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Abstract. Recently, the detection, localization and track-
ing of moving persons in emergency situations using ultra-
wideband (UWB) sensors have attracted the attention of re-
searchers and final users as well. Experiences with single
UWB sensors in real applications have shown that their re-
liability and accuracy in person detection and localization
may be considerably reduced. In contrast, the improved per-
formance of a UWB sensor-based localization system can
be provided by a UWB sensor network, which benefits from
cooperation among spatially distributed sensor nodes. This
cooperation extends the coverage of the monitored area and
improves detection capability and localization performance,
especially in the case of complex environments and mul-
tiple targets. In this paper, we will introduce a new ap-
proach to cooperative localization of a target, referred to
as the time of arrival complementing method (TOACOM).
TOACOM, developed for a two-node UWB sensor network,
is based on the time of arrival (TOA) complementing and
combining algorithms in combination with the conventional
direct calculation method (DC). Its properties will be ana-
lyzed for through-the-wall single moving person localization.
The obtained results will show the superior performance of
TOACOM as compared with person localization by a single
UWB sensor, or by a two-node sensor network. In the conclu-
sion, we will outline that the presented version of TOACOM
can be further modified for a multiple target scenario and an
N-node sensor network.
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1. Introduction
The detection and localization capability of human be-

ings is one of the most attractive features of UWB radars.
Sensors of that kind, operating in the frequency band DC-

5GHz, allow for detection and tracking of living persons
not only in line-of-sight scenarios, but also of persons lo-
cated behind non-metallic obstacles (e.g. behind a wall).
Therefore, they can be very helpful in such applications as
searching for people who have survived at natural disaster
but are under rubbles (e.g. after earthquakes, tsunamis, earth
slides, avalanches, building collapses, etc.), or for detection
and tracking of criminals, terrorists, hostages and soldiers lo-
cated behind a wall (e.g. for the support of law enforcement
and military troops) [1].

For that purpose, handheld UWB radar systems can be
used with advantage. Usually, they are equipped with one
transmitting and two receiving channels. Hence, a trilat-
eration method can be applied to target localization. The
reliability and accuracy of UWB sensor performance depend
on their construction and operational parameters (e.g. opera-
tional frequency band, emitted power level, maximum range,
range resolution, radar antenna system, etc.), on the complex-
ity of the investigated scenarios (single person or multiple
person scenarios, operation in the presence of interference or
jamming, etc.) and on the complexity of the environment in
which the sensors are used (e.g. the presence of metal objects
or large reflectors, non-homogeneous objects, etc.). Our ex-
periences with applying a the single UWB sensor to complex
scenarios and complex environments have shown that the
reliability and accuracy of its performance under these con-
ditions may be reduced. Such performance of UWB sensors
is characterized by a drop in detection probability and local-
ization accuracy of the target. These difficult conditions are
typical for standard applications of UWB sensors to person
detection, localization and tracking. Therefore it has been
necessary to look for proper approaches to improving their
operation. It has been shown (e.g. in [2–8]), that a proper
approach to improving target detection and localization by
UWB sensors is to use a multistatic radar (more precisely,
a sensor equipped with more receiving antennas than a stan-
dard handheld localization system) or more (at least two)
networked independent handheld systems for monitoring the
area of interest. Such a UWB sensor network benefits from

DOI: 10.13164/re.2016.0602 SYSTEMS



RADIOENGINEERING, VOL. 25, NO. 3, SEPTEMBER 2016 603

the cooperation of spatially distributed sensor nodes. This
cooperation extends the coverage of the monitored area and
improves the detection capabilities and localization preci-
sion, especially in the case of multiple targets and complex
environments.

Very interesting approach for target localization based
on the multistatic localization system has been introduced
in [8]. In this paper, an asynchronous elliptical position
measurement system employing 1 transmitter (T x) and N
receivers (Rx) has been proposed for line-of-sight (LOS) in-
door localization. The mentioned system consists of a UWB
transmitter and energy detection receivers whose positions
are known. The position measurement process starts with the
locator (Tx) emitting a UWB pulse. Upon arrival, the pulse
is amplified and retransmitted by the target to be located.
Signals from both the locator and the target are captured by
the receivers. Together with the knowledge of the transmitter
and receiver positions, the absolute range that the pulse trav-
els is calculated. The sum of transmitter–target range and
target–receiver range defines an ellipse and the target resides
on the intersections of several such ellipses. For the tar-
get localization, three least-square (LS) position estimation
algorithms have been considered, namely the ordinary LS,
the constrained LS and a combination of LS method and the
iterative Gauss-Newton method (referred to as the recursive
LS). The obtained experimental results for N = 4 have shown
that the described approach can provide the target positioning
with the mean value of target position estimation error about
1 cm at the standard deviation smaller than 12 cm.

