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ABSTRACT 
 
In this document, wireless localization and tracking of multiple objects (intruders) in 
indoor environments is considered. We show that passive techniques, which do not 
require that intruders wear radio transceivers, may provide a very good accuracy. We 
analyse a tracking system consisting of a transmitter and few wideband or ultra 
wideband receivers deployed in a single room. We assume that two intruders enter 
and pass through the room and their movement should be tracked. We do not 
presume perfect receivers being able to measure the exact channel impulse response. 
Instead, we assume the system receivers are able to approximately measure the 
energy of certain parts of their channel impulse responses.  
The results of simulations prove that the system can track two intruders 
simultaneously with good accuracy, if only the number of system receivers is 
sufficiently high.  
 
Keywords: wireless localization, wireless tracking, passive localization, ray tracing, 
indoor, UWB systems,  
 
 
I. INTRODUCTION 
 
When designing a system to track people in an indoor environment (e.g. patients in a 
hospital, workers in a factory, intruders in a monitored area), we clearly see the limits 
of the conventional localization and tracking solutions. The popular GPS navigation 
(based on the constellation of Navstar satellites) cannot be used indoor because of 
shadowing effects and a large attenuation of 1-2 GHz signals induced by building 
walls. On the other hand, systems with local reference points (anchors) using 
ToA/TDoA/AoA/RSS signal estimates are very prone to errors resulting from NLoS 
propagation conditions. In a multipath environment with numerous obstacles 
(typical for indoor), the radio component associated with the direct Tx-Rx 
propagation is often weaker that the one reflected from a wall. It results in an 
erroneous Tx-Rx distance estimation and, consequently, in large localization errors. 
While there is a large number of techniques proposed dealing with NLoS issues in 
indoor localization, none of them fully solves the problem [TD-Bristol].  
 
An interesting solution for indoor tracking that we propose to consider here is a 
passive wideband/UWB system. Such a system called also device-free [Patwari-2010] 
registers and analyzes impulse responses of radio channels between fixed 
transmitters and receivers installed in a common indoor area. When a new 
object/person/intruder appears, some of the propagation paths are blocked and the 
modified set of channel impulse responses (CIRs) is again registered in the system. 
By evaluating the changes in the radio propagation, the system can calculate the 
object location. 



The main advantage of passive system is the fact that a localized object does not need 
to have any wireless transceiver which is a matter of great importance especially in 
case of intruder detection systems.  
 
A passive indoor UWB localization system was already analysed in TD (12)05056. 
Now, we consider not only passive localization, but also tracking. Moreover, we 
investigate the case of two mobile objects/intruders to be tracked, what obviously 
complicates the tracking algorithm. Finally, unlike in our previous work, we do not 
assume that the system receivers are able to distinguish all the radio multipath 
components from each other. Instead, we suppose that the receivers (wideband or  
UWB ones) can check if any changes occurred in certain time windows of the 
registered CIRs (see Fig. 1).  
 

 
Fig.1. An example of a channel impulse response divided into time windows. 

 
 
II. THE TRACKING ALGORITHM 
 
The basic passive localization algorithm described by Patwari et al. [Patwari-2010] 
and later implemented by our group at AGH in two versions [TD-Barcelona] assumes 
there is only one intruder. The localization system registers and compares the CIRs at 
all the receivers in the room with and without the intruder. On this basis, it can 
distinguish the radio propagation paths blocked by the intruder. The intersection of 
the blocked paths shows the intruder location.  
 
In our case, when there are two intruders, the basic algorithm cannot be applied. 
Instead, we apply the following algorithm: 
 
The whole room is divided into squared sectors of 50×50 cm2 size (the same as the 
intruders dimensions). The sectors, however, overlap each other, so that the centres 
of the closest sectors are 12.5 cm from each other. Now, we can create two matrices A 
and B where each element corresponds with one sector. The matrix A is related with 
the radio propagation paths that disappeared (were blocked) by the intruders. An 



element of the matrix A is set to be 1 if at least one of the blocked radio paths passes 
through its corresponding sector. In other case, the element is set to 0. The matrix B 
is related with the radio paths still present in the room with intruders (not blocked). 
An element of the matrix B is set to 0 if at least one not-blocked radio path passes 
through the corresponding sector. In other case, the element is set to 1. In general, for 
both matrices, ‘1’ means that an intruder may be in a sector, while ‘0’ means there 
cannot be any intruders there. Then, we create a matrix C as a logical conjunction of 
the matrices A and B:  C = A & B (see an example in Fig. 2).  
The matrix C is the one that we analyse trying to localize the intruders. We look for 
clusters of ‘1s’ in the matrix. If the number of such clusters is not greater than the 
numbers of intruders to be localized (here, we have 2 intruders), the intruders are 
assumed to be correctly localized. The percentage of the cases where intruders are 
correctly localized gives us the localization probability.  
Finally, we estimate the position of each intruder as a geometric mean of the centres 
of all the ‘1’ sectors in the cluster. If there is only one cluster, the estimate positions of 
both intruders are assumed to be the same. The localization accuracy is 
calculated as the mean of localization error (the Euclidean distance between the real 
and estimate position) for both intruders.  
 

