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Abstract

Nowadays, the ability to track objects and people is crucial for a huge number of applica-
tions, such as medical applications (monitoring of patients) or independent applications
that require a very high accuracy and resolution in the positioning process.

Therefore, the main scientific objective of this thesis is to develop a tracking system using
an Ultra Wide Band (UWB) multistatic radar system to provide real-time 2D location of
transponders or active tags. The localization is carried out in polar coordinates (distance
and azimuth angle) by merging the interferometry and goniometry principles, assuming a
propagation channel with a direct path, or Line of Sight (LoS) between the station and the
target. The designed Indoor Localization System (ILS) incorporates a hybrid technique
by combining the duplex UWB and the Phase Correlation methods for the radial-distance
and the azimuth angle estimates.

The proposed ILS consists of two main components, a transmitter /receiver (transceiver)
station serving as a Localization Base Station (LBS) and an Active Tag (AT). The LBS
has one transmitting channel and two identical and independent receiving channels. The
localization is performed by sending UWB pulses towards the AT which acts as an active
transponder and retransmits in turn the received signal back to the LBS upon delaying it.

This designed ILS is expected to offer, under LoS conditions, a position estimation with
high accuracy and resolution while maintaining low system complexity. The system
works with a single anchor, and simultaneously addresses indoor challenges such as
multipaths, strong signal attenuations, reflections, etc.
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Introduction

Indoor positioning is defined as the process of locating people or objects within a closed
infrastructure, such as an airport, hospital or any other type of building. The applications
and services offered by indoor localization are diverse and their number keeps growing.
Among the various fields, we can mention industrial surveillance and control, security,
information services, health services, etc. For instance, it plays a significant role in medi-
cal applications to follow patients, small children and elderly people. This location-based
application and countless others have therefore become very relevant and contribute sig-
nificantly to our daily lives.

However, this proliferation of position-based applications is accompanied by an increas-
ing demand for accurate, robust and high-resolution indoor positioning systems. Despite
the fact that Global Positioning System (GPS) offer high coverage with an accuracy of a
few meters outdoors, their applicability is considerably limited indoors due to their low
signal reception power. For this reason, the research of alternative solutions for internal
positioning has attracted enormous attention in recent years. Designing such a system is
challenging and should consider an appropriate balance between complexity and perfor-
mance.

To this end, various technologies (infrared, ultrasound, Wireless Fidelity (WiFi), Blue-
tooth, etc.) have been proposed to develop a low-cost, accurate and robust Indoor Local-
ization System (ILS). Nevertheless, most of these technologies can be severely affected by
multipath propagation as a result of the narrow bandwidth, which reduces the accuracy of
the overall ILS. Hence, a rising interest in Ultra Wide Band (UWB)-based ILS is emerging
due to its high bandwidth allowing accurate localization with high resolution. Traditional
UWB ILSs are based on the constellation principle [1]. This approach is strictly related to
the measurement of the distance between the object to be located and a certain number
of anchors fixed at known positions (3 anchors for a 2D localization and 4 anchors for a
3D localization), followed by the application of the trilateration technique. These systems
have the drawback of prior knowledge of at least three anchors that must be synchronized
with each other. To overcome this problem, another state-of-the-art ILS using a Frequency
Modulated Continuous Wave (FMCW) signal is proposed in [2] with a single anchor and
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four interrogators to locate a target in 3D, by combining distance and angle measurements.

Although this system has performed well, it is important to point out that an FMCW
radar requires additional signal to carry out the localization since this type of signal is
not implemented in current communication systems. In addition, it has some difficul-
ties in managing the Voltage-Controlled Oscillator (VCO), which requires the frequency
variation to be as linear as possible. Finally, it can be severely affected by multipath
propagation, which in turn reduces the accuracy of the system.

At this stage, UWB technology seems to be the most promising solution to address these
limitations and meet the requirements of future applications. It is already deployed in
existing communication systems and has many features including large bandwidth, im-
munity to interference, high ability to dissociate multiple target responses directly in the
time domain and robustness to perturbations.

Therefore, the main objective of this thesis is to design and implement a novel ILS using
the UWB multistatic radar system to provide a more robust and accurate real-time 2D
location of an Active Tag (AT). Thanks to UWB technology, our proposed system is able
to locate the AT with a high resolution making it capable of distinguishing even close
positions, thus achieving a high accuracy of a few centimeters. This thesis is composed
of 4 chapters.

In Chapter 1, the different techniques used for position estimation are presented and
compared them to select the most appropriate technique for each technology. Next, the
different technologies that use an appropriate technique to locate a target in an indoor
environment are compared. This gives a good knowledge of the advantages and dis-
advantages of each technology in order to choose the one we are interested in terms of
accuracy, resolution, coverage and cost to ILS. Afterwards, a brief overview of the state
of the art of both commercial and experimental UWB localization systems is provided.
Finally, depending on the application requirements, an ILS based on UWB technology is
proposed.

In Chapter 2, the essential elements of the UWB including the Federal Communications
Commission (FCC) definition, regulation and characterization of channels in an indoor
environment are illustrated. The Cramer-Rao lower bound (CRLB) study for Time of
Arrival (ToA) estimation shows that UWB signals are particularly suitable for ToA mea-
surement. For this reason, different state-of-the-art UWB-based approaches are identified.
Next, a hybrid technique combining duplex UWB and Phase Correlation (PC) methods is
proposed. The first method is used to estimate the distance while the second one is used
to estimate the angle.
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In Chapter 3, the localization algorithm of a constellation-based ILS is presented. Next,
the architecture of our proposed UWB ILS for 2D positioning is described. This posi-
tioning requires two identical antennas used as interrogators (receivers) separated by
a single anchor in the center. To this end, the characterization of the different Radio
Frequency (RF) components such as antennas, filters and amplifiers is presented and
detailed. The concept of the system is validated by conducting some experiments in a
controlled environment. The constraints associated with the proposed design are also
mathematically validated to better understand the system’s performance. Finally, the
power levels at the different stages of the developed ILS are also discussed and inter-
preted.

In Chapter 4, the performance of the proposed UWB-based ILS is studied. The angular
resolution is validated using the PC method in simulations and experimental setups.
Then, the distance resolution is validated using the duplex UWB method in the CM3
channel model (office Line of Sight (LoS)) of IEEE.802.15.4a. The accuracy and resolution
of the 2D position estimation are validated using both distance and angular measurement.
The results are discussed and explained taking into account both LoS and Non Line of
Sight (NLoS) cases. Finally, the conclusion of thesis work is presented along with some
future work plans such as the extension of the prototype to 3D position estimation.
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Chapter 1

State-of-the-art Characteristics of
Indoor Localization Systems

1.1 Introduction

Location data of a user or device in a given space appeared a few years ago and has
since become an essential element of contextual information. This has been largely in-
fluenced by the widespread use of wireless connection, making it easier to obtain more
and more information of this type. For instance, the location information has attracted a
lot of attention in marketing for both consumers and advertisers. On one hand, brands
and advertisers uses Location-Based Marketing (LBM) strategies to attract consumers by
displaying relevant messages on their mobile phones based on their geographic location.
One of the main objectives of this new marketing method is to prevent consumers from
escaping to e-commerce sites. On the other hand, this information helps the consumer
and assist him from his place to the shopping center, guides him inside and allows him
to reach his destinations more easily. Similarly, many airports, train stations, congress
and exhibition centers are using these technologies to help users by providing them with
useful information.

The relevance of localization is not limited to these applications, but also extends to other
areas and services such as medical surveillance, assistance to the elderly and disabled
people in their daily lives, monitoring children in their activities, etc. Therefore, the goal
of the Indoor Localization System (ILS) is to determine the position of objects or people
in an internal space of a structure (buildings, houses, industry, · · · ).

This chapter is dedicated to present an overview of existing ILS. The different techniques
used within an ILS are presented in Section 1.2. Section 1.3 describes the famous trilat-
eration algorithm used to estimate a tag’s position. Various positionning technologies
are described in Section 1.4. Section 1.5 is devoted to compare the different technologies
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described in Section 1.4. Some solutions based on Ultra Wide Band (UWB) technology
are discussed in Section 1.6. Our proposed system is described in Section 1.7. Finally, the
chapter ends with a conclusion in Section 1.8.

1.2 Position Estimation Techniques

In general terms, the location estimation consists of a three-tiered algorithm. The first
stage involves measuring the characteristics of the signal. These measurements are used
in the second stage to estimate the direction of the object to be located and its distance
from the localization device. Finally, these distance or direction estimates are combined
to estimate the exact position in the last stage. The combination method is different from
one system to another and could be achieved using several techniques [1, 2].

The position estimates may be obtained from a variety of measurements such as Time of
Arrival (ToA), Time Difference of Arrival (TDoA), Angle of Arrival (AoA) and Received
Signal Strength (RSS). This section presents the different measurement techniques used
to locate a user/object in an indoor environment.

1.2.1 Time of Arrival

As its name suggests, the ToA provides a measurement of the arrival time of a received
signal at a reference anchor. It depends on the signal Time of Flight (ToF), which is
defined as the propagation time of a signal traveling from a target to a reference anchor.
Therefore, the knowledge of the exact emission time tm of the target signal and its exact
arrival time ti at the reference anchor i are required to apply ToA technique. The distance
di between the reference anchor i and the target is then computed easily using

di = c.(ti − tm) (1.1)

where c is the speed of light.

