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_ Abstract—A newly developed iterative method, the stabilized and V) in z direction. The electrical properties of each layer
plconjugate gradllent fast Fourier transfo.rm (BCGS-FFT) method gre characterized by constant permittivity permeability:;
is applied to simulate electromagnetic scattering from large and conductivityo;(i = 1,---,M). The scattering object is
K2 - 7 7 .

inhomogeneous objects embedded in a planarly layered medium. . . -
In this fast solver, the weak-form formulation is applied to obtain _characterized by space dependent dielectric consténtand

a less singular discretization of the volume electric field integral €lectric conductivityo(r). This model can represent an oil

equation. Several techniques are utilized to speed up the dyadic reservoir, utility pipes, buried land mines, or unexploded ord-
Green’s function evaluation. To accelerate the operation of the nance (UXO). To the authors’ knowledge, there is no existing
dyadic Green’s function on an induced current (i.e., the “Green's ¢4 golver for electromagnetic scattering from inhomogeneous

operation”), the Green'’s function is split into convolutional and . . . .
correlational components so that FFT can be applied. The CPU objects in layered media. Therefore, this work focuses on devel-

time and memory cost of this BCGS-FFT method isD(N log N) oping a fast numerical method for electromagnetic scattering
and O(NN), respectively, whereN is the number of unknowns, from inhomogeneous objects in a planarly layered structure.

significantly more efficient than the method of moments (MoM). Because the scattering object has an arbitrary inhomogeneity,
As a result, this method is capable of solving large-scale electro-

magnetic scattering problems in a planarly layered background. Surface integral equation methods [1]-[3] are in general not ap-
A large-scale scattering problem in a layered medium with more propriate for this application. For general inhomogeneous ob-

than three million unknowns has been solved on a Sun Ultra 60 jects, the volume integral equation methods are more suitable.
workstation with 1.2 GBytes memory. To solve the electric field integral equation (EFIE) for electro-

Index Terms—Stabilized biconjugate gradient fast Fourier magnetic scattering from inhomogeneous objects, the straight-
transform (BCGS-FFT) method, fast algorithm, layered media, forward solution is the method of moments (MoM). One class
scattering, volume integral equation. of fast methods involve an iterative solver combined with the
fast Fourier transform (FFT) algorithm. Early work in this area

|. INTRODUCTION includes the conjugate gradient (CG) FFT method, the bicon-

jugate gradient (BCG) FFT method and the stabilized biconju-

LECTROMAGNET_IC _scatterlng problems are Impor qte gradient (BCGS) FFT method in [4]-[10] for objects in a
tant to many applications. Many techniques have be%n

. ... .homogeneous background. It has been shown that two different
developed to stimulate antennas and scatterers residing IBR5-EET methods are more efficient than the CG-FET method
homogeneous space. Although the assump'u.on of a homoﬁ)r'several examples from electromagnetic scattering in a homo-
neous background gives reasonable approximate solution in

L eneous background [7], [8]. In [10], the BCGS-FFT method
some aerospace applications where the effect of the gro ; : .
195 been applied to solve large-scale scattering problems in a

surface can be neglected, it is not applicable to many practi .
o o ._homogeneous background accurately and more efficiently than
situations where the proximity of the earth must be taken in Re CG- and BCG-FET methods

account. In fact, in many cases the influence of the ground or
the ocean, which often can be adequately characterized by &lowever, these FFT accelerated methods have been devel-
model of one or more planar, dielectric layers, is the domina@Ped mainly for objects ina homogeneous background, and only
effect in the problem. This scattering model is depicted fipcently fast algorithms have been devel_oped for layered media.
Fig. 1. The background is a planarly layered structure #ith The CG-FFT method has aI;o been applied in a half-space back-
layers. Each layer is homogeneous; it has infinite dimensio&€ound by Cui and Chew in [11]. Re.zcently,' the BCGS-FFT
in thez andy directions but finite (or semi-infinite for layers 1 Method has been developed and validated in a letter [12] for
electromagnetic scattering in general planarly layered media.

