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Abstract—A new technique, the steepest descent-fast multipole
method (SDFMM), is developed to efficiently analyze scattering
from perfectly conducting random rough surfaces. Unlike other
prevailing methods, this algorithm has linear computational com-
plexity and memory requirements, making it a suitable candidate
for analyzing scattering from large rough surfaces as well as
for carrying out Monte Carlo simulations. The method exploits
the quasiplanar nature of rough surfaces to efficiently evaluate
the dyadic Green’s function for multiple source and observation
points. This is achieved through a combination of a Sommerfeld
steepest descent integral and a multilevel fast multipole-like
algorithm based on inhomogeneous plane wave expansions. The
fast evaluation of the dyadic Green’s function dramatically speeds
up the iterative solution of the integral equation for rough
surface scattering. Several numerical examples are presented to
demonstrate the efficacy and accuracy of the method in analyzing
scattering from extremely large finite rough surfaces.

Index Terms—Fast-multipole methods, integral equations, mul-
tilevel algorithms, rough surface scattering.

I. INTRODUCTION

T HE SCATTERING of electromagnetic waves by random
rough surfaces is a subject of great practical and in-

tellectual interest [1]. Applications [2] include, but are not
limited to, remote sensing, long-range communications, radio
astronomy, biomedicine, and surface physics. Random sur-
faces also exhibit several interesting scattering and polarization
[3] characteristics. Primary among these are backscattering
enhancement [4], [5] and the generation of localized modes
[6], [7].

Several analytical and numerical techniques have been
developed for the efficient analysis of scattering by one- and
two-dimensional (1-D and 2-D) rough surfaces, which con-
stitute 2-D and three-dimensional (3-D) scattering problems,
respectively. Two well-known analytical approaches are the
small perturbation method and the Kirchhoff technique [8].
Other approximate analytic methods include full-wave meth-
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ods [9]–[14], a general perturbative full-wave solution [15],
the small slope approximation [16], and a differential method
[17]. A detailed bibliography of early analytic approaches,
interesting applications, as well as experimental studies can
be found in [1] and [18]–[21]. Since most of the analytic
techniques have restricted regions of validity in terms of
slope and roughness of the surface and are computationally
very inefficient, often requiring the evaluation of many mul-
tidimensional integrals, several rigorous numerical techniques
have been proposed. Of these, integral equation methods are
probably the most prevalent, although the finite difference time
domain method [22], [23] and direct fast solvers [24] have
been used as well.

A host of integral equation techniques are available for
analyzing scattering from 1-D rough surfaces. The magnetic
field integral equation (MFIE) [25] has been solved using the
conjugate gradient (CG) method. Other iterative techniques
have also been utilized and their performances compared in
[26]. Another approach to modeling rough surfaces involves
a periodic-surface method of moments (MoM) formulation
[27]. In order to analyze large aperiodic surfaces, fast tech-
niques are required to accelerate the solution of the MoM
system. The banded matrix iterative algorithm-fast Fourier
transform (BMIA-FFT) is an interesting multilevel algorithm
that accelerates matrix-vector products in the iterative solution
of the MoM system and has been applied to the Monte
Carlo simulation of scattering from 1-D surfaces [28], [29]. A
different approach for expediting the solution of the MFIE for
rough surfaces involves a particular splitting of the propagator
matrix that leads to the formation of a new second-kind
equation [30] that lends itself to a more efficient solution.
Another MoM-based technique utilizes image theory to model
inhomogeneities in a composite rough surface [31].

The analysis of 3-D scattering from 2-D rough surfaces is a
complex vector problem that requires more involved numerical
techniques. For large rough surfaces, solution of the MoM
system using direct inversion is practically impossible due to
CPU time and memory constraints. One popular approach uses
the Neumann–Liouville iteration to solve the MFIE [32], [33].
In general, the iterative solution of the MoM system arising
from an integral equation formulation of the 3-D problem is a
time-consuming process, with both the number of operations
per iteration and the memory to store the matrix scaling as

, where is the dimension of the system. The dense
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matrix representing the discretized Green’s function kernel
has an underlying structure that can be exploited to expedite
the computation of the matrix-vector product. As succinctly
stated in [34] and [35], “nature does not just throw numbers
at us.” The redundancy in these matrices has been exploited
by several researchers to derive powerful complexity-reducing
fast multipole methods (FMM’s) [36]–[39] and related mul-
tilevel algorithms [40], [41] for the low-frequency regime.
Substantially more complex FMM-based techniques [42]–[49]
and related multilevel methods [50]–[53] have also been de-
veloped for wave scattering problems. All of these techniques
compute only a small portion of the MoM matrix directly
and accelerate the computation of a matrix-vector product by
efficiently computing the contribution to the product from the
remainder of the MoM matrix in an indirect manner.

