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Numerical Simulation of Scattering from Rough
Surfaces: A Wavelet-Based Approach
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Abstract—in this paper, a preliminary study is carried out to  rough surfaces does not exist. However, approximate analytical
demonstrate the application of wavelets for improving the com- solutions exists for rough surfaces with specific types of surface
putation time and reducing computational memory required for ,ghness conditions. For surfaces with small root mean square
evaluating the statistics of the scattered field from rough surfaces . .
using the method of moments (MoM) in conjunction with a Monte (rms) height and slope, the small per_turbatlon met.hod (SPM)
Carlo simulation. In specific, Haar and the first order B-spline IS the most commonly used formulation. Formulations based
wavelet basis functions are applied to the MoM formulation of on SPM exist for perfectly conducting [10], homogeneous di-
one-dimensional rough surfaces in order to compare the computa- electric [6], and inhomogeneous dielectric [19] rough surfaces.
tion time and sparsity for wavelets in the same family butof higher  Apqther classical solution that is valid for surfaces with large

order. Since the scattering coefficient (the second moment of the dii of t is based the t t ol imati
backscatter field per unit area) is a gentle function of the surface radi of curvature IS based on the tangent plane approximation

parameters and the radar attributes, it is demonstrated that a rela- [2]. The region of validity of these classical approaches are
tively high thresholding level can be applied to the impedance ma- rather limited. In recent years, much effort has been devoted to
trix, which leads to a sparser impedance matrix and faster com- extend the region of validity of these models [1], [12], however,

putation time. Itis also shown that applying a high threshold level 16 jmproved techniques still have the basic limitations of the
the coefficients of the high-order wavelets would increase out of original models

proportion, however, the effect of these current components aver- ] . .
ages out when computing the scattering coefficients. The resulting AN alternative approach for evaluation of the scattered field

sparse impedance matrices are solved efficiently using fast searchand its statistics for rough surfaces is Monte Carlo simulation. In
routines such as the conjugate gradient method. A systematic study this approach, many sample surfaces with the desired roughness
is carried out to investigate the effect of different threshold levels statistics are generated and then the scattering solution for each
on the accuracy versus computing speed criterion. The computed . . . .

scattering coefficients are compared to previous results computed sample_ surfa_ce IS obtalr_1ed ‘_JS'”Q a numgrlcal method. qute
using a conventional pulse basis function as well as the existing the- Carlo simulation have primarily been considered for evaluating
oretical solutions for rough surfaces. It is shown that wavelet basis performance of and characterizing the region of validity of ap-
functions provide substantial reductions in both memory require- proximate analytical models [1], [12], [22], [23]. In general, the

ments and computation time. limitations of Monte Carlo simulation of scattering from rough
Index Terms—Electromagnetic scattering by rough surfaces, surfaces are the computation time and the required memory
wavelet transforms. as the typical size of the scatterers (sample surfaces) must be

