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Imaging of dielectric cylinders from experimental stepped-frequency data
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This letter reports on the characterization of two-dimensional targets from measured transient
scattered fields. The problem is formulated in the frequency domain rather than directly in the time
domain, and an iterative construction of the unknown dielectric constant is derived. Improvement of
the resolution is suggested by marching on in the central frequency of the incident pulse. The
efficiency of this approach is emphasized through examples of reconstructions of an inhomogeneous
target from experimental data. © 2006 American Institute of Physics. �DOI: 10.1063/1.2196067�
The realm of electromagnetic inverse scattering prob-
lems is to determine properties �geometry and/or constitutive
material� of unknown objects from the measurement of their
response �scattered field� to a known excitation �incident
field�. The most popular strategy is to iteratively build up the
parameter of interest �relative permittivity profile� by mini-
mizing a cost functional involving the discrepancy between
the measurements and those that would be obtained via a
scattering model with the best available estimation of the
parameter. An accurate image of the object can be obtained
from data recorded for a large number of angles under which
the target under test is illuminated. However, the quality of
the image deteriorates when reducing the aperture of illumi-
nations. In the present letter, we consider only a single elec-
tromagnetic source that radiates a transient field; thus only a
single illumination view of the target under test is used.

The resolution is restored by using a wide-band incident
field. In Ref. 1, the authors show, using experimental data,
that the distorted-wave Born iterative method provides a bet-
ter image than the one obtained by processing the data under
the Born approximation. It is interpreted, therein, as due to
multiple scattering within the object under test. In practice,
multiple scattering effects are taken into account in the in-
version scheme by determining at each iteration step the in-
ternal field of the reconstructed object. In the present work,
we follow the authors of Ref. 1 and show that unfortunately
when the central frequency of the incident field is high, the
inversion algorithm might be trapped into local minima,2 un-
less an accurate initial guess is provided. A theoretical anal-
ysis of the dynamic range and the resolution of iterative in-
verse scattering algorithms has led to the idea of using as
an initial guess the final result of the inversion at a lower
frequency.3 This is known as the frequency-hopping ap-
proach4 and it has been successfully applied to experimental
data.5 In the case of stepped-frequency data measured on a
large spectrum support �with a small frequency step�, it is
possible to synthesize pulses with different central frequen-
cies, allowing one to apply a similar approach to the
frequency-hopping technique. We describe below the experi-
mental setup as well as the inversion algorithm used to pro-
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cess the data in order to illustrate the aforementioned ideas.
All experiments were carried out in an anechoic chamber of
dimensions of 14�6.5�6.5 m3. Many locations of the
transmitting and receiving antennas could be used to mea-
sure the fields almost all around on a 4 m diameter sphere
�Fig. 1�a��. In the present study, we will only use the arrange-
ment depicted in Fig. 1�b�. The receiver remains in the azi-
muthal plane �xoy� and, for practical reasons, its excursion is
restricted to the angle range of 60° ���300°. Furthermore,
as we are using a multifrequency approach, we have chosen
to keep the source fixed, using thus a single incidence. The
distance from the transmitter or receiver to the center of the
target is 1.75 m and all the objects are long enough �1.5 m�
to allow a two-dimensional �2D� assumption. The measure-
ments were acquired with a vector network analyzer �VNA�
�Agilent-HP 8510� used in a multisource setup with two syn-
thesizers and two deported mixers. The transmitting and re-
ceiving antennas are both wide-band ridged horn antennas
�ARA DRG118� and each measurement is performed with
300 evenly distributed frequencies from 1 up to 7 GHz. The
electrical field is vertically polarized �along the z axis� in the
azimuthal plane �xOy�. The scattered field is extracted by
subtracting the incident field �the field measured without any
target� from the total field �the field in the presence of the
target� and the receiver is moved from 60° to 300° with the
angular step of 1°. The chosen scatterer �Fig. 2�c�� consists
of dielectric cylinders with circular cross sections �one inside

