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Reconstruction Capabilities of Inverse Scattering Tech-

niques

Federico Caramanica and Giacomo Oliveri

Abstract

Active microwave imaging techniques are aimed at reconstructing an unknown region
under test by means of suitable inversion algorithms starting from the measurement
of the scattered electromagnetic field. Within such a framework, this paper focuses
on an innovative strategy that fully exploits the information arising from the illumi-
nation of the investigation domain with different configurations as well as radiation
patterns of the probing sources. The proposed approach can be easily integrated
with multiview techniques and, unlike multifrequency methods, it does not require
additive a-priori information on the dielectric nature of the scatterer under test.
A large number of numerical simulations confirms the effectiveness of the inversion
strategy as well as its robustness with respect to noise on data. Moreover, the re-
sults of a comparative study with single-source methodologies further point out the

advantages and potentialities of the new approach.
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1 Introduction

In the last years, the scientific community has addressed a growing interest to the de-
tection and imaging of unknown objects located in inaccessible domains by means of
electromagnetic fields at microwave frequencies. As a matter of fact, the propagation of
an electromagnetic wave in the microwave range is significantly affected by the character-
istics of the medium. Therefore, it is profitable to exploit such a phenomenon in order to
sense an unknown scenario in a non-invasive fashion. Towards this end, several researches
have been pursued in the framework of subsurface monitoring [1|[2], non-destructive eval-
uation and testing [3|[4][5], and biomedical diagnostics [6][7][8][9].

Whatever the application, a microwave imaging setup consists of a probing source that
senses an inaccessible investigation domain and a set of receivers collecting samples of the
electromagnetic field scattered by the structure under test. After the measurement phase,
a post-processing of the collected data is performed to provide a faithful reconstruction
of the scenario under test. Such a retrieval process presents some intrinsic drawbacks
[10]|11], which make the inversion of the scattering data hard to cope with. Firstly, if
a complete and quantitative reconstruction of the electromagnetic properties is desired,
multiple scattering effects cannot be neglected and a full non-linear model should be
considered. Moreover, the ill-posedness and the ill-conditioning of the problem [12] are
key-issues to be carefully addressed. They are due to the lack of information coming from
measured scattering data. During the imaging process, a huge amount of parameters
has to be retrieved starting from a limited number of independent measurements. Thus,
if neither a-prior: information are available nor other physical constraints are imposed,
there is the need to collect other information by means of suitable techniques besides the
use of effective retrieval techniques [13][14][15][16][17][18][19].

Within such a framework, different strategies aimed at increasing the information content
of scattering data have been proposed in the related literature. Let us consider the multi-
view strategy proposed in [20] where the scatterer is illuminated from different angular
directions in order to give an “overview” of the scenario under test. As determined in
[21], such a technique allows a significant increasing of independent scattering data with

respect to single-view experiments. However, even though a multiview method can partly



add information, it cannot fully overcome the substantial lack of information.

Another widely-used countermeasure resorts to a multi-frequency approach [22][23][24][25][26]
or a frequency-hopping scheme [27][28]. As far as the collectable information is concerned,
the number of independent data certainly increases since different and complementary
scattering effects are excited by a set of incident electromagnetic fields at different fre-
quencies. However, to fully exploit such an enhancement of the knowledge on the scenario
at hand, some a-priori assumptions have to be done about the dispersion model of the
dielectric characteristics of the scatterer [23].

The “informative content” has been also enhanced by exploiting the so-called acquired in-
formation during the inversion [29][30] or using different polarizations [31][32][33][34][35][36][37].
In this paper, an innovative methodology aimed at increasing the amount of scattering
data (avoiding further a-priori assumptions on the investigation domain) is proposed. The
multi-source (MS) approach supposes the investigation domain illuminated by different
probing sources, each of them with a proper (and different) radiation pattern, to induce
different scattering interactions able to “show” different “aspects” of the scatterer under
test. Integrated with a multi-view strategy, the exploitation of the “source diversity”
(through the definition of a suitable multi-source/multi-view cost function) enlarges in a
non-negligible fashion the number of retrievable unknowns by enhancing the robustness
of the imaging process against the noise and the stability of the inversion procedure as
well as the reconstruction accuracy. The arising reduction of the ratio between dimension
of the space of the unknowns and that of data also implies a decreased sensitivity to false
solutions 38| leading to a more tractable optimization problem.