chosen to be much larger than the wavelength. Another issue is
that the rough surfaces are the targets of infinite extent that must
. . be truncated appropriately before the numerical scattering solu-
I HE problem of electromagnetic scattering from rougfion can be obtained. This can be done either using a tapered
surfaces has been the subject of intensive investigatigfymination [1] or padding the sample surfaces with a tapered
over the past several decades for its application in a numbergéistive sheet [7]. It has been shown that with the tapered illu-
important remote sensing problems. Radar remote sensing;fhation, larger sample surfaces must be used as a considerable
the oceans, soil moisture, and mine detection using wide-bagisttion of the induced currents on the surface do not contribute
radars are such examples. For these problems, where dhgificantly to the total scattered field. Application of the ta-
rough surface is either the primary target or the clutter, thgyred resistive sheet is advantageous in that a relatively small
understanding of interaction of electromagnetic waves Willyrtion of the sample surfaces is actually used to suppress the
the rough surface is essential for developing inversion gfge currents. This improves the computation time and reduces
detection algorithms. An exact analytical solution for randogpe required memory.
In order to use Monte Carlo simulation for evaluating the
Manuscript received January 12, 1998; revised October 29, 1999. This wakattering statistics of rough surfaces more routinely, compu-
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1 . ; , r As discussed in the literature, because of the singular be-
L 31 | havior of the current near the edges of the surface when ex-
AO'S | i }\\‘——— = . . . . . .
Zosl . /. N y =9 cited by a horizontally polarized incidence wave, tapered resis-
z b PN p-p] tive sheets must be added at the edges of the sample surface in
L i .
§04 — A 1 order to suppress the edge currents. An optimum tapered func-
0.2} it 1 tion for resistivity is given by [7]. Fig. 1 shows a normalized
(I I T T T I 2 B S . .. . . .
0 " A PR resistivity profile of the tapered resistive sheets and the place-
0 ! 2posmon (in MC‘ 4 ® mentof the resistive sheets on a surface described by a Gaussian
> hump.
N1 T . T . L .
£ 1 The induced surface current on a resistive sheet is propor-
;§°'8 . Y tional to the tangential electric field or, mathematicafly; (7 x
§ 0.6 .1 E)=—RJ,whereRisthe surface resistivity (for a perfect con-
Toaf = = 4 ductorR = 0). Another boundary condition for resistive sheets
éo.a- xx" | mandates continuity of the tangential electric field across the re-
E . e ) . s sistive sheet; that g7 x E]+ = 0.
zZ 0 1 2 3 4 5 Therefore, the electric field integral equation for the surface
Position in 2) current is given by
. . . . . o ; k‘oZo
Fig. 1. A typical discretized sample surface with tapered resistive sheets EY () =R(2)J.(o(¢ J (ol
placed at each end ¢Lfor each end) and normalized resistivity profile. (p) (p) e(p( )) + 4 /é e(p( ))
Ho" (kolp(t) = (£)]) ¥ (1)

known that the solution of linear system of equations can b
obtained far more efficiently using search routines such as tWe
conjugate gradient method if the matrix of the coefficients is a .
sparse matrix. In MoM, the application of conventional pulse
or rooftop basis and testing functions would usually produce
full impedance matrices. Although the diagonal elements

are usually larger than the rest of the elements, the Smalle£I'he sample surface is discretized into sufficiently small cells,

elements cannot be arbitrarily thresholded without drastical i . )
altering the resulting scattering pattern. The success of Wavi/ ShOW” n F_|g. 1 and the current is expgnded n t_erms of
: $he basis functiond. (p) = >_ a,¢.(p). Applying Galerkin’s

[
St
expansion function in generating sparse matrices have been
P generatng sp ethod to (1) we have
demonstrated for many circuits and antenna problems [15]

[14], [16], [21]. In the Monte Carlo simulation of scattering a/ bm(P)E'(7) de
£

from rough surfaces, the quantities of interest are the statistic
parameters such as the mean and variance of the scattered field koZo
{[etn@omrmaer [ [

ere

wave number;

0 intrinsic impedance of free-space;

Hél) zeroth-order Hankel function of the first kind;

pandp’ position vectors of observation and source points,
respectively.

and, therefore, it is expected that the overall accuracy be less = Z
sensitive to the threshold level. n=l1

An investigation is conducted on the use of two different 'an</>m(ﬁ)</>n(?)Hél)(/€o|ﬁ—Fl)df’ dﬁ} )
types of wavelets with compact support, Haar and B-spline

wavelets with edge wavelets, and the effect of differeqfneres,, (7) is the testing function ang, (/) is the basis func-

threshold level with regard to the overall accuracy and thg, Equation (2) can be solved using numerical integration, and

computation time_. The method is applied to one-dimension&lst into a matrix equation given b%][1] = [V]. This matrix
perfectly conducting random rough surfaces to demonstrate Ebtﬁjation can easily be solved to find the surface curfent

improvements achieved. In the Monte Carlo analysis presentetrpe restriction on the expansion and testing functions is that
here, the tapered resistive sheet approach is used to Suppfesﬁaﬁha\/e to be in the domain of the integral equation operation.

