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Abstract—The possibility of focused microwave imaginginmed- (CT) and based on ray propagation (sometimes with certain
ical applications is investigated in this paper by means of a nu- compensations) have been found to produce rather limited
merical assessment based on thg forwa.rd scattering .solutlon. AS rasults. Although diffraction tomography approaches have been
a text case, a human abdomen is considered and different elec- to be able t ¢ titative i f bioloaical
tromagnetic sources operating at the working frequenciesf = Proven 1o be able to generate quantitative images of biologica
433 MHz and f = 2.45 GHz are used. Many numerical in- bodies in a quasi-real time, they are usually based on weakly
vestigations are performed in order to define the optimal dimen- scattering approximations (e.g., Born or Rytov approximations)
sions of the reduced investigation domain. To quantitatively eval- and are unable to accurately reconstruct strongly contrasted

uate the effects of the reduction of the original investigation domain bodies [20]. Moreover, the expected spatial resolution is limited
on the inversion data, suitable relative errors are defined. Once the ) o
by the wavelength of the incident wave.

reduced domain is defined, preliminary reconstructions are per- : .
formed, aiming to evaluate the imaging capabilities of a global op- ~ Recently, accurate reconstructions have been obtained by

timization technique when a focused approach is used for tomo- using inverse scattering methods in the spatial domain. These

graphic applications. Finally, some considerations are drawn and approaches are usually based on discretization of the integral

future developments of the proposed technique are indicated. equations of the inverse scattering problem. A number of
Index Terms—Genetic algorithms, inverse problems, medical di- techniques (most of them iterative) have been applied in order

agnosis, microwave imaging. to solve the discretized equations, in several cases by recasting
the problem as an optimization process in which a functional
I. INTRODUCTION is defined and minimized. These methods are able to deal with

highly contrasted bodies. In addition, it has been demonstrated

WHEN microwave imaging was proposed as a noninvgnat the achievable resolution is not limited by the wavelength

sive technique in medical applications, the potential agt the incident field, but discretizations finer than those dictated
vantages of this technology seemed to allow for great and rapjd the Raleigh criterion can be used.

developments [1], [2]. In the context of medical diagnostics, mi- Although these integral-equation approaches are rather effi-
crowave imaging was indicated as the future leading technioggignt, they are usually too time consuming to allow the use of
for microwave dosimetry, and a lot of possible applications weggscretizations suitable for producing images detailed enough to
proposed, including diagnostic tools integrating active and pass yseful in medical applications. Moreover, the risk of reaching
sive methodologies. nonglobal (local) minima is particularly critical in the medical

Although a lot of work has been done by several researgf|q, as they correspond to “artefacts” in the final image.
groups over the last years [3]-{18], microwave imaging is not | the authors’ opinion, the possibility of focused imaging
yet competitive, as compared with other more consolidatefloyid pe further evaluated, in which only a part of the bio-
diagnostic techniques. The reason is ultimately related to_é‘%ical body is subjected to the investigation. Moreover, with
mechanism of interaction between microwaves and biologi uced investigation domains, it would be possible to concen-
tissues. In general, microwave-imaging methods try to infgite the computational resources for this region and to apply a
information concerning biological tissues starting by Megjobal optimization approach [21], which is able, in principle,
surements performed outside the body under test. In actyereach the global minimum.
imaging, an incident field is used to interrogate the body. The 1q this end, the aim of this paper is twofold. First of all, we
problem one has to handle is, in general, an inverse scattefjggort a numerical investigation concerning the possibility of
problem, which is strongly nonlinear and ill posed [19]. IReducing the domain inside a model of a human abdomen. The
general, multiple scattering cannot be neglected and methgggstigation area is defined according to the results of direct
similar to those usually applied in X-ray computed tomographytattering simulations in which parts of the body are neglected.