Two extremely efficient multilevel techniques have been
tailored specifically toward rough surface analysis. These
methods take advantage of the fact that rough surfaces are
“nearly” planar (or quasiplanar) to alleviate the CPU time
and memory burden. The first of these techniques is the sparse
matrix flat surface iterative approach (SMFSIA) [54], which
is a generalization of the BMIA-FFT [28], [29] method to
2-D surfaces. In this approach, a Taylor series expansion in
the vertical direction maps the problem to a flat 2-D surface.
The FFT can deal efficiently with the Toeplitz structure of the
interaction matrix on the flat surface. The resulting complexity
of the SMFSIA is . The second approach is based
on combining the FMM with the FFT [21]. The FFT is utilized
in conjunction with the FMM by forcing multipole-expansion
centers to lie on a 3-D separable Cartesian grid. The FFT
permits the computation of the matrix-vector product in an
efficient manner. The resulting algorithm, termed FMM-FFT,
requires CPU time per iteration.

In this paper, a new technique, the steepest descent-fast mul-
tipole method (SDFMM) is developed for the fast analysis of
3-D scattering from 2-D perfectly conducting rough surfaces.
The quasiplanar nature of rough surfaces is exploited to effi-
ciently express the free-space dyadic Green’s function in terms
of a rapidly converging Sommerfeld steepest descent integral.
Furthermore, the Hankel function arising in the integrand is
evaluated efficiently for multiple source and observation points
using a multilevel FMM-like algorithm based on an inhomo-
geneous plane wave expansion. Efficient and robust numerical
integration rules are developed to compute the steepest descent
integral arising in conjunction with the multilevel FMM. A
complexity analysis is carried out to show that the proposed
technique has CPU time and storage requirements. The
technique is numerically rigorous and its accuracy can be
controlled and traded off for computational efficiency. Several
numerical examples are shown to exhibit the accuracy and
efficiency of the SDFMM.

This paper is organized as follows. Section II describes
rough surface modeling and the integral equation formulation
of the scattering problem. In Section III, the theoretical formu-
lation of the SDFMM method is developed. Implementation
details of SDFMM interpolation and integration rules are
described in Section IV. Rigorous complexity and memory
estimates for the SDFMM are developed in Section V. Nu-

merical simulation results are presented in Section VI, and
Section VII contains our conclusions.

II. RANDOM ROUGH SURFACES: MODEL DEVELOPMENT

AND FORMULATION OF THE SCATTERING PROBLEM

This paper focuses on scattering from Gaussian surfaces.
These surfaces are chosen solely for illustration purposes as
the proposed SDFMM technique is applicable to arbitrary
quasiplanar scatterers (those whose lateral dimensions are
much larger than their longitudinal extent). Random rough
surfaces with a Gaussian distribution are generated in a two-
step process [21], [32]. An uncorrelated Gaussian distribution
is obtained on a discrete 2-D regular grid and then filtered in
the spectral domain using a Gaussian filter. The parameters
associated with this process are the varianceof the zero-
mean Gaussian generator and the correlation lengthof the
filter. The resulting rough surface height follows the
statistics

(1a)

(1b)

where denotes an ensemble average.
In order to analyze scattering from these Gaussian surfaces,

a finite sample surface of dimensions centered at the
origin is considered. The illumination on the surface should be
spatially limited to avoid undesired edge effects when using
such finite surfaces to model essentially infinite ones. To this
end, a Gaussian-weighted sum of plane waves [21], [32] is
utilized as the excitation

(2)

where

(3)

with . Also, is the half-width of the beam
and typically equals .

An electric field integral equation (EFIE) is utilized to find
the field scattered by the surfacewhen excited by

(4a)

where represents the scattered field generated by
the surface currents and can be expressed as

(4b)

In this equation, and are the free-space wavenumber and
impedance and is the dyadic Green’s function given
by

(4c)
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with being the identity dyadic. The solution of the EFIE
yields the current density , which can be used to evaluate
the scattered field required in the computation of
the bistatic radar cross section (RCS), defined as

(5)

where is the incident beam power, is the scattered
power density, and and denote the polarization of the
incident beam and the measured component of the scattered
field, respectively. In a Monte Carlo simulation, the variance
of over several rough surfaces of the same root-
mean-square (RMS) height is used to compute the noncoherent
part of the bistatic scattering coefficient [2], [21], [33].

