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Abstract—Developments in sensing technology have
shown that UWB radars are becoming increasingly valuable
sensing devices that can be used for monitoring of humans in
military/police and civilian areas. It is known that the applica-
bility of particular methods of human localization depends
on the character of persons’ motion. With respect to this
finding, the researchers’ attention has been aimed at two
fundamental directions. While the former is focused on the
localization of moving persons (MP), the latter approach is
intended to localize static persons (SP). Then, a proper fusion
of the methods developed for MP and SP localization allows
monitoring of persons moving with an unknown time-variable
character of motion (MP-SP). The analyses of the currently

Static person localization and tracking

Monitored area

known methods of MP and SP localization in terms of their use for MP-SP localization have shown that while MP localization
methods are in principle well developed, SP localization methods are not sufficiently adapted for their use in MP-SP
monitoring. Motivated by these findings, we would like to introduce a new radar signal processing procedure for SP
localization (SPL) that could be an efficient component of algorithms to be applied for MP-SP monitoring. The novel
features of the proposed SPL consist especially in a new approach to SP detection and inclusion of SP tracking in
SPL. Moreover, SPL is characterized by relatively low computational complexity and is, therefore, suitable for real-time
implementation. Experimental results have shown that SPL introduced in this paper provides very good performance for
multiple person localization for line-of-sight and through-the-wall scenarios.

Index Terms— Breathing, detection, localization, signal processing, static person, tracking, ultra-wideband (UWB) radar.

|. INTRODUCTION

EOPLE detection, localization, and tracking belong
among the oldest applications of UWB radars [1]. In this
field, the attention of the researchers is split into two funda-
mental topics. The former is localization of moving persons
(MP) [2], i.e., persons moving within a monitored area in
such a way that their coordinates are changing. The latter is
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localization of static persons (SP) [3], i.e., persons situated, but
not moving within the monitored area. The respiration motions
are usually the only visible form of SP movement. A proper
fusion of the methods developed for MP and SP detection
and localization allows monitoring of persons moving with
an unknown time-variable character of motion (MP-SP) [4].
Such functionality is usually requested by any localization
system. A survey of the methods of MP localization presented
e.g., in [4] and [5] have shown that, with respect to MP-SP
monitoring, the developed approaches to MP localization can
be considered well handled. However, the state-of-the-art in
the field of SP localization has indicated thatcurrently available
methods have not been sufficiently adapted for their exploita-
tion for MP-SP monitoring. Their shortcomings in terms of
this application will be summarized in the next paragraphs.
Motivated by these findings, we would like to introduce in this
paper a new radar signal processing procedure for SP detection
and localization (SPL) that could be an efficient component of
algorithms to be applied for MP-SP monitoring by multistatic
M-sequence UWB radars [6].

Following the outlined aim, our paper is organized as
follows. In the next section, the analyses of the state-of-the-art
in the field of SP localization will be presented. As a result of
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this section, a specification of requested properties of SPL to
be exploited for MP-SP monitoring will be given in Section III.
The core of the paper (Section IV) is focused on a new original
SPL satisfying the requirements summarized in Section III.
Some experimental results illustrating the performance of
the proposed approach of SP localization will be shown in
Section V. In the last section, some concluding remarks will
be summarized.

Il. RELATED WORK

A. Raw Radar Signals

In the case of people monitoring by using an M-sequence
UWRB radar, raw radar signals (or radar scans) are represented
by a set of impulse responses of the environment, through
which the electromagnetic waves emitted by the radar are
propagated from transmitting radar antenna (Tx) to receiving
radar antenna (Rx). The radar scans thus defined can be
modeled by the expression

ht,ty= f(s(t,t),n(t,7),ct,v),i(t,t),jt, 1)), (1)

where t, 7, s (t,7),n(t,7), c(t,7),i(t,7) and j (¢, 7) denote
the propagation time, observation time, radar echos, noise
generated by radar circuitry, clutter, interference, and jamming,
respectively [4]. The operator f (-) represents the input-output
model of an analog front—end of a radar receiving channel.
If the radar receiver is operating in a linear region of its analog
front—end, and if there is no interference and jamming, then
(1) can be expressed in the following simplified form

ht,t)=s(t,t)+n(t,t)+c(t, 7). 2)

In general, the radar echo s (¢, 7) is a signal due to the
portion of the energy of those transmitted electromagnetic
waves which have been reflected by a target and which have
been subsequently received by a radar receiver. In the case
of UWB radars applied for person monitoring, the backscat-
ters can be due to electromagnetic wave multipath propa-
gation very complex. It has been shown in [7]-[9] that the
Saleh-Valenzuela model could be used to model the impulse
response of the UWB channel. According to this model,
backscatters propagating along several individual paths come
to Rx in the form of clusters. Such a cluster can be defined as
a set of multipath components with similar arrival times, and
in the case of UWB signals transmission, with exponentially
decaying amplitudes as well. The first detected backscatter
situated in the first received cluster is usually used to estimate
the time-of-arrival (TOA) of the target. In the next, this
component of the backscatters will be referred to as the main
component of the radar echo. On the other hand, additional
backscatters located in the second and other clusters can cause
the formation of ghosts [9].

As follows from microwave circuit theory, crucial parts of
the noise 7 (¢, 7) are generated by Rx and an analog front-end
of the radar receiver. Considering these facts, we can assume
that n (¢, 7) is a zero-mean stationary additive white Gaussian
noise (AWGN) [6].

The clutter ¢ (¢, t) is given by backscatters from objects
situated in the monitored area that are not the desired targets,
and signals obtained as the results of antenna coupling and
impedance mismatch of the RF circuits of the radar device.

Let us assume that sampling frequency of & (¢, 7) along
the axes r and 7 will be denoted f; and f;, respec-
tively. Then, the radar range resolution is Ad c/f,
where ¢ = 3 x 108 ms™! is the electromagnetic wave
propagation velocity in the air. Another important parame-
ter of the radar is its measurement rate r expressing the
total number of radar scans taken per second. In general
r # f;. A set of M consecutive radar scans Hy (t,7) =
{h (¢, texttau — k), k=0,1,2,..., M—1} is usually referred
to as a radargram defined for an observation time interval
L3, = M/f;. Let the length of the impulse response sensed
by the radar be Lﬁ\, = N/f;, where N is the total number of
samples of the impulse response. Then Hyy (¢, 7) is a matrix of
N x M type. A sample of the radargram Hy, (t iB Tk) represents
a sum of electromagnetic wave reflections from all objects with
the same bistatic range

3)

sensed at the observation time instant 7x. Then, the j-th row
of radargram

d(l‘j,Tk) = ctj

Hy (tj,7) ={h(tj,t —k),k=0,1,2,...,M -1} (4

represents a sequence of the sums of electromagnetic wave
reflections from all objects with the constant bistatic range
expressed by (3) obtained by successive measurements taken
in the observation time interval L}, .

