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Microwave and millimeter-wave sensors, systems, and tech-
niques have been acquiring an ever-growing importance in
the field of imaging and materials characterization. This
interest is primarily motivated by the many advantages
of microwaves and millimeter waves. First of all, these
systems are capable of directly measuring quantities related
to dielectric properties of inspected objects. Furthermore,
nowadays microwave and millimeter-wave instrumentation
is relatively low cost, especially with respect to other systems
(e.g., X-rays). These systems are also relatively compact,
allowing portability of the devices and consequently the
possibility of performing in-situ measurements. Moreover,
the systems are safe to the user as a result of the low
transmission energy required for performing the inspection
and the nonhazardous behavior of the radiation in the
microwave and millimeter-wave frequency bands.

In recent years, several systems and techniques have
been proposed in the scientific literature for electromagnetic
imaging and materials characterization. Several applicative
fields have been explored (e.g., nondestructive testing,
biomedical imaging, and subsurface sensing), and novel
solutions have been proposed. However, innovative appa-
ratuses still must be developed, in order to mitigate the
drawbacks of existing systems and to provide ever better
measurement capabilities. Moreover, since the underlying
mathematical model is commonly nonlinear and ill posed,
novel solution algorithms and processing paradigms are

needed for extracting key information from the measured
data and for presenting the inspection results to nontechnical
users/personnel of these assessment systems.

This special issue reports state-of-the-art contributions
to the research in this field, which consider different aspects
and problems related to sensors, systems, and techniques
applied to microwave and millimeter-wave imaging.

In the paper “Wide range temperature sensors based on
one-dimensional photonic crystal with a single defect” by A.
Kumar et al., the transmission characteristics of a one-
dimensional photonic crystal structure with a defect have
been studied. The authors analyzed the behavior of the
refractive index as a function of temperature of the medium.
It has been found that the average shift in central wavelength
of defect modes can be utilized in the design of a temperature
sensor.

The paper “Complex permittivity measurements of textiles
and leather in a free space: an angular-invariant approach” by
B. Kapilevich et al. describes a system for complex permit-
tivity measurements of textiles and leathers in a free space
at 330 GHz. The role of Rayleigh scattering is considered,
and the incidence-angular invariance has been estimated
experimentally. It has been found that if the incidence angle
exceeds the angular-invariant limit of about 25–30 degrees,
the uncertainty caused by the Rayleigh scattering drastically
increases, thus, preventing accurate measurements of the real
and imaginary parts of the dielectric properties.
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In “Buried object detection by an inexact newton method
applied to nonlinear inverse scattering” by M. Pastorino and
A. Randazzo, an algorithm for buried object detection is
proposed. The method is based on the regularized solution
of the full nonlinear inverse scattering problem formulated in
terms of integral equations involving the Green’s function for
half-space geometries. An efficient two-step inexact Newton
algorithm is employed. Capabilities and limitations of the
method are evaluated by means of numerical simulations.

In “Location and shape reconstruction of 2d dielectric
objects by means of a closed-form method: preliminary exper-
imental results” by G. L. Gragnani and M. D. Mendez, an
analytical approach for the identification of the location
and shape of dielectric targets, starting from microwave
measurements, is considered. A closed-form singular value
decomposition of the scattering integral operator is derived
and is used for determining the radiating components
of the equivalent source density. The capabilities of the
approach are demonstrated by considering real scattering
data belonging to the Fresnel database. As a result of the
closed-form solution, very short computational times have
been obtained.

Finally, the application of swarm optimization methods
to microwave imaging is reviewed in the paper “Swarm
optimization methods in microwave imaging” by A. Randazzo.
Swarm optimization methods are recently proposed stochas-
tic algorithms inspired by the collective social behavior of
natural entities (e.g., birds, ants, etc.). These algorithms have
been proven to be quite effective in several applicative fields,
such as intelligent routing, image processing, antenna syn-
thesis, component design, and, clearly, microwave imaging.
Recent approaches based on swarm methods are reviewed
and critically discussed.

We wish to thank all the authors for their important
contributions, the reviewers for their valuable suggestions,
and the Editorial Board and Publisher for their fundamental
support in the publication of this special issue.

Andrea Randazzo
Kristen M. Donnell

Yeou Song (Brian) Lee
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Swarm intelligence denotes a class of new stochastic algorithms inspired by the collective social behavior of natural entities (e.g.,
birds, ants, etc.). Such approaches have been proven to be quite effective in several applicative fields, ranging from intelligent
routing to image processing. In the last years, they have also been successfully applied in electromagnetics, especially for antenna
synthesis, component design, and microwave imaging. In this paper, the application of swarm optimization methods to microwave
imaging is discussed, and some recent imaging approaches based on such methods are critically reviewed.

1. Introduction

Microwave imaging denotes a class of noninvasive
techniques for the retrieval of information about unknown
conducting/dielectric objects starting from samples of the
electromagnetic field they scatter when illuminated by one
or more external microwave sources [1]. Such techniques
have been acquiring an ever growing interest thanks to their
ability of directly retrieving the distributions of the dielectric
properties of targets in a safe way (i.e., with nonionizing
radiation) and with quite inexpensive apparatuses. In recent
years, several works concerned those systems. In particular,
their ability to provide excellent diagnostic capabilities has
been assessed in several areas, including civil and industrial
engineering [2], nondestructive testing and evaluation
(NDT&E) [3], geophysical prospecting [4], and biomedical
engineering [5].

The development of effective reconstruction procedures
is, however, still a quite difficult task. The main difficulties
are related to the underlying mathematical problem. In fact,
the information about the target are contained in a complex
way inside the scattered electric field. In particular, the
governing equations turn out to be highly nonlinear and
strongly ill posed. Consequently, inversion procedures are
usually quite complex and time consuming, especially when
high resolution images are needed.

In the literature several approaches have been proposed
for solving this problem. In particular, two main classes
of algorithms can be identified. Deterministic [6–21] and
stochastic strategies [22–33]. Deterministic methods are
usually fast and, when converge, they produce high quality
reconstructions. However, their main drawback is that they
are local approaches, that is, they usually require to be
started with an initial guess “near” enough to the correct
solution. Otherwise, such approaches can be trapped in
local minima corresponding to false solutions. Moreover, in
most cases, it is difficult to introduce a priori information
in the reconstruction process. On the contrary, stochastic
approaches are global optimization methods, that is, they are
able to find the global solution of the problem. Furthermore,
thanks to their flexibility, they usually easily allow the
introduction of a priori information on the unknowns.
The main drawback of this class of approaches is their
computational burden. However, it should be noted that
with the recent growth of computational resources, it can be
envisioned that future generation computers will allow faster
reconstructions.

Stochastic approaches are usually based on a population
of trial solutions that is iteratively updated. Depending on
how the population is modified at each iteration, different
class of methods can be identified. The “classical” approaches
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have been developed in order to simulate the evolutionary
processes of biological entities. Such kind of methods are
now very common in several areas of electromagnetic
engineering and, in particular, in nondestructive testing and
imaging. Among them, the most successful ones are the
genetic algorithm (GA) [34] and the differential evolution
(DE) method [35].

A new class of stochastic approaches has been recently
introduced by mimicking the collective behavior of real
entities such as particles, birds, and ants. Such approaches,
usually referred as swarm methods [36, 37], have been
proven to be quite effective in several applications, where
they outperform standard evolutionary methods. Recently,
they are becoming very popular in electromagnetics, too.
Several applications, ranging from antenna synthesis to
microwave component design, have been proposed in the
literature. Moreover, several different approaches, such as
the particle swarm optimization (PSO) [38, 39] and the ant
colony algorithm (ACO) [40, 41], have been successfully
applied to microwave imaging.

In the present paper, the application of swarm algorithms
to microwave imaging is discussed, and some of the recent
literature results are critically reviewed. The paper is orga-
nized as follows. In Section 2, the mathematical framework
of optimization problems for microwave imaging is briefly
recalled. Section 3 describes the considered swarm methods.
Section 4 reviews the applications of such algorithms in the
framework of microwave imaging. Finally, conclusions are
drawn in Section 5.

2. Microwave Imaging as an
Optimization Problem

Microwave imaging approaches aim at retrieving informa-
tion about unknown objects (e.g., the full distribution of
dielectric properties, the shape in the case of conducting
targets, the position and size of an inclusion, etc.) starting
from measures of the electromagnetic field, they scatter when
illuminated by a known incident electric field.

Despite different equations are needed for modeling dif-
ferent problems (e.g., two-dimensional or three-dimensional
problems, dielectric or perfectly conducting objects, and so
on), it is usually possible to write a relationship between the
desired unknown quantities and the measured field (at least
in implicit form), that is, an equation of the form

F(x) = e, (1)

where x is the unknown function describing the searched
features of the object (e.g., x = εr when dealing with
the reconstruction of the distribution of the dielectric
permittivity), and e is the measured (vector or scalar) electric
field, that is, the known data of the equation. Consequently,
the inverse problem can be recast as an optimization problem
by defining a cost function of the form

f (x) = w‖e − F(x)‖2
2, (2)

where w is a constant normalization parameter. In (2), the
standard Euclidean 2-norm has been considered. This is

often a common choice in microwave imaging and allows
the use of widely studied mathematical tools for the analysis
of the convergence and regularization behaviors. However,
different norms have been recently proposed, too (e.g., the
norm of Lp Banach spaces [42]).

For illustrative purposes, the case of cylindrical dielectric
targets embedded in free space is explicitly described in the
following. The cylinder axis is assumed to be parallel to the z-
axis. A time-harmonic (with angular frequency ω) transverse
magnetic (TM) incident field is assumed. Similar expressions
can be derived for other configurations (e.g., half-space and
multilayer media, three-dimensional vector problems, etc.).

When dealing with inhomogeneous dielectric objects
embedded in an infinite and homogeneous medium, the
electromagnetic inverse scattering problem is governed by
the following two operator equations [1]:

escatt(r) = Gext(cetot)(r), r ∈ Dobs,

einc(r) = etot(r)−Gint(cetot)(r), r ∈ Dinv,
(3)

where Gext(·)(r) = −k2
∫
Dinv

(·)g0(r, r′)dr′, r ∈ Dobs (being
Dobs the observation domain where the scattered electric
field is collected), and Gint(·)(r) = −k2

∫
Dinv

(·)g0(r, r′)dr′,
r ∈ Dinv (being Dinv the investigation area where the target
is located), are data and state operators whose kernel is the
free-space Green’s function g0 (being k = ω

√ε0μ0 the free-
space wavenumber), c(r) = εr(r)− 1 is the contrast function
(being εr the space dependent relative complex dielectric
permittivity of the investigation area Dinv), einc and etot are
the z-components of the incident and total electric fields
inside the investigation area, and escatt is the z-component
of the scattered electric field in the points of the observation
domain Dobs [1].

In discrete setting, the two equations in (3) can be
replaced by the following matrix equations:

escatt = Gext diag(c)etot,

einc = etot −Gint diag(c)etot,
(4)

where c is an array containing the N unknown coefficients of
the expansion of c in a given set of basis functions, einc and
etot are arrays of dimensions N containing the coefficients of
the incident and total electric fields, and escatt is an array of
M elements containing the coefficients used to represent the
known scattered field in the measurement domain.

As in the continuous case, the equations in (4) represent
an ill-conditioned nonlinear problem. Directly solving this
problem is very difficult. However, as previously introduced,
it is possible to recast its solution as the minimization of
a proper cost function. Usually, the following functional is
considered

f (x) = wD

∥
∥escatt −Gext diag(c)etot

∥
∥2

2

+ wS

∥∥einc − etot + Gint diag(c)etot
∥∥2

2,
(5)

where wD and wS are weighting parameters, often chosen
equal to wD = ‖escatt‖−2

2 and wS = ‖einc‖−2
2 . In this case, the

unknown array x is composed by the elements of c and etot.
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Clearly, other forms can be used, too. For example, the two
equations can be combined together in order to obtain the
following cost function:

f (x) = wD

∥
∥
∥escatt −Gext diag(c)

(
I−Gint diag(c)

)−1einc

∥
∥
∥

2

2
,

(6)

which has the advantage of considering only the contrast
function coefficients as unknowns. As a drawback, it needs
a matrix inversion, leading to a high computational cost.

The cost function can be modified by introducing
multiview and multifrequency information. In this case, the
target is illuminated by several incident fields (e.g., generated
by S sources located all around the objects and operating at
F different frequencies), and the cost function becomes

f (x) = wD

F∑

f=1

S∑

s=1

∥∥
∥e

f , s
scatt −G

f , s
ext diag(c)e

f , s
tot

∥∥
∥

2

2

+ wS

F∑

f=1

S∑

s=1

∥
∥∥e

f , s
inc − e

f , s
tot + G

f , s
int diag(c)e

f , s
tot

∥
∥∥

2

2
,

(7)

where the indexes f and s denote that the corresponding
quantities are related to the f th operating frequency and the
sth illumination.

3. Swarm Optimization Algorithms

Swarm algorithms belong to the class of optimization
methods, that is, they find the minimum of a given cost func-
tion f (x). Similarly to other evolutionary approaches, they
usually allow reaching the global optimum, thus avoiding to
find a suboptimal solution corresponding to a local minima.
Moreover, they are able to easily incorporate constraints on
the search space. However, while evolutionary algorithms
are inspired by the genetic adaptation of organisms, swarm
methods exploit their collective social behavior.

In order to define a general framework for swarm
methods, let us consider a cost function f : S ⊆ RG →
[0, +∞) to be minimized (or maximized). For sake of
simplicity, the case of bound constraints (i.e., lg ≤ xg ≤ ug ,
being lg and ug the lower and upper bounds on the gth
component of x) is considered in the following. However,
the unknown array x = [x1, x2, . . . , xG]t ∈ S ⊆ RG can be
subjected to arbitrary constraints.

Swarm algorithms are usually iterative methods based

on a population of P trial solutions ℘k = {x(k)
p , p = 1, . . . ,

P} (being k the iteration number) representing P agents
inspired from real world (e.g., particles, birds, ants, etc.). The
population is iteratively modified according to rules aimed at
mimicking the natural behavior of those agents.

In the framework of electromagnetic imaging, the follow-
ing swarm algorithms have been mainly considered.

(i) Particle swarm optimization.

(ii) Ant colony optimization.

(iii) Artificial bee colony optimization.

Apart from the standard approaches, hybridization with
other methods (e.g., local optimization methods, other
evolutionary approaches, machine learning algorithms, etc.)
has also been proposed in the literature.

In the following sections, some information about the
basic versions of those methods are briefly recalled.

3.1. Particle Swarm Optimization (PSO). PSO is inspired by
the behavior of flocks of birds and shoals of fish [38, 39].
Each entity moves through the space of solutions with a
velocity that is related to the locations and cost function
values of the members of the swarm. In particular, the basic
PSO algorithm [38] considers a set of p = 1, . . . ,P “particles”

characterized, at each iteration k, by their positions x(k)
p and

velocity v(k)
p . If no a priori information is available, usually

the algorithm is initialized by using random values, that is,

x(0)
p, g = lg +

(
ug − lg

)
U(0, 1),

v(0)
p, g = lvg +

(
uvg − lvg

)
U(0, 1),

g = 1, . . . ,G, p = 1, . . . ,P,

(8)

where lg and ug are the lower and upper bounds for the gth
component of particles’ positions, lvg and uvg are the lower
and upper bounds for the gth component of the particles’
velocities, and U(0, 1) is a function returning a random
variable uniformly distributed between 0 and 1. Clearly,
if some a priori information is available, the initialization
scheme can be modified for taking it into account (e.g., in
microwave imaging, when the aim is the identification of one
or more localized objects, it is possible to generate random
targets and use them as starting random solutions).

The trial solutions are iteratively updated by using the
following two-step scheme (as also shown in the flow chart
in Figure 1):

v(k+1)
p = ω(k)v(k)

p + η1U(0, 1)
(

pp − x(k)
p

)

+ η2U(0, 1)
(

g− x(k)
p

)
,

x(k+1)
p = x(k)

p + v(k)
p ,

(9)

where ω(k) is the inertia parameter, η1 and η2 are acceleration
coefficients, and pp and g are the best solution achieved by
the pth particle and by the whole swarm so far, respectively.
The two acceleration terms in the velocity update can
be thought as two elastic forces with random magnitude
attracting the particles to the best solutions achieved so far
by each entity and by the whole swarm, respectively. After
the new solutions are generated the values of pp and g are
updated.

The procedure is iterated until some predefined stopping
criteria is fulfilled. In particular, the stopping criteria can
be composed by several conditions. Some of the most
commonly used are the following.

(i) Maximum number of iterations: the method is stopp-
ed when a given number of iteration kmax is reached.
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Start

Initialization

Generate P random solutions

Update velocity

Update position

Update pbest and gbest

Convergence check

End

Yes

No

Figure 1: Flow chart of the PSO algorithm.

(ii) Cost function threshold: the method is stopped when
the value of cost function of the best trial solution
falls below a given threshold fth.

(iii) Cost function improvement threshold: the method is
stopped if the improvement of the cost function of
the best individual after kth iterations is below a fixed
threshold Δ fth.

3.2. Ant Colony Optimization. Ant colony optimization
(ACO) is a recently developed swarm optimization method
based on the behavior of ants, and, in particular, on how
they find the optimal path for reaching the food starting
from their nest [40]. Initially, ants explore the area around
their nest in a random manner searching for food. When
a food source is found, ants evaluate it and bring back
some food to the nest depositing a pheromone trail on
the ground during the trip. The amount of pheromone
depends on the quantity and quality of the food, and it
is used to guide other ants to the food source. It has
been found that the pheromone trails allow ants to find
the shortest path between nest and food sources. On the
basis of such behavior, ACO was initially designed for
solving hard combinatorial problems, such as the traveling
salesman problem [41]. Successively, the original algorithm
has been extended for considering different applications. In
particular, several efforts have been devoted to the extension
to continuous domains, and some different versions of the
algorithm have been proposed [43–45]. In the following,
the ACOR version [46] is described. Such algorithm can
be considered as composed by three functional blocks, as
shown in Figure 2: initialization, solution construction, and

Start

Initialization

Generate P random solutions

Solution construction

Construct G Gaussian mixture pdfs

Generate Q new trial solution by
sampling the G Gaussian mixture pdfs

Pheromone update

Add new solutions to population

Discard worst Q solutions

Convergence checkNo

Yes

End

Figure 2: Flow chart of the ACOR algorithm.

pheromone update. The algorithm iterates until a predefined
stopping criteria is satisfied.

In the initialization block, the initial population ℘0 =
{x(0)

p , p = 1, . . . ,P} is created by generating P random

trial solutions x(0)
p = [x(0)

p, 1, . . . , x(0)
p,G]

t
. Similarly to the PSO

algorithm, when no a priori information is available and
assuming boundary constraints, the gth components of the
pth trial solution are generated by sampling a uniform
distribution as defined in (8). In this case, too, if additional
a priori information is available, it can be included in the
initialization procedure.

The solution construction block is used to generate new
trial solutions. In particular, at the kth iteration, Q new

solutions x̃(k)
q , q = 1, . . . ,Q are generated by sampling a set

of Gaussian mixture probability density functions. In partic-
ular, the probability density function of the gth component
is built as

G(k)
g (x) =

P∑

p=1

wp
1

s(k)
p, g
√

2π
e− (x−m(k)

p, g )
2
/2(s(k)

k, p, g )
2

, (10)

where the weighting parameters wp, p = 1, . . . ,P, are given
by

wp = 1
ρP
√

2π
e−(p−1)2/2ρ2P2

, p = 1, . . . ,P, (11)
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and the mean, m(k)
p, g , and standard deviation, s(k)

p, g , of the Gau-
ssian kernels are given by

m(k)
p, g = x(k)

p, g , p = 1, . . . ,P, g = 1, . . . ,G,

s(k)
p, g = ξ

P∑

i=1

∣
∣
∣x(k)

p, g − x(k)
i, g

∣
∣
∣

P − 1
, p = 1, . . . ,P, g = 1, . . . ,G.

(12)

In the previous equations, ρ is the pheromone evapora-
tion rate, and ξ is a scaling parameter. Such quantities are key
parameters of the ACO algorithm [46], and the best choice
for their values depends on the specific application.

The pheromone update block is responsible of the
population update. In particular, two mechanism are used
to build the new population ℘k+1 of the (k + 1)th iteration:

(i) positive update: a temporary population is created
by adding newly created solutions to the solution
archive. A pool of P + Q trial solutions ℘̃k+1 =
{xk, p, p = 1, . . . ,P}⋃{x̃k, q, q = 1, . . . ,Q} is then
obtained,

(ii) negative update: the worst Q elements of ℘̃k+1 (i.e.,
those characterized by the higher values of the cost
function) are discarded. The remaining P solutions
constitute the new population ℘k+1.

In order to speed up this stage, usually the solution
archive is ordered on the basis of the cost function, that is,
f (xk, 1) ≤ f (xk, 2) ≤ · · · ≤ f (xk,P). The two previous blocks
are iteratively applied since some predefined stopping criteria
is fulfilled. In this case, too, the stopping criteria can be a
combination of several different conditions.

3.3. Artificial Bee Colony Optimization. The artificial bee
colony algorithm is a swarm optimization method intro-
duced by Karaboga [47] and Karaboga and Basturk [48]
and inspired by the foraging behavior of honey bees.
In particular, ABC is based on the model proposed in
[49], which defines two main self-organizing and collective
intelligence behaviors: recruitment of foragers for working
on rich food sources and abandonment of poor sources. In
ABC, a colony of artificial bees search for rich artificial food
sources (representing solutions of the considered optimiza-
tion problem) by iteratively employing the following two
strategies: movement towards better solutions by means of
a neighbor search mechanism and abandonment of poor
solutions that cannot be further improved.

In the following, an artificial colony, composed by C
entities, is considered. Bees can be classified in three groups:
employed (i.e., already working on a known food source),
onlooker (i.e., waiting for a food source), and scout (i.e.,
randomly searching for new sources) bees. The trial solutions
are the food sources associated with the employed bees. Let
us denote by P the number of employed bees (corresponding
to the number of trial solutions). Often, such number is
set equal to P = C/2, and the number of onlooker bees is
chosen equal to P. A block diagram of the method is shown
in Figure 3.

Start

Initialization

Generate P random solutions

Employed bee phase

Onlooker bee phase

Scout bee phase

Convergence check

End

Yes

No

Figure 3: Flow chart of the ABC algorithm.

In the initialization phase, the P trial solution are
randomly generated, for example, by using a relationship
similar to that in (8). The cost function of all trial solutions
is evaluated and stored. In the employed bee phase, the
employed bees modify their trial solutions according to

x(k+1)
p, g = x(k)

p, g + U(0, 1)
(
x(k)
p, g − x(k)

h, g

)
, (13)

where g and h are randomly chosen.
In the onlooker bee phase, each onlooker bee select a food

source in a probabilistic way. In particular, the probability of
choosing the pth food source is given by

pp =
ffit

(
x(k)
p

)

∑P
p=1 ffit

(
x(k)
p

) , (14)

where ffit is a fitness function defined as ffit(x) = 1/( f (x)+1).
The food sources selected by the onlooker bees are further
improved by using (13).

If a food source is not improved after a predefined
number of iterations Klim (food source limit), that is,

f (x(k)
p ) ≥ f (x

(k−q)
p ) for q = 1, . . . ,Klim, it is abandoned by

its employed bee. Such bee becomes a scout bee and starts
searching for a new food source randomly. Consequently, in
the scout bee phase, employed bees working on abandoned
sources generate new trial solution in a random way (i.e.,
by using the same relationship used in the initialization
phase). After a new solution is found, the scout bees are
reverted to employed bees, and they start working on the new
food sources. Clearly, at the beginning of the optimization
process, no scout bees are present and consequently, for the
first iterations, only the solutions initially discovered in the
initialization phase are processed.
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Table 1: Overview of swarm algorithms applications in microwave imaging.

Object type Material Illumination type Method Reference

1D profile Dielectric Time domain PSO [50–52]

2D cylinders Dielectric Time domain PSO [53, 54]

2D cylinders Dielectric Single frequency PSO [55–58]

2D cylinders PEC Single frequency PSO [59, 60]

3D objects Dielectric Single frequency PSO [58, 61]

3D objects Dielectric Single frequency μPSO [62]

2D cylinders Dielectric Time domain APSO [63]

2D cylinders PEC Time domain APSO [64, 65]

2D cylinders PEC Singe frequency PSO-SA [66]

2D cylinders Dielectric Single frequency HSPO [67]

2D cylinders Dielectric Single frequency PSO-RBF [68]

2D cylinders Dielectric Single frequency IMSA-PSO [69–73]

3D objects Dielectric Single frequency IMSA-PSO [74, 75]

2D cylinders Dielectric Single frequency ACO [28, 76]

2D cylinders Dielectric Single frequency ACO-LSM [77]

3D objects Dielectric Single frequency ACO-LSM [78, 79]

3D objects Dielectric Time domain ABC [80]

2D cylinders Dielectric Single frequency ABC This paper

4. Application of Swarm Optimization to
Microwave Imaging

Swarm algorithms have been used for solving different
types of microwave imaging problems. In particular, two-
dimensional and three-dimensional dielectric and PEC tar-
gets have been considered in the literature. Moreover, both
single-frequency, multifrequency, and time-domain incident
radiation has been used. An overview of papers proposing
swarm optimization methods in microwave imaging is given
in Table 1. Specific details are provided in the following
sections.

4.1. PSO. PSO has been extensively used in electromagnetic
problems [39]. Several works proposed PSO, also with
enhancement to the standard algorithm, for microwave
imaging problems. In [50, 51], the reconstruction of one-
dimensional dielectric profiles, illuminated by a Gaussian
pulse (plane waves are assumed), is considered. Both
noiseless and noisy data have been used. Two size of the
populations are considered equal and twice the number of
unknowns. The acceleration coefficients of the PSO are η1 =
η2 = 0.5, and the inertia parameters is initially set to 1 and
decreased linearly to 0.7 in 500 iterations (maximum number
of iterations). A comparison with the DE is also provided. In
the reported numerical results, the PSO shows slightly better
convergence rate, but the DE allows obtaining a more precise
reconstruction. A similar approach is proposed in [52], too.

In [53], the authors propose the use of the PSO for the
localization of dielectric circular cylinders under a TM time-
domain formulation. The unknowns are the position, size,
and dielectric properties of the target. Good reconstructions
are obtained by using five particles.

In [54], the reconstruction of homogeneous dielectric
cylinders is considered. The external shape of the cylinder is
described by using a spline representation. The unknowns
are the parameters of the spline and the dielectric permit-
tivity. The proposed approach is able to reconstruct such
quantities with errors less than about 7% (shape) and 3%
(permittivity) for signal-to-noise ratio above 10 dB.

In [55], the reconstruction of the distribution of the
relative dielectric permittivity of 2D dielectric structures is
concerned. A single-frequency multiview TM illumination
is considered. The cost function defined in (7) is used. A
population size of twice the unknowns number is used;
the acceleration coefficients are randomly generated in the
range [0, 2], and the inertia parameter is set equal to 0.4.
The reported results show that the PSO is able to provide
good reconstruction of the considered objects. Moreover,
comparisons with a genetic algorithm and with the conjugate
gradient (CG) method are provided. For the considered
case, PSO outperforms both GA and CG (the mean relative
reconstruction errors are 1.7%, 1.8%, and 5.7%, resp.). A
similar approach is proposed in [56], too, providing similar
conclusions. In [57], the PSO is used to find the parameters
of a crack in the outer layer of a two-layer dielectric cylinder.
The direct solver is based on a finite difference frequency
Domain (FDFD) scheme. Good agreements are obtained for
several positions of the cracks. The same approach is also
applied in [58] to the detection of a tumor inside a model
of breast. Both 2D and 3D simplified configurations are
assumed. The unknowns are the position and shape of the
malignant inclusion.

The reconstruction of the shape of PEC cylinders is
considered in [59, 60]. A cubic-spline-based representation
is used for defining the shape of the cylinder. The target
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is illuminated by TM waves impinging from 7 directions
uniformly distributed around it and, for each illumination,
the scattered field is collected in 32 points. Single-frequency
operation is assumed. The maximum radius is approximately
1.5 λ (being λ the wavelength in the background medium).
Under such assumptions, good reconstructions have been
obtained by considering 10 control points for the splines,
η1 = η2 = 0.5, and population sizes ranging from 10
to 60. The inertia is initialized to 1.0 and decreased to
0.7 after 200 iterations (maximum number of iterations).
A comparison with DE is also performed. Both algorithms
provide good results, although DE, for the considered cases,
usually produces lower values of the cost function and of the
reconstruction error.

In [61], 3D objects are reconstructed. The measurement
configuration simulates those employed for breast cancer
detection, that is, four circular arrays of 36 antennas are
located around a cubic investigation domain. In this ref-
erence, the PSO-based approach is able to retrieve a small
centered inclusions.

In [62], a μPSO algorithm is proposed for tackling the
high dimensionality of the microwave imaging problems.
Satisfactory reconstructions are obtained in the reconstruc-
tion of a 3D model of breast with a malignant inclusion
by using only 5 particles. Comparisons with the standard
PSO (with swarm size of 25 particles) show that the new
approach is able to obtain comparable results, but with a
smaller population size.

In [63], an asynchronous PSO (APSO) is proposed for
the reconstruction of the location, shape, and permittivity
of a dielectric cylinder illuminated by TM pulses. The direct
solver is based on a finite difference time-domain (FDTD)
scheme. The main difference with respect to the standard
PSO is the population updating mechanism. In the APSO,
the new best position is computed after every particle
update, and it is used in the following updates immediately.
Consequently, the swarm reacts more quickly. The same
approach is used in [64, 65] for the identification of the
shape of PEC cylinders in free space and inside a dielectric
slab. In such cases, the APSO is able to correctly identify the
shape of the targets with an error of about 5% (in presence
of noise on the data) and it shows better performance with
respect to standard PSO.

Some hybrid versions of the PSO have also been proposed
in the literature. In [66], PSO is combined with simulated
annealing (SA) for exploiting the exploration properties of
PSO and the exploitation ability of SA. The reported results
concern the reconstruction of the external shape of a cylinder
under multiview TM illumination and show that the hybrid
approach allows reaching better results than the standard one
(reconstructions errors were 0.0014 and 0.072, resp.). In [67],
a hybrid PSO (HPSO) is used for reconstructing dielectric
cylinders under TM illuminations. The difference from the
standard PSO is mainly related to the use of a particle
swarm crossover for enhancing trial solutions. In [68], the
PSO is combined with radial basis function (RBF) networks.
In particular, the RBF is used to obtain an estimate of
the dielectric properties of two-dimensional cylinders under
single-frequency TM illumination. The PSO is employed to

efficiently training the RBF starting from a set of simulated
configurations.

In [69–71], an integrated multiscaling approach (IMSA)
relying upon PSO is presented. In such technique, the
investigation area is iteratively reconstructed at different
scales. At every scale, the PSO is used to obtain a quantitative
reconstruction of the distribution of the dielectric properties.
A clustering techniques is used to identify the scatterers,
and then the investigation area is refined in order to focus
only on the objects. The proposed approach is tested by
using several different two-dimensional targets illuminated
by monochromatic TM incident waves. The reported results
confirm that the integrated strategy is able to outperform its
standard counterpart. Moreover, the new approach is also
able to provide better results than those obtained by using
the CG and GA (both in their standard form and inserted in
a IMSA framework). As an example, a square hollow cylinder
(εr = 1.5, sides Lin = 0.8 λ and Lout = 1.6 λ) contained in
an investigation area of side 2.4 λ and illuminated by plane
waves impinging from 4 different directions (with the electric
field measured in 21 points located on a circumference of
radius 1.8 λ for every view) is efficiently reconstructed in 4
steps. At each step, the PSO is executed with 20 particles,
η1 = η2 = 2.0, ω(k) = 0.4, and kmax = 2000 (the mesh used to
discretized the investigation area has size 36). The obtained
reconstruction error is 3.8%. For the same configuration,
the multiscaling version of CG provides an error of 4.6%.
An experimental validation with the Fresnel data [81] is also
provided, confirming the capabilities of the approach when
working in real environments. In [72, 73], the IMSA-PSO is
tested on phaseless data (i.e., amplitude-only scattered field
measures are available). In this case, too, good agreement
with the actual profile are obtained. In [74, 75], the IMSA-
PSO is also extended to the reconstruction of 3D objects.

4.2. Ant Colony Optimization-Based Imaging Algorithms.
ACO has been used in several electromagnetic applications,
in particular for design of antennas and microwave compo-
nents [82, 83], for the allocation of base stations [84], and for
microwave imaging. Concerning electromagnetic imaging,
ACO has been applied both to the reconstruction of 2D
cylindrical structures and 3D objects.

In [76], the ACO algorithm is applied to the reconstruc-
tion of multiple dielectric lossless cylinders under TM illu-
mination. A two-dimensional formulation is assumed. Two
representations of the dielectric properties are considered,
pixelbased and splinebased. The number of unknowns, in
the two cases, are 256 and 169, respectively. The population
size is set equal to the number of unknowns and, at
every iteration, Q = P/10 new solutions are created. The
parameters of the ACO are set equal to ρ = 0.1 and
ξ = 0.85 (according to the suggestions available in the
literature). The iterations are stopped when a maximum
number of iterations, kmax = 2000, is reached. The provided
results show that in all cases the ACO-based approach is
able to correctly reconstruct the targets with a mean relative
error lower than 5%. Moreover, as expected, the spline
representation allows for a faster convergence (thanks to the
lower number of unknowns).
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In [28], ACO is applied to a similar configuration (two-
dimensional imaging of a two-layer dielectric cylinders). A
comparison with GA and DE is provided. The reconstruction
results show that in the considered case ACO “reaches a more
accurate reconstruction than those obtained by the other
two methods” and “requires a lower number of function
evaluations.”

In [77], a hybrid method is proposed for two-dimen-
sional imaging of multiple homogeneous dielectric targets.
First, the shape of the targets is estimated by using the
linear sampling method (LSM), which is a fast and efficient
qualitative approach able to retrieve the support of the
scatterers starting from the scattered field data. After this
step, the ACO is applied to retrieve the values of the relative
dielectric permittivity and the electric conductivity. In this
way, the ACO only needs to find a few parameters (two for
every objects identified by the LSM). The approach has been
extended to three-dimensional targets in [78, 79], where the
full vector problem with arbitrary homogeneous dielectric
targets is taken into account. Single and multiple dielectric
objects are reconstructed with good accuracy and with low
computational efforts. As an example, for a rectangular
parallelepiped of dimensions 0.66 λ × 0.33 λ × 0.5 λ, after
the support estimation, mean relative reconstruction errors
equal to 2.5% (dielectric permittivity) and 7% (electric con-
ductivity) are obtained with 45.6 cost function evaluations
(mean value).

4.3. Artificial Bee Colony-Based Imaging Algorithms. The
ABC has been applied for breast cancer detection in [80].
A full three-dimensional configuration is considered. The
breast is modeled both by using simplified structures and
a realistic MRI-based phantom. ABC is employed for the
reconstruction of the position, size, and dielectric properties
of the malignant inclusion (supposed of spherical size and
homogeneous). The problem size is thusG = 6. A population
of P = 10 bees is employed. In the reported test cases, ABC
is able to reach the convergence in less than 30 iteration.
Moreover, the algorithm is able to estimate the position and
size of the tumor with satisfactory accuracy (e.g., in the
simplified case, the localization error is less than 10% and
the size estimation error is less than 1 mm). A comparison
with PSO, DE, and GA is also provided. In the considered
case, ABC outperforms the other approaches (GA provided
the worst results PSO and DE gave similar results).

An example of use of the ABC for the reconstruction of
the full distribution of the dielectric properties of unknown
objects is reported in the following. Cylindrical scatterers
under TM illumination are considered. A multiview con-
figuration is assumed, that is, S = 8 line-current sources
uniformly spaced on a circumference of radius 1.5 λ are
sequentially used for illuminating the objects. The scattered
electric field is collected in 51 points uniformly spaced on
an angular sector of 270 degrees on the same circumference
(positioned such that the source lies in the sector without
measurement probes). The investigation domain is a square
area of side 2 λ. The input data (scattered electric field)
are computed by using a numerical code based on the
method of moments [85] with pulse basis and Dirac’s delta
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Figure 4: Cost function versus the iteration number. ABC-based
inversion algorithm.

weighting functions. A finer mesh is used for solving the
forward problem in order to avoid inverse crimes. Moreover,
the computed electric field is corrupted with a Gaussian
noise with zero mean value and variance corresponding to
a signal-to-noise ratio of 25 dB. In the inversion procedure,
the investigation area is discretized into N = 256 square
subdomains, and the unknowns are the values of the relative
dielectric permittivity in such cells. Two separate targets are
located in the investigation area: a circular cylinder (radius
0.25 λ, center (−0.25 λ, 0.25 λ), relative dielectric permittivity
2.0) and a square cylinder (side 0.5 λ, center (0.25 λ,−0.5 λ),
relative dielectric permittivity 1.5). The cost function (6), in
its multiview version, is employed. The parameters of the
ABC have been set equal to as follows: C = 50, P = 25,
Klim = 100, and kmax = 2000.

Some examples of the behavior of the cost function
versus the iteration number are shown in Figure 4, which
reports five different runs of the algorithms. As can be
seen, in all cases, the method converges to a value of about
0.15. The corresponding mean relative reconstruction error
is 3%. The same configuration has been considered in [76]
and solved by using an ACO-based inversion approach. In
the results provided in that paper, a mean relative error
of about 4.5% is achieved with the ACO-based approach.
Finally, an example of the reconstructed distribution of the
dielectric properties obtained by the ABC approach is shown
in Figure 5. As can be seen, the two objects are correctly
shaped, and their permittivity is identified with quite good
accuracy.

5. Conclusions

In this paper, the application of swarm intelligence algo-
rithms, that is, stochastic algorithms inspired by the collec-
tive social behavior of agents (e.g., birds, ants, etc.), to the
solution of microwave imaging problem has been reviewed.
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Such approaches have been proven to be very effective in
several applications. The results available in the literature
confirm the suitability of this class of optimization methods
for microwave imaging, too.
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Transmission characteristics of one-dimensional photonic crystal structure with a defect have been studied. Transfer matrix
method has been employed to find the transmission spectra of the proposed structure. We consider a Si/air multilayer system and
refractive index of Si layer has been taken as temperature dependent. As the refractive index of Si layer is a function of temperature
of medium, so the central wavelength of the defect mode is a function of temperature. Variation in temperature causes the shifting
of defect modes. It is found that the average change or shift in central wavelength of defect modes is 0.064 nm/K. This property
can be exploited in the design of a temperature sensor.

1. Introduction

Since the last two and half decades, investigations on
various properties of photonic crystals, particularly photonic
bandgap materials, have become an area of interest for many
researchers [1–6]. It was observed that periodic modulation
of the dielectric functions significantly modifies the spectral
properties of the electromagnetic waves. The transmission
and reflection spectra of such structures are characterized
by the presence of allowed and forbidden photonic bands
bands similar to the electronic band structure of periodic
potentials. For this reason, such a new class of artificial opti-
cal material with periodic dielectric modulation is known
as photonic bandgap (PBG) material [3]. Fundamental
optical properties like band structure, reflectance, group
velocity and the rate of spontaneous emission, and so
forth can be controlled effectively by changing the spatial
distribution of the dielectric function [4, 5]. This fact has
opened up important possibilities for the design of novel
optical and optoelectronic devices. Conventional photonic
crystals have periodic modulation of homogeneous refractive

indices, and they are artificially fabricated with periods that
are comparable to the wavelength of the electromagnetic
waves. These photonic crystals lead to formation of photonic
bandgaps or stop bands, in which propagation of electro-
magnetic waves of certain wavelengths is prohibited. A one-
dimensional photonic crystal (1D PC) structure has many
interesting applications such as dielectric reflecting mirrors,
optical switches, filters, and optical limiters. It has also been
demonstrated theoretically and experimentally that 1D PCs
can have absolute omnidirectional PBGs [7–11].

In addition to the existence of wide bandgaps in some
properly designed PCs, the feature of a tunable PBG is an
interesting property of such PCs. The PBG can be tuned
by means of some external agents [12]. For instance, it can
be changed by the operating temperature and we call it
T-tuning. A superconductor/dielectric PC belongs to this
class of PC. This happens because of the temperature-
dependent London perturbation length in the superconduct-
ing materials [13–15]. Using a liquid crystal as one of the
constituents in a PC, the T-tuning optical response is also
obtainable [16]. Recently, PCs containing semiconductor as
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one of the constituents have also been investigated by many
researchers. PCs with intrinsic semiconductor belong to T-
tuning devices because the dielectric constant of an intrin-
sic semiconductor is strongly dependent on temperature
[17].

Although these applications can be realized using pure
PCs, but doped or defective PCs may be more useful, just
as semiconductor doped by impurities is more important
than the pure ones for various applications. The idea of
doped PCs comes from the consideration of the analogy
between electromagnetism and solid state physics, which lead
to the study of band structures of periodic materials and
further to the possibility of the occurrence of localized modes
in the bandgap when a defect is introduced in the lattice.
These defect-enhanced structures are called doped photonic
crystals and present some resonant transmittance peaks in
the bandgap corresponding to the occurrence of the localized
states [18], due to the change of the interference behavior of
the incident waves. Defect(s) can be introduced into perfect
PCs by changing the thickness of the layer [19], inserting
another dielectric into the structure [20], or removing a layer
from it [21, 22].

The introduction of the defect states within PCs has
been perceived as a new dimension in the study of photonic
crystals, especially in 2D and 3D PCs, due to numerous
possible applications that can be achieved by using them.
In 2D or 3D PCs, it has been known that a point defect
can act as a micro cavity, a line defect like a waveguide,
and a planar defect like a perfect mirror [6]. Similar to 2D
or 3D PCs, the introduction of the defect layers in 1D PCs
can also create localized defect modes within the PBGs. Due
to the simplicity in 1D PC fabrications over 2D and 3D
PCs, the defect mode can be easily introduced within1D
PCs. Such PCs with defect(s) can be exploited for the design
of various applications such as in the design of TE/TM
filters and splitters [23], in the fabrication of lasers [24],
and in light emitting diodes [25]. The existence of defect
mode in 1D PCs depends upon a number of parameters
such as refractive indices of the layers, filling fraction, the
thickness of defect layer, and the angle of incidence. If all
other parameters are kept constant and the refractive index
of the material is changed, then any change in refractive
index of a material results to a change or shift the position
of the defect mode in the reflection/transmission spectra.
In this present communication, a wide range temperature
sensor based on one-dimensional photonic crystal with a
single defect has been proposed.

Here, we consider the Si/air multilayer system with a
defect in the form of a single Si layer in the middle. Si
is taken as one of the constituents of a one-dimensional
photonic crystal. Since the refractive index of Si depends
on temperature [17], so any change in the temperature of
the constituent material will change the refractive index of
the material, and hence the wavelength corresponding to
the middle of the defect mode will also change or shift. By
measuring this change or shift in the position of defect mode,
the change in the temperature can be measured, so it can
work as a temperature sensor. In this present work, we will
restrict our study for normal incidence only.

d = d1 + d2

Air Air

A A A AB B B BD

N-periods N-periods

. . .. . .

Figure 1: Schematic diagram of 1-D photonic crystal with defect.

2. Theoretical Analysis

The schematic representation of one-dimensional photonic
crystal with defect is represented in Figure 1.

We consider air/(AB)ND(BA)N /air, in which A and
B represent the layers of high and low refractive index
materials, and D is the defect layer. To compute the defect
mode in the transmission spectrum, we employ the transfer
matrix method (TMM) [26, 27]. In this method, the transfer
matrix for each layer can be written as

Mj = ZjPjZ
−1
j , (1)

where j stands for A, B, or D layers and Zj and Pj are
called the dynamical matrix, and the propagation matrix,
respectively. The dynamical matrix is given by the following
equations:

Zj =
(

1 1
nj cos θj −nj cos θj

)

, for TE mode of polarization,

Zj =
(

cos θj cos θj
nj −nj

)

, for TM mode of polarization,

(2)

where θj is the ray angle in the layers and nj is the refractive
index of the layers. Also, the propagation matrix Pj can be
defined as

Pj =
(
eiδj 0
0 e−iδ j

)

, (3)

where the phase is written as

δj =
2πd j

λ
nj cos θj . (4)

The transfer matrix, for the structure (Figure 1), embedded
in air, air/(AB)ND(BA)N /air can be written as

M =
(
M11 M12

M21 M22

)

= Z−1
0 (MAMB)NMD(MAMB)NZ0, (5)

where Z0 is called the dynamical matrix for air.
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The transmittance (T) and reflectance (R) can be
calculated by using the matrix elements M11 and M21 given
in (5) as follows:

T =
∣
∣
∣∣

1
M11

∣
∣
∣∣

2

, R =
∣
∣
∣∣
M21

M11

∣
∣
∣∣

2

. (6)

In the next section, structural parameters of the device
have been defined.

3. Proposed Structure and Structural
Parameters

We choose Si for the materials A and D, air for material B,
and N = 5 in Figure 1. Silicon and air have been taken as
the high and the low refractive index materials, respectively,
and an additional silicon layer (D) as the defect layer. The
geometrical parameters are so chosen that the thicknesses of
high and low refractive index materials are d1 = 600 nm, d2 =
1200 nm and the thickness of defect layer is taken 1800 nm.
The thermal expansion coefficient for silicon layer is 2.6 ×
10−6/K, which is negligible small quantity. So we neglect the
thermal expansion of Si layer in our computation.

The refractive index of air is independent of temperature
and wavelength. But the refractive index of silicon layer is
taken as a function of both wavelength and temperature. The
refractive index of Silicon (Si) in the ranges 1.2 to 14 μm and
20–1600 K is represented as [17]

n2(λ,T) = ε(T) +
e−3ΔL(T)/L293

λ2

× (0.8948 + 4.3977× 10−4T + 7.3835× 10−8T2),
(7)

where

ε(T) = 11.4445 + 2.7739× 10−4T + 1.7050

× 10−6T2 − 8.1347× 10−10T3,

ΔL(T)
L293

= −0.071 + 1.887× 10−6T + 1.934× 10−9T2

− 4.554× 10−13T3 for 293 K ≤ T ≤ 1600 K,

ΔL(T)
L293

= −0.021− 4.149× 10−7T − 4.620× 10−10T2

+ 1.482× 10−11T3 for 20 K ≤ T ≤ 293 K.
(8)

The plot of the refractive index as the function of wavelength
and temperature is shown in Figure 2. From Figure 2, it is
clear that the refractive index of silicon layer increases with
the increase in temperature. Therefore, the refractive index
contrast increases with temperature.

In the next section, we will compute the transmission
spectra of photonic crystal with defect by using (6) as shown
in Figure 1.
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Figure 2: Variation of refractive index of Si as a function of
wavelength and temperature.
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Figure 3: Transmittance for an ideal PC of (Si/air)10 at 100 K
temperature.

4. Result and Discussion

In this section, we present the working principle of the
proposed temperature sensor. The transmission spectra of
the ideal PC (Si/air)10 at 100 K temperature for normal
incidence are shown in Figure 3. If a defect which is in
the form of silicon layer is introduced in this PC, then a
defect mode appears inside the bandgap. The transmission
spectra of the PC with a defect [(Si/air)5Si(air/Si)5] at 100 K
temperature are shown in Figure 4. As shown in this figure
a defect mode has a mid-wavelength centered at 1288.3 nm.
Thus, from this figure it is clear that if the incident radiation
of wavelengths ranging from 1275 nm to 1350 nm is incident
normally on the proposed structure at 100 K, then it will
pass only 1288.3 nm wavelength and all other wavelengths
will be reflected. More interestingly, this defect mode can
be shifted to the longer wavelength region by the variation
of temperature. The transmission spectra of the proposed
structure at various temperature are shown in Figure 5, and
the corresponding data is tabulated in Table 1. From Figure 5
and Table 1, it is clear that the transmission peak centered
at 1288.3 nm at 100 K has been shifted to 1300.08 nm,
1312.9 nm, and 1326.8 nm corresponding to temperatures
at 300 K, 500 K, and 700 K, respectively. Further, it is also
clear that as the temperature of the structure increases,
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Figure 4: The defect mode for a PC with defect of
[(Si/air)5Si(air/Si)5] at 100 K temperature.
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Figure 5: Transmission spectra of proposed structure at different
temperature.

the defect mode of transmission shifts towards the higher
wavelength region. The dependence of defect modes on
temperature is due to the dependence of refractive index on
temperature as given in (7). The shifting behavior can be
explained by using the phase relation given by (4). According
to this equation, as refractive index n(λ,T) increases with
temperature, the wavelength must increase accordingly to
keep the phase δ unchanged. The variation of central
wavelength of defect modes with temperature is shown in
Figure 6. It is found that the central wavelength of defect
modes changes approximately linearly with temperature.
The average change in central wavelength of defect mode
is 0.064 nm/K. This change in central wavelength is almost
9 times more than the previous reported work [28]. So
the proposed structure is more sensitive to temperature
variation. Earlier studies on defect filters reported response
time of the order of ∼ms to ∼ps range with different
techniques [29, 30]. Gan et al. achieved a response rise time
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Figure 6: The variation of central wavelength of defect modes with
temperature.

Table 1: Central wavelength of defect modes.

Temperature (K) Central wavelength of defect mode (nm)

100 1288.3

300 1300.8

500 1312.9

700 1326.8

of 7 μs and a fall time of 14 μs for silicon photonic structures
[31]. For the proposed temperature sensor, the response
time for silicon will decide slow or fast response. Thus, by
measuring the change or shift in the central wavelength
of the defect mode, we can measure the temperature in a
wide range. Hence, the proposed structure may be used as
a temperature sensor in a wide range.

5. Conclusion

In the present communication, a simple design of
temperature sensor has been proposed. The proposed
structure is based on the one-dimensional photonic
structure with defect. It is found that introduction of defect
in the conventional one-dimensional photonic crystal
creates a defect mode. Silicon has been chosen as one of the
constituents of the device, because refractive index of the Si
depends on the temperature. It is found that centre of this
defect mode depends on the temperature of the device and
it change linearly with temperature. An average change or
shift in the central wavelength of defect mode is 0.064 nm/K.
So, we can use the proposed device as a temperature sensor.
The proposed device may also have many applications in
different optical systems.
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The paper describes the complex permittivity measurements of textiles and leathers in a free space at 330 GHz. The destructive
role of the Rayleigh scattering effect is considered and the angular-invariant limit for an incidence angle has been found out
experimentally within 25–30 degrees. If incidence angle exceeds this critical parameter, the uncertainty caused by the Rayleigh
scattering is drastically increased preventing accurate measurements of the real and imaginary parts of a bulky material. The
phenomenon must be taken into consideration in predicting shielding effectiveness of materials covering hidden object in
concealed threat detection with millimeter-wave radar systems.

1. Introduction

Submillimeter and THz waves demonstrate a reasonable
penetration depth in certain common materials, such as
fabric, plastic, and wood. Therefore, they are good candidates
for detecting various hidden objects such as concealed
weapons, drags, and explosives. In the last decade, there
has been a growing demand in mm, sub-mm, and THz
imaging systems for homeland security applications [1, 2].
In particular, efficiency of these systems depends on shielding
effectiveness of materials screening the detected object [3].

Complex permittivity ε( f ) is widely used for charac-
terization of dielectric materials. It is frequency-dependent
quantity, resulting in attenuation and phase shifts of elec-
tromagnetic wave propagating in media. In a slab structure,
the permittivity can be acquired from the transmission and
reflection coefficients. Knowledge of the dielectric proper-
ties of these materials is important in predicting overall
performance of mm-wave imagers because a penetration
depth is governed by these characteristics. There are a lot of
microwave methods suggested for measuring complex per-
mittivity [4], but free-space approach is more suitable in sub-
mm range since the sample size has reasonable dimensions in
order to avoid undesirable edge diffraction effect. However,
the drawback of most free-space measuring systems is the
ripples (or parasitic resonances) in the measured data caused

by multiple reflections from sample surfaces and antennas
that cannot be accurately predicted in the theoretical models.
As a result, various smoothing algorithms based on heuristic
criteria must be used to overcome degrading measurement
accuracy [5, 6].

An isotropic slab in air [7] is the basic theoretical
model employed for retrieving the complex permittivity
from the measured data. However, approximation of textiles
having typical woven fabric nature and leather materials
with nonregular surface’s shaping by uniform dielectric slab
is incorrect. Indeed, texture and surface roughness maybe
comparable with wavelength and responsible for the Rayleigh
scattering that may drastically degrade the measurement
accuracy. One to overcome the problem is the develop-
ment of special data smoothing algorithms [8] needed to
avoid undesirable rapid oscillations caused by the parasitic
standing wave interference between Rx and Tx antennas as
well as other factors. As a result, the originally measured
transmittance cannot be used for validation of the best-
fitting permittivity without additional specific processing.

Assuming that textiles and leathers are isotropic materi-
als, they must have invariant values of complex permittivity
regardless of an incidence angle. The deviations of real and
imaginary parts of the dielectric constant can be considered
as a measure of a nonuniformity of the thickness and
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surface’s shape of the dielectric slab approximating a real
sample. This parameter has statistical nature and should
be characterized by standard deviation of the measured
material characteristics in angular domain. In the present
study, the matched THz power meter (MPM) has been used
in the transmittance measurements at 330 GHz resulting in
a minimization of destructive role of the parasitic standing
wave interference [9]. High directivity Gaussian beam horn-
lens antenna was employed in order to suppress undesirable
spillover effect during variations of the sample’s position.

2. Theoretical Basis of the Model

Assume that dielectric slab of thickness d is illuminated by
plane wave with incident angle θ0. The field reflection r and
transmission t coefficients being basic physical parameters
measured in free-space method can be presented in general
form via proper Fresnel’s formulas [10] as nonlinear func-
tions of d, θ0, the frequency f , and the relative complex
dielectric constant ε′r − jε′′r :

t =
(
1− ρ2

0

)
e− jkz( f )d

1− ρ2
0e− j2kz( f )d =

(
1− ρ2

0

)
e−(α+ jβ) cos(θ)d

1− ρ2
0e−2(α+ jβ) cos(θ)d ,

r = ρ0 · 1− e− j2kz( f )d

1− ρ2
0e− j2kz( f )d = ρ0 · 1− e−2(α+ jβ) cos(θ)d

1− ρ2
0e−2(α+ jβ) cos(θ)d ,

(1)

where

ρ0 =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

√
ε0 cos(θ0)−√εr cos(θ)√
ε0 cos(θ0) +

√
εr cos(θ)

TE wave

√
ε0 cos(θ)−√εr cos(θ0)√
ε0 cos(θ) +

√
εr cos(θ0)

TM wave.

(2)

According to the generalized Snell’s law, we can write the
following for lossy dielectric medium:

tg(θ) = sin(θ0)

Re

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

√√
√
√
(
ε′ − jε′′

)

︸ ︷︷ ︸
εr

− sin2(θ0)

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

.

(3)

If the experimental setup is equipped by a vector network
analyzer (VNA), the magnitude and phase of r and t can be
measured. Otherwise the power transmission and reflection
coefficients are available only

|t|2 =
(
1− ρ2

0

)2
e−2α cos(θ)d

[
1− ρ2

0e−2α cos(θ)d
]2

+ 4ρ2
0e−2α cos(θ)dsin2

[
β cos(θ)d

] ,

|r|2 = ρ2
0

·
[

1− e−2α cos(θ)d
]2

+ 4e−2α cos(θ)dsin2
[
β cos(θ)d

]

[
1− ρ2

0e−2α cos(θ)d
]2

+ 4ρ2
0e−2α cos(θ)dsin2

[
β cos(θ)d

] .

(4)

The real and imaginary parts of the dielectric constant
as a function of incidence angle were evaluated from the

measured transmittance using the numerical root-finding
algorithm applied to the system of nonlinear equations:

∣
∣t( f ,d, θ1, ε′r , ε

′′
r

∣
∣2 = Tp1,

∣
∣t( f ,d, θ2, ε′r , ε

′′
r

∣
∣2 = Tp2,

(5)

where Tp1 and Tp2 are power transmission coefficients
measured at the incidence angles θ1 and θ2, respectively, d
is the thickness of a dielectric slab. Then, the proper standard
deviations were determined for textile and leather samples
in order to characterize angular invariances of the measured
parameters. This model is used below for extracting complex
permittivity from the measured data.

3. The Experimental Setup

In order to avoid an undesirable cross-polarization effect,
all the measurements are suggested to perform with a
parallel polarization, for which MPM is well matched as it
is operating near the Brewster angle of the absorbing RF
power thin-film sensor as shown in Figure 1. For absorbing
thin film element of the power meter (Thomas Keating THz
Power Meter, http://www.terahertz.co.uk/) this angle is equal
to 55.5 degrees. The input window of the power meter must
be aligned at the Brewster angle in order to reach the best
matching condition.

Figure 2 shows the photo of the experimental setup
assembled for the material characterization near f =
330 GHz. The THz source consists of the X-Band Synthesizer
with power amplifier at its output that drives multistage
multiplier (4 sections) with the total multiplication factor
32 = 4×2×2×2. Output signal about 10 mW is radiated by
the horn-lens antenna (1.3 deg beam width and 42 dB gain).
Other details concerning the source can be found in [1].
Energy propagating through the dielectric slab is captured by
absorbing thin film of THz power meter and after processing
is displayed on the PC monitor. The tested material is fixed
by special frame maintained on programmable rotary joint
model URS-75-BPP (Newport).

The measurement procedure includes the two steps:

(i) calibration-measurement of the transmitted signal
without material under test (P0);

(ii) measurements of the transmitted signal as a function
of incident angle in a presence of material under test
(P1);

the ratio P1/P0 is the power transmittance needed to extract
the complex permittivity.

4. Results of Transmittance Measurements and
Reconstruction Complex Permittivity

Several types of the textiles have been tested. The specifica-
tions of these materials are summarized in the Table 1. Also,

http://www.terahertz.co.uk/
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Polarization vector

Normal to window

55.5◦

Figure 1: The position the MPM’s head aligned at the Brewster
angle 55.5 degrees to the incoming beam in order to minimize
reflections from the input window.

THz power
meter

330 GHz
source

Rotary
stage

Tested
material

Horn lens
antenna

Figure 2: Photo of the experimental setup.

several types of leathers have been tested, see Table 2. Figures
3 and 4 show the measured transmittances as a function of
incidence angle for textile and leather samples, respectively.
The polarization is matched with polarization of the power
meter.

The reconstructing procedure needed to restore complex
permittivity from the transmittance measurements has been
described in [9]. The solution of the system of nonlinear
equations (5) requires knowledge of the two independent
transmittances for corresponding incidence angles. The latter
can be arbitrary but we have fixed one of them assuming
that θ1 = 0 while the second angle was varied in range
5 ≤ θ2 ≤ 50 degrees. Tables 3 and 4 summarize the restored
real and imaginary parts of dielectric constants of the textile’s
samples for different incidence angles. The similar data are
given in the Tables 5 and 6 for leather’s samples.

Both textile and leather samples have demonstrated
variations of complex permittivity for different incidence
angles due to nonuniform thickness, surface roughness,
specific texture and non-ideal flatness. All these factors
have statistical nature and can be characterized by standard
deviation presented in the last lines of the Tables 3–6.

5. Angular-Invariant Limits of
the Incidence Angle

In order to estimate the angular-invariant limits of the inci-
dent angle we assume that surface the roughness of textile’s
and leather’s samples satisfies to the Rayleigh scattering
condition [11]:

Δh <
λ

8 cos θi
, (6)

where Δh is roughness variation, θi is incidence angle, and λ
is free space wavelength. Figure 5 illustrates schematically
forward scattered rays “generated” by roughness surface.

Since the roughness variation Δh and incidence angle
θi are interrelated due to expression (6), we can expect
that the uncertainty in a determination of the complex
permittivity should be increased with increasing θi, too. The
question is what is the acceptable range of incidence angles
θi invariant to the bulky complex permittivity of the material
under test-textile and leather in our case? To answer the
question we need to compare the measured transmittance
of a real material having rough surface with the calculated
transmittance of the smoothed dielectric slab made from
the same bulky material. The results of such comparison are
shown in Figure 6 (textile’s sample number 3, ε′r = 2.72
and ε′′r = 0.068) and Figure 7 (leather’s sample number 0,
ε′r = 3.4 and ε′′r = 0.127), where the lines marked by symbol
��� correspond to the measured transmittance while the
solid lines depict the calculated data. The averaged values of
the real and imaginary parts of the dielectric constants given
in the Tables 3–6 were substituted to the theoretical model
described by (4). The comparison theory and experiments
reveals an existence of the critical incidence angle, θc. The
latter is determined by the angular-invariance limit of the
forward Rayleigh scattering as well as operating wavelength.
The materials discussed have the critical angles about 25
degrees for leather’s sample and 30 degrees for textile’s one.
If an incidence angle is greater than the critical one (θi >
θc), the measurement of the bulk permittivity will be quite
problematic due to violating the angular-invariant limit. On
the other hand, there is a critical roughness variation Δh, too.
Using (6), this parameter was found to be equal to about
0.15 mm for operating frequency 330 GHz and θc = 30◦.
These estimates seem to be realistic for the typical kinds of
textiles and leathers.

It would be important to derive an existence of the
angular-invariant limit from a theoretical model. Such a
model must unify both deterministic and statistic properties
of real structure of materials under test. Microwave prop-
erties of the common weave architectures used in woven
fabric structural composites have been investigated in [12]
using deterministic approach. Other perspective way is an
application of the concept of the fractional Brownian motion
appropriately describing natural surfaces [13] assuming that
surface profiles can be approximated by the Weierstrass-
Mandelbrot (WM) fractal functions. However, some entry
parameters needed for real-world calculations such as the
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Table 1: The summary of textile’s samples under test.

Material
Sample no. 1

(denim)
Sample no. 2 Sample no. 3 Sample no. 4 Sample no. 5

Sample no.
6

(wool scarf)

Sample no.
7

(stockinet)

Sample no.
8 (satin)

General view of samples
under testing

Thickness d, mm 0.8 0.45 0.25 0.7 0.25 1.6 0.65 0.2

Power transmittance at
normal incidence

77% 87% 92% 86% 88.8% 35% 67% 91%

Sample no. 2 Sample no. 3

Sample no. 4

Sample no. 5

Sample no. 6

Sample no. 7
Sample no. 8

Sample no. 1

0.8
0.78
0.76
0.74
0.72

0.7
0.68
0.66
0.64
0.62

0.6

1
0.98
0.96
0.94
0.92

0.9
0.88
0.86
0.84
0.82

0.8

0.5

0.45

0.4

0.35

0.3

0.25

0.9
0.895

0.89
0.885

0.88
0.875

0.87
0.865

0.86
0.855

0.85

1
0.98
0.96
0.94
0.92

0.9
0.88
0.86
0.84
0.82

0.8

0.7
0.69
0.68
0.67
0.66
0.65
0.64
0.63
0.62
0.61

0.6

0.925
0.92

0.915
0.91

0.905
0.9

0.895
0.890
0.885

0.88
0.875

300 5 10 15 20 25 35 40 45 50

Angle (deg)
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Figure 3: Measured power transmittance of the textile’s samples as a function of incidence angle.

Table 2: The summary of leather’s samples under test.

Material
Sample no. 0

(natural leather)
Sample no. 1

(artificial leather)
Sample no. 2

(artificial leather)
Sample no. 3

(artificial leather)
Sample no. 4

(artificial leather)
Sample no. 5

(artificial leather)

General view of samples
under testing

Thickness d, mm 1.15 0.95 1 0.6 0.8 0.6

Power transmittance at
normal incidence

48% 63% 68% 81.5% 71% 77%
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Sample no. 5Sample no. 4Sample no. 3

Sample no. 2Sample no. 1Sample no. 0

0.5
0.49
0.48
0.47
0.46
0.45
0.44
0.43
0.42
0.41

0.4

0.65
0.645

0.64
0.635

0.63
0.625

0.62
0.615

0.61
0.605

0.6

0.7
0.69
0.68
0.67
0.66
0.65
0.64
0.63
0.62
0.61

0.6

0.8
0.79
0.78
0.77
0.76
0.75
0.74
0.73
0.72
0.71

0.7

0.8
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0.76
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0.72

0.7
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Figure 4: Measured power transmittance of the leather’s samples as a function of incidence angle.

Table 3: Real part of the permittivity evaluated for the textile’s samples: θ1 = 0 and different incidence angles θ2.

Incidence angle, θ2

degrees
Sample no.
1 (Denim)

Sample no. 2 Sample no. 3 Sample no. 4 Sample no. 5
Sample no.

6
(wool scarf)

Sample no.
7

(stock-inet)

Sample no.
8 (satin)

5 2.83 2.77 2.73 3.65 2.54 3.2 3.15 2.73

10 2.71 2.71 2.7 3.76 2.43 3.21 3.13 2.69

15 2.67 2.92 2.74 3.67 2.41 3.23 3.17 2.73

20 2.7 2.76 2.77 3.67 2.49 3.12 3.17 2.75

25 2.73 2.68 2.79 3.65 2.51 3.11 3.2 2.76

30 2.69 2.5 2.75 3.67 2.54 3.14 3.34 2.75

35 2.67 2.26 2.7 3.66 2.54 3.17 3.34 2.76

40 2.75 2.84 2.75 3.68 2.58 3.2 3.22 2.76

45 2.78 2.95 2.59 3.66 2.68 3.22 3.26 2.75

50 2.79 3.01 2.71 3.58 2.68 3.23 3.21 2.76

Averaged, ε′r 2.73 2.74 2.72 3.66 2.54 3.18 3.22 2.74

Standard deviation 0.054 0.253 0.0623 0.0458 0.0956 0.0452 0.0737 0.0216

Table 4: Imaginary part of the permittivity evaluated for the textile’s samples: θ1 = 0 and different incidence angles θ2.

Incidence angle, θ2

degrees
Sample no. 1
(cotton jeans)

Sample no. 2 Sample no. 3 Sample no. 4 Sample no. 5
Sample no.

6
(wool scarf)

Sample no.
7

(stock-inet)

Sample no.
8 (satin)

5 0.0715 0.033 0.07 0.041 0.065 0.133 0.054 0.074

10 0.0633 0.029 0.057 0.028 0.06 0.13 0.057 0.072

15 0.0603 0.0103 0.06 0.038 0.045 0.134 0.041 0.071

20 0.0634 0.033 0.062 0.043 0.048 0.145 0.042 0.072

25 0.071 0.0397 0.065 0.044 0.052 0.158 0.054 0.072

30 0.0781 0.011 0.068 0.044 0.061 0.159 0.076 0.073

35 0.074 0.011 0.071 0.044 0.072 0.159 0.1 0.074

40 0.079 0.019 0.08 0.043 0.077 0.161 0.119 0.077

45 0.0858 0.06 0.085 0.044 0.089 0.172 0.126 0.08

50 0.0866 0.065 0.069 0.047 0.092 0.175 0.13 0.086

Averaged, ε′′r 0.073 0.031 0.068 0.042 0.066 0.15 0.08 0.075

Standard deviation 0.0092 0.0222 0.0097 0.0056 0.0172 0.0162 0.0356 0.0049
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Table 5: Real part of the permittivity evaluated for the leather’s samples: θ1 = 0 and different incidence angles θ2.

Incidence angle, θ2 degrees Sample no. 0 Sample no. 1 Sample no. 2 Sample no. 3 Sample no. 4 Sample no. 5

5 2.91 3.3 2.95 2.18 2.7 2.48

10 3.31 2.97 3.03 2.03 2.71 2.75

15 3.39 3.17 3.03 2.05 2.73 2.66

20 3.42 2.99 3.08 2.16 2.96 2.51

25 3.45 3.02 3.04 2.11 3.03 2.33

30 3.44 3.03 3.05 2.26 3.09 2.45

35 3.46 3.06 3.05 2.28 3.19 2.45

40 3.5 3.12 3.03 2.28 3.23 2.43

45 3.58 3.17 2.9 2.26 3.25 2.43

50 3.54 3.21 2.92 2.13 3.28 2.45

Averaged, ε′r 3.4 3.104 3.008 2.17 3.02 2.49

Standard deviation 0.178 0.102 0.058 0.094 0.220 0.1221

Table 6: Imaginary part of the permittivity for the leather’s samples: θ1 = 0 and different incidence angles θ2.

Incidence angle, θ2 degrees Sample no. 0 Sample no. 1 Sample no. 2 Sample no. 3 Sample no. 4 Sample no. 5

5 0.118 0.093 0.078 0.066 0.088 0.084

10 0.109 0.072 0.08 0.062 0.086 0.065

15 0.115 0.079 0.081 0.063 0.083 0.075

20 0.118 0.061 0.08 0.066 0.096 0.09

25 0.12 0.067 0.079 0.065 0.096 0.088

30 0.125 0.071 0.079 0.069 0.091 0.088

35 0.131 0.077 0.078 0.069 0.084 0.087

40 0.14 0.083 0.079 0.067 0.076 0.088

45 0.148 0.089 0.079 0.0676 0.0751 0.088

50 0.15 0.098 0.083 0.067 0.069 0.095

Averaged, ε′′r 0.127 0.079 0.08 0.066 0.084 0.085

Standard deviation 0.0135 0.0111 0.0014 0.0023 0.0086 0.0084

θi

Δh

Forward scattered rays

Figure 5: Illustration of the forward Rayleigh scattering effect in
presence of a roughness surface.

vertical height profile scaling factor, random variables which
account for the amplitude, and the phase behavior of
each tone, and others [14] must be specified for materials

Critical incident angle
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Figure 6: Comparison calculated (solid line) and measured
(symbol � � �) transmittances as a function of an incidence angle
(the textile’s sample #3, ε′r = 2.72 and ε′′r = 0.068).

under test which is not trivial problem. Anyway, we hope
that the above experiments will be an additional stimulus
for developing proper models combining deterministic and
statistic approaches, too.
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Figure 7: Comparison calculated (solid line) and measured
(symbol � � �) transmittances as a function of an incidence angle
(the leather’s sample no. 0, ε′r = 3.4 and ε′′r = 0.127).

6. Conclusions

The complex permittivities of textiles and leathers were
measured at 330 GHz using the absolute THz power meter
with thin-film sensor operating near the Brewster angle in
order to provide a minimum multiple-reflection effect. The
incidence-angular invariance has been estimated experimen-
tally and existence of a critical incidence angle was found out.
It is not recommended to carry out free-space permittivity
measurements if the incidence angle exceeds the critical
one (25–30 degrees in our case) since the forward Rayleigh
scattering effect may drastically degrade the measurement
accuracy.
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An approach to reconstruct buried objects is proposed. It is based on the integral equations of the electromagnetic inverse
scattering problem, written in terms of the Green’s function for half-space geometries. The full nonlinearity of the problem is
exploited in order to inspect strong scatterers. After discretization of the continuous model, the resulting equations are solved
in a regularization sense by means of a two-step inexact Newton algorithm. The capabilities and limitations of the method are
evaluated by means of some numerical simulations.

1. Introduction

Subsurface imaging is an important subject in several
applicative areas, including seismic and geophysical pro-
specting, nondestructive, testing and medical diagnostics [1–
39]. Electromagnetic techniques are widely applied to face
this problem. Ground penetrating radar [40] is the basic
instrumentation able to retrieve discontinuities in the lower
subspace (the ground). Processing of GPR data can allow an
improvement in the detection and localization capabilities of
the system. In some cases, neural network-based approaches
have been adopted [41]. Moreover, inverse-scattering-based
techniques have been proposed, too. By using these methods,
the measured values of the field scattered by the discontinu-
ities present in the lower half space are “inverted” in order
to obtain the spatial distributions of dielectric parameters
(e.g., the dielectric permittivity and the electric conductivity)
inside a fixed inspection domain. Approaches of this kind
have been proposed, for example, for the detection of
water leaking from pipes [42]. If an accurate model of
the buried scatterers is available, it would be possible to
retrieve information about the buried objects in terms of
their dielectric parameters.

The present authors developed in [43] an inverse-
scattering-based method for buried object imaging under
the second-order Born approximation (SOBA) [21, 44–48].
By using the SOBA, the reconstruction of buried objects
has been obtained with a better accuracy with respect
to linearized approximations. In particular, due to the
nonlinear nature of the scattering equations, in which the
electric field inside the inspected region is an unknown
quantity as well as the spatial distributions of the dielectric
properties of the medium, the SOBA allows to approximately
retrieve the field distribution, too.

However, in order to detect strong discontinuities, the
exact nonlinear inverse scattering formulation must be
considered. This approach has been faced in [49, 50], in
which strong scatterers have been reconstructed in free
space under tomographic imaging conditions. The approach
proposed in [49], which is based on the use an inexact
Newton method, has been experimentally tested in [51]. The
same method has been successfully applied in [52] within the
contrast source formulation (under free-space conditions).

In the present paper, the approach developed in [43] for
buried object detection under the SOBA is extended to treat
strong scatterers. In this case, the exact nonlinear inverse



2 International Journal of Microwave Science and Technology

Buried object

Air

d

x

Ground

Investigation area

y

Borehole

TxRx antennas

Figure 1: Geometrical configuration of the problem.

scattering formulation, in terms of the half-space Green’s
function, is taken into account. In particular, starting from
the integral equations for the scattered field for cylindrical
objects, slides of the spatial distributions of the dielectric
parameters are reconstructed by numerically solving these
equations in a regularization sense.

The paper is organized as follows. In Section 2 the
mathematical formulation of the approach is reported. In
Section 3, the application of the inexact Newton method is
described. Numerical results are reported in Section 4, and
conclusions are drawn in Section 5.

2. Mathematical Formulation

Let us consider a cylindrical object buried in a homogeneous-
half-space medium (Figure 1). A 2D transverse-magnetic
(TM) configuration is assumed. The dielectric properties
of the buried object are assumed to be independent of the
z coordinate. The transmitting and receiving antennas are
located in the transverse plane and generate a z-polarized
electric field in both the half spaces (this field is independent
of the axial coordinate, too).

The dielectric characteristics of the investigation domain
S, in the lower half space, are described by the so-called object
function, which is defined as

τ(r) = jω[ε(r)− εb], (1)

where ε(r) is the complex dielectric permittivity at point r,
and εb denotes the dielectric permittivity of the soil.

The investigation area is illuminated by V line-current
sources, with angular frequency ω (in the following, the e jωt

time dependence is assumed and omitted). A mixed illumi-
nation configuration (partially borehole and partially from
the top), which allows direct comparisons with the results
reported in [43], is exploited. Under such assumptions, also
the scattered electric field is z-polarized and independent of
z. Consequently, only the transverse plane can be considered
for the imaging procedure.

The scattered electric field, u(v)
scatt, v = 1, . . . ,V , is collected

for any incident wave in M measurement points s(v)
m , which

constitute the so-called observation domain O. The dielectric
properties of S can be related to the scattered field by means
of the following set of nonlinear integral equations:

u(v)
scatt(r) = G

upper
lower τu

(v)
tot (r), r ∈ O,

u(v)
tot (r) = u(v)

inc(r) + Glower
lowerτu

(v)
tot (r), r ∈ S,

(2)

where G
upper
lower (·)(r) = jωμ0

∫
S(·)gHS(r, r′)dr′, r ∈ O and

Glower
lower(·)(r) = jωμ0

∫
S(·)gHS(r, r′)dr′, r ∈ S are the data

and state operators, where gHS is the half-space Green’s
function [43] (superscripts in the operators recall where
they are calculated, whereas subscripts recall where they are
integrated).

Equations (2) can be rewritten in a compact operator
form as

HS(x) = y, (3)

where x = [τ u(1)
tot · · · u(V)

tot ]
t

is an array containing the
values of the object function and of the total electric field
inside the investigation area for any illumination. In (3), y =
[u(1)

scatt · · · u(V)
scatt u(1)

inc · · · u(V)
inc ]

t
is an array containing

the values of the scattered electric field acquired by the
measurement probes in the upper half space and the values
of the incident electric field inside the investigation area. The
half-space operator HS can be expressed, according to (2), as

HS(x) =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

G
upper
lower τu

(1)
tot

...

G
upper
lower τu

(V)
tot

u(1)
tot −Glower

lowerτu
(1)
tot

...

u(V)
tot −Glower

lowerτu
(V)
tot

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (4)

As it is well known, the inverse problem (4) is non-linear
and ill-posed. Consequently, nonlinear regularizing methods
must be used.

3. Regularized Solution of (3)

Due to the mentioned ill posedness, (3) must be solved
in a regularized sense. The inexact Newton regularizing
scheme developed in [49, 50] is applied here. This method
includes two nested loops, in which a linearization (with
respect to the current solution guess xk) of the operator
HS is constructed (outer loop) and solved by means of the
truncated Landweber method (inner loop). Exactly as in [49],
the algorithm performs the following steps.

(1) For k = 0 (k denotes the outer iteration index), a
starting guess x0 is chosen (initialization phase).

(2) The following linearized version of equation is con-
structed

HS′xk h = yk, (5)
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where h = [hτ h(1)
u · · · h(V)

u ]
t
, yk = y − HS(xk),

and HS′xk is the Fréchet derivative of HS at point

xk. A regularized solution ĥk to (5) is obtained by
applying an iterative truncated Landweber algorithm,
for which we have

hk,0 = 0,

hk,l+1 = hk,l − γHS′xk
∗(

HS′xk hk,l − yk
)

,
(6)

where HS′xk
∗ is the adjoint operator of HS′xk .

(3) The current solution is updated by using the follow-
ing relation:

xk+1 = xk + ĥk. (7)

(4) A predefined stopping rule is finally applied. If this
criterion is not satisfied, a fixed maximum number
of outer iterations, kmax, is performed. In both cases,
at any iteration, the procedure can be stopped,
otherwise steps (2)–(4) are repeated.

It should be noted that step (2) is actually the inner loop
of the algorithm, whereas steps (1)–(3) constitute the outer
loop.

4. Numerical Results

The developed method has been tested by means of numer-
ical simulations. The working frequency has been set equal
to 300 MHz (i.e., similar to that used in ground penetrating
radars). A homogeneous lossy soil characterized by a relative
dielectric permittivity εrb = 4 and an electric conductivity
σb = 0.01 S/m has been considered (in order to simulate a
dry sandy soil [53]). Similar to [43], a mixed measurement
configuration is assumed, where reflection and cross-
borehole operating modes are mixed together in order to
acquire as much information as possible. Correspondingly,
the antennas are located at points (Cartesian coordinates)

rant
n =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(
−2

3
λ0,−4

3
λ0 + (n− 1)

2λ0

21

)
, n = 1, . . . , 15,

(
−2

3
λ0 + (n− 15)

2λ0

21
, 0
)

, n = 16, . . . , 28,

(
2
3
λ0,−(n− 29)

2λ0

21

)
, n = 29, . . . , 43,

(8)

where λ0 is the free-space wavelength in the upper medium.
A subset of these antennas act both as transmitter (TX) and
receiver (RX). When an antenna operates in TX mode, all the
remaining ones collect the scattered electric field (i.e., they
work in RX mode). Consequently, for every illumination,
M = 42 field samples are collected. In particular, in the cases
reported in the following, V = 7 antennas are used. They
are located at positions denoted by the indexes given by
n = 7(v − 1) + 1, v = 1, . . . ,V .

The investigation area is a square domain of dimen-
sions λ0 × λ0, whose upper side coincides with the air-
ground interface. In order to numerically solve the equations
involved in the inverse-scattering problem, such domain has
been discretized into N = 20 × 20 square subdomains.

The scattered field values used as input data for the
considered simulations have been numerically obtained
by using a computational code based on the method of
moments [54]. In order to avoid the so-called inverse
crime, a finer discretization (such as the ratio of the cell
dimensions in the direct and inverse problems is not an
integer number) has been used for the computation of the
synthetic data. Moreover, in order to simulate a more realistic
scenario, a Gaussian noise with zero mean value and variance
corresponding to a signal-to-noise ratio SNR = 25 dB has
also been added to the computed data.

In all the simulations reported in this section, the
initialization phase has been always performed by assuming
an empty investigation domain in the lower half space.
Consequently, in this phase, the object function is equal to
zero, and the total electric field is assumed equal to the one
transmitted in the lower half space.

The first reported case concerns the reconstruction of a
single circular cylinder of radius a = 0.2λ0 centered at robj =
(0.2λ0,−0.5λ0). The dielectric properties of the cylinder are
εrobj = 5.6 and σobj = 0.01 S/m. The parameters of the inexact
Newton algorithm are the following: maximum number of
inner iterations, kLWmax = 30; maximum number of outer
iterations, kINmax = 100. Figure 2 reports the behavior of two
error parameters for different values of the number of outer
iterations of the iterative procedure. In particular, the two
parameters are defined as

rdata =
∥
∥uactual − ucalc

∥
∥

2∥
∥uactual

∥
∥

2
,

rsolution =
∥
∥τactual − τrec

∥
∥

2∥∥τactual
∥∥

2
,

(9)

with τactual and τrec being the actual and reconstructed
permittivity distributions (at the current iteration) and uactual

and ucalc the measured and computed values of the electric
field data (at the current iteration, too). As can be seen
from Figure 2, the plot of the “residual” on the data (the
error parameter rdata) decreases monotonically as expected.
Moreover, the plot of the solution “residual” (the error
parameter rsolution) shows a typical semiconvergence behavior,
that is, after a certain value of the iteration number the
reconstruction quality degrades [55, 56].

The final image of the distribution of the relative
dielectric permittivity inside the investigation region (cor-
responding to the optimum iteration number) is shown in
Figure 3. As can be seen, the method is able to correctly
retrieve the dielectric profile of the investigation area. In
particular, both the shape of the buried inclusion and the
value of its dielectric permittivity are correctly identified.
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Figure 2: Data and solution residuals versus the outer iteration
number (error parameters of (9)). Single circular cylinder buried
in a lossy half space.
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Figure 3: Reconstructed distribution of the relative dielectric
permittivity. Single circular cylinder buried in a lossy half space.

For the present case, an analysis of the effects of the noise
has also been performed. In particular, the mean relative
error on the reconstruction, defined as the L1-norm

e = 1
N

N∑

n=1

∣
∣εactual

n − εrec
n

∣
∣

∣
∣εactual

n

∣
∣ (10)

has been calculated. In (10), εactual
n and εrec

n denote the values
of the original and reconstructed complex permittivity inside
the nth discretization subdomain of the investigation region.
Moreover, the optimal value of the outer iteration have been
evaluated, too. The obtained results are reported in Table 1.

As expected, as the noise level increases, the reconstruc-
tion “quality” decreases. However, even in presence of strong

Table 1: Mean relative errors and optimal iteration numbers versus
the signal-to-noise ratio. Single circular cylinder buried in a lossy
half space.

SNR 25 20 15 10

Mean relative error 0.065 0.078 0.085 0.12

Optimum outer iteration number 53 34 14 5
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Figure 4: Reconstructed distribution of the relative dielectric
permittivity. Double-layer circular cylinder buried in a lossy half
space.
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Figure 5: Reconstructed distribution of the relative dielectric per-
mittivity. Two separate circular cylinders buried in a lossy half space.

noise levels, the method is able to yield rather good recon-
structions (e.g., the error parameter e is equal to about 8%
error for SNR = 15 dB).

In the second set of simulations, the reconstruction of
a more complex configuration has been considered. In par-
ticular, the presence of a double-layer circular cylinder has
been assumed. The outer layer has radius a1 = 0.2λ0 and
is characterized by a relative dielectric permittivity εr1 =
5.6 and an electric conductivity σ1 = 0.01 S/m, whereas
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Figure 6: Horizontal cuts ((a) y = −0.525λ0 and (b) y = −0.775λ0)) and vertical cuts ((c) x = 0.325λ0 and (d) x = −0.325λ0)) of the
reconstructed distribution of the relative dielectric permittivity (Figure 4). Two circular cylinders buried in a lossy half space.

the inner one has a radius a2 = 0.1λ0 and is characterized
by a relative dielectric permittivity εr2 = 8 and an electric
conductivity σ2 = 0.01 S/m. The object is centered at
robj = (0.2λ0,−0.5λ0). The parameters of the inexact Newton
method are the same as the ones adopted in the first
case. The reconstructed distribution of the relative dielectric
permittivity (final image) is shown in Figure 4. As can
be seen, the object is correctly located, and the values of
the dielectric properties are identified with a quite good
accuracy.

Finally, the reconstruction of two separate circular cylin-
ders have been considered. The radii of the two cylinders
are a1 = 0.2λ0 and a2 = 0.15λ0. They are buried with

centers located at points r
obj
1 = (0.2λ0,−0.5λ0) and r

obj
2 =

(−0.25λ0,−0.75λ0). The dielectric properties of the two
scatterers are the following: εr1 = 5.6, εr2 = 8, and
σ1 = σ2 = 0.01 S/m. The signal-to-noise ratio is SNR =
25dB. The parameters of the iterative inversion algorithm
are the same as in the previous cases. The reconstructed
distribution of the relative dielectric permittivity is shown
in Figure 5. This image corresponds to the optimal solution.
As can be seen, also in this quite complex case, the
method is able to correctly reconstruct the investigated
scene. In particular, the two objects are clearly identified and
separated. Moreover, both shapes and dielectric properties
of the two targets are estimated with quite good accuracies
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(although for the second cylinder the dielectric permittivity
is slightly underestimated). In order to better assess the
reconstruction accuracy, Figure 6 gives the profiles of the
retrieved distribution of Figure 5 along some cuts parallel to
the coordinate axes.

5. Conclusion

In this paper, a previously proposed approach for the imag-
ing of buried objects has been extended to inspect strong
scatterers, for which the exact nonlinear equations of the
inverse scattering problem must be considered. The devel-
oped method is based on a two-step inexact Newton method,
which allows us to obtain a regularized solution of the
(discretized) integral equations relating the samples of
scattered electric field collected in the upper half space to
the distributions of the dielectric parameters inside the test
domain located in the ground. The reported preliminary
results of numerical simulations seem to indicate the validity
of the proposed approach, which needs further evaluation
assessments, including an experimental validation, which
will be the subject of future research activity in this area.
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An analytical approach to location and shape reconstruction of dielectric scatterers, that was recently proposed, is tested against
experimental data. Since the cross-sections of the scatterers do not depend on the z coordinate, a 2D problem can be formulated.
A closed-form singular value decomposition of the scattering integral operator is derived and is used to determine the radiating
components of the equivalent source density. This is a preliminary step toward a more complete solution, which will take into
account the incident field inside the investigation domain in order to provide the dielectric features of the scatterer and also the
nonradiating sources. Reconstructions of the equivalent sources, performed on some scattering data belonging to the Fresnel
database, show the capabilities of the method and, thanks to the closed-form solution, results are obtained in a very short
computation time.

1. Introduction

In the last decades, inverse electromagnetic scattering and
near field imaging have been widely studied research topics
[1]. Actually, electromagnetic imaging [2] is a very promising
technique in many practical application fields. The more
consolidated applications perhaps are those related to the
use of ground penetrating radar, but a lot more are at
present used or in advanced state of development. For
example, it has been suggested that microwave imaging
could be successfully used as a diagnostic technique in
several areas, including civil and industrial engineering
[3–5], nondestructive testing and evaluation [6–9], geophys-
ical prospecting [10], and biomedical engineering [11–14].
Microwave imaging has also been proposed as a useful tool
in wood industry [15]. Also, sophisticated techniques for
plasma diagnostic can be based on microwave imaging [16].
Furthermore, inverse electromagnetic scattering can provide
insights for approaching other problems of great interest

nowadays, for example, plasmonic cloaking and the synthesis
of metamaterials [17].

One of the aim of an inverse electromagnetic-scattering
imaging system is to find the actual position of a dielectric
object inside a bounded space region, as well as its shape.
The techniques applied are based on the use of a known
incident field illuminating the space region containing the
object. By suitably measuring the scattered field, a solution
to the problem can be derived.

The main difficulties with solving an inverse electromag-
netic-scattering problem result from its nonlinearity and
instability. To overcome these negative features, in the
scientific literature, several regularization techniques have
been proposed. Furthermore, the a priori knowledge usually
available could be included in the formulation of the
resolving algorithm. The problem could be recast as a global
nonlinear optimization problem, and stochastic, as well as
deterministic approaches can be used to achieve a solution.
The interested reader is referred, for example, to [18–22].
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Another common technique to overcome nonlinearity
is based on the transformation of the original problem
into an inverse source one, by replacing the scatterer with
an equivalent (induced) source. Although the equivalent
source density linearizes the inverse scattering equation,
the transformation of the inverse scattering problem into
an inverse source one involves the solution of an integral
equation of the first kind. Hence, the resulting operator is
ill-posed, and its solution is usually unstable and nonunique
[23]. In this particular case, nonuniqueness is due to the so-
called nonradiating sources, that do not radiate outside their
domain of definition and hence belong to the null space of
the scattering operator [24].

In the present work, an approach to the inverse source
problem that allows to clearly reformulate it in terms of both
the radiating and nonradiating parts of the induced sources is
used. Through a singular value decomposition (SVD) of the
scattering operator, a closed-form solution to the radiating
sources is reached. By using such a solution, an expression for
the reconstructed scattered field inside the dielectric object
can also be obtained in closed form.

While the theory that is at the base of this work was
already presented and tested by numerical simulations [25,
26], the present paper is devoted to the reconstruction of the
scattering properties from experimental data. Testing inver-
sion algorithms against experimental data is a very important
topic to deal with. Actually, since inverse scattering problems
are ill-posed, their solutions are not as easy to be obtained as
in the case of direct problems, and the risk in not validating
an imaging algorithm with real world data is that the
simulations could not take into account all the parameters
involved in reality. Simulations can be made more and
more complex, thanks to the availability of computers with
continuously increasing power, however researchers must
validate the model with experiments, refine it, and simulate
and test again, and iteratively repeat the process until the
model matches the physical data. Fortunately, in the last
decade, some research groups have dealt with this lack
of experimental data by performing measurements on a
controlled environment and by making available the results
to the inverse scattering community. The first available data
were those of the so-called Ipswich database [27–30]. A larger
collection of data, on both metallic and dielectric scatterers,
is now available thanks to the efforts of the group at the
Institut Fresnel, Marseille, France [31, 32]. In the present
work, some of the data of the Fresnel database are used
to test the inversion method. Since one of the interesting
features of the Fresnel database is that data are provided over
a wide band frequency range, also some comparisons about
the behavior of the method at different frequencies have been
carried out.

Although the present work is at an early stage and only
some features of the theoretical model have been checked
against the experimental data, the method seems to perform
well, and its capabilities to reconstruct both the location
and the shape of the induced sources are demonstrated.
Furthermore, thanks to the closed-form formulation of the
solution, results are available in a very short time that can
allow for a quasi real-time imaging system.

2. Mathematical Background

In this section, the closed-form solution to the inverse
scattering problem is briefly resumed. For more details the
reader is referred to [25, 26].

2.1. The Electromagnetic Scattering. Let us consider an inho-
mogeneous object whose dielectric parameters are unknown,
and which is irradiated by an electromagnetic field produced
by a known source. The presence of the object leads to a
total electromagnetic field that is different from the one that
the same source would radiate in a free-space environment.
In particular, the scattered field due to the object can be
modeled by means of the volume equivalence theorem [33],
that allows one to replace the dielectric object with an
induced (or equivalent) source density, radiating in free
space. So the object acts as a secondary source of radiated
electromagnetic field. In three dimensions, the scattered field
vector Es can be expressed as

Es(r) = Etot(r)− Einc(r)

= ω2με
∫∫∫

PTOT
eq (r′)G

(∣∣r− r′
∣
∣)dr′

+∇∇ ·
∫∫∫

PTOT
eq (r′)G

(∣∣r− r′
∣
∣)dr′,

(1)

where

(i) Etot is the total electrical field vector;

(ii) Einc is the incident field vector, that is the known field
that would be radiated without the object;

(iii) r = r(ρ, ϑ, z) is the position vector of the observer;

(iv) r′ = r′(ρ′, ϑ′, z′) is the position vector of any point of
the scattering domain;

(v) G(|r− r′|) is the Green’s function for the electromag-
netic radiation in free space;

(vi) ε is the dielectric permittivity of the propagation
medium;

(vii) μ is the magnetic permeability of the propagation
medium;

(viii) PTOT
eq is a polarization field that acts as an equivalent

source for the scattered field.

Within the assumption of dealing with nonmagnetic media
(i.e., μ = μ0 both inside and outside the scatterers, μ0 being
the permeability in vacuo), we have [34]

PTOT
eq (r) = τ(r)Etot(r), (2)

where

(i) τ(r) = (εr(r) − 1) is called scattering potential and
εr(r) is the complex relative dielectric permittivity
of the scatterer, with respect to the background
permittivity ε.
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2.2. 2D TM Model

The problem is simplified into a two-dimensional and scalar
one, when

(1) the scatterers are infinitely extended along z;

(2) the scattering potential does not depend on z;

(3) the incident electric field does not depend on z, is
z directed, and propagates in a transverse direction
(TM illumination).

In this case also the scattered field is directed along z and only
the cross section with respect to z must be considered. The
integral equation modeling the inverse scattering problem
becomes [35]

Es
(
ρ
) = Etot

(
ρ
)− Einc

(
ρ
)

= − j
k2

4

∫∫

Dinv

τ
(
ρ′
)
Etot
(
ρ′
)
H(2)

0

(
k
∣
∣ρ − ρ′

∣
∣)dρ′,

(3)

where, in a generic cross section of the object:

(i) Etot is the z component of the total electrical field;

(ii) Einc is the z component of the incident field;

(iii) ρ = ρ(ρ, ϑ) is the position vector of the observer;

(iv) ρ′ = ρ′(ρ′, ϑ′) is the position vector of any point of
the investigation domain Dinv;

(v) H(2)
0 (k|ρ − ρ′|) is the second-kind and zeroth-order

Hankel function;

(vi) k = ω
√
με is the wave number.

In the paper, it is assumed that scatterers are placed inside
a circular region of radius R, along its circumference the
scattered electromagnetic field is measured. The circular
region defines the geometry of the problem and is called the
domain of investigation Dinv, while the circle of sensors is
called the domain of observation Dobs.

As it was already mentioned, the inverse problem given
by (3) is nonlinear because such an equation contains the
product of the total field Etot(ρ′) and the scattering potential
τ(ρ′), both of which are unknown.

The problem can be linearized by using the equivalent
source PTOT

eq . It must be noticed that since in this way an
equivalent inverse source problem is faced instead of an
inverse scattering one, both the radiating and nonradiat-
ing contributions, Peq and PNR

eq , of the source should be
accounted for. Hence PTOT

eq can be rewritten as

PTOT
eq

(
ρ′
) = τ

(
ρ′
)
Etot
(
ρ′
) = Peq

(
ρ′
)

+ PNR
eq

(
ρ′
)
, ρ′ ∈ Dinv

(4)

and the inverse problem can be formulated as

Es
(
ρ
) = − j

k2

4

∫∫

Dinv

PTOT
eq

(
ρ′
)
H(2)

0

(
k
∣
∣ρ − ρ′

∣
∣)dr′. (5)

As compared to other nonlinear methods (see, e.g., [12,
13]) where there is no separation between radiating and
nonradiating sources, in the present approach it is clearly
identified which part of the reconstruction can be obtained
by measurements. Further improvement can then only be
obtained by means of the nonradiating sources and by using
the constraint that (3) must hold also inside the investigation
domain.

2.3. Radiating Source. The radiating part Peq of the induced
source can be computed after the derivation of the singular
value decomposition of (5) and the definition of its singular
system {wμ,ϕμ; σμ}. Detailed mathematical derivations can
be found in [26]. In the present section, only the main results
of the method are recalled.

For a lossless propagation medium, the singular system
{wμ,ϕμ; σμ} of (5) is

wμ(ϑ) = 1√
2πR

ejμϑ,

ϕμ
(
ρ, ϑ
)

=j 1√
2π

H(2)
μ (kR)Jμ

(
kρ
)

∣
∣
∣H(2)

μ (kR)
∣
∣
∣

√

(R2/2)
[
J2
μ (kR)−Jμ+1(kR)Jμ−1(kR)

]

× e jμϑ,

σμ = k2π
√
R

2

∣∣
∣H(2)

μ (kR)
∣∣
∣

×
√

R2

2

[
J2
μ (kR)− Jμ+1(kR)Jμ−1(kR)

]
,

(6)

where

(i) the functions wμ(ϑ) are the left singular functions of
the decomposition;

(ii) the functions ϕμ(ρ, ϑ) are the right singular functions
of the decomposition;

(iii) the numbers σμ are the singular values,

and where H(2)
μ and Jμ are the second-kind Hankel function

of order μ and the first-kind Bessel function of order μ,
respectively.

A solution to the radiating source contribution Peq in
term of singular system can be written as [36]

Peq
(
ρ
) =

∞∑

μ=1

1
σμ

ϕμ

∫ 2π

0
Escattw

∗
μ Rdϑ, (7)



4 International Journal of Microwave Science and Technology

where the asterisk means complex conjugate. When the
values given by (6) are substituted into (7), the following
expression for the equivalent source is obtained:

Peq
(
ρ, ϑ
)

= 2 j
k2π

×
+∞∑

μ=−∞
cμ

H(1)
μ (kR)

∣
∣∣H(2)

μ (kR)
∣
∣∣

2
(R2/2)

[
J2
μ (kR)−Jμ+1(kR)Jμ−1(kR)

]

× Jμ
(
kρ
)
e jμϑ,

(8)

where cμ stand for the Fourier coefficients of Es(R, ϑ) with
respect to ϑ [26].

Since Peq depends on the singular values of the scattering
operator, care must be exercised in deriving an expression for
the reconstructed radiating source. Actually, the nature of the
involved integral equation is such that, in every case, after a
certain index, the singular values sharply decrease and tend
to zero. These small singular values increase the instability
of the solution. In order to minimize such instability, only
the singular values above a suitable threshold should be taken
into account in the solution.

As for the nonradiating sources PNR
eq , since they are not

measurable, they are in general difficult to be reconstructed.
In principle, their contributions could be found out by taking
into account that they must be orthogonal to the radiating
ones and do not radiate outside the domain of investigation,
and by using some priors about the scatters. Some, works
trying to deal in a formal way with PNR

eq (see, e.g., [37, 38])
and, in particular, the method presented in [39] fits very well
with the present closed-form approach. All these approaches,
however, are computationally very expensive. In the most
of the imaging systems, nonradiating currents are put to
zero. This is a common assumption in the solution of this
kind of inverse problems, and this is the line followed in the
present paper, in order to have results in short time. Since
the nonradiating sources contribute to the higher spatial
frequencies, the price to pay for assuming PNR

eq negligible
is usually a smoothing effect in the reconstruction, but
the solution is anyway good enough for many purposes in
electromagnetic imaging.

2.4. Scattered Field and Scattering Potential. By using the
expression given by (8), approximate scattered fields both
inside and outside the scatterer can be analytically obtained.
Again, the approximation in deriving the scattered fields
stands in using only radiating contribution of the sources,
that is:

Es
(
ρ
) ≈ − j

k2

4

∫

Dinv

Peq
(
ρ′
)
H(2)

0

(
k
∣
∣ρ − ρ′

∣
∣)dρ′. (9)

And the scattering potential becomes

τ
(
ρ
) ≈ Peq

(
ρ
)

Etot
(
ρ
)

≈ Peq
(
ρ
)

Einc
(
ρ
)− j(k2/4)

∫
Dinv

Peq
(
ρ′
)
H(2)

0

(
k
∣
∣ρ − ρ′

∣
∣)dρ′

.

(10)

Also for these results, details about the closed-form deriva-
tion are given in [25, 26]. It should be however anticipated
that, since the Fresnel database does not provide the values
of the incident field inside the investigation domain, a direct
implementation of (10) by using the experimental data is
not possible. In some cases, the incident field inside Dinv has
been inferred from the values in the measurement domain.
However, in the present work, we have preferred to focus
the attention on the reconstruction of Peq, that is, anyway
the first step of any inverse scattering process. It should
be nevertheless noticed that reconstructing the scattering
potential, not only can provide quantitative information, but
also the qualitative information about the location and the
shape of the scatterers is usually better that the one provided
by the radiating equivalent source. Hence, attempting to
reconstruct τ, by using the full procedures proposed in [26,
39], will be the core of future works involving experimental
data.

3. Experimental Results

The method was tested against three sets of experimen-
tal data involving dielectric scatterers. In particular, the
dielectric targets of the first Fresnel dataset [31] were
considered, as well as the “FoamDielExt” of the second
dataset [40]. Furthermore, although the method was not
originally conceived to deal with conducting objects, a test
was also performed by using the data of the U-shaped
metallic scatterer present in the first dataset.

It should be pointed out that the present theory assumes
that data are available over the full circumference. Instead,
in any dataset, scattering field measures were taken over an
arc of fixed radius with an angular span of only 240 degrees,
whereas no data were available in the remaining 120 degrees.
Hence, in order to compute the coefficients cμ appearing
in (8), scattering data were continued with zeros. Although
this approach is not the best choice and could lead to some
overshoot in the Fourier coefficients, it is the simplest one
and proved sufficient to achieve reliable results in any testing
case.

The tests were focused on the reconstruction of the
radiating equivalent source, and, in particular, three param-
eters involved in the process were considered: the number
of singular values used in computing Peq, the operating
frequency f , and the direction of arrival of the incident field
ϑv. Furthermore, the capabilities of the method of dealing
with multiview and multifrequency data were checked
against some different strategies of combining the results.

Results are shown by means of normalized maps of the
reconstructed domain. On the same maps also the shape and
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the location of the scattering object are shown, in order to
give an immediate feeling about the fairness of the result.

Although both [31, 40] suggest that the investigation
domains can be restricted to a small square around a
scatterer, this information is not used in the present work,
and the whole circle bounded by the measurement circle is
considered to belong to the investigaed domain. However, to
increase the legibility of the maps, only the square area of
30×30 cm2 around the scatter is shown. Anyway, it should be
stressed that the value of the reconstructed equivalent source
outside this area is negligible in any case.

Thanks to the closed-form formulation of the solution,
all the results were obtained in a very short computation
time. In particular, on a single-core class PC, a single view
reconstruction takes about 2s. Since no optimization of
the code was performed, it is expected that this figure can
become of magnitude smaller on a dedicated hardware with
optimized code, hence allowing for a quasi real-time imaging
system.

Since reconstructions are evaluated from the data col-
lected by a single experiment, only a partial information is
available at each view. Furthermore, inspections at different
frequencies also provide different information. To enhance
the overall result, three different possibilities were consid-
ered: summing the partial results over the different views at
a fixed frequency, summing over the frequencies at a fixed
view, and summing over both frequencies and views. These
approaches are summarized by the expressions in (11), where
the quantities PF , PV , and PVF are defined as

PF =
Nv∑

v=1

∣
∣∣P̃eq

(
f , ϑv

)∣∣∣, PV =
Nf∑

f=1

∣
∣∣P̃eq

(
f , ϑv

)∣∣∣,

PVF =
Nf∑

f=1

Pf =
Nv∑

v=1

Pv,

(11)

and where the quantity |P̃eq( f , ϑv)| is the map of the ampli-
tude of the reconstructed equivalent source at frequency f
and at view ϑv.

3.1. Single Circular Cylinder. The first results are about the
inversion of the scattering data produced by a singular
dielectric cylinder with a circular cross section of radius a =
15 mm. According to [31], the relative dielectric constant is
εr = 3 ± 0.3 and the center of the object is shifted, in one
direction, of about 30 mm, with respect to the origin of the
axes. Data are collected over a circle of radius R = 0.76 m and
48 samples per frequency are available.

A single-view, single-frequency reconstruction is shown
in Figure 1. It was obtained at ϑv = 0 and f = 8 GHz,
and using 8 singular values. The map clearly shows a
radiating source in proximity of the true-scattering object,
whose maximum value is centered at the side which gave
the most significant contribution to the scattered field.
Reconstructions obtained by using multiview and multiview-
multifrequency gave encouraging results. In particular, in
Figure 2 the quantity PV computed at f = 8 GHz is
shown. It can be seen that the circular shape of the object
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Figure 1: Reconstruction of the radiating source for a single
dielectric cylinder. Single view ϑv = 0 and single frequency f =
8 GHz. 8 singular values were used.
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Figure 2: Reconstruction of a single dielectric cylinder. Multiview;
map of the PF values computed at f = 8 GHz.

is clearly recognized, and also the maximum values of the
reconstruction are contained inside the boundary of the true
object.

The reconstruction using the multifrequency-multiview
approach provided the result shown in Figure 3. Also in this
case, the object is clearly reconstructed and, in comparison
with Figure 2, the background is much more flat.

3.2. Pair of Circular Cylinders. This configuration was made
by a couple of twin dielectric cylinders whose centers are
spaced by 90 mm [31]. The dimensions of the cross-section
and the dielectric constant of both cylinders were the same
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Figure 3: Reconstruction of a single dielectric cylinder. Multiview-
multifrequency. Map of the PVF values.
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Figure 4: Reconstruction of the radiating source for a couple of
twin dielectric cylinders. Single view ϑv = 0 and single frequency
f = 8 GHz. 8 singular values were used.

of the cylinder of the previous case, as well as they were
the radius of the measurement region and the number of
samples.

Single view reconstructions, at each frequency, clearly
show the presence of two distinct objects. As an example,
in Figure 4 the reconstruction at ϑv = 0 and f = 8 GHz is
shown. As in the previous example, 8 singular values were
used. In Figure 5, instead, the multifrequency result, for the
same illuminating angle ϑv = 0, is shown. With respect to
Figure 4, the object is better located and the background
appears much more regular. However, also two spurious
“scattering queues” are evident.
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Figure 5: Reconstruction of a couple of twin dielectric cylinders.
Multifrequency. Map of the PV values computed at ϑv = 0.
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Figure 6: Reconstruction of a couple of twin dielectric cylinders.
Multiview; map of the PF values computed at f = 8 GHz.

Multiview reconstructions can provide a much more
regular result, with a limited background noise. The case of
f = 8 GHz is shown in Figure 6.

Finally, in Figure 7, the result given by the multiview-
multifrequency method is shown. As it was in the case of a
single cylinder, once again the combination of the results in
frequency can provide a much better background.

3.3. Foam and Plastic Object. The third considered scatterer
was the “FoamDielExt” object, included in the second
Fresnel dataset [40]. The scatterer was made by two tangent
cylinders with circular cross sections; one cylinder (radius
r1 = 15.5 mm) was plastic, with εr,1 = 3 ± 0.3, while the
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Figure 7: Reconstruction of a couple of twin dielectric cylinders.
Multiview-multifrequency. Map of the PVF values.

other one (radius r2 = 40 mm) was made of a foam having
εr,2 = 1.45± 0.15. The radius of the observation domain was
R = 1.67 m and 240 samples were available at each frequency.

For this case, an accurate investigation about the right
number of singular values was needed to achieve a good
reconstruction. As an example, the limiting values of 8 and
210 singular values are considered, respectively, in Figures
8(a) and 8(b). It can be seen that, by using a small number
of singular values, the scattering from the foam cylinder
is much more clear and sharp than in the case of 210
singular values. However, when only 8 singular values are
used, information about the dielectric cylinder gets mostly
lost and hence a trade-off is in order. Actually, depending on
the frequency, a variable number of singular values, ranging
from 35 to 350 were used for achieving the best results.

Another example of reconstruction is given in Figure 9,
where the multiview map at f = 4 GHz is shown. In this case,
140 singular values were used to achieve the better result. It
can be seen that the different scattering given by the foam and
by the plastic parts of the object can be clearly appreciated.

A further enhancement, with a pretty nice contrast
between the two scattering cylinders, is achieved when results
are combined also in frequency. The related map is shown in
Figure 10.

3.4. Metallic Object. The metallic object was an U-shaped
cylinder, having a cross-section with dimensions 80 ×
50 mm2, and the thickness of the metal was 5 mm [31]. Also
in this case the analytical method is capable of recovering
the presence of the target in the investigation domain, and a
rectangular shape can be clearly recognized, when the various
views are combined, especially at the higher frequencies.

Information provided by multifrequency can give a sharp
reconstruction of a partial object, as it is shown in Figures 11
and 12, but fail to give a reconstruction of the whole object.
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(a)
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(b)

Figure 8: Reconstructions of the radiating source for the
FoamDielExt object. Single view ϑv = 90◦ and single frequency
f = 10 GHz. (a) 8 singular values were used. (b) 210 singular values
were used.

As already mentioned, instead, multiview gives a much
more better overall result. In particular, in Figure 13, the map
of the multiview result, computed at f = 16 GHz, is shown.
Although some resonances seem to appear inside the U, it can
be seen that the object can be recognized without any doubt,
and it is worth noting that the open side is very different from
the other sides.

As it was in the cases of dielectric objects, the multiview-
multifrequency approach can smooth the noise in the
background. However, in this case, the results is not as
good as it was for dielectric objects and the true object is
smoothed, too. This result is shown in Figure 14.
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Figure 9: Reconstruction of a couple of the FoamDielExt object.
Multiview; map of the PF values computed at f = 4 GHz. At this
frequency 140 singular values were used.
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Figure 10: Reconstruction of a couple of twin dielectric cylinders.
Multiview-multifrequency. Map of the PVF values.

4. Conclusions

In this work, an analytical method for inverse scattering
problems was used to successfully reconstruct both homo-
geneous and inhomogeneous targets from multifrequency
multistatic experimental data. The proposed method uses
the singular values decomposition of the scattering operator
to achieve a closed solution to the integral equation of the
electromagnetic scattering. The derivation of the radiating
source density inside the domain of investigation is the first
step of the work, as well as the preliminary result useful to
locate a scattering object inside such a region.
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Figure 11: Reconstruction of a metallic U-shaped cylinder. Multi-
frequency; map of the PV values computed at ϑv = 160◦.
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Figure 12: Reconstruction of a metallic U-shaped cylinder. Multi-
frequency; map of the PV values computed at ϑv = 60◦.

The dependence of the reconstructions on various
parameters was investigated. In particular, results have
shown that a correct choice of the significant number of
singular values in the solution can lead to an optimal
reconstruction, however; the method has proved robust
enough to provide good reconstructions for a wide range of
parameters.

Dielectric objects as well as objects made of conductive
material were successfully tested.

As a general comment it should be stressed that the
algorithm is very robust, and that, even for the very large
domains used and with a suboptimal number of singular
values, the object location was always clearly recovered.
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Figure 13: Reconstruction of a metallic U-shaped cylinder. Multi-
view; map of the PF values computed at f = 16 GHz.
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Figure 14: Reconstruction of the shape of a metallic U-shaped
cylinder. Multiview-multifrequency. Map of the PVF values.

Furthermore, thanks to the closed-form formulation of
the solution, all the results were obtained in a very short
computation time. It must also be pointed out, in particular,
that, once the operating frequency and the dimensions of
the investigation domain have been chosen, the singular
system of the problem can be computed “offline.” For the
same reason also some other operations, for example, the
inspection of the singular values, can be performed before
the reconstruction process. As for the “online” part of the
algorithm, also in this case things go very fast. As an extra
bonus, since the closed-form virtually provides the solution
at any point inside the investigation domain, high resolution
maps of the reconstructed area can be obtained, without
the constraints on grid dimensions and on the number of

pixels usually imposed by algorithms based on numerical
discretization of the problem.

Future work will be focused on the reconstruction of
the scattering potential of the objects under test and on the
possible use of a set of nonradiating sources to refine the
results. It is expected that these steps can provide a notable
enhancement in the results, as it was already proved by
numerical simulations.

A further goal will be also testing the method on other
experimental datasets, for example, on the series provided by
the University of Manitoba [41].
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