III. SDFMM

To solve the EFIE (4), the unknown current density
is approximated in terms of a linear combination of basic
functions as

(6a)

Substituting (4b), (4c), and (6a) into (4a) and testing the
resulting equation with functions , results
in a system of equations

(6b)

where represents the vector of unknown coefficients

(6c)

(6d)

and denotes surface integration. A popular choice for the
functions and is the Rao–Wilton–Glisson (RWG) basis
[55], which will be utilized here.

Solving the matrix equation using a direct solver, such as
LU decomposition, requires CPU time and
memory, while Krylov subspace iterative solvers, such as those
based on the CG [56] or biconjugate gradient (BiCG) [57], [58]
techniques, take memory and CPU time per iteration.
For rough surfaces, the SMFSIA [54] and FMM-FFT [21]
algorithms perform matrix-vector products with
complexity since both approaches use FFT’s as a part of
their formulation. In the rest of this section, the new
SDFMM algorithm (CPU time and memory) based on a hybrid
Sommerfeld integral-fast multipole approach, is presented.

A single-level implementation of the SDFMM proceeds
very much like that of a standard FMM by embedding the
rough surface into a block of dimensions , where

and by partitioning this block into
smaller blocks of dimensions (Fig. 1). Since ,
it is assumed that the block is never partitioned along the-
direction. Furthermore, since , all block centers
reside in the - plane. Based upon this partitioning, a matrix
element is termed a near-field element if the corresponding
basis and testing function reside in blocks that are separated
by no more than blocks in both lateral directions. (see

Fig. 1. SDFMM far-field interactions in a single-level implementation. The
rough surface of sizeL � L has been divided into blocks of dimensions
l � l centered in thex-y plane. There are a total ofb = 64 blocks. In
this example, blocks are termed well separated if they areBdi = 2 blocks
apart. Circles represent inhomogeneous plane wave expansions. The block
with its expansion shown as a black circle is in the far-field of blocks whose
expansions are represented by gray circles. The maximum peak-to-peak height
of the rough surface isH, as shown. Centroids of all blocks are represented
by small dark circles.

Fig. 1). Matrix elements that do not adhere to this definition
are termed far-field elements.

The impedance matrix is decomposed as

(7)

where and contain all near-field and far-field in-
teractions, respectively. In the SDFMM, the matrix is
computed and stored as in the regular MoM. However,
is never computed since an efficient representation ofcan
be obtained upon representing using a diagonalized
translation operator. To arrive at this new representation of,
consider two points and residing in each other’s far-field.
The 3-D dynamic scalar Green’s function

(8)

can be cast into a contour integral form [59] using the
Sommerfeld identity

(9)

where and are the cylindrical coordinate represen-
tation of . We seek to approximate the above integral
numerically by using quadrature rules. This is most expedi-
ently performed along the steepest descent path (SDP) when

is large. To this end, we let

(10)
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so that is a nonoscillating function when is large.
Then

(11)
By letting , the above becomes

(12)

where . The saddle point is at
. However, since for a quasiplanar structure,

we evaluate the integral along an approximate SDP through
defined by

(13)

since this path can be used as a common one for all sources
and observers residing in any of the blocks. Upon deforming
the integrand along the SDP, we obtain

(14)

Efficient quadrature rules can be developed for computing
the above integral, with the number of points determined
by the exponential decay in the integrand and the phase
variation, governed in turn by . These rules are
developed and examined in Section IV. Using such a rule,
the above integral can be approximated as

(15)

where and since is a function of via
(13), . Numerical quadrature weights are denoted
by . Using (10) and (13) in (15), we have

(16)
The Hankel function occurring in the above integrand can

be computed efficiently for several source and observation
locations through a generalization of the free-space FMM [49],
[34] by using the addition theorem and transforming to an
inhomogeneous plane wave basis. The rough surface is divided
into blocks lying on a plane. Sources lying in each block are
represented by plane wave expansions located at the center
of each block, irrespective of the particularlocation of the

source. The Hankel function can then be expressed as

(17a)