The possibility of reducing the investigation domain is strongly
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the inhomogeneous structure represented by the biological bo mvestigation ‘ y a
was numerically calculated (off-line). Although the results ob {1’)"1’)“3‘“
tained by inverting the data by using a pseudoinversion algt
rithm with a reduced domain were quite interesting, the nee
for the computation of the Green’s function requires an acct
rate model of the biological body under test. Due to the wid
range of geometric/dielectric changes among different patient
large errors can be expected unless the numerical Green’s ful ;
tion is computed for any specific case (the approach seems : T : T
be more suitable, for example, in industrial applications, wher : ;
the “unperturbed” objects to be inspected is usually complete
known). In this paper, we aim to assess how a domain redu
tion will affect the possible reconstruction of a limited domain. reduced Fat
Roughly speaking, the scattering by the neglected part of tt };’ggf;ﬁa‘g;)
body can be considered as noise in the measurement data.
The second objective of this paper is the application of
global optimization technique based on a genetic algorithim
(GA) [22], [23] to produce an image of the reduced investigaig. 1. Schematized human abdomen. Reduced investigation and observation
tion domain. Although GAs are usually very time consumingemains.
when implemented on serial computers, they exhibit some
interesting features that can be summarized as follows. Fig. 1. In microwave imaging, the body is illuminated by an in-
1) They allow, in principle, to reach the global minimuncident field (or a set of incident fields) and the scattered field
(avoiding “artefacts” in the final image of the biologicalis collected in a suitable observation domain. TM illumination
body). conditions are used. The unknown dielectric parameters of the
2) They allow the straightforward introduction into thebody are then retrieved by inverting the mathematical equations
model ofa priori information. A lot ofa priori informa- of the resulting inverse-scattering problem. The recently pro-
tion is usually available, particularly in the medical fieldposed imaging methods (which are developed in the spatial do-
but, in general it is very difficult to take into accountmain) require a discretization of the cross section of the bio-
this information using deterministic techniquéspriori logical body. Due to multiple scattering, the whole cross sec-
information may concern the range of values of thton should be discretized. Whatever method is used, a very fine
dielectric parameters or even the boundaries betwespatial resolution can be expected only for organs of small cross
different tissues. Such boundaries may be known frogection (e.g., arms or legs). In cases similar to the one consid-
different diagnostic techniques. This represents an exred here (i.e., human abdomen), the discretization of the whole
ample of the possibility (offered by methods in whiclsection would make the problem almost intractable, at least if a
thea priori information can be directly inserted into thestochastic optimization approach is to be used (without a par-
model) of using different diagnostic methodologies in allel implementation).
complementary way Let us consider now a reduced square investigation domain,
3) GAs allow a straightforward parallelization and a rathetenoted by R1 and located inside the original cross section (de-
simple hybridization with deterministic minimizationnoted by DI). The original cross section is partitioned iito=
procedures. 46 x 46 square subdomains of side= 0.5 cm. The above dis-
Finally, it should be mentioned that, besides the issues relag@tization is sufficient to obtain an accurate forward solution
to data inversion and image formation, the development of mdaj using the method of moments [25], [26]. Moreover, the fol-
ical microwave-imaging approaches is also limited both by thiwing illuminating sources are considered:
oretical aspects [19] (e.g., uniqueness issues and nonradiatind) plane wave impinging with an incident angle
currents) and experimental difficulties connected to the design  whose incident electric field is given b¥;..(z, ¥)
and realization of efficient and fast illumination and measure- = FEgexp{+jkp}z, k being the wavenumber in the
ment systems. These two last aspects are not considered here, external medium (free space), antleing the unit vector
and the reader is referred to the wide literature on this subject of the z-axis;
[6], [9], [24]. 2) infinite line source located at poifi, ¢) (polar coordi-
nates), witha = 16.5 cm (fixed):

Bone Muscle

Il. REDUCED INVESTIGATION DOMAIN

Einc(‘Tv y) =-I HSQ)(]C7)Z

The first question we point out is essentially the following:
when imaging a biological system, is it possible to focus our
attention only on a limited part of that body, neglecting the HéQ) being the Hankel function of second kind and zero
remaining part? In tomographic applications, two-dimensional  order,r is the distance between point,(p) and point
models are usually assumed. In this context, as a test case, we (z, ¥), o is the free-space dielectric constant, ands
consider the simplified model of a human abdomen reported in  the angular frequency;

dweg
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3) focusing source (in the transverse plane), which is mod- TABLE |

eled (by using an equation similar to Silver's equationSCATTERING POTENTIALS OF THEVARIOUS TISSUES OF THESCHEMATIZED
HUMAN ABDOMEN FOR THE TWOFREQUENCIESf = 433 MHz AND