B. Basic Principles of SP Detection

Basic issues of SP detection have been studied in many
publications (e.g., [10]-[14]). The solutions developed in these
papers assume that the respiration motions are usually the
only detectable form of SP movement. Then, the starting point
of the proposed methods of SP detection is the precondition
that a human being’s breathing can be considered a periodical
process with a fundamental harmonic frequency fp € Fp
(0.16 Hz, 1 Hz) [15]. The motions of the human respiratory
tract during inhalation and exhalation directly affect the move-
ment of other parts of the human body such as the thorax,
abdomen, back, etc. Then the movement of these parts of
the human body can also be considered a periodic process
with the same fundamental harmonic frequency fp € Fp. The
amplitudes of these motions are relatively small and depend
on the specific part of the human body. For example, the peak-
to-peak value of chest movement due to respiration in adults
is about 0.4 — 1.2 cm [11]. Now that we consider that the
range resolution of the UWB radar is about 1 — 3 cm, then
the backscatters due to the same part of the SP body should
still be located at the same bistatic range for all moments
of observation time. These signals should be located in the
radargram row and should contain components of harmonical
signals with frequencies fp € Fp.

Then for SP detection, the following basic rule can be
applied. Firstly, the total power of Hy, (t s r) per L}, in the
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frequency band Fp denoted as P (¢}, 7) is estimated. Then if
P(tj,r) >y (1), 5)

where y (7) is a threshold, SP is detected in the j-th row of the
radargram. The TOA and the bistatic range of thus detected
SP are #; and d (¢}, v), respectively. The mentioned rule is
very free (how to estimate P (¢;,7), how to choose y (7)).
And hence, its practical implementation leads to many variants
of SP detection methods.

It is known from the detection theory, that the higher the
radar echo-to-noise and clutter ratio (ENCR), the higher
the probability of target detection (Pp) as well. Because
the ENCR for SP detection is usually very low, it should
be improved before the implementation of any methods of
SP detection. As a result, the process of the SP detection is
usually decomposed at least into three stages, which include
noise and clutter suppression, an estimation of P (tj, r), and
finally the detection itself [4].

C. SP Detection and Ranging: State-of-the-Art

An interesting and still actual approach for SP detection
introduced in [13] and [16] is divided into the following
stages: decreasing of total level of AWGN (range filtering,
slow-time frequency domain windowing), stationary clutter
removal (range-profile, mean, and linear trend subtraction),
nonstationary clutter suppression (a singular value decompo-
sition (SVD) method), the power spectrum estimation using,
e.g., fast Fourier transform (FFT), and finally threshold-based
decision and range-estimation stage. The proposed approach
has been successfully demonstrated for the detection of a
single person located under rubble.

A bit different approach for SP detection has been proposed
in [11]. In this contribution, high-pass filtering in observa-
tion time and SVD have been recommended for static and
non-stationary clutter suppression, respectively. The power
spectrum is estimated using an auto-correlation of radar-
gram rows across the propagation-time window centered at
the expected TOA corresponding to a target. As an alter-
native approach to power-spectrum estimation, the Welch
periodogram is mentioned in [11]. The obtained results have
shown that the discussed method has been successfully used
for complex scenarios such as ranging of a single SP situated
under heavy rubble or localization of SP through the three
floors of the building.

In [17], a sensor network of bistatic UWB radars for multi-
ple person localization has been introduced. The employed sig-
nal processing scheme consists of £ENC R improvement phase
(moving target indicator, passband filtering along the 7-axis),
detection (ranges and breath frequencies of potential targets
are detected from cross-spectral density calculated from pre-
processed signals), an initial screening focused on a reduction
of some potential targets and target localization (a maximum
likelihood observation-target association technique employed
for ranges and breathing frequencies association and human
target localization). The bistatic UWB radar network according
to [17] has been able to provide not only good localization of
one to three SPs for a simple line-of-sight (LOS) scenario but
also to estimate persons’ breathing rates.

The method referred to as WP-STAPELOC has been intro-
duced in [3]. This approach for multiple SPs localization
consists of the set of five signal processing phases such
as background subtraction (exponential averaging method),
target-echo enhancement (range filtering, low-pass filtering
along r-axis), target detection, TOA estimation and TOA asso-
ciation (trace connection method), wall effect compensation
(trace correction of the first or second kind), and target
localization (direct computation method). For SP detection,
a two-stage detector consisting of a power spectrum estimator
(Welch periodogram method), order statistics constant false
alarm detector (OS-CFAR), and a simple threshold detec-
tor have been employed. The performance properties of the
WP-STAPELOC method have been demonstrated by a suc-
cessful high-accuracy through-the-wall (TW) localization of
three SPs.

An improvement of the WP-STAPELOC method has
been introduced in [18] and [19]. In these papers,
the WP-STAPELOC method was supplemented by the target
tracking phase implemented by a multiple target tracking
system (MTT). In this case, SP tracking allows handling
the situation when the number of targets is changing. The
experimental results presented in [18] and [19] have shown
that the modified version of WP-STAPELOC has been able
to detect, localize and track multiple SP, for LOS and TW
scenarios, including scenarios with changing number of SPs.
In both papers, a real-time operating implementation of the
modified WP-STAPELOC method has been presented as
well.

Detection of the presence of individuals including SP has
been studied in [20]. This work is interesting mainly in that it
has dealt with the detection of SP lying down in a heavy clutter
environment. For the clutter reduction, background subtraction
methods referred to as the reference method or running aver-
age filtering, and SVD have been considered. To detect SP,
a two-stage detection process employing two cell-averaging
CFAR detectors has been proposed. This processing scheme of
signals measured by impulse UWB radar has allowed detecting
not only the presence of SP lying down but also to monitor
the presence of SPs if their number is changing.

The above-described approaches to SP detection and rang-
ing have a lot of modifications in the field of methods of
noise and clutter suppression, P (¢;, 7) estimation, and finally
the detection itself. Therefore, a shortlist of some important
alternative approaches to solutions to these issues is given in
the next paragraphs.

The analyses of other contributions focused on selected
issues of SP detection (e.g., [11], [21]-[23], etc.) have
shown that not only conventional, but also iterative SVD
method [24], correlation analyses of radargram rows [11], [17],
Curvelet transformation [25], and CLEAN algorithm [26]
can be used for the ENCR improvement. Besides tradi-
tional methods of power spectrum estimation, the utilization
of time-frequency transformation has been proposed for the
radargram row power spectrum estimation. The methods such
as Hilbert-Huang transformation (e.g., [23], [25], [27]-[29)),
S-transformation [30], wavelet transformation [31], and
wavelet entropy [32] can be rated among them.
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There are also several alternative approaches to SP detection
compared to the relationship based approach (5). In these
cases, instead of P (tj, r), other quantities having relation to
P (t s r) are employed. Such approaches have been mentioned
e.g., in [33]-[38], where instead of P (tj, r), the 8th order
cumulants [33]-[35], [37], or so-called harmonograms [36],
[38] have been used. An experimental comparison of the
performance of SP detectors based on the application of
variance, standard deviation, kurtosis, and skewness presented
in [37] has indicated that application of the variance provides
probably the best results for SP detection and ranging.

