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Simulation of Scattering from Complex Rough Surfaces
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A comprehensive approach of combining the generalized forward-backward method (GFBM) with spectral
accelerate algorithm (SAA) is developed. It is applied to numerical simulation of bistatic scattering from two
models: (1) an ocean-like surface described by the Pierson-Moskowitz spectrum with a ship presence, and (2) a
fractal rough surface described by the Weierstrass-Manderbrot function under the TE and TM tapered wave
incidence at low grazing angle (LGA). Numerical simulations of bistatic scattering at LGA show the functional

dependence upon polarization, frequency, observation angle and other surface parameters.
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1. Introduction

Scattering from rough surface in low grazing angle (LGA)
has attracted much attention due to practical importance in
the areas of the low-attitude/long-range radar surveillance,
target tracking, communication, and navigation systems
operating at low grazing conditions above the ocean surface.
Conventional analytic theories of scattering from rough
surface derived from some approximations, such as the
Kirchhoff and small perturbation approximations, two-scale
method, or integral equation method etc., are not able to take
into account for multiple scattering and multi-path
propagation, wedge diffraction and shadowing, etc. at the
LGA conditions. There are fundamental changes in the
characteristics of the sea clutter as LGA incidence
approaches. Sea spikes associated with the unstable sharp-
crested or breaking wave occur and, especially, enhance the
co-horizontally polarized (44) echo signal. It also causes
dislocation of the Doppler spectra peaks @,

In recent years, numerical methods, such as the method of
moment (MoM) and finite elements method with Monte
Carlo realizations have been developed for study of
scattering from rough surface®”. However, as LGA
approaches, computation might become very intensive to
require long surface and large number of surface unknowns.

Several different methods have been developed in recent
years in order to reduce the number of computer operations.
A forward-backward method (FBM) “ has been developed
for solving the magnetic field integral equation (MFIE). This
method splits the surface current at each point into two
components. One is the forward contribution due to the
incident field and the radiation of the current elements
located in front of the receiving element, and another is the
backward contribution due to the current elements located
beyond the receiving element. The forward component is
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first found over the whole surface and then is used to
determine the backward contribution. This procedure is
repeated iteratively until a converged solution is reached.

The operational counts are O(N 2 ) (of the order N 2 Nis
the unknowns). To further speed up the FBM calculation, a
spectral accelerate algorithm (SAA) of the Green’s function
was studied ©”. The computational cost and storage
requirements can be reduced to O(N ).

However, these methods remained to be further studied for
scattering from composite surface with a target presence or
breaking wave on rough surface. A geometric picture is
illustrated in Fig.1.

Fig.1 Geometry of the problem

A generalized forward-backward method (GFBM) has
been recently developed in Ref. (8). The GFBM combines
conventional FBM with the MoM, and applies the MoM
especially to the target region containing nearby sea surface.
The solution is iteratively obtained based on. the FBM
process. The computational cost of the GFBM is similar to



the FBM, since it only includes additional cost associated
with the direct MoM for a small target region. However, the
GFBM of Ref.(8) has been discussed only for a few TE case
without SAA. The lit region of the surface was simply taken
to be finite and thus decreased the accuracy of computed
scattered fields. )

As another model of rough surface, the fractal geometry
was introduced during recent years. Since fractal geometry
holds in balance long-range order and short-range disorder
and can be used to describe both deterministic and random
structures, it seems better to describe some natural surfaces.
The fractal geometry serves as a bridge between periodic
function and random function. The fractal model has also
been introduced to study of scattering from sea surface ©.

In this paper, a comprehensive method of the GFBM with
SAA is developed. The tapered incident wave is employed to
obtaining a finite lit surface "9, It is applied to numerical
simulations of bistatic scattering from two models: (1) one-
dimensional (1-D) rough ocean-like surface with a ship
presence, and (2) a complex fractal rough surface under the
TE (horizontally polarized, %) or TM (vertically polarized, v)
incidences at LGA.