. . . _This present paper is distinct from [12] in that 1) the BCGS-FFT
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The main ingredients of the BCGS-FFT method for a layeret z
medium includes 1) the splitting of the dyadic Green’s func-
tion for the layered medium; 2) fast Green’s function evaluation
3) FFT acceleration using the convolution and correlation the X
orems; and 4) the stabilized biconjugate-gradient (BICGSTAB 7z
method for the linear system. The computer memory and CP - 1
time requirements of this method atg N) andO(N log N), -
respectively, whereV is the number of unknowns within the Zi1

inhomogeneous target. This method is thus highly competitive . € Wi O
Indeed, even on a Sun Ultra 60 workstation with 1.2 GByte: Layer 1 LA e
memory, this method can solve a large-scale problem with mot 7z

than three million unknowns. -
This paper is organized as follows. In Section I, the -

volume EFIE is formulated and discretized. In Section Ill, the

BCGS-FFT method is further validated and the RCS of sever:

large size targets, such as underground bunkers and buri Layer M &y Ly Oy

UXO objects in layered media, are presented.

Fig. 1. Typical geometry for electromagnetic scattering in a planarly layered
medium.
Il. THEORY
The geometry of the electromagnetic scattering problem is y mi / / N
depicted in Fig. 1, where the object is inhomogeneous, while the =jwpm [ G™(r,x) - x(r)D(r')dr (3)
background medium ha¥ planar layers extending to infinity v
in z andy directions. The layered medium has a piecewise COlhere @mi

stant profile o_f.independent permittiviteyn,conductivityam{ cussed below,V is the volume of the scattering ob-
a_m_d perme_:ablllty/{m(m = 1"”’.M)' The_ complex permit- ject, x(r) = &(r)—&/é(r) is the contrast function,
tivity is defined a<,,, = €, + o /jw. We will assume that the ér) = e(r) + o(r)/jw, D(r) = &r)E(r) is the electric

inhomogeneous object is completely embedded in laypos- g,y qensity, anct; is the complex permittivity of theth layer.

sibly with its outer boundary touching the top and/or botton?he scalar potentiap™ (r) is related toA™(r) through the
boundaries in layed). Furthermore, we will assume that the ObLorenz condition

ject has a constant permeabiljiy= 1; so that there is no con-

is the dyadic Green's function to be dis-

trast iny, between the object and layérThe objective of this ¢™i(r) = Jw V- A™i(r) (4)
. B . . . k2

work is to compute the electromagnetic fields in this complex "

medium. We will focus on the scattering due to a plane wave in

wherek,,, = wv/é 1um 1S the wavenumber of thesth layer.

this work. v ) _
Substituting (2), (3), and (4) into (1) yields

A EFIE inc Dm (I‘) 2 1 mi /

In a planarly layered medium shown in Fig. 1, an inhomd®m'(r) = ——— = (k;, + VV:)— [ G™'(r,1’)
geneous dielectric object of arbitrary shape is completely em- " "y
bedded in theth layer. In themth layer, The total electric field x(r)D;(r")dr’. (5)
E,.(r) is the sum of the incident fielli*(r) and the scattered
field EZ, (r), or Whenm = i andr € V, the above equation can be rewritten as

E;°(r) = En(r) - E;, () @) L[D;(r)] = E*(r) (6)

wherer is the position vector in the three-dimensional spac@here/ is a linear operator defined as
and E"¢ is the electric field in the absence of the object but

with the presence of the Iayered.medium. The scattereq fieldip, _ [~_] — (2 +VV) % Gii(r,r') - x[ldr', reV.

themth layer can be expressed in terms of the magnetic vector € €i

potential and scalar potential as v )
“ES (r) = jwA™(r) + Vé™i(r) @) Solving (6), the electric flux densitld;(r) is obtained for €