The analysis of the contributions referred to in this section
has shown that these works do not practically consider
the problem of the computational complexity of the signal
processing methods that they employ. Regarding this issue,
it is useful to distinguish between single scan signal processing
methods (SS-M) and block scan signal processing methods
(BS-M). In the case of SS-M, a single current radar scan
is used as input for the method under consideration. The
method of exponential averaging frequently applied for clutter
suppression is a good example of SS-M [39]. On the other
hand, in the case of BS-M, a block of scans is used as input for
the method under consideration. The SVD [39] or FFT [3] are
the typical representatives of BS-M. As the BS-Ms are based
on matrix computation of usually large matrices, they belong
among methods that are characteristic by high-computational
complexity. Then, if possible, it is advisable to avoid the use
of BS-Ms in the SP detection.

Another weakness of current articles focused on SP detec-
tion and localization is that they usually do not deal with
the issue of the value of sampling frequency along the
7-axes (f;) and the rate (frequency) of generating the target
coordinate estimate ( f,g). Many contributions present the
results of SP localization as the results of processing just one
radargram (e.g. [3]). On the other hand, there are only a few
articles (e.g. [19]) that report the results of SP localization
generated with some frequency f7,. From a practical point of
view, the results of SP localization should be generated with
frequency f;, = f;. This requirement is particularly important
if the considered SP localization method should be used as part
of a signal processing scheme for MP-SP monitoring.

Taking into account the knowledge summarized in this
section, we will introduce in the next sections a novel com-
putationally efficient, and robust signal processing scheme for
SP localization.

I1l. PROBLEM STATEMENT

A novel SPL with the following properties should be

developed in this paper:

o SPL should allow localization of SP in the x — y plane
for y > 0 using a multistatic M-sequence UWB radar
operating with 1 Tx and 2 Rx, whose coordinates are

Tx =(0,0), Rx;=(x1,y1)=0(,0),
d >0, Rxz=(x2,y2)=(-d,0). (6)

o SPL should allow localization and tracking of mul-
tiple human targets including the scenarios with a
time-variable number of SPs.

o SPL should be usable as a part of signal processing
schemes for MP-SP monitoring.

o SPL should be suitable for real-time implementation
(i.e. the SPL computational complexity and sampling
frequency f; should be as low as possible).

« SPL should be suitable for SP localization for LOS indoor
as well as TW scenarios.

o SPL should support SP localization using baseband and
passband operating UWB radars, including UWB radars
satisfying the standard of the European Electronic Com-
munications Committee [40].

IV. SIGNAL PROCESSING SCHEME
FOR SP LOCALIZATION

Based on the properties of raw radar data and the state-
of-the-art related to this issue, we propose to use for SP
localization the SPL consisting of seven basic phases of
signal processing which include raw radar data preprocessing,
background subtraction, target detection, TOA estimation and
TOA association, wall effect compensation, target localization,
and target tracking. In the following sections, we will explain
the importance of the particular phases and introduce the
appropriate signal processing methods that can be used in these
phases.

A. Raw Radar Data Preprocessing

This phase of SPL aims to set up the sampling
frequency f; as well as to reduce the level of n (¢, ), and
thus improve ENCR.

As we have shown above, the respiration rate of a human
being is fp € Fp (0.16 Hz, 1 Hz). In the case of
SP localization, the respiration motion of persons is the
only form of movement that could be detected by the radar.
Then, according to the Nyquist—-Shannon sampling theorem,
the sampling frequency of raw radar signals along the 7-axis
should satisfy the condition

fr > 2max Fp =2Hz

@)

However, as a rule, the sampling frequencies are usually
chosen higher than the minimum sampling frequency given
by the sampling theorem. Following this rule, we propose to
sample the raw radar data along the 7-axis with the frequency
f: =~ 4 Hz. The suitability of such a choice of f; was
confirmed by many experimental measurements focused on
SP monitoring, which we have performed with UWB radars.

For a reduction of the level of AWGN contained in the raw
radar signals, we propose to employ synchronous averaging
of original radar scans and range filtering (filtering of radar
scans along the 7-axis) [6].

In the case of SP monitoring, the target motions are slow
compared to the radar measurement rate. This step opens
up the opportunity to apply synchronous averaging by which
the noise performance of the measurement will be consider-
ably improved and additionally the data throughout will be
reduced [6]. Following this basic idea, synchronous averaging
can be applied if the rate of measurement r is higher than that
of the sampling frequency f, i.e., if

r> fi. @)
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A typical rate of measurement of M-sequence UWB radars
could take on values from the interval 100-1000 impulse
responses/s. And hence, condition (8) is usually very well met.

Let us assume that 4, (¢, ) are raw radar scans measured by
a radar with measurement rate », and % (¢, t) are resampled
original scans (so-called resampled scans) obtained by syn-
chronous averaging of L original scans, and hence sampled
with the frequency f; = 1/t; = r/L. In the case of SP
localization, we will assume that for a given r, L is chosen in
such a way that f; =~ 4 Hz. Then, the synchronous averaging
of L original scans can be described by the expression

h (t’ Tj) = h(t»j‘[s) :h(t».]/fl') :h(t,](L/l"))

L—1
1 .
= 2 he (G D D) /1)
=0
forj=0,1,2,--- ,N — 1. )

Synchronous averaging according to (9) represents a simpli-
fied form of a multichannel signal downsampling that does not
use any anti-aliasing filters. Comparison of the experimental
results from many testing scenarios showed that the synchro-
nous averaging, implemented as the combination of hardware
and software averaging, produces acceptable outputs, i.e. the
effect of aliasing is negligible in this case. On the other hand,
we have gained a positive feature, which is reduced com-
puting complexity. Because respiration movements are much
slower compared to r, and n (f,7) ~ N (O, anz), synchronous
averaging allows for reducing the level of noise components
of h (¢, 7), and thus to increase ENCR [6].

If the fluctuations in the noise signal behave more abruptly
than the variations in the target echo, the noise can be reduced
by limiting the bandwidth. Then, ENCR could be improved
by range filtering of the particular impulse responses obtained
as the results of synchronous averaging of original raw radar
scans [6]. The range filtering of 4 (¢, 7x) along the f-axis can
be formally expressed as

th (t’ Tk) = Fl‘ [h (ta Tk)]a

where F;[-] is an operator applied to the model filtering
process. In the case of SP monitoring, band-pass filters are
usually used for range filtering. The filter parameters, such as
cut-off frequencies, bandwidth, attenuation in the stop band,
etc., depend on the radar operation parameters, antennas and
raw radar signal properties. The application of filters can result
in a signal delay due to non-zero group delay of the filter.
If such a delay is not acceptable, then the application of
so-called zero-delay range filters is recommended [41]. Based
on our practical experiences, we use the zero-phase elliptical
filter of the 8th order only in the case when the radar signals
are measured by a radar network. Then such a range filter
suppresses the noise due to partial interference between radars
working at the same time and in the same frequency band [6].

