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Abstract: In the last decade, it has been shown that short-range ultra-wide band radars (sensors) can provide the 
efficient solution for human being localization for line-of-sight and non-line-of-sight scenarios. To localize people 
correctly using this technology, the corresponding detection and localization methods have to be selected 
according to the nature of person motion state. In this respect, two basic kinds of persons can be identified. They 
are so-called moving and static persons. In this paper, we will introduce a radar signal processing procedure 
allowing a joint detection and localization of moving and static persons. Good performance properties of this 
procedure will be confirmed by its application for an experimental scenario represented by a through-the-wall 
detection and localization of a single person with changing nature of his/her movement. 
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1. Introduction 

 
At the beginning of the 21th century, the human 

society is facing quit a number of specific social 
trends. The increasing density of population in towns 
and town agglomerations, criminality growing and 
political tensions producing terrorism can be ranked 
among them. 

Taking into account these facts, the detection and 
positioning of human beings is very interesting 
especially for military and security operations. Here, 
reservoirs, power plants, and other critical 
infrastructures are extremely vulnerable to terrorist 
attack. Therefore, the request for monitoring of these 
critical environments and for the detection of 
unauthorized intrusion is still needful. At these events, 
the knowledge about the number of persons and their 

position in the operational area can be very useful for 
military or security teams to take the right decisions 
[1]. In the outlined operations of law enforcement 
troops, the persons to be detected and localized are 
often situated behind an obstacle (e.g. behind a wall). 
That is the reason why conventional optical and 
infrared sensors cannot be applied for human beings 
localization for such scenarios. 

As through-the-obstacles seeing sensors, the short-
range high-resolution radars emitting electromagnetic 
waves with ultra-wide frequency band (UWB radars) 
using relatively low frequencies can be used with 
advantage [2]. Here, the ultra-wide frequency band 
provides the fine resolution of the radar systems. On 
the other hand, the electromagnetic waves emitted in 
the frequency band DC-5 GHz can penetrate through 
standard non-metallic materials with an acceptable 
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attenuation. Therefore, UWB radars exploiting this 
frequency band are capable to detect not only the 
targets located in a line-of-sight, but also the target 
situated behind a non-metallic obstacle. 

There are two fundamental approaches for human 
beings localization. The former is intent on the 
localization of so-called moving persons, i.e. the 
persons moving within the monitored area in such a 
way that their co-ordinates are changing. In this case, 
the persons are detected based on an observation of the 
time changes of adjacent impulse responses within the 
radargram. These changes are identified along the 
propagation time (fast-time) axis [3]. The latter 
approach is devoted to the localization of so-called 
static persons, i.e. the persons situated but not moving 
(e.g. unconscious persons) within the monitored area 
(i.e. their co-ordinates are not changing). Respiration 
or heart beating could be given as examples of the 
motion activities of that kind. In this case, the persons 
can be localized based on the detection of their vital 
signs such as respiration or heart beating [4]. 

However, for real-life scenarios, persons to be 
located are usually moving through monitored area 
with some stops. Therefore, the same person may be 
once regarded as static and once again as a moving 
person. Moreover, the form of their movement is 
usually not known for monitoring system. Taking into 
account these facts, we will introduce in this paper a 
new UWB sensor signal processing procedure capable 
to localize a person for scenarios where persons 
change the nature of their motion. The presented 
approach based on a combination of radar signal 

processing procedures developed for moving and 
static person localization in [3] and [4], respectively, 
has already been outlined in our previous work [16]. 
In contrast to [16], this contribution provides deeper 
analysis of the problem of locating persons moving by 
various forms of movement and a detailed description 
of the procedure for localization of persons moving 
with the changing nature of their movement as well. 

This paper is organized as follows. In Section 2, a 
basic concept of localization of a person changing the 
nature of her/his motion will be firstly introduced. As 
we have outlined above, the core of the new 
localization approach consists in the application of the 
signal processing procedures for moving and static 
person localization. Therefore, these two signal 
processing procedures will be summarized in 
Section 3 and 4. In Section 5, some experimental 
results will be shown to illustrate the performance of 
the localization method introduced in Section 2. In the 
last section, some concluding remarks will  
be summarized.  

 
 

2. Basic Concept of Person Localization 
 
The analyses of the detection and localization of 

human beings by means of UWB sensors have shown 
that the fundamental solution of that problem depends 
on the character of the motion of persons to be 
detected and localized (e.g. [3-4], [16]). The results of 
the analyses are summarized in Table 1. 