    
            Matrix A           Matrix B              Matrix C 
Fig. 2. An example how the localization algorithm works. ‘0’ sectors are marked as black, ‘1’ sectors are 

marked as white. Here, we have finally only one cluster of ‘1’ sectors. 
 
In this research, we also do not presume perfect UWB receivers being able to 
distinguish all the CIR components from each other. Instead, we assume the system 
receivers are able to divide the registered CIRs into some time windows and then 
measure approximately energy levels received in the time windows (see Fig. 1). 
Comparing the CIRs with and without intruders in the room, the receivers can check 
if and where any changes occur i.e. which time windows show that its energy level has 
changed. It can be further compared with the theoretical CIRs that can be generated 
on the basis of a ray-tracing approach. With ray tracing, we can assign the radio 
components (radio paths) to the CIR time windows. Analysing all the data (energy 
levels in time windows with and without the intruders, ray-traced radio paths in time 
windows) we can consider the following cases (Fig. 3): 
  
1. The energy level of a time window has not changed with the intruders. We conclude 
that none of the radio components (radio paths) assigned to the time window has 
been blocked. 
2. The energy level of a time window has dropped to zero with the intruders. We 
conclude that all the radio components assigned to the time window have been 
blocked. 
3. The energy level of a time window has changed (dropped), but is still higher than 
zero with the intruders. We conclude that some of the radio components assigned to 



the time window have been blocked, but we cannot say which ones. We treat such a 
time window as unsolved.  
Obviously, if there is only one radio component in a time window, it can be only a 
case 1 or 2.  
 

 
Fig. 3. The three cases of the time windows without and with the intruders. 

 
The information from all the cases 1 and 2 is the basis for our tracking algorithm. The 
3rd type of cases could be also exploited with some advanced reasoning, see Section V 
for the details.  
 
Finally, we consider mobile scenarios with intruders entering, moving through and 
leaving the room. Both intruders should be tracked during their movements. The 
intruder movements are analysed in discrete moments of time, as a set of time 
frames. Tracking is realized by localization of both intruders in each time frame. 
While it at the first moment can be treated as an additional challenge, in fact it 
consists an opportunity to increase the localization/tracking accuracy. We suppose 
here that the speed of the intruders in limited. Thus, the position of each intruder 
does not change more than a certain distance between two consecutive time frames. 
This information can be additionally exploited in the tracking algorithm in order to 
exclude some unrealistic intruder locations. As a result, after a dozen or so first time 
frames of the intruder movements, the tracking accuracy usually greatly increases.  
 
 
III. THE PASSIVE INDOOR TRACKING SYSTEM 
 
The analysed tracking system was assumed to be located in a single and empty 
rectangular room with dimensions of 8×10 m2. The system consisted of a single 
transmitter and a certain number (a variable being a parameter of the simulations) of 
receivers. It was assumed that two intruders were entering simultaneously into the 
room, were passing through and leaving it by doors located on different walls (see 
Fig. 4). The intruders are modelled as squared obstacles of 50×50 cm2 size.  The aim 
of the system was to track both intruders during their movement. The simulations 



were run in the Matlab environment for 200 different maps. In each map, the 
positions of the transmitter and the receivers were generated randomly; the traces of 
the intruders were also slightly different. The receivers compared the CIRs assuming 
that they were able to measure the energy in certain time windows. These windows 
ranged from 10 ns to 0.01 ns. As a reference, a case of infinite small time windows (all 
the multipath components can be distinguished) was also given. The CIRs were 
compared with the ray-tracing ones, assuming up to 3 reflections from the walls. A 
typical CIR generated with ray-tracing contained about 20 components and lasted 
about 90 ns.  
 

 
Fig. 4. The 8 m × 10 m  room with the localization system: the transmitter and the receivers.  

The movement of the intruders is shown as red and pink squares. 
 
 
IV. SIMULATION RESULTS 
 
In this section, we provide the results of basic simulations that illustrate the general 
performance of the discussed passive system tracking two intruders. In all the 
analysed cases, the intruder movements lasted always 150 time frames. The tracking 
algorithm exploits the knowledge about the limited intruders speed, thus, as the 
intruders move, the probability that the system is able to localize both intruders 
grows quickly and later remains stable (see Fig. 5 for an example).  
 



 
Fig. 5. An example of the localization probability changing during the movement of the intruders. 

 
 
The simulation results presented below are given for 75th time frame, i.e. in the 
middle of the movement. The two most important parameters that affected the 
system performance were: (a) the number of system receivers (more receivers 
means thicker is the web of radio paths in the room that may be intersected by the 
intruders) and (b) the size of the time window where the system receivers can 
measure energy levels.  
 