On the other hand, several approaches for the coopera-
tive localization of moving persons by UWB sensor networks
have been suggested in the past. These methods have in-
cluded an imaging method [2], application of 2D probability-
hypothesis density filters (PHDfilters) [3], [4], a UWB sensor
network with a centralized architecture employing single or
multiple target tracking system (STT or MTT) [5], [6] and
the method of joining intersections of ellipses (JIEM) [7].

The imaging method and PHD filters are based on the
creation and processing of so-called radar images or 2D PHD
functions where the targets are represented by moving hot
spots. These methods provide a direct approach to the fu-
sion of data obtained from particular receiving channels of
different sensors. Because they are based on 2D signal pro-
cessing (2D image, 2D PHD filters), they are characterized
by high computational complexity, which is their substantial
disadvantage.

On the other hand, the UWB sensor network with a cen-
tralized architecture [5] is based on the fusion of data rep-
resenting target coordinates estimated by particular sensor
network nodes. In the case of a sensor network of this kind,
the STT/MTT system can be regarded as a key method in
terms of the cooperative localization and tracking of moving
targets [9], [10]. STT/MTT provides data association, fusion
and target tracking and hence very efficient estimation of tar-
get positions with an acceptable computational complexity.

However, because of the complex monitored environ-
ment, there are situations where not all receiving channels
of the node of the sensor network are capable of detecting
the targets. Under these conditions, the radar is unable to
determine target coordinates, and hence, target localization
and tracking efficiency by a UWB sensor network with a cen-
tralized architecture can be decreased. In order to overcome
this problem, data fusion at the level of the estimated times of
arrivals (TOAs) associated with the targets detected by par-
ticular receiving channels can be used. This idea has been
exploited e.g. by the JIEM algorithm [7]. This method is
based on the combination of the direct calculation method
(DC) and the creation of a proper cluster of potential target
positions. It has been shown in [7] that JIEM can provide an
improvement of target localization accuracy in comparison
with DC. However, a deeper analyse of JIEM has revealed
some shortcomings of this approach. We have found that
some outliers can be found in estimates of the target trajec-
tory obtained by JIEM. This behavior of JIEM (due to the
creation of imperfect clusters of possible and at the same
time proper positions of target) will be illustrated also in this
paper. This deficiency of JIEM could be eliminated e.g. by
the application of a more robust method for the creation of
the cluster of proper positions of the target. Moreover, the
high computational complexity is another drawback of the
JIEM.

In order to overcome the outlined problems, a new ap-
proach to cooperative localization of a target, referred to as
the time of arrival complementing method (TOACOM), de-
veloped for a two-node UWB sensor network, is presented
in this paper. TOACOM is based on the combination of DC
employing all TOAs estimated by the sensor network nodes,
the estimation of target positions combining TOAs provided
by the different sensors (the TOA combining algorithm), the
TOA complementing algorithm and finally target localiza-
tion (the arithmetic average application). The performance of
TOACOMwill be compared with those provided by the sim-
ple DC (for single UWB sensors), JIEM and two-node sensor
networkwith a centralized architecture (SN). The comparison
of the mentioned methods will be done through processing
of radar signals obtained by through-the-wall measurement
with a two-node UWB sensor network for a single person
scenario. The obtained results will show the superior per-
formance of TOACOM in terms of its higher probability of
detection and better accuracy of the localization of the target
in comparison with DC, JIEM and SN.