 
 

Table 1. Classification of person types according to the character of their motion. 
 

Person type 
Description of person 

motion character 
Example 

Basic principle of person 
detection 

Moving person I  
(MP-I) 

Person moving within the 
monitored area in such a way 
that his/her co-ordinates are 
changing.  

Walking, 
running, crawling 
persons 

Detection of time changes of 
adjacent impulse responses of 
radargram. The changes should 
be identified along the 
propagation time (fast-time) axis. 

Moving person II  
(MP-II) 

Not motionless persons but 
their co-ordinates are not 
changing.  

Person is still on 
the same place, 
but his/her limbs 
(legs, hands, 
head), trunk are 
in motion. 

Detection of time changes of 
adjacent impulse responses of 
radargram. The changes should 
be identified along the 
propagation time (fast-time) axis. 

Static person  
(SP) 

“Motionless” persons 
situated in the monitored 
area. Their co-ordinates are 
not changing.  

Sleeping person, 
unconscious 
person, etc. 

Detection of person vital signs 
such as respiration or heart 
beating. 

Person changing nature 
of his/her movement 

(MP+SP) 

The same person may be 
once regarded as static and 
once again as a moving 
person.  

Person walking 
with some stops. 

Joint detection of time changes 
of impulse responses and person 
vital signs. 

 
 

This table suggests a classification of the person 
types according to the character of their motion and 
provides a description of the particular kinds of 
motions. Moreover, motion examples and basic person 
detection principles for the particular movement kinds 
are outlined in this table, too. 

Taking into account these facts, MP-I and MP-II can 
be localized based on the detection of time changes of 
the adjacent impulse responses of radargram. These 
changes should be identified along the propagation 
time (fast-time) axis. For that purpose, radar signal 
processing procedure for moving person localization 
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(MPL) introduced in [3] can be applied. On the other 
hand, the detection of the person vital signs such as 
respiration or heart beating can be used for SP 
localization. Employing this idea, SP can be localized 
by radar signal processing procedure for static person 
localization (SPL) suggested in [4]. Then, a radar 
signal procedure for joint localization of the moving 
and static person can be proposed for MP+SP 
localization (M+SPL). This procedure consists of two 
steps. Firstly, raw radar data is processed in parallel by 
MPL and SPL. Then, a data fusion obtained as the 
results of the MPL a SPL is made to accomplish the 
procedure. For the data fusion, different approaches 
can be used. The simplest method (considered in this 
paper) consists only in a visualization of the results of 
MPL and SPL in the same figures.  

As follows from the outlined concept of M+SPL, 
MPL and SPL are the key algorithms of this approach. 
Therefore, a short but comprehensive summary of 
these radar signal procedures is given in the next 
sections. It is assumed that the raw radar data for the 
both procedures are represented by a set of the impulse 
responses of the environment through which the 
electromagnetic waves emitted by the radar are 
propagated from transmitting to receiving radar 
antenna. This set of impulse responses is usually 
referred to as radargram. Moreover, we assume that 
UWB sensor considered here employs one 
transmitting and two receiving antennas. 

 
 

3. Signal Processing Procedure for 
Moving Person Localization 

 
MPL consists of the set of the five basic signal 

processing phases such as background subtraction, 
target detection, time of arrival (TOA) estimation 
(including TOA association), target localization, and 
target tracking. In the next, the importance of the 
particular phases and signal processing  
methods suitable for their implementation will be 
shortly outlined. 

 
 

3.1. Background Subtraction 
 

The analysis of the raw radar data shows that it is 
impossible to identify directly any persons within 
these signals. This comes from the fact that the 
components of the impulse responses represented by 
the target echo are much smaller in comparison with 
the signals reflected by the front wall or large/metal 
static objects or signals representing the cross-talk 
between transmitting and receiving antennas. In order 
to detect a moving target, the ratio of signals scattered 
by a target (i.e. nonstationary or periodic components 
of received signals) to noise and clutter (i.e., stationary 
components of received signals) has to be increased. 
For that purpose, background subtraction methods can 
be used (e.g. [5-6]). They help to reject, especially, 
stationary and correlated clutter, such as antenna 

coupling, impedance mismatch response and ambient 
static clutter. In such a way we are able to detect a 
moving and static person echo within a radargram. It 
has been shown (e.g. in [5]) that the signal processing 
methods, such as basic averaging (mean, median), 
exponential averaging, adaptive exponential 
averaging, adaptive estimation of Gaussian 
background, Gaussian mixture method, moving target 
detection by FIR and IIR filtering, prediction, 
principal component analysis, etc., can be used for 
background subtraction. The mentioned methods 
differ in relation to assumptions concerning the clutter 
properties, as well as by their computational 
complexity and convenience for online signal 
processing. Because of a good performance, high 
robustness and low computational complexity, the 
method of exponential averaging [6] is one of the most 
popular and often used methods of background 
subtraction. 
 
 
3.2. Target Detection 

 
The detection is the next phase of the radar signal 

processing procedure, which comes after the 
background subtraction. In the case of MP-I and  
MP-II, the target echo can be considered as a 
nonstationary component of the impulse response. On 
the other hand, the clutter and noise are considered as 
stationary signal components. Hence, using a 
background subtraction method, target echo to clutter 
and noise ratio is increased. Then the target can be 
detected based by comparing the actual sample of the 
impulse response with a properly setting reference 
threshold. With regard to the fact, that the level of the 
background can vary, a very popular constant-false 
alarm (CFAR) detector is being used with advantage 
for the person detection [7-8]. The basic idea of CFAR 
detector operation consist in adaptive setting of its 
threshold in such a way as to maximize the probability 
of the target detection assuming the constant 
probability of false alarms. The output signal of the 
detector is represented by a binary signal, where “1” 
indicates that target has been detected, whereby “0” 
indicates that no target is detected in the monitored 
area. 

In the field of target detection, a lot of different 
kinds and modifications of CFAR detectors can be 
found (e.g. [8]). Our experiences gained from testing 
of different CFAR detectors have shown, that a CFAR 
detector modification introduced in [7] can provide 
good and robust performance for MP-I and MP-II 
detection. 

 
 

3.3. TOA Estimation 
 
If a target is represented by only one non-zero 

sample at the detector output, then the target is referred 
to as a simple target. However, in the case of the 
scenario analyzed in this paper, the radar range 
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resolution is finer than the physical dimensions of the 
target (person). Then such a target is usually not 
expressed by only one non-zero sample of the detector 
output, but by a set of the non-zero samples. In this 
case, the target is referred to as the distributed target. 
Since several different TOA correspond to the same 
distributed target, the detector output for a distributed 
target is very complex, and the task for the distributed 
target localization is more complicated than that for a 
simple target. The basic idea of the distributed target 
localization employed in this paper consists of a 
substitution of the set of TOA corresponding to the 
same target with only one non-zero properly estimated 
TOA referred to as the TOA of the distributed target. 
Then, the TOA corresponding to a distributed target 
will be expressed by only one instant of the  
fast-time t0. 

The very efficient algorithm for TOA estimation 
can be found e.g. in [9]. This algorithm referred to as 
the trace connection method provides not only TOA 
estimation, but also the association of the data received 
from two receiving channels and deghosting operation 
essential for multiple target detection. The trace 
connection method is quite complex, and hence, it is 
beyond this paper. The details concerning this method 
can be found e.g. in [9]. The output of this phase 
consists in the pairs of TOA associated with the same 
target obtained for the first (Rx1) and second (Rx2) 
receiving channel of the radar. 

 
 

3.4. Target Localization 
 
The aim of the target localization phase is to 

determine the target coordinates in a defined 
coordinate system. Because the considered UWB 
sensor is equipped with one transmitting and two 
receiving antennas, the target coordinates can be 
obtained using a direct computation method (e.g. [3], 
[5]) applied to the particular pairs of TOA associated 
with the same target. The estimates of the target 
coordinates represent the output of this phase. 

 
 

3.5. Target Tracking 
 
Target tracking provides a new estimate of the 

target location based on its foregoing positions. Target 
tracking usually results in the target trajectory 
estimation error decreasing, including trajectory 
smoothing. Most of tracking systems use a number of 
basic or advanced modifications of Kalman filters (e.g. 
[10]) or particle filters (e.g. [11]). In the case of 
multiple target tracking, multiple target tracking 
(MTT) systems can be used with advantage [12]. MTT 
efficiency is that it provides not only a simple target 
tracking, but also gate checking, point-to-point and 
point-to track association and track maintenance. 

