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We deal with an electromagnetic inverse scattering problem where the goal is to characterise unknown objects from measurements of the scattered elds that result from their interaction with a known interrogating wave in the microwave frequency range. This nonlinear and ill-posed inverse problem is tackled from experimental data collected in a laboratory-controlled experiment led at the Institut Fresnel (Marseille, France), which consist of the time harmonic scattered electric elds values measured at several discrete frequencies. The modelling of the wave - object interaction is carried out through a domain integral representation of the elds in a 2D-TM con guration. The inverse scattering problem is solved by means of an iterative algorithm tailored for objects made of a nite number of dierent homogeneous dielectric and/or conductive materials. The latter a priori information is introduced via a Gauss - Markov eld for the distribution of the contrast with a hidden Potts - Markov eld for the class of materials in the Bayesian estimation framework. In this framework, we rst derive the posterior distributions of all the unknowns and, then, an appropriate Gibbs sampling algorithm is used to generate samples and estimate them. The proposed Bayesian inversion method is applied to both a linear case derived from diraction tomography and the full nonlinear problem.
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1. Introduction We deal herein with an electromagnetic inverse obstacle scattering problem where the goal is to characterise unknown targets from measurements of the scattered elds that result from their interactions with a known interrogating (or incident) wave in the microwave frequency range. Modelling is based upon domain integral representations of the elds where the scattered elds appear to be radiated by ctitious Huygens-type sources induced within the target by the incident wave. These sources (the so-called contrast sources) are equal to the product of the total eld by a contrast function representative of the target physical parameters. The inverse problem then consists in retrieving this contrast function from the measured scattered elds through the inversion of two coupled integral equations. This problem is nonlinear and, as is well known, illposed. The data of the inverse problem, here, come from a laboratory-controlled experiment led at the Institut Fresnel (Marseille). It is of great concern for those who deal with inverse problems to avoid committing inverse crimes in the sense of [1] which would consist in testing inversion algorithms on synthetic data generated by a forward solver based on a method that is closely related to the one used to solve the inverse problem, and, in that sense, the Institut Fresnel data base is of great interest. A rst experimental data set concerning homogeneous dielectric or metallic objects has already been the subject of a previous special section [2] dedicated to the test of inversion algorithms; the interest of this second data set is that it concerns inhomogeneous objects made of several dierent materials and, particularly, hybrid targets comprised of both dielectric and metallic parts, which are a challenging case for inversion algorithms [3]. In [2], several papers deal with algorithms dedicated to the case of homogeneous targets; some of them can be adapted to the inhomogeneous case [4, 5, 6], but others cannot ([7] and, particularly, [8] by one of the authors). However, the inherent illposedness of the inverse problem requires a regularisation of the latter prior to its resolution, which consists generally in introducing any a priori information available on the object. This is the reason why the inverse problem is dealt with, herein, via the Bayesian estimation framework which allows easily taking into account such a priori information. In [9], this framework has already been considered for the case of homogeneous targets; however the approach adopted herein diers twofold from the latter: i) the a priori model which is the weak membrane model in [9] and a compound Markov model with hidden variables herein, and ii) the estimator which is chosen in [9] such that it maximises the resulting posterior distribution, which comes down to the minimisation of a regularised criterion, whereas, herein, the posterior distribution is used to compute another estimate of the unknowns, i.e., the so-called posterior mean (PM) which is in fact the expectation of this posterior law. The algorithm is applied to both the full nonlinear problem and a linearized case derived from diraction tomography [10], where the problem is reduced to a Fourier synthesis one already considered in [11]. Diraction tomography has the advantage
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of being fast and of a low complexity, but has the drawback of being based upon the Born linearizing assumption which limits its ability to provide quantitative information about objects with high dielectric contrasts. This is the reason why the algorithm is then applied to the more intricate nonlinear case. The latter is dealt with through two coupled integral equations formulated in terms of the contrast sources in a way similar to that of the contrast source inversion method (CSI) [12, 13]. The latter has already been applied to the case of homogeneous targets, this a priori information being then taken into account through a multiplicative constraint [4], or directly in the expression of the sought contrast [14]. However, let us notice a fundamental dierence between the CSI method and the one adopted herein: the former is developed in a deterministic framework and consists of minimising a two-term cost functional by alternately updating the contrast sources and the contrast with a gradient-based method, whereas the latter is developed in a statistical framework, the contrast being then sought as a Gaussian mixture [15] by means of a hidden Markov model [16], and a Gibbs sampling [17] is used to estimate the posterior means of the unknown variables.



