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Abstract—The localization and tracking of human targets are 

cast as linear inverse obstacle problems and solved by means of 
the Factorization method. The proposed approach is validated 
against indoor monitoring and multi-frequency sensing, where 
the Green’s function pertaining to the involved realistic scenarios 
has been determined through full-wave simulations. The results, 
which include comparisons with the well-known Linear Sampling 
method as well as the analysis of the impact on final 
performances of the number of employed transceivers, show a 
good robustness to noise and model errors. 
 

Index Terms—Microwave imaging, wireless sensor networks. 

I. INTRODUCTION 
OCALIZATION and tracking [1] are of high interest in 
many popular fields including, besides remote sensing, 

building automation [2] as well as health care and assisted 
living services [3], and it is also related to the rapid diffusion 
of wireless sensor networks which are made up of low power 
consumption devices [4]. 

Among the very many available localization techniques it 
is possible distinguishing cooperative and non-cooperative 
systems. In the former case, the targets are equipped with a 
transmitting/receiving tag and actively contribute to the 
localization process [5]-[7]. However, active systems have 
some drawbacks related to privacy and cost issues [8]. For this 
reason, non-cooperative systems can represent a good 
compromise between the deployment costs and the complexity 
of the detection techniques [8]. As a matter of fact, since 
targets are device-free, the localization techniques just exploit 
their interaction with the transmitted signal. In this respect, 
several approaches have been recently proposed ranging from 
optical frequencies to radiofrequency and sound waves, and 
their applicability is clearly related to the specific application 
at hand [9]-[13].   

In such a context, we propose herein a new non-
cooperative device-free technique for target tracking and 
localization in the radiofrequency (RF) regime. In particular, 
while RF detection techniques are usually based on the 
 
 

analysis of features such as the time of arrival, the direction of 
arrival, and the received signal’s strength or the channel state 
information [14], in this paper we take advantage of the 
peculiar feature of the electromagnetic waves to penetrate 
non-metallic objects and exploit inverse obstacle-based 
approaches [15]-[17]. These latter, differently from Doppler 
radar-based approaches [18]-[20], aim at forming an image of 
the investigated area by evaluating the interaction of the 
electromagnetic waves with the targets and hence the resulting 
modification of the propagating waves. More in detail, the 
scattered field generated by such an interaction is measured by 
the transceiver nodes, and the electromagnetic properties of 
targets are then retrieved by solving an inverse scattering 
problem [21],[22].  

Since in a localization problem one only looks for the 
‘occupancy’ detection [1], i.e., for the presence and heads 
count, it is possible to resort to qualitative solution approaches 
and finally solve a simplified linear problem. In this paper, we 
pursue such a goal by exploiting the well-known Factorization 
Method (FM) [23], whose regularized solution provides an 
energy map and hence a straightforward way to localize the 
targets. Moreover, we propose the exploitation of the FM at 
different and consecutive time instants in order to track the 
changes of position of targets in the considered environment. 
Finally, a frequency-diversity-based sensing approach is 
carried out by a proper combination of the FM map indicators 
in order to further improve localization and tracking 
(especially when model errors are considered). 

The remainder of the paper is organized as it follows. In 
Section II, the localization problem is cast as an inverse 
scattering problem. Then, in Section III, the basics of the FM 
as well as the proposed localization and tracking approach are 
detailed and discussed. Finally, in Section IV a proof of 
concept of the introduced method is given for the monitoring 
of human targets in indoor environments. Conclusions follow.  

II. MATHEMATICAL FORMULATION OF THE PROBLEM 
Let us assume, for the sake of simplicity, an invariance of 

the problem along the z-axis and a TM polarization for the 
electric field. Under the above hypotheses, a 2-D scalar 
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formulation of the inverse scattering problem can be adopted. 
Let D denote the non-homogeneous investigation domain and 
휀 푟 = 휀 푟 + Δ휀 푟  its complex permittivity, where Δ휀 푟  
describes the electromagnetic properties of the targets in D 
while 휀 푟  pertains to the so-called background scenario, 
i.e., to the region of space embedding the targets (see Fig. 1).  

In order to detect the targets and retrieve their locations in 
a known (or a partially-known) scenario, we deal with a 
differential or distorted inverse scattering problem [24],[25]. 
Under such assumptions, and by considering a number N of 
transmitting/receiving nodes located on a curve Γ, the field 
Δ퐸  scattered from the targets can be expressed as:   
 

Δ퐸 푟 , 푟 = 퐺 푟 , 푟′ 퐸 푟′ Δ휀 푟′ 푑푟  (1) 
 

wherein 퐸 is the total field, 퐺  is the Green’s function of the 
background scenario, and 푟 ,푟 	 ∈ Γ are the locations of the 
receiving and transmitting nodes, respectively [26]. Finally, 
the scattered field Δ퐸  can be defined as: 
 

Δ퐸 푟 , 푟 = 푀 푟 , 푟 −푀 푟 ,푟  (2) 
 

i.e., as the difference between the field 푀 푟 , 푟  measured in 
presence of both the targets and the reference (background) 
scenario and the field 푀 푟 ,푟  measured when no targets 
are present in D [25]. 
 