Once the distance di is obtained, all possible target locations can be determined. From
a multilateration point of view [3], ToA defines circles around the reference anchors as
shown in Figure 1.1. So if the anchor i is located at (xi, yi), the target coordinate (x, y) must
satisfy

di
2 = (xi − x)2 + (yi − y)2 (1.2)

To estimate the 2D position, this measurement must take place at a minimum of three
reference anchors, and the exact position of the target will be then the intersection of the
obtained three circles. This scheme can be extended for 3D localization by using at least
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Figure 1.1 – ToA principle.

four reference anchors.

This technique achieves high accuracy in locating the position of a target even if the
distance between the reference anchor and the target increases. However, this can only
be accomplished when the target and all the reference anchors in the system are properly
synchronized. As such, low time synchronization, multipath propagation and low Signal-
to-Nosie Ratio (SNR) are major sources of error in this method.

1.2.2 Time Difference of Arrival

Sometimes the emitting time tm of the target signal is unknown, so the usage of the ToA
technique is not possible anymore. In this case, the distance estimation can still be done
using another technique known as TDoA. Like ToA, this technique uses the travel time of
a signal from the target to the reference anchor, but instead of using the target’s emission
time, which is now unknown, it uses the difference in travel times from each reference an-
chor to estimate the distance to each one of them. Thus, knowing the time of transmission
in no more required, and the time difference is now sufficient to estimate the distances
[4].

Once a signal is received by two reference anchors i and j, the difference in arrival times
∆ti j is used to calculate the difference in distances ∆di j between the target and the two
reference anchors using

∆di j = c.∆ti j i , j (1.3)

Assuming that the two reference anchors i and j are located respectively at (xi, yi) and
(x j, y j), the target at (x, y) must lie on a hyperboloid with a constant range difference
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between the two reference anchors for each TDoA measurement as shown in Figure 1.2.
The equation of the hyperboloid is given by

∆di j =

√
(xi − x)2 + (yi − y)2

−

√
(x j − x)2 + (y j − y)2 i , j (1.4)

Figure 1.2 – TDoA principle.

To locate a target in 2D, TDoA measurements (for instance, ∆t12 and ∆t13 in the example
shown in Figure 1.2) must be made at three fixed reference anchors to form two hyperbo-
las whose intersection determines the target position.

Similar to ToA or any other time-based method, the accuracy is affected by multipath
propagation and low SNR. Furthermore, synchronization between devices is mandatory
to obtain accurate measurements. However, the synchronization in TDoA is only required
between the reference anchors, since the target is located based on their time/distance
difference. The target does not need to be synchronized with the reference anchors
because the distance between them is not taken into account in the TDoA calculation.

1.2.3 Angle of Arrival

AoA, also known as Direction of Arrival (DoA), provides a measurement of the angle at
which a signal is received by a reference anchor [5]. Using this angle, the reference anchor
defines a straight line from its position that indicates the different possible positions of
the target. The exact position of the target will thus be the intersection of several lines
from several reference anchors.

Assume that the target at (x, y) transmits a signal to the i-th reference anchor Ri located
at (xi, yi). As shown in Figure 1.3, the straight line connecting these two entities makes
an angle θi with the axis (Ri,R j). The angle of arrival θi is therefore obtained by the
triangulation principle
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Figure 1.3 – AoA principle.

tanθi =
y − yi

x − xi
(1.5)

To find the 2D position of the target, AoA methods use at least two known reference
anchors, Ri and R j. The exact position of the target will be then the intersection of the two
lines of direction θi and θ j. Following the same approach, 3D positioning is also possible
using at least three reference anchors.

Unlike ToA and TDoA methods, AoA method does not require synchronization between
the target and the reference anchors. Moreover, the minimum number of reference anchors
needed to locate the target is reduced (two in 2D and three in 3D). However, besides
the large and complex material requirements, the accuracy of the position estimation
decreases as the distance between the target and the reference anchors increases. In fact,
this method works well in situations with Line of Sight (LoS), but accuracy decreases too
when there are signal reflections and multiple paths. Thus, it is not suitable for indoor
environments unless combined with other techniques forming a hybrid ILS system.

1.2.4 Received Signal Strength

The RSS is the field intensity of a signal measured at the reception point. In this approach,
the power level of a received radio signal is used to estimate the position of a remote
target using multilateration technique while applying either signal propagation models
[6] or fingerprint method [7].

Based on a path loss model, the distance di between the target and the i-th reference
anchor can be obtained using

Pi

P0
=

(d0

di

)n
(1.6)
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where Pi is the received power at the reference anchor i, P0 is the received power at the ref-
erence distance d0, and n is the path loss exponent of the environment under consideration.

However, path loss models are not always applicable due to shadowing and severe mul-
tipath fading. Therefore, it is difficult to apply these models to the received signal, which
is continuously affected by the complex nature of the indoor environment.

One way to overcome this problem and avoid complex modelling of signal propagation
is by using the fingerprint method. This method comprises two phases: training and
position determination. The first phase consists of determining the RSS values at each
point using offline measurement campaigns to build a database, also called a radio map.
Then, the position of a target can be estimated in the second phase by comparing the RSS
observations with the values already recorded in the radio map using proximity matching
algorithms.

In 2D, at least three reference anchors are required to estimate the target position, while
in 3D, at least four reference anchors are needed.

The RSS method provides high accuracy in short-range and LoS environments. Unlike
ToA and TDoA, this method does not need any time synchronization between the system
anchors. However, the dynamic nature of the indoor environment requires a continuous
updating of the radio map affecting the system’s performance.

Table 1.1 outlines the main characteristics of the different techniques described above.
This comparison allowed us to choose the most appropriate technique for each technology
used in localization systems. A detailed description of these technologies, including the
technique adopted for each one, is presented in the following section.



1.2. Position Estimation Techniques 13
Ta

bl
e

1.
1

–
C

om
pa

ri
so

n
be

tw
ee

n
di

ff
er

en
tI

LS
te

ch
ni

qu
es

C
ri

te
ri

a
To

A
T

D
oA

A
oA

R
SS

Po
si

ti
on

Es
ti

m
at

io
n

Th
e

ti
m

e
ta

ke
n

by
th

e
si

gn
al

to
m

ov
e

fr
om

th
e

ta
rg

et
an

ch
or

to
se

ve
ra

lr
ef

er
en

ce
an

ch
or

s.

Th
e

ti
m

e
di

ff
er

en
ce

be
tw

ee
n

th
e

ar
ri

va
l

of
th

e
si

gn
al

at
m

ul
ti

pl
e

re
fe

re
nc

e
an

ch
or

s.

Th
e

in
te

rs
ec

ti
on

of
se

ve
ra

lp
ai

rs
of

an
gl

e
di

re
ct

io
n

lin
es

.

Th
e

si
gn

al
st

re
ng

th
re

ce
iv

ed
at

th
e

ta
rg

et
an

ch
or

fr
om

se
ve

ra
lr

ef
er

en
ce

an
ch

or
s.

N
um

be
r

of
re

fe
re

nc
e

an
ch

or
s

2D
A

tl
ea

st
th

re
e.

A
tl

ea
st

th
re

e.
A

tl
ea

st
tw

o.
A

tl
ea

st
th

re
e.

3D
A

tl
ea

st
fo

ur
.

A
tl

ea
st

fo
ur

.
A

tl
ea

st
th

re
e.

A
tl

ea
st

fo
ur

.

Sy
nc

hr
on

iz
at

io
n

A
ll

tr
an

sm
it

te
rs

an
d

re
ce

iv
er

s
in

th
e

sy
st

em
m

us
t

be
pe

rf
ec

tl
y

sy
nc

hr
on

iz
ed

.

O
nl

y
th

e
re

fe
re

nc
e

an
ch

or
s

sh
ou

ld
be

sy
nc

hr
on

iz
ed

.

Le
ss

sy
nc

hr
on

iz
at

io
n

an
d

cl
oc

k
pr

ec
is

io
n

re
qu

ir
em

en
ts

.
N

ot
re

qu
ir

ed
.

Lo
S

V
s.

N
Lo

S

R
eq

ui
re

s
a

cl
ea

r
Lo

S
be

tw
ee

n
tr

an
sm

it
te

r
an

d
re

ce
iv

er
.

Fa
vo

ur
s

Lo
S

to
re

du
ce

m
ul

ti
pa

th
eff

ec
ts

.

Is
su

es

R
el

at
iv

e
cl

oc
k

sh
if

tb
et

w
ee

n
tr

an
sm

it
te

r
an

d
re

ce
iv

er
.

Lo
w

er
ac

cu
ra

cy
th

an
To

A
w

it
h

th
e

sa
m

e
sy

st
em

ge
om

et
ry

.

A
sm

al
le

rr
or

in
th

e
an

gl
e

m
ea

su
re

m
en

t
ha

s
a

bi
g

im
pa

ct
on

th
e

ac
cu

ra
cy

.
R

eq
ui

re
s

la
rg

e
an

d
ex

pe
ns

iv
e

an
te

nn
a

ar
ra

ys
.

Se
ns

it
iv

e
to

ch
an

ne
l

in
co

ns
is

te
nc

y.
R

eq
ui

re
s

sh
or

t
di

st
an

ce
s

be
tw

ee
n

an
ch

or
s.



14 1. State-of-the-art Characteristics of Indoor Localization Systems

The measurements obtained by the techniques mentioned above are used to estimate a
target’s position through a series of algorithms such as the trilateration algorithm, which
will be detailed in the next section.