2. Measurement con guration The con guration considered here (see gure 1) is that of the experimental setup developed at the Institut Fresnel. An incident time-harmonic wave at angular frequency ! (the time-dependence exp(-i!t) is implied), generated by a double ridged horn antenna, illuminates a cylindrical target of arbitrary cross-section shape at Nq frequencies in the range 1 - 18 GHz, and the resulting electric eld is measured by means of a receiver that is similar to the emitting antenna and displaced around the target. The situation is such that a 2D scalar con guration is considered in the TM polarization case, i.e., the electric eld E is parallel to the cylinder axis Oz and its z-component is denoted as U . The targets, whose cross-sections are denoted as , are supposed to be contained in a test domain D and the dierent media are characterised by their propagation constant k(r) such that k2(r) = k02 = !2"00 ; r = (x; y) 62 , where "0 and 0 represent the dielectric permittivity and the magnetic permeability of vacuum, respectively, or k2(r) = k 2 (r) = !2"00"r (r) + i!0(r); r 2 , where "r and  represent the relative permittivity and the conductivity of the target, respectively. Four targets (denoted as T1 to T4) have been considered. We refer the reader to the guest editors' introduction of this special section for a description of their basic features. The targets T1 (corresponding to the data set FoamDielIntTM in the Institut Fresnel data base), T2 (FoamDielExtTM) and T3 (FoamTwinDielTM) are dielectric targets made of two dierent materials ("r = 1:45 or 3), whereas T4 (FoamMetExtTM) is a hybrid target made of both a dielectric ("r = 1:45) and a metallic part. For the sake of simplicity, the incident eld U inc in the test domain is considered as that of a plane wave (U inc (r ) = exp(ik0 r :); r 2 D) propagating in the direction  of the unit vector  which can be varied ( 2 [0; 2 ]), Nv views being carried out at
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The geometry of the problem in the (x; y) plane.



varying incidence at each frequency q (q = 1; : : :; Nq ), each view being constituted of measurements of the elds (i.e, the incident eld U inc measured in the absence of the target, and the total eld U measured in its presence) on the measurement domain S (a circle of radius R = 1:67 m) at Nr = 241 receiver positions. The data are conjugated in order to account for the time-dependence exp(+i!t) considered in the data base, and multiplied by a normalisation factor [exp(ik0R)=U inc (R )], where U inc (R ) is the value of the incident eld measured in front of the emitting antenna at each frequency.



3. Forward model The forward modelling is based upon domain integral representations obtained by applying Green0 s theorem to the Helmholtz wave equations satis ed by the elds, and by accounting for continuity and radiation conditions. This leads to two coupled contrastsource integral equations. The rst-kind Fredholm integral equation, the so-called observation equation (1), relates the scattered eld U dif (U dif (r) = U (r) U inc (r)) to Huygens-type sources induced within the target by the incident wave, i.e., to the product of the eld U by a contrast (or object) function  representative of the target electromagnetic parameters ((r ) = k 2 (r ) k02 ), de ned in D and null outside :
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r 2 S; r0 2 D; (1) D where G(r ; r 0) is the free space Green function with source r 0 in D and observation r in S , i.e., G(r ; r 0 ) = iH (k j r r 0j )=4, where H is the rst-kind Hankel function of U dif ( ) =
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order 0. The second equation, denoted as the coupling (or state) equation, is the LippmannSchwinger equation. It relates the eld U in D to the induced sources, i.e., to itself and to the contrast :
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The two coupled integral equations (1) and (2) give prominence to the nonlinearity of the inverse problem which consists in retrieving the contrast function (r 0) (r 0 2 D) in the test domain D from the measured scattered elds U dif (r ) (r 2 S ), as the unknown total eld inside the object depends upon the contrast. We will attempt to solve this problem by means of an iterative technique developed in a Bayesian estimation framework and applied rst to a linearized case derived from diraction tomography, and then to the full nonlinear problem.



