environment with cavity structure is given. The formulations
and basic theory of the hybrid SBR-EEC method is presented
and some numerical examples are provided to verify the vali-
dation of this hybrid algorithm. The numerical results show a
conclusion that the contribution of edge diffraction is obvious
only when the target has obvious edge structure. A composite
scattering model of a prismatic table above valley environ-
ment is considered, and the influence of polarization mode
on its scattering characteristic are discussed in detail. A com-
posite scattering model of a cube above valley environment
is considered, and the influences of RMS, correlation length
and wind velocity on its scattering characteristic are discussed
in detail. A low-altitude aircraft target is considered, and the
scattering characteristics of it above valley environment are
investigated. Consequently, the proposed hybrid SBR-EEC
method can be used as an efficient tool to investigate the EM
scattering characteristics of low-latitude target above the val-
ley environment with cavity structure. And the valley’s cavity
structure will tremendously alter the scattering intensity dis-
tribution of low-altitude target which will has influence on
the detection for target located above the valley environment.
The further works of our research group will focus on two
directions: firstly, more detailed modeling method should be
studied. The surface of each region in valley environment
could be generated by different spectrum, such as exponen-
tial spectrum. And the detailed components such as rocks,
plants, or sands, etc. will make the environmental model
more practical. Secondly, the scattering problems about the
combined target like the coated objects or combined con-
ducting and dielectric objects above this valley environment,
in order to find out more valuable phenomena and useful
conclusions.
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