(17b)

where

(17c)

where is the number of integration points required for spec-
tral integration, are the quadrature weights (typically
obtained from equispaced rules on a circle [60]), and
are FMM block centers, and is the translation operator that
depends on the complex wavenumber, spectral angle, and the
displacement between source and observation blocks. Also,

, and .
On using the above equation in conjunction with (4) and (16),
the dyadic Green’s function can be represented in the
SDFMM formulation as

(18a)

(18b)

Fig. 2 shows a schematic representation of the dyadic Green’s
function evaluation in the SDFMM. We conclude that, if the

th testing and th basis functions are in each other’s far-field,
then from (6c), can be expressed as

(19)

The inhomogeneous plane wave expansions above are
amenable to aggregation and disaggregation processes
analogous to those in standard FMM’s, refer to [42]–[46].
The computational complexity of a matrix-vector product
involving is substantially reduced in FMM methods by
using the diagonal translation operator and by utilizing the
fact that the far-field plane wave expansions can be produced
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Fig. 2. Schematic SDFMM representation of the dyadic Green’s function. A rough surface has been divided into blocks, and two such blocks are represented
by their SDFMM expansions, shown as spheres. For each block, fields produced by sources in that block are represented by a hybrid SDFMM formulation.
The SD integration is represented by the short bold arrows (nsd in number), while the FMM spectral integration is shown as thinner arrows (P in
number) lying on a plane. The long bold arrow represents the diagonal translation operators, translating an amount of information proportional to the
productnsdP . At an observation block, incoming inhomogeneous plane waves are utilized to obtain the field value at the center of the block through
the use of another combined SDFMM integration.

independently, irrespective of the location of source and
observer locations.

The SDFMM implementation utilizes a multilevel FMM-
like algorithm for inhomogeneous plane waves analogous to
existing free-space multilevel FMM’s [45]. In this case, the
rough surface is divided hierarchically into blocks lying in
the - plane, irrespective of the height of the rough surface,
by recursively dividing each block into four smaller blocks.
The block at the coarser level is termed theparent, and the
derivative blocks are itschildren. Plane wave expansions are
shifted to centers of parent blocks, and incoming spectra are
shifted to centers of child blocks. Distinct translation operators
are utilized at each FMM level. At the finest level, sources
lying in each block are represented by plane wave expansions
about the block center.

IV. I MPLEMENTATION DETAILS FOR SDFMM
INTEGRATION AND INTERPOLATION RULES

This section examines in detail the implementation and per-
formance of numerical integration rules for SDP integration.
As will be demonstrated, these rules have to satisfy certain
validity conditions in order that the integration be compatible
with the use of the FMM. Specific features incorporated into
the multilevel FMM are also discussed. These include the
use of optimal bandlimited interpolation and the truncation
of translation operators based on bandlimited windowing.

To examine the nature of the integrand in the SDP integral,
we use the small argument approximation of
when in (13), to get

(20)

By letting , where is real along the
SDP in the vicinity of the saddle point, the overall exponent

in (14) has a real part defined by

(21)

The exponential term therefore has its largest magnitude at
. To examine the exponential decay

away from this point, a new variable is introduced as

(22)

and therefore

(23)

and the double-sided exponential decay of the integrand on
either side of is evident. The region
of integration is thus restricted to a small region around this
point. For multiple source and observation points, the location
of the maximum will shift and the “spread” will be related to

. The phase variation of the integrand
is mainly governed by the imaginary part of, which, for
small is

(24)

The number of points for an integrand composing several
source and observation points will be influenced by the phase
variation. As increases, the phase varies more rapidly
and more points are required in the rule. This is akin to the
sampling theorem required for perfect interpolation, where a
larger frequency component entails a denser sampling due to
the increased Nyquist rate. The fact that one is working with a
rough surface implies that will be small compared to
the lateral dimensions of the surface, and therefore, a robust
numerical integration can be performed using a small number
of points.

It is tempting at first glance to utilize one of the readily
available integration methods [60] for the purpose of SDP
integration. Unfortunately, this approach leads to an invalid
rule in the present context. Interactions between FMM blocks
at a particular level are restricted to a range. Interacting blocks
are those that are in each other’s far-field and whose parent
blocks are not [37], [42]. The SDP integration must be valid for
all source-observation displacements in the interacting range.
This means that afixedset of integration weights (obtained

from standard quadrature rules [60]) and locations (or
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TABLE I
OPTIMAL UPPER BOUNDS ON jtj FOR NUMERICAL SDP INTEGRATION

Fig. 3. Accuracy of the numerical SDP integration. The FMM block has a
size of 1� � 1�. Lateral distances and heights are in units of�.

equivalently ) have to be valid for arangeof and
in (16), rather than simply for a single integrand.