edge current for plane wave illumination. The numerical resulig, expand the induced current in terms of a multiresolution ex-
are also compared with the approximate analytical 5°|Ut'0”3pansion, first the current must be projected ontateis or the

surface must be arc length parameterized. For natural rough sur-
[l. INTEGRAL FORMULATION OF SCATTERING PROBLEM faces with moderate rms slope it is more convenient to project
In order to characterize both the backscattering coefte current on the-axis since the domain will be identical for
cient and the bistatic scattering coefficient using the Mol sample surfaces. Applying a multiresolution expansion to the
and a Monte Carlo simulation, a large number of randoRiojected current distributiory(x)) on thez-axis we have

surfaces with known statistical parameterss,(kf) must £(z) :Z Coy . By ()

be generated. It is then desired to find the surface current —

density J. induced by a plane wave from which the scat- M1

tered field can be computed. The expression for the plane = Z Cong, nPmu, n{z) + Z de,nz/;m,n(az)
wave propagating along; = sin 6, — cos 6,4 is given by n m=m; n

Ei(xma ym) = exp (ikO(xm sin 8; — Ym COS 91)) (3)
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Fig. 2. (a) Pulse basis function and the corresponding Haar wavelet and (b) linear basis function and its corresponding wavelet.

which consists of the scaling functions at the lowest resolutiof) from a knowledge of the impedance matrix at the highest
plus wavelets at the lowest resolution and subsequent higher mesolution [15]. This reduces computation time drastically and
olutions. This expansion is equivalent to one consisting of ondvoids performing the numerical integration for all the wavelets
scaling functions at the highest resolutign, . (x)). Note that at various resolution levels. Once the wavelet-dominated matrix
the scaling functions resolution level; and the wavelets at res-is generated, a threshold level, usually of the order of 0.01 to 1%,
olution levelsm; < m < m;, — 1 are orthogonal to each otheris imposed on the matrix and only the significant elements of the

[15]. matrix will be preserved. Having a sparse impedance matrix, a
By definition, wavelets have a zero average. Higher ordéast sparse-based solver such as conjugate gradient method can

wavelets also have vanishing higher moments, that is be used to find the solution of the linear system. With the com-
bination of sparse storage schemes and sparse linear solvers, the

/ a"p(z)dr =0 ned0,---, N} (4) computation time for linear system inversion is reduced drasti-

whereN depends on the order of the B-spline wavelet. Fig. 2(&f!IY-

and (b) shows the Haar and linear B-spline scaling functions and

wavelets. The wavelets’ vanishing moments give rise to their [Il. M ONTE CARLO SIMULATIONS OF RANDOM ROUGH

cancellation effect, which makes wavelet basis functions poor SURFACES

radiators. In the moment matrix, this effect leads to very small . . .
. . Encouraged by previous results, as in [21] where a simple

matrix elements for cells that are relatively far from one another,

where the Green'’s function kernel is fairly regular. For self c;eIstrUCture has been studied (a double slot aperture) and the cur-

and adjacent cells, the integration of the rapidly varying kern[eqnt distributions calculated from sparse matrices are compared

produces element values that are significant. Thus, due to { éhe actual (magnetic) current distribution and found to agree

: . . uite well, we now apply the multiresolution expansion method
cancellation effect, a wavelet-dominated moment matrix tengs o
. NN . . to random rough surfaces of known statistical parameters. Near
to be highly sparse. For more insight into wavelet basis functions L . ;
. . normal incidence, sample surfaces for numerical analysis must

and matrix sparseness, the reader is referred to [17].

Another important feature of wavelets that arises from thek?:a3 at Iea;t 40 corre!aﬂo_n length (ong.m orde'r to accurately
aracterize the bistatic pattern. This requirement becomes

vanishing moment property is their ability to characterize dis: . o
R X L7 . .~ Imore stringent for near grazing incidence.
continuities and rapid variations. In other words, in a multires- _.. : . .
. . - L - Since the Monte Carlo simulation of the scattering problem
olution expansion, the wavelet coefficients are significant in = . . . .
. ) o . . : requires the numerical solution of the problem many times, the
magnitude only at discontinuities and regions with rapid vari- . : :
. S . . omputation speed achieved by thresholding the moment ma-
ations. When the expansion involves multiple resolution levels

