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ABSTRACT

The objective of this paper is to study the contributions of
multiple scattering and compare it with those of the single scattering
from randomly rough surfaces.  The existing Kirchhoff, small pertur-
bation and IEM scattering model cannot be used to predict the
multiple scattering along the azimuth angle.  In this paper we modify
the IEM model by adding the phase terms in Green’s function and its
derivative for multiple scattering.  The function of phase term is
significant to investigate the contribution of multiple scattering in the
upward and downward directions.  The contribution by multiple
scattering is mainly based on the normalized surface standard devia-
tion and the surface rms slope.  We compare the model prediction with
the experimental measurements for bistatic scattering along the azi-
muth angle.  From the comparisons of model prediction with the
measured data we found the contribution of multiple scattering is
significant in the scattering directions of backward and forward.  The
origin IEM model cannot be used to predict the multiple scattering,
but the modified model prediction demonstrates good agreement with
the experimental data from the comparisons.

INTRODUCTION

Existing models for surface backscattering mainly
focused on the surface scattering from random rough
smooth surface in the plane of incidence and results
were reported in various numerical, analytical and ex-
perimental studies [2, 4-8].  The existing IEM model
cannot be used to predict the multiple scattering [1],
therefore the study of contribution of multiple scatter-
ing from bistatic surface scattering still lacks, espe-
cially in the direction out of the specular plane.  Re-
cently further interest has arisen in bistatic surface
scattering because it is possible to measure the signal
from the global positioning system after it is scattered
out of plane of incidence from the ocean surface.  For
this reason, we study the bistatic scattering trend from
two-dimensional random rough surfaces out of plane of
incidence in this paper.

The model developed is based upon the integral

equation method [6].  In order to account for the bistatic
scattering properties out of plane of incidence, we for-
mulate to estimate the tangential surface fields from
randomly rough dielectric surfaces by a pair of integral
equations.  The scattering fields can be computed in
terms of the tangential surface fields.  Subsequently, the
average scattered power and scattering coefficients can
then be obtained.  We evaluate these integrals and
obtain the surface scattering model under various
conditions.

For identifying the importance of multiple scatter-
ing we regroup the scattering terms into two parts: the
single scattering and the multiple scattering.  The single
scattering dominates the scattering strength for scatter-
ing from moderate surface with small root mean square
(rms) surface slope.  Intuitively, the multiple scattering
terms in the model are of a higher order compared with
single scattering terms for scattering from rough sur-
face with heights large relative to the incident
wavelength, especially the cross-polarized multiple
scattering.  Finally, the comparisons of model predic-
tions with the measured data are made to evaluate the
model availability.

MODEL  DEVELOPMENT

The governing equations for the tangential surface
fields on a dielectric surface have been given by Poggio
and Miller [8].  The fields in the lower medium can be
written in terms of the fields in the upper medium by
applying the boundary conditions on the continuity of
the tangential fields.  The spectral representation for the
Green’s function and its gradient is

   G = ( – 1
2π

)
j
q exp ju(x – x ') + jv(y – y ') – jq z – z '

 dudv (1)

and

   ∇ 'G = ( – 1
2π

)
g
q exp ju(x – x ') + jv(y – y ') – jq z – z '

 dudv (2)
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where   q = k 2 – u 2 – v 2  and   g = xu + yv + zq.   Without
the absolute value term in the above Green’s function
and its derivative, the multiple scattering coefficient
cannot be evaluated.

We first apply the incident field components and
the surface reflectivity properties to express the tangen-
tial surface field   Eqp

s ,  where q, p means the incident and
scatter polarization, respectively, and s means surface
scattering field.  The ensemble average scattered power
with the given scattered field is given by

  Eqp
s Eqp

s* = Eqp
k Eqp

k* + 2Re Eqp
c Eqp

k* + Eqp
c Eqp

c*

(3)

where Re means the real part operator and * is the
symbol for complex conjugate.  To obtain the incoher-
ent scattered power, we subtract the mean-squared power
from the total power.  That is,

  Eqp
s Eqp

s* – Eqp
s Eqp

s *

  = Eqp
k Eqp

k* – Eqp
k Eqp

k *
+ Eqp

c Eqp
c* – Eqp

c Eqp
c *

  + 2Re [ Eqp
c Eqp

k* – Eqp
c Eqp

k *
] (4)

To carry out the ensemble average operation we
need to assume the random surface distribution.  Here
we assume the rough surface with the properties of
Gaussian distribution and define the incident and scat-
tered wave numbers are   k s = xks x + yk sy + zk sz  and

  k i = xk x + yk y + zk z   separately.  After the lengthy calcu-
lation of ensemble average, the average incoherent scat-
tered power can be found sequentially.