The method used here to derive optimal equispaced rules
for the above purpose is the following. The parameters to be
determined are the number of points in the rule as well as
the limit of the integration variable in (14). It is observed that
the numerical error is largest for the maximum value of
(which is when the integrand has the greatest oscillations).
Also, the range of interaction of FMM blocks at a particular
level specifies lower and upper limits on , termed
and , respectively. The exact limit of for integration
at level is determined in an optimal manner for a given
by forcing the errors in integration to be identical in the cases
when and . For FMM blocks

Fig. 4. Accuracy of integration rules. The FMM block has a size of 1� �
1�; �

min;l = 2�, and�
max;l = 6�. Heights are in units of�.

of size 1 1 (where denotes a free-space wavelength)
and a maximum of 0.1 , the error surface generated by
the suggested approach is shown in Fig. 3. As is evident, the
error reduces as reduces and is practically independent
of . In exactly the same manner, optimal equispaced
rules can be developed for different FMM levels and different
rough surface heights. Moreover, the number of points
is determined by the acceptable error and is a function of
the roughness. The dependence of integration error on
and rough surface height is seen clearly in Fig. 4. The FMM
block is of size 1 1 , and . For
the same case, the optimal value of, which minimizes the
error, is a strong function of , as can be seen from Table I.
Moreover, this optimal value is not as strongly influenced
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by the height, which is what was postulated earlier in this
section.

For the implementation of the multilevel FMM, interpola-
tion rules are required to obtain sampled values of inhomoge-
neous plane wave spectra that are utilized at coarser FMM
levels. For this purpose, optimal bandlimited interpolation
[61] is utilized. In this approach, kernels based on prolate-
spheroidal or Chebyshev functions are used to interpolate
bandlimited functions. In the SDFMM, these same functions
are also utilized as windowing functions for sparsifying the
diagonalized translation operator.

V. COMPUTATIONAL COMPLEXITY

ESTIMATES FOR THE SDFMM

To analyze the computational complexity and memory re-
quirements of the SDFMM, assume a rough surface of dimen-
sions , with a maximum peak to peak height of,
modeled using unknowns. Let the number of FMM levels
be . At any intermediate level , the number of blocks is
denoted by and the size of each block is .
Furthermore, let the number of points used for the steepest
descent integration and the number of spectral angles required
by the FMM be and , respectively (see Figs. 1 and
2). Finally ( -independent) constants are denoted by, where

is some integer. The following relations hold:

(25a)

(25b)

(25c)

The upper bound on the total number of near-field inter-
actions is given by

(26a)

Moreover, and, therefore

(26b)

An initial step for the computation of far-field contributions
is the projection of sources, which involves computing plane
wave spectra at the centers of finest level blocks. The next
step is the recursive generation of higher level spectra, which
involves spectrum interpolation and center translation. A dual
step is the anterpolation of incoming spectra at finer levels and
center translation. In-level translations using the diagonalized
translation operator are also necessitated to obtain complete
incoming wave spectra. At the finest level, plane wave spectra
need to be backprojected to obtain actual field values. The
overall far-field computation cost is calculated as follows. The
total cost of projection and backprojection is given by

(27)

The cost of all center translations and interpola-
tion/anterpolation at level is

(28)

Fig. 5. Sample rough surface. All dimensions in units of�.

and the cost of in-level translations is given by

(29)

We can assume that is independent of the level and,
hence, equals . This is in keeping with the observations
earlier in this paper, where it was shown that the number of
points for steepest descent integration is dependent mainly
on the rough surface height. The number of spectral angles
required depends on the block size and roughly double as the
block size doubles [61]. Therefore, in this complexity analysis,
we let . The overall cost of the SDFMM is

SDFMM (30a)

SDFMM
(30b)

and, therefore

SDFMM (30c)

It is evident that the cost of each matrix-vector product is
and the total memory requirements (storing near-field

interactions and incoming and outgoing spectra at all levels)
are also . Owing to the exponential decay characteristics
of the SDP and FMM integration rules, the computational cost
for a matrix-vector product is for an arbitrary and
fixed error tolerance of.