1.3 Trilateration-based ILS

ILSs based on trilateration have fixed anchors at known positions that form a well-defined
constellation. To find the 2D location of the tag, at least 3 anchors or alternatively 3 ref-
erence nodes are required. The system uses trilateration technique to estimate the tag
position T by calculating the distance to each anchor Ri (i = {1, 2, 3}), as shown in Fig-
ure 1.4. Therefore, the algorithm requires the coordinates (xi,yi) of all the anchors to
predict the location of the tag by calculating the distance di between the latter and each
anchor.

Figure 1.4 – Trilateration estimation.

The distances di are given by the following equation
d1

2 = (x1 − x)2 + (y1 − y)2

d2
2 = (x2 − x)2 + (y2 − y)2

d3
2 = (x3 − x)2 + (y3 − y)2

(1.7)

Solving this system of equation reveals the tag position (x,y) as follows

x =
Ay32 + By13 + Cy21

2(x1y32 + x2y13 + x3y21)
(1.8)

y =
Ax32 + Bx13 + Cx21

2(y1x32 + y2x13 + y3x21)
(1.9)

where
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A = x1

2 + y1
2
− d1

2

B = x2
2 + y2

2
− d2

2

C = x3
2 + y3

2
− d3

2

(1.10)

and


x32 = x3 − x2

x13 = x1 − x3

x21 = x2 − x1

(1.11)


y32 = y3 − y2

y13 = y1 − y3

y21 = y2 − y1

(1.12)

Figure 1.5 highlights a new problem or limitation of this method. In fact, the accuracy
of the localization is strongly affected by the geometry of the anchors. This well-known
problem in the field of localization is reflected in the definition of Dilution of Precision (DoP).
This concept has been mathematically derived and proved in [4] and has long been used
in GPS tracking systems as an indicator of anchor positioning. As we can see, the
geometry of the anchor failed to accurately locate the AT, and merely provided a surface
of uncertainty in which the AT can occupy any position. When this area is narrow, which
is equivalent to a small DoP value, the estimation error is also small. However, this error
increases for large areas, corresponding to a high DoP value.

Figure 1.5 – Anchors Geometry Problem.



16 1. State-of-the-art Characteristics of Indoor Localization Systems

1.4 Positioning Technologies

Positioning technologies have a major influence on the performance, reliability and confi-
dentiality of location-based services, systems and applications [8]. Therefore, this section
is devoted to presenting the different technologies that utilize the aforementioned tech-
niques to locate a target in an indoor environment.

1.4.1 Global Positioning System

Global Positioning System (GPS) is the most popular and widespread radio navigation
system for finding the location and position of objects, especially for the outdoor environ-
ment. The fundamental aspect of positioning using this technology is the measurement
of the distance between the satellites and the receiver. To do this, satellites send messages
containing the sending time, their exact orbits and other useful information. The receiver
processes this information and measures the time differences of these signals to find its
position as shown in Figure 1.6. In this scenario, at least four satellites are required to
determine the 3D position.

Figure 1.6 – GPS methodology [9].

However, the presence of obstacles that block the line of sight between the satellite and the
receiver as well as the attenuation and dispersion of electromagnetic waves by buildings
and external obstacles, make GPS a technology not suitable for indoor environments [10].

To solve this problem, several positioning systems based on conventional GPS are pro-
posed [11]. An example of such a system is the pseudo-sattelites, also known as pseu-
dolites. A pseudolite is a device that generates and transmits GPS-type signals. These
signals are similar to real GPS signals but using different carrier frequencies or containing
different navigation data [12]. Therefore, this method estimates the position by simulating
the constellation of real satellites through several pseudolites located at different corners
of the building. Nevertheless, this method has several disadvantages, such as the cost of
modifying receiver equipment to be compatible with pseudolites, clock synchronization
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problems and multi-path and near-far effects. These problems can be addressed by using
GPS repeaters.

Another example of these systems is GPS repeaters [13]. This approach uses several
switching modules to amplify and retransmit high quality GPS signals from an outdoor
antenna to the indoor environment. To avoid the interference problem, the transmission
of the modules is done in a sequential way, i.e. only one module will be active and
transmits signals at a time. The switching period of the signal received by the indoor
terminal corresponds to the TDoA between two successive repeaters. Therefore, using at
least four TDoA measurements, this method allows a standard receiver to provide indoor
position.

Although these methods can provide a reasonable estimate of the indoor position, most
of them are costly and require additional infrastructure for the building. User terminals
still need hardware modifications and interference between the outdoor and indoor an-
tennas cannot be completely mitigated. All these weaknesses of GPS technology have
highlighted the need to find a better solution for indoor localization that offers good
performance at a low cost.

1.4.2 Infrared

Infrared (IR) positioning systems are one of the most common positioning systems that
use wireless technology [14] and AoA technique. A simple infrared system consists of a
diode that emits an infrared signal in the form of non-visible light flashes, and a receiving
photodiode that detects and captures the light pulses, which will then be processed to
extract the information [15]. IR localization can be used in active or passive configurations.

IR technology is adopted by several systems to perform position detection. For instance,
the Active Badge System [16,17] is one of the first indoor badge positioning systems that
covers the area inside a building and provides symbolic information on the location of
each active badge. This system can therefore locate people in its coverage area by esti-
mating the location of their active badges. In this system, an active badge transmits a
globally unique IR signal every 15 seconds. These signals are detected by one or more
sensors connected by wires and fixed in each localized place. The information provided
by the latter makes it possible to determine the position of the active badges, which will
be transmitted and saved in a central server.

Infrared systems provide very accurate positioning estimates. They are used in Wireless
Personal Networks (WPANs) because they are a short-range beam with a narrow trans-
mission angle, suitable for aiming and selective signal reception. IR emitters are small,



18 1. State-of-the-art Characteristics of Indoor Localization Systems

lightweight and easy to transport. The system architecture is simple and does not require
time-consuming installation and maintenance.

In contrast, indoor infrared positioning systems have some drawbacks, such as security
and privacy issues. In addition, infrared signals are sensitive and the location determi-
nation is affected by interference from fluorescent light and sunlight [18]. Moreover, IR
waves cannot penetrate opaque materials, so the system no longer works if the IR device
is covered. Although IR emitters are not expensive, the entire system using a camera
array and connected by special wires is expensive compared to its limited coverage area.
Another limitation of IR systems is the need for a transmitter or receiver in each location,
i.e. each room in a building must be equipped with at least one IR device to locate whether
or not the persons or target devices are in the room.

1.4.3 Ultrasonic

Ultrasonic location-based systems [19, 20] use sound frequencies beyond the audible
range (above 20 KHz) to determine the user’s position through the time required for an
ultrasonic signal to move from a transmitter to a receiver. Ultrasonic technology uses the
TDoA technique, and the ranging is mainly done using the reflective distance method
through the triangulation positioning algorithm to determine the location of objects.

Figure 1.7 – Active Bat system [22].

The Active Bat system is an example of systems that use ultrasonic technology to deter-
mine the position of an ultrasonic tag, or "bat", being carried by a person. To do this, a
tag periodically broadcasts a short ultrasonic pulse, which is then received by a matrix
of receivers mounted on the ceiling at known positions, as shown in Figure 1.7. The dis-
tances between the tag and the receivers can be measured through ultrasonic waves and
the position of the tag is determined by the triangulation method. Active Bat positioning
system [21,22] provides 3D position and orientation information of the tracked tags using
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at least three receivers according to the principles of multilateration.

However, from the user’s point of view, deploying a large number of ceiling sensors in
each room is a time-consuming task, which impacts the system’s scalability. Receivers
must also be placed accurately, which results in a complex and costly installation. More-
over, these systems have a lower measurement accuracy (several centimetres) than IR-
based systems (several millimetres). They also suffer from air flows, reflected ultrasonic
signals and other noise sources such as the jangling of metal objects, crispy packages, etc.

1.4.4 Wireless Local Area Network

Wireless Local Area Network (WLAN), also known as "Wireless Fidelity (WiFi)", trans-
mits and receives data using electromagnetic waves, providing wireless connectivity
within its coverage area. WLAN technology is very popular and has been implemented
in public places such as hospitals, stations, universities, etc. This widespread use of WiFi
technology has motivated researchers to utilize it in designing localization systems inside
buildings [23]. To determine the location, this system converts the detected electromag-
netic signals into measurable metrics such as distance and angle, using the signal strength
and SNR available from the WLAN Network Interface Card (NIC). It triangulates the 2D
position of an object within a building using empirical data or mathematical model of
indoor radio propagation.

In indoor localization, it is necessary to go beyond the mere identification of the Access
Point (AP) in order to achieve higher precision. Therefore, three approaches have been
proposed to locate a user using WLAN technology and RSS technique:

• The propagation model of a known antenna is used to calculate the distance to a
known base [24].

• The relative strength of several known WiFi bases is used to determine the position
by a multilateration method.

• Fingerprinting is used to match a pattern of known WiFi bases along with their
relative strengths, to a database of known patterns associated with the locations
[25]. Of course, building the database requires extensive pre-mapping activity and
storing WiFi patterns for each mapped point.

