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Abstract—The possibility of focused microwave imaging in med-
ical applications is investigated in this paper by means of a nu-
merical assessment based on the forward scattering solution. As
a text case, a human abdomen is considered and different elec-
tromagnetic sources operating at the working frequencies =

433 MHz and = 2 45 GHz are used. Many numerical in-
vestigations are performed in order to define the optimal dimen-
sions of the reduced investigation domain. To quantitatively eval-
uate the effects of the reduction of the original investigation domain
on the inversion data, suitable relative errors are defined. Once the
reduced domain is defined, preliminary reconstructions are per-
formed, aiming to evaluate the imaging capabilities of a global op-
timization technique when a focused approach is used for tomo-
graphic applications. Finally, some considerations are drawn and
future developments of the proposed technique are indicated.

Index Terms—Genetic algorithms, inverse problems, medical di-
agnosis, microwave imaging.

I. INTRODUCTION

WHEN microwave imaging was proposed as a noninva-
sive technique in medical applications, the potential ad-

vantages of this technology seemed to allow for great and rapid
developments [1], [2]. In the context of medical diagnostics, mi-
crowave imaging was indicated as the future leading technique
for microwave dosimetry, and a lot of possible applications were
proposed, including diagnostic tools integrating active and pas-
sive methodologies.

Although a lot of work has been done by several research
groups over the last years [3]–[18], microwave imaging is not
yet competitive, as compared with other more consolidated
diagnostic techniques. The reason is ultimately related to the
mechanism of interaction between microwaves and biological
tissues. In general, microwave-imaging methods try to infer
information concerning biological tissues starting by mea-
surements performed outside the body under test. In active
imaging, an incident field is used to interrogate the body. The
problem one has to handle is, in general, an inverse scattering
problem, which is strongly nonlinear and ill posed [19]. In
general, multiple scattering cannot be neglected and methods
similar to those usually applied in X-ray computed tomography
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(CT) and based on ray propagation (sometimes with certain
compensations) have been found to produce rather limited
results. Although diffraction tomography approaches have been
proven to be able to generate quantitative images of biological
bodies in a quasi-real time, they are usually based on weakly
scattering approximations (e.g., Born or Rytov approximations)
and are unable to accurately reconstruct strongly contrasted
bodies [20]. Moreover, the expected spatial resolution is limited
by the wavelength of the incident wave.

Recently, accurate reconstructions have been obtained by
using inverse scattering methods in the spatial domain. These
approaches are usually based on discretization of the integral
equations of the inverse scattering problem. A number of
techniques (most of them iterative) have been applied in order
to solve the discretized equations, in several cases by recasting
the problem as an optimization process in which a functional
is defined and minimized. These methods are able to deal with
highly contrasted bodies. In addition, it has been demonstrated
that the achievable resolution is not limited by the wavelength
of the incident field, but discretizations finer than those dictated
by the Raleigh criterion can be used.

Although these integral-equation approaches are rather effi-
cient, they are usually too time consuming to allow the use of
discretizations suitable for producing images detailed enough to
be useful in medical applications. Moreover, the risk of reaching
nonglobal (local) minima is particularly critical in the medical
field, as they correspond to “artefacts” in the final image.

In the authors’ opinion, the possibility of focused imaging
should be further evaluated, in which only a part of the bio-
logical body is subjected to the investigation. Moreover, with
reduced investigation domains, it would be possible to concen-
trate the computational resources for this region and to apply a
global optimization approach [21], which is able, in principle,
to reach the global minimum.

To this end, the aim of this paper is twofold. First of all, we
report a numerical investigation concerning the possibility of
reducing the domain inside a model of a human abdomen. The
investigation area is defined according to the results of direct
scattering simulations in which parts of the body are neglected.
The possibility of reducing the investigation domain is strongly
related to the power penetration inside the body and, conse-
quently, on the focused incident field. Different illuminations
will be considered in the analysis.