V. The relationship] = jwyxD can be used to calculate the
whereA™i(r) is the magnetic vector potential in theth layer induced currentinside the scattering object, and thus the electric
due to the induced current sourgenside the inhomogeneousfield at any location can be easily obtained from (2).
object embedded in thi¢h layer. This magnetic vector potential The volume EFIE has been formulated with the electric

is given by flux density as unknowns because the continuity of the normal
4 4 component of electric flux density can be easily enforced by
A" (1) = i / G™ (r,r') - J(r')dr’ choosing the roof-top basis functions #or On the other hand,

v if the electric/magnetic fields are chosen as the unknowns,
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implementation of the boundary conditions is not trivial. Furshift invariant, thus the integral kernel of the volume EFIE (6)
thermore, the “weak-form” discretization process proposed /not convolutional. For example, in the spectral domain
Zwamborn and van den Berg [5] for the scattering of objects in

a homogeneous background can be extended to layered media Gl (kp,2,2') = .1 {e—ﬂcmz—z’ + ;E
to reduce the singularity of the problem. 25k i D;
<—TE . 7 —>TE . 7
—jk | (z4+2")—2z2; —gk.,i|2zi—1—(2+2")
B. Dyadic Green'’s Function for a Layered Medium X { R; e | ]+ Ri e e ]

12)

i

mi H ’ 7 TE _TE
In_(3), G™ is the dyadic Greer_l s function of 'Fhe_ layered R ﬁi_le,ﬁwi % cos ha iz — Z,)H
medium. It represents the magnetic vector potential in layer :
due to a unit strength electric dipole in laygthe three columns
of G™ correspond to the magnetic vector potential of the dipo@ﬁherehj‘TE and ﬁTEl define some global reflection coeffi-
oriented inz, y, andz directions, respectively. It can be found ’ ' _TE_TE
by solving the inhomogeneous vector Helmholtz equation ~ Cientsg; = k. ;(zi—1—z;),andDI* = 1- R, R,;_je 72V
(see [1], [2]). Obviously, this Green’s function is not shift-in-
(V2 + kfn) G™(r,r') = —I§(r — 1') (8) variant inz direction, even though it is still shift-invariant in
andy directions. Consequently, unlike the scattering problem in
wherel is the unit dyadic. The Green'’s function is subject tgne free space, the integral in (7) is no longer convolutional; thus,
the condition that the tangential components of the scattefig@ convolutional theorem cannot be used directly to arrive at
electric field and magnetic field should be continuous across this FFT acceleration in the CG-FFT, BCG-FFT, and BCGS-FFT
interfaces between the dielectric |ayerS. It is known that [1%eth0ds as in the case of a homogeneous background_
two components of the magnetic vector potential are requiredrortunately, we are able to develop a splitting technique to
to satisfy the boundary conditions at the layer interfaces. In thiswrite the dyadic Green’s function into two terms, one is shift-
paper, the “traditional” form [1] is chosen for the dyadic Green‘gwariant in all directions, the other is shift-invariant in thand
function y directions, but as a function ef+ 2z’ in the z direction. More
i , R N specifically, as indicated in (12), the dyadic Green’s function in
G™(r,v') = (28 +99)Goy + 2067 + 290G +22G2 (9) 5ayered medium can be written as the summation of two terms:
in the spatial domain. The closed form of the Green’s fUﬂCtiOFCii(nr/) = Gi(|p—pz—2)+Gi(|p=7],2+7).
in spectral domain can be derived by using the equivalent trans- ’ ' (13)
mission line network. The Green’s function in spatial domain igg 5 result, in (7), the interaction betweddi (r,r’) and
obtained from its expression in spectral domain by performi r')D(r') is a convolution in al(z, y, 2) directions/, and that
inverse Fourier transform in the andy directions, which is betweenG¥ (r, ') and x(r')D(r') is a convolution inz and
equivalent to Sommerfeld integral evaluation. For example, [f yirections, but a correlation in direction. In other words,
p =+ Yy, the integral kernel in the EFIE is convolutional in theandy
i , . , directions and convolutional or correlational in thelirection
Gz (Ip=7'l,2,2") = So {Gm(kp’z’z )} 10)  after the splitting. Consequently, the FFT can be applied to
) these two operations separately through the convolution and
where 5, ] denotes the Sommerfeld integral (Hankel trangs a|ation theorems, reducing CPU time of the “Green’s
form) of ordern operation” fromO(N?) to O(N log N).