 
 

Fig. 1. Sketch of the reference scenario for the mathematical formulation. 
 

The solution of (1) is not a trivial task due to its non-
linearity as well as to the ill-posedness [21]. In order to 
localize and track moving targets, herein we aim at retrieving 
only their supports and hence, in the following, we adopt 
qualitative solution methods [21],[27],[28]. Among qualitative 
approaches, the most popular ones are the Linear Sampling 
method (LSM) [29]-[31] and the FM [23]. In particular, LSM 
has been widely adopted for detection of unknown targets in 
several applications, ranging from underground prospecting 
[30] to through-the-wall imaging [31]. Although very closely 
related (as both of them belong to the class of sampling 
methods), LSM and FM are different from a mathematical 

point of view. Indeed, FM allows overcoming some well-
known issues arising in LSM [32]. Motivated by this 
circumstance, in this paper we adopt the FM as a tool to detect 
and localize targets, as explained in the following Section. 

III. LOCALIZATION AND TRACKING VIA DISTORTED FM 
Let us refer to the scenario depicted in Fig. 1, in which one 

or more targets with cross-section Σ are considered inside the 
investigation domain D and their location is identified by the 
coordinates (xi, yi). In order to estimate the presence and 
location of Σ, the FM requires to sample D into a grid of 
points 푟 ∈ 퐷 and solve in each of them the following linear 
equation [23]: 

ℱ푚 휉 푟 , 푟 = 퐺 푟 , 푟  (3) 

wherein 휉 is the actual unknown of the problem and ℱ =
(ℱ 	ℱ) /  (ℱ  being the adjoint of ℱ) is a linear and compact 
operator whose expression is related to the well-known far 
field operator ℱ underlying the LSM, which in turn reads 
[29]: 

ℱ:	휉 푟 , 푟 	→	 Δ퐸 푟 ,푟 휉 푟 , 푟 푑푟  (4) 

We stress that the basic formulation of the FM by Kirsch et 
al. [23] is valid for just canonical and homogeneous scenarios, 
while a distorted formulation [30],[33] is proposed herein.  

The evaluation of the weighting coefficients 휉 is not 
straightforward due to the ill-posedness of the problem, so that 
a regularization technique is required. To this end, the 
Tikhonov regularization is exploited to achieve a stable 
solution of (3). In particular, by considering the matrix 
formulation of the problem (3), its solution can be written as: 

흃 =
휆

휆 + 훼
〈푮풃,푢 〉푣  (5) 

 

in which 푮풃 is the vector containing the samples of the 
background Green’s function at the receivers, (풖,흀,풗) is the 
Singular Value Decomposition of the data matrix Δ푬풔, and 훼 
is the regularization parameter. Interestingly, the energy of the 
regularized solution 흃 keeps bounded for 푟 ∈ Σ, while it is 
unbounded elsewhere [23]. Therefore, the plot over the 
sampling grid of the function: 

Υ 푟 = 흃 푟 , 푟  (6) 

represents a support indicator for the unknown targets.  
It is important to underline that FM allows overcoming 

some issues arising in LSM. In fact, one possible drawback of 
LSM is that the corresponding indicator may diverge also for 
sampling points inside the targets (even in the ideal case of 
noiseless data) [32]. This drawback is overcome in FM, whose 
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indicator map is more reliable and exhibits a more stable 
behavior, which is a crucial aspect especially in case of noisy 
data and model error. 

Starting from these circumstances, in the following the FM 
indicator obtained from (6) is exploited in order to estimate 
the location coordinates (xi, yi) of the targets. More in detail, 
firstly, a normalized indicator function is defined as [34]: 

 

Υ 푟 =
log (Υ)− log (Υ )

(log (Υ) − log (Υ ))  (7) 
 

where the subscripts max and min indicate the maximum and 
minimum values, respectively. Then, in order to discern 
between points inside and outside the targets and, so, to 
estimate the number of targets, a binary mask Π 푟  is 
introduced by fixing a threshold 푇ℎ ∈ (0,1). From a 
mathematical point of view, Π 푟  can be expressed as: 
 

Π 푟 = 1										∀푟 :Υ 푟 ≥ 푇ℎ
0																		푒푙푠푒푤ℎ푒푟푒

 (8) 
 

Finally, the acquisition of the central coordinates (xi, yi) of 
each non-null area is performed.  