TOACOM as a new cooperative method of localization
was originally introduced in [11] and [12]. Compared to
these papers, we will present in this contribution only a short
description of TOACOM, but also amore detailed description
of the problems to be solved by TOACOM (Sec. 2), a slightly
adapted description of TOACOM (Sec. 3), a deeper analysis
of the TOACOM performance properties (Sec. 4) and an out-
line of the TOACOM modification for a multiple moving
person scenario and N-node sensor network (Sec. 5).
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2. Problem Statement
Let us consider the basic scenario of a through-the-wall

localization of a moving target by means of two UWB radar
systems, denoted as radar system A (RSA) and radar system
B (RSB) (Fig. 1). Here, every radar system is equipped with
one transmitting (T xR, R = A, B) and two receiving antennas
(RxR,i, R = A, B, i = 1, 2). In the analyzed scenario, it is
assumed that the antenna positions are known and their co-
ordinates are given by T xR = (xR,t, yR,t ) for R = A, B and
RxR,i = (xR,i, yR,i) for R = A, B, i = 1, 2 for transmitting
and receiving antennas, respectively. We will assume, that
the antennas of RSA (RSB) are located on the x-axis (y-axis)
for x > 0 (y > 0), and the monitored area is defined as the
part of the xy-plane for y > 0.

TxARxA,1 RxA,2

RxB,1

RxB,2

TxB

T=(x,y)

TOAA,1 TOAA,2

TOAB,1

TOAB,2

Fig. 1. The basic scenario of target localization by a two-node
UWB sensor network.

In order to localize and track a moving target, the trans-
mitting antenna emits electromagnetic waves into the moni-
tored area, they are reflected from objects located there (in-
cluding a target), and finally the reflected waves are received
by the receiving antennas. Raw radar signals retrieved from
particular radar systems can be interpreted as a set of impulse
responses of the surroundings through which the electromag-
netic waveswere propagated [1]. Hereinafter, wewill assume
that the sensor systems are synchronized in such a way that
both radar devices are controlled approximately by the same
system clock. Then, we can assume that the radargrams
obtained by the measurements by all four receiving anten-
nas have the same propagation and observation time axes
and that the radargram samples are taken in the same time
instants. The other kind of radar system synchronization
is not assumed. For the target track estimation by a sin-
gle UWB sensor (RSA or RSB), the complex procedure of
raw radar signals for moving person detection, localization
and tracking consisting of signal processing phases such as
background subtraction, target detection, TOA estimation,
wall effect compensation, trace connection, localization and
tracking can be used (e.g. [13]). In terms of the objectives of
this paper, TOA estimation can be considered the most im-
portant and interesting phase of this procedure. Therefore,
we will outline our approach to TOA estimation in the next
passage.

Similarly to the positioning methods introduced in [8],
the localization method, we will develop in this paper, is

also based on TOA estimation corresponding to the distance
Tx-target-Rx. However in contrast to [8], we will deal with
through-the-wall localization (i.e. not LOS scenario) of tag-
free moving person not providing any retransmission of sig-
nals emitted by the radar (i.e. the target echo to noise and
clutter ration is very low). As it was shown in [14], TOA es-
timation is mainly affected by noise, multipath components,
obstacles and interferences. In dense multipath channels,
which have to be considered for our scenarios, the first path
is often not the strongest, making the estimation of the TOAs
challenging. Moreover, a human being represents so-called
distributed target, i.e. the same target can provides several
reflections of an incidence waves at the same time instant,
but these reflections propagating through a multipath envi-
ronment are received multiply however with the different
TOAs.

Taking into account these facts, we have to estimate the
target TOA (i.e. one TOA per the target for one time instant)
for time-variable dense multipath channel (environment) and
very low target echo to noise and clutter ratio. Therefore,
for TOA estimation we cannot use simple solutions based
on energy detector applications. The TOA estimator consid-
ered in this paper is based on the combination of a CFAR
detector [15] and trace connection TOA estimator [16]. The
application of CFAR detector provides the first rough esti-
mate of TOAs of the potential targets. On the other hand,
the trace connection TOA estimator subsequent to CFARpro-
vides the only one TOA estimate per target. For that purpose,
the specific association methods described in [16] are used
(an association of the CFAR detector response correspond-
ing to the same target, an association of the outputs of the
receiving channels corresponding to the same target). The
detail description of the trace connection TOA estimator is
too complex and hence it is beyond this paper. A reader
interesting in this topic can find it in [16].