(10)

B. Background Subtraction

The second phase of SPL is focused on clutter suppres-
sion using background subtraction methods. By the term
background, we understand stationary and correlated clutter,

such as antenna coupling, impedance mismatch response, and
ambient static clutter. If lS(t, 7) expresses an estimate of the
background b (¢, 7), then the background subtraction is given
by the expression:

hy (t, ) = hpe (1, 1) — b (1, ) (11)

where hy, (¢, 7x) is the impulse response with a subtracted
background. As follows from (11), the crucial issue of the
background subtraction methods is the b (¢, t) estimation
itself. The methods of the b (¢, 7) estimation are based on the
assumption that while the target echo can be considered a non-
stationary component of hr; (¢, t), the background b (z, 7) is
represented by stationary components of /i r; (¢, 7). Based on
this assumption, a number of background estimation methods
have been developed [42]. Because of good performance, high
robustness, and low computational complexity, we propose to
employ for the background estimation the method of exponen-
tial averaging [39]. According to this method, the background
estimation b (¢, 7¢) is obtained by

b(t,w) =ab(t, 1)+ (@ — Dhp (t,70),  (12)

where 0 < a < 1 is a constant weighting factor setting the
length of background estimator memory.

C. Target Detection

Detection methods analyze the impulse response with the
subtracted background hy (¢, 7x) and decide whether target
backscatters are present or absent in the analyzed hy (¢, tx).
For the SP detection, we propose to use the novel detection
scheme shown in Fig. 1. Following this figure, we can see
that firstly, the total power of the j-th rows of the radargram
in the frequency band Fp = (0.16 Hz, 1 Hz) denoted as
P (tj, rk) is estimated for j = 0,1,2,---, N — 1. To reduce
the quantity of potential false alarms, root-mean-square (RMS)
envelope of P (¢, 7x) denoted as eguys (¢, 7x) is computed.
And then, the target detection itself is implemented using a
two-stage detector where eryss (7, 7x) are used as its primary
testing statistics. In the next, we will describe the proposed
SP detector in details.

As can be observed from Fig. 1, the P (tj,7) estimator
consists of a r-filter, an estimator of the instantaneous power
of the signal, and an integrator. The z-filter is used to limit
the spectrum of the particular rows of the radargram with sub-
tracted background (t s r) approximately to the frequency
band Fp. The t-filtering of h;, (¢, 7) along the r-axis can be
expressed as

hre (tj,7) = F [hy (1, 7)] -

As the r-filter, we propose to use a low-pass IIR filter
with the cut-off frequency of the pass-band fr, =~ 1 Hz.
Then a pass-band Fr, = (0 Hz, 1 Hz) of the r-filter can be
considered as an acceptable approximation of the frequency
band Fp = (0.16 Hz, 1 Hz). We found out by experiments
that as the r-filter, a low-pass elliptic IIR filter of the
8th order can be applied with an advantage. Such selection
of the z-filter keeps the total computational complexity of
7-filtering at an acceptable level.

(13)
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Fig. 1. SP detector applied to the Kkt impulse response.
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L l i l to the target backscatter. To make this decision, the data taken
’ Neighborhood 2 ‘ ’ Neighborhood 1 ‘ from the shift register cells X, (reference window) are first
L rank-ordered according to increasing magnitude. The sequence
Caleulation of an cstims thus achieved is called an ordered statistic
alculation of an estimate Z
based on the data in the
reference window X(l) (Tk) < X(z) (‘L-k) <...< X(U) (‘L-k) s (16)
es““;f‘)‘\i‘;f;”"" where X (1) () denotes the minimum and X () (zx) the max-
- horar () imum value. The central idea of an OS-CFAR procedure is

>
>

Comparator

detector scale
factor §

Fig. 2. OS-CFAR.

From what has been stated above is clear that P (tj, rk)
can be obtained as the estimation of the power of signal
hpe (tj, rk) using the expression

P (tj, Tk) =fpP (tj, ‘[k,l) + (f - 1)h%;r (tj,Tk)

for0 < p <1, (14)

where h%r (tj, rk) has been obtained as the output of the
estimator of the instantaneous power of 4 r, (t s rk).

If we consider (5), P (¢, tx) could be employed as the pri-
mary testing statistics of OS-CFAR. Our experimental analysis
of P (t,7x) has shown that it provides SP detection, but at
the same time, its usage produces a large number of false
alarms. These false alarms are caused by residual noise and
clutter fluctuation. To reduce these fluctuations and hence the
number of false alarms as well, we propose to use instead of
P (¢, t) its RMS envelope egprs (¢, 7). Its utilization makes
the process of SP detection more robust in comparison with
simple lowering of the false alarms by setting the OS-CFAR
detector parameters. The RMS envelope of the P (¢, 7x) can be
calculated using a sliding window with the length W according
to the following expression:

w—1
eRMS (tj,‘L'k) = % Z P2 (tj_l,‘L'k). (15)
1=0
The second part of SP detector shown in Fig. 1 is formed
by a two-stage detector containing OS-CFAR and a simple
threshold detector (TD). A basic block scheme of implemented
OS-CFAR is shown in Fig. 2 (according to [43]-[45]). In com-
parison with a classic OS-CFAR approach, some guard cells
are introduced to reduce self-interferences in a real target echo
situation [45]. Following Fig. 2 and [44], the operation of the
OS-CFAR can be described as follows.

to select one certain value X) (%), v € {1,2,---,U}
from (16) and use it as an estimate Z (7x) for the average
clutter power observed in the reference window

Z () = Xy () - (17)
Then, the OS-CFAR threshold is
ycFAR (tk) = Z (k) S, (18)

where the scaling factor S depends on the OS-CFAR parame-
ter U, the requested value of false alarm probability Pr,, and
the probability density function of the clutter. In our applica-
tion, we approximate the clutter probability density function by
the exponential distribution and compute the scaling factor S
according to the formulas described in [43]. The utilization of
the RMS envelope allows us to set a constant value of false
alarm probability (Pr4 = 0.05) for varied scenarios of SPL.
Taken into account (17) and (18), the OS-CFAR output can
be expressed as

1 if CUT = ycrar (w)

| (19)
0 if CUT < ycrar (),

herar (1, ) = [
where the value “1” ( “0”) indicates that a target reflection has
been (has not been) detected in CUT .

It is well known that besides OS-CFAR, there are many
variants of CFAR detector (e.g., [46]). Therefore, we have
tested and compared the performance of several kinds of
CFARs for the case of their employment in the detection stage
of the SPL. The obtained results have shown the superior
performance of OS-CFAR in combination with guard cells
compared to other tested CFARs. For this reason, the described
OS-CFAR was chosen for our SPL concept.

In the case of SP, the radar range resolution is much finer
than the size of the person. Then, a human target has to be
considered a distributed target. It means that several backscat-
ters due to the same target can be detected. In order to avoid
multiple detections of the same person, the second detection
stage represented by TD is employed by the detection scheme
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according to Fig. 1. The TD input h"}, (t;, t¢) is formed by
the sequential summation of hcrar (¢}, Tk) over the interval
with the length V, where V represents approximately the
maximum number samples of hcrar (tj, rk) = 1 that could
be received from the same target. Then TD input is expressed
as

14
hiy (tj, o) = ZhCFAR (tj—v4is ) (20)
=1
while the TD output is given by
1 if Ay (8, ) = yup
h i Tk) = D 21
o (tj, %) [O it B (1 7)< HDs 2D

where ygp is a constant integer expressing a TD threshold.
It should fulfil the condition:

0 <yup < V. (22)

Similar to the OS-CFAR, hrp (tj, Tk) = 1 (hrp
(tj,7) = 0) indicates that an SP has been (has not been)
detected in hy, (t, 7x) for t =¢;.

