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A large 3D target with small inner details: A dilcult
cocktail for imaging purposes without a-priori

knowledge on the scatterers
Christelle Eyraud?, Jean-Michel Gelrin *,

geometry
Amelie Litman?! and Jean-Pierre Spinellil

To accurately image a complex shape but large 3D target whose scattered beld has been
measured in an anechoic environment at high frequencies (18 and 20 GHz), we have
developed a complete imaging process, combining experimental and numerical work§he
adopted strategy exploits the maximum of available information related to the
measurements, both in terms of quantity and accuracy without any a-priori knowledge on
the scatterer geometry We brst determine the position and then the dimension of the
spatial domain which contains the target. This localization is realized directly from the
analysis of the spectrum of the measured Pelds taking into account the random noise
disturbing the measurement points. Then, we construct a quantitative permittivity map
of this investigation domain thanks to an iterative inversion procedure based on a
Bayesian formulation where the spatial diversity of the real random noise is adequately
exploited. By following this strategy, we have been able to quantitatively retrieve the
target both in terms of dimension, shape and electromagnetic properties, even with a very
limited number of measurement points and for a single polarization case. With such a
process, even spheres with a diameter equal té 3 are correctly reconstructed at 20 GHz.

1. Introduction

As the physical features of an unknown target are
contained in its scattered beld, it is possible in theory
to retrieve these characteristics thanks to the resolu-
tion of an inverse scattering problem. In practice,
there exists some di"culties in particular when deal-

ing with measurements. Indeed, as the scattered beld
can not be measured on an entire closed surface en-

globing the target, the data are truncated [Bucci et
al., 1997], Bnieder, 1999]. The measurements are
also inevitably disturbed by some noise, moreover
this noise a-priori does not follow an uniform distri-
bution [Gelrin et al. , 2009].

Recent works in microwave imaging, in particu-
lar for buried targets reconstructions, are concerned
with the developpement of fast linear algorithms al-
lowing the detection and the localization of the scat-
terers (see $oldovieri, 2010], Litman et al., 2010],
[Soldovieri at al., 2011] for example). These meth-
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ods which present a low computational time and a
relatively low memory requirement allow exploring
large spatial regions. Unfortunately, except for scat-
terers with small dimensions and/or with low con-
trasts, these procedures do not lead to quantitative
reconstructions.

A complete non-linear formulation is therefore
necessary to reach such quantitative values. In these
cases, global optimizations asGarnero et al., 1991],
[Zigliavsky, 1991] should be preferable due to the
possible presence of several local minima, but these
methods require generally high computational time.
Some approaches have also been developed to reduce
the non-linearity degrees of the problem Brancaccio
et al., 1995], |sernia et al., 1997]. Here, we choose to
regularize our problem by using available a-priori in-
formation related to the elective measurement noise
and to the physical properties of the scatterer.

Another di"culty of the quantitative inversion
procedures concerns their large memory storage re-
qguirement. To overcome this di"culty, the investi-
gation domain is usually reduced to few wavelengths
(see Bemenov et al. 2000], Pbubakar et al, 2004],
[de Zaeytijd et al,, 2009] for example). Indeed, these
procedures are performed with an a-priori knowledge
on the position and on the dimension of the tar-
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get. In some cases, this information is provided, as
for example in the last 3D database of experimen-
tal scattered Pelds proposed by the Institut Fresnel
(3D Fresnel databasg [Gelrin et al. , 2009], Litman
et al., 2009]. Otherwise, these geometrical features
must be directly deduced from the measurements. In
[Catapano et al, 2009], the authors have employed
the Linear Sampling Method to pre-localize the tar-
gets. Our approach, detailed here, is to directly ex-
ploit the scattered beld spectral behavior to estimate
the investigation area.

In this paper, we explain the complete imaging
strategy that we have constructed in order to re-
trieve the targetOs charactheristics directly from the
measured scattered Pelds and without any a-priori
geometrical information related to the target in the
measurement scene. In a previous studyHyraud et
al., 2011], we have thoroughly investigated the inf3u-
ence of the polarization elects on the quantitative
inversion procedure. In that former study, we have
used the a-priori knowledge of the position and the
dimensions of the target. Herein, we will focus on
the retrieval of the quantitative characteristics of the
scatterer without any knowledge on its position and
on its approximate extent using the most favourable
case of polarization.