[27] for directive antennas) as ¥ = 2.45 GHz
o [= 133 MHz[[ = 2.45 Gllz
Einc(z, y) = —I4—HO (kr)D(¢")z Felr] T Tkl | Belr} [ Il
weo Tiver [ 465 [ -35.72 [ 415 | -T4.82
A%[;uscle 2268 -539.2336 1658 -116.1231

N — i AN / Ny — one . -O. . -1

whereD(¢) = y/sin"(¢/) if 0 < ¢’ < w andD(¢') = Kidney [ 53.0 |48 98 4707 1338
0 elsewhere, being an integer number and' the polar Spleen | 74.0 | 61.44 | 65.0 | -16.87
angle in a coordinate system centereding) and having Fotf [460] -3.23 [450] -1.13

the y-axis passing through the origip & 0).

For case 2), we assurdesuch that a radiated power for unitig 4 (side of R1)= 7.5 cm. Fig. 3 gives the behavior of the
length of 7 = 1 mW/m is generated by the infinite sourcejncigent and scattered electric fields (amplitudes) inside the
Using the asymptotic expansions for Bessel functions [2W, \hole cross-sectional DI. Moreover, Fig. 4 shows the behavior
obtained byl = /8P/nk, wheren is the intrinsic impedance of the same fields along (a) vertical and (b) horizontal axes.
of the free space. In Fig. 5, the plots of the incident, scattered, and total electric

The same value of is used for case 3). For the first simulasie|gs (amplitudes) in the observation domain are also given.
tions, a frequency of 433 MHz is assumed. The cross-sectiopys. 3-5 are related to the various illumination conditions
Dl is modeled by a scattering potential defined at points (a)—(c). It should be noted that since a reduced

investigation domain is used, Fig. 5 can provide useful infor-
(z, y) = eo |en(z, y) — j o(z, y) 1 me_ltion concerning the_ angular_ location _of the mea_lsuremgnt
weQ points on the observation domain. In particular, receivers with
# =~ ¢ should be avoided due to the blinding effect of the
wheree,.(z, y) ando(z, y) are the relative dielectric permit- source, whereas insufficient information is present for the
thlty and electric CondUCtiVity of the biOlOgical tissues (Ta.ble |)argest values ofa_ 71—)_ However, it should be noted that, for
[28] Fina“y, the observation domain (DM) is a circle of radiu%()urce (C) withh = 2andn = 3, a |arge range of values exist
b = 16.4 cm and the location of the generic measurement poifgr which | Eine (2, )| is rather small [see Fig. 5(a)].
is (b, 6). Due to the TM illumination, only the-component of | et us consider now the investigation domain R1 only, ne-
the fields are considered. glecting the other part of the cross section (denotedkBy=

The side of R1 is firstly evaluated. Since the contribution tpy R1). Fig. 6 provides a comparison between the scattered
the scattered electric field of each subdomain is essentia”)éﬁd total electric field Computed Considering the whole cross-
function of the polarization current in the same subdomain (asectional DI and considering1 only. For small angles around
sumed to be constant and denoted.-By = 7., E{o;, Where ¢ — r there is a good agreement between the total field (i.e.,
Tm = T(Tms Ym)y Eloy = Erot(Tm, Ym ), ANA(Trm, ym) isthe  the measurements) in the two cases. This consideration, as well
center of themth subdomain), this quantity is considered. Ins the previous ones concerning the illuminating sources, can be
particular, Fig. 2 gives the percentage of subdomains for whiGfsed to define the angular region where it will be convenient to
after solving the forward problem involving the whole cross seggcate the receivers.
tion DI, we obtained./;,| > Jin, whereJyy, is athreshold value.  |n order to better evaluate the weights of the various contribu-
Fig. 2 reports this percentage for the various illumination cofjons to the scattering, the scattered electric field at paing)

ditions and for any possible value ¢f 0 < ¢ < 27 (angular can be expressed as the sum of four terms
step:7/12). This figure gives some indications concerning the

possible dimensions of R1. As expected, the plane wave illumi-
nation represents the worst case, whereas moderately focused Eocarn(b, 0) =