s, {f(kp)} _ %/f(kp)Jn (k15— 7]) kg“dkp. (11) D. Acceleration of Dyadic Green’s Function Evaluation
T 3 Another computational burden for the scattering problem
is the calculation of the dyadic Green’s function within the
The explicit expressions for the dyadic Green’s function in spegs|jume of the scattering object, which can be a bottleneck for
tral and spatial domains can be found in [3]. the volume integral equation method. Previous acceleration
techniques for the evaluation of this dyadic Green’s function
include the complex image method [14], [15], the steepest
When solving the integral equation in (6) iteratively, we needescent path integration [16], and filter integration method
to calculate the interactions of the dyadic Green’s functida7]. The first two techniques can become quite involved
G'(r,r") with the induced current density = jwxD for for a multilayer medium, while the filter technique is more
every testing function within the object. For simplicity, we camadvantageous when dealing with near-field points. In this work,
call this the “Green’s operation.” If the object is discretizetivo techniques are applied to reduce the computational cost of
into N unknowns, the straightforward computation of thesthe Green’s function.
interactions require®(N?) arithmetic operations. In the free  Singularity Subtraction:First, the Green’s function in the
space, this computation can be accelerated by using the F¥pEctral domain can be highly oscillatory as a functioh oes-
algorithm because the Green’s function there is shift invarianpecially when the source and observation planes are close (i.e.,
As a result of the inhomogeneity alonglirection, however, is close ta:’). This makes the evaluation of the Green'’s function
the dyadic Green’s function for a layered medium is no longer the spatial domain slow because a large number of quadrature

C. Splitting of the Dyadic Green’s Function
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Fig. 2. Configuration of a sphere (radius 0.34n,= 3.0, 0 = 0.01 S/m)
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same as the Green’s function for a homogeneous background),
and has a closed-form expression in the spatial domain. With
this singularity subtraction, the length of the integration path
for Sommerfeld integral evaluation to obtain the Green’s func-
tion in spatial domain is typically reduced by a factor of 30 for
the same accuracy. The singularity in the extracted direct term
is removed by using spheric mean at the singular point, as in [5],
81, [9].

Interpolation: Secondly, due to the axial symmetry of the
dyadic Green’s function, we can reduce the evaluation of
Green'’s function from a volume to a plane. Specifically, if the
volume of the scattering object is of dimensianx b x ¢,
in a straightforward evaluation the computational domain of
the Green’s function will be of dimensid2u x 2b x 2¢ (the

centered at (0, 0, 0.7) m in a half space. The top layer is air, while the grout%mor 2 I,S necessary to _aVOId allasmg Whe,n using the FFT f,OI’
hase,» = 5.0 — 0.2j, 2 = 1.0, 05 = 0 S/m; the ground surface is at COnvolution and correlation). However, noting that the Green’s

z; = 0m.
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function is axially symmetric, one only needs to evaluate the
Green’s function over a vertical plane (i.e., flreplane) of size
max(v/2a, v/2b) x c; the Green’s function within the desired
volume can then be obtained by a simple linear interpolation.
This reduces the computational time fraiiN) to O(N?/3),
because the size of the computational domain is proportional to
the number of unknowns (although for large-scale problem this
CPU time can be negligible, for a small-scale problem this can
have a substantial contribution because of the large proportion
coefficient due to Sommerfeld integral).

E. Weak-Form Discretization

When solving the integral equation in (6), it is necessary to
consider the second-derivative opergt®tV-) in (7). This op-
erator increases the singularity of the Green'’s function and may
pose a problem for the convergence of the iterative solution.