The adopted strategy is summarized here. First,

the measurements are performed and the belds are

post-treated for drift correction and calibration, be-
fore being inverted. The imaging procedure is then
decomposed into two steps. The brst step consists
in the localization of the target and the estimation
of its size by exploiting the spatial spectrum of the
scattered peld while taking into account the measure-
ment accuracy. In the second step, a quantitative
inversion procedure based on a Bayesian approach,
which also takes into account the elective measure-
ment noise, produces the permittivity map within
the pre-selected investigation zone.

The present paper is organized as follows. In Sec-
tion 2, the physical characteristics of the target are
described. The experimental work is presented in
Section 3. In Section 4, the inversion process is de-
tailed step by step and associated results are pre-
sented. Concluding remarks follow in Section 5.

2. Target description

In this study, we consider a 3D non-symmetrical
target whose internal structure is particularly com-
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plicate while its external dimensions are relatively
large with respect to the frequency 6.7 wavelengths
at 20 GHz) (Figure 1). This object has been realized
in the CEntre de THermlque de Lyon (CETHIL) lab-

oratory, Villeurbanne, France in the framework of an

on-going collaboration whose goal is to study the in-
teraction of electromagnetic waves with soot parti-
cles Merchiers et al., 2009]. This target is composed

Figure 2. Spherical experimental setup.

Figure 3. Sketch of the experimental setup.
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of 74 small spheres of 5 mm diametef} at 20 GHz).

The permittivity of this target has been measured
with the commercial kit EpsiMu [Ba et al., 2010] and
rebPned with a minimization procedure, by comparing

3

the target can rotate on itself along the z-axis ($s
angle) (see Figures 2 and 3) This situation is in the-
ory equivalent to a motionless target illuminated by
several transmitting antennas positioned on various

the measured and the simulated scattered belds of a vertical arches placed all around the object. The re-

50 mm diameter sphere made from the same material
and placed within our anechoic chamber. A value of
", =2.85+ j0 wasfound.

Figure 1. Picture of the 74 spheres aggregate. The
diameter of the sphere enclosing the target is equal to
85mm (5.7! at 20 GHz).

This target - with its particular geometry - has
already been used in former studiesand is of inter-
est for analyzing the peformances of our microwave
imaging setup, in particular in terms of measurement
accuracy and in terms of spatial reconstructed resolu-
tion. To assess the brst aspec¢ttomparisons between

measured scattered Pelds and simulated ones can be

found in [Merchiers et al., 2010] and measurements
for direct problem comparisons are also freely avail-
able [Fresnel datasets 2010].

3. Measurements

The electromagnetic belds presented herein are

measured in the anechoic chamber of the C.C.R.M.
(Centre Commun de Ressources en Microondes).
The setup is brie3y described in the next part and the

experimental choices as well as the post-treatments
steps are presented in the two following parts.

3.1. Setup description

This facility allows measuring the scattered peld
on a 2 m sphere enclosing the target of interest. In-
deed, the transmitting antenna can move in thexOz
plane on a vertical semi-circular arch ¢s angle) while

ceiving antenna moves on a bxed circle in th&Oy
horizontal plane ($ angle). The transmitting an-
tenna and the receiving antenna are linear-polarized
high gain pyramidal horns (ARA MWH1826B). The
measurements are performed with a Vectorial Net-
work Analyzer (HP 8510 B) used in a measurement
conbguration with external mixers (HP 85320) and
an external synthesizer(HP 83621). The mechanical
movements and the VNA are controlled by a moni-
toring software. Further information can be found in
[Gelrin et al. , 2005] and Babouroux et al, 2005]

3.2. Experimental choices

As this anechoic setup olers various possibilities,
we have selected some specibc experimental features
in order to perform the scattered beld measurements
in an optimal way.