It should be mentioned that a focused approach to microwave
imaging was previously studied by Caorsiet al. [12]. That ap-
proach was “exact” in the sense that the Green’s function for
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the inhomogeneous structure represented by the biological body
was numerically calculated (off-line). Although the results ob-
tained by inverting the data by using a pseudoinversion algo-
rithm with a reduced domain were quite interesting, the need
for the computation of the Green’s function requires an accu-
rate model of the biological body under test. Due to the wide
range of geometric/dielectric changes among different patients,
large errors can be expected unless the numerical Green’s func-
tion is computed for any specific case (the approach seems to
be more suitable, for example, in industrial applications, where
the “unperturbed” objects to be inspected is usually completely
known). In this paper, we aim to assess how a domain reduc-
tion will affect the possible reconstruction of a limited domain.
Roughly speaking, the scattering by the neglected part of the
body can be considered as noise in the measurement data.

The second objective of this paper is the application of a
global optimization technique based on a genetic algorithm
(GA) [22], [23] to produce an image of the reduced investiga-
tion domain. Although GAs are usually very time consuming
when implemented on serial computers, they exhibit some
interesting features that can be summarized as follows.

1) They allow, in principle, to reach the global minimum
(avoiding “artefacts” in the final image of the biological
body).

2) They allow the straightforward introduction into the
model ofa priori information. A lot ofa priori informa-
tion is usually available, particularly in the medical field,
but, in general it is very difficult to take into account
this information using deterministic techniques.A priori
information may concern the range of values of the
dielectric parameters or even the boundaries between
different tissues. Such boundaries may be known from
different diagnostic techniques. This represents an ex-
ample of the possibility (offered by methods in which
thea priori information can be directly inserted into the
model) of using different diagnostic methodologies in a
complementary way

3) GAs allow a straightforward parallelization and a rather
simple hybridization with deterministic minimization
procedures.

Finally, it should be mentioned that, besides the issues related
to data inversion and image formation, the development of med-
ical microwave-imaging approaches is also limited both by the-
oretical aspects [19] (e.g., uniqueness issues and nonradiating
currents) and experimental difficulties connected to the design
and realization of efficient and fast illumination and measure-
ment systems. These two last aspects are not considered here,
and the reader is referred to the wide literature on this subject
[6], [9], [24].

II. REDUCED INVESTIGATION DOMAIN

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
remaining part? In tomographic applications, two-dimensional
models are usually assumed. In this context, as a test case, we
consider the simplified model of a human abdomen reported in

Fig. 1. Schematized human abdomen. Reduced investigation and observation
domains.

Fig. 1. In microwave imaging, the body is illuminated by an in-
cident field (or a set of incident fields) and the scattered field
is collected in a suitable observation domain. TM illumination
conditions are used. The unknown dielectric parameters of the
body are then retrieved by inverting the mathematical equations
of the resulting inverse-scattering problem. The recently pro-
posed imaging methods (which are developed in the spatial do-
main) require a discretization of the cross section of the bio-
logical body. Due to multiple scattering, the whole cross sec-
tion should be discretized. Whatever method is used, a very fine
spatial resolution can be expected only for organs of small cross
section (e.g., arms or legs). In cases similar to the one consid-
ered here (i.e., human abdomen), the discretization of the whole
section would make the problem almost intractable, at least if a
stochastic optimization approach is to be used (without a par-
allel implementation).

Let us consider now a reduced square investigation domain,
denoted by R1 and located inside the original cross section (de-
noted by DI). The original cross section is partitioned into

square subdomains of side cm. The above dis-
cretization is sufficient to obtain an accurate forward solution
by using the method of moments [25], [26]. Moreover, the fol-
lowing illuminating sources are considered:

1) plane wave impinging with an incident angle
whose incident electric field is given by

, being the wavenumber in the
external medium (free space), andbeing the unit vector
of the -axis;

2) infinite line source located at point (polar coordi-
nates), with cm (fixed):

being the Hankel function of second kind and zero
order, is the distance between point ( ) and point
( ), is the free-space dielectric constant, andis
the angular frequency;
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3) focusing source (in the transverse plane), which is mod-
eled (by using an equation similar to Silver’s equation
[27] for directive antennas) as

where if and
elsewhere, being an integer number and the polar

angle in a coordinate system centered in () and having
the -axis passing through the origin ( ).