Pqp = |CEofqp|2A0exp[−σ2(ksz + kz)2]

∫{exp[σ2(ksz + kz)
2ρ(ξ, ς)] − 1}

exp{j(ksx − kx)ξ + j(ksy − ky)ς]dξdς

   + 1
2

CEo / (2π)
2
A0Re { (Fqpf qp

* )

{k(q)k1(q)[k2(q)k3(q) − 1]

+ k(− q)k1(− q)[k2(− q)k3(− q) − 1]}

exp[jksxξ + jksyς + ju(ξ − ξ') + jv(ς − ς')

− jkxξ' − jkyς']dξdςdξ'dς'dudv (5)

In (5) ξ = x − x", ς = y − y", ξ' = x' − x", ς' = y' − y",
τ = x" − x'", κ = y" − y'", σ2 is the variance of the surface
and ρ(x  −  x ' ,  y  −  y ' )  is the normalized surface
autocorrelation function.  For simplicity we refer to ρ as

the surface correlation.

   k(q) = exp [ – σ 2(k sz
2 + k z

2 + k szk z + q 2 – qk sz + qk z)]

k1(q) = exp[−σ2(kszkz − q2

+ qksz − qkz)ρ
1(ξ − ξ', ς − ς')]

k2(q) = exp[σ2(ksz − q)(ksz + kz)ρ
2(ξ, ς)]

k3(q) = exp[σ2(kz + q)(ksz + kz)ρ
3(ξ', ς')]

(6)

and Ao is the illuminated area.
The bistatic scattering coefficient is related to the

ensemble average scattered power expression as

   σ qp
0 = (4πR2Pqp) / (E0

2A0) (7)

Therefore the bistatic scattering coefficient can
then be expressed as

   σ qp
o (s) = k 2

4π
f qp

2e
– σ 2(k sz+ k z)2

⋅ [e
σ 2(k sz + k z)2ρ(ξ, ς)

– 1]

   
⋅ e

j(k sx – k x)ξ + j(k sy – k y)ς
dξdς

   + k 2

32π 3
Re { [f qp

* Fqp( – k x, – k y)]

   ⋅ {k(q)k 1(q)[k 2(q)k 3(q) – 1]

+ k(q)k1(q)[k2(q)k3(q) − 1]}

• ejksxξ + jksyς + ju(ξ − ξ') + jv(ς − ς') − jkxξ' − jkyς'

dξdςdξ'dς'dudv} (8)

The above equations give the complete representa-
tion of the bistatic scattering coefficient for a randomly
rough surface.  The scattered field coefficients fqp and
Fqp are given in appendix of [7, 8].

MODEL  PREDICTION

A set of plot of the cross- and like-polarized bistatic
scattering coefficient versus the azimuth angle is shown
in Figures 1 through 2, respectively.  In the figures zero
value of the azimuth angle corresponds to the forward
scattering and 180° of azimuth angle represents the
backscatter direction in the incident plane.  However
90° represents the direction orthogonal to the plane of
incidence.

Figures 1 and 2 are the azimuth slice of the bistatic
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scattering pattern.  The incidence angle is 45° and the
scattering angle is also 45°.  The normalized surface
height to the incidence wave numbers are 0.2, 0.3 and
0.5, respectively and normalized surface correlation
length is 1.0.  The rms surface slopes are 0.2828, 0.4242
and 0.707, respectively.  The surface of water-soaked
form bricks has complex dielectric constant 62 + i40.
We make the comparisons of like- and cross-polarized
scattering from rough surface with different rms slope
in figures.  The azimuth pattern exhibits a strong lobe
along the specular direction for the like-polarization
components.  For cross polarization the scattering com-
ponent exhibits a local null along the specular direction
in Figure 1.  On the contrary, the azimuth pattern
exhibits a strong lobe along the orthogonal plane of

incidence for the cross-polarization components.  For
the like polarization the like-polarized scattering com-
ponent exhibits a local null along the plane orthogonal
to the plane of incidence and has a strong lobe along the
direction of incident plane in Figure 2.  Those satisfy the
scattering properties that the single scattering makes a
major contribution along the specular direction and
multiple scattering makes it along the plane orthogonal
to the plane of incidence.  For surfaces with moderate
surface height and rms slope the single scattering along
the specular direction is important in like polarized and
multiple scattering contributions becomes negligible.
For surfaces with moderate surface height and rms slope
the single scattering along the specular direction is
important in like polarized and multiple scattering con-
tributions becomes negligible [3].  Multiple scattering
is the major source for cross polarization along the
plane orthogonal to the plane of incidence.  The figures
reveal that the electromagnetic waves scattered out of
the plane of incidence are strongly dependent on the
polarization orientation of the incident electric field.