In the following, after the mathematical formulation of inverse scattering interactions
arising in the microwave imaging process, the multi-source technique is introduced and
described (Sect 2). Section 3 is devoted to the numerical assessment of the effectiveness
and robustness of the proposed strategy. Towards this aim, selected numerical experiments
concerned with layered as well as complex scatterers will be discussed. To point out the
enhanced reconstruction accuracy, the results of a comparative study will be presented

and analyzed. Finally, some conclusions will be drawn (Sect. 4).



2 Mathematical Formulation

Let us consider a two-dimensional scenario for microwave imaging of cylindrical bodies,
z being the symmetry axis. With reference to Figure 1, the electromagnetic properties
of the investigation domain D; are described through the unknown contrast function

T(z,y) = ep(z,y) — 1 — jggcfo), (z,y) € D;. The background is known and it is assumed

to be homogeneous and characterized by 7.

To image the scenario under test and reconstruct the dielectric profile 7(z,y), the investi-
gation region is sensed with S electromagnetic sources radiating different beampatterns.
Moreover, each source successively probes D; from V different angular positions 6* ac-
cording to a multi-view approach [20]. The radiated incident electric field is denoted by
EX(z,y)z,v=1,.,V,s=1,..,585.

The effects of the interactions between incident fields and scatterers are revealed by col-
lecting a set of measurements of the scattered electric field. At each sensor located within

the observation domain Dy, the following set of samples is available: EJ7 .. (z2,y" )z,

scatt

v=1,..,V.,m"=1,.,M" s=1,... 5. Analytically, the relation between scatterers and

diffused field can be expressed through the integral “ Data” equation [10]

Bl = 5% [ ol B )Gl o Yy (a5) € Do
’ (1)
where kg is the background wavenumber and Gsp is the two-dimensional free-space
Green’s function [39]. Analogously, the known incident field E;”(z,y)z in Dy is related

wmc

to the scatterers properties as follows (“State” integral equation)

v,8 v,8 ~k2 v,8
Eiﬁc("m y) = Eto7t (Iv y) - j_o / T(l’,a y,)Et(;t (l’,a y,)G2D(x> Yy |$,> y/)dllf/dy, (ZIZ’, y) € DI
Dy

4
(2)
Unfortunately, such a description is mathematically tractable only after a suitable dis-
cretization. According to the Richmond’s procedure [40|, by considering N rectangular

basis function
1 (z,y) € Dy
Qu(2,y) = o (3)
0 (Iv y) ¢ DI



(DYL) being the n-th partition of the investigation domain), the reconstruction process

moves towards the retrieval of the discretized representation of the unknowns

N
= ZTnQn(xay) By (z,y) ZEUSQ T,y).
n=1

Thus, the problem unknowns turn out tobe 7,,, E2*, n=1,...,. Nyo=1,..,V,s=1,....5.
The number of the expansion coefficients defines the dimension of the unknown-space U.
Typical drawbacks of the inverse scattering problem at hand are its ill-posedness and the
ill-conditioning [12], both due to the limited amount of the available and collectable infor-
mation, that make the inversion of scattering data instable and inaccurate without proper
countermeasures. Consequently, the inverse problem has to be carefully managed by pro-
perly defining a least-square solution and a suitable regularization strategy. Towards this
end, a widely adopted technique consists in imposing a set of constraints related to inverse
scattering data or to the a-priori knowledge to be satisfied in a least-square fashion by
minimizing a suitable cost function.

It is well known that to come to a well-posed and well-conditioned problem, a necessary
condition (although not sufficient) is that U be less than the essential dimension of the
scattering data I or the number of arising independent constraints(!). Therefore, mana-
ging scattering data (and corresponding constraints) as well as the exploitation of a-priori
information is a key issue, since it strongly affects the overall inversion procedure and the
possibility of obtaining a faithful reconstruction of the actual profile. To effectively ad-
dress such an issue, an innovative approach that fully exploits scattering data from a
multi-source system is formulated in the following.