The brst step consists in debning a careful align-
ment procedure as the challenge is to place this very
small target (85 mm) in the middle of our 4000 mm
diameter measurement sphere. This was realized
with the help of small transparent spheres and the
help of a laser beam Werchiers et al., 2010]. We
have then checked that this procedure allows placing
the target at the right position. For this specibc tar-
get, a positioning accuracy(considering the gravity
center) better than !/ 10 (1.3 mm) was found in the
xOy plane and an accuracy in the order ofi/ 5 (2.9
mm) was obtained along thez axis, considering a
frequency of 20 GHz Eyraud et al., 2011] This very
small positioning error is possible thanks to a physi-
cal support that bears the aggregate.

As the number of measurement points has a di-
rect consequence in terms of measurement time, it
is particularly interesting to accelerate the measure-
ment process. For this, weselectedalternatively one
of the two antennas on the arch as the transmitting
one thanks to a microwave switch (Figure 2). This
enables to enrich the number of illumination angles.

A single polarization case is considered herein
where, for the transmitting antenna, the electric beld
is tangential to the vertical arch while, for the re-
ceiving antenna, the electric beld is oriented along
z. This choice corresponds to the best polarization
case as shown and explained irByraud et al., 2011]
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where the other polarization cases are presented and bcient - the same for all the measurements acquired

discussed.

Finally, to get the maximum of information on the
target, the measured Pelds is sampled with aspa-
tial step in accordance with the spatial bandwidth of
the scattered beld Bucci et al., 1997] @ #s = 10',
#% =5' and #$ = 40', this last step is larger than
the maximum sampling criterion to keep a reasonable
measurement time) Indeed, in a spherical conbgura-
tion as we are faced with, the scattered beld is known
to have a limited spectral bandwidth, which enables
to determine an optimal Peld sampling step. This
optimum sampling angle depends on the illumina-
tion frequency and on the object dimension.For the

at a given frequency - is determined using a reference
target (a metallic sphere in the present case).Both

a reference experiment - with a chosen emitting an-
tenna - and a reference calculation - with an incident
Peld as previously debned - are then realizedThe
calibration coe"cient is simply determined by min-
imizing the discrepancy between the measurement
and the calculation [van den Berg et al, 1995;Eyraud
et al., 2008]. Second, as two antennas are used suc-
cessively in place of the transmitting antenna, a sup-
plementary coe"cient is added to compensate for the
di'erent radiation conditions and their nonidentical
feed-lines. Indeed, even if the two antennas are of

considered target, at 20 GHz, the number of degrees the same model, some small dilerences remain. Fi-

of freedom of the scattered beldBucci et al., 1997],
i.e., the number of non redundant information which
is possible to measure, is equal to 80 00As the ex-

perimental sampling steps are also chosen in accor-

dance to the constraint that the overall measurement

nally, as the current scattered measurement that we
want to calibrate is not realized at the same time

as the reference measurement, the drift phenomenon
between the two measurements of the incident peld
is corrected using the associate coe"cient debned in

time must be reasonable (less than 24h), we are only [Gelrin et al. , 2009].

measuring 6201 transmitting-receiving antenna cou-
ples with a minimum of measurement redundancy.

3.3. Post-treatments of the measurements

As these belds are meant for imaging applications,
even if they are accurately measured, additional data
treatments are required to extract from them the
maximum of information related to the target. As
a lot of measurements have to be acquired for imag-
ing purposes, drift phenomena(which can be due to
wave propagation variations in the cables, to net-
work analyzer drifts and to temperature variations)
are particularly dramatic. To compensate for the
drift errors, we take advantage of the spatial spectral
properties of the scattered beld Bucci et al., 1987].
All the Pelds are therefore treated with a correcting
procedure based on the fact that the spectrum should
have a low-pass blter behaviorEyraud et al., 2006].