A famous example of an indoor position tracking system that uses existing WLAN tech-
nology is the RADAR system [26], proposed by a Microsoft research group. The RADAR
system can provide 2D absolute position information using signal strength and SNR
with triangulation location technique, and thereby enable location-based applications for
users. In [26], the RADAR system was tested on a floor inside a building, which is a typical
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indoor environment. The authors used three Personal Computers (PCs) serving as APs to
track the target object represented by a laptop computer. The three APs measure the sig-
nal strength of the target’s Radio Frequency (RF) signals. These measurements are used
to determine a 2D position of the object. The main advantage of the RADAR system is
that it uses the existing indoor WLAN infrastructure, eliminating the need to deploy new
equipment. In addition, position detection requires few base stations, making RADAR
a system that is easy to set up. However, this system can only locate objects equipped
with WLAN technology, which is difficult for some light and energy-limited devices.
In addition, this system does not take into account privacy issues, i.e. a person using a
device with a WLAN interface can be easily tracked, even without their permission. Also,
the RADAR system suffers from the limitations of the RSS positioning methodology [27].

Generally speaking, WLAN-based indoor positioning is an example of a low-cost po-
sitioning technology that uses existing infrastructure in indoor environments. WLAN
technology is widely used and integrated in various wireless devices such as Personal
Digital Assistants (PDAs), laptops, mobile phones, etc. Thus, WLAN-based indoor po-
sitioning systems can also reuse these wireless devices to track people, by measuring
certain signal parameters provided by each wireless card.

Nevertheless, the accuracy of location estimations based on the signal strength of WLAN
signals is affected by various sources of the indoor environment [28] such as movement
and orientation of the human body, overlapping APs, walls, doors, etc. In some situations,
it may be important to have a large number of APs to confront the high attenuation of the
WiFi signal, especially if the signal passes through walls. Ideally, using at least one AP
per room helps to limit the distance for the received signal from a particular access point,
and thus minimizes the estimated position errors. Moreover, using stored information
and fingerprinting techniques is complex and costly if the number of users of the indoor
positioning system increases significantly.

1.4.5 Bluetooth

Bluetooth technology is a low-power, short-range wireless transmission technology that
uses short-wave radio communications to send and receive data (audio, video, etc.) be-
tween devices such as mobile devices, computers, PDAs, etc. It uses the Frequency
Hopping (FH) technique to protect its signals against other technologies using the same
Industrial, Scientific and Medical (ISM) band. In Bluetooth-based positioning systems
[29], several Bluetooth devices are grouped together to form a positioning infrastructure
or what is called a cluster. A Bluetooth mobile device is then located using other mobile
devices in the same cluster. In fact, a Bluetooth indoor positioning system uses the RSS
technique to determine a user’s position as long as he/she is equipped with a mobile
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device having Bluetooth technology and has activated this feature in it. Like any other
Bluetooth device, a Bluetooth tag, which is a small transceiver, is identified by its unique
Identification (ID). This ID can be used to locate the Bluetooth tag [30].

The Topaz location system [31] uses Bluetooth technology to locate tags in indoor en-
vironments. The architecture and the different components of this indoor localization
system are shown in Figure 1.8. In this system, Bluetooth servers receive the measured
signal strength and forward the raw data to the location server, whose role is to calculate
the location of the tags. Bluetooth servers, location servers and location clients are con-
nected via Local Area Network (LAN). This Bluetooth-based location system can only
provide 2D location information with an error range of about 2 m, which is not sufficient
to achieve high accuracy in an indoor environment with multiple obstacles.

Figure 1.8 – System architecture of Topaz [31].

Bluetooth technology is mainly intended to facilitate communications between mobile
devices and those with fixed devices, in order to eliminate the need for cables and con-
nectors (e.g. when using wireless headsets), and to simplify the synchronization of data
between personal devices [32]. Bluetooth devices are small in size and easy to integrate
into the various electronic devices, so it is easy to popularize. Moreover, Bluetooth tech-
nology is reusable, i.e. it uses infrastructures that have already built-in Bluetooth chips.
It is cost-effective and consumes a small amount of energy during operation.

However, a disadvantage of the Bluetooth-based positioning system is the delay time it
takes to calculate the position of a tag. This delay of about 10 to 30 seconds is considered
quite long compared to the operational range (2 to 3 m) of such a system. Moreover, the
frequency hopping technique makes the impulse response of the propagation channel
barely constant in the ISM band, which in turn causes a variation in the power of the
received signal at each frequency hopping. Thus, this technique is the origin of different
attenuation, thereby complicating the analysis of the received power measurements, and
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limiting the effectiveness of positioning systems based on Bluetooth RSS measurements
[33]. Bluetooth positioning systems also suffer from the drawbacks of RF positioning
technology in complex and changing indoor situations [30]. In addition, the stability of
the Bluetooth system is affected in a complex spatial environment due to noise signal
interference.

1.4.6 Radio Frequency Identification

Radio Frequency Identification (RFID) is a mechanism to store and retrieve data via elec-
tromagnetic transmission to an RF-compatible integrated circuit [34]. This technology
uses radio waves to trigger a specialized circuit into producing a response containing
a unique identifier, which can be used to identify people, animals or objects using RSS
technique. An RFID system consists of RFID readers and RFID tags. The RFID reader is
responsible for retrieving data from RFID tags. RFID tags or "transponders" are equipped
with a microchip and a printed circuit board. This card acts as an antenna and allows the
tag to transmit radio signals containing useful information, mainly the tag’s unique ID
[35]. The tags can be classified into "passive" or "active" depending on the energy source
they use to respond to an RFID reader. On one hand, a passive RFID tag operates without
a battery. It responds to an RFID reader by using only the small amount of energy emitted
by the reader, which is collected using a small antenna. It reflects the RF signal received
from the reader and adds information by modulating it. Passive RFID tags are mainly
used to replace traditional barcode technology. They are much lighter, smaller in volume
and less expensive than active tags. However, their reading range is very limited (1-2 m),
and the cost of readers is relatively high. On the other hand, active RFID tags have their
own power supply. They are small transceivers, which can actively transmit their ID (or
other additional data) in response to a query. The advantages of active RFID are a smaller
antenna and a much longer range (several tens of meters).

RFID technology has many applications and areas of use, such as personal/vehicle access
control, department store security, equipment tracking, luggage, fast food establishments,
logistics, medical equipment, etc [36]. In addition, RFID systems have been used for lo-
calization, especially when the user’s position is not requested at all times, but only when
passing through important control points, like entrance doors. In these cases, the user’s
location is often given in a logical form rather than in a coordinate system, e.g. "before
the door", "in the waiting room", etc.

Two variants of user positioning are possible: in the first, the user carries the tag, and the
readers are fixed in the infrastructure. In the other option, the user carries a reader, and
many tags are incorporated in key locations in a given area. The first option was the most
popular because the tags are cheaper and very lightweight, while the readers are bulky
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and very expensive.

LANDMARC (Location Identification based on Dynamic Active RFID Calibration) is a
pioneering RFID system [34]. It belongs to the category of systems in which the tag is
attached to the object or person to be located. LANDMARC needs information on the
signal intensity of each tag reader to calculate the position of RFID tags using the k-
Nearest Neighbour algorithm (k-NN). Although the authors claim an accuracy of 1 meter,
the main limitation of this system is that the reader does not directly provide the signal
strength; rather it reports only if the tag is "detectable" or "undetectable". LANDMARC
must periodically scan power levels to estimate the signal strength of the tag, which
produces latency in the localization. An additional problem is the wide variation in the
behaviour of RFID tags due to the battery’s loss of energy. Another indoor positioning
system using RFID is called SPOT ON [37]. It is a new tagging technology for 3D location
detection based on RSS measurements. These measurements, provided by several base
stations, are sent and stored in the server. The server processor maps the RSS values and
determines the exact position of the objects using the triangulation technique. Once the
position is known, a virtual 3D display of the indoor environment can be built to show
the location of the tags.

RFID technology is not only intended for indoor positioning applications, but also pro-
vides many potential services to meet user demands. They are cost-effective, their RF
tags can be read in any environment, and can work at high speeds even if the line-of-site
is not available. In addition, the RFID positioning system has lightweight and small tags
that can be carried by the people to be tracked. Therefore, the RFID system can only
identify equipment and people equipped with a tag. However, proximity and absolute
positioning techniques require the installation and maintenance of many infrastructure
components in the working area of an RFID positioning system [14]. In addition, their
range is quite limited and the cost of readers is relatively high in the case of passive tags.

1.4.7 Ultra Wide Band

UWB is a technology based on the transmission of electromagnetic waveforms composed
of a sequence of very short pulses, a shown in Figure 1.9a, using a very large bandwidth
(greater than 500MHz) [38]. This radio technology uses a very large part of the radio
spectrum to transmit, but at the same time consumes very small amounts of energy
during operation, as shown in Figure 1.9b. UWB has many applications and areas
of use: radar and imaging, security applications, medical applications, vehicle radar
systems, high-penetration radar systems, location and tracking, etc [39, 40]. UWB can
be used for accurate indoor positioning, such as finding the location of soldiers on the
battlefield, tracking the movement of a robot. Therefore, UWB technology was selected
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for deployment in indoor positioning systems because it offers different advantages in
terms of accuracy of time-of-flight measurement, multipath immunity and low power
consumption for extended operation [41]. To determine the distance between the target
and a reference point, two different measurements can be used in a UWB positioning
system : ToA and TDoA, regardless of the used modulation scheme.

Figure 1.9 – (a) UWB pulse [42] and (b) UWB spectrum [43]
.