Let us consider a standard multi-view arrangement where the s-th source probes the
investigation domain. As far as the fitting with the arising scattering data [E2. (2, y")

and E. (2., yn)| is concerned, the solution is requested to satisfy the following constraints
C(Dsc)uta {TTH Ev,s} State {Tn7 EU S}

(Dsgzm {TTH Egs} = (s) = =0 State { Tn, Ev S} - (s) =0 (4)
CData CState
v MV 2

Data {TN7EUS} Z Z scatt m>ym ZTnEv SG m,yﬁl|xn,yn) (5)

v=1 mv=1

() In fact, each linear constraint can be equivalently seen as a reduction of the number of independent
unknowns.
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znc .Z’n, yn (6)

vV N
v s _ § §
State {TTH E -
v=1 n=1

2
where Cdam Zv 1 va 1 ‘chZtt( 71;17y51)| CState Zv 1 Zn 1 |Efnzé(xn7yn>| ) and

N
- | B = 3 B o, il yp>]

p=1

(/2) [wkoaer)(k:oar) ~2j| ifr=tand(a.y) € Dy
(]WkOaT/Q) (koprt)‘]l(koar) Zf r 7é tor (xw yr) ¢ Dy

(7)

GgD(IM yT‘xtv yt) =

Pl = \/(:B;’ —x) + (i — )’ H, ( and Hél)(.) are the first and second kind 0-th

)
order Hankel function, respectively; Ji(.) is the Bessel function; ky = i—g (Ao being the
p{m

background wavelength) and a, =
Because of the properties of the scattered field, the amount of independent information
arising from such a (s-th) multi-view experiment (and collectable from the SV | MV
measurements in Dp) is not larger than a fixed threshold I [21]. Therefore, the solution
{7n, E>®} that best fits (4) cannot be faithfully retrieved without reducing the spatial
resolution accuracy N until U is lower than such a threshold.

As a matter of fact, the information related to a single-source (SS) multi-view experiment
might be insufficient to guarantee satisfactory reconstructions and different strategies
have to be investigated to increase the information content of scattering data. A widely
adopted technique is the so-called multi-frequency approach [22][23][25] that certainly can
improve the reconstruction accuracy of the imaging process by increasing the number of
independent data, but generally it requires some assumptions on the dielectric properties
of the scenario under test. Indeed, even though the object function does not change when
changing the source-position (or illumination), it varies with frequency. Thus, without
some a-priori information, the solution of different inverse scattering problems is necessary
with a large increasing of the computational load and computer memory requirements.
Within the same framework, the multi-source technique also is aimed at enlarging the
amount of informative scattering-data in order to enhance the reconstruction accuracy.
However, while the contrast function of the multi-frequency approach is a function of the
frequency |7, ~ 7, (f)], in such a case, the unknown coefficients 7,, are independent on
the source model [7,, = 7, (s)|]. The underlying idea of the multi-source approach lies

in the assumption (preliminarily verified in [41]) that different electromagnetic sources



(with different radiation patterns) might “reveal” different aspects of the object under test
since different interactions occur between scatterers and incident fields. Consequently, the
measurements of the arising scattered fields allow one to keep different and complementary
information that it could be profitable to exploit for improving the accuracy of the imaging
process. To fully exploit such information, a suitable combination of the constraints in
(4) concerned with each source should be considered. Towards this end, let us define the

multi-source cost function ®,;g

Duss {r B} = BR (o, B} + 5147 {, L) (®)
where
Data{ n’Ev s} — Zs 1 Data {TTHEUS} (9)

ZS C(S)
s=1 “Data

n Ev *
@ﬁate{ n,Ev s} Zs 1ZSStateCJ(£87)_ } (10)
s=1 “State

to be minimized. Since the multi-source technique does not depend on the minimization

algorithm, actually the optimization procedure constitutes a “black box” in the overall sys-
tem. Then, a deterministic optimizer based on the alternating direction implicit method
[42] is used® (see Appendix A). Unlike the modified gradient method [49], where the
unknown fields and contrast are updated simultaneously, but according to the contrast
source inversion method [50], 7, = {[7,],; n=1,..,N} and £, = {[E}°],; n=1,...,N;
v=1,..,V; s=1,.. 5} are iteratively reconstructed (k being the iteration number) by
alternatively updating the two sequences. The minimization algorithm is stopped when a
maximum number of iterations, K (i.e., k < K), or a threshold on the cost function value,

o (ie., (IDS\Z)S = Qs {7, B} < 6), or the value of the cost function remains unaltered

in a fixed percentage of the total amount of the minimization-algorithm iterations (i.e.,

‘ ) O]
K
w® MS™ h 1 IVIS . .
@(S){ 0 E;(f)} <, K, being an integer number).

