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Abstract. A three-dimensional multiresolution frequency
domain (MRFD) method is established to compute bistatic
radar cross sections of arbitrarily shaped dielectric ob-
Jjects. The proposed formulation is successfully verified by
computing the bistatic radar cross sections of a dielectric
sphere and a dielectric cube. Comparing the results to
those obtained from the finite difference frequency domain
(FDFD) method simulations and analytic calculations, we
demonstrated the computational time and memory advan-
tages of MRFD method.
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1. Introduction

Researchers have used the finite difference frequency
domain (FDFD) method to solve electromagnetic scattering
problems successfully [1-4]. FDFD method presents
a mathematically simple and stable way of solving Max-
well’s equations, on the other hand, large amount of
computer memory and simulation time requirements are its
disadvantages. In order to overcome these disadvantages,
the multiresolution frequency domain (MRFD) technique
was developed [5-8], which needs less computer resources
and simulation time than FDFD.

In this study, the MRFD scheme is formulated to
model three-dimensional open space problems, particularly
scattering from dielectric objects. The scattered field for-
mulation [9] and Berenger’s [10] perfectly matched layer
(PML) are implemented into the MRFD formulation. The
MRFD formulation in this study is based on Cohen-Daube-
chies-Feauveau (CDF) family of wavelets [11]. To have an
effective MRFD algorithm, the CDF (2,2) wavelet is util-
ized in this work because of its compact support, symme-
try, and regularity [7]. Since the MRFD computation space
is truncated, a near field to far field transformation method
is also used to obtain the scattered far field [12]. For
comparison purposes, we used the exact scattering data of
the dielectric objects obtained from the computer program

developed by Demir et al. [13]. The improvement of
MRFD method in memory requirement and simulation
time is demonstrated.

2. Formulation

The formulation developed in this paper is based on
the pure scattered field formulation in which the total field
is the sum of the known incident and the unknown scat-
tered fields. This formulation evolves from the linearity of
Maxwell’s equations and the decomposition of the total
electric and magnetic fields into incident and scattered
fields.

E.. =E,. +E,. , (1.a)

H,, =H, +H,,

(1.b)

The incident field is the field that would exist in the
computational domain in which no scatterers exist and
therefore satisfies the Maxwell’s equations as

VxE =-jou H
e TR (2.2)

VxH =+jwcE,

(2.b)
The total fields also satisfy the Maxwell’s equations
by definition

VXE

total
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VxH,, = +jw‘9Emza[ (3.b)

total
Using the scattered field decomposition (1), the curl
equations (2 and 3) can be combined to yield

scat

VxE +j0),U[TIM.(,, = ja)(,uo _,u);[m , (4.2)

VxH,, - jocE,,

:ja)(g_go)éinc ) (4.b)

Decomposing the vector equations to X, y, and z
components, we obtain six scalar equations as
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The set of equations formed by (5) and (6) is the basis
of the MRFD numerical algorithm for electromagnetic
wave interactions with arbitrarily shaped dielectric objects.

Since the computational space is truncated, an ab-
sorbing boundary condition is established. A perfectly
matched layer (PML) for FDTD developed by Berenger
[10] to absorb the outgoing waves is utilized in this study.
A PML formulation, developed by Kuzu et al. [1], is used
to surround the scatterer and terminate the computational
space. The subscripts of parameters ¢ and u in (5) to (8) are
utilized to indicate the anisotropic permittivity and perme-
ability of the PML layer [1], in non-PML region, these
parameters are isotropic.

The computational space can be modeled using the
equations as [1, 4]
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Maxwell’s equations are discretized using a Yee cell
as shown in Fig. 1 [4]. Therefore, the first step in the
construction of the MRFD algorithm is the discretization of
the computational space into cells.
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Fig. 1. Yee cell demonstrating the positions of the E and H
field vector components within a cubical grid.

In the three-dimensional Yee grid shown in Fig. 1, we
apply MRFD approximation method to (7) as follows
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Similarly, the MRFD equations representing (8) can
be written as
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The a(/) coefficients in (9) and (10) are given in
Tab. 1.

/ 1 2 3
a(l) 1.2291667 -0.09375 0.0104167

Tab. 1. a(/) coefficients [11] for the region including the
scatterer.

We used FDFD modeling for the PML region to save
computation time [1, 4]. Only the region including the
scatterer is modeled with MRFD method.

Similar to the FDFD method, the field components for
each cell can be computed by solving the linear system of
equations (9) and (10). For a problem consisting of N num-
ber of Yee cells, these equations can be arranged in a ma-
trix form as [A][EH] = [F] where [A] is a (6N x 6N) coef-
ficients matrix, [EH] is the unknown vector of size 6N
containing scattered £ and H field components, and [F] is
the excitation vector of size 6N representing the right hand
side of equations (9) and (10), and is a function of all inci-
dent field components [4]. Since the coefficient matrix [A4]
is a highly sparse matrix, to cope with the computer mem-

ory limitations, only non-zero elements are stored while
performing the matrix solution. It is very hard to employ
direct solution techniques in order to solve such a very
large sparse matrix equations. Iterative solvers such as
BICGSTAB [14] are usually used in these cases [1, 4].
The numerical results obtained in this study are based on
the Fortran code utilizing the "vanilla" version of BiCG-
STAB algorithm [4, 15].