4. Inversion: the linearized case 4.1. Diraction tomography Diraction tomography is based upon the rst-order linearizing Born approximation, the total eld U within D being approximated by the incident eld U inc (U inc (r 0) = exp(ik0r 0 :); r 0 2 D) at the same location, and, in the particular case of the cylindrical measurement geometry [18] considered here, on the reciprocity theorem. The latter is applied to the sources U induced within D by the incident wave and to a set of sources I (r ;  ) located at r in S which produces a plane wave that is propagating in the direction  of the unit vector  , i.e., such that: Z
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= exp(ik0r 0 : );



S Hence, applying the reciprocity theorem leads to:



r 2 S; r0 2 D:
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S D and, by introducing the Born approximation, we nally get: Z
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(5) S D As  varies in [0; 2 ], equation (5) expresses the two-dimensional spatial Fourier transform of the contrast function  on a circle (the so-called Ewald circle) of radius k0 and centred at k0 in the -space (the (kx; ky ) spectral plane), and, by varying the direction of illumination ( 2 [0; 2 ]), the spectral information can be obtained over a disc of radius 2k0 ; then a two-dimensional inverse Fourier transform yields a low-pass ltered version of the contrast function . Let us notice that the sources I ( ; ), as de ned by (3), can be expressed as a Fourier series: +1 X 2 in exp(in( ')); (6) I ( ; ) = I ( ') = 1 n= 1 i R Hn (k0 R) 0
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which shows that the left-hand side of (5) represents, in fact, a circular convolution. In practice, a discrete counterpart of the latter is dealt with and computed by means of FFT. This requires the knowledge of the scattered eld over the entire measurement
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domain S for each illumination. Hence the missing data are set to 0. Then the Fourier transform of the scattered eld is computed and its Fourier coeÆcients are multiplied by those of the sources I (see (6)). The inverse Fourier transform of the result is computed and interpolated from its circular support in the spectral domain onto a Cartesian mesh by using nearest-neighbour interpolation. These steps are carried out for each illumination and, nally, the contrast is obtained via a two-dimensional inverse Fourier transform. The quality of the reconstruction is, of course, aected by the various approximations that are introduced in the algorithm (Born approximation, plane wave illumination assumption, zero-padding, spectral domain interpolation) but above all by the restricted nature of the spectral information: i) as the latter is obtained over a disc of radius 2k0 , the expected spatial resolution is limited to =4,  being the wavelength ( = 2=k0 ), ii) in addition to bandwidth, the density of the spectral information is also a key point for the quality of the reconstructed images. The latter two points show the interest of collecting the data in a broad frequency range, the results obtained at dierent frequencies being then superimposed in the kspace: the lowest frequencies will ensure a good lling up of the latter, whereas the highest one will x the resolution. However, the mixing of the dierent frequencies is not straightforward since the contrast function , as de ned earlier, is frequency dependent and, furthermore, its real and imaginary parts do not have the same frequency dependence. Hence, a normalisation must be performed before inserting the information corresponding to each frequency in the k-space. This can be done by considering the symmetry properties of the Fourier transform. Let us de ne a new frequency independent contrast function  (r ) such that:



=m [(r)] ; (7) ! and let us denote its Fourier transform as  (k). The real part of  (r ) comes from the real even and imaginary odd contributions of  (k), whereas its imaginary part comes  (r)
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