Ubisense is an example of a new real-time positioning system based on UWB technology
[44]. It uses the triangulation localization technique, which takes advantage of both the
TDoA and AoA techniques, to provide a flexible position detection capability. This sys-
tem consists of three parts: sensors, tags and the Ubisense software platform. The active
tags transmit UWB pulses. These pulses are received by the sensors, fixed at known
locations. Next, the tag location data is forwarded via existing Ethernet links from these
sensors to the Ubisense software platform, which analyzes and displays the tag location.
The software platform consists of two parts: the location engine and the location plat-
form. Location Engine is an execution component that allows to configure the sensors
and tags. Location Platform collects location data from location-aware applications. Once
the visualization of the location of the tags is provided, absolute, relative and proximity
information can be extracted and sent to various location-aware applications. Ubisense
sensors are arranged in cells. In each cell, there are at least four sensors, covering an area
of up to 400m2. Thus, the coverage by infrastructure element is important and the system
is scalable with respect to a large position monitoring area. Tracked tags in this system are
wireless, easy to wear, lightweight (45 g) and equipped with a long life battery (about 1
year). Ubisense provides high precision (a few tens of centimetres) in indoor positioning,
because it is based on both measurements of signal angles and arrival time differences,
and it is not affected by complex indoor environments, including walls and doors [43].
With this high accuracy, the price of this system remains significantly high, limiting its
use on a large scale.
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UWB localization exploits the temporal synchronization characteristics of UWB commu-
nication to obtain a very high indoor localization accuracy (20 cm). It is therefore suitable
for high-precision real-time 2D and 3D localization. 3D positioning can be performed us-
ing two different measuring techniques: TDoA, which measures the difference in arrival
time of a UWB pulse at several sensors, and AoA. Using both techniques at the same
time allows to reduce the required sensor density compared to systems that use only
TDoA, because a location can now be determined with only two sensors. Furthermore,
UWB technology offers various advantages over other positioning technologies used in
the ILS, such as no line-of-sight requirement, no multipath distortion, less interference,
high penetration ability, etc. In addition, UWB sensors are cheap, making the positioning
system a cost-effective solution. Finally, the large range of each sensor allows the UWB
positioning system to be scalable.

1.5 How to choose the Indoor Localization System ?

Indoor localization has lately gained interest due to the vast range of services it can of-
fer. As discussed in the previous sections, different techniques, wireless technologies
and mechanisms have been developed in the literature to provide indoor location and
improve services offered to users. So the main question that arises now is, how to choose
the indoor positioning system ?

Unfortunately, there is no unique answer to this question because the different use cases
impose specific requirements for the indoor localization system. Generally speaking,
there are several aspects that help to characterize an ILS system and distinguish it from
other systems. Among these aspects, we are interested in [45]:

• Accuracy: It is roughly referred to the difference between the estimated and the
actual positions. In the UWB case, very accurate measuring can be easily achieved
due to the short pulse duration. In this case, the diffuse multiple path is well sep-
arated from the LoS, so that neither amplitude fading nor pulse distortion impairs
the received signal. This is not the case for the narrow band where amplitude
fading occurs and complete diffuse multipath propagation interferes with the LoS
component.

• Resolution: It is the minimum ToA or TDoA that the system can measure. These
measurements will then be used to derive the distance and angular resolutions
which are the minimum required values to distinguish one target from another
depending on the radio waves’ bandwidth. In particular, the large bandwidth of
UWB signals can be conveyed to a high resolution in the pulse arrival time.

• Coverage: It is the territorial extension in which the system can locate a user or
object. Some technologies may provide extensive coverage in an ideal environment,
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but when used indoors, their coverage may be limited due to environmental factors.
An ILS can locate a person or object within a range of several meters or even on
different levels in a building.

• Cost: It is the amount of resources invested in the installation and operation of a
positioning system. Systems that reuse existing technology in indoor environments
(e.g. WiFi APs) or those that are carried by the user (e.g. mobile devices), require a
small investment for installation and maintenance and a low cost for user service.
However, in the case of indoor positioning systems based on technologies that
use special devices and specialized infrastructure (e.g. sensor networks, readers),
installation and maintenance costs are high.

With this in mind, this section aims to compare the different ILS technologies taking into
account different aspects and characteristics of each one of them.

Compared to outdoor environments, indoor environments are more complex because
there are various objects (such as walls, equipment and people) that reflect, cause high
attenuation and diffusion of signals, and subsequently lead to multipath and delay prob-
lems. Indoor environments are then forced to rely on Non Line of Sight (NLoS) prop-
agation where the signal cannot move directly in a straight line from a transmitter to a
receiver, causing inconsistent delays at the latter. Typically, indoor positioning applica-
tions require higher accuracy and precision than outdoor positioning applications to be
able to deal with relatively small areas and existing obstacles. In this sense, GPS has poor
performance in dense urban areas compared to rural areas. In particular, the low cov-
erage of the satellite signal in the indoor environment reduces its accuracy and makes it
unsuitable. In addition, GPS has a large infrastructure to support location measurement,
which is expensive and complex.

Infrared is a near foolproof way to ensure room-level accuracy. It uses light instead of
radio waves, which cannot pass through walls - if the system says that an asset is in room
4B, it is undoubtedly in room 4B. Radio-based systems cannot provide such certainty, as
radio waves can sometimes be captured by other readers through walls and subsequently
cause positioning errors. However, in non-segmented rooms, infrared positioning would
be a challenge - if three receivers read a light pulse, it is impossible to know from which
receiver the tag is closest, because it is difficult to measure the relative strength of the
infrared signal. In this case, radio technologies work better generally.

Most existing smartphones, laptops and other portable devices are WiFi compatible, mak-
ing WiFi an ideal solution for indoor localization without the need to deploy additional
infrastructure. However, the positioning accuracy that this technology can provide re-
mains subject to uncontrolled interference in the ISM band. Compared to Bluetooth, WiFi
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provides lower accuracy (5-10 meters) and is a bit expensive. In addition, it consumes
much more energy than UWB.

Bluetooth technology is considered as a competitor to WiFi in indoor positioning sys-
tems, particularly since the widespread adoption of Bluetooth Low Energy (BLE), due
to its high availability (it is supported by most modern smartphones), low cost and very
low power consumption, which allows fixed transmitters to run on batteries for several
months or even years [46]. Bluetooth operates in the 2.4 GHz ISM band. Compared to
WLAN, the gross bit rate is lower (1 Mbps) and the range is shorter (typically 10 − 15
m). In addition, apart from the variations in the indoor environment that affect the RSS
measurement, the latter is also influenced by the type of FH modulation. Despite all of
this, Bluetooth remains a "lighter" standard, very ubiquitous and supports several other
network services in addition to Internet Protocol (IP).

Regarding RFID technology, passive RFID is the most commonly used and finds its ap-
plications at airport security checkpoints for baggage tracking or as an anti-theft measure
in libraries, etc. because of their ability to identify items with just a quick scan. RFID is
not a feasible option for live tracking due to its small range and large size. In addition,
it is also not a preferred option for the medical industry due to the high presence of RF
energy. It is therefore obvious that with its low accuracy, current RFID technology is not
the right choice for an ILS.

Ultrasonic ILS can reach even subcentimeter accuracies in still air conditions [47]. How-
ever, ultrasonic systems are limited in range (about 10 m) and cannot penetrate walls,
making their coverage dependent on the number of installed beacons and the partitioning
of the building. Moreover, the propagation properties of sound waves in indoor envi-
ronments present a challenge for accurate position estimation. Environmental elements
such as furniture, walls and their salient edges can create echoes. The appearance of such
echoes can lead to inaccurate location [48, 49].

UWB technology is a great option for Indoor Positioning System (IPS) and has a high
anti-interference capability, but it is expensive and requires more infrastructure. This
technology has many advantages over traditional narrow-band systems, such as high
penetration power, low energy consumption, resistance to multi-path effects, high se-
curity, low complexity, very precise positioning, etc. Short pulse waveforms permit to
determine accurately the ToA of a burst transmission. UWB signals pass easily through
walls, equipment and clothing, but are affected by metallic and liquid materials that
cause interference. This problem can be avoided by using more UWB readers strategi-
cally placed in the infrastructure. In general, RF positioning systems suffer from multipath
distortion of radio signals reflected by walls or any other obstacle in indoor environments.
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This problem is overcomed with UWB pulses because they allow to filter the reflected
signals from the original one. In this way, the system can offer higher accuracy compared
to traditional wireless technologies such as RFID and WLAN. This is clearly reflected in
the Ubisense system, which achieves an accuracy of about 15 cm in 3D, considered very
high compared to other RF positioning systems. The delay time of the position estimates
is short and the sensing rate can reach 20 times per second. Unlike conventional RFID
systems, which operate on a single band of the radio spectrum, UWB transmits a signal
over several frequency bands simultaneously, from 3.1 to 10.6 GHz. UWB signals are
also transmitted for a much shorter time (less than 1 ns) than those used in conventional
RFID. In addition, UWB tags consume less energy than conventional RF tags and can
operate over a wide range of frequencies. UWB can be used in the immediate vicinity of
other RF signals without causing or experiencing interference due to differences in signal
types and the radio spectrum used. So using UWB technology in positioning systems has
been a popular way to improve positioning accuracy. Therefore, UWB technology can be
applied to fixed or moving indoor objects and people tracking and navigation, and can
provide very high positioning accuracy.