In order to improve the resolution of the achieved map, it is 
possible to exploit a multi-frequency sensing procedure. In 
particular, by denoting with F the number of exploited 
frequencies, a multi-frequency indicator can be defined as: 

Υ 푟 =
1
푁
	

Υ
Υ ,

 (9) 

(see also [30]) and then normalized as in equation (7). 
The overall procedure can be also exploited for the tracking 

of moving targets. In fact, by simply solving a set of 
localization problems at successive time instants, one is able 
to monitor the targets’ movements. In particular, by denoting 
with 퐾 the number of recorded frames, the approach consists 
in processing Δ퐸( ) 푟 , 푟 = 푀( ) 푟 ,푟 −푀 푟 ,푟 , 
∀푘 = 1, … ,퐾, as explained in the following Section. 

IV. NUMERICAL ASSESSMENT 
In order to assess its capabilities in a scenario of actual 

interest, according to some recent contributions published on 
these Letters [19],[20], the localization and tracking of human 
targets in realistic indoor environments have been considered, 
as detailed in the following. 

A realistic indoor environment has been defined (see Fig. 
2) where a square (4푚 × 4푚 large) room has been considered 
filled up by air (휀 = 1) and surrounded by concrete walls 
20푐푚 thick (휀 = 8,휎 = 10 푆/푚, 휎 being the conductivity). 
Inside the room, a plastic chair 30푐푚 × 20푐푚 large (휀 =
2.5,휎 = 0) and a 30푐푚 × 80푐푚 wooden table (휀 = 3,휎 = 0) 

have also been considered, and N nodes (with 푟 = 푟 ) have 
been located on the walls in such a way that Γ coincides with 
the room’s inner perimeter.  
 

 
 

Fig. 2. Reference scenario (red triangles representing the moving target). 
 
In order to ensure the maximum reliability of results, the 
Green’s function 퐺  pertaining to the background has been 
computed through full-wave simulations through the 
COMSOL Multiphysics© package based on the finite-element 
method. Accordingly, 퐺  has been computed as the total field 
present in the room when human targets are not present, while 
푀  has been set as the field evaluated at the nodes’ positions.  

In order to realistically mimic a human body, the target has 
been modeled with the electrical properties of muscles 
(휀 = 56.44,휎 = 0.82	푆/푚), as suggested by [35], and its 
cross-section has been considered 40푐푚 × 20푐푚 large. The 
simulated data 푀 have been evaluated at the same positions as 
those pertaining to 푀 , and Δ퐸  has been computed according 
to (2) and then corrupted with a white Gaussian noise with a 
given signal-to-noise ratio (SNR).  

The accuracy of the proposed localization and tracking 
approach has been evaluated by defining the ‘synthetic’ error: 

 

푒푟푟 =
(푥 − 푥) + (푦 − 푦)

푥 + 푦
 (10) 

(푥,푦) and (푥,푦) being the actual and retrieved coordinates 
identifying the positions of the human targets, respectively.  

As a first test case, we dealt with the localization of one 
person positioned at (푥 = −0.65,푦 = −0.6)푚. By 
considering a sampling grid of 78 × 78 square cells, the FM 
equation (3) has been solved and the indicator function Υ has 
been computed. The achieved results are shown in Fig. 3. As it 
can be seen, in the case of N=32 the presence of the target has 
been clearly detected, despite the high amount of noise. Then, 
the location of the detected target has been retrieved by 
defining the binary mask Π (푇ℎ = 0.8) and picking up the 
central position, as shown in figures 3(b) and 3(d). The 
corresponding location error is 0.015. For the sake of 
comparison, Fig. 3 also shows the results obtained when LSM 
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is used instead of FM. As it can be seen, the two approaches 
are equivalent in term of performances, as both are able to 
accurately detect and localize the target. 

 

  
                            (a)                                                           (b) 

  
                            (c)                                                          (d) 
Fig. 3. First test case: Localization step. FM Indicator maps (a) and masks (b) 
in case of N=32 SNR=15dB. Subplots (c)-(d): the same as (a)-(b) but for LSM 
indicator and mask. The red cross indicates the retrieved position. 
 

In order to evaluate the impact on performances of the 
number and location of nodes, Fig. 4 shows a comparison of 
the indicator maps for SNR=15dB and N=16 in case of 
equally-spaced and randomly-spaced nodes. Notably, in both 
cases the detection and the localization of the target have been 
successfully performed (푒푟푟 = 0.015).  