Let us return to the analyzed scenario. Let TOAR,i for
R = A, B, i = 1, 2 represent the estimation of TOA of the
electromagnetic wave transmitted by T xR, reflected by the
target T = (x, y) and received by RxR,i . We presume that
TOAR,i has been estimated by the algorithms mentioned in
the previous paragraph. Then, the distance dR,i , between
the transmitting antenna T xR, the target T and the receiving
antenna RxR,i (usually referred to a bistatic range) can be
expressed as

dR,i = cTOAR,i, R = A, B, i = 1, 2, (1)

or

dR,i =

√(
x − xR,t

)2
+

(
y − yR,t

)2
+√(

x − xR,i
)2
+

(
y − yR,i

)2,

R =A, B, i = 1, 2,

(2)

where c is the propagation velocity of the electromagnetic
waves emitted by the radar. In our consideration, c is
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Fig. 2. Geometrical interpretation of the target localization. Per-
fect TOA estimations.

set to the electromagnetic wave propagation velocity in air,
i.e. c = 3 × 108 ms-1.

The expression (2) represents the equation of the ellipse
with the foci T xR = (xR,t, yR,t ) and RxR,i = (xR,i, yR,i) and
with the length of the semimajor axis dR,i/2. Thus, a group
of the four ellipses for T xR – RxR,i pair (R = A, B, i = 1, 2)
with the foci in T xR and RxR,i can be created, for all pos-
sible values of dR,i [7]. Since the target coordinates have
to satisfy (1) and (2) and the coordinates of the transmitting
and receiving antennas are known, the target coordinates can
be determined as the intersection of the ellipses formed by
two different T xR – RxR,i pairs. These intersections can
be obtained by the solution of a couple of the correspond-
ing nonlinear equations of (2). If the target coordinates are
computed as the intersection of two ellipses corresponding
to the same radar system, then this approach is referred to
as DC [7]. The outlined approach of target localization by
the evaluation of the ellipse intersections is usually referred
to as a geometrical interpretation of the target localization.
Since this approach is indeed very visual, it will be used
throughout this paper. Of course, an analytical calculation
of the intersections of two ellipses (in general located in any
mutual position) is still necessary for target localization. Be-
cause of the limited scope of this paper, a detailed solution
of this mathematical problem is not provided here. Readers
can find a comprehensive solution of this mathematical task
e.g. in [7].

Let us return to the basic scenario outlined in Fig. 1.
By using TOAR,i for R = A, B, i = 1, 2, four ellipses Ei for
i = 1, 2, 3, 4 can be constructed. A possible system of the
ellipses Ei for perfect estimates of TOAR,i is sketched in
Fig. 2. It can be seen in this figure that there is only one
joint intersection of all ellipses in the monitored area. This
intersection, estimated by the solution of (2), represents the
target position. Unfortunately, TOAR,i is normally never es-
timated with zero error. This is due to the non-zero resolution
of the radar range, the radar antenna lay-out, the low level
of target echo-to-noise and clutter ratio, etc. The scenario
for imperfect estimations of TOAR,i for R = A, B, i = 1, 2 is
outlined in Fig. 3. It can be observed from this figure that

E2

E1

x

y

T=(x,y)

E4

E3

dA,1

dA,2

d  B,1
TxB

dB,2

RxB,2

RxB,1

TxA RxA,1RxA,2

monitored area

TA

TB

Fig. 3. Geometrical interpretation of target localization. Imper-
fect TOA estimations.

there are 4 intersections representing the possible positions of
the target. Moreover, there are situations where the target is
not detected by some receiving channel. This is usually due
to the complex environment (e.g. shadowing effect, local-
ization of relatively large metal components and other strong
reflectors in the monitored area, etc.), the radar antenna pat-
terns, the low level of target echo-to-noise and clutter ratio,
etc. If the target is not detected, it is not possible to estimate
the corresponding TOA, and hence, some TOAs and ellipses
as well are missing. Depending on which TOAs are missing,
the target can be localized using DC by only one sensor (the
pair of TOAs corresponding to the same sensor is available),
or the target cannot be localized using DC (the pair of TOAs
corresponding to the same sensor is not available).

Summarizing these facts, at the standard operation of
a two-node UWB sensor network applied to a person local-
ization, we can create 0-4 ellipses having 0-4 intersections
(i.e. 0-4 possible positions of the target) in the monitored
area. The problem to be solved within our paper is estimat-
ing the target coordinates for this scenario. For that purpose,
we will introduce TOACOM in the next section.