. . . . . [ix of a multiresolution expansion in conjunction with a search
the wavelets will capture the information of details at different ;. — . o .
routine linear system solver becomes very significant with re-

scales, while the scaling functions will carry average informa- S :
. . : rd to the overall computation time necessary for evaluating
tion on the lowest resolution [3]. When the physical problem - !

e statistics of the scattered field.

hand involves many different scales including large smooth re-

gions and localized sharp variations, a multiresolution expan- .

sion will prove the most efficient approximation because tHe: Random Surface Generation

basis functions will carry the maximum localized information Monte Carlo simulations require a large number of sample

without considerable interaction with one another. surfaces of a random process with prescribed surface height sta-
Using the fast wavelet transform (FWT), one can compute &istics. To generate the sample surfaces, the procedure in [2],

equivalent impedance matrix for the multiresolution expansighO], is used. First, a long string of numbers is generated using
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Fig. 3. (a) Generated random surface with mean surface height shown. (b)
Theoretical and Monte Carlo probability density function of the surface heightg. 4. Comparison of SPM with Monte Carlo simulation. Generated surface
distributionks. (c) Theoretical and Monte Carlo correlation function. parameters ardis = 0.3, k¢ = 3.0, N = 40, length= 32X, resistive tapered
ends length= 1), Az = 0.1\, andd; = 30.0°.

a random number generator having the same pdf as the height . ) o ]
distribution of the surface [for example, a zero-mean Gaussigfl’ @ two-dimensional (2-D) surface, the bistatic scattering co-
probability density function (pdf)]. Next, a subset of the numefflmen_t (@5,) isrelated to the 3-D blstatl_c scattering coefficient
bers of the string are correlated with a weight vector relatéfiss) Via o3, = (7/k)os,. Then,o3, is given by

to the Fourier_transform of the desir_ed a_utocorrelation functi(_)r)jgdwh 6,) = 4k> cos? (6,) cos® (6;) fun W([kL — k1;|) (5)

[1]. For the simulations presented in this paper, surfaces with

Gaussian correlation function and Gaussian height distributi$fereV (k) is the power spectral density. For a Gaussian sur-
are considered. Hence, the surface statistics are uniquely spt&ge correlationWV(|k L — k1;|) is given by

fied by the surface height standard deviation (rms heigtahd W |k — k1)

by the surface correlation lengthFig. 3 shows a sample surface (k0)?

of a Gaussian process wilfs = 0.3, k¢ = 3.0 and the corre- = /7ls? exp <— < [sin (6,) — sin(9i)]2>> . ()
sponding histogram of height and calculated correlation func- 4

tion generated from 60 independent sample surfaces. The Galrthermore, for a perfect electrical conductor (PEG), =
culated correlation function givés = 3.17 and the calculated cos? (¢, — ¢;) equals one for a 2-D problem.

standard deviation of height distribution gives = 0.3020. The incoherent bistatic scattering coefficient ar = 30°

These agree closely with the desired surface roughness paraging the Monte Carlo simulation with 40 independent samples

eters. and threshold applied is compared to the analytical bistatic SPM
from (5) in Fig. 4 and a good agreement is observed.

B. Validation and Results The PO method using the tangent-plane technique for approx-

Numerical simulation of rough surface scattering is pefnating the fields on a surfacgis investigated next. Under the
formed for three different surfaces denoted By, S, and tangent-plane technique, the fields present at any goiom S
Ss5. The roughness parameterks( k¢) for each of these are approximated by the fields that would be present on a plane
surfaces are, respectivelys; = 0.3, k41 = 3.0; ks, = 0.5, tangenttaP. This is a valid approximation if every point ¢
kéy = 6.13; andkss = 2.0, k¢ = 2.5. The first two surfaces has a large radius of curvature. The 3-D bistatic scattering co-
fall within the region of validity of small perturbation andefficientis derived in [4] for the PO approximation. Using this
physical optics (PO) models, respectively, and, hence, the ti@mulationos, is calculated and is given by
numerical results can be compared with the analytical models. o /,

. . a?d(em 95)