Moreover, to reduce the occurrence of false solutions, the reconstruction approach has

been integrated into a multi-resolution methodology (IMSA) [51][52][53] instead of using

(2) More recent optimization approaches to standard 2D inverse scattering problems developed at the
ELEDIA Lab have been described elsewhere [43][44][45][46] and their integration, as well as the integration
of other state-of-the-art stochastic minimization techniques [47][48], into the multi-source technique will
be a key-issue of future researches.



a “bare” (or single step) optimization (ISSA). Such a methodology, which implements a
multi-step (i being the step index) synthetic zoom of the region-of-interest (Rol) where the
scatterer is estimated, is dependent neither on the minimization approach [29][54][55] nor
on the imaging system [56||57| and scattering data [58]. Thus, it can be easily integrated

into the multi-source imaging system by enhancing its computational effectiveness.

3 Numerical Analysis

In this section, the effectiveness of the MS approach is evaluated by considering a selected
and representative set of numerical experiments.

As a first test case (Test Case 1), let us consider the reference profile shown in Fig. 2(a)
where a two-dimensional investigation domain of side Lp, = 3.0 Ay contains a square
stratified scatterer L.,; = 0.9 \g-sided centered at :L"Zef = —0.6 A, y(’;ef = 0.6 \g. The
dielectric permittivity of the inner region (L;,; = 0.3 \g) is equal to e = 3.0 (1;(,y) =
2.0), while the outer layer has a contrast function 7.,¢(x,y) = 0.5. Such a configuration has
been successively illuminated by V' = 4 different directions and the measures have been
collected at MV = 26, v = 1, ...,V equally-spaced points lying on a circular observation
domain of radius ro = 2.2 \y. The scattering data have been synthetically-generated by

considering the following electromagnetic source models:

e Plane Wave (PW) model characterized by an incident field E* (z,y)|,_, = Eoe’*"z,

wmc

r = xcost’ 4+ y sinf";

e Isotropic Line (IL) source located at the point (z, = r,cos0’, y, = r,sind”), where

rp = 2.4 \¢ and radiating a field equal to
kg

v,8 o (2) A
Einc(x7y)|s:2 - _[0 87Tf€0H0 (kopp)z (11)
pp being the distance between (z,,y,) and (x,y); Iy = %, Py =12% being the

radiated power for unit length and 7 the intrinsic impedance of the background;

e Directive Line (DL) source modeled by using an expression similar to the Silver’s
equation [59]
ko
87Tf€0

EV(2,Y)] oy = —Io HE? (kopy) B(v)z (12)



where B(1)) = y/sin3(y)) if 0 < ¢ < 7 and B(¢)) = 0 otherwise, ) being the polar

angle in a coordinate system centered at (z,,y,);

e Composite Source (CS) radiating a field obtained as follows

S
E) (z,y) =Y Eji(ry) S=3 (13)

s=1

Moreover, in order to simulate a real environment, a Gaussian noise characterized by a
SNR = 20dB has been added to scattered field data.

As far as the IMSA approach is concerned, the following parametric configuration has
been used: K = 2000, § = 107, ¢ = 107°, and K, = %. Furthermore, in order to test
the approach in “worst case” conditions, the background has been chosen as initial guess
for the unknown contrast.

To give some quantitative indications on the reconstruction accuracy of the retrieval

process, the following error figures will be used

NG
1 j : nyIn) — ref ny Jn

N 77 (T, Yn)

n=1
where N can range over the whole investigation domain (j = tot), over the area actually
occupied by the scatter (j = int), or over the background around the objects (j = ext).
On the other hand, & (center location error) and A (shaping error) will estimate the

accuracy of the qualitative imaging

2 2
\/[xc — xzef] + [yc - ygef}

£ = " (15)
R— Rf
A:{‘RT}}XNO (16)

”

where the super-script “ref” refers to the actual profile, R being the radius of the Rol
where the scatterer is supposed to be located.