]

> {Ly, 0)} 1)

sources are more suitable for this application. For low angles, i=1 j=1

due to the crude discretized model of the human abdomen, the

presence of a nonrealistic interface between the internal air re- Li;(b, 0) = / 72, Y ) Bron,, (&, y')

gion and surrounding one results in low percentage values (the Ri

focused source illuminates a limited part of the body). How- G, 0/, 4/ ) do’ dy )

ever, excluding this limited angular range, the various plots ex-

hibit rather regular behaviors. This means that approximatedherer;(z, y) denotes the scattering potential in itieregion,

the same values for the side of R1 can be the choice forany E..,,(«x, %) denotes the total electric field in the same region
The question is now the following: what is an acceptabldue to the polarization current density in itk region, and? is

threshold? The choice of the threshold is related to the errdhe two-dimensional Green'’s function for free space. Assuming

on the scattered electric field in the observation domain. ta(z, ¥y) = 0 is equivalent to neglecLi2(b, 8), L2 (b, 6),

the following, according to the previous consideration, wand L., (b, ). Denoting bya(8) = |L12(b, 8)| and 3(6) =

assume a fixed valug = 7 and evaluate in detail the case Ly (b, 8) + Lao(b, 0)|, Fig. 7 shows the behavior of(#) and

of (Jin/Jmax) = 30%, whereJ,,.x in the maximum value of 3(6) for anyé and for the different sources considered. Roughly

|J.»| inside DI. According to Fig. 2(d), a reasonable choicsepeaking,«(f) refers to the partial scattering contribution of
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Fig. 2. Percentage of subdomains for whjdh,| > J, (fixed threshold value) for the different considered illuminating sourceS. @)/ Jumax) = 5%. (b)
(Jin/ Jmax) = 10%. (€) (Jer./ Tmax) = 20%. (d) (Jun/ Jmax) = 30%. (€) (Jin/ Jmax) = 40%. () (Jen./ Jmax) = 50%. Jomax = max, {|J (@, ym )|}

R1 due to the presence of R2, wherg#§) is the total scat- 7, around? = «, the moderately focused source corresponding
tering contribution of R2. As can be deduced from Figs. 6 aridn = 2 seems to be the better choice for imaging purposes as
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1.42 |Eine(z, 9)| 1.55x 1073 1.27 | Escatt(z, ¥)| 0.48

(a)
o

1.42 |Eine(z,)]  155x 103 1.27 |Eseate (2, 9)| 048
(d)

1.42 |Eine(z, )| 155% 10~%  1.27 |Eacate(z, )| 0.48
(¢)

Fig. 3. Amplitude distributions of the incident and scattered electric fields inside the whole cross-sectional DI for different illuminatis Smunce position:
¢ = w. (a) Plane wave. (b) Infinite line current. (c) Focused source=(1).

both «(8) and3(#) are very small. Of course, the plane-waveubdomains for which the related polarization current is greater
illumination results in large changes in the scattered field atidan the fixed threshold results much smaller than the corre-
the 3(#) term largely dominate. sponding one in Fig. 2. In particular, a factor approximately
The same computation has been performed by using higlegual to 1/2 has been found. For example, the percentage is less
frequency equal to 2.45 GHz although the used discretizatiorttign 10% forJ;;, > 10% for all the positions of the source and

rather coarse at this frequency. As expected, the percentagéoofall sources excluding the plane-wave illumination (to save
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1.42 |Eine(z,9)]  1.55x10~% 1.27 |Egcate (2, 9)] 0.48
(d)

1.42 |Eine(z, )] 1.55x 10~ 1.27 | Eecate (2, )| 0.48
{e)

Fig. 3. (Continued.)Amplitude distributions of the incident and scattered electric fields inside the whole cross-sectional DI for different illuminating sources.
Source positiony = 7. (d) Focused sourcer(= 2). (e) Focused source (= 3). f = 433 MHz.