Comparisons are also made on the threshold level imposed ) ) 9
on the moment matrix for both Haar and B-spline wavelet —k <1 + cos (6;) cos () — sin (6;) 5111(95)> J (7)
basis functions and on the matrix solving times using a fast cos (6;) + cos (6;)
conjugate gradient solver for sparse matrices. Another test tagtere
was run was the effect of the MoM and wavelet technique on o
backscattering enhancement. Finally, the effect of the number J =2 / dzx cos[kx(sin (6;) — sin (6;))]
of resolution levels on the scattering pattern is investigated. 0 9

SPM is known to be valid whehs < 0.3, k¢ < 3.0, and . <exp <—X2 [1 — exp <_$—2>D - e—Xz) (8)
m < 0.3, wherem is the rms slope and is given by = v/25s// ¢
for a surface with a Gaussian correlation function. The analytherey = ks[cos (6;) + cos (6;)]. For surface5s, which falls
ical bistatic pattern for the SPM is derived in [24] for a three-dinto the PO region of validity, a comparison is made in Fig. 5 be-
mensional (3-D) surface with a Gaussian correlation functiotween the PO modelin (7) and results obtained using the wavelet
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Fig. 7. Comparison of threshold levels on scattering pattern for a random
surface withks = 2.0, k¢ = 2.5, N = 40, length= 32, resistive tapered
Fig. 5. Comparison of the PO model to a Monte Carlo simulation. For thends length= 1\, A2 = 0.04)\, andd; = 30.0°, and five levels of resolution.
simulation the random surfaces were characterizetlsdy 0.5, k¢ = 6.13,
N =50, length= 100X, resistive tapered ends length1\, Az = 0.2, and

9, = 30.0°. 4.5 ' - [
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ar| -~ 05%Thresholding| | ; |
35} H: I
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. L . . . ‘ Fig. 8. Comparison of exact current distributions with the current distribution
Fig. 6. Bistatic scattering from a single random surface With= 0.3, k( = from an impedance matrix that is about 97% sparse (using B-spline wavelets

3.0, N =1, length= 32), resistive tapered ends length1A, Az = 0.1A,  and a threshold of 0.5%). A portion of a random surface With= 2.0, k¢ =
andd; = 30.0°. The various threshold levels imposed on the moment matrixs |ength= 32, resistive tapered ends length 1A, Az = 0.04, and

and its corresponding sparsity level are given in the figure. 8; = 30.0°, and five levels of resolution is plotted.

based moment method. The bistatic scattering results fom facesN = 40, sample length= 32), resistive tapered ends
agree well with the theoretical PO solution. length= 1), Az = 0.04), andé; = 30.0°. Since this sur-

A comparison of different threshold levels imposed on thiace does not fall into the region of validity for any analyt-
moment matrix for surfacé; using B-spline basis functionsical models, no comparison may be made. This figure shows
is shown in Fig. 6. The parameters for the simulationdgn again that by thresholding the moment matrix, a high sparsity
are#;, = 30.0°, length= 32}, resistive tapered ends lengthcan be achieved without compromising the accuracy. It is also
= 1xandAz = 0.1\. For this simulation, only a single surfaceshown that a higher sparsity is achieved using the linear B-spline
(N = 1) is used for comparison. As is shown in Fig. 6, thevavelet. An average sparsity of 97.3% is achieved by the linear
scattering pattern varies very slightly and only at angles neBsspline wavelet, whereas using Haar wavelets, only 82.2% av-
grazing observation. This figure indicates that a sparsity of mogeage sparsity is obtained for a threshold level of 0.15%. Fig. 8
than 90% can be achieved without substantial compromise in gf@ws a comparison of the exact current distribution and one
accuracy of the bistatic pattern using B-spline wavelets. where the impedance matrix has a sparsity of about 97%. A por-