D. TOA Estimation and TOA Association

This phase of the SPL aims to process the output of
the detection phase to estimate TOA of detected targets,
to suppress some false alarms, and finally to associate TOAs
estimated by Rx; and Rx, corresponding to the same target.
For the solution of these tasks, we propose to use the trace
connection method introduced in [47].

There are a few basic assumptions that allowed development
of the trace connection method. The first assumption consists
in an approximation of a human distributed target by a point
target. Then, the only one TOA for one receiving channel is
associated with a single SP. As we mentioned above, due to
multipath electromagnetic wave propagation, target backscat-
ters propagating along several individual paths come to Rx; in
the form of clusters where each cluster usually contains several
target backscatters. Therefore, another assumption employed
by the trace connection method is that the first detected and
confirmed target backscatter in the first received cluster is used
to estimate the target TOA. As it is shown in [47] during such
TD output processing focused on detection and confirmation
of the mentioned first target backscatter, a lot of false alarms
are suppressed as well.

Then, as the results of this phase, two sets of TOAs are
obtained for the observation time instant 7

TOAgy, (1) = {TOA}W TOAS, .- TOA%I;I}, (23)

Rxy»

TOAgs, (1) = {TOA}WTOAZ ...ToA%gz}, (24)

where TOA’gxl, is the TOA of the m-th target confirmed by
the i-th receiving channel. M; and M, represents the number
of the confirmed targets for which TOA has been estimated
by the first and second receiving channels, respectively.

As follows from target localization theory, for a target
localization by a radar according to (6), a pair of TOAs

{TOAR, (w),TOAL,, (1)} (25)

associated with the same target has to be used. Using (23)
and (24), M1 M, such pairs can be created, and hence
theoretically, M; M, targets could be localized. However,
if e.g., M1 > M, then maximum M, valid targets could be
in the monitored area only, while the remaining M| M> — M>
potential targets are so-called ghosts. And hence, to localize
valid targets situated in the monitored area, M3 < M> pairs of
TOAs according to (25) associated with the same target have
to be selected. The trace connection method also provides
a solution to this TOA association task. Then, the result
of the currently discussed phase of the SPL is given by a
set of M3 < Mj pairs of TOA according to (25) that are
correctly associated. For simplicity, in the next the associated
TOAs of the p-th target will be denoted as TOAfexi for
pEMsi=1,2.

E. Wall Effect Compensation

In the case of SP localization for LOS scenarios, the target
TOAs are estimated using the trace connection method. Then,
target bistatic distances can be computed by (3). And finally,
these distances are employed to localize the target [42]. Now
let us consider SP localization for TW scenarios. For such
scenarios, the target could be localized in the same way as for
LOS scenarios. However, in this case, the target position will
be estimated with an error usually larger than that for LOS
scenarios. The mentioned growth of the localization error is
caused by the fact, that the velocity of electromagnetic wave
propagation in the wall is lower than in the air. In the field of
the person monitoring by UWB radars, this effect is referred to
as the wall effect [42], [48]. The range of the impact of the wall
effect depends on the wall properties (such as its thickness,
profile, permittivity, and permeability), and on the ratio of the
wall thickness and the distance traveled by electromagnetic
waves in the air.

To improve the person localization accuracy for TW sce-
narios, the methods of the wall effect compensation can be
used [42], [48]. These methods are based on the estimation
of time delay 7; caused by the transmission of the electro-
magnetic wave through the wall. The estimated time delay is
applied for TOA correction by using the expression

TR, () =TOAR (%) — ta. (26)

Then, the TOAs corrected according to (26) are used for
the target localization.

For the wall effect compensation, two methods referred to
as target trace correction of the 1st and 2nd kind have been
proposed in [42], [48]. Both methods use (26) but differ in
the way how 74 is estimated. For example, in the case of the
target trace correction of the 1st kind

(Ve 1)

where dw, €., and u, are the wall thickness, permittivity,
and permeability of the wall material. The method of the
trace correction of the 2nd kind is able to provide better
performance, but is also more complex. Besides the mentioned
methods, more advanced approaches (usually used in ground
penetrating radar field) can be found e.g. in [49]-[51].

tq = 27)



KOCUR et al.: NOVEL SIGNAL PROCESSING SCHEME FOR SP LOCALIZATION 20303
For LOS scenarios, ¢, = 1 and u, = 1, and hence #; = 0.
. . . ] ) .
Then, the following expression can be formally written Sensor Data Processing O | Opservation-to- yimack Maintenance
s 1 [ (i Cntmsin
p _ p
Try () = TOAR,. (7). (28) T i
. ) - Tr(r)
If the target TOAs are expressed by Tlfx, (%), then in the “ Ga“tng (F,hTr_ackm‘c; iﬂtzf_st, L
. . . i . omputations iltering and Prediction
target localization phase the velocity of the electromagnetic

wave propagation in the air ¢ = 3 x 108 ms™! has to be
considered.

F. Target Localization

Let the antenna array of the radar consists of 1 Tx and 2 Rx,
while the coordinates of the particular antennas are given
by (6). Suppose further that for the observation time instant
7r the pair of the corrected TOAs associated with the
p-th target T” = (x7, y) sitvated in the x — y plane for
y > 0 are known, and are given by the expression

)4
{TRxl
Then the target localization phase aims to determine the
coordinates of 7} denoted as x; and y/.

Using (3), (6), and (28), we can write the following
equations

() > Thy, (Tk)} . (29)

di (tx) = cTI‘?X’_ (tx) fori =1,2,
di (tx) = |TxTL || + | Rx: T ||

= VD + 0D+ 6 =30 +0f = 3)’s 6D

where d; (1) is the i-th bistatic distance of the target Tkp .
It has been shown e.g. in [52] that the solution of (31) can
be found in the form

(30)

diks — doky
p_ L T 32
Tk dox1 — dix; (32)
ki + xyx? :
1 1 2
v = (Tk) — (D), =0, (33

where
1
ki=3 (df —x?), di =d; (z) from (30) for i = 1,2. (34)

The analysis of (31) has shown, that it can have 0, 1,
or 2 solutions. The situation where (31) has O or 1 solution
indicates that the target Tkp (x,f , y,f ) cannot be localized.
If two solutions of (31) exist, then target coordinates are given
by (32) and (33). The second solution Tkp/ = (x/,—y{) can
be excluded because is located behind the radar antennas.

The described approach to the target localization is usually
referred to as the direct localization method [52]. Using this
method, the coordinates of all targets for all possible associated
pairs of TOAs are computed. The result of the localization
phase is then given by the set of all localized targets

O (m) ={Tf = (x{,y]) forp=1,2,--- , M3 (m)}. (35)

The results of the localization phase expressed by Tkp
(x,f s y,f ) are usually referred to as observations [53].