3. TOA Complementing Method

Let us assume that the raw radar data gathered by the
particular radar systems have been processed by the radar
signal processing procedure described in [13]. With the
exception of the localization phase, other phases of the pro-
cedure mentioned are independent of the number of radar
systems applied to target tracking. Therefore, we will focus
in this Section on the solution of the localization task con-
sisting in the estimation of the target coordinates T = (x, y).
Here, it is assumed, that input data of the localization phase
are represented by the set of TOAR, j for R = A, B, j = 1, 2
obtained as the result of the TOA estimation phase. As we
mentioned in the previous section, some TOAs can be miss-
ing. Then, depending on the number of the estimated TOAs,
the localization of the target by TOACOM can be described
as follows:



606 M. SVECOVA, D. KOCUR, TIME OF ARRIVAL COMPLEMENTING METHOD FOR COOPERATIVE LOCALIZATION . . .

1. No TOA or only one TOA is estimated. Under such
an assumption, the target position cannot be estimated.

2. TOAA,1 and TOAA,2 from RSA have been estimated.
TOAB,1 and TOAB,2 from RSB are missing. Thus,
there is a pair of ellipses E1 and E2 for the T xA – RxA,i

pair (i = 1, 2). The target position T is given by the in-
tersection of the ellipses E1 and E2 (Fig. 4). The target
coordinates can be obtained by DC [7].

E2

E1

x

y

T=(x,y)

dA,1

dA,2

TxB

RxB,2

RxB,1

TxA RxA,1RxA,2

monitored area

Fig. 4. Target localization by RSA.

3. TOAB,1 and TOAB,2 from RSB have been estimated.
TOAA,1 and TOAA,2 from RSA are missing. Thus,
there is the pair of the ellipses E3 and E4 for the T xB –
RxB,i pair (i = 1, 2). The target position T is given by
the intersection of the ellipses E3 and E4 (Fig. 5). The
target coordinates can be obtained by DC [7].

x

y

T=(x,y)

E4

E3

dB,1

TxB

dB,2

RxB,2

RxB,1

TxA RxA,1RxA,2

monitored area

Fig. 5. Target localization by RSB.

4. Only one TOAA,i for i = 1 or i = 2 from RSA, and
only one TOAB,i for i = 1 or i = 2 from RSB have
been estimated. The other TOAs are missing. Then,
the target position is given by the intersection of the
ellipses E1 or E2 and E3 or E4 (Fig. 6). The ellipses E1
or E2 are determined by the pairs T xA – RxA,i (i = 1
or i = 2) and the ellipses E3 or E4 are determined by
the pairs T xB – RxB,i (i = 1 or i = 2). The target co-
ordinates T = (x, y) can be determined using Bezout’s
theorem [17]. This step of TOACOM is referred as
TOA combining algorithm.

E1

x

y

T=(x,y)
E3 dA,1

dB,1

TxB

RxB,2

RxB,1

TxA RxA,1RxA,2

monitored area

Fig. 6. Target localization by TOA combining algorithm.
5. Three TOAs have been estimated. One TOA is miss-

ing. Let us assume e.g. TOAA,2, TOAB,1, TOAB,2 have
been estimated and TOAA,1 is missing. Then, the el-
lipses E2, E3, E4 determined by the pairs T xA – RxA,2,
T xB – RxB,i (i = 1, 2) can be created. The potential
target position estimate referred toTB is given by the in-
tersection of E3 and E4 (Fig. 5). The target coordinates
TB can be obtained by DC [7].
In order to use the estimated TOAA,2 for target local-
ization by RSA, TOAA,1 has to be also determined. For
that purpose, the following algorithm referred to TOA
complementing algorithm can be used. Firstly, the in-
tersection of E2 with E3 referred to P1 and the intersec-
tion E2 with E4 referred to P2 are computed (Fig. 7).
The ellipse intersections located out of the monitored
area are removed. In the next step, point P can be
constructed (Fig. 7). Its coordinates are given as the av-
erage of the corresponding coordinates of points P1 and
P2. After that, the missing TOAA,1 can be computed as
TOAA,1 = ( |T xA, P | + |P, RxA,1 |)/c, where the symbol
|X,Y | is set for the Euclidean distance between points
X and Y . Then, using the computed TOAA,1, ellipse E1
can be constructed. The potential target position esti-
mate referred to TA can be obtained as the intersection
of E1 and E2. The final estimate of target coordinates
T = (x, y) is obtained as the arithmetical average of the
corresponding coordinates of points TA and TB (Fig. 3).

