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FAST NEAR-FIELD CALCULATION FOR VOLUME 
INTEGRAL EQUATIONS FOR LAYERED MEDIA 

Oleksiy S. Kim, Peter Meincke, and Olav Breinbjerg 

Brsted-DTU, Electromagnetic Systems, Technical University o f  Denmark 
Brsteds Plads, Building 348, DK-2800 Kgs. Lyngby, Denmark (osk@oersted.dtu.dk) 

Abstract 
An efficient technique based on the Fast Fourier Transform (FFT) for calculating . 
near-field scattering by dielectric objects in layered media is presented. A higher or- 
der method of moments technique is employed to solve the volume integral equation 
for the unknown induced volume current density. Afterwards, the scattered electric 
field can be easily computed at a regular rectangular grid on any horizontal plane us- 
ing a 2-dimensional FFT. This approach provides significant speedup in the near- 
field calculation in comparison to a straightforward numerical evaluation of thc ra- 
diation integral since it eliminates the very time-consuming computations of the dy- 
adic Green's functions for layered media. 

Keywords: volume integral equation, electromagnetic scattering, higher-order hierar- 
chical basis functions, method of moments, FIT, nearfield. 

1. INTRODUCTION 
When the forward solution of the scattering problem 
is employed in inversion schemes, the scattered field 
is often required to be calculated on a regular horizon- 
tal rectangular grid with a vast number of nodes. In 
the presence of layered media this task becomes ex- 
tremely time-consuming since a straightforward nu- 
merical evaluation of the radiation integral invoives 
computations of the multilayer dyadic Green's func- 
tions. These computations can be significantly simpli- 
fied if the distance between the observation point and 
the scattering object is large enough and conse- 
quently, the far-field asymptotic approximation can be 
utilized. Otherwise, the multiIayer Green's functions 
must be computed exactly for each pair of source and 
observation points, which takes a great amount of 
time even if fast methods such as the Discrete Com- 
plex Image Method (DCIM) or the model based pa- 
rameter estimation technique are utilized. 

Fortunately, the near-field computations on a rec- 
tangular grid can be extensively accelerated by appli- 
cation of the Fast Fourier Transform (FFT). This ap- 
proach allows the nearfield to be computed simulta- 
neously at all discrete values of x and y for a fixed 
value of z. Moreover, this representation has a trans- 
formation kernel in a simple closed form, which 
eliminates time-consuming calculations of the multi- 
layer Green's functions. 

In this paper the fast FFT near-field calculation is 
combined with the efficient higher order Method of 
Moments (MOM) solution for volume integral equa- 
tions (VIE) for layered media [I] that is based on 

higher order hierarchical Legendre basis functions [2] 
and higher order geometry modeling. 

Numerical examples for buried dielectric objects 
are presented to validate the fast FFT near-field calcu- 
lation technique. 

Throughout the paper the time factor eior is as- 
sumed and suppressed. 

2. FFT NEAR-FIELD CALCULATION FOR 
HIGHER-ORDER HIERARCHICAL MOM 

In a layered medium the scattered electric field at the 
observation point { x, y, z ) in the i-th layer due'to the 
induced volume current density TI.) immersed In the 
n-th layer can be expanded in terms of plane waves as 
131 

- e  -jlk,r+b YYdktdkv ,  1 

- where - 
E : ( L k y )  = F ' ( k , , k Y ) . 7 * ( k , , k , )  I 

k:g = kz - k,' - k: , ki is a propagation constant in 

the i-th layer, and J * ( k , , k , )  .is a 3-dimensionaI (3- 
D) spatial Fourier transform of T(F) known from the 
solution of the VIE 

- 

?*(k, ,k , )  = ~ ( F ' ) e J i ' ; ' d v ' ,  (2) 
V 

where = ik, + i k y  -F 2kz . 
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Plus and minus in the expressions correspond to up- mined in the MOM solution of VIE, and 
ward and downward propagating waves, respectively. The M $ , N T  ,and QC are current expansion - 
The dyadic c : ( k x , k y )  for a layered m e & m  can be 
represented in closed form. For instance, in a case of a 
two-layer medium (Fig. 1) the dyadic is 

1 k: +R,lk,2 -Vy -k,k,, 
- k,k, k,Z + kzIkz2 - kykZl ,(3) 
-k,k, ,  -k,k,, k: + k i  

where A = (kzl  + k,, >-'(k: + k: + kZ,kr2)-', corre- 
sponding to an upward propagating wave in layer 1 
(upper layer) and a source in layer 2 (lower layer). 

The near-field calculation technique used here is 
efficient due to the 2-dimensional (2-D) FFT em- 
ployed for evaluation of the integral (1) [4], which 
allows the field to be computed simultaneously for all 
discrete values of x and y in a rectangular grid at a 
z = const plane. 

The integrand in (1) is band limited due to the fac- 
tor Hence, the required bandwidth k, is 

determined by requiring e-m1z1 being SUE- 
ciently small. The integrations over k , , k ,  in (1) is 
then performed in the ranges -km < k ,  < k,, 
-km < k, < k,, . Consequently, the grid, on which 
the scattered field (1) is calculated using the FFT, has 
the spacing Ax = Ay = x/(2kma) , 

Further acceleration of the near-field computations 
can be achieved by speeding up the calculation of the 
3-D spatial Fourier transform (2) of the induced vol- 
ume current density 2 ( F ) .  Since the Fourier spectrum 

of j(F) is not band limited, it is problematic to em- 
ploy the FFT for evaluation of (2). However, the em- 
ciency can still be improved in an alternative semi- 
analytical way as explained below. 