To overcome this problem, we adopt the weak-form dis-
cretization [5] where both the unknown electric flux density
in the EFIE and the magnetic vector potential are expanded in
terms of basis functions. This approach is similar to the problem
of scattering from objects in the free space [5], [8]-[10]. In this
work, both basis and testing functions are “roof-top” functions
{bn(r)} [18]. The detailed process for the discretization is the
same as the “weak-form” discretization for free-space models
[5], [8]-[10] except that the dyadic Green’s function for a

-20 planarly layered medium is used. Specifically, we expand

-30 N N

40 . . . . D(r) =) duba(r), A(r)=) asbu(r)  (14)
0 20 40 60 80 n=1 n=1

0 (degree)
(b)

Fig. 3. Bistatic RCS from the sphere in Fig. 2. ¢a). = 0, VV polarization
and (b)¢... = 0, HH polarization.

points has to be taken for an accurate integration irkghdo-

and then test (6) and (3) using testing functi¢bs, (r)}. Using
(3), the discretized (6) becomes

3
inc,x __ T T T AT
6m,n,p - E |:b1 dm+i—2,n,p + = Am+i—2,n,pi|

=1

main. This problem can be attributed to the singularity in the
Green'’s function. To accelerate the evaluation of the Green's
function, the singularity term in the dyadic Green’s function
is extracted from its spectral domain expressions. This singu-
larity term is exactly the direct term in the Green'’s function (the

2 2
z AY
EY Y A i1y

i=1 j=1

2 2
Yy Az
2> ik

i=1 k=1

(15)
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2

2
inc,y __ z Az
> D A i a2y

m,n,p
i=1 j=1

3
Y 3y
+ [b]. Dt j—2,p
i=1
2 2

+ Z Z tijjfn,n+j—2,p+k—1

i=1 k=1

2 2
— ty AT
- kit m+i—1n,p+k—1

i=1 k=1

T AY
> A it
=1 k=1

(&

+ c?/iy }

m,n+j—2,p
(16)

inc,z

em-,nap

+

M

w |l

+ [bzdfn,n,p-i—k—Z + czAfn,n,p+k—2:| (17)

k

Il
—

where the coefficient vectots? andc? and the coefficient ma-
trix t? are given by

~—1
em_‘srq:n_‘syq;l’—ésq

AzA AzEl o ~
b = (Z)’/ (Eml—éxq,n—éyq,p—ézq + er_n%n,p)
-1
m,n,p
2 (1 -1
c?! =AzAyAz EI 41+ Qg2 2
1 -1

)
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This process avoids taking any derivative of the Green’s func-
tion in the EFIE and results in a less singular integral kernel.
[The only integration with the Green’s function is to obtaip
in (3).] This reduced singularity improves the convergence rate
when an iterative method is used to solve the discrete linear
system.

F. Iterative Solver for the Discrete System

The linear (22) is then solved efficiently by the stabilized
biconjugate gradient (BiCGSTAB) procedure [19]. As investi-
gated by Xuet al. [10], for the volume integral equation, there
is a strong evidence that the BICGSTAB method converges
much faster than CG [20], BiCG [21], conjugate gradient
squared (CGS) [22], and the transpose-free quasiminimum
residual (TFQMR) methods [23].

After discretization, the convolution and correlation kernels
in the EFIE are transformed into discrete convolution and
correlation kernels. Using the convolution and correlation
theorems, these discrete convolution and correlation can be
achieve efficiently by using the FFT algorithm. Therefore,
during each iteration of the Bi-CGSTAB procedure, the com-
putational cost for the operatiofi‘[d;] is only O(N log N).
Consequently, the total computational cost of this BCGS-FFT
method isO(K N log N), whereK is the number of iterations.
Furthermore, there is no need to store an MoM matrix; only
vector d; and a few auxiliary vectors of dimensioN are
required, leading to a memory requirement®@fN) in the
BCGS-FFT algorithm. Moreover, note that the number of
layers only affects the computation of the Green’s function,
which only needs to be obtained once and is a small fraction of
the total computational cost. Therefore, the computer memory

with 6.4, 6,4 andé., being the regular Kronecker Delta funcequirement does not change, while the CPU time increases

tion. In the above, the values @f,;¢, are related tdz}%4 (¢ =
x,y,z) as

inc A.CEAyAZ inc,q inc
Cmp = g [Em+6mq,n+6yq,p+6:q + 4B
FERCY by (18)
and the quantitieg?, ,, ,, A, . andE<d (¢ =z,y,z) are

1 4Aq
d?n,n.,p = g_Dp <rm,n,p - T) (19)
~ 1 GA
A;In7n7p = a ,"‘,Aq (rm7n7p - u) (20)
Jwpi€; 2
inc inc (qu
By = Eq (rmm;p - T) (21)

whereq is the unit vector for the (x, y, or z) direction.

little with the increase of the number of layers.