Fig. 3. MTT system.

G. Target Tracking

The target tracking phase of SPL is used to associate
consecutive radar observations of the same targets into target
tracks. In contrast to localization, tracking also provides a
new recursive estimation of the target location based on
its current and foregoing observations and thus it decreases
the target coordinate estimation error. As SPL has to track
multiple targets, we propose to use a multiple target tracking
system (MTT) for SP tracking. MTT is a complex system
of radar observation processing that has to handle basic
multiple-target tracking problems such as target tracking itself,
target-to-track association, missing observations, false alarms,
and track maintenance [53].

Because there are many algorithms to solve the mentioned
partial tasks of MTT, there are also a lot of concepts, variants,
and modifications of MTT [53]. We have chosen for SPL a
classic MTT system shown in Fig. 3 [42]. Its input in the
observation time instant 7 is given by the set of observations
O () from (35). On the other hand, its output is represented
by the set of the target tracks

TR (k) = {TR} forr =1,2,--- , M4 (x)}, (36)

where T R; is the r-th track obtained in the observation time
instant 7x. The number of tracks My (7x) may differ from the
number of observations M3 (zi).

A detailed description of the MTT proposed for SPL is too
complex to be presented in this paper (for detailes see [42],
[53], [54]). Therefore, in the following, we will present only
its brief overview.

It is well known that any target tracking in the presence of
clutter and multiple targets requires that proper observations be
assigned to each target track by comparing them with the cor-
responding predicted observation positions. In our MTT, it is
implemented by the combination of observation gating with
Munkres algorithm (target-to-track association algorithm). The
observation prediction and the gate size are usually provided
by the tracking filters. In the MTT used by SPL, for obser-
vation prediction and track updates, a set of linear Kalman
filters with a constant velocity model are employed. When the
velocity of the target is significantly decreased, which indicates
that the target probably stopped, the parameter controlling
the gate size is decreased and vice versa. In such a way,
the same model for MP and SP tracking can be used with a
computational advantage. The observation gating also supports
the suppression of false alarms. On the other hand, the problem
of missing observations can be solved using the observation
prediction. The track maintenance represents the last block of
MTT given in Fig. 3. It includes track initiation, confirmation,
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and deletion. In the MTT used by SPL, it is implemented by
so-called M/N logic.

SP tracking is a beneficial feature of the signal processing
schemes applied to SP localization which is not used in
common (we outlined its usage in [18] and [19]). Its main
positive contribution is improvement of the accuracy of SP
localization and reduction of the relative frequency of false
alarms, as well as handling of the problem of short-term
missing observations. On the other hand, the MTT application
indeed increases the computational complexity of the SPL.
Compared to other approaches to SP localization mentioned
in Section II, the complexity of SPL is significantly reduced
by the fact that SPL does not use any BS-M. Moreover, as is
mentioned in Section III, the SPL introduced in this paper
should be able to be used effectively as a part of signal
processing schemes for MP-SP monitoring. In such a case,
the same MTT (as described above) can be used for tracking
not only SP but MP as well. Therefore, the proposed use of
MTT under SPL can be considered acceptable in view of its
computational complexity.

V. EXPERIMENTAL RESULTS

This section aims to present the performance properties
of the SPL. To demonstrate the robustness of SPL we have
included in this section the experimental results of LOS and
TW scenario as well. With the same focus, different radars,
namely passband, and baseband operating radar were applied
in the considered scenarios.

A. LOS Localization of Two SPs

The first scenario referred to as LOS scenario was focused
on LOS in-door localization of two SPs situated in an
office. The scenario measurement scheme is shown in Fig. 4.
Person A (B) was situated during the whole measure-
ment at the position P; (P;). During the measurement
running on 48 s, the persons to be localized performed
only respiratory movements. The persons were monitored
by a multistatic M-sequence UWB radar satisfying the stan-
dard of the European Electronic Communications Committee
(ECC radar) [40]. The parameters of the ECC radar and its
antennas are summarized in Table I. The radar antenna array
consisted of one Tx and two Rx placed up in the corner of
the office. Here, Tx was located in the middle between Rx
and Rx;.

For SP localization and tracking, the SPL described above
was applied. Within the phase of raw data preprocessing,
synchronous averaging by factor 3072 was used. Because
the measurement rate was 13857.63 impulse responses per
second (IR/s), the sampling frequency along the 7-axis was
f: =4 Hz. As the range filter, the zero-phase elliptical filter
of the 8th order with cut-off frequencies of the pass-band
fr =6 GHz and fy = 8.5 GHz was employed.

The outputs of the selected phases of SPL obtained for the
LOS scenario are shown in Fig. 5-16, Table II, and Table III.
In Fig. 5-10, we can observe the results of the processing of
signals received by Rx;. Because similar results were obtained
for Rxj, they are not reported here, but they were used for
target localization.

DESK

P1[2.76;2.81] P2[1.26;2.81]

y-coordinate [m]

SHELF

DESK !

ECCUWB
SHELF

SENSOR
3 2 1

x-coordinate [m]

Fig. 4. The measurement scheme. LOS scenario.

TABLE |
ECC RADAR SYSTEM PARAMETERS

M-sequence order 9
Clock frequency 10.8768 GHz
Signal bandwidth 6.0 — 8.5 GHz
Length of impulse responses 1533 samples
Radar range resolution 0.0276 m
Maximum unambiguous range [ 21.13 m

of radar
Radar measurement rate 13857.63 IR /s
Number of hardware | 48
synchronously averaged scans
Number of software | 8
synchronously averaged scans
Sampling frequency along the
T-axis

4.419 Hz (after averaging)

Antenna spacing 0.1 m
Antenna type Custom frame antennas
operating in the frequency
band 6 GHz — 8.5 GHz
Transmitted power 6 dBm
55.16 1
08
45.97
06
—_ 0.4
7 3678
o 0
_—E’ 27.58 0
i:f 02
£183f SE o
) SR
-0.6
010 BB i b o e L i e RS
08

566 1132 1697 2263 2829 3395 3060 4526
Observation time [s]

Fig. 5. The radargram with the subtracted background. LOS
scenario. Rxy.