For case 2), we assumesuch that a radiated power for unit
length of mW/m is generated by the infinite source.
Using the asymptotic expansions for Bessel functions [27],is
obtained by , where is the intrinsic impedance
of the free space.

The same value of is used for case 3). For the first simula-
tions, a frequency of 433 MHz is assumed. The cross-sectional
DI is modeled by a scattering potential

where and are the relative dielectric permit-
tivity and electric conductivity of the biological tissues (Table I)
[28]. Finally, the observation domain (DM) is a circle of radius

cm and the location of the generic measurement point
is ( ). Due to the TM illumination, only the-component of
the fields are considered.

The side of R1 is firstly evaluated. Since the contribution to
the scattered electric field of each subdomain is essentially a
function of the polarization current in the same subdomain (as-
sumed to be constant and denoted by , where

, , and is the
center of the th subdomain), this quantity is considered. In
particular, Fig. 2 gives the percentage of subdomains for which,
after solving the forward problem involving the whole cross sec-
tion DI, we obtained , where is a threshold value.
Fig. 2 reports this percentage for the various illumination con-
ditions and for any possible value of, (angular
step: ). 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
sources are more suitable for this application. For low angles,
due to the crude discretized model of the human abdomen, the
presence of a nonrealistic interface between the internal air re-
gion and surrounding one results in low percentage values (the
focused source illuminates a limited part of the body). How-
ever, excluding this limited angular range, the various plots ex-
hibit rather regular behaviors. This means that approximately
the same values for the side of R1 can be the choice for any.

The question is now the following: what is an acceptable
threshold? The choice of the threshold is related to the errors
on the scattered electric field in the observation domain. In
the following, according to the previous consideration, we
assume a fixed value and evaluate in detail the case
of , where in the maximum value of

inside DI. According to Fig. 2(d), a reasonable choice

TABLE I
SCATTERING POTENTIALS OF THEVARIOUS TISSUES OF THESCHEMATIZED

HUMAN ABDOMEN FOR THE TWOFREQUENCIESf = 433 MHz AND

f = 2:45 GHz

is (side of R1) cm. Fig. 3 gives the behavior of the
incident and scattered electric fields (amplitudes) inside the
whole cross-sectional DI. Moreover, Fig. 4 shows the behavior
of the same fields along (a) vertical and (b) horizontal axes.
In Fig. 5, the plots of the incident, scattered, and total electric
fields (amplitudes) in the observation domain are also given.
Figs. 3–5 are related to the various illumination conditions
defined at points (a)–(c). It should be noted that since a reduced
investigation domain is used, Fig. 5 can provide useful infor-
mation concerning the angular location of the measurement
points on the observation domain. In particular, receivers with

should be avoided due to the blinding effect of the
source, whereas insufficient information is present for the
largest values of ( ). However, it should be noted that, for
source (c) with and , a large range of values exist
for which is rather small [see Fig. 5(a)].

Let us consider now the investigation domain R1 only, ne-
glecting the other part of the cross section (denoted by

). Fig. 6 provides a comparison between the scattered
and total electric field computed considering the whole cross-
sectional DI and considering only. For small angles around

, there is a good agreement between the total field (i.e.,
the measurements) in the two cases. This consideration, as well
as the previous ones concerning the illuminating sources, can be
used to define the angular region where it will be convenient to
locate the receivers.