[ll. NUMERICAL RESULTS

In this work, we focus on the applications in far-field mea-
surements, i.e., when the source and observer are far from the
targets embedded in the layered medium. Therefore, the excita-
tion source is considered as a plane wave incident from the top
layer. This scenario is highly relevant in the detection of buried
objects and targets under trees.

A. Validation

Validation has been done in [12] for electromagnetic scat-
tering from cuboids buried in two- and three-layer lossy media
with the background field generated byzalirected electric
dipole by comparing with independent FDTD results [24]. Here
we show a further validation against the fast multipole method

The resulting discrete linear system can be written compactpen the source is a plane wave.

as

inc
e

£4d] = (22)

Fig. 2 shows the geometry of a homogeneous sphere located
in air with the ground surface at = 0 m; the soil has,s =
5.0 — 0.24, iy = 1.0, 02 = 0 S/m. The spheree. = 3.0,
o = 0.001 S/m) has a radius of = 0.3 m and is centered

whered; andei™ are vectors of the unknown electric flux denat (0, 0, 0.7) m. A 300 MHz plane wave is incidentat= 0,

sity and background electric field, respectively, aifd ] is the
discrete version of the linear operat®f] in (7) and is defined
by (15)—(17) along with the discretized (3).

¢; = 0. To validate the BCGS-FFT method, the RCS results are
compared with those obtained by the multilevel fast multipole
algorithm in [25]. Fig. 3(a) and (b) show the RCS of VV and
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HH polarizations, respectively. The results from the BCGS-FFT O e

method have excellent agreement with those of the independent

FMM code. 7 &r

B. Cylinder in the Top Layer of a Lossy Half Space y (o h=4 m
Fig. 4 shows a circular cylinder in the top layer of a lossy half

space characterized lay; = 1.0, p; = 1.0, 63 = 0 S/m, X O _F

z1 = 0m; €0 = 5 — 0.2, ptyo = 1.0, 02 = 0 S/m. The

radius and height of the cylinder are= 0.5 m andh = 4 m, Air N _

respectively. The electrical parameters of the cylinderare 2r=1m d=0.5 m

3,0 = 0.001 S/m. The distance from the bottom of the cylinder 7z
to the interface of the half spaceds= 0.5 m. The incidentangle /////////// !
of the 519.6 MHz plane wave & = 45° and¢; = 0.

This problem is discretized wittV =1,285 920 unknowns. €r2 =5-0.2]
Note that for simplicity, the number of unknowns in this paper
is counted as the total number of scalar field variables inside tﬁs 4. Configuration of a finite cylinder in a lossy half space. The cylinder
cuboid containing the target; thus, this includes the unnecessedst, = 3,0 = 0.001 S/m.
unknowns in the small volume between the circular cylinder
and the cuboid discretization volume. Fig. 5(a) shows the RCS 40
versus the azimuth anglg.; whenfs.; = 45° for VV and
VH polarizations. Fig. 5(b) shows the convergences curve of the
BCGS-FFT method. The code takes 350 and 367 iterations for
the relative residual error to become less than 0.1% for TE and
TM polarizations, respectively.