A further analysis has been carried out to test the robustness 
against model errors. In fact, up to now we have supposed to 
exactly know the interior design of the room. However, any 
change in it could affect the Green’s function 퐺  in (3). To 
take into account this circumstance, we solved (3) by 
considering an inexact version of 퐺  by adding a high level of 
white Gaussian noise (SNR=5dB).   

 

  
(a)                                                         (b) 

Fig. 4. First test case: Localization step and variation of the number and 
location of nodes. Retrieved masks for SNR=15dB in case of N=16 and 
equally-spaced (a) and randomly-spaced (b) nodes. 
 

 
                            (a)                                                           (b) 

 
                              (c)                                                       (d) 

 
                              (e)                                                        (f) 
Fig. 5. First test case: localization step and robustness analysis with respect to 
model error. Retrieved masks (푇ℎ = 0.75) for SNR=30dB with N=32 (left) 
and SNR=15dB with N=24 randomly spaced nodes (right), in case of: inexact 
Green’s function (top) (푒푟푟 = 푒푟푟 = 0.02), Green’s function 
pertaining to an empty room (center) (푒푟푟 = 0.1, 푒푟푟 = 0.15), and 
Green’s function pertaining to an empty room in conjunction with frequency 
diversity data processing (bottom) (푒푟푟 = 푒푟푟 = 0.06). 
 

In figures 5(a) and 5(b) the localization results are shown in 
case of inexact 퐺  with SNR=30dB and SNR=15dB, while 
figures 5(c) and 5(d) report the results obtained by considering 
the Green’s function pertaining to an empty room, i.e., by 
completely neglecting the presence of the chair and the table. 
As it can be seen, the FM-based localization method resulted 
robust with respect to the model error even in case of noisy 
data and a reduced number of nodes. Obviously, the more 
cumbersome backgrounds are considered, the higher the 
model error may result. Interestingly, in such cases, in order to 
compensate the higher model error, the localization results can 
be improved by exploiting the multi-frequency indicator (8) as 
shown in figures 5(e) and 5(f). In particular, in such an 
experiment a frequency range from 1GHz to 2GHz (with a 
step of 250MHz) has been considered.  

Besides localization, a sequence in time of FM solutions 
allowed tracking the target’s movements. In this respect, in 
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Fig. 6 the tracking of the target is reported for K=5 time 
instants and N=24 randomly distributed nodes. Moreover, a 
comparison between SNR=30dB and SNR=15dB is provided, 
confirming both the accuracy and robustness of the method. 

 

 
                                    t0                                                          t1 

 
                                    t2                                                           t3 

 
                                    t4                                                          t5 
Fig. 6. First test case: Tracking step. The black triangles represent the actual 
position, while the red and green markers are the estimated positions for 
SNR=30dB ( 푒푟푟 = 0.14,		푒푟푟 = 0.08, 푒푟푟 = 0.09, 푒푟푟 = 0.07, 
푒푟푟 = 0.64, 푒푟푟 = 0.07) and SNR=15dB (푒푟푟 = 0.06, 푒푟푟 =
0.006,푒푟푟 = 0.032, 푒푟푟 = 0.007, 푒푟푟 = 0.80, 푒푟푟 = 0.04), 
respectively, in case of inexact Green’s function (SNR=5dB) and N=24. 
 

The second test case concerns the localization and tracking 
of two individuals initially located at (푥 = −0.65,푦 =
−0.6)푚 and (푥 = 1.31,푦 = −1.3)푚, respectively. The 
corresponding synthetic errors are listed in Tab. 1, where a 
comparison of performances by considering the model error 
and a reduction in the number of nodes is reported. The 
involved experiments have been also performed via LSM 
instead of FM, leading to the same performances. For the sake 
of brevity, these results are not shown.  

 
Target 

Time 
instant 

Exact 푮풃  
N=32 

Inexact 푮풃  
(SNR=5dB),N=32 

inexact 푮풃  
(SNR=5dB),N=24 

#1 
푡  0.015 0.006 0.067 
푡  0.047  0.006  0.061  

푡  0.07 0.006  0.067  

#2 
푡  0.006 0.023 0.014 
푡  0.006  0.042  0.049  
푡  0.024  0.023  0.033  

 

Tab. 1. Second test case: localization errors for the two targets, SNR=15dB. 

V. CONCLUSIONS 

A new approach has been proposed for multi-object 
localization and tracking by jointly exploiting the inverse 
scattering paradigm, the distorted Factorization method, and a 
multi-frequency strategy.  

The technique has been assessed against the human targets 
localization and tracking in realistic indoor environments. The 
outcomes, which included comparisons with the well-known 
Linear Sampling method as well as investigations on the 
impact of the number of employed transceivers, have proved a 
good robustness to both noise on data and model errors.  
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