As we are interested in performing quantitative
reconstructions, a calibration procedure is required
to render the scattered Peld quantitative The ob-

The measured scattered Pelds are also disturbed
by random noise. This noise is the result of all the
di'erent random phenomena provided for example
by the source, the mixers, the receiver, .. A previ-
ous statistical study [Gelrin et al. , 2009] performed
on the total Peld and on the incident beld measure-
ments has showedthat this random noise is strongly
di'erent from one measurement point to another and
that its value depends on the measured Pelds (the in-
cident and the total belds). Indeed, the real part and
the imaginary part of the random noise are following
two Gaussian laws with standard deviations depend-
ing on the magnitude of the incident beld, on the
magnitude of the total Peld and on the frequency.To
give an idea of these values, at 20 GHz, the mean of
the standard deviations (respectively the mean of the
scattered Peld magnitude) is equal to @007 (resp.
to 0.033). Important information for this study are
that this random noise increases strongly with the
frequency. At the high frequencies we are consider-
ing herein (18 and 20 GHz), this noise can therefore

jective is to refer the scattered Peld measurements be particularly disturbing.

from an incident beld having an unitary magnitude
and a null phase at the center of the setup.As our
horn antenna has limited cross-polarization (the dif-

ference between the co-polarization and the cross-

polarization components is superior to 25 dB), the

4. Imaging process

Using those scattered belds, the inversion proce-
dure aims i) at detecting the presence of an inhomo-

antenna cross-polarization components are neglected geneity, ii) at localizing this inhomogeneity and at

in the calibration. This calibration process is thus re-
alized in three steps. First, one complex-valued coef-

determining its maximum size and iii) at reconstruct-
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ing its permittivity map. The procedure, described
afterwards, is decomposed in two steps. First, we
roughly determine the position of the target inside
the measurement sphere delimited by the antennas
positions and we estimate the minimum volume in
which the target can be enclosed. This allows de-
tecting the position and the size of the investiga-
tion domain. Then, to rebPne the inversion process
to get quantitative information on the target, we re-
construct through an iterative procedure the permit-
tivity map inside this pre-localized region.

We illustrate each step of this procedure with the
results obtained from the scattered Pbeld measure-
ments - calibrated and corrected from drift error -
on the 6201 measured points and with a single po-
larization case. The two frequencies, 18 GHz and
20 GHz, are used. Indeed, the brst step is realized

at the lowest frequency and the second step uses the

two frequencies in a frequency hopping approach, to
obtain the results at 20 GHz.

4.1. Investigation domain

The inversion process is usually performed into a
limited spatial domain called the investigation do-
main or the test domain. Even if some approaches
exist to determine the investigation domain from the
measured belds (sedjcci et al., 2003] for example),
in most cases, this investigation domain is assumed
to be known. Here, we propose to determine the po-
sition and the size of this domain directly from the
measurements while taking into account the preci-
sion of the measurements.

4.1.1. Localization of the investigation domain

To localize the zone containing the target, we ex-
ploit the shape of the spatial spectrum of the Ore-
duced scattered beldO, i.e., the scattered Peld multi-
plied by a phase term which depends on the position
of the receiver with respect to the center of the tar-
get, as debned inBucci et al., 1987]. We consider
that the possible positions of this domain centerR
can be anywhere inside the sphere delimited by the
transmitting antennas positions and the receiving an-
tennas positions. For all the transmitting positions
s and for each possible positiorR, we can calculate
the reduced measured scattered PelBT' considering
that the target can be enclosed in a sphere of radius
a [Bucci et al., 2006],

Frsn(R,I‘,S): Eg‘(r,s) gk’ (rR) )

5

where ET' (r, s) is the scattered Peld measured at the
position r for a source at the positions, k is the back-
ground wave number and the phase factor is given by
]
) @)

%r,R)= d(r,R)2! a2! acos (

a
d(r,R)
where d(r,R) is the distance between the possible
center position R and the receiver positionr. It can
be noticed that to compute this term, we need to
know the value of the sphere radiusa enclosing the
target, but we have found out that this value has
limited inBuence on the determination of the sphere
center R (for the following computations, we have
seta equal to 10cm) We then compute the Fourier
transform of this reduced scattered beldFT along
the receiver paths and we look at its spatial band-
width B

o :
$% & $% &
By, (R,5)=  &FrPPd& /  [Fr[’d& (3)
Figure 4. Map of B;ﬂm when R; =0cm
Figure 5. Map of B3™ when Ry, =0cm