In our Method of Moments solution for volume in- 
tegral equations [SI a volumetric dielectric object is 
represented by trilinear and/or curved hexahedral 
elements, and the volume current density J(F) is de- 
fined in a local curvilinear ( u , v ,  w)-coordinate sys- 
tem of each element as 

functions ?,(c) are defined in [2]. 
To accelerate the Fourier transformof J(F), an 

auxiliary 3-dimensional rectangular grid of the size 
N: x NI x N :  is defined so that it completely en- 
closes the object, as shown in Fig. 1. Then, each com- 
ponent of the volume current density J(F) is ap- 
proximated by a series of pulse function as 

N' N' N' 

J*JJ = g g g b ; p ( x  -qz ,y - y i , ,  2 - z,, ), (5 )  
i,=1 iy=l iz=l  

where 

The coefficients b,?;' are determined from (4) for 
each rectangular cell int.ide the object and set to zero 
elsewhere. 

I Y r  

t411,o is ( k V , 4 ,  (v,w,u),  or (w,u,v), (4) 
- 1 < u,v, w 2 1, 

where E is the relative dielectric permittivity of the 
element, which generally can be a h c t i o n  of 
(U, U, w), and E~ is the relative dielectric permittivity 
of the background medium. Moreover, 3 denotes the 
Jacobian of the parametric transformation, P, (5) are 
Legendre polynomials, ainq are coefficients deter- 

2 
1 

Y 
w' I I I I I I L /  

1 2  ... 
Fig. 1. Dielectric object in a two-layer medium. 

Definition of the auxiliary grid. 

Substituting ( 5 )  into (21, and using the fact that the 
Founer transform of the pulse function is known in 
closed form, we can find 
-" 

,(6) . e lkfSLeJkY~elkrr l  &'Ay'&z' 

r,=l $4 1.=1 

provided that the object is confined to one layer. 
Thus, the time-consuming calculations of the expo- 
nential fkctions of the complex argument are re- 
duced to the minimum, and the 3-D spatial Fourier 
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transform of T(F) can be evaluated in a very efficient 
manner. 

, Icy)  in (1) 
needs to be computed only once. Then the field at 
different z = const planes can be calculated simply 
by a series of 2-D FFT’s with the appropriate factor 
eriku* in (1). 

- -  
It is worth noting that the kernel 

3. NUMERICAL EXAMPLES 
Consider a two-layer media, in which the upper half- 
space is air, and the lower half-space is lossy with the 
relative permittivity g2 = 3.0- j0.l . A’low-contrast 
homogeneous dielectric cube of the size 
0.2 x 0.2 x 0.24 with the relative permittivity 
E = 2.9 - j0.05 is buried, so that its center is located 
0 .24  below the interface. The y-polarized plane 
wave is normally incident from above. Eight cubic 
cells and the current expansion order MQ = 2 are 
used in the MOM solution. The scattered electric field 
along the line y = 0 for various heights above the 
interface is computed both by a straightforward nu- 
mericaI integration of the radiation integral and by the 
presented F IT  technique. The results plotted in Fig. 2 
demonstrate an excellent agreement between these 
two methods. 

0.005 

0.004 

’ Integmaiion; = 0.0 - 
z/?v=r~l  __________. 

0 0.5 I 1.5 2 2.5 3 

4 7  

Fig. 2. Scattered nearfeld for a cube. 

In the next example a buried dielectric slab with 
higher contrast to the background medium is consid- 
ered. The relative permittivities of the object and the 
lower layer are E = 10.0 - j5.0 and E ,  = 4.0 - j0.5, 
respectively. The slab has dimensions 
0.3 x 0.3 x 0.054, and its bottom face is 0.44 below 
the interface. In the MOM solution the object is repre- 
sented by 4 cells with the current expansion orders 
MXsY =3 and M’ = 1 in the horizontal and vertical 
directions, respectively. Fig. 3. shows the scattered 
nearfield computed by the numerical integration and 
by the presented FFT technique. Again, a perfect 
agreement between two methods is observed. 

Integration; zo$ = 0.0 - o::; &=O.] ......... - 

- 0.06 s 
w” 
- 0.04 

0.02 

0 0.5 1 1.5 2 2.5 3 

& 
Fig. 3. Scattered nearfield for a slab. 

4. CoNCLUsroN 
The fast FFT near-field calculation technique is com- 
bined with the higher order MOM for VIE in Iayered 
media. The FFT provides an efficient computation of 
the near-fieId scattering by dielectric objects in lay- 
ered media when the observation points are regularly 
distributed on horizontal rectangular grids. The appli- 
cation of the plane wave expansion method allows the 
time-consuming computations of the multilayer dy- 
adic Green’s functions to be eliminated from the near- 
field calculation. An efficient semi-analyticai tech- 
nique is utilized for evaluation of the 3-D Fourier 
transform of the induced volume current density. 
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