30+

n
o

BiRCS (dB/m?)
o o

C. Computational Complexity |

Fig. 6(a) and (b) give the log-log plot of the RAM require- | i
ments and CPU time per iteration as a functioMNofhe sam- -20 il .
pling rate is kept constant at 16 points per wavelength, the fre- =100 0 100
guency changes from 173.2 to 692.8 MHz and the electrical size ¢ (degree)
of the target varies from\, x 1), x 4, t04X, x 4}, x 16, @
where), is the dielectric wavelength (the dielectric constant is
3) inside the cylinder. The number of unknowns for the largest
model iSN = 2 x 64 x 63 x 255+ 63 x 63 x 256 = 3,072 384
whenf = 692.8 MHz. The measurements of the CPU time and
the RAM requirements are done on a Sun Ultra 60 workstation
with 1.2 GBytes memory. Note that the plots in Fig. 6 confirm
thatthe RAM and CPU requirements for the BCGS-FFT method
areO(N) andO(N log N), respectively.

L2 norm of residual

D. Bunker Buried in a Half Space and in a Three-Layer

Medium 0 100 200 300 400
. : . . Number of iterati
Fig. 7 shows a bunker in three-layer medium characterized umber offlerations
by 6,1 = 1.0, oy = 1.0, 01 = 0S/m; €, = 5.0 — 0.25, ()
prm = 1.0, 0y = 0S/m, 290 = 0 m; €0 = 2.0, upo = Fig.5. Results from the BCGS-FFT method for Fig. 4. (a) Bistatic RCS when

1.0, 05 = 0 S/m. Note that this configuration can be used t§s=+ = 4>° and (b) the convergence curves.

simulate two scenarios: (a) for the three-layer medium, we set

z1 = 3 m; (b) for a two-layer half space, we sgt= z, = 0 so The number of unknown i87 = 2 x 81 x 80 x 53 + 80 x

that the middle layer (inde) is absent. The dimension of the80 x 54 = 1,032,480, which gives the sampling rates of 11.6
outside wall of the bunker &1 m x 21 m x 9 m. The dimension points/A in the z andy directions and 1&oints/\ in the z

of the room is19 m x 19 m x 7 m. The electrical parametersdirection. Fig. 8(a) shows the bistatic RCS as a functiof,gf

of the wall aree, = 3, y,, = 1.0, 0 = 0.05 S/m. The room whengg.; = 0for VV polarization with the two-layer and three-

is filled with air. The distance from the top of the bunker tdayer background media, respectively. The horizontal (i.er,

the interface at, is d = 2.5 m. The 100 MHZ plane wave y direction) size of the bunker is roughly 7 wavelengths in the
is incident atd; = 0 and¢; = 0. The electrical size of this air, which corresponds to the seven peaks in (8a). Fig. 8(b) is
problem is7A x 7\ x 3\, where\ is the wavelength of the the convergence curve of the BCGS-FFT method for these two
incident electric field in free space. scenarios. The code takes 141 and 125 iterations, respectively,
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Fig. 6. Computer memory (a) and CPU time per iteration and (b) versus the 10'4 . .
number of unknowns for the case in Fig. 4. 0 50 100 150
lteration number
2 (b)
y Fig. 8. Results from the BCGS-FFT method for a bunker in a two- or
three-layer background shown in Fig. 7. (a) Bistatic RCS whgp = 0 and
€1 Hel O, X (b) the convergence curves.
7
€m Pem O pr1 = 1.0,00 = 0S/m, 21 = 2 m; €9 = 2.56, pir2 = 1.0,
2 09 = 0.04S/m, 20 = 0m; €,3 = 5—0.27, pr3 = 1.0, 03 =
&2 P2 Gy d=2.5m 0 S/m. The radius and height of the cylinder are- 0.5 m and
_____________ h = 4 m, respectively. The electrical parameters of the cylinder
A /‘. om aree, = 3,0 = 0.01 S/m. The distance from the top of the
tﬁ S Sl cylinder to the interface of the layer 2 and 3dis= 0.5 m. The
(&, ) v A ':__7» incident angle of the 519.6 MHz plane wavedis= 45° and
T~/ Ly ¢; = 0.
Vo f The problem is discretized withh = 1,285 920 unknowns.
ﬁ t Fig. 10 shows the bistatic RCS as a function of azimuth angle
o= }<»—t«>ﬁl st Whenfby.; = 45° for VV and VH polarization. The code
t=1m 2lm takes 84 iterations for the relative residual error to become less
k