E2

x

y

E4

E3

dA,1

dA,2

dB,1

TxB

dB,2 RxB,2

RxB,1

TxA RxA,1RxA,2

monitored area

P P2P1

Fig. 7. Target localization by TOA complementing algo-
rithm.
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6. Four TOAR,i for R = A, B and i = 1, 2 have been esti-
mated. No TOA is missing. In this case, the potential
target positions TA and TB are obtained as the intersec-
tions of E1 and E2, and E3 and E4, respectively. In
contrast to JIEM, the final estimate of the target coordi-
nates T = (x, y) is obtained as the arithmetical average
of the points TA and TB (Fig. 3) only. Because these
points estimated independently represent with a high
probability the positions of the target and not ghosts,
we expect that the performance of TOACOM will be
more robust compared with JIEMwhich uses almost all
intersections of the four ellipses.

4. Experimental Results
To evaluate the TOACOM properties, we performed

the measurement intent on through-the-wall localization of
a moving person by two M-sequence UWB radar systems
(Figs. 8–10). The analyzed scenario is outlined in Fig. 10.
The thickness of the first and the second brick wall was
24 cm and 28 cm, respectively. The person to be localized
and trackedwaswalking inside a fully furnished room (Fig. 8)
from reference position P1, through positions P2, P3, P4, P5,
P6, P7 up to position P8 (Fig. 10).

Fig. 8. Room interior.

Fig. 9. M-sequence UWB radar system.
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Fig. 10. The scheme of the measurement.

A moving person was detected and localized by means
of two M-sequence UWB radar systems equipped with one
transmitting and two receiving antennas [1]. The radar an-
tenna lay-outs are outlined in Fig. 10. The system clock
frequency of both radar devices was about 4.5GHz, which
results in the operational bandwidth of about DC-2.25GHz.
The impulse responses provided by the radars cover 511 sam-
ples regularly spread over 114 ns. The measurement rate was
13.5 impulse responses per second. The total power trans-
mitted by the particular radars was about 1mW.

The raw radar data acquired by RSA and RSB have been
processed by the radar signal procedure described in [13].
The true and estimated TOAR,i for R = A, B and i = 1, 2 are
depicted in Fig. 11 and 13. In these figures, the intervals of
missing TOAs can be clearly identified. Therefore the TOA
complementing algorithm has been used for the estimation of
themissing TOAs. Then, the true and complemented TOAR,i

for R = A, B, i = 1, 2 are depicted in Fig. 12 and 14.
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Fig. 11. RSA: the true and estimated TOAs.
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Fig. 12. RSA: the true and complemented TOAs.
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Fig. 13. RSB: the true and estimated TOAs.
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By using the estimated and complemented TOAs (in
the case of TOACOM only), the target trajectory has been
estimated by DC for RSA (DCA), DC for RSB (DCB), SN,
JIEM and TOACOM. In the case of SN, the target coordinates
have been estimated as the arithmetic average of the target
coordinates estimated independently by RSA and RSB. The
true and estimated trajectories obtained by these methods are
given in Figs. 15–19.
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Fig. 16. Target localization by DCB.
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Fig. 17. Target localization by SN.
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Fig. 18. Target localization by JIEM.
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Fig. 19. Target localization by TOACOM.

The standard approach how to increase the accuracy of
target position estimation obtained by the localization phase
is to apply tracking filters. Because we have dealt with the
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Fig. 20. Target tracking by DCA.
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Fig. 21. Target tracking by DCB.
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Fig. 22. Target tracking by SN.

single target scenario, we have applied STT for that purpose.
This approach is based on the combination of data gating
algorithm and linear Kalman filtering. The target tracks
obtained by that approach applied to the target trajectories
obtained by DCA (STT DCA), DCB (STT DCB), SN (STT
SN), JIEM (STT JIEM) and TOACOM (STT TOACOM) are
given in Figs. 20–24.

Finally, using true and estimated TOAs and target tra-
jectory and tracks, the set of proper indicators illustrating
the performance properties of the tested localization meth-
ods has been evaluated and summarized in Tab. 1. The set
of indicators includes the probability of target localization
(PrL), mean (ME) and root mean square (RMSE) values of
the target localization errors for the estimated positions.
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Fig. 23. Target tracking by JIEM.
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Fig. 24. Target tracking by TOACOM.