Figures 3 and 4 are the azimuth slice of the bistatic
scattering pattern.  The incidence angle is 20° and the
scattering angle is also 20°.  The normalized surface
height to the incidence wave number is 6.285 and nor-
malized surface correlation length is 12.56.  The rms
surface slope is 0.707.  The backscatter enhancement
occurs due to the contribution of multiple scattering in
Figures 3 and 4.  The single scattering has no contribu-
tion to the backscatter enhancement, because the phe-
nomenon of backscatter enhancement is caused by the
phase terms of the Green’s function in a pair of integral
equations.  The phase terms of the Green’s function are
the major factor for multiple scattering.

For VV-polarized scattering the multiple scatter-
ing keeps constant along the azimuth angle except the
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Fig. 1. Comparisons of cross VH-polarized single scattering from
rough surfaces with different normalized surface rms height
along the azimuth angle.

Fig. 3. Comparisons of single with total like VV-polarized scattering
from rough surfaces along the azimuth angle.

Fig. 2. Comparisons of like HH-polarized single scattering from rough
surfaces with different normalized surface rms height along the
azimuth angle.
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behavior of backscatter enhancement in the backward
scattering direction along the incident plane.  However,
for HH-polarized scattering the multiple scattering, to-
tal scattering minus the single scattering, fluctuates
along the azimuth angle due to the Brewster angle.

COMPARISONS

First we compare the single like-polarized back-
scattering strength of IEM model with those of IIEM
and small perturbation model (SPM) to evaluate the
scattering behavior from the slightly rough surface with
normalized surface height 0.1, correlation length 1.0
and relative dielectric constant 20.  From Figure 5 we
found the difference among them is less than 1 dB.
Further we also compare the single like-polarized scat-
tering characteristics of Kirchhoff Model (KM) with
those of IIEM and IEM from the rough surface with

normalized surface height 1.5, correlation length 8.4
and relative dielectric constant 81 along the incidence
plane.  From the comparisons in Figure 6 we also found
the differences among them are less than 1 dB.  Form the
comparisons we conclude the IEM model may be the
bridge of SPM and KM models between the high and
low frequency band.

For evaluating the ensemble scatter averages the
multiple scattering cannot be ignored.  Furthermore,
backscattering enhancement mainly comes from the
multiple surface scattering.  The comparisons of cross-
polarized single and multiple scattering from random
rough surfaces along azimuth angle were made in
Figure 7.  In Figure 7 we also compare the model
prediction with the measured data for bistatic scattering
at fixed incident and scattered angles along the azimuth
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Fig. 7. The comparisons of cross-polarized model prediction contri-
bution with the measured data along azimuth angle from
random rough surfaces.  S means the single scattering and S +
M means total scattering strength.
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angle from rough surfaces.  The bistatic scatter was
measured from a water-soaked form bricks surface with
complex dielectric constant 62 + i40, normalized sur-
face height 0.2 and correlation length 1.0.  These mea-
sured data provide a test for the model prediction.

From the comparisons the contribution of cross-
polarized single scattering is significant in the scatter-
ing directions of incident plane, however the multiple
scattering has the significant contribution in the scatter-
ing directions of backward and forward.  The cross-
polarized scattering has no contribution in the plane of
incidence.  Figure 7 shows the contribution of multiple
scattering from rough surfaces with rms slope less than
0.2 can be ignored out of plane of incidence.  The main
contribution of cross-polarized scattering out of plane
of incidence comes from the single scattering for the
smooth rough surface.  The scattering behavior com-
plies with the electromagnetic wave scattering property.
The contributions by multiple scattering are based on
the normalized surface standard deviation and the sur-
face rms slope.  From the comparisons the excellent
agreement between the measured data made by Hauck et
al. [2] and model prediction reach for the cross polariza-
tion along the azimuth direction.  The difference be-
tween the measured data and total scattering strength is
within 1 dB.  Without the contribution of multiple
scattering the difference between the measured data and
model prediction cannot be satisfied in the plane of
incidence.
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