space, not all the plots are provided for this simulation). Cethe domain and external surface of the body increases. To quan-
tainly, this is related to the reduced penetration depth (e.g. titatively evaluate the weights of all the contributions involved
the liver, the penetration depth is about 0.71 cm at 2.45 Glifzthe computation of the scattered electric field, the following
and about 2.6 cm at 433 MHz) that concentrates the scatterietative errors have been defined:
sources in the external layers of the biological bodies (as an ex-
ample, Fig. 8 shows the distributions of the scattered electric . (g) _ || Escatt (b, )] — |L11(b, 8) + La1 (b, 6)]|
field inside the investigation domain for the line current and the | Escatt (b, 0)]
directive source correspondingo= 3). In Fig. 9, the incident (6)
and scattered amplitudes for the same sources and along the 720) =77
. |Escatt(b7 9)|

andy-axes are also given. Although large parts of R1 and DI
do not contribute significantly to the scattered field in DM, thg 4
fixed investigation domain is not very suitable at this frequency,
as it could be deduced from Fig. 10, which should be compared B3(6)
with Fig. 7. Due to the stronger reflection at the external bound- 13(6) = m
aries, large changes occur in the scattered field. Among those
considered in this paper, the source with= 3 seems to be Fig. 11 gives the maximum, minimum, and average valued for
better for this frequency. each of the above normalized parameters and the related vari-

We now consider the case in which the investigation domaémce for different position inside the original cross-sectional DI
moves at deeper positions inside the body. The possibility & f = 433 MHz. The position of R1 is defined by its center,
investigate an internal portion of the body would be very imwhich is given by(p,, =). In particular, the position numbéin
portant in medical application. It is obviously expected that tHeg. 11 is related tp, by the following relationp, = s—(£—1)é
differences in the scattered data increase as the distance betviiedmgs = 8 cm ands = 1 cm. As can be seen, from positions 1
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Fig. 4. Amplitude distributions of the incident and scattered electric fields for different illuminating sources along the: (a) vertical anzofipharesf =
433 MHz.

to 7,~: (the relative error on the scattered electric field in DM) [ll. OPTIMIZATION APPROACH
slowly increases [see the average values in Fig. 11(c)] from less
than 10% to about 30% (in this rangg,(¢) is almost constant ~ Once the reduced domain has been defined, an optimization
for the plane-wave illumination). From positions 7 to 10, th#wverse method can be applied. As mentioned in Section I, in the
error sharply increases (to about 50%) and becomes almost cauthors’ opinion, the use of an optimization approach is justified
stant for deeper positions. The plotsyefé) and~s(#) provide by several considerations. First of all, these methods are poten-
the behavior of the specific contributions to the scattering. Froiially able to reach the global minimum, avoiding false solu-
Fig. 11(m), it results thas(#) can be neglected only for a fewtions (“artefacts”). This feature seems to be of great importance
positions of R1. in medical applications, where it is very difficult (even from a
At f = 2.45 GHz, the growing of all the plots is more regulamsychological point-of-view) to accept to use a diagnostic tool
and sharper. As an example, the average valugs(é}, v2(¢), that does not ensure (even in principle) that the “right” solution
and~s(#) are provided in Fig. 12. As can be seen, at the pogian be obtained.
tion £ = 2, 5(8) cannot be neglected, wherea®) does not  The approach used here is based on a GA, which has been
represent a significant contribution fér> 7. previously developed in [29] (Born approximation) and [30],
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Fig. 5. Amplitudes of the: (a) incident, (b) scattered, and (c) total electric fields at the measurement points of the observation domain DM=(i&ditism)
for different illuminating sources. Source positign:= =.

[31], but not yet applied in biomedical areas. In short, the GA ishereL is given by
an iterative approach aimed at minimizing a functional that, in

the present medical application, can be defined as AR
P ppication. L(z,y) = 7B, Galz, y) A (4)
k=1
U{Tf (z, v), Efo, (z, Zl)} whereGy,(z, y) is the integral of the Green function calculated
) on thekth subdomain (whose areads), the subscript refers
ol the case in whiclfz, i) € R1, and the subscript, the case in
=a Z {Em“'(b’ 0p) = Le (b, 91“)} which (z, y) € DM (observation domain). In equation (3Y;
p=1 is the number of subdomains of RE,is the number of mea-
N surement points, ang, anda, are two regularization constants
+ ay Z {Einc(xm, Yim) to be fixed. 1;h|s fl’J,nCtIOPa| |s"const|tuted by two terms, some-
oo times called “data” and “state” terms, respectively. Other terms
2 can be added (e.g., penalty terms), but this subject is beyond

_ [ Er (T, Ym) — Lo(Zm, ym)] } A3) the scope of this paper. The asterisk indicates quantities that are
now unknown.