In order to better evaluate the weights of the various contribu-
tions to the scattering, the scattered electric field at point ()
can be expressed as the sum of four terms

(1)

(2)

where denotes the scattering potential in theth region,
denotes the total electric field in the same region

due to the polarization current density in theth region, and is
the two-dimensional Green’s function for free space. Assuming

is equivalent to neglect , ,
and . Denoting by and

, Fig. 7 shows the behavior of and
for any and for the different sources considered. Roughly

speaking, refers to the partial scattering contribution of
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Fig. 2. Percentage of subdomains for whichjJ j � J (fixed threshold value) for the different considered illuminating sources. (a)(J =J ) = 5%. (b)
(J =J ) = 10%. (c) (J =J ) = 20%. (d) (J =J ) = 30%. (e)(J =J ) = 40%. (f) (J =J ) = 50%. J = max fjJ(x ; y )jg.

R1 due to the presence of R2, whereas is the total scat-
tering contribution of R2. As can be deduced from Figs. 6 and

7, around , the moderately focused source corresponding
to seems to be the better choice for imaging purposes as
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Fig. 3. Amplitude distributions of the incident and scattered electric fields inside the whole cross-sectional DI for different illuminating sources. Source position:
' = �. (a) Plane wave. (b) Infinite line current. (c) Focused source (n = 1).

both and are very small. Of course, the plane-wave
illumination results in large changes in the scattered field and
the term largely dominate.

The same computation has been performed by using higher
frequency equal to 2.45 GHz although the used discretization is
rather coarse at this frequency. As expected, the percentage of

subdomains for which the related polarization current is greater
than the fixed threshold results much smaller than the corre-
sponding one in Fig. 2. In particular, a factor approximately
equal to 1/2 has been found. For example, the percentage is less
than 10% for 10% for all the positions of the source and
for all sources excluding the plane-wave illumination (to save
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Fig. 3. (Continued.)Amplitude distributions of the incident and scattered electric fields inside the whole cross-sectional DI for different illuminating sources.
Source position:' = �. (d) Focused source (n = 2). (e) Focused source (n = 3). f = 433 MHz.

space, not all the plots are provided for this simulation). Cer-
tainly, this is related to the reduced penetration depth (e.g., in
the liver, the penetration depth is about 0.71 cm at 2.45 GHz
and about 2.6 cm at 433 MHz) that concentrates the scattering
sources in the external layers of the biological bodies (as an ex-
ample, Fig. 8 shows the distributions of the scattered electric
field inside the investigation domain for the line current and the
directive source corresponding to ). In Fig. 9, the incident
and scattered amplitudes for the same sources and along the-
and -axes are also given. Although large parts of R1 and DI
do not contribute significantly to the scattered field in DM, the
fixed investigation domain is not very suitable at this frequency,
as it could be deduced from Fig. 10, which should be compared
with Fig. 7. Due to the stronger reflection at the external bound-
aries, large changes occur in the scattered field. Among those
considered in this paper, the source with seems to be
better for this frequency.

We now consider the case in which the investigation domain
moves at deeper positions inside the body. The possibility to
investigate an internal portion of the body would be very im-
portant in medical application. It is obviously expected that the
differences in the scattered data increase as the distance between

the domain and external surface of the body increases. To quan-
titatively evaluate the weights of all the contributions involved
in the computation of the scattered electric field, the following
relative errors have been defined:

and

Fig. 11 gives the maximum, minimum, and average valued for
each of the above normalized parameters and the related vari-
ance for different position inside the original cross-sectional DI
at MHz. The position of R1 is defined by its center,
which is given by . In particular, the position numberin
Fig. 11 is related to by the following relation:
being cm and 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 and (b) horizontal axes.f =

433 MHz.

to 7, (the relative error on the scattered electric field in DM)
slowly increases [see the average values in Fig. 11(c)] from less
than 10% to about 30% (in this range, is almost constant
for the plane-wave illumination). From positions 7 to 10, the
error sharply increases (to about 50%) and becomes almost con-
stant for deeper positions. The plots of and provide
the behavior of the specific contributions to the scattering. From
Fig. 11(m), it results that can be neglected only for a few
positions of R1.