2. The FBM and GFBM for EFIE and MFIE

A tapered wave, E™(x,z) or H"(x,z), is incident upon
a 1-D dielectric rough surface S', the electric field integral

equation (EFIE) and magnetic field integral equation (MFIE)
are written respectively as

By (r)é'(r—r')=E;,"C(r)
2 ) )
ol Ey(r )aG(”) G ) 22 s
Hyz( ") S(r—r')=Hy*(r)
)
() 2O i) AT ;(” 1as’

The random surface height has z = f(x) and < f(x)>=0
Making use of the MoM formulation with a set of N

pulse-basis functions and point-matching weighting at

center of each current element 'V, Eqgs. (1,2) are discretized

to form the matrix equation
Z-1=V 3)

where Z is impedance matrix, V is incidence vector, I is
induced current along the rough surface. The formulations of
all terms in Eq. (3) can be referred to Refs. (6-8).

In the FBM, the matrices of Eq. (3) are decomposed as
I=1 f +1p C))

)

where [ s is the forward component (i.e. the current

Z Zf+Zs+Z[;

contribution due to the waves propagating in the forward

direction), Is is the backward component (i.e. current
contribution due to the waves propagatmg in the backward

direction). And z I Z_r and Zb are, respectively, the lower
triangular part, self-impedance term, and upper triangular
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part of E .
Substituting Eqgs. (4,5) into Eq. (3), it can now be separated
into two forward- and backward-equations as follows,

Zs-1r=V—Zy-(I5 +1b) 6)

™

Egs. (6,7) can be solved, iteratively, with starting 7y =0 .
Convergence has been extremely fast for moderately rough
surfaces, e. g. less than six iterations,

However, the FBM algorithm might become unstable for
re-entrant surfaces, e.g. due to the ship presence in Fig.1.
The GFBM is needed especially to take into account for
scattering from the ship region.

The difference between the

Zs-Ip=~Zp '(;f +}b)

GFBM and FBM is

decomposition of the matrix Z as

Z ng +ng +Zbg (8)

where Z sg 15 the diagonal part of Z with an additional block

to include the sub-matrix due to ship target and nearby sea

surface; 2 7z and Ebg are, respectively, the lower-triangular
and upper-triangular parts of z , excluding the part of Esg .

Using this decomposition, the matrix Esg contains both the
self (diagonal) term and the interaction of the target and
nearby sea surface.

Substituting Eqs.(4,6) into (3), it yields the following
matrix equatlons

ng If V- ng (If+1b) C)
ng-fb=—zbg-(1f +15) (10)
Above equations are iteratively solved for (?9,?2”) from
(zsg+zfg) 1P =v-z, 107" (11)
(zsg +Zbg) 15 =—Zg I?) (12)

with starting I 2 - =0.

Computational cost of the GFBM is practically the same as
the conventional FBM, but with the additional MoM
computation of factorizing Zsg . Due to the limited size of

this block, its factorization can be performed once and stored
for next iterations. Thus, the GFBM has computational cost

of O(N 2) per iteration as the FBM. The storage requirement
is O(N) to store the iterated currents with additional
M x M matrix storage. Generally, it always has M << N . It
is noted that the full Z matrix is not stored, so it is necessary

to re-compute the matrix elements in each iteration (except
for the inner MoM matrix associated with the target region).

3. The Spectral Accelerate Algorithm (SAA)

It can be seen from Eqgs.(1,2 or 3) that iterative procedures
repeat computatlon of Green’s function of Eqgs.(1,2) or
=f _

Z -1 and Z 1 in Eq.(3), i.e.
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n-1 N
Vi) =2 Zhly and Vy()= D Zml  (13)
m=1 m=n+l
It requires O(N 2 ) operations. Define the neighborhood
distance L, and classify the interactions between the points
within L, as strong and those outside of L; as weak. Thus,

Eq. (13) is rewritten as
n-1 n—NA. -1
Vf(rn):Vs+Vw= Zzl{mlm+ er{mlm
m=n—-N -1 m=1

¥V, of Eq. (13) can also be treated in the same fashion. The

(14)

strong V. is found in conventional manner using the exact
matrix elements. The weak V,, radiated from the sources
outside the strong sources becomes important when the
incidence angle approaches to the grazing or if one is
interested in back-scattered field. Computation of V,, takes
most CPU time consuming via the exact computation. It
makes FBM very inefficient. Substituting the spectral

representation of the Green function "? into Eqs. (1-3), it is
derived that

(15)

n-N,-1 I
Vlry)= Z ZymIm =
m=1

where for TE incidence
F(8)=Fry (64

1
-1l E
xexp[ik(Ng +1)Axcos 0 ] exp(—ikz,,_n__;)sin6
for TM incidence:
F,(0) = Fruq (8)0%0