In the first experiment, the inversion process has been carried out by considering simple
single-source arrangements (i.e., PW-model, IL-model, and DL-model) in order to generate

some reference cases for evaluating the effectiveness of the MS approach. By applying

the IMSA methodology, the D; has been partitioned (at the first step of the multi-scaling

10



procedure) in N = 49 square sub-domains and the obtained results are shown in Figs.
2(b)-(d) with a grey-level representation®. As it can be observed, whatever the simple
single-source illumination, the retrieved profiles slightly relate to the actual stratified
configuration (Fig. 2). Although no-artifacts are present in the reconstruction and the
scatterer is roughly located in the correct area of the investigation domain (£ ~ 0.30 -
Tab. I), significant errors turn out both in the shaping and in the detection of the two-
layer structure as confirmed by the values of the error figures (A > 38.0 and y; > 21.0,
j = tot, int, ext - Tab. I). Moreover, it is worth noting that the best reconstruction is
yielded with the simplest source-model (i.e., the plane-wave illumination). Such a result
seems to indicate that, in general, there is not a direct relation between complexity of the
illumination modeling and achievable reconstruction accuracy.

To further confirm such a concept, let us consider the retrieved profile when the so-
called composite source (CS) is used. In this situation, the electromagnetic source has
been obtained as the superposition of the incident fields radiated by the SS-models. The
obtained image [Fig. 2(e)| turns out to be even worse than that of the SS-models with an
increasing of the qualitative ({ = 1.38 and A = 67.11) as well as quantitative (x;,, = 51.77)
errors.

By leaving aside the study of the optimal illumination for the problem at hand (whose
analysis is beyond the scope of this paper), the IMSA-MS strategy has been taken into
account. The reconstruction turns out significantly improved both pictorially [Fig. 2(f)]
and in terms of error figures. In particular, it should be observed that the layered structure
is clearly distinguishable and the scatterer turns out better localized (¢(PF) ~ 2.4 ¢(M9)
and dimensioned (A9 = 24.00 vs. AUE) = 38.67).

Such a result has been achieved by minimizing the cost function (8) as shown in Figure
3 where the two terms of the functional are given, as well. When the IMSA-MS method
is adopted, the minimization reaches a lower value of the cost function thus allowing a
more accurate data-inversion.

In the second experiment, the number of views has been increased from V =4to V =6

in order to assess the effectiveness of the proposed approach in different illumination

(3) Please note that the black pixel in the lower right border is used for reference and the dashed line
indicates the region occupied by the actual scatterer.
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conditions. As expected, the reconstructions significantly improve (Fig. 4 and Tab. II)

with a decrease of the error values (£, A, and y;,) of about one order in magnitude

(MS)
tot

—aret =~ 9.0). Whatever strategy,

tot

compared to the V = 4 condition (as an example,
V=6
the two-layers profile is clearly detected. However, the IMSA-MS further confirms its

potentialities by overcoming other SS-strategies (thL) ~ 3.25 Xg‘fs), ngt” ~ 1.50 XZ%S),

and ;C(%LS)) ~ 1.0 x 10?) and by achieving a faithful image of the original profile [Fig. 4(e)].
P
Although such experiments indicate that it proves conveniently in terms of achievable
resolution accuracy to use the multi-source strategy, it is needed to evaluate the arising
computational burden, as well. Towards this end, Figure 5 gives an overview of the
computational scenario by resuming the two experiments with different illuminations.
More in detail, the following representative parameters are shown: the number of problem
unknowns U |Fig. 5(a)|, the number of steps of the IMSA I, [Fig. 5(b)|, the total number
of iterations of the minimization procedure K, = > 1% ko (k;gf,)m being the number of
iterations needed to achieve the “convergence” at the i-th step of the multi-scaling process)
[Fig. 5(c)|, and the iteration time t; [Fig. 5(d)]. As it can be observed, even though the
number of unknowns triples, the multi-scaling process is terminated at the same number
of steps (I(SI],\;[S) = 2 and Iéﬁ;js) = 3) as for SS-approaches and, generally, with

a lower K. Therefore, the expected increasing of the iteration-time does not impact
so-significantly and it does not prevent the feasibility of the proposed approach. As a
matter of fact, the problem at hand is still computationally tractable (thanks to the
integration with the IMSA). Moreover, the trade-off between increased computational
costs and enhanced reconstruction accuracy seems to be in favor of the IMSA-MS.