21m than 0.1% for an incident plane wave of TM polarization. The
_ _ _contrast of the background is relatively large and this results in
E;/g;' :Gf%rf’lfi?’ifalt_’g’”:‘f”:”%t‘é"/c’r'nc;’r:rhfi'f‘;grEag_';%r’ol‘::‘j Ciaf‘gfe”@ﬂong reflection of the incident and scattered field at the inter-
Om = 0S/m, 2, = 0m; s = 2.0, po = 1.0, 05 = 0 S/m. Forthe facesz; andz,. Therefore, the bistatic RCS is low as shown
two-layer case;, = z, = 0; for the three-layer case; = 3 m. in 10. This low RCS indicates that the buried UXO is diffi-

cult to detect under this condition. Fig. 11(a) shows the RCS

for the L, norm of the relative residual error to become less tha(ﬁsuns with a reduced background contrast with = 1.44,

0.1%. The run time is 5.1 and 4.43 CPU hours, respectively, 8 = 0 S/m; €3 = 1.69, 03 = 0 5/m (lossless). The other
an SGI Origin 2400 processor. parameters are the same as that in Fig. 9. Note that the RCS

is much higher with this lossless background of reduced con-

. . . trast because the reflections at the interfaces and the loss due

E. Modeling of Buried UXO Objects the conductivity of the background are reduced. This increased
Fig. 9 shows a simple model of an UXO cylindrical objecRCS (i.e. scattered field) makes it is easier to detect the buried

buried in a three-layer background characterized, hy= 1.0, UXO. The convergence curves for Fig. 10 and Fig. 11(a) are
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within the present iteration. 3) These induced currents, together
with the primary source, are then used as the source for the next
o o ] iteration. This process continues until the induced current con-

shown in Fig. 11(b). As showniin this study, this fast solver preserges. Such an iterative method as well as other methods will

vides a useful tool for the users to determine the detectability g investigated in the future for more general cases.

objects buried in the ground or obscured by trees.

Fig. 10. RCS from the BCGS-FFT method for Fig. 9 with, = 45°.

. . IV. CONCLUSION
F. Discussions . o . .
The fast three dimensional (3-D) volume integral equatio The main contributions of this work include the development

6} a fast 3-D solver for inhomogeneous objects embedded in

solver presented here uses the important splitting of c':'reerr]rﬁiltilayer media and the applications in far-field simulations of

function into convolutional and correlational terms to allow thguch objects. We incorporate the stabilized biconjugate gradient

use of FFT algorithm for fast matrix-vector multiplication. At : . :
. R . method in the FFT accelerated volume integral equation solver.
present, this splitting is limited to the case where the inhomas

. s Pe BCGS-FFT method is applied to solve electromagnetic sub-
geneous scatterer is completely embedded within one layer. Al- . . . .
surface sensing of inhomogeneous objects embedded in a gen-

though this already includes many applications, the more geenr_al lanarly layered medium. The CPU time of this method is

eral cases where the scatterer traverses across two or more Iaée@r log N') and the memory cost i9( ). Large-scale prob-
cannot be directly accelerated by the current version of the f:f\s & y - -arg P

. - : ems of over 3 million unknowns have been solved on a SUN
solver. One straightforward remedy to this is summarized bel ) . : . i
) . . } . o ; tra 60 workstation. This method is an appealing choice for
in anew iteration loop: 1) First, the scatterer is divided into SeYé

eral subscatterers, each of which is embedded in only one Iayerr‘ge'SCaIe scattering problems in layered media.

b) Then, the induced current on each subscatterer is solved using
the above method by assuming the primary source and the cur-
rent induced in other subscatterers from the previous iterationThe authors thank Dr. L. Carin and Dr. J. He for providing
as the “incident” field. After all induced currents in all subscatthe validation result in Fig. 3.. The CPU time on the SGI Origin
terers are solved, we obtain the current in the primary scatteP&00 was provided by North Carolina Supercomputing Center.
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