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Abstract-The problem of reconstructing both the shape and the relative per-
mittivity of a homogeneous dielectric cylinder in free space from the measure-
ment of scattered field around a circle is investigated. In simulation, the
Newton-Kantorovitch algorithm, moment method and singular value decom-
position (S.V.D.) technique are used to solve a set of nonlinear integral equa-
tions. Numerical results show that, with multiple incident directions, good
reconstruction is obtained. This algorithm can be applied at a single frequen-
cy without limitation on the permittivity value.

1. Introduction

The inverse scattering problem is to recover information about some inaccessi-
ble region from the scattered wave fields measured outside. This problem has
attracted increasing attention owing to its important applications, such as re-
mote sensing, medical imaging, nondestructive evaluation, etc. Exact inverse
methods have been developed for the problem where the parameters of interest
depend only on a single spatial dimension, and accurate numerical algorithms
are also available. However, it is much more difficult to solve the problem if
the properties of the scatterer depend on more than one spatial dimension.

In the past few years, two kinds of approaches have been developed for
the inverse scattering of dielectric objects. The first is an approximate ap-
proach, such as the Born approximation. The second is to solve relevant exact
equations by numerical methods. The latter needs no approximation in for-
mulation, but its computation is more complex than the former.

In this paper, the inverse scattering of a homogeneous dielectric cylinder in
free space is numerically investigated. In section II, the theoretical formulation
for this problem is briefly described. Numerical results are shown in section
III. Finally, some conclusions are drawn.

II. Formulation

Let us consider a dielectric cylinder in free space with permittivity €.e and
permeability uo as shown in Fig.1. The axis of this cylinder is parallel to the z-
axis with the displaced position at (X,,Y,). Its cross section can be described
in polar coordinates with respect to (X,,Y,) by the equation p = F(6), i.e.,
the object is of starlike shape.

The incident wave is a time-harmonic plane wave with electric field vector
parallel to the z-axis (TM polarization), i.e.,

Ei(2,y) = Eoe itenin-veord); (1)
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where ¢ is the incident angle, and 7 is the intrinsic impedance of free space.
The scattered field E, can be expressed by the following integral

B = [ wnoGolk7 — F)TE) + M) x V'Golkl7 ~ 7ld8’  (3)

where J and M are respectively proportional to the equivalent surface electric
and magnetic current densities with proportion constant being the Jacobian
of the shape function, and G, and G, are the Green’s functions in free space
and in a homogeneous space with relative permittivity €, respectively.

From the boundary conditions that the tangential electric and magnet-
ic fields should be continuous across the surface of the object, we have the
following two integral equations(1}

Ax By = -ax [ M wio(Ga + Co)J(8') + M(8) x V'(Ga + o)l (4)

. 2 _, -
A x Hi(f) = —h x /O [jw(eaGa + c0Go)M(8') — J(8') x V(G2 + Go)

~%V’(Gz +Go)jd8’ 5)

where p,, is proportional to the equivalent surface magnetic charge density
and 7 is the outward unit normal on the object surface.

For the direct problem, the scattered field E, is to be calculated assuming
that the shape and the relative permittivity of the object are known. We
may solve J and M from Egs.(4) and (5) by the moment method and then

calculate E, from Eq.(3), which can be used as the measured data in simulating
the inverse problem.

The inverse problem to be considered is: given the scattered field E, mea-
sured outside on a circle of radius a, determine the shape and the relative
permittivity of the object.

Assume that the shape function of the object can be expanded as

N/2 N/2
F(0)=Y_ Ancos(nf) + Y Al sin(nf) (6)
n=0 n=1

where A,, and A/, are real numbers. These coefficients, together with the
relative permittivity €, and the relative center (X,,Y,) of the object, are to be
reconstructed.

By applying the Newton-Kantorovitch algorithm|2], Eqs.(3),(4), and (5)
are cast into a set of linear equations. Then the incremental coeflicients § A,
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§A!, §X,, Y,, and e, are solved by the moment method[3] and the S.V.D.
technique[4], so that A,, 4, X,, Y,, and ¢, can be corrected at each iteration.
When the field error is less than some prescribed value, the iterative procedures
will be stopped and the reconstructed results are then obtained.

III. Numerical Results

Let the incident plane wave be of unit amplitude and the free-space wavelength
Xo is 0.1m (i.e., f = 3GHz). For simulation, the object is illuminated by the
incident plane wave from three directions and 14 measurement points at equal
spacing are used along a circle of radius ¢ = A,. In applying the moment
method, the boundary of the olz;ject is _ﬁiivided into segments and pulse basis
functions are used for solving J and M. The number of basis functions for
the direct problem is about two times of that for the inverse problem, since
it is crucial that the synthetic data generated through a forward solver are
different from those obtained by the inverse solver.

In case 1{Fig.(2)), the exact shape function F(6) = [0.012+0.0015¢os(26)+
0.0013cos(38)]m and e, = 2.1. After 10 iterations, the result shows that the
rms (root mean square) error of the shape is about 3% and the reconstructed
e = 2.147. In case 2(Fig.(3)), the exact shape function F(6) = [0.018 —
0.003cos(30)|m and € = 2.4. After 10 iterations, the result shows that the
rms error of the shape is about 4% and the reconstructed ¢, = 2.417.

During iteration, the relative permittivity converges first. Then the S.V.D.
technique is used to obtain a better reconstructed shape. The reconstructed
results are in good agreement with the exact values.

IV. Conclusions

An efficient iterative algorithm for reconstructing both the shape and the rel-
ative permittivity of a homogeneous dielectric cylinder has been proposed. It
is based on the Newton-Kantorovitch algorithm, moment method, and S.V.D.
technique to solve the nonlinear equations. In simulation, we use three inci-
dent directions and only one frequency. The shape and the permittivity of the
object can be successfully reconstructed even when the permittivity is fairly
large and the Born approximation is no longer valid.
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Fig.l. Geometry of the problem in (x,y) plane.
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Fig.2. Reconstructed results for the
object in case 1. The dashed curves
are calculated shapes in iteration
process, and the rms error is 3%
after 10 iterations. The exact rela-
tive permittivity €, = 2.1, and the
reconstructed value is 2.147.
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Fig.3. Reconstructed results for the
object in case 2. The dashed curves
are calculated shapes in iteration
process, and the rms error is 4%
after 10 iterations. The exact rel-
ative permittivity e, = 2.4, while
the reconstructed value is 2.417.
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