The advantages of the MS over SS-strategies in terms of reconstruction accuracy are
further pointed out and emphasized when more complex geometries are at hand. In
these situations, the enhancement allowed by the proposed strategy turns out to be even
more significant than in “Test Case 17. To show such a behavior, the second test (7Zest
Case 2) deals with the asymmetric profile shown in Figure 6(a) and characterized by
the following dielectric/geometric parameters: 27/ = —0.392 Ao, 7/ = 0.374 N\g, Hept =
1.05 Ao, tarm = 0.15 g (thickness of the arms), dg., = 0.3\ (distance between arms),

and 7 = 2.0. The scatterer has been successively illuminated by V' = 6 directions and a

12



noise of SNR = 20 dB has been added to the field data. Unfortunately, the IMSA-IL and
the IMSA-CS single-source approaches completely fail in reconstructing the shape of the
object under test as it can be seen in Fig. 6(c¢) and Fig. 6(e), respectively, and quantified
in Tab. I (e.g., x\//) = 17.67 and y\S”) = 28.47; AUD) = 11.60 and ACS) = 65.0). As
far as the IMSA-PW is concerned, the upper arm is lost while the lower one is correctly
detected |Fig. 6(b)]. A “breaking” improvement of the image quality arises when the
DL-SS illumination is used [Fig. 6(d)|. In such a case, while the scatterer cannot be
identified exactly, the retrieval procedure converges to a structure that occupies a large
subset of the true object. However, once again the MS strategy |Fig. 6(f)] allows a better

(DL

reconstruction (X, )17 Xgi\fs); X(DL

BL) ~ 2.0\ M9 and ¢PD ~ 10 £M9). As a matter
of fact, the final reconstruction is essentially identical to that one would achieve with the

lack of edge-preserving [60] or binary-regularization techniques |61].

4 Conclusions

A nonlinear multisource strategy for the quantitative imaging of unknown scatterers has
been presented. The approach is aimed at increasing the reconstruction accuracy by en-
larging the non-redundant information on the scenario under test through an effective
exploitation of different electromagnetic interactions between various probing sources and
scatterers. The method has been developed by exploiting and extending the multiview
technique to the case of multisource data through the definition of a suitable cost func-
tion to be minimized. Notwithstanding its simplicity, the proposed strategy turned out
to be effective in recovering various permittivity profiles from simple shapes up to com-
plex configurations. As far as the increment of the computational load is concerned,
the integration of the multisource approach into an iterative multi-scaling procedure al-
lowed a sustainable overhead. Moreover, it is worth pointing out that the different source
contributions can be processed almost in an independent fashion so that a parallel im-
plementation [62] would be very easy. This task together with the use of more effective

optimization techniques [48] will be matter of future researches.
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Appendix A

In order to apply the conjugate-gradient minimization procedure, the computation of
V)5 given by
Vs = VO + VOIE (17)

is derived. The computation of partial derivatives of ®Y%¢ and @3¢ with respect to
the variables Re {7}, Im{7,}, Re{E"*}, and Im{E}*} is required (where Re{ } and
I'm{ } indicate real and imaginary part, respectively).

Firstly, let us give some preliminary definitions useful for the following

U A, B2 = Bt (2, yl) — O%) {7, BY°) (18)
W) A7, B = B (20, yn) — O {T EV®) (19)

where %), {7, B} = YN, 7B Gy (28,42, |20, ya) and ©§,,,, {7, B2*} = B° —
N

Zp:l TpEE’SGSD (Zns Yn |Tp, Up)-

As far as the “Data” term is concerned, by means of simple mathematical manipulations,

the following expressions for the partial derivatives of \I/Slm are obtained

(s) ORe @(Ds)ta T, E27° olm @([‘;zm Tny, E2°
8\I]Data — { a { }} _] { { }} (20)
0{Re(m,)} 0{Re(m,)} 0{Re(m,)}
s ORe @S)m Ty E° oIm @Szm Ty E°
5‘1’%@ _ { ata 1 }} —j { t }} (21)
o{Im (1,)} o{Im (1,)} o{Im(1,)}

where

0 {Re <9(D8¢)zta)} = Tkopn s (ko) [Re {E°} Yo (kodmn) — ImA{EY} Jo (kodpn)]  (22)
O{Re(r)}y 2 /moitoi " " ' -

a{Re <@S2’t“)} = —Zkopui (kopn) [Im {E*} Yo (kodum) + Re {E2*} Jo (Kodyn)] (23)
G " " " v

8{17’” (@Slm)} = Zkopu s (Kopn) [Re {E2"} Jo (odumn) + Im {E2"} Yo (kodmn)] (24)
O{Re(r,)} 2 0Pmitiforn " " ' -
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8{[m <@(52”m)} = Zkopuy (kopa) [=Im {E2*} Jo (kodyun) + Re {E2°} Yo (Kodonn)]
8 {Im (1)} g 0Pn " " " " "