After the raw data preprocessing, the radargram consisting
of the resampled and synchronous averaged radar scans filtered
by the range filter is obtained. Its high-level components
correspond mainly to the coupling between antennas. As the
ENCR is too low, no target echoes can be visible there. The
level of ENCR has been increased by background subtracting
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Fig. 6. The T-filter output. LOS scenario. Rx1. Fi

g. 10. Threshold detector output. LOS scenario. Rxy.
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. Fig. 11. Targetlocalization. The estimates of x-coordinates of the targets.
LOS scenario.
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Fig. 8. egpys(t 7). LOS scenario. Rxq.
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Fig. 9. OS-CFAR output. LOS scenario. Rx;. | .
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and t-filtering. Then, the target echoes can be identified in "= EC:CJ:HQ pé*‘:;

Fig. 5-6 around TOA4 ~ 15 ns (person A) and TOAp ~ "s L oondine 1) ! 0

9.25 ns (person B). Unfortunately, besides the target echo Fig. 13. Target localization in the x — y plane. LOS scenario.
components, some additional high-level signal artifacts can

be observed in these figures. They originate, mainly in the Fig. 6-8 illustrate how testing statistics of the detector are

multipath propagation of electromagnetic waves, as well as in  gradually formed. In these figures, we see not only P (¢, 7) and
the target micro-motion. erums (t, 7) components originating in the target echoes, but
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Fig. 14. Target tracking. The estimates of x-coordinates of the targets.
LOS scenario.
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Fig. 15. Target tracking. The estimates of y-coordinates of the targets.
LOS scenario.
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Fig. 16. Target tracking in the x — y plane. LOS scenario.

also their components derived from the high-level signal arti-
facts mentioned in the previous paragraph. These components
have resulted in false alarms shown in Fig. 9 and Fig. 10.
However, what is important, in Fig. 9 and Fig. 10 we also
see the components of the detector response corresponding to
persons A and B.

Using estimated and associated TOAs, the potential tar-
gets have been localized. The true and the estimated x and
y—coordinates of the targets vs. observation time are shown
in Fig. 11 and Fig. 12. Moreover, the true and estimated
positions of persons A and B obtained as the localization
phase output and observed during the whole measurement are
displayed in Fig. 13. We can see from these figures that x and
y—coordinates and the positions of the targets are concentrated

TABLE Il
QUANTITATIVE ANALYSIS OF EXPERIMENTAL RESULTS.
TARGET LOCALIZATION. LOS SCENARIO

[ [ Person A [ Person B ]

Mean of ez (7) [m] 0.3541 0.1406
Standard deviation of ez (7) [m] 0.2498 0.1607
maz [ez (7)] [m 1.7438 1.3274
Mean of ey (1) [m] 0.2758 0.1663
Standard deviation of ey (7) [m] 0.1953 0.1371
maz [ey (7)] [m] 0.7067 0.7798
Mean of er (1) (e%) [m] 0.4574 0.2237
Standard deviation of er (1) (o) [m][0.3046 0.2049
maz [er (7)] [m] 1.8094 1.5396
Relative frequency of the correct|90.78 63.16
estimation x (1) [%]

Relative frequency of the correct |86.41 66.44
estimation y (7) [%)]

Relative frequency of the correct|79.13 63.16
localization of a target [%)]

TABLE IlI
QUANTITATIVE ANALYSIS OF EXPERIMENTAL RESULTS.
TARGET TRACKING. LOS SCENARIO

[ [ Person A [ Person B ]

Mean of ez (1) [m] 0.1201 0.0952
Standard deviation of e (7) [m] 0.0946 0.0817
maz [ez (7)] [m 0.4188 0.3657
Mean of ey (1) [m] 0.2039 0.1222
Standard deviation of ey (7) [m] 0.0680 0.0682
maz [ey (7)] [m] 0.3876 0.3454
Mean of er (1) (e%) [m] 0.2439 0.1745
Standard deviation of er (7) (o) [m][0.1003 0.0696
maz [er (7)] [m] 0.5668 0.4062
Relative frequency of the correct|95.34 98.50
estimation x (1) [%]

Relative frequency of the correct|96.37 100
estimation y (7) [%)]

Relative frequency of the correct |88.08 96.5
localization of a target [%)]

around their true values, but there are also some relatively large
deviations among true and estimated values of coordinates and
positions. The distribution of the individual observations in the
x — y plane shown in Fig. 13 is caused not only by the error
of the TOA estimation but is mainly the result of the effect
of geometric dilution of precision [55]. Moreover, some false
targets and missing targets can be visible in these figures. This
is the reason why the tracking phase has been incorporated in
the SPL.

The results of the target tracking are shown in Fig. 14 - 16.
Similar to the case of the localization phase, we can see in
these figures the true and estimated coordinates, and positions
of the persons to be tracked in x — y plane. The comparison of
Fig. 11 - 16 shows that the tracking application has allowed
to significantly improve the accuracy of the target localization.
As we can observe in these figures, the accuracy of the target
location provided by the tracking phase is very good, with no
false target found. In addition, the target tracks were formed
relatively quickly, approximately 4 s after the start of the
measurement. Finally, no missing targets were observed after
the creation of the track.
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To provide a quantitative analysis of the results obtained for
the LOS scenario, we have created tolerance areas around the
true values of the target coordinates and the true position of
the targets in the x — y plane. The tolerance area for a true
value of a target coordinate is given by a planar strip drawn
symmetrically around the true value of a target coordinate. The
width of the strip is 2Aw, which corresponds approximately
to the diameter of a human chest. On the other hand, in the
x — y plane, the tolerance area is expressed by a circle with
the centre in the true position of the target and with the
diameter 2Aw. All possible tolerance areas created for the
LOS scenario are shown in Fig. 11-16. Because SPs are not
pointed but distributed targets, with no-zero size and because
the size of the proposed tolerance areas is comparable with
the size of SP, it is clear that if the estimated coordinates
or position of SPs are situated inside of the tolerance area,
then the accuracy of estimation of coordinates or position of
SP can be considered very good.

Let C7 and Cg represent the true and estimated coordinates
of a target for Ce {x, y}, and let Tr (xr,yr) and Tg
(xg, yg) be the true and estimated target position given by
its coordinates in the x — y plane. Then, the estimation error
of coordinate C (ec () ) and estimation error of localization
(et (7)) of a target are given by

ec () =|Cr (r) — Cg ()],
er (z) = | Tr (1) T (2)]
= Gr (0) = xe (@) + O (1) — yE (). (38)

Then, an estimated coordinate of the target Cg and the
estimated position of the target are situated in its tolerance
area if it holds

(37)

(39)
(40)

ec (r) < Aw,
er (1) < Aw.

If (39) and (40) hold, then we talk about a correct estimate
of the coordinate and a correct estimate of the position of the
target.

Using the true and estimated coordinates of person A
and B, as well as (37)-(40), we can evaluate the accuracy of
the target localization and tracking using the set of quantitative
characteristics shown in Table II and Table III. The compar-
ison of data presented there illustrate the contribution of the
tracking phase to the accuracy of the final target localization.
For example, the mean values and standard deviations of
the target localization errors obtained at the output of the
target localization phase take on values ek (A) = 0.4574 m,
aTL (A) = 0.3046 m for person A, and e; (B) = 0.2237 m,
aTL (B) = 0.2049 m for person B respectively. In contrast,
these parameters obtained at the output of the target tracking
phase take on values &7 (A) = 0.2439 m, o (A) = 0.1003 m,
el (B) =0.1745 m, and o/ (B) = 0.0696 m. It confirms that
target tracking is a very strong tool of SPL that significantly
improves the accuracy of SP localization. As follows from
Table III, the SPL provides the SP localization with very good
accuracy at a relatively short time (4 s) necessary for the target
track creation.
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Fig. 17. The measurement scheme. The distances are in cm.