Plane Wave - Frequency 433 MHz

CAORSlet al: NUMERICAL ASSESSMENT CONCERNING FOCUSED MICROWAVE DIAGNOSTIC METHOD FOR MEDICAL APPLICATIONS

Line Current - Frequency 433 MHz

T T

Esc;at:(el " (Rl) ——
catt (DI} -eeeeeeee
rEtct(e) [ p—
Epor (8)

0 : L L . L L . 0.0l L . . . , . .
0 90 180 270 360 0 90 180 270 360
0 [deg] 9 [deg]
(a) (b)
n = 1 - Frequency 433 MHz n = 2 - Frequency 433 MHz
10 T T T T T T 10 T T T T T
Eecare(0)| (R1) —— Eyepre (0)] (RL) —mv
Eiue 0| (D1) — Ean®)| (1)
1 fEm(B) {R1) e fEtot(e) (R1) oo
Epgr (0}] (DD) — Epoe ()] (DI} ——

0 [deg) 6 [deq)
(c) (d)
n = 3 - Frequency 433 MHz
10 T T T T T
Escatt(e) (R} —
E ot (8] (DI)
rr-:mte) (L)
Bt (6)| (DI) ——
1 E

.

0.001 -
0

90 180 270 360

0 [deg)

1823

Fig. 6. Comparisons between the case in which only the reduced investigation domain RL £side5 cm) is considered and the case in which the whole

cross-sectional Dl is assumed. Amplitudes of the scattered and total electric fields in the observation domain DM. Sourcespesitiofa) Plane wave. (b)

Infinite line current. (c) Focused source & 1). (d) Focused source:(= 2). (e) Focused source: (= 3).

The minimization of the functional is performed by applyinget of M trial solutions is randomly generated and constitutes a
a GA, which is based on a random search of the (global) mipepulation of chromosomeAt this point, the iterative process
imum. The approach requires amtialization phase, where a starts and the population at a generic step 1 is computed
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Fig. 7. Plots of the contributions to the scattered electric field denoted ®yand3(¢) [see (1)]. Scattered and total electric fields (amplitudes). (a) Plane wave.
(b) Infinite line current.

on the basis of the population at stepoy using the genetic paper, the following parameters have been used, according to
operators of selection, crossover, and mutation [21]-[23]. Tlepen literature on the subject [22], [23] and on the basis of
iterative process continues until a stopping criterion is satisfisdme previously obtained results in imaging of inhomogeneous
(U*) < Uy, Uy, being a fixed threshold) or a given numbetwo-dimensional scatterers, mainly in the light of nondestruc-
of iterations is completed. For the simulations performed in thiive testing applications. In particulat/ = 100 (population
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Fig. 8. Amplitude distributions of the scattered electric field inside DI. Sourcg(¢) and 3(#) [see (1)]. Scattered and total electric fields (amplitudes). (a)

position: = w. (a) Infinite line current. (b) Focused source & 3). f =

2.45 GHz.

[V/m]

R R

K o N0 Y R RN Wb

S O O o o

Frequency 2.45 GHz

Infinite Line Current - |E; .(0,y)
= |Egcat (0,¥)

- [5 inc(x’o)

- IE catt(x’o)

(n = 3) - [Eijn(0,y)

- IE catt(O'Y)
inc (X, 0)

- IEscatt (x,0)

1
o
o
[N

0.