At GHz, the growing of all the plots is more regular
and sharper. As an example, the average values of , ,
and are provided in Fig. 12. As can be seen, at the posi-
tion , cannot be neglected, whereas does not
represent a significant contribution for .

III. OPTIMIZATION APPROACH

Once the reduced domain has been defined, an optimization
inverse method can be applied. As mentioned in Section I, in the
authors’ opinion, the use of an optimization approach is justified
by several considerations. First of all, these methods are poten-
tially able to reach the global minimum, avoiding false solu-
tions (“artefacts”). This feature seems to be of great importance
in medical applications, where it is very difficult (even from a
psychological point-of-view) to accept to use a diagnostic tool
that does not ensure (even in principle) that the “right” solution
can be obtained.

The approach used here is based on a GA, which has been
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 (radiusb = 16:4 cm)
for different illuminating sources. Source position:' = �.

[31], but not yet applied in biomedical areas. In short, the GA is
an iterative approach aimed at minimizing a functional that, in
the present medical application, can be defined as

(3)

where is given by

(4)

where is the integral of the Green function calculated
on the th subdomain (whose area is), the subscript refers
the case in which , and the subscript, the case in
which (observation domain). In equation (3),
is the number of subdomains of R1, is the number of mea-
surement points, and and are two regularization constants
to be fixed. This functional is constituted by two terms, some-
times called “data” and “state” terms, respectively. Other terms
can be added (e.g., penalty terms), but this subject is beyond
the scope of this paper. The asterisk indicates quantities that are
now unknown.
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Fig. 6. Comparisons between the case in which only the reduced investigation domain R1 (sided = 7:5 cm) is considered and the case in which the whole
cross-sectional DI is assumed. Amplitudes of the scattered and total electric fields in the observation domain DM. Source position:' = �. (a) Plane wave. (b)
Infinite line current. (c) Focused source (n = 1). (d) Focused source (n = 2). (e) Focused source (n = 3).

The minimization of the functional is performed by applying
a GA, which is based on a random search of the (global) min-
imum. The approach requires aninitialization phase, where a

set of trial solutions is randomly generated and constitutes a
population of chromosomes. At this point, the iterative process
starts and the population at a generic step is computed
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Fig. 7. Plots of the contributions to the scattered electric field denoted by�(�) and�(�) [see (1)]. Scattered and total electric fields (amplitudes). (a) Plane wave.
(b) Infinite line current.

on the basis of the population at stepby using the genetic
operators of selection, crossover, and mutation [21]–[23]. The
iterative process continues until a stopping criterion is satisfied
( , being a fixed threshold) or a given number
of iterations is completed. For the simulations performed in this

paper, the following parameters have been used, according to
open literature on the subject [22], [23] and on the basis of
some previously obtained results in imaging of inhomogeneous
two-dimensional scatterers, mainly in the light of nondestruc-
tive testing applications. In particular, (population
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Fig. 8. Amplitude distributions of the scattered electric field inside DI. Source
position:' = �. (a) Infinite line current. (b) Focused source (n = 3). f =
2:45 GHz.

Fig. 9. Amplitude distributions of the incident and scattered electric fields for
the infinite line current and focused source (n = 3) sources along thex- and
y-axes.f = 2:45 GHz.

dimension), (crossover probability),
(mutation probability), , , and .
The equally spaced measurement points have angular

Fig. 10. Plots of the contributions to the scattered electric field denoted by
�(�) and�(�) [see (1)]. Scattered and total electric fields (amplitudes). (a)
Infinite line current. (b) Focused source (n = 3). f = 2:45 GHz.

coordinates in the range 163 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

for the real part and in the range

for the imaginary part. The starting values for the object function
are randomly selected between and

where indicates the actual distribution.
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Fig. 11. Behavior of the quantitative parameters
 (�), 
 (�), and
 (�) for different positions of the reduced investigation domain inside the abdomen and for
different illuminating sources. (a), (e) Minimum. (b), (f), Average. (c) Maximum values (with respect to the polar angle�). (d) Variance distributions.f = 433
MHz.

Fig. 13 shows the original and reconstructed images of R1.
Although no additional penalty terms are used and noa priori

information is considered, in the reconstruction of the real part
of the scattering potential (related to the relative dielectric per-
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Fig. 11. (Continued.)Behavior of the quantitative parameters
 (�), 
 (�), and
 (�) for different positions of the reduced investigation domain inside the
abdomen and for different illuminating sources. (g), (m) Maximum values (with respect to the polar angle�). (h), (n) Variance distributions.f = 433 MHz. (i)
Minimum. (l) Average.

mittivity), the boundaries between different tissues are rather
accurately located and, more importantly, the obtained values

are close to the original ones (this demonstrate the feasibility of
a quantitative imaging). On the contrary, significant errors are
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Fig. 12. Behavior of the average values of: (a)
 (�), (b) 
 (�), and (c)
 (�) for different positions of the reduced investigation domain inside the abdomen
and for different illuminating sources.f = 2:45 GHz.

present in the reconstruction of the imaginary part (related to the
electric conductivity). Although it is generally recognized that
the reconstruction of the electric conductivity is more critical, it
should be noted that these reconstruction have been obtained by
using a single view process. Better results should be obtained if
multiillumination/multiview conditions were used.

IV. CONCLUSIONS

The possible application of a global optimization technique
based on a GA to imaging biological bodies exposed to interro-
gating microwaves has been evaluated by means of numerical
forward simulations. For the text case considered (a human ab-
domen), it has been shown that a reduced investigation domain
can be used with limited errors on the measured scattered data.
The possibility of reducing the investigation domain seems to
be related to the use of moderately focusing sources. Once the
domain has been selected (on the basis of the polarization cur-
rent density, which is responsible for the scattering contribution

of each part of the scatterer), the global optimization technique
can be applied. In the medical field, the possibility of using a
method, which allows, in principle, to reach the global min-
imum and allows the insertion of a lot ofa priori information, is,
in the authors’ opinion, very appealing. Moreover, the approach
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-
ical assessment related to the possible reduction of the investi-
gation domain, the imaging capabilities of the inverse approach
should be further checked with reference to models relevant in
the medical field. From a methodological point-of-view, the GA,
when applied to the inversion of simple and canonical dielectric
scatterers, has been already tested in [29]–[31], mainly with ref-
erence to nondestructive-testing purposes. For example, the pos-
sibility of considering only certain specific values of the dielec-
tric parameters, corresponding to biological tissues (or small
ranges of values centered around this discrete values), will be
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Fig. 13. Reconstructed distribution of the scattering potential inside the reduced investigation domain R1 (d = 7:5 cm) at positionl = 1. Real part: (a) original,
(b) reconstructed. Imaginary part: (c) original, (d) reconstructed.f = 433 MHz.

the subject of a future investigation. This assumption should
greatly increase the speed of the GA (at present, about 5-h CPU
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
be implemented if deterministic inversion approaches are used.
Finally, with some care, the GA can be used in conjunction with
deterministic methods (e.g., gradient methods). The study of the
application of this hybrid technique to imaging inhomogeneous
dielectric has been started and we hope it can represent a fur-
ther development in microwave imaging for medical diagnos-
tics. In conclusion, the authors of this paper believe that mi-
crowave imaging can still be considered a diagnostic technique
with potential advantages over more consolidated methods (as
it was considered in several pioneering works, some which were
mentioned in Section I). Nevertheless, the study and definition
of specific application conditions should be pursued since a
straightforward application of existing inversion methodologies
(at least to whole biological systems) seems to be rather diffi-

cult and not very effective when considering the present levels
of imaging technology and computer power.
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