% Ie, Fa(6)exp(ikzy sin0)do

(~sinf+ f, cosd)+ 1+fx2m] (162)

1

Jer
xexp[ik(Ny +1)4xcos 6] exp(—ikz,_y__; ) sinf
It can be seen from Egs. (15,16) that F,(#) can be easily

found by recursive procedure without much computation.
All above SAA equations can be degenerated into the one
for perfectly conducting surface when &, > .

+ 1y, - [ik(=s5in0+ f, cos0)+ 1+ 2]

(16b)

It is desired to employ a new integration contour Cj
instead of C,, in Eq. (15), because the far field pattern of
F,(9) inreal & space tends to have a narrow main lobe and

many side lobes for a large surface in contrast to a slowly
varying pattern along Cj , as discussed in Refs. (6,7).

4. Numerical Simulations

The GFBM/SAA is applied to numerical simulations of
bistatic scattering from ocean-like randomly rough, perfectly
conducting surface. The rough sea surface is described by
the 1-D Pierson-Moskowitz (P-M) spectrum proposed by
Thorsos (9,

A

W(K)=——

41K
where K is the spatial wave-number, U (m/s) is the wind
speed defined at /9.5 m above the sea surface, the gravity

e—ng NK?U*)

an
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acceleration gy =9.81 m/s?, and the empirical coefficients

A=810x1073, B=0.74 .
The band-limited Weierstrass-Manderbrot function @9 is
employed to describe the fractal rough surface as

N-1
fx)=8-CY P sin(kb"x + @,)

n=0

(18)

where D (1< D <2) is the fractal dimension, ¢, is random
phase, b(>1) the spatial frequency scaling parameter, £,

the fundamental spatial wave number, and § the rms surface
height. The normalized amplifier control parameter is

C =20 - p2P2) /(1 - p¥ -2y

As Eq. (18) indicated, the fractal surface is described by
the parameters 6 , D, b, k, and N, whilst the conventional

Gaussian surface only needs two parameters, & and £.
Different fractal rough surfaces may have the same & and 7.
Fractal rough surface is multi-scales rough surface whilst the

Gaussian rough surface is a single scale rough surface.

Surface realizations are generated using the Monte Carlo
method with the FFT similar to that described in Ref.(13).
Fifty realizations are generated in this paper to implement
average calculation through the Monte Carlo method.

The bistatic scattering coefficient for TE tapered incidence
is defined 59 as

o5 (6,,.6,)

I J’ [ik(fx' sinb —cosb ) E- ?_E_]e—1k(x’sm49s+z’cast95)ds, |2
s VI+ 13 on’
_ x
1+2 tanz 9[,1

7
8nk,|—gcos8,,(1—
25 aakg)?

(19)
where the superscript U indicates scattering to the upper-half
space, and subscript 7E denotes the TE incidence. The
parameter g is the tapered scale to govern the tapered width
and usually is taken as L/6 .

For o) of the TM incidence, the electric field £ in Eq.
(21) is replaced by magnetic fields H.
And for calculations of transmitting coefficients ote’ and

D
ol

going into lower-half space), the terms with &, 8/0n' of the

through the surface (superscript D denotes down-

upper half-space should be replaced by k;,8/dm of the
lower half-space.

The wavelength of incident wave is taken as A =Im, the
illuminated surface length L=409.64 and g=L/6. The
geometric size of the ship target is supposed as a=9m, b=5m,
c=4m, d=6m, 6;=100°, 6, =80° as described in Fig.1.
The ship on the illuminated rough surface is located at
348.16 2 in following examples.

The code of GFBM/SAA is first testified to compare with
the MoM result for one surface realization. Two results are
almost exactly matched. The GFBM/SAA needs 16 min (TE)



and 8 min (TM) for calculations, but the MoM took 2 Ars for
both TE and TM cases. The computations are carried out in
the Pentiam II PC.

The GFBM/SAA is also compared with GFBM without
SAA. It shows that GFBM/SAA is twice faster than GFBM.