VI. NUMERICAL RESULTS

The SDFMM has been developed in this paper to analyze
scattering from random rough surfaces, although it is in
principle applicable to a more general class of quasiplanar
structures. In this section, results of applying the SDFMM
to solve scattering problems, specifically, involving Gaussian
rough surfaces are presented. Single RCS and Monte Carlo
simulation results as well as CPU time and memory require-
ments are presented.

To validate the SDFMM approach, a comparison is made
with results obtained by using the standard MoM technique.
The rough surface used for this purpose, shown in Fig. 5,
has a roughness and correlation length .

Authorized licensed use limited to: University of Washington Libraries. Downloaded on July 13, 2009 at 15:57 from IEEE Xplore.  Restrictions apply.



JANDHYALA et al.: COMBINED STEEPEST DESCENT-FAST MULTIPOLE ALGORITHM 745

Fig. 6. Bistatic RCS: SDFMM and MoM results. A Gaussian beam is
incident at� = �10

�.

Fig. 7. Monte Carlo simulation: Copolarized bistatic scattering coefficient.
A Gaussian beam is incident at� = �10

�.

Its size is 3.9 3.9 . The density of discretization is ten
nodes per . Finest level blocks of size 0.5 0.5 are
used, and the residual error stopping criterion for a transpose-
free quasiminimal residual (TFQMR) [58] iterative solver is

. The parameter should be as small as possible for
greatest efficiency. However, has been shown to be
unsatisfactory in standard FMM’s [34], while give
very good results. For the SDFMM, we use , after
ensuring that we have sufficiently accurate SDP integration
rules for the given range of lateral displacements. A Gaussian
beam lying in the - plane and having no amplitude variation
in the -direction is used as the excitation. The beam is
incident at an angle of 10from the vertical with a positive

-component (i.e., ). The half-width of the beam is
, and its electric field vector is polarized

in the - plane. The solution using the SDFMM produces a
current densitysolution that is within 0.5% of that produced
by solving the standard MoM. Fig. 6 depicts the RCS results,
which are practically identical.

Fig. 8. Monte Carlo simulation: Cross-polarized bistatic scattering coeffi-
cient. A Gaussian beam is incident at� = �10

�.

Fig. 9. Setup timings per surface.

A Monte Carlo simulation is carried out for an ensemble of
50 rough surfaces of size 5.9 5.9 , with and

. The excitation field is a Gaussian beam similar to the one
in the above problem, with . The problem
involves unknowns and requires approximately
52 h of CPU time for the complete simulation on a 60 MFlop
SGI Power Challenge. The noncoherent bistatic scattering
coefficients for the cross-polarized and copolarized cases are
depicted in Figs. 7 and 8. Backscattering enhancement (at

) is clearly observed for both cases.
To verify the CPU time and memory estimates

for the SDFMM, scaling tests are carried out using larger
rough surfaces. The results of these tests are as follows.
Setup times for rough surface computations, which include
the computation of the near-field portion of the MoM matrix
and the computation of plane wave expansions at the finest
level, are depicted in Fig. 9. As suggested by the analysis
in the previous section, the setup time scales approximately
linearly with problem size. The CPU time for a matrix-
vector product is shown in Fig. 10. The scaling of memory
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Fig. 10. Matrix-vector product timings.

Fig. 11. Total memory requirements.

requirements is seen in Fig. 11. Both CPU time and memory
scale approximately linearly, as predicted by the complexity
analysis in the previous section.

Finally, the RCS of a 420 rough surface with
and is presented in Fig. 12. The surface

was discretized using eight unknowns per resulting in
approximately 80 000 unknowns. The excitation is similar to
that used in the previous examples. This problem requires
approximately 8 h of CPU time. A single matrix-vector product
takes about 3 min.

VII. CONCLUSION

A new multilevel algorithm, the SDFMM, has been de-
veloped to efficiently analyze scattering from quasiplanar
structures. Gaussian, perfectly conducting rough surfaces have
been used for illustration purposes in this work.

The proposed technique has CPU time and memory
requirements and is rapid enough to permit Monte Carlo
simulations of large surfaces in reasonable times. The tech-
nique is exact; the SDFMM solution can be made arbitrarily
close to the MoM solution. For a fixed error tolerance, the

Fig. 12. Bistatic RCS for a 420�2 rough surface with� = 0:3�.

computational cost is . A tradeoff exists therefore
between accuracy and efficiency.

Further generalizations to the analysis of dielectric rough
surfaces, anisotropic materials, and planar multilayered mi-
crowave circuits are currently under study. Efficient multilevel
block-based preconditioners are also under development.
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