#
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where & is the associatedspatial Fourier coordinate
for the receiver position. We then determine the
center position R using the fact that the reduced
scattered Peld must have a limited spatial bandwidth
whatever the transmitting antenna position is. Thus,
the position R* is obtained when the following cri-
terion reaches a minimum

Ns By, (R,S)

w1 IFri(9)

sum —
By (R) = 4)
where Ny is the number of source positions and the
weighting coe"cients ' |rm| are directly estimated
from the measurements. Theyenable to take into
account the measurement accuracy which varies for
each measurement point. For a given source position,
these coe"cients are corresponding to the mean on
the receiver points of the measurednoise standard
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the reciprocity principle to compute the 3D map of
the quantity B;;‘ﬂm for various values ofR in space,

computed with assampling of 1.5cm (Figures 4, 5 and
6). From these bgures, we can estimate that the cri-
terion is minimum at the position R* = (0,0, 0)cm.
In particular, Figures 5 and 6 also enable to handle
the lack of accuracy that we can expect with respect
to the z axis, due to the limited number of mea-
surements which are performed out of the azimuthal
plane.
4.1.2. Size of the investigation domain

Once the center of the sphere enclosing the target
is estimated, we can then look at its minimum di-
mension. In our case, as the target is found at the
center of the setup, which is also the center of the
di'erent circles where the receivers and the trans-
mitters are moving on, the reduced scattered beld is

deviations of the scattered Peld. In our case, we use nothing but the scattered beld multiplied by a con-

Figure 6. Map of B;;nm when Ry =0cm
Figure 7. Plot of i computed along the vertical arch,

for 9 dilerent source positions, at 18 GHz.

stant phase term. This means that we can directly
look at the spatial spectrum of the scattered beld.
As the bandwidth of this spectrum depends on the
frequency and on the radiusa of the minimum sphere
enclosing the target Bucci et al., 1997], we can easily
determine the radius of this minimum sphere. Using
the reciprocity principle, we consider nine source po-
sitions placed with a constant angular step on the
measurementcircle in the xOy plane. For each of
this source position, we examine the spectrum of the
associatedscattered peld when measured along the
vertical arch, while this arch is in the opposite posi-
tion of the emitting antenna. In Figure 7, the experi-
mental spectra are plotted. For each source position,
the experimental spectrum presents a low-pass be-
havior which has a maximum spatial frequency of
the order of 255. As this maximum spatial value
depends on the dimension of the scattererHucci et
al.,, 1987], we can conclude that the target can be
enclosed into a sphere of radiug = 4.3cm.

4.2. lterative quantitative procedure

The previous subsection explained how to estimate
the center position and the size of the investigation
domain. In accordance with the estimated bgures,
we chose a cubic investigation domain centered at
R# = O and with a size extent of 86 mm correspond-
ing to 5.7! at 20 GHz.

4.2.1. Principle

The permittivity map in this spatial domain is
then deduced using an iterative inversion procedure.
We have chosen to base our algorithm on a Bayesian
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formulation [Demoment et al, 2001], Baussard et
al., 2001], Feron et al., 2005] to weigh the precision
of the data. The probability to reconstruct this map
depends directly on the random noise (nature and
value) disturbing the measurements. The permit-
tivity map solution is deduced from the Maximum
Likelihood criterion and as we assume that there is
no noise correlation from one measurement point to
another, the cost function to minimize can be written
as:

e ReET(sN! E ()2
’ s=1r=1 I Re(S,r)Z
(Im[EP(s,r)! EM(s1)))?
¥ ' Im (S!r)z (5)

where N (resp. N,) is the number of sources (resp.
receivers), EM is the simulated scattered beld for
the permittivity map estimated at the n-th itera-
tion, ' re (resp. ' 1m ) is the noise standard deviation
on the real (resp. imaginary) part of the scattered
Peld [Eyraud et al., 2009]. Our minimization algo-
rithm is based on a conjugated gradient procedure
with standard Polak-Ribiere coe"cients and a posi-
tivity constraint is used [Kleinman et al., 1994]. The
initial permittivity distribution is set to the back-
ground medium permittivity (more precisely, a small

constant value is added to avoid the case where the

gradients vanish due to the positive constraint ex-

where G, is the free-space dyadic Green function
betweenr® " 9% andr " $. ( is the permittivity
contrast. The electric beldE inside the zone % also
satisbes the coupling equation, which fully takes into
account the multiple scattering phenomena,