Furthermore, the energy conservation from calculations of
reflectivity R and transmittivity 7, by integrating bistatic
scattering over the upper- and down- (for the dielectric case)

half space, yields the accuracy estimation of the GFBM/
SAA as the proof of R+T=1.
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Fig.2 Bistatic scattering vs observation angle

Fig.2 presents the bistatic scattering at 6, from the
conducting sea surface at U= 3 m/s for TE and TM incidence
at LGA 6,,. =85°, respectively. Thé no-filled lines denote

the scattering from sea surface without ship, and the filled
lines denote scattering from sea surface with a ship presence.

In the case without ship, backscattering o, << o, (here Ak

and yv indicate co-polarized hh and vv for the TE (h) and TM
(v) cases, respectively), and scattering in forward direction is
dominant. But in the case with a ship presence, bistatic
scattering, especially in backward direction, is significantly
increased, and it might yield backscattering o, > o, . This
is a characteristic of scattering from spatially inhomogen-
eous sea surface at LGA.

It can be seen that induced current over the ship target is
extremely increased, and the induced current for TE
incidence is stronger than the case of TM incidence. It is a
reason for oy, > o,

Forward scattering is dominant at low wind speed and
without ship presence. As the sea wind speed increases, the
surface becomes much rougher to yield more diffused
scattering. As the ship is placed over the sea surface,
significant changes of bistatic scattering happen in the
forward and backward directions and backscattering is
extremely enhanced, especially o, .

Comparing the no-filled lines indicated by ‘cond’ and
‘diel’ respectively for the models of perfect conducting and
dielectric media, it can be seen that the model difference is
negligible for TE case, but not for TM case.

Fig.3 presents back-scattering coefficients vs. incident
angle at U=3 m/s. It can be seen that the ship presence
significantly changes scattering pattern at low grazing angle
(large incident angle).
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Fig.3 Back-scattering vs. incident angle
Let’s turn to the fractal model. The surface is simply taken
as perfectly conducting. Figs. 4 and 5 show the TE bistatic
scattering from three fractal surfaces (D=1.1,1.6,1.9 and

6 =0.054) at incident angles 30° and 80° , respectively.
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Fig.4 Bistatic scattering from fractal surfaces
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Fig.5 Bistatic scattering from fractal rough surfaces
It is interesting to see that in either TE or TM cases
angular scattering pattern shows significant oscillation, and

the line to link the crests along both sides of the specular
reflection are linearly related with D.

As 6 becomes larger, much rough surface yields dlffused
scattering and linear slope is not well identified.

Fig.6 shows bistatic scattering as an artificial triangular
object (width 21, height 1) is placed over the fractal surface.
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It can be seen that angular oscillation is darken due to the
object presence.

TE (8=0.051, D=1.6, 6,_=80")

04  With a Triangle Object
20 4
40

-60 o

No Object

-80

Bistatic Scattering Coeff. (dB)

A

-100 - -

L I L SN0 S B B WL SULAN S S IS SEL SN S LA LA
-90 -80 -70 -60 -50 40 -30 20 -10 O 10 20 30 40 50 60 70 80 0
8,()

Fig.6 Bistatic scattering from complex fractal surface
5. Conclusions

A comprehensive GFBM/SAA is developed for numerical
simulation of bistatic scattering from a 1-D sea surface
realized by the P-M spectrum or fractal rough surfaces.
Bistatic scattering from ocean-like surface with a ship
presence or fractal surface for TE and TM incidence at LGA
are calculated. Its functional dependence upon physical
parameters such as polarization, scattering angle, wind speed,
etc. are simulated. Its efficiency is validated by the energy
conservation and is compared with MoM and other methods.
It can be seen that ‘

(1) Bistatic scattering from sea surface with a ship presence
shows significant angular variation, especially for TE
incidence. Especially, backward scattering is enhanced.

(2) Without ship presence it generally has o, << o, . But

the presence of a ship might cause o, >0, .

(3) Modeling difference between the perfectly conducting

and dielectric sea surfaces is negligible for TE case, but not

for TM case. \ ,

(4) Bistatic scattering from fractal surface shows strong
“angular oscillation, and the line slope to link the crests is

linearly related with fractal parameter.

(Manuscript received December 25, 2000, revised May 7,
2001)
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