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ABSTRACT - A Numerical method is presented to evaluate the
full wave solutions for TE (horizontally polarized) and TM
(vertically polarized) double scatter cross sections of one
dimensional random rough surfaces. The full wave double
scatter cross sections are expressed in terms of six dimensional
integrals. The cpu time needed to evaluate the six dimensional
integrals using -standard techniques is excessive even for
supercomputers. A numerical technique is used to reduce the six
dimensional integrals into three dimensional integrals (one
dimensional integral calling two independent two dimensional
integrals). These two dimensional integrals account for the
correlations between the heights and slopes at two points on the
surface. The results exhibit the observed sharp‘ enhanced
backscatter and the polarization dependence of the cross
sections. The angular width and the magnitude of the enhanced
backscatter depend on the rough surface parameters (mean
square height and slope).

I. FORMULATION OF THE PROBLEM

The random rough surfaces are assumed to be rough
in one dimension y=h(x) and the medium y<h(x) is
assumed to be a good conductor. The incident
electromagnetic excitation is assumed to be TE or TM
plane waves and the receiver is assumed to be located
in the far field. For suppressed exp(jwt) time
excitations, the full wave solutions for the diffuse
double scattered far fields are given by [1],[2]
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in which the incident and the scatter wave vectors are
in the directions of the unit vectors
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The position vectors to point 1' and point 2’ on the
rough surface are given by Ty, and Ty,, respectively, (sce
Fig.1)

T =X 8 +h 8y, Ty = xg 8 +hyE, (3)
The wave vector in the direction of the fields

scattered from point 1’ on the surface to point 2’ on the
surface is

0 = ko' = ky(nkay +n ay), (4)
in which the free space wave number is k; = w\l’po_eo
and T’ is a unit vector. The surface element scattering
coefficients at points fg, and Tg, on the surface are
D, (®, a') and D, (ﬁfﬁ’), respectively. The scattering
coefﬁcnents depend on the polarizations of the incident
and scattered waves, the media on both sides of the
rough surface, and the local normals 1} and 1} at these
points on the surface {1} (see Fig. 1). The shadow
function U(FL;) is equal to one only if point 1’ on the
surface is illuminated by the incident plane wave and
observed at point 2’ on the surface. The shadow
function U(rg,) is equal to one only if point 2' is
illuminated by a point source at point 1’ on the surface
and visible by the receiver [3)].

The double scattered intensity is obtained by
multiplying the expression for the field (1) by it.s
complex conjugate. The position vectors Ty; and Tgy

associated with the complex conjugate fields are g\ven
by (x.y.2)
{observation)

Fig. 1 The double scatter electromagnetic waves.
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T =Xgq 8 + hy &y, T =x{ 3, + hy ay, (5)

and the wave vector in the direction of the conjugate
scattered fields is

kg = kol = ko(niay + njay), (6)

The major contributions to the double scattered
intensity come from the quasi parallel and the quasi
anti parallel paths for the field and its complex
conjugate (see Fig. 2 a,b) [4]. The statistical averages of
the intensities with respect to the random heights and
slopes at two pairs of points on the surface involve the
conditional joint characteristic functions {5). For the

quasi anti parallel case, the diffuse double scatter cross

section is given by
K] /< D, (i"a!) D(i,a")
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where x,. and x; are xy X and x=(xg +>U’)/2
(i #j=1,2). The random vana‘:sles in (7) are the helghts
and the slopes at Ty, Ty, Tg,, and T
and the shadow functions U(%), U(Ts,), U(Tg), and
U(fg,). The rough surface is assumed to be
characterized by a Gaussian joint probability density
function for the surface heights and slopes at two pairs
of points on the surface. The surface height
autocorrelation function and its Fourier transform (the
rough surface spectral density function) are also
assumed to be Gaussian. The standard large radii of
curvature assumption is made and the height slope
correlations are accounted for through the use of the
conditional joint characteristic functions [5). The rough
surface variables x.; and x., are expressed in terms of
Xc=(Xey+Xe9)/2 and X=X -Xc,. The limits of x,. and
X are (-L,L) and (-L,Lp,), respectively. The distance
Ly, is the statistical average of mean path for the
double scattered waves. The quasi parallel and the

on the surface
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quasi anti-parallel contributions to the diffuse double
scatter cross sections are expressed in terms of six
dimensional integrals [6]. The quasi anti-parallel
contribution to the diffuse double scatter cross section

is
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Fig.2—a Quasi—parallel, regular path n‘sh*

Fig.2—b Quasi-—antiparallel, cross path n'~-n*



3142

and
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A similar expression is obtained for the contribution
from the quasi parallel path. At high frequencies, [1-