%
E(r9=Ei(r)+  Goo(rs r®J((rHE(r*Har®® (7)
1
where E; is the incident beld and G, is the free-
space dyadic Green function. The Pbeld inside the
imaging domain % is computed with a Bi-Conjugated
Gradient Stabilized FFT method [van der Vorst,

Figure 8. Random noise standard deviation on the real
part of the scattered beld, at 20 GHz. The plotted quan-
tity is 20 log(" re ). For each source antenna position on

pression). As the target is not dense, we expect this the arch (#s angle), the target is illuminated with 9 inci-

initial guess to be relatively close to the true solu-
tion. The investigation zone is discretized into cubic
cells (with a lattice of !/ 10 at 20 GHz) which corre-

dent directions ($s angle).

sponds to about 180000 unknowns. The number of
unknowns is clearly more important than the num-
ber of data, the possible false solutions due to the
presence of local minima and the strategies to over-
come this problem are carefully discussed inigernia
et al., 2001]. Here, we regularize our problem using
the a-priori information on the noise and on physical
a-priori constraints on the target permittivity map:
positivity constraint and lossless condition.

The associated forward problem is performed in
the frequency domain with a volume integral method
[Kong, 2000]. The scattered belcEg on the receiver

positions r " $ is obtained with the observation
equation: Figure 9. Random noise standard deviation on the
o imaginary part of the scattered beld, at 20GHz. The
0 plotted quantity is 20 log("m ). For each source antenna
Es(r) = Gor (r, rH( (rHE(rHar® (6) position on the arch (#s angle), the target is illuminated
!

with 9 incident directions ( $s angle).
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2003] based on a 1D FFT to improve the calcula- 4.2.2. Spatial behavior of the cost function
tion speed Barrowes et al, 2001]. The computation The minimized cost function (Eg. 5) is designed
complexity is then of O(NlogN ) and the memory re- to incorporate the experimental random noise. It is
quirement is O(N). More details on this algorithm therefore of interest to understand and/or verify the
can be found in Merchiers et al., 2010]. way the various weighting coe"cients behave during
Considering the real random noise also allows the iterative process.
debning an adequate stopping criterion in the inver- As it can be seen in Figures 8 and 9, the random
sion procedure. Indeed, the process is stopped whennoise is maximum in the forward scattering zone,
the cost function value becomes lower than 3, where meaning that the scattered beld in this zone is not
' is the mean of the measured noise standard devi- measured with the highest accuracy even if this is
ation values. More details on this algorithm can be also the area where the scattered beld magnitude is
found in [Eyraud et al., 2011]. maximum. This behavior can be understood keep-
ing in mind that the measurement is realized in two
steps, i.e, brstly one measurement with the target

Figure 10. Behavior of the quadratic norm cost func-
tion according to the spatial measurement information
at 20 GHz. The plotted quantity is " f. For each source
antenna position on the arch (#s angle), the target is

illuminated with 9 incident directions ( $ angle). Figure 12. Reconstructed permittivity map plotted

at z = | 22.4mm, obtained with the maximum likeli-
hood cost function and a frequency hopping approach
performed at 18 and 20 GHz The positions of the real
spheres are over-plotted in red.

Figure 11. Behavior of the maximum likelihood cost

function according to the spatial measurement informa-

tion at 20 GHz. The plotted quantity is * f. For each Figure 13. Proble of the reconstructed permittivity
source antenna position on the arch (#s angle), the tar- map (in blue), along the line plotted in Figure 12. The
get is illuminated with 9 incident directions ( $s angle). true proble is plotted in red.
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(total peld) is realized and secondly a measurement larities between the various maps. A high value of

without the target (incident peld) is performed and
the random noise is in fact related to the measured
Pelds which are the total and incident Pelds and not
directly to the scattered Pbeld.