11 {(Jz,y)EDI

Infinite line current. (b) Focused source & 3). f = 2.45 GHz.

coordinates in the range 163 ¢ < 197° and synthetic data
are used as input data. In the initialization phase, the field un-
knowns are randomly chosen by means of a random uniform
distribution of values in the range

i —2|R. Einc ) 5 d 2|R. Einc )
{ min, [=2lRe( Bl ) sus. PR B )]
for the real part and in the range
min_ [-2|Im(Eipc(z, v))|]; max [2]Im(Ei,(z, y))|]}
(z,y)eDI

for the imaginary part. The starting values for the object function

Fig. 9. Amplitude distributions of the incident and scattered electric fields f@re randomly selected betweer- j0 and

the infinite line current and focused source £ 3) sources along the- and

y-axes.f = 2.45 GHz.

dimension),P.,.ss = 0.7 (crossover probability)P,,; = 0.8 2 <(m,y)cD
(mutation probability)[/;, = 1072, a; = 10.0, anda, = 1.0.

max I {Re[’rref(xv y)]} + 7 (m%%?é(DI {Iln[Tref(-Tv y)]})

The equally spacef® = 225 measurement points have angulawherer,. indicates the actual distribution.



1826 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 11, NOVEMBER 2000

Frequency 433 MHz Frequency 433 MHz
04 —— T 0.8 —r—r—t—rT—T—"T—"T—T—T—T—T—T—T—T
ns=1—— n=1—— A
n=2 - no= 2 e
n=3 ns=3- ]
Line Current - Line Current -
0.3 Plane Wave -—--- 0.6 Plane Wave ----
§ § ...........
5‘ 0.2 5‘ 0.4
o %
b q
E £

0.1} 0.2F

0 TR VUURUIR 7254000 TUVINN JS S TR S W N

L S O T S S S S S S S S S
123 456 7 8 9 10111213 141516 17 123 45 6 7 8 9 10111213 14151617
Position of Rl Position of Rl
(a) (b)
Frequency 433 MHz Frequency 433 MHz
0.0} —/——r—————r—T—T—T——T—T—T—T—
n=l——
n =
ny
Line Current T
Plane Wave -
0.02
5 s
2 £
5 4
s d
0.01
ob e ; .
123 45 6 7 8 9 10111213141516 17 6 7 8 9 10111213 14151617
Position of R1 Position of Rl
(¢) (d)
Frequency 433 MHiz Frequency 433 MHz
1.2 — T T T T T T T
1.
0.8F
J
3‘-‘ 0.6
5 0.4 \
' Line Current ——
Plane Wave ------
0.2 p7 q
0 1 ] 1 1 1 i 1 1 1 1 1 1 1 A 1 0 1 1 1 1 1 1 1 1 1 1 1 L Vi I L
123 45 6 7 8 9 10111213 14 1516 17 123 45 6 7 8 9 10111213 14151617
Position of Rl Position of Rl
(e) ()

Fig. 11. Behavior of the quantitative parameter$t), v2(#), and~s () for different positions of the reduced investigation domain inside the abdomen and for
different illuminating sources. (a), (¢) Minimum. (b), (f), Average. (c) Maximum values (with respect to the polagangleVariance distributionsf = 433
MHz.

Fig. 13 shows the original and reconstructed images of Rfiformation is considered, in the reconstruction of the real part
Although no additional penalty terms are used andmiori  of the scattering potential (related to the relative dielectric per-
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Fig. 11. (Continued.)Behavior of the quantitative parameters(¢), v2(6), and~;(8) for different positions of the reduced investigation domain inside the
abdomen and for different illuminating sources. (g), (m) Maximum values (with respect to the polafar(@le (n) Variance distributionsf = 433 MHz. (i)
Minimum. (I) Average.