3. Numerical Results

A dielectric sphere and a dielectric cube with a rela-
tive permittivity (g;) of 4 and relative permeability (u,) of 1,
have been modeled. The diameter of the sphere is set to
30 cm, which is also the dimension of one side of the cube.
The scatterers presented in this section are assumed to be
illuminated by a 6 -polarized plane wave incident from the
direction where 6;,. is 180° and ¢;,. is 0°, while the centers
of the scatterers are at the origin of the computation space.
The bistatic radar cross sections of the scatterers are plotted
at E-plane (¢ =0° plane). The basic building block for
modeling of the structure is a cube cell.

The bistatic radar cross section of the mentioned
dielectric sphere at 1 GHz is given in Fig. 2. Since curved
surfaces of the scatterers are staircased, in order to have
more accuracy on the results, the cube cell size should be
decreased. However this can significantly increase the
computational memory need of the problem. In Fig. 2, the
exact result for oy is compared with FDFD simulations
using different cell sizes: One side of the cubic cell is
chosen to be 0.75 cm, 1 cm, 1.5 cm for three simulations.
One can easily notice the improvement in the accuracy
with reduced cell size. The bistatic radar cross section Gy is
calculated as

2

‘ scat
o, =limdzr’—— an
r—>0 inc

£

where r is the distance from the center of the scatterer [13].
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Radar cross section of dielectric sphere at | GHz using
FDFD method for different cell sizes.
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The scattering of the same sphere is generated using
MRFD scheme with cell size of 1.5 cm. The results from
FDFD and MRFD simulations with the same cell size are
compared with the exact solution in Fig. 3. The accuracy of
the MRFD algorithm can easily be seen. Modeling the
computational space with the same number of cells, MRFD
converges to the exact solution better than FDFD method
does.
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Fig. 3. Radar cross section of dielectric sphere at 1 GHz using

FDFD and MRFD methods for the same cell size (one
side of the cubic cell is 1.5 cm).

A performance calculation of MRFD and FDFD
methods has been performed for dielectric sphere case. The
number of nonzero elements in matrix 4, simulation time,
and calculated error percentage values are shown in Tab. 2
along with the cell size for both FDFD and MRFD tech-
niques. The calculation of normalized error value is per-
formed using the formula of

180" ’
D ISR ——) — Exact(i

error(%) = —

)

100 .(12)

N x |Exactm |

SR and N denote the simulation result function ob-
tained from FDFD and MRFD simulations and the number
of points where the error difference is calculated, respec-
tively. For the calculation of error, 88 equally spaced num-
ber of points are taken from the exact radar cross section
data (from 0°to 180°), and used in (11). The angle points to
calculate the error percentage are chosen with 2 degrees
apart. Since the exact scattering data for the beginning and
the last points is not given from the analytic calculating
tool, we used 88 points. We could have also chosen more
than 88 points.

We can see from Tab. 2 that, regarding the same level
of accuracy, the needed memory and simulation time for
MRFD modeling dramatically decrease when we compared
with those of the FDFD simulation. For example, let us
assume 2.12 % error value would be sufficient for us, using
FDFD method we could solve the problem in 32.73
minutes, while using MRFD method this time would drop
to 3.93 minutes. For this specific level of accuracy the
number of unknowns of MRFD method is less than the half

of FDFD method. One can see from Fig. 4 that as the cell
size decreases, both FDFD and MRFD converge to a cer-
tain error percentage value. The number of nonzero
elements is not proportional to the simulation time, because
the iterative technique we use needs more number of itera-
tions to converge for bigger matrices. Since the simulation
time for each iteration is longer for bigger matrices, we
eased the convergence criteria for fine meshes not to wait
for very long time for a small amount of improvement in
the accuracy.

Method Cell size Number of | Simulation Error [%]
[cm] nonzero time [min]
elements
FDFD 0.75 6,383,700 73.85 1.15
FDFD 1.00 3,683,250 32.73 2.12
FDFD 1.50 1,877,400 7.93 3.45
FDFD 2.00 1,253,700 3.90 5.93
MRFD 0.75 10,067,940 76.07 1.13
MRFD 1.00 5,330,610 34.55 1.29
MRFD 1.50 2,423,880 9.64 1.57
MRFD 2.00 1,510,740 3.93 2.12

Tab. 2. Performance comparison of FDFD and MRFD.
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Fig. 4. The cell size vs. error percentage for FDFD and

MRFD simulations given in Tab. 2.
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Fig. 5. Radar cross section of dielectric cube at 1 GHz using
FDFD and MRFD with different cell sizes.
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Fig. 6. Radar cross section of dielectric cube at 1 GHz using

FDFD and MRFD with different cell sizes. Zoomed in
view of Fig. 5.

Fig. 5 and 6 show the bistatic radar cross section of
the dielectric cube mentioned before. For this cube model-
ing, MRFD method can achieve the same level of accuracy
with FDFD method using about 2.5 times bigger cubic
cells. MRFD with 2 cm cell size simulation provides nearly
the same result with FDFD scheme using 0.75 cm cell size.
Depending on the simulations we ran, we can say that
MRFD method has better performance for dielectric cube
modeling, comparing with its performance at sphere case.

4. Conclusions

In this work, the multiresolution frequency domain
algorithm for the scattering analysis of three—dimensional
arbitrarily shaped dielectric objects is derived and verified.
The scattered field approach is successfully implemented
into the MRFD formulation. The advantages of this method
are validated by comparing the simulation results to those
obtained from the analytic computations and FDFD method
simulations. The bistatic radar cross section calculations of
MREFD are in good agreement in comparison to the exact
results and FDFD calculations. Apparently, MRFD method
offers advantage for coarse meshes, while for finer meshes
the accuracy seems to converge to a level, where for the
same mesh size FDFD method demonstrates the similar
accuracy. As a disadvantage, MRFD demands more
memory and simulation time for fine mesh cases than
FDFD does.
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