To see how this noise information is considered
within the inversion algorithm, we compare the be-
havior of the cost function computed with the exper-
imental standard deviations and the behavior of a
classical quadratic norm cost function, where' ge =
"1m = 1 for all the measurement points. To stress
out the elects, we consider the variations of the error
term between two iterations and for each measure-
ment point. As the cost function can be written as

le INr
F{M = f(M(s,r),
s=1 r=1

the terms #f = |f ("D (s,r) ! f(M(s,r)| are plot-
ted for the last iteration (the behavior is similar for
the other iterations) for the classical quadratic norm
(Figure 10) and the maximum likelihood cost func-
tion (Figure 11).

We can see that the two behaviors are very diler-
ent. Indeed, the quadratic norm cost function clearly

Corr = 0.58 is found here, which shows that the
object is well reconstructed. In addition, the permit-
tivity proble along the dotted line plotted in Figure
12, which is passing through the middle of two of
the spheres, is provided in Figure 13. This bgure
shows a good agreement between the reconstructed
permittivity value and the real one (the real proble is
in red). Our procedure, which takes into account the
multiple scattering elects and the uncertainties on
the data, leads to a reconstructed permittivity map
which is qualitatively and quantitatively pertinent,
even for these small spheres which have a diameter
equal to !/ 3 at 20 GHz.

5. Conclusion

In this paper, we have proposed a completémag-
ing procedure from experimental belds. From (ac-
curate and quantitative) measurements and without
any a-priori knowledge on the scatterer, we have de-
termined the position and the dimensions of the tar-
get and thus the investigation domain (Prst step of
the inversion process) before retrieving its quanti-
tative permittivity distribution (second step). We
have moreover taken advantage at each step of the

favors a specibc measurement zone during the recon-measurement accuracy that we have previously eval-

struction procedure, which is nothing but the for-

ward scattering zone where the measurement accu-

uated and carefully quantibed. Indeed, for the brst
step, we have adopted a method based on the spa-

racy has been detected to be the lowest in the present tial spectrum properties of the (reduced) scattered

conbguration. Looking now to the maximum likeli-
hood cost function, we can see that this cost function
exploits more e"ciently the spatial diversity of the
information content, i.e., each measurement point is
balanced according to its own accuracy As expected,
the forward scattering zone is lowly taken into ac-
count.
4.2.3. Permittivity maps

The permittivity map of the investigation domain
obtained after the quantitative iterative procedure is
presented in the following. A cut along the horizon-
tal plane at the altitude z = ! 224 mm is plotted in

Figure 12. This bgure enables to assess that the in-
ternal shape of the aggregate is correctly recovered,

Peld in which the measurements points are balanced
with their own measurement accuracy. We have also
shown that a Bayesian approach taking into account
the random noise is well adapted to incorporate the
spatial measurement sensitivity information into the
quantitative procedure while performing the second
inversion step. This imaging strategy leads to im-
age presenting a clear super-resolution as it allows
Pnding a target with a 5.7! extent inside a mea-
surement sphere diameter of 270 and to retrieve
quantitatively its detail of size !/ 3, all of this be-
ing performed at 20GHz. It can also be noticed
that the reconstructed 3D quantitative permittivity
map is precise even if the number of measurements is

as the reconstructed spheres are very close to the very weak compared to the number of possible recon-

real ones - represented in red in the bgure. To evalu-

ate quantitatively the global reconstruction, we have
calculated the correlation between the reconstructed
map and the real one considering all the voxels of
the investigation zone. This criterion has been intro-
duced in [Eyraud et al., 2011] to quantify the simi-

structed parameters, i.e,the number of reconstructed
unknowns is about 30 time more important than the
number of measurements. In future work, we plan
to focus on the introduction in the inversion pro-
cedure ofa-priori knowledge regarding the internal
structure of the target, to fully exploit the capabili-
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ties of the Bayesian approach to estimate the recon-
structed parameter uncertainties as well as measur-
ing and imaging even more realistic targets.
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