The bistatic scattering coefficient obtained using the Haar atidn of a surface with characteristics given aboke & 2.0,
B-spline wavelet of surfacé&s are shown in Fig. 7. For this k¢ = 2.5, etc.) was used and the sparse matrix has a threshold
simulation,ks = 2.0, k¢ = 2.5, number of independent sur-of 0.5%. Even though this sample surface (which is indicative
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TABLE | 1 T T T T T T r T
NUMBER OF MULTIPLICATIONS NEEDED TO Wavelet Approach
SOLVE THE MATRIX AND SPARSITY VERSUSIMPOSED THRESHOLDLEVEL FOR 0.9r v Ref. [20] 1
A RANDOM SURFACE WITHks = 2.0, k¢ = 2.5, N = 40, LENGTH = 32A,

o
[
T
L

RESISTIVE TAPEREDENDS LENGTH = 1\, Az = 0.04A,6; = 30.0°, AND
FIVE LEVELS OF RESOLUTION

S07t .
3
Threshold | Sparsity | Number of Mults 2 0.6
@0
. s
Bspline 0.0% 0.0% 5.3 x 10 8 05
Bspline |  0.05% 90.7% 8.4 x 107 3 o
=04
Bspline| 0.1% 93.4% 6.4 x 107 g
Bspline | 0.5% | 97.3% 2.6 x 107 203
Haar 0.0% 0.0% 7.0 x 108 0.2
Haar | 0.05% | 66.1% 9.5 x 108 o1
Haar 0.1% 76.9% 7.0 x 108 oL ) B ) ) ) ' ‘ .
Haar 0.15% 82.2% 5.6 % 108 -80 -60 -40 -20 4} 20 40 60 80
. . . Angle (in Degrees)

o Fig. 9. Test for backscatter enhancement effect. The surfaces under test have
of the current distribution for every sample surface) has a cuts = 10.636, k¢ = 19.472, N = 400, length= 302, resistive tapered ends

rent distribution that varies significantly from the exact solutiorigngth= 1A, Az = 0.0625A, andé, = 10.0°. As can be seen, a significant
because the far-field scattering pattern is an averaging proc%’afc,cé(scatter enhancement is showtt at= —10°.
the bistatic scattering pattern does not vary significantly from
Fig. 7. As stated in Section Il, the wavelets capture the informa-
tion of details with respect to the problem scale. Since the sur-
face is discretized by a maximum 4&f 5, and usually no more
than A/10, the wavelets capture most of the current informa-
tion in lower resolution wavelets. Thus, most of the higher fre-
quency wavelets may be discarded without significantly altering
the bistatic scattering pattern, and this leads to higher sparsit:
for matrices that use higher resolution wavelets.

The threshold level imposed on the moment matrix and the
number of multiplications needed to solve the matrix using a
fast conjugate gradient solver routine is studied next. As statec

10r

[%
T

—— Haar, 0.0% Tol., 5 Levels

previously, by imposing a threshold level the scattering pat- ) il ::z:, 8':1;°5/%TZ?I'2,5L183£5 b
. . . i A y V. o .o \J
tern remains relatively unchanged, yet the moment matrix could §-'°f 7 |- Haar, 0.3% Tol., 2 Levels .

Incoherent Bistatic Scattering Coeff. (in dB)

be made quite sparse. It was also found that linear B-spline
wavelets would produce a sparser matrix for a given thresholc , , , .
level before the scattering pattern were to deviate significantly ~— -100 -50 50 100
from the exact solution. This is due to the fact that the linear
B-spline wavelet has a vanishing first moment. Table | pr(l}'ig. 10. Comparison of resolution levels used on scattering pattern for a
vides the average number of multiplications necessary to solifdom surface witts = 2.0, k¢ = 2.5, N = 40, length= 32, resistive
for the surface current of; for both Haar and linear B-spline tapered ends length 1A, Az = 0.04A, and#; = 30.0°.
wavelets and for different values of threshold levels. It is found
that the number of multiplications or, equivalently, the compuive tapered ends length 1A, Az = 0.0625), andf; = 10.0°.
tation time, decreases significantly with the first order B-splin&lso, five levels of resolution were used, and the matrices had an
scaling function and its corresponding wavelets. For the Haarerage sparsity of 97.5%. It can be seen that ar6uee —10°
wavelet-based MoM, a slight improvement was observed (ahere is an enhanced backscattering effect. This figure isin linear
proximately 20%), yet for the linear B-spline wavelet-basestale to display the enhanced backscattering effect and agrees
MoM, a factor of about 20 improvement was observed. very well with [5, fig. 5]. It is also wise to point out that even
The question arises if the solution produced using a wavethbugh Figs. 7 and 10 show an increased bistatic scattering at
based MoM technique show the effect of backscattering eabout 20, this is not an enhanced backscattering effect.
hancement. The backscattering enhancement is produces priFhe effect of the number of resolution levels on the scattering
marily due to multipath and surface-wave effects on a rough spattern is next investigated using surfagge Since it has al-
face. A surface was chosen that has physical parameters wheegly been determined that both Haar and B-spline wavelet-
backscattering enhancementis known to occur and these parbased MoM produce similar results, the effect of the number
eters aré:s = 10.636, k¢ = 19.472. Fig. 9 was produced using of resolution levels is demonstrated with Haar wavelets only.
the aforementioned physical parameters as well as numbeMinte Carlo simulations are run on random rough surfaces for
independent surface¥ = 400, sample length= 30}, resis- five, four, and two levels of resolution for threshold levels of 0.1