(25)
being p, = %, Ay, = \/(in - ﬂfm)2 — (yn — ?/m)2
and
o, ORe{Oh, By} oim {6, (r B} o0
d{Re (L)Y 9 {Re (EL°)} IO Re (B}
v, 0RO (r B} orm{Of, (. By} o
o {Im (EU)Y 9 {Im (1)} J 9 {Im (1)}
where

84 Re (6% o
i{RS(EDﬁz)Z} = gkoﬂnjl (kopn) _27T0f60

{7 (O5) ) o,

Vs
9 Tm (B~ arorni(kon) |5

0{1771(@(5()11&(1)}_%]{; I (k i DT -
a{R€(Eﬁ’S)} _5 0Pn 1( 0p”> (grn_ ) 0( 0 mn>_ -

O (O5n) | o,

Vs
D{Tm (B~ 2orn i (kopn) 27 f2,

Jo (kodpn) + (e, — 1) Yy (kodmn)- (28)

Yo (kodn) — (60, — 1) o (kodn)| (29)

YEJ (kodmn)- (30)

Yo (kodmn) — (&1, — 1) Jo (kOdmN)_ (31)

Accordingly, the partial derivatives of ®%® are given by

(s) v,8
ppData L M { (s) s }8Re{wData{T"7En 3
O{Re(rn)} — 25 SV SM_ e (g g0 ) {Zm:l 2Re V0 {70, 17} 0{Re(rn)}
s ooy ) I, {r B}
21 {08 o, By} e N |
(32)
8‘1)1%1(?(1 _ 1 ZM 2Re {\D(S) {7_ Ev,s}} aRe{\pglta{Tn’EkS}}
Otm(r)} Zf:l et Lot E:-éztt(x}r}nvy;)n)f m=1 Data L 7m0 =n otIm(ra)}
< SRS NI LR £ ot
2Im {\If%?m {7, E3 }} { B?Im('rn)} }} }
(33)
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B{Re(E';JLS)} Zf':l ZX:1Z E;tht( y;,n)|2 {Em:l |i Data{ ny n } 8{R6(EU S)}
orm{w) {m 500}

(34)

(s) v,8
acpﬁasm _ L M 2R€{\I/(s) s }BRE{\I/Dam{mE }}
m(E)} Ty [P {Zm[ pata 17 B} =50 ()

oIm \I/(S()Lta{Tn,E,}i’S}
{8 7)) |
(35)

Analogously, it is possible to evaluate the partial derivatives of ®3!%¢ which are given by

State s s

ST = 55 s P 1o Thomn [Be { Wi, {7, By}

{Im {Ep*} Ly — Re {E*} Ruy} — Im {0 {7, By} b {Re { By} Ly — Re {Ep°} Ry} }
(36)

State s "

Aime] = 5557 SN {S mhoon [Re { W e {5}

{Im{Ep*} Ruy + Re { By} Ly} + I {00, {7, By*} } {Im { By} Ly, — Re {By*} Ry} |
(37)

84)%?6 1 { N [ { (s) v,8 }
s 1 Thopn |Re SVl 1o, B
SR E)] S e s e L2t TR state 170 By}

=B (e, 1) Ry — 52 g} + T { WS A By} } { (6, = 1) Ty + 5525 B ]}
(38)

oiete 1 { N [ { (s) s }
v, - p _ 71-]{:0 n Re \Ij ate Tp, E
(BT}~ S s s B L= TP state {7 55}

{ 2:;50Rnp +(er, — 1) Inp} —Im {\Ij(;t)ate {7, E;z}’s}} {nk:: +(er, = 1) Rup + zﬂfgoln H}
(39)

where

Rnp _ J (kOpn) YE) (kO np) Zf n=p (40)
[np _ '] (k(]pn) ']0 (k(] np) Zf n = (41)

Ji (kopn) = mpp if m#D
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and d,, = 1 if n = p, d,, = 0 otherwise.
Finally, the array V&, = {[V(I)MS]Tn AVOus|pessn=1,.. . Nyv=1,..,Vis=1,., S}

can be computed as

8(I)AD/[ata 8@?\}@6 . aq)ﬁata 8@?\}@6
Veush, = [ r gy * o] a1 oty
aq)ﬁata aq)J.S\u‘Jtate . acbf/[am aq)J.S\u‘Jtate
[V®yrs]pvs = [8{}26 (ES,I{S)} 0 {Re (538)}} J [0{]m(ESﬁ’S)} d{Im (Eﬁs)}}
(43)
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Figure Captions

e Figure 1. Geometry of the multi-source/multi-view imaging system.