For active RF location and positioning applications, short-pulse UWB techniques offer
distinct advantages in terms of accurate time-of-flight measurement, multipath immu-
nity for leading edge detection and primary energy consumption for extended-operation
RFID tags [50]. For this reason, the UWB technology is considered a promising solution
for ILS.

Table 1.2 shows the main advantages and disadvantages of different technologies used
in ILS. Among the different technologies, UWB has met the aforementioned aspects that
interest us. In the following section, some existing UWB systems will be presented.
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Table 1.2 – Comparison between different ILS technologies

Technologies Techniques Advantages Disadvantages

IR AoA Cheap for user
Sunlight interfernce
Limited range

Ultrasonic TDoA High accuracy

Interference
Limited range
Low penetration
Air flow

WLAN RSS
Low cost
Large range

High variance signal
High power
consumption
Continuous update
of the radio map

Bluetooth RSS
Low cost
Low power
consumption

Intrusive
Limited range
FH

RFID RSS
Very low cost
with passive
tags

Limited accuracy
Limited range
with passive tags

UWB TDoA/ToA

High accuracy
High resolution
Immune to
interference

High cost

1.6 UWB Indoor Localization system

In general, there are two types of UWB indoor localization systems based on the TDoA
measurement:

1. The first type refers to systems in which the tag sends its user-specific information
sequence, encoded by UWB pulses. In this case, the tag will be localized by a Central
Processing Unit (CPU), responsible for synchronizing all receivers and collecting
time measurement data.

2. The second type refers to systems in which the receivers are used exclusively as
repeaters. Thus, the tag receives back the transmitted signal, also containing the
information (coordinates) of the receiver that it has sent it. In this case, the tag must
calculate its own position using the relative distance information to the receivers.
This is based on the Two-Way Ranging (TWR) measurement principle.

These two approaches are adopted in different literature systems, although the majority
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favour the first one. Therefore, a brief overview of the state of the art of both commercial
and experimental UWB localization system is provided in this section.

In [51], a complete UWB indoor location demonstrator is presented. The system in-
cludes several interconnected APs to ensure synchronization and an autonomous Mobile
User (MU) equipped with an UWB tag to transmit the pulses. In this scenario, the sig-
nals propagate over different physical paths (channels) and reach the AP. The received
signals from all APs are forwarded to the time measurement unit - Time to Digital Con-
verter (TDC) - via the synchronization network. The obtained positioning results show
an original average accuracy of 9 cm. This accuracy is improved to 2.5 cm by including
the influences of the antenna and signal detection threshold level.

In [52], an example of a UWB indoor localization and tracking system is presented. The
transmitted signal is a sequence of short pulses that propagate through the media and are
received by the four receivers placed at known positions. The architecture of this system
is illustrated in Figure 1.10. As one can see, the receivers of this system are interconnected
by two networks: the clock network which provides a reference clock to all receivers,
and the data network which is used for communication between the receivers and the
computer. The role of the latter is to process the received data to analyze the ToA of the
receiver pulses and then determine the position of the transmitter. The location error was
below 30% for 95% of all position estimates.

Figure 1.10 – UWB indoor localization system [52]
.

In [53], an ILS based on UWB is presented. The considered system is composed by four
fixed transmitters, synchronized using a time division scheme. Each transmitter sends
an UWB signal to some mobile users. The location of the latter is easily estimated using a
triangulation method based on TDoA measurements between transmitters and receivers.
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In [54], a performance comparison between ten impulse-radio UWB localization systems is
described. Nine of them are laboratory setup that use an oscilloscope or squarer/comparator
to acquire the received signals and estimate the ToA or the TDoA. The obtained results
show that the system using the squarer/comparator and the TDoA method achieved the
best accuracy of 3.4 cm in 2D.

Despite the accuracy that the above-mentioned systems can achieve, they nevertheless
suffer from the synchronization constraint between receivers (or AP). Therefore, an ad-
ditional synchronization circuit is required, which increases the overall complexity and
cost of the system.

So far, several UWB commercial location systems have been fielded [55].

Ubisense [56] is one of the first companies to commercialize UWB technology for localiza-
tion services. It was founded in 2002 in Cambridge, United Kingdom and has become a
leader in the field of business location solutions. It has offices in Europe (Cambridge, Paris
and Düsseldorf), the United States, Canada and Japan. The Ubisense positioning system
consists of a network of sensors, installed at fixed positions, and UWB tags whose position
is to be estimated. The sensors contain an array of antennas connected to the UWB radio
receiver. They estimate the location of Ubisense tags using the UWB signals received from
each of them. Each sensor independently determines the azimuth and elevation AoA of
the UWB signal, providing a bearing for each tag. The TDoA information is determined
between each sensor pairs connected by a synchronization cable. The company points out
that combining AoA and TDoA measurement techniques provides a flexible, powerful
and robust localization system, capable of determining a precise location with just one
sensor and a precise 3D location using two sensors. Thus, the integration of AoA and
TDoA makes it possible to minimize infrastructure and installation costs and improve the
reliability and robustness of the system. UWB systems operate in the 6− 8 GHz band and
employ an additional narrow-band telemetry channel (2.4 GHz) to provide bidirectional
control and telemetric communications with Ubisense tags (monitoring battery, button,
Light Emitting Diodes (LEDs), etc.). The tag updating rate can be adjusted between 0.1
and 20 Hz. According to the manufacturer, the maximum operating range of the Ubisense
7000 system is over 160 m and the resulting accuracy does not exceed 15 cm in 3D. A kit
with six sensors and ten tags costs 26, 900 Euros (including Value-Added Tax (VAT) and
shipping).

BeSpoon [57] is a French start-up that has developed a miniature IR-UWB system. They
were the first manufacturer to prove that UWB technology can be successfully integrated
into a smartphone. Their "SpoonPhone" prototype has been used by hardware manufac-
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turers and software developers to conduct research and evaluation. This phone along with
6 tags costs 1699 euros (VAT and shipping included). Now, this company has changed
its sales strategy and their products are sold in the form of general purpose modular kits
(UM100) to design customized solutions for each customer. These modules use UWB
channel 2 (3.99 GHz) and offer the possibility to obtain good precision (down to 10 cm),
large coverage (up to 880 m in line of sight) with a receiver sensitivity down to −118 dBm.
The UWB radio can be activated in the SpoonPhone in the same way as the WiFi/BLE
radio is enabled in a phone, i.e. by activating it through a menu. The UWB antenna
is also used for WiFi communication and is located at the top left of the phone screen.
A Software Development Kit (SDK) Application Program Interface (API) is available to
programmers to access in real time the telemetry data of the various miniature tags on
the phone. The average range measurement rate is 2.5 Hz.

DecaWave DW1000 modules [58] are fully integrated low power Complementary Metal
Oxide Semiconductor (CMOS) chips that comply with the IEEE 802.15.4−2011 UWB stan-
dard. They allow to perform distance measurements with an accuracy of ± 10 cm using
TWR (ToF) measurements. This system is capable of estimating the real-time position of
a moving tag with an accuracy of about ± 30 cm in X and Y directions, using either TWR
(ToF) measurements or one-way TDoA approaches. A maximum measurable range of 300
m is possible under ideal conditions. This company provides the TREK1000 development
kit for US$ 925 (plus import customs fees). This kit contains four fully functional UWB
anchors, which consist of a DW1000 UWB ranging chip, an STM32F105 ARM Cortex
M3 processor and an omnidirectional antenna. The anchors are able to interconnect and
estimate the distance between them. An external device (computer) can connect to any
available anchor via Universal Serial Bus (USB) to collect all inter-anchor ranges. Each
UWB anchor can be configured by changing the Dual In-Line Package (DIP) switches on
the Printed Circuit Board (PCB) board, to toggle between the anchor and tag function.
These switches can also be used to choose between two channel options (2 and 5), which
correspond to the central frequencies 3.99 and 6.48 GHz, and data rates 110 kb/s and 6.8
Mb/s respectively. By default, the system uses the 4 GHz central frequency and a data rate
of 110 kb/s. This configuration is recommended for maximum distance measurement.
According to the manufacturer, the updating rate of a moving tag must be 3.5 Hz. This
frequency is reduced when the number of tags increases because they are multiplexed
over time.

The performance of these three systems (Ubisense, BeSpoon and DecaWave) is compared
in [59]. It has been shown that these systems reach even subcentimeter accuracies under
still air conditions. However, they require a prior knowledge of at least three anchors,
which implies synchronization between them. Therefore, anchor clock drifts, RF and
Analog-to-Digital Converter (ADC) front-end delays and their long-term variations are
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the main factors limiting the performance of these systems.

In the following, a system attempting to mitigate this problem while ensuring good
accuracy, resolution, coverage and a reasonable price will be presented.

1.7 Proposed UWB Indoor Localization System

As already outlined in Section 1.4, there are several wireless technologies in the literature
used for indoor positioning. The design methodology and the selected technology are crit-
ical factors affecting ILS performance. Among the different technologies, ultra-wideband
indoor positioning systems have offered highly accurate solutions, in situations where
other radio frequency technologies such as RFID, WiFi or Bluetooth cannot provide these
levels of accuracy.

The choice of a positioning method depends on the intended specific application. In gen-
eral, a positioning system using UWB technology aims to locate one or more targets (e.g.
MU) in an indoor environment, such as offices or industrial halls. In such scenario, an
UWB system only requires prior knowledge of the reference anchor (e.g. APs) positions
to be able to find the location.

