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Abstract—The possible use of a microwave sensor network
for quantitatively reconstructing the electromagnetic properties
of unknown targets is considered in this paper. In particular, a
set of microwave sensors is used to measure the z-component of
the electric field in a free-space scenario. The resulting field
measurements are then processed by means of an inverse-
scattering based technique, which provides an estimated map of
the dielectric properties of the targets eventually present in the
area under investigation. Preliminary numerical results in a
simulated environment are shown in order to initially assess the
feasibility of the proposed approach.
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I. INTRODUCTION

Wireless sensor networks (WSNs) are nowadays exploited
in many different environments and applicative fields [1]-[4].
The recent developments in the internet-of-things (IoT)
paradigm have further pushed the research activities in this
area [5], [6]. A possible use of wireless sensor networks, with
strong applicative fallbacks, is the detection and localization
of targets and people [7], [8]. However, such a localization is
usually performed in a qualitative way. In fact, starting from
the received signal strength indication (RSSI) that can be
measured by several wireless devices (such as access points or
mobile phones), an estimation of the target location is
provided, usually without information that can be useful to
discriminate the target type (e.g., human or object) [9]-[11].
This goal can be pursued by inverse-scattering techniques,
which are potentially able to reconstruct the distribution of the
dielectric properties (dielectric permittivity and electric
conductivity) in a given domain starting from measurements
of the electromagnetic field collected by a proper set of
wireless sensors [12]-[22].

In this paper, the application of an inverse-scattering
technique for obtaining a quantitative characterization of the
targets in a known environment is concerned. The inversion
method is based on a Newton-conjugate-gradient approach
developed in LP Banach spaces, which has been recently
proposed in the framework of biomedical imaging [23]. The
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use of such non-conventional spaces has been found to be able
to provide quite good reconstructions in several applications,
with less oversmoothing and ringing effects compared to the
more standard inversion techniques developed in Hilbert
spaces [24], [25].

The paper is organized as follows. In Section II the
considered problem is described, outlining a possible strategy
for its solution. Initial numerical results in a simplified 2D
simulated environment are presented in Section III.
Conclusions follow.

II. PROBLEM DESCRIPTION AND SOLUTION STRATEGY

In the considered problem, N microwave transceiver
sensors are placed at positions r,,n =1,...,N in a known
scenario, as schematized in Fig. 1. Each of these sensors is
able to acquire measurements of the z-component of the
electric field, and to share the acquired data with a proper
control device, which also takes care of measurement
synchronization. Moreover, each sensor has the possibility of
radiating a time-harmonic electromagnetic field characterized
by a fixed frequency f. A single device operates in
transmission mode at a time, while all the remaining N — 1
ones are exploited to measure the electric field. The
acquisition phase is iterated until all the sensors have been
utilized in both transmitting and receiving mode.

The goal of the present methodology is to reconstruct,
starting from a set of electric field measurements of this kind,
the dielectric properties of a predefined region under
inspection, denoted as the investigation area J (which lies on
the xy plane). Only non-magnetic materials are considered in
this paper (i.e., with their magnetic permeability u equal to the
vacuum value, gy =~ 1.26 X 107 H/m ). A tomographic
approach characterized by TM-z electromagnetic fields and
object properties invariant along the z axis is presented here
for the sake of simplicity, but its three-dimensional extension
can be formulated quite straightforwardly (although the
implementation can be non-trivial).
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Fig. 1. Quantitative characterization of targets with microwave sensors:
schematic configuration of the problem.

As it is well known, the electric field is perturbed by the
presence of unknown targets in J, and therefore the
measurement of this perturbation with respect to the reference
object-free scenario (denoted as the scattered electric field,
E,.) can be exploited to retrieve the properties of the unknown
targets [26]. In particular, we are interested in reconstructing
the distribution of the complex relative dielectric permittivity,
defined as
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where €. is the real part of the relative dielectric permittivity,
o is the effective electric conductivity, and €, =~ 8.85 X
10712 F/m indicates the dielectric permittivity of the
vacuum. It is worth noting that, in the practical
implementation of the approach, the investigation area J is
partitioned into I square cells 7;,i = 1, ..., I, centered at rij ,in
which both fields and dielectric properties can be assumed
constant (i.e., piecewise constant basis functions are used for
discretizing the continuous model).

For each position of the transmitting device, the z -
component of the scattered field E. is assumed to be known
at the locations of the other sensors working in receiving
mode. For instance, assuming that the first sensor (located at
r;) is the only one in transmitting mode, the relationship
between the E,;. and the dielectric properties inside J (in
discrete settings) is [24]
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where ¢(r;) = €,(r;) — 1 is the contrast function in a free-
space background (modeled as vacuum), E (rig ) is the total

electric field inside the i-th subdomain, and h;(r;,) is given by
[26]
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where ko = 21f (uy€o)°® is the vacuum wavenumber and g
is the Green’s function of the considered scenario. Defining
the vectors ¢ = [c(x)), ...,c(¥{)]", e = [E(x{), ..., E()]”,
and ey, = [Eyo(13), ..., Esc(ry)]7, (2) can be expressed as

esc = Hgdiag(c)e “)

where Hg; is a (N — 1) X I matrix whose elements are given
by [Hyln; = h;(r,). The vector e can be retrieved from
another equation, which can be found in a similar manner, and
is given by

e = e, + H,, diag(c)e 5)

where e;,, = [E;,(17), ..., E;, (r])]" is a vector containing the
values of the electric field in the investigation area without the
unknown targets, and [Hg ], s = h,(r7), withr,s = 1,...,1
are the elements of a square matrix of dimension /. In the
present approach, (4) and (5) are combined together, yielding

e;c = G(c) = Hy,diag(c)[I — Hy diag(c)] "e;n (6)

which is a nonlinear equation with respect to the unknown c,
i.e., the vector representing point-by-point the dielectric
properties of the investigation area J. Actually, this equation
also turns out to be strongly ill-posed, due to the properties of
the underlying inverse scattering problem. Consequently, a
special care must be used in the development of the inversion
procedures, which must be able to address both the
nonlinearity and the ill-posedness of the problem.

In this work, the unknown vector c is found by applying a
solution strategy based on a Newton-conjugate-gradient
(NCQG) iterative technique defined in the mathematical context
of LP Banach spaces. The main steps of this algorithm,
initially proposed by Bisio et al. in [23], are summarized in
Fig. 2. In particular, the adopted solution scheme is formed by
a two-loop structure. The external iterations (denoted by the
index 1), which represent a standard inexact-Newton scheme,
are used to linearize (6) around the currently reconstructed
values of the contrast function c¢; . The solution of the
linearized equation is carried out by a non-conventional
conjugate-gradient procedure operating in LP Banach spaces,
where p is a parameter that can be tuned inside the inversion
process. This method acts as an internal loop. Both kind of

Initialization: ¢y = 0 ‘ ’ CG method initialization: hy o = 0

1 )
. L Computation of the iterative solution update:
N Newton linearization: N N
Gh =e,—G(c)2e i = 1 (0 (hym) + amdsn)
________ . & = 6 T (Glhym — &) + Fndins
with

1 . " :
1 Solution of the linearized
1

equation with CG method

Lo Am = argr;‘;{)‘”(;“q(]p(hl,m) +ady,) - el”:j

N 2
G, (Grhym —
Update of the current solution: ' = M
= +hy 16715 (Gihym-1 — e,

Convergence

Yes

End (solution: h;)

Fig. 2. Flow-chart representation of the main steps of the algorithm
employed for the quantitative characterization of dielectric targets.



iterations are stopped when convergence is reached, i.e., the
relative variation of the minimized cost function is under a
predefined threshold. More details about the solving
procedure can be found in [23].

III. PRELIMINARY RESULTS IN A SIMULATED ENVIRONMENT

A simulated test case has been considered as a proof-of-
concept of the proposed method. A network of N =15
microwave sensors is placed in a free-space environment.
These sensors are equipped with transceivers operating at the
frequency f = 300 MHz. As mentioned in the previous
Section, each of these sensors in turn act as a transmitter,
whereas the N — 1 others are used to measure the resulting
scattered electric field. In this case, the electric field data have
been numerically computed by a custom method-of-moment
numerical simulator [27], and then a white Gaussian noise
with mean value equal to zero and signal-to-noise ratio
SNR = 20 dB has been added in order to simulate more
realistic operating conditions.

The considered investigation area 7 is a rectangular region
whose x and y dimensions are L = 1.6 m and W = 2.4 m,
respectively. However, it is worth noting that the developed
approach can be used with arbitrarily shaped domains, too.
The forward problem has been solved by discretizing 7 with a
grid of I = 48 X 72 subdomains, in which each cell is a
square with side length df = 0.033 m. A cylindrical object
with rectangular cross section of side lengths s, = 0.5 m and
sy = 0.3 m, characterized by relative dielectric permittivity
€, =3 and electric conductivity ¢ = 0.01S/m (i.e., the
dielectric properties of dry wood) is centered at the point with
coordinates r, = (—0.2,—0.8) m. The Newton-conjugate-
gradient inversion method has been utilized with the following
parameters: fixed LP space exponent p = 1.4, maximum
number of internal and external iterations M = 50, minimum
relative variation of the residual cost function in both loops
AR = 0.15. In the solution of the inverse problem, J has been
partitioned into I = 32 X 48 square subdomains with side
length equal to d; = 0.05 m.

In the first case study, the microwave sensors (whose
positions on the xy plane are detailed in Table I) are uniformly
distributed with a spacing of 0.5 m to each other and aligned
with three sides of the investigation area. In other words, they
are located on three lines external to the border of J
characterized with y =05m, x=—1m, and x = 1m,
respectively. The reconstructed distributions of the relative
dielectric permittivity and of the electric conductivity obtained
with this measurement configuration are shown in Fig. 3,
where a red line highlights the actual profile of the target. The
cylindrical object appears to be correctly located and
characterized, although an overestimation of the value of the
dielectric properties can be observed near the center of the
target. Some artifacts with low values of permittivity and
conductivity appear in the background region, especially close
to the target, and are mainly due to the relatively low number
of adopted sensors.

The second analyzed case concerns a network of non-
aligned sensors, located around the investigation area with
variable distances. Their xy-plane locations, which have been
obtained by perturbing the positions used in the first case
study with a displacement up to 20 cm, are reported in Table
II. The reconstructed values of the dielectric properties are
presented in Fig. 4. From this figure, it is possible to notice

that the reconstructed image is very similar to the previous
case, where a set of aligned microwave probes has been
adopted.

In both cases, the quality of the dielectric characterization
has been assessed by means of the relative errors computed in
the background area, the target area, and the whole
investigation region 7. These performance metrics, denoted as
[, T}, and Iy respectively, are defined as follows:
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where €,(r;) is the reconstructed value of the relative
dielectric permittivity at the point r; , &.(r;) being the
corresponding actual value. Furthermore, 7,,J; represent the
background and the target domains, which contain Iy, I; cells,
respectively. These errors are reported in Table III for the two
considered test cases, i.e., with aligned and non-aligned
sensors. As can be seen, the errors are comparable. However,
the result with aligned sensors present a slightly lower error
on the reconstruction of the target, whereas the reconstruction
with non-aligned sensors presents small improvements in the
background errors, as well as in the relative error computed on
the whole investigation area.

TABLE L POSITIONS OF THE MICROWAVE SENSORS IN THE

FIRST SIMULATED SCENARIO

ID |x(m) | ym | ID |x(m) | y@m | ID |x(m)|y(m)
#1 | -1.00 | 0.50 | #6 | -1.00 | -2.00 | #11 | 1.00 | -2.00

#2 | -0.50 | 0.50 #7 -1.00 | -1.50 | #12 | 1.00 | -1.50

#3 0 0.50 #8 -1.00 | -1.00 | #13 1.00 | -1.00

#4 0.50 | 0.50 #9 -1.00 | -0.50 | #14 | 1.00 | -0.50

#5 1.00 | 0.50 | #10 | -1.00 0 #15 1.00 0

TABLE IL POSITIONS OF THE MICROWAVE SENSORS IN THE

SECOND SIMULATED SCENARIO

ID |x(m) |y@m)| ID |[x(m) | y@m | ID |x(m)|y(m)
#1 | -1.05 | 040 | #6 | -0.90 | -2.10 | #11 | 090 | -2.00

#2 | -0.50 | 0.50 #7 -1.00 | -1.40 | #12 | 1.00 | -1.60

#3 0.10 | 045 #8 -0.95 | -1.10 | #13 1.10 | -1.20

#4 0.50 | 0.55 #9 -0.85 | -0.50 | #14 | 0.85 | -0.60

#5 1.10 | 045 | #10 | -1.00 | 0.10 | #15 | 0.95 | 0.20

TABLE IIIL. RELATIVE ERRORS ON THE DIELECTRIC
CHARACTERIZATION
Relative Characterization Errors
Case Background area, Tarcet r Whole inspection
r, arget area, [y domain, T,
#1 0.193 0.402 0.201
#2 0.160 0.429 0.170
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Fig. 3. Reconstructed distributions of the (a) relative dielectric permittivity,
and (b) electric conductivity of the investigation region, obtained in the first
simulated scenario (case #1, aligned microwave sensors).

IV. CONCLUSIONS

Wireless sensor networks are nowadays considered for a
large number of both experimented and potential applications.
One of these potential applications is the quantitative
characterization of dielectric targets in known environments.
In this paper, such a problem is addressed considering a
network of microwave transceivers located around a
rectangular investigation area. The acquired scattered-field
measurements are used as input data for a Newton-conjugate-
gradient algorithm that provides a full dielectric
characterization of the scenario. Preliminary numerical results
in a simplified scenario have been presented to assess the
proposed methodology. Future developments will include the
assessment of the approach in more realistic conditions, e.g.,
in presence of errors in the positions of the sensor-network
elements and using different frequency bands (e.g., the WiFi
one), and the extension to phaseless inverse-scattering
techniques, which are simpler to be applied in real-world
situations since the phase reference is not required during
measurements. The experimental validation of the proposed
technique will be considered, too.
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Fig. 4. Reconstructed distributions of the (a) relative dielectric permittivity,
and (b) electric conductivity of the investigation region obtained in the
second simulated scenario (case #2, non-aligned microwave sensors).
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