e Figure 2. Multi-layered dielectric profile (7.,; = 2.0, i = 0.5). Reference dis-
tribution (a). Reconstructed dielectric distribution by using (b) IMSA-PW, (c¢)
IMSA-IL, (d) IMSA-DL, () IMSA-CS, and (f) IMSA-MS (SNR = 20dB -V = 4).

e Figure 3. Multi-layered dielectric profile (7o, = 2.0, 7 = 0.5 - SNR = 20dB,
V' = 4). Behavior of the (a) cost function and related (b) data and (c) state terms

during the iterative process.

e Figure 4. Multi-layered dielectric profile (7o, = 2.0, 7 = 0.5 - SNR = 20dB,
V' =6). Reconstructed dielectric distribution by using (b) IMSA-PW, (¢) IMSA-IL,
(d) IMSA-DL, (e) IMSA-CS, and (f) IMSA-MS.

e Figure 5. Multi-layered dielectric profile (7e.: = 2.0, 7je = 0.5 - SNR = 20dB).
Evaluation of the computational burden/complexity: (a) problem dimension U, (b)
number of IMSA steps Iy, (¢) total number of iterations K., and (d) iteration

time 5, [msec].

e Figure 6. Complex dielectric profile (7 = 2.0). Reference distribution (a). Recon-
structed dielectric distribution by using (b) IMSA-PW, (¢) IMSA-IL, (d) IMSA-DL,
(e) IMSA-CS, and (f) IMSA-MS (SNR =20dB -V =6).

Table Captions

e Table I. Multi-layered dielectric profile (7opy = 2.0, 7y = 0.5; SNR = 20dB) -

Error Figures when V = 4.

e Table II. Multi-layered dielectric profile (7. = 2.0, T = 0.5; SNR = 20dB) -

Error Figures when V = 6.

e Table III. Complex dielectric profile (7 = 2.0; SNR = 20dB, V = 6) - Error

Figures.
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Figure 2(I) - F. Caramanica et al., “An Innovative Multi-Source Strategy...”
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Figure 2(II) - F. Caramanica et al., “An Innovative Multi-Source Strategy...”
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Figure 4(I) - F. Caramanica et al., “An Innovative Multi-Source Strategy...”
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Figure 4(II) - F. Caramanica et al., “An Innovative Multi-Source Strategy...”
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Figure 6(I) - F. Caramanica et al., “An Innovative Multi-Source Strategy...”
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Xtot Xint Xext § A
IMSA-DL | 26.12 | 35.52 25.19 | 0.31 | 39.11
IMSA-IL | 25.63 | 38.38 | 24.37 | 0.37 | 38.67
IMSA-PW | 22.07 | 23.90 21.89 | 0.35 | 43.56
IMSA-CS | 29.00 | 51.77 | 26.73 | 1.38| 67.11
IMSA-MS | 11.33 | 18.41 | 10.63 | 0.13 | 24.00

Table I - F. Caramanica et al., “An Innovative Multi-Source Strategy...”
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Xtot Xint Xext § A
IMSA-DL 5.98 19.67 4.60 | 0.05| 7.10
IMSA-IL 4.10 23.01 2.13 || 0.02| 4.44
IMSA-PW | 5.26 25.13 3.30 | 0.03| 1.60
IMSA-CS 5.91 28.31 3.70 | 0.04| 3.60
IMSA-MS 1.26 13.72 0.02 | 0.02] 3.50

Table IT - F. Caramanica et al., “An Innovative Multi-Source Strategy ...”
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Xtot Xint Xext § A
IMSA-DL 6.37 13.31 5.90 0.08 | 3.20
IMSA-IL 17.67 | 2095 | 17.44 | 0.03 | 11.60
IMSA-PW | 6.50 15.82 5.87 0.13 | 4.0
IMSA-CS | 2847 | 23.33 | 28.83 | 0.08 | 65.0
IMSA-MS | 3.80 16.33 2.99 | 0.007| 2.40

Table III - F. Caramanica et al., “An Innovative Multi-Source Strategy ...”
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