0
Angle {in Degrees)
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TABLE I
SPARSITY VERSUSTHRESHOLD FOR ANUMBER OF DIFFERENT RESOLUTION
LEVELS USED FOR ARANDOM SURFACE WITH ks = 2.0, k{ = 2.5,
N = 40, LENGTH = 32\, RESISTIVE TAPERED ENDS LENGTH = 1A,
Ax = 0.04X AND 8; = 30.0°

(1]

(2]

Threshold | Sparsity

Haar 0.0% 0.0% Bl
Haar-5 levels res. 0.1% 76.9% [4]
Haar-5 levels res. 0.15% 82.2%
Haar-4 levels res. 0.1% 63.9% Bl
Haar-4 levels ves. 0.3% 85.5%
Haar-2 levels res. 0.1% 51.1% (6]
Haar-2 levels res. 0.3% 74.4%

[71
and 0.3%, except for the Haar with five levels of resolution in
which 0.1 and 0.15% threshold level is used. This is because[8]
0.3% threshold level is too high for five levels of resolution
and the conjugate gradient solver does not converge. The results
based on the full matrix is also included at five levels of resolu- [9]
tion for comparison. As is shown in Fig. 10 the scattering pattern
starts deviating from the exact pattern for five levels of resolu-
tion and 0.1% threshold level imposed on the moment matrixgo)
The average sparsity, obtained from 40 independent samples, for
each case in Fig. 10 is summarized in Table 1. The scattering1]
pattern agrees quite well with the exact solution for almost all
levels of resolutions shown with only slight deviation at nearj;»
grazing observations. One notable exception is for four levels
of resolution and an imposed tolerance level of 0.3%, which de-
viates noticeably from the exact bistatic pattern at certain anglé%3]
of observation. As shown in Table II, the matrix is less sparse
for fewer levels of resolution at a single stated threshold levelp 4]
Therefore, by increasing the number of resolution levels, while
holding a constant threshold level, the sparsity of the matrix will
increase, as is shown in Table Il. [15]

IV. CONCLUSION [16]

It has been found that using wavelet basis functions with
MoM and Galerkin’s method along with a fast solver routine[17)
such as conjugate gradient can drastically reduce both the
memory requirements of a system and the time necessaB/S]
to solve the MoM matrix. This leads to solutions for rough
surface scattering that are quite accurate when compared to
other basis functions, yet take significantly less memory and.9]
time to solve. Matrices can be made over 97% sparse yet still
produce accurate bistatic scattering coefficients in scattering
problems. Thus, it becomes possible to generate statistigsy
for the scattering from surfaces of different roughness in a
relatively short period of time. (21]

The number of resolution levels were shown to play a signifi-
cant role in determining the sparsity of the matrix and the accup,,
racy of the solution. It was shown that the higher the number og
resolutions, the more sparse the matrix could be made without
compromising the bistatic scattering pattern. Also, the highel?3]
order the B-spline was made, the higher the sparsity achieved
in the matrix and, thus, the faster the computation time to solvgy;
the matrix.
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