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1. Introduction

The modeling of electromagnetic scattering has been of longstanding interest,
with the method of moments (MoM) [1] representing a prominent example.
‘While the MoM is powerful, it has lLimitations that restrict its utility. In particular,
for N unknowns, the required memory (RAM) is of order O(N?), while the com-
putational complexity depends on whether a direct (LU-decomposition) or itera-
tive (conjugate gradient CG) solver is-applied, the former requiring O(N°) opera-
tions and the latter O(N?) operations per iteration. To counter these limitations,
there has been significant interest in the fast multipole method (FMM) [2-5]. The
simplest two-level implementation [2,3] has complexity O(N**) in RAM and
CPU, while a multi-level FMM [4,5] further reduces this to O(NlogN). While the
FMM represents a promising tool, it has heretofore been applied primarily to
free-space scattering [2-5], 2D analysis in layered media [6], or quasi-planar 3D
problems in circuit and antenna design [7). There are many important applications
for which the free-space model or the quasj-planar approximation are not valid.
For example, there has been significant interest in radar sensing of buried targets,
such as mines or unexploded ordnance (UXO). Moreover, the soil must be in-
cluded in the analysis of scattering from a target situated above and near the
ground (e.g., vehicles). While mines are generally small, and therefore amenable
to an MoM analysis, many targets of interest are not. It is therefore desirable to
adapt the FMM to the problem of scattering from a target in the vicinity of a half-
space interface. Here we concentrate on an extension of the two-level FMM {2,
3], while similar modifications are possible with the multi-level FMM [4,5].

2. Half-space fast multipole method
We utilize the half-space electric field integral equation (EFIE) [1,8]
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for a general 3D PEC target sitnated entirely in layer i=1 or i=2 of a half space
(Fig. 1). To avoid problems with interior resonances (for closed targets), a com-
bined field integral equation (CFIE) [4] could be used instead. Details on the dy-
adic half-space Green's function can be found in [8]. Like in the MoM, the sur-
face current J(x") is expanded into a set of basis functions b, .(x"), where we use
the RWG basis defined on flat triangles representing the surface [1]. Testing (1)
with a set of weighting functions w,(x) results in a system of N linear equations
(i.e., [Z)1=V) for the current coefficients, with the matrix elements given by
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" In the FMM [2,3], we divide the computation into “near” and “far” terms. For
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“near” interactions (i.e., MoM part of FMM) we evaluate the half-space Green’s
function using the method of complex images [9]. Matrix elements representing
“near” terms are stored in a sparse matrix [Z"*"]. For “far” terms we split the dy-
adic into a “direct” contribution (as in free space, but general complex wavenum-
ber k) and a remaining dyadic accounting for the interface (A is not an operator)
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Consequently, the impedance matrix elements in (2) are split according to
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Using the addition theorem and a plane wave decomposition of the scalar free-
space Green’s function, the “far” matrix elements in the 3D free-space FMM are
written as [2,3] (for a definition of the geometrical parameters see Fig. 1)

zZlihon ~ %)]%‘H Wi (K) - Ty (X K- X 1) B (K) a7k (5a)
4r

W () = [ - ] J' f Wy (K€ IR 4 (5b)
N

Byrr )= [ K] [ [y (x5 a5 (s0)
&

A L A
T, X B K = D (D @A D HO X) BR R ) . (50)
=0

In case of Galerkin testing and a lossless medium, (5b,5¢) are complex-conjugate
pairs. Consequently, either (5b) or (5¢) need be stored in memory (2,3]. How-
ever, here we are interested in a general lossy half space (i.e., k; is complex), and
therefore both must be computed. For an application of (5), the scatterer surface
is first partitioned into groups m=1,..,M, each of which has an average number
of A,=N/M basis functions. Inside group m the elements are labeled as a=1..4 .
The group information n(m,o) is stored in matrix format. As was shown in [2,3]
for the two-level FMM, the optimal number of groups is M~N"?. Empirical a
proximations for the number L of terms needed in (5d) are given in [2,3,5] for a
real wavenumber k.. For complex k; more terms are required [10]. Therefore, in
our implementation L is determined adaptively at the beginning.

Using (5), the complexity with respect to RAM and CPU (for performing matrix-
vector multiplies in the CG solver) is reduced from N? to N*? {2,3]. The basic
ste!ps described in [2,3] remain valid to account for [Z™*"] and the “direct” part
[Z/#**™} of the “far’ interactions (see also final algorithm below).

However, for the half-space it is essential to include the “far” interface interac-
tions represented by [AZ"*] in (4). The method of complex images [9] represents
the Green’s function components as sums of free-space Green's functions (with
sources in complex space), which can, in principle, be handled within the FMM.
While addition theorem and plane wave expansion remain valid for a complex
wavenumber and complex images, the convergence is considerably slower [10].
Therefore, we utilize an approximate but highly accurate method for evaluating

645



the “far” interface interactions. In particular, if the target is entirely above or be-
low the interface, and if basis and testing functions are distant, the “reflected”
term can be evaluated asymptotically [11], leading to an image in real space with
the amplitude given by the polarization dependent reflection coefficient.

Generalizing the free-space FMM is now straightforward. In the preprocessing
stage [2,3] we include additional calculations of the translation operator (5d) be-
tween image and observation group centers as well as the spectral Fourier trans-
forms B,."(k) of the image expansion functions [10]. Extending [2,3], the ma-
trix-vector multiplies in the CG solution are performed according to
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where the summation in (6b) is over “far” interactions only. The first term in (6b)
represents “direct” contributions, the reflection dyadic and translation operator in
the second term account for “far” interface interactions [10]. The three steps in
(6a)—(6¢) are often called aggregation, translation and disaggregation [4], the ba-
sic physical interpretation remains unchanged here.

3. Results

‘We demonstrate the accuracy of the half-space FMM by considering two targets:
a model UXO buried under soil (Fig. 2) and a rectangular box situated above the
ground (Fig. 3). All relevant parameters can be found in the figure captions. In
all examples, the bistatic RCS is computed via the FMM developed here, as well
as with a rigorous MoM, wherein the half-space Green’s function is evaluated
rigorously via the method of complex images [9]. Figs. 2 and 3 show an excel-
lent agreement between FMM and MoM results, for co- and cross-polarized
RCS. The RAM and CPU requirements of the half-space FMM are about twice to
three times compared to the free-space FMM [10] (caused by the extra set of real
images and the additional Fourier transforms (5b,5c), needed because (5b) and
(5¢) are no longer conjugate complex), but the complexity of N*? is unchanged.
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Fig. 1 Source, real image and obser-
vation group in 3D half-space FMM.
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Fig. 2 RCS of a UXO (cylinder with
spherical endcap, length=153cm, dia-
meter=40.6cm) buried in Yuma soil
with 5% water. The target axis lies in
the yz-plane, 30° relative to the z-axis,
with the nose at z=-217.5cm. The bi-
static RCS is plotted at 6 =60° for va-
rying azimuth ¢, , for a plane wave in-
cident at $=-90° and 8=60° (frequency
" f=600MHz, N=11019 unknowns).
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Fig.3a RCS of a closed rectangular
box with size LXLxL=12x2x2.5m’
situated 50cm abovée Yuma soil with
10% water. The co-polarized bistatic
RCS (VV and HH) is plotted for vary-
ing azimuth angle ¢, at 6,=80° (i.e., 10°
from grazing), for a plane wave inci-
dent at $=60° and 6=60° (frequency is
J=150MHz, 3776 triangles, leading to
N=5664 unknowns).
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Fig.3b Same as Fig. 3a, but plotting
cross-polarized RCS (VH and HV).
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