 

4. Signal Processing Procedure for Static 
Person Localization 
 

SPL consists of the set of the four basic signal 
processing phases such as background subtraction, 
target detection, TOA estimation (including TOA 
association), and target localization. Here, we would 
like to stress that the importance of background 
subtraction, target detection, TOA estimation, and 
target localization is the same as for MPL. Moreover, 
for the implementation of background subtraction, 
TOA estimation and target localization, the same 
methods as for MPL can be employed. Therefore, we 
will focus in this section on the detection phase only. 

Detection methods analyze the radargram with the 
subtracted background to reach the decision whether a 
signal scattered by a static person is present or absent 
in the analyzed radargram. It is well known, that the 
respiratory motion of human beings can be considered 
as a periodical motion. Depending on the age, health 
and a mental condition of the person, the frequency of 
his/her respiration motion takes on value from the 
interval B=<0.2 Hz, 0.7Hz>, whereby the pick-to-
pick value of the chest motion due to respiration in 
adults is about 0.4-1.2 cm [17-18]. On the other hand, 
if we ignore the small changes between the person 
chest and antenna array of the radar system due to 
breathing, then the bistatic range of the person and 
radar system (i.e. the distance transmitting antenna-
person-receiving antenna) can be considered as the 
constant one. Then, SP can be detected based on the 
identification (detection) of periodical components of 
the radargram with subtracted background located in 
the interval B=<0.2 Hz, 0.7Hz> for a constant instant 
of the propagation time t=t0. Then, the target bistatic 
range is d0=ct0, where c=3x108 ms-1 is the velocity of 
the electromagnetic wave propagation in the air. 

It has been shown in [4] that for the SP detection 
using the idea outlined in the previous paragraph, a 
two-stage detector can be used. This detector consists 
of power spectrum estimator, CFAR detector (the first 
detection stage) and a simple threshold detector (the 
second detection stage). As a power spectrum 
estimator, Welch periodogram (e.g. [13]) can be used. 
In the next step, the estimated power spectrum is 
integrated over the frequency band 
B=<0.2 Hz, 0.7 Hz> to estimate the total power 
located in this frequency band. The result of this 
integration represents the input of the first detection 
stage. As the first stage detector, an order-statistic 
CFAR detector (OS-CFAR detector, [8]) employing 
guarding intervals has been suggested in [4]. Taking 
into account the fact that a person is a distributed target 
[3], the output of OS-CFAR detector is integrated over 
the distance corresponding approximately to a human 
body size. The quantity created in such a way 
represents the input of the second detection stage. And 
finally, as the second detector, a simple detector using 
a constant threshold is employed. 
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The results obtained as the output of the detection 
phase are then processed by the methods of TOA 
estimation and target localization as it was outlined in 
the previous section. 
 
 
5. Experimental Results 

 
The performance of the outlined approach for 

localization of a person changing the nature of their 
movement will be illustrated by through-the-wall 
localization (a brick wall with the thickness of 35 cm) 
of a person moving with a stop. The scenario is 
outlined in Fig. 1. The person was walking from the 
position P3, through the position P2 to the position P1. 
Then, the person was sitting motionless for 50 s in the 
position P3. Finally, the person returned back to the 
position P1 through the position P2.  

 
 

 
 

Fig. 1. Scheme of measurement. 
 
 

The raw radar data analyzed in this contribution 
were acquired by means of M-sequence UWB radar 
system, equipped with one transmitting (Tx) and two 
receiving antennas (Rx1, Rx2) [2]. The radar antenna 
positions are outlined in Fig. 1. The system clock 
frequency of the radar device is about 4.5 GHz, which 
results in the operational bandwidth of about DC-
2.25 GHz. The order of the M-sequence emitted by the 
radar is nine, i.e., the impulse response covers 511 
samples regularly spread over 114 ns. This corre-
sponds to an observation window of 114 ns, leading to 
an unambiguous range of about 17 m. In our 
measurement, the radar systems were set in such a way 
as to provide approximately 13.5 impulse responses 
per second. The total power transmitted by the 
particular radars was about 1 mW.  

For the target localization and its track  
estimation, M+SPL was used. The obtained results 
representing the outputs of the its selected phases and 
the final estimation of the target track are  
given in Fig. 2-Fig. 10. Now, we can discuss the 
M+SPL performance. 

In Fig. 2, the radargram with subtracted back-
ground for Rx1 is given. The highest-level components 
of this figure usually (i.e. not always) represent the 
reflections due to person. This figure illustrates the 
different motion style of the person very clearly.  

 
 

 
 

Fig. 2. Radargram with subtracted background.  
MPL, SPL, Rx1. 

 
 
The part of the radargram between the points  

1-2 corresponds to walking of MP-I from P1 to P2. 
Then, the part of the radargram between the points  
2-3 with total length of a few second only expresses 
the person sitting down in a chair. Here, the person has 
still approximately the same co-ordinates, but their 
limbs are moving. Therefore, the person can be 
considered as MP-II for that part of the scenario. Then 
the person was sitting for the total time 50 s (section 
between the points 4-5). This is represented in the 
radargram by approximately constant value of t0 
propagation time corresponding to the highest level of 
the radargram components. It can be shown in 
a similar way that the section 6-7 corresponds person’s 
getting up, and finally the section 7-8 describes the 
person walking from the position P3 towards the 
position P1 through P2. 

The detector output for MPL and Rx1 is sketched 
in Fig. 3. We can observe from this figure, that the 
detector is able to detect the target moving as MP-I and 
MP-II, but not as SP. The target track estimation for 
the person motion from the position P1 to P3 and for 
his motion from the position P3 to P1 are drawn in 
Fig. 4 and Fig. 5, respectively. The shape of the 
estimated tracks indicates a good performance of MPL 
for this parts of the analyzed scenario. 

The performance of SPL is illustrated by Fig. 2 and 
Fig. 6 - Fig. 9. Firstly, the estimate of the radargram 
power spectrum is given in Fig. 6. Here, the relatively 
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high components of the power spectrum in the 
frequency band 0.5-0.6 Hz can be visible within the 
interval 25 ns-30 ns along the propagation time-axis. 
These components indicate that SP can be located in 
the monitored area. This hypothesis has been 
confirmed by the detection phase of SPL.  

 
 

 
 

Fig. 3. Detector output. MPL. Rx1. 
 
 

 
 

Fig. 4. Target track estimation for the person moving along 
the position P3-P2-P1. MPL. 

 
 

 
 

Fig. 5. Target track estimation for the person moving along 
the position P3-P2-P1. MPL. 

 

 
 

Fig. 6. Estimate of power spectrum of radargram with the 
subtracted background. SPL. RX1. 

 
 

 
 

Fig. 7. OS-CFAR detector input (blue curve), OS-CFAR 
detector threshold (red curve). SPL. RX1. 

 
 

 
 

Fig. 8. The threshold detector output (the second detection 
stage). SPL. RX1. 

 
 

Here, the person has been firstly detected by the 
OS-CFAR detector (Fig. 7). The decision of the OS-
CFAR detector has been confirmed by the second 
detection stage (Fig. 8). Using the detector output, 
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target TOA has been estimated and the target 
coordinates has been computed (Fig. 9). The obtained 
results of SPL given in Fig. 9 indicate that SPL can 
provide a good performance for the analyzed scenario. 
Finally, the output of the MPL and SPL are fused in 
Fig. 10. 
 
 

 
 

Fig. 9. Target localization by SPL. The true target position: 
P3, black mark. The estimated target position: green mark. 

Tolerance area: black circle. 
 
 

 
 

Fig. 10. Target localization as the fusion of the MPL 
and SPL outputs. 

 
 

7. Conclusions 
 

In this paper, we have dealt with the signal 
processing procedure for the short-range detection and 
localization of a person moving by a different style. 
The obtained results summarized in Fig. 10 indicate, 
that M+SPL could be a good candidate for the 
detection and localization of persons moving with the 
changing nature of their motion.  

Unfortunately, in general, M+SPL is not able to 
provide a robust performance. In order to improve the 
performance of the proposed concept of M+SPL, this 
procedure should be extended at least by such signal 
processing phases as e.g. low-level echo of the target 
enhancement [14], wall effect compensation [15], etc. 

The present version of M+SPL combines radar signal 
processing of two kinds: method based on the sequen-
tial processing of impulse responses (MPL) and the 
method of block signal processing (SPL) due to Welch 
periodogram computation. In our opinion, from the 
practical point of view, a new solution of SPL allow-
ing radar signals to be processed by the method of 
sequential processing of the impulse responses instead 
of the block signal processing approach should be 
used. Finally, M+SPL should be extended also for 
multi-target scenarios. We assume that this approach 
could provide a new efficient approach for the person 
localization with changing nature of their motion. 
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