Now, after this short summary of the obtained results,
we can discuss some outcomes in detail. Let us begin with
a comparison of the true and estimated TOA given in Fig. 11
and 14. It can be seen in these figures that RSA has been able
to estimate TOA quite well. The probability of target local-
ization by RSA is about 0.78. The target trajectory and track
follow the true direction of the target motion, but they are
shifted along the y-axis. On the other hand, the performance
of RSB based on DCB is the worst in comparison with all
the tested approaches. In this case, quite a number of TOA
has been missing, and hence the probability of the target lo-
calization has only been 0.52. The estimated trajectory of
the target is spread. The target track tries to follow the true
direction of target motion, but it is shifted along the x-axis.

PrL ME [m] RMSE [m]
DCA 0.78 0.473 0.508
DCB 0.52 0.737 0.917
SN 0.78 0.394 0.478
JIEM 0.71 0.418 0.586

TOACOM 0.82 0.375 0.495
STT DCA 0.99 0.551 0.595
STT DCB 0.95 0.99 1.259
STT SN 0.99 0.409 0.472
STT JIEM 0.99 0.529 0.856

STT TOACOM 0.99 0.379 0.452

Tab. 1. Indicators of performance of the tested localization
methods.
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We assume that the shifts of the trajectories and tracks
estimated by RSA and RSB could be due to a wall effect im-
pact [18]. Unfortunately, the impact of that effect is clearly
visible in the Fig. 11 and 14, even though the wall effect com-
pensation method of the 1st kind has been used in order to
decrease the TOA estimation error [18]. Here, better results
could be provided by the application of the more efficient
wall effect compensation method (e.g. wall effect compen-
sation method of the 2nd kind [18]), but at a cost of higher
computational complexity. Summarizing these facts, it can
be concluded that the reliability and accuracy of person lo-
calization by using a single radar system depend strongly on
radar localization, and hence a robust performance of a single
sensor system for complex scenarios cannot be expected.

On the other hand, cooperative localization methods
such as SN, JIEM and TOACOM are capable of proving
a more robust performance than a single sensor system. This
is confirmed by the estimates of the target trajectories and
tracks (Fig. 18–19, Fig. 23–24). A deeper comparison of the
mentioned trajectories and tracks, and performance indica-
tors (Tab. 1) has shown that the best performance is provided
by SN and TOACOM. This is enhanced especially by the
probabilities PL (PT) for TOACOM indicating that almost
60% (70%) of the estimates of the target coordinates at the
localization (tracking) phase output is smaller than 0.60m.
The better performance of TOACOM compared to those pro-
vided by DC, SN and JIEM is also confirmed by the values
of further indicators such as ME and RMSE of the estimated
target positions (Tab. 1). In spite of the fact that the wall
effect compensation method of the 1st kind has been used for
the wall effect compensation also of the SN and TOACOM
application, no significant shift of the estimated trajectories
and tracks in the xy-plane as in the case of DCA and DCB
can be identified. The values of the performance indicators
for TOACOM are a bit better than those for SN. This results
from the fact that TOACOM benefits from the TOA com-
plementing algorithm whereas the SN is based only on the
fusion of the target coordinates estimated by RSA and RSB.

5. Conclusion

In this contribution, we have dealt with through-the-
wall localization and tracking of a moving person by using
a two-node UWB sensor network. For that scenario, we have
suggested using TOACOM for target localization. TOACOM
is a cooperative method of localization based on the fusion
of data retrieved from particular sensors on the TOA level
using TOA combining and TOA completing algorithms.

The obtained results for single moving person local-
ization and tracking have confirmed clearly our assumption
that the cooperative methods of target localization (two-node
sensor network) can provide a more robust performance and
at the same time better accuracy than a single UWB sensor
application. We have also shown that TOACOM can provide

the better performance than the other tested cooperative and
non-cooperative methods of target localization.

In this contribution, we have developed TOACOM for
single target localization and a two-node sensor network only.
This TOACOM version can be further modified also for
a multiple target scenario and an N-node sensor network
for N > 2. The creation of proper clusters of intersections of
all the created ellipses associated with the particular targets
will be the new key part of this TOACOM modification. We
assume here, that one cluster will include the intersections
associated with the same target. Therefore, the TOACOM
presented in this paper will then be applied in successive
steps to particular clusters. It is well known that in the case
of multiple moving person localization, the probability of
target detection can be dramatically decreased due to mutual
shadowing of the targets [19]. Therefore we believe that the
outlined modification of TOACOM will be able to provide
further improvement of TOACOM efficiency as compared
to the other methods of the target localization mentioned in
this paper. The development of the outlined modification of
TOACOM will be done within our subsequent research.
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