mittivity), the boundaries between different tissues are rathare close to the original ones (this demonstrate the feasibility of
accurately located and, more importantly, the obtained valugguantitative imaging). On the contrary, significant errors are
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present in the reconstruction of the imaginary part (related to tbkeach part of the scatterer), the global optimization technique
electric conductivity). Although it is generally recognized thatan be applied. In the medical field, the possibility of using a
the reconstruction of the electric conductivity is more critical, inethod, which allows, in principle, to reach the global min-
should be noted that these reconstruction have been obtaineihimym and allows the insertion of a lot afpriori information, is,
using a single view process. Better results should be obtainethithe authors’ opinion, very appealing. Moreover, the approach
multiillumination/multiview conditions were used. allows to use information drawn from different diagnostic tools,
as the data can be inserted both as continuous and discrete quan-
tities (e.g., information about boundaries between adjacent tis-
sues). Since the main emphasis of this paper was on the numer-
The possible application of a global optimization techniquieal assessment related to the possible reduction of the investi-
based on a GA to imaging biological bodies exposed to interrgation domain, the imaging capabilities of the inverse approach
gating microwaves has been evaluated by means of numergabuld be further checked with reference to models relevant in
forward simulations. For the text case considered (a human #te medical field. From a methodological point-of-view, the GA,
domen), it has been shown that a reduced investigation domainen applied to the inversion of simple and canonical dielectric
can be used with limited errors on the measured scattered datatterers, has been already tested in [29]-[31], mainly with ref-
The possibility of reducing the investigation domain seems &ence to nondestructive-testing purposes. For example, the pos-
be related to the use of moderately focusing sources. Once sftglity of considering only certain specific values of the dielec-
domain has been selected (on the basis of the polarization duc parameters, corresponding to biological tissues (or small
rent density, which is responsible for the scattering contributisanges of values centered around this discrete values), will be

IV. CONCLUSIONS
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Fig. 13. Reconstructed distribution of the scattering potential inside the reduced investigation domaia RD (cm) at position = 1. Real part: (a) original,
(b) reconstructed. Imaginary part: (c) original, (d) reconstrucfees 433 MHz.

the subject of a future investigation. This assumption shoutdlt and not very effective when considering the present levels

greatly increase the speed of the GA (at present, about 5-h CBUmaging technology and computer power.

time are necessary on a PC). In addition, assuming as known the

boundaries among different organs (obtained by standard med-

ical imaging tools) should provide a dramatic simplification of

the approach. The two above developments are very difficult to

b_e mpler_nented if deterministic inversion ap_proac_hes "’_‘re us_ed[’.L] L. E. Larsen and J. H. Jacobi, Edsledical Applications of Microwave

Finally, with some care, the GA can be used in conjunction with ~ Imaging New York: |IEEE Press, 1986.

deterministic methods (e.g., gradient methods). The study of thé2] M. Vanden-Bossche and A. Barel, "Necessity of simulation tools in pa-
L. . . . . L rameter identification problems concerning image,Pioc. 2nd Euro-

appllcayon of this hybrid technique to imaging inhomogeneous pean Simulation CongrGhent, Belgium, 1986, pp. 601-605.

dielectric has been started and we hope it can represent a fufs] C. Pichot, L. Jofre, G. Perronet, and J. C. Bolomey, “Active microwave

ther development in microwave imaging for medical diagnos- ~ imaging of inhomogeneous bodiesEEE Trans. Antennas Propagat.

. | USi th th f thi beli that mi vol. AP-33, pp. 416-425, Apr. 1985.

tics. In cpnc U_S|On* € _au ors 0_ 1S pap_er € 'e_Ve a _m"[4] T. Nakajima, H. Sawada, and |. Yamaura, “Microwave CT imaging for

crowave imaging can still be considered a diagnostic technique  ahuman forearm at 3 GHzIEICE Trans. Communyol. E78-B, no. 6,

with potential advantages over more consolidated methods (as  PP: 874-882, 1995. ) o

. id di | nioheering works. some which wer B. Yazgan, S. Paker, and M. Kartal, “Image reconstruction with diffrac-

It Wa§ COhSI. ere 'n several pio g ’ o tion tomography using different inverse radon transform algorithms,” in

mentioned in Section I). Nevertheless, the study and definition  Proc. Int. Biomed. Englstanbul, Turkey, Aug. 18-20, 1992.

of specific application conditions should be pursued since alf] A Broguetas, J. Romeu, J. M. Rius, A. R. Elias-Fusté, A. Cardama,
ightf d lication of existing inversion methodologies and L. Jofre, “Cylindrical geometry: a further step in active microwave

straightforward applicati XISting INversi al imaging,” IEEE Trans. Microwave Theory Techol. 39, pp. 836-844,

(at least to whole biological systems) seems to be rather diffi-  May 1991.
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