2(Inyl)] and (1- Py(Iny[)] are the probabilities of a
multiple scatter event, where P, is derived by Sancer
(3]. Similarly, the probabilities that the surface will be
illuminated by the incident wave and visible in the
scatter direction are given by PQ(n’) and P2(nf)
respectively (3]. In (8b) and (8¢), the probability
density functions for the slopes hy., and hy., at the
mid points between 1’ and 2”, and between 2’ and 1”
are p(hyc,) and p(hyg,), respectively. The limits of
integration for x;  and x , are (0,2L). The correlations
“etween the heights and the slopes at the points 1’ and
" and at the points 2’ and 1" on the surface are given
by By and B,, respectively, and R, and R, are the
surface height autocorrelation functions at these pairs
of points. The mean square helght and slope of the
surface are given by <h?> and <hx>, respectively. The
correspondmg expression for the coherent intensity
<o.> is obtained from (8) on setting R, and By,
equal to zero. The incoherent diffuse scatter cross
section is <op>=<0yg>-<0c>.

For the propagating waves, the range of integration
for ny and ny are (-1,1). Notice that the integrand in
(8) is equal to its complex conjugate when @' and T
are interchanged. Thus instead of integrating with
respect to n}, and ny over (-1,1), it is sufficient to
integrate twice the real part of the integrand over the
region HS;ZD;- To evaluate (8) new variables of
integrations n,, and n, are introduced in (8a) instead
of ny and ng. hey are given by

=1 y =1
o, = %, and ny=m-1" 9)
The region of integration over n,, and ng, is a
diamond shaped area whose end poinfs on the ngy axis

are +2 and on the n,, axis are # 1. The integration is
performed over the region n; >0 (corresponding to
the region ny >n¥). In (8b) and (8c) it is necessary to
account for ny>0, ny<0 as well as for ny<0, n}>0 for
the quasi anti-parallel case. The integrands of the quasi

parallel and the quasi anti parallel double scatter cross
sections are plotted as functions of the wave vector
variables [6]. These results show that the major
contributions to the double scatter integrals come from
the region around f'=n" for the quasi parallel case and
from the region around @'=-f"" for the quasi anti
parallel case. Moreover in view of the factors (1-Py)
(associated with the multiple scatter events), the
integrand of (8a) peaks when n{,=0 and ny=0. Thus for
the quasi anti parallel paths, the integrals (8b) and (8¢)
are evaluated numerically as functions of n;  for ny,=
-1y _nd /2 (na,=0). The integrand of (8a} is"evaluated
as a function of n,. and n,y without recomputing (8b)
and (8¢c). Thus %e six dlmensxonal integrals for the
quasi parallel and the quasi anti parallel cross sections
are for practical purpose reduced to three dimensional
integrals using this numerical technique.

II. ILLUSTRATIVE EXAMPLES

The diffuse single and double (quasi parallel4+quasi
anti-parallel} scatter incoherent cross sections are
plotted as functions of the scatter angles (chosqb for
#'=0 ¢ =0,7) for the vertically (TM) and horizontally
(TE) polarized waves. The total cross section in
obtained by adding the single and the double cross
sections incoherently. The probability density functions
of the slopes are assumed to be Gaussian. The mean
square slope is <h *>=0.508 and the surface correlation
length is 1.=3.34 pm. In Fig. 3 the free space wave
length is /\=1.152 pm and in Figs. 4 and 5 the wave
length is A=3.392 pum. The relative complex
permittivity of the medium y<h(x) is e,=-62.787-j4.948

at A=1.152 pm. It is €=-424.64-j81. 144 at A=3.392
pm. The double scatter mean path is L, =11.13{. [6].
The incident angle is §#'=10". The results show sharp
enhancement in the backscatter direction due to
contributions from the quasi anti parallel double scatter
paths. The polarization dependence is shown in Fig. 5.
It is primarily due to the differences in the double
scatter cross sections. Notice that the angular width of
the enhancement around the backscatter direction is
larger in Fig.4 than in Fig. 3. However, the level of the
enhancement is larger in Fig. 3.

III. CONCLUSIONS

The six dimensional integral expressions for the
double scatter cross sections aré evaluated as three
dimensional integrals. The sharp enhanced backscatter
is associated with the contributions from the quasi-anti
parallel double scatter path. The double scatter cross
sections depend upon the polarization. The angular



width and the magnitude of the sharp enhanced
backscatter depend on the frequency and the rough
surface parameters. These results are significantly
different from the corresponding physical
approximations.
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Fig. 3. Cross sections versus scatter angle (¢ cos /), ¢/ =0, . For 6 = 10°,
$' =0, (h3) = 0508, A = 1.152um, ¢, = —62.787 — j4.948.
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Fig. 4. Cross sections versus scatier angle (9/ cos¢/), ¢/ = 0,x. For 6' = 10°,
¢ =0, (h2) = 0.508, A = 3.392um, ¢r = —424.648 —~ jB1.144.
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Fig. 5. Cross sections versus scatter angle (87 cos ¢/), ¢/ = 0,x. For 8 = 10°,
¢ =0, (A3) = 0.508, A = 3.392um, ¢ = —424.648 — jBL.144.
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