B. TW Localization of SPs

The second scenario was focused on TW localization of
persons (TW scenario) with a changing number of people
located in the monitored area. The measurement scheme is
shown in Fig. 17. Here, the distances are in cm. The thickness
of a brick wall through which SPs were monitored was 20 cm.
The particular positions and the presence of the persons to be
localized within the experimental scenario can be split into the
phases:

A: Time interval of measurement Ty (0 s, 65 s):

Person A (B) was standing in position P> (P;) for 65 s.

B: Time interval of measurement Tpg (658,75 s):

Person A was standing in position P, for 10 s.
Person B was leaving the monitored area.

C: Time interval of measurement T¢ (75 s, 120 s):

Person A was standing in position P> for 45 s.

Person B was not present in the monitored area.

: Time interval of measurement Tp (120 s, 130 s):
Person A was standing in position P, for 10 s.
Person B entered the monitored area and returned back
at position Pj.

E: Time interval of measurement Tfg (130 s, 195 s):

Person A(B) was standing in position P> (Pp) for 65 s.

Within this scenario, a baseband M-sequence UWB radar
was employed (TW radar) [56], [57]. The parameters of the
TW radar and its antennas are summarized in Table IV. The
radar antenna array consisted of 1 Tx and 2 Rxs. The antenna
array layout and its position in the monitored area are outlined
in Fig. 17.

For SP localization and tracking, the SPL described above
was applied. Within the phase of raw data preprocessing,
synchronous averaging by factor 1536 was used. As the
measurement rate was 6349.2 IR/s, the sampling frequency
along the 7-axis was f; = 4.0492 Hz. The range filtering was
not implemented in the TW scenario.

To respect the reasonable range of the contribution,
we present for the TW scenario only the results of the tracking
phase (Fig. 18-20) and the evaluation of the accuracy of the
target tracking by the quantitative characteristics (Table V).
Qualitative analysis of the results of other phases of the SPL
would lead to the same conclusions as those for LOS scenario.

In Fig. 18-20, we can see the true and estimated coor-
dinates, and positions of the persons to be tracked in the
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TABLE IV
TW RADAR SYSTEM PARAMETERS

M-sequence order 12

Clock frequency 13.312 GHz
Signal bandwidth DC - 6.3 GHz
Length of impulse responses 4095 samples
Radar range resolution 0.0225 m
Maximum unambiguous range [46.11 m

of radar
Radar measurement rate 6349.2 IR /s
Number of hardware | 48
synchronously averaged scans
Number of software | 8
synchronously averaged scans
Sampling frequency along the
T-axis

Antenna spacing

Antenna type

4.0492 Hz (after decimation
(averaging))

0.43 m

Horn antennas operating in the
frequency band 740 MHz - 10.5
GHz (type DRH10) [58])

10 dBm

Transmitted power

x(7) [m]

L |
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Fig. 18. Target tracking. The estimates of x-coordinates of the targets.
TW scenario.
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Fig. 19. Target tracking. The estimates of y-coordinates of the targets.
TW scenario.

x — y plane. Similar to the LOS scenario, the SPL has
formed the target tracks, approximately 4 s after the start of
the measurement. During phases B-D of the TW scenario,
person B is in the role of MP, or person B is not present in
the monitored area. Therefore, during these phases person B
should not be detected and tracked by the SPL. As we can
observe from Fig. 18-20, the track of person B was deleted at
the observation time instant 88 s, i.e. approximately 12 s after
person B has changed his role from the SP to the role of MP.

~
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|
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Fig. 20. Target tracking in the x — y plane. TW scenario.

TABLE V
QUANTITATIVE ANALYSIS OF EXPERIMENTAL RESULTS.
TARGET TRACKING. TW SCENARIO

[ [Person A [Person B |

Mean of e, () [m] 0.0932 _ [0.0939
Standard deviation of e, (7) [m] 0.0396 0.0606
maz [eg (7)] [m 0.2643 0.2337
Mean of e, (1) [m] 0.1105  [0.2657
Standard deviation of ey (7) [m] 0.0195 0.0361
max ey ()] [m] 0.1582 0.3666
Mean of er (1) (eZ) [m] 0.1480 0.2879
Standard deviation of ey (1) (o) [m][0.0306 0.0386
maz [er (7)] [m] 0.2878 0.3849
Relative frequency of the correct |98.06 97.7
estimation z (7) [%)]

Relative frequency of the correct |98.06 96.66
estimation y (1) [%)]

Relative frequency of the correct | 100 96.6
localization of a target [%]

The new track for person B was created at the observation time
instant 134 s, i.e. approximately 4 s after returning person B to
position P;. Both delays (first deletion and then the creation
of B person track) were due to MTT (inertia of algorithms
focused on track maintenance) are, according to our opinion,
fully acceptable. These results have outlined that the SPL has
the potential to handle scenarios with a changing number of
people situated in the monitored area. We have not addressed
the issue of person B tracking if he is in the role of MP (B
and D phases) because the solution of this issue is beyond this
paper. Some starting points for solving the mentioned problem
are indicated e.g., in [4].

Quantitative analysis of the experimental results obtained
for the TW scenario is shown in Table V. As follows from
this table the mean value and standard deviation of the target
localization error obtained at the output of the target tracking
phase take on values el (A) = 0.1480 m, o} (A) = 0.0306 m
for the person A, and &% (B) = 0.2879 m, o} (B) = 0.0386
m for person B respectively. These results confirm that SPL
allows for reaching good accuracy of the SP localization
also for scenarios focused on multiple SP localization with
a changing number of people located in the monitored area.

VI. CONCLUSION

In this paper, we have introduced a new approach to SP
localization and tracking referred to as SPL.
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Firstly, we proposed to sample the raw radar data along
the r-axis with the frequency f; = 4 Hz. The use of
such sampling frequency is very helpful since it reduces
the requirements for computing resources applied for SPL
real-time implementation.

Then we have introduced SPL itself as the complex of
seven signal processing phases. The SPL is characterized
by the fact that its phases are implemented only by SS-M.
As result, the output of SPL is generated at the same rate
as the sampling frequency of the radar resampled scans (f;)
is. This concept, supplemented by the target tracking phase,
enables the effective combination of SPL with MP localization
methods, and thus allows for creating new effective MP-SP
localization methods. In addition, the SS-M only application
reduces the overall computational complexity of SPL. Other
new features of the SPL are the new approach to SP detection
and the inclusion of SP tracking in the SPL. As we have shown
by experimental results, these solutions have contributed effec-
tively to the very good performance of the SPL. The proposed
SPL also allows monitoring of multiple persons including
scenarios where the number of persons is changing.

The performance properties of SPL illustrated by the exper-
imental results have confirmed that SPL provides very good
performance for LOS and TW scenarios as well as for different
types of radars. The same performance of SPL has been
obtained for its real-time implementation. As the SPL is based
on the processing of impulse responses measured by radar,
it can be directly used for SP localization by means of any
UWB radar measuring such impulse responses (e.g., impulse
UWB radar).

As we have shown above, the SPL introduced in this paper
possesses all properties requested in Section III. Therefore,
we believe it could be a useful and efficient tool for human
monitoring for many application scenarios.
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