FIG. 1. �a� �Color online� Spherical measurement facility. �b� Source-

receiver-object arrangement.
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the other�, the larger one of foam �SBF300� and 80 mm di-
ameter and the smaller one of plastic �berylon� and 31 mm
diameter. The dielectric constants of these plastics were mea-
sured with the commercial kit EpsiMu and were found to be
almost constant in the 1–7 GHz band. The measured values
of the relative permittivity were �r=1.45 and �r=3 for foam
and for berylon, respectively. Furthermore, both materials
present pratically no losses. The transient scattered field used
as a datum for imaging the target under test is synthesized by
weighting the time harmonic measured scattered fields by the
spectrum of a chosen pulse shape and by carrying out the
inverse temporal Fourier transform.

The inverse scattering problem is stated in the frequency
domain, where for each frequency l=1, . . . ,L, the scattering
problem may be formulated as two coupled contrast-source
integral equations involving the total electric field El and the
contrast distribution �l�r�=�r,l�r�−1 ��r,l being the complex
relative permittivity�. For the sake of simplicity, symbolic
operator notations are used.

El
d = Gl,��lEl, �1�

FIG. 2. �a� �Color online� Transient scattered field measured on the receiver
at the front of the source. �b� Spectrum of the incident field. �c� Actual
profile to be retrieved. �d� Result obtained with time domain data using the
backpropagation method to obtain an initial guess. f0=4.0 GHz and 
=2 ns.

FIG. 3. �Color online� Map of the reconstructed permittivity using the centra
gation method to obtain the initial guess. �b� Result with f0=3.0 GHz with �a

with f0=4.0 GHz with �c� as initial guess.
El = El
inc + Gl,��lEl, �2�

where E, Einc, and Ed denote the total, incident, and scattered
fields, respectively. GU=�,� represents an integral operator
whose kernel involves the two-dimensional free space Green
function. The aim is to determine the permittivity distribu-
tion in a bounded box �, such that the corresponding scat-
tered field matches the measured one. An iterative approach
is used to solve this ill-posed and nonlinear problem.6 In this
approach, starting from an initial guess, the parameter of
interest �the permittivity distribution� is gradually adjusted
by minimization of a cost function F of the form

F�El;�� =
�l=1

L �hl
�1���

2

�l=1
L �Einc��

2 +
�l=1

L �hl
�2���

2

�l=1
L �f l��

2 , �3�

where the residual errors h�1� and h�2� are defined as follows:

hl
�1� = El

inc − El + Gl,��lEl, �4�

hl
�2� = f l − Gl,��lEl. �5�

By virtue of the Parseval theorem, minimizing the cost func-
tion described in Eq. �3� in the frequency domain is equiva-
lent to minimizing the same cost function in the time domain
where the time-harmonic field quantities are replaced by the
corresponding transient ones and where the sum is over time
instead of over frequency. To improve the efficiency of the
algorithm, we add a priori information stating that the de-
sired electrical susceptibility must be greater than unity and
the conductivity positive. With these conditions and assum-
ing an Ohmic dispersion model for materials of interest, the
contrast function �l reads as

�l = 1 + �n
2 −

i	n
2


l�0
− �rb. �6�

In the inversion method described here, �n, 	n �real�, and El,n
�complex� associated with the permittivity, the conductivity,
and the total field in �, respectively, are computed at each
iteration step, according to the following relations:

El,n = El,n−1 + �l,n;vvl,n + �l,n;wwl,n, �7�

�n = �n−1 + �n;�dn;� and 	n = 	n−1 + �n;	dn;	. �8�

In the three recursive relations in �7� and �8�, vl,n, dn,�, and
dn,	 are updating directions given by the standard Polak-
Ribière conjugate gradient method, and wl,n is another updat-
ing direction defined as

uency-hopping approach. �a� Result with f0=2.5 GHz using the backpropa-
nitial guess. �c� Result with f0=3.5 GHz with �b� as initial guess. �d� Result
l-freq
� as i
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wl,n = Ẽl,n−1 − El,n−1, Ẽl,n−1 = �1 − Gl,��n−1�−1El
inc. �9�

The field Ẽl,n corresponds to the total field computed from
field equation �2� with the contrast �n−1. In practice, the com-

putation of Ẽl,n−1 uses a fast forward solver. Details of this
forward solver are given in Ref. 7. The two complex coeffi-
cients �l,n;v and �l,n;w and the real coefficients �n;� and �n;	
are determined at each iteration step by minimizing the cost
function Fn defined in Eq. �3�.

In this section we report the reconstruction of the inho-
mogeneous dielectric target �Fig. 2�c�� from transient scat-
tered fields using the inversion algorithm presented in the
previous section. In all cases the investigated domain � was
a large 16 cm square domain and discretized for numerical
purposes into 33�33 square cells. All the reported final re-
sults correspond to the 20th iteration. We did not note any
marked changes in the results when continuing iterating. In
addition, only the real part of the reconstructed permittivity
is presented since the imaginary part remains very small in
all cases. Measurements of the scattered field were carried
out over 300 frequencies, evenly distributed on the 1–7 GHz
frequency band. The transient scattered field is determined
by performing the temporal Fourier transform, thus making
possible to choose different incident pulse shapes. We start
with a Gaussian incident pulse shape F�t� whose spectrum is
centered at f0=4 GHz and of time duration =2 ns,

F�t� � exp�− 16
�t − �2

2 �sin�2�f0t� . �10�

The measured transient scattered field on the receiver in front
of the source located at �0 m; 1.75 m� and the corresponding
spectrum of the incident pulse are reported in Figs. 2�a� and
2�b�, respectively. Figure 2�d� presents the result of the in-
version with the initial guess deduced from a backpropaga-
tion procedure.8 The target is clearly not characterized. In-
deed we obtained information only on a part of the contour
of the smallest dielectric cylinder. The inversion algorithm is
in this case trapped into a local minimum of the minimized
cost function.2 To avoid this local minimum, we investigate a

FIG. 4. �Color online� Comparison between the reconstructed permittivity
illumination Oy. �a�, �b�, �c�, and �d� correspond to reconstructions presente
better initial guess than the one provided by a backpropaga-
tion procedure. To this end, a central-frequency-hopping ap-
proach is applied, i.e., the initial guess for the inversion is
given by the final result obtained using a pulse with a lower
central frequency. This is equivalent to successively illumi-
nating targets with different incident fields having spectra
centered at increasing frequencies. Results of this approach
are reported in Fig. 3 where one can clearly notice the
gradual improvement of the resolution. Figure 3�a� corre-
sponds to the inversion with f0=2.5 GHz, the initial guess
being the one deduced by the backpropagation procedure.
Figures 3�b�–3�d� present reconstructions using pulses with
f0=3, 3.5, and 4 GHz, respectively, and where the initial
guesses are now the final results with pulses of lower central
frequencies. To emphasize the improvement of the resolu-
tion, quantitative comparisons of the reconstructed profiles
along the direction of the illumination are given in Fig. 4.
Notice that all pulses are of the same time duration =2 ns
and Figs. 3�d� and 4�c� are to be compared with Figs. 2�d�
and 4�d�, respectively, since the same transient data were
used. Targets can now be characterized, and we obtained
information not only on the face in front of the source but
also on the “hidden” face. In this letter, we discussed the
problem of the characterization of targets using a transient
scattered field. To improve the resolution, we proposed a
method based on the frequency-hopping technique. This ap-
proach was successfully tested against experiment. We no-
ticed a significant improvement of the resolution of the final
result using the central frequency hopping in comparison
with the one obtained without using the proposed method.
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