Depending on the selected positioning method, synchronization between reference an-
chors and targets may or may not be necessary. In the ToA method, all reference anchors
and targets in the system must be perfectly synchronized. However, in applications where
no information on the target is given, only relative time methods such as the TDoA or the
AoA are applicable. The TDoA method requires information on the signal propagation
time from the target (transmitter) to all reference anchors (receivers). For 3D anchor posi-
tioning, at least four reference anchors are required. In the AoA approach, each reference
node is equipped with an antenna array linked to an UWB receiver and the difference in
receive times is measured. For 3D localization, a minimum of two reference anchors is
required, where each anchor must be composed of at least three elements.

For future applications, it is recommended to combine TDoA and AoA techniques to
obtain synergistic effects [60]. For example, in the Ubisense positioning system, the com-
bination of AoA and TDoA measurement techniques provides a flexible, powerful and
robust localization system that can determine a precise 2D location with just one sensor
and an accurate 3D location using two sensors.

It is worth recalling that the short pulse waveforms of UWB technology make it possi-
ble to accurately determine the ToF. For this reason, the TDoA technique is extensively
used in conventional commercial and experimental indoor UWB localization systems,
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as described in Section 1.6. In these systems, different algorithms such as triangulation,
multilateration or received data processing are applied to TDoA measurements in order
to determine the position of the target. This is achievable only if synchronization between
the reference anchors and prior knowledge of at least three reference anchors in multilat-
eration or triangulation methods are ensured.

From the knowledge acquired in the above study, our proposed ILS is based on UWB
technology operating in the European 3−4 GHz band. This band is used as a proof of con-
cept, before moving to the 6 − 10 GHz band. This work is in line with the one developed
by R. Kumar [61] in which a Frequency Modulated Continuous Wave (FMCW) signal
is used. Thus, the main scientific objective is to implement a tracking system using the
UWB multistatic radar system to provide real-time 2D location of transponders or active
tags. This system includes a base station having 2 co-located UWB radars (to overcome
time constraints) and UWB tags. The location is done in polar coordinates (distance and
azimuth angle) by combining the principles of interferometry and goniometry, assuming
a propagation channel with a direct path, or LoS between the station and the badge.

The proposed indoor location system consists of two main components, a transmit-
ter/receiver (transceiver) station acting as a Localization Base Station (LBS) and an Active
Tag (AT). The LBS has one transmitting channel and two identical and independent
receiving channels. UWB pulses covering a bandwidth of 4 GHz (0 − 4 GHz) will be
generated by a pulse generator and placed in the available bandwidth of the antenna
(3 − 4 GHz) before being transmitted to the AT. The AT is used as an active transponder
in which a delay τ will be applied to the received UWB pulse. The use of such a delay is
very important because it helps the system to separate the LBS signal from the backscat-
tered signals of an indoor environment. The intended signal and the broadcast ones will
therefore have a different arrival time as in the ground stations of Distance Measuring
Equipment (DME) systems dedicated to air navigation [62]. Finally, the delayed signal
will be received by the receiver antennas of the LBS, and the position will be estimated
using the duplex UWB method for distance estimation and the phase correlation method
for azimuth angle estimation. The method and the full setup will be detailed in Chapter 2
and Chapter 3, respectively.

The objective of the proposed solution is to improve the accuracy, the angular and distance
resolutions of the ILS under LoS conditions compared to conventional systems, without
prior knowledge of the anchors’ position and therefore no synchronization is required
between them.
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1.8 Conclusion

In this chapter, we have presented a detailed description of the different indoor local-
ization techniques (ToA, TDoA, AoA and RSS) and technologies (GPS, IR, Ultrasonic,
WiFi, Bluetooth, RFID and UWB). Taking into account the most relevant aspects of an ILS
(accuracy, coverage and cost), we have compared the different technologies used in the
literature, and have shown the importance of UWB in current localization systems and
its significance in the research and development of future systems that aim to provide
better accuracy while maintaining simple complexity and low cost. This motivated us
to adopt it in the work of this thesis to design a low complexity microwave system that
can accurately locate people inside a building in 3D. As a first step, we have proposed
an UWB system for 2D indoor localization based on radial distance and Azimuth angle
measurements. In the next chapter, the main elements of UWB technology required for
its implementation in the ILS will be presented along with a detailed description of the
proposed methods for achieving high precision and resolution of the position estimation.
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Chapter 2

Proposed UWB-based Method for
Position Estimation

2.1 Introduction

Several properties associated with UWB signals, such as high accuracy, high multipath
immunity, limited interference and immunity to other radio systems, etc., have a direct
relationship to the location problem. The features of UWB technology allow to explore a
new range of applications, including military applications, medical applications (patient
tracking), family communications (child monitoring), search and rescue (communications
with firefighters, avalanche or earthquake victims), home control applications, logistics
(package tracking) and security applications (tracking authorized persons in high security
areas). Therefore, the characteristics of UWB technology make it the promising solution
for indoor localization systems.

To exploit the potential centimeter-level positioning accuracy provided by the large band-
width of UWB systems, a significant number of studies based on the ToA estimation have
been conducted, which are application-specific. For example, some proposals focus on
achieving maximum resolution regardless of the complexity of the system, while others
seek a less complex system that is sufficiently accurate for the desired application.

This chapter outlines the essential elements of UWB technology required for its imple-
mentation in the ILS. The definition of UWB signals, UWB regulations and the character-
ization of UWB indoor propagation are described in Section 2.2. The Cramer-Rao lower
bound (CRLB) for ToA estimation in multipath channels is presented in Section 2.3. Sev-
eral state-of-the-art methods based on ToA estimation with UWB pulses are illustrated in
Section 2.4. A brief description of the proposed system and the adopted waveform are
provided in Section 2.5. Two methods for estimating distance and small path difference
are proposed in Section 2.6 and Section 2.7, respectively. Finally, the chapter ends with a
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conclusion in Section 2.8.

2.2 UWB Features

Faced with the emergence of communication and localization systems, it is essential
and even primordial that these systems can coexist with each other (optimal use of
existing frequency resources). For this reason, in 2002, the Federal Communications
Commission (FCC) authorized the use of UWB signals with other signals in the same band,
under certain conditions and without License. This section will provide the definition of
the UWB and some of its specific features as well as the regulations in force.

2.2.1 Definition

UWB signals are very short pulses of the order of a few pico or nano seconds having a
bandwidth Bw greater than 500 MHz according to the FCC definition. Another way to
distinguish UWB signals from other types of signals is through the fractional bandwidth
B f defined as the ratio of the bandwidth Bw at −10 dB points to the center frequency fc,
as shown in Figure 2.1, i.e.

B f =
Bw
fc

= 2 ×
fH − fL
fH + fL

(2.1)

where fH and fL are the upper and lower frequencies of the −10 dB emission points
respectively.

Figure 2.1 – Power spectral density of an UWB signal.

Depending on the value of B f , FCC has classified the signals as follows

• Narrowband: B f < 1%

• Wideband: 1% < B f < 20%

• Ultra-Wideband: B f > 20%
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Therefore, UWB signals must have a fractional bandwidth B f larger than 20% at all times
of transmission [1]. An UWB signal can be any wideband signal [2–4], such as Gaussian,
chirp, wavelets or hermit-based short-duration pulses.

2.2.2 UWB Regulations and Standards

The United States (U.S.) regulations for UWB systems were first established in February
2002 by the FCC [5], providing some very conservative rules to ensure that UWB technol-
ogy would not interfere with other radio systems. For instance, the FCC has allocated in
this law the 3.1 − 10.6 GHz frequency band for UWB systems, in order to protect existing
communication systems offering services in the lower frequency bands. In this way, the
authorized power is also limited and the power spectral density must be very low to not
exceed −41.3 dBm/MHz in average power.

Figure 2.2 and Figure 2.3 represent the UWB emission limit under U.S. regulations for
indoor and outdoor systems, respectively. As can be seen, to protect GPS receivers in the
0.96 − 1.61 GHz band, the degree of attenuation required in the 1.61 − 3.1 GHz band is
higher in an outdoor environment.

Figure 2.2 – Spectral masks defined by the FCC for Indoor environment [6].

In 2007, the Electronic Communications Committee (ECC) - a committee of the Conference
of Postal and Telecommunications Administrations (CEPT) in Europe - also allocated a
frequency band in Europe for the unlicensed use of UWB communications and radar sys-
tems [8]. This mask provides a maximum mean Effective Isotropic Radiated Power (EIRP)
density of −41.3 dBm/MHz from 6 to 8.5 GHz. The signal level below 6 GHz must be
attenuated by 28.7 dB to −70 dBm/MHz and above 8.5 GHz by 23.7 dB to −65 dBm/MHz.
Figure 2.4 compares the authorized Power Spectral Densities (PSDs) between ECC and
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Figure 2.3 – Spectral masks defined by the FCC for outdoor environment [7].

FCC regulations.

Figure 2.4 – Comparison between the European UWB mask and the FCC indoor mask [9].

Parallel to the international regulatory process, a standardization framework was estab-
lished in the U.S. and ended up by proposing

• The IEEE 802.15.3a standard [10], which targets high-rate and short-range applica-
tions around the 2.4 GHz frequency.

• The IEEE 802.15.4a standard [11], which targets low rate communications (250
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Kbps) dedicated to wireless personal networks.