In Table 1, the localization probability (probability that the system is able to correctly 
localize the intruders) is given as a function of number of receivers and the size of the 
time windows. As we can see, the time window of 2 ns is sufficient, smaller windows 
do not increase the localization probability. The reason is that for the window of 2 ns 
there exists quite a large number of solved time windows that can be exploited in the 
tracking algorithm. On the other hand, the number of receivers is crucial: more 
receivers, thicker the web of radio paths is in the room. With low number of receivers, 
it is highly probable that we have more than 2 clusters of ‘1’ elements in the matrix C 
and then the localization process is not possible.  
 
 
 
 
 
 
 
 
 
 
 
 
 



The number of receivers 
 

1  2  3  4  5  6  7  8 

40 ns  0  0  2  0.5  2.5  5  9.5  17 

20 ns  0  0  0.5  5  19  38.5  60  71.5 

10 ns  0  0  6  31  55  77  88.5  93.5 

5 ns  0  0  9.5  46  73.5  87.5  94  97 

2 ns  0  0  12.5  58  82  93  98  99 

1 ns  0  0  14  61  84.5  93.5  98  99.5 

0.5 ns  0  0  15  61.5  86.5  93.5  98.5  100 

0.2 ns  0  0  16.5  61.5  87  93.5  98  100 

0.1 ns  0  0  16.5  61.5  87  95.5  98.5  100 

0.05 ns  0  0  16.5  61.5  87  96  98.5  100 

0.02 ns  0  0  16.5  61.5  87  95.5  98.5  100 

0.01 ns  0  0  15  61.5  87.5  96  98.5  99.5 

Th
e 
si
ze
 o
f t
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 ti
m
e 
w
in
do

w
 

Infinite 
small 

0  0  16.5  61.5  87  93.5  98.5  100 

 
Tab. 1. The localization probability as a function of number of receivers and the size of the time 

windows. 
 
In Table 2, the respective localization/tracking accuracy is given, i.e. the accuracy for 
these intruders that the system is able to localize. It is clear that if the intruders are 
localized, the accuracy is usually quite high: the error is never higher than 0.5 m. 
Again, the time window of 2 ns is enough, but the accuracy clearly increases with the 
number of receivers. Having 5 or more receivers guarantees the accuracy of 10 cm or 
better, which is very good for intruders of 50 cm × 50 cm size.  
 
 



The number of receivers 
 

1  2  3  4  5  6  7  8 

40 ns  ‐  ‐  2.57  3.26  1.49  0.64  0.31  0.39 

20 ns  ‐  ‐  0.75  0.42  0.26  0,.28  0.25  0.19 

10 ns  ‐  ‐  0.44  0.26  0.17  0.15  0.13  0.13 

5 ns  ‐  ‐  0.25  0.19  0.11  0.11  0.08  0.08 

2 ns  ‐  ‐  0.23  0.13  0.09  0.08  0.05  0.05 

1 ns  ‐  ‐  0.19  0.10  0.09  0.08  0.05  0.05 

0.5 ns  ‐  ‐  0.20  0.10  0.08  0.07  0.05  0.04 

0.2 ns  ‐  ‐  0.20  0.10  0.07  0.06  0.05  0.04 

0.1 ns  ‐  ‐  0.17  0.10  0.09  0.07  0.05  0.04 

0.05 ns  ‐  ‐  0.17  0.10  0.09  0.07  0.05  0.04 

0.02 ns  ‐  ‐  0.19  0.11  0.07  0.06  0.05  0.04 

0.01 ns  ‐  ‐  0.17  0.10  0.08  0.07  0.05  0.04 

Th
e 
si
ze
 o
f t
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 ti
m
e 
w
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do

w
 

Infinite 
small 

‐  ‐  0.19  0.11  0.07  0.06  0.04  0.04 

 
Tab. 2. The localization accuracy in meters.  

 
 
 
V. OTHER ISSUES 
 
In most of scenarios, especially for large size of time windows, there is a significant 
number of windows unsolved, i.e. we do not know which radio rays (multipath 
components) are blocked there. Again, we can exploit information about the 
intruders speed and eliminate some of the possibilities – these ones leading to too 
large intruder shifts. This approach is theoretically correct, but in practice, in our 



simulations it rarely solved any time window. We need more investigations to identify 
conditions where this approach really increases the localization probability.  
 
 
VI. CONCLUSIONS 
 
In the paper, we analysed an indoor system that was able to localize and track 
simultaneously two objects/intruders. The system was a passive one, i.e. it could 
track intruders that did not wear any radio transceivers. We performed computer 
simulations focused on two system parameters: the number of the receivers and their 
sensitivity (defined by the size of the time window when registering channel impulse 
responses). The results show that the localization probability can be high (90 % and 
higher) and, at the same time, the localization error can be very low (few centimetres, 
when the intruders are of 50 cm × 50 cm size), if only there is a sufficient number of 
receivers in the system (in our case: at least 6 receivers in 8 m × 10 m room).  
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