In practice, the adoption of the IEEE 802.15.4a standard involves two Physical (PHY)
layers:

• The Impulse Radio - UWB (IR-UWB) PHY layer for communication and/or localiza-
tion systems. This physical layer uses three sub-bands Sub-GHz (0.25 − 0.75 GHz),
Low band (3.244 − 4.742 GHz) and High band (5.944 − 10.234 GHz).

• The Chirp Spread Spectrum (CSS) PHY layer uses the 2.4 − 2.4835 GHz band for
communications only.

For this standard, the frequency bands of the IR-UWB PHY layer have been divided into
16 sub-bands of 499.2 MHz width as shown in Table 2.1.

Table 2.1 – UWB channels for IEEE 802.15.4a standard

UWB Band
Channel
number

Central
Frequency

(MHz)

Bandwidth
(MHz)

Sub-GHz 0 499.2 499.2

Low band

1 3494.4 499.2
2 3993.6 499.2
3 4492.8 499.2
4 3993.6 1331.2

High band

5 6489.6 499.2
6 6988.8 499.2
7 6489.6 1081.6
8 7488.0 499.2
9 7987.2 499.2
10 8486.4 499.2
11 7987.2 1331.2
12 8985.6 499.2
13 9784.8 499.2
14 9984.0 499.2
15 9484.8 1354.97

UWB technology is seen as a very interesting and innovative solution for a large number
of applications that are generally classified into three categories [12]:

• Imaging systems: include Ground Penetration Radar (GPR) and penetration into
or through walls, surveillance and medical imaging systems. These systems are
allowed to transmit below 960 MHz or between 3.1 and 10.6 GHz.
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• Vehicle radar systems: These are integrated into the vehicle’s navigation system
to determine the distance to objects. Systems in this category are mainly used
outdoor, which could increase the risk of jamming other services. They are allowed
to transmit between 22 and 29 GHz with some restrictions below 24 GHz.

• Communication systems: This category includes short-range communication sys-
tems, such as wireless personal networks and measurement systems. They are
allowed to use the frequency band 3.1 − 10.6 GHz in both indoor and outdoor
environments using portable terminals.

2.2.3 UWB Indoor Channel Model

The particularities of the UWB signal make its channel characteristics different from the
existing narrow-band communication systems based on the Continuous Wave (CW). On
the top of that, the propagation environment of the UWB signal is one of the most im-
portant factors that affects the performance of a wireless communication system. For this
reason, it is crucial to establish an accurate channel model to design and analyze the po-
sitioning system. To this end, the IEEE 802.15.4a standard working group has developed
a statistical model for the propagation of UWB signals [13], relevant for the 3 − 10 GHz
frequency band.

The channel model of the IEEE 802.15.4a standard is based on the Saleh-Valenzuela model
[14]. This model begins with the physical realization that the rays arrive in clusters, i.e.
each cluster consists of several rays. The cluster arrival times, or the arrival times of the
first cluster rays, are modelled as a Poisson arrival process with a fixed rate Λ. Within each
cluster, the subsequent rays also arrive according to a Poisson process with another fixed
rate λ. Moreover, the amplitudes of the multiple trajectory follow a Rayleigh distribution,
the phase angles are uniform and independent random variables, the power decreases
exponentially with a time constant Γ for clusters and a constant γl in each cluster l, as
shown in Figure 2.5.
Thus, the Channel Impulse Response (CIR) is expressed as

h(t) =

L∑
l=0

K∑
k=0

αk,le jφk,lδ(t − Tl − τk,l) (2.2)

where αk,l is the channel gain coefficient of the k-th component in the l-th cluster, Tl is the
delay of the l-th cluster, and τk,l is the delay of the path k relative to the l-th cluster arrival
time Tl. The phases φk,l are uniformly distributed, i.e. for a bandpass system, the phase
is considered as a random variable uniformly distributed in the range [0, 2π].

The resulting model for the 3 − 10 GHz range is a generalized Saleh-Valenzuela (SV)
model, in which the parameters are defined for indoor residential, indoor office, industrial,
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Figure 2.5 – Concept of the SV model.

outdoor and farm environments. For each one of these environments, LoS and NLoS are
identified, except in farm environments, where only NLoS situations are considered as
shown in Table 2.2. The models are based on measurement campaigns, excluding again
the farm environment, which is based solely on simulations.

Table 2.2 – Environments of the IEEE propagation model for UWB signals

Channel Description
CM1 Residential LoS
CM2 Residential NLoS
CM3 Office LoS
CM4 Office NLoS
CM5 Outdoor LoS
CM6 Outdoor NLoS
CM7 Industrial LoS
CM8 Industrial NLoS
CM9 Farm, Snow-Covered Open Area

2.3 Cramer-Rao Lower Bound for ToA estimation

The time of flight of a signal traveling from one node to another, also known as ToA, pro-
vides information about the distance between these two nodes, as explained in Chapter 1.
Therefore, estimating this parameter is crucial for localization. To do so, it is possible to
use probabilistic models to perform a statistical estimation that attempts to determine the
value of the parameter of interest through observations over a set of samples associated
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with the model under consideration. In the following, we will introduce some general
notations and definitions about the estimation theory, then proceed to its application in
the ToA estimation.

In general, if the true value of the parameter to be measured is θ, its statistical estimate θ̂
is derived as a function of a sequence of the process samples/realizations associated with
θ, i.e.

θ̂(X1,X2, · · · ,Xn) (2.3)

where {X1,X2, · · · ,Xn} are independent real random variables.

Ideally, the average value of the estimator, aka its expectation, should be equal to the true
value

Eθ
[
θ̂(X1,X2, · · · ,Xn)

]
= θ (2.4)

Otherwise, the estimator has a bias, b(θ), and is considered to be biased

b(θ) = Eθ
[
θ̂(X1,X2, · · · ,Xn)

]
− θ (2.5)

The performance of an estimator can be measured according to different criteria; among
the most commonly used, the mean square error MSE(θ)

MSE(θ) = Eθ

[(
θ̂(X1,X2, · · · ,Xn) − θ

)2]
(2.6)

Therefore, the estimator is better when the error is low. Note that the MSE(θ) of an
unbiased estimator is equal to its variance

MSE(θ) = Eθ

[(
θ̂(X1,X2, · · · ,Xn) − Eθ

[
θ̂(X1,X2, · · · ,Xn)

])2]
= Var

(
θ̂(X1,X2, · · · ,Xn)

)
(2.7)

An unbiased estimator with minimal variance is defined as one that has the minimal
variance for any value of θ. This minimum value or maximum possible accuracy can be
calculated using CRLB [15]

MSE(θ) = Var
(
θ̂(X1,X2, · · · ,Xn)

)
≥ CRLB (2.8)

The minimum variance estimator does not always exist. The Cramer-Rao bound can be
used to evaluate the quality of an estimator by indicating whether or not it has a minimum
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variance.

Back to the localization problem, and more precisely to the case of estimating the distance
from the ToA. A first model considers only the received signal r(t) via the direct path
(without multiple paths)

r(t) = α.s(t − τ) + n(t) (2.9)

where τ is the ToA, α is the gain of the channel, s(t) is a unit energy pulse and n(t) is a
centered Gaussian noise with a spectral density equal to N0/2.

The Cramer-Rao bound for the parameter τ is given by [16]

Var[τ̂] ≥
1

8 × π2 × β2 × SNR
(2.10)

where τ̂ is an unbiased estimator, SNR = α2Ep/N0 is the signal to noise ratio, Ep is the
mean received energy from s(t) and β is its effective bandwidth expressed as a function of
the Fourier transform S( f ) of the transmitted signal s(t)

β =

√√√∫ +∞

−∞
f 2|S( f )|2d f∫ +∞

−∞
|S( f )|2d f

(2.11)

This result shows that the accuracy of the ToA measurement can be improved by increas-
ing the SNR and the effective bandwidth of the received signal. Therefore, UWB signals
are particularly suitable for ToA measurement.

For multipath propagation, the above formula can be generalized if the received signals
from the different paths do not overlap, i.e. the signals are separated by a larger width
than the transmitted pulse τp

|τli − τl j| ≥ τp ∀i , j (2.12)

In this case, the signal model can be expressed as

r(t) =

L∑
l=1

αl.s(t − τl) + n(t) (2.13)

where s(t − τl) is a unit energy pulse, L is the number of paths, αl and τl are the gains
and the delays of these paths respectively, and n(t) is a centered Gaussian noise with a
spectral density equal to N0/2.

Then, the Cramer-Rao bound can be expressed for each path l characterized by its signal
to noise ratio SNRl = α2

l Ep/N0 as [17]
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CRLB[τ̂l] =
1

8 × π2 × β2 × SNRl
(2.14)

Figure 2.6 shows the CRLB variation in the ToA estimation as a function of the SNR for
different bandwidths. For instance, the 1 GHz bandwidth signal has a standard deviation
of 0.02 ns (0.3) cm for an SNR of 15 dB and 0.01 ns (0.19) cm at 20 dB. This variation
becomes very small when the SNR exceeds 15 dB for any given bandwidth. For this
reason, we decided in this work to fix the SNR between 15 and 20 dB.

Figure 2.6 – Standard deviation for ToA estimation.

However, the CRLB yields a precision reference that is difficult to approach in practice. In
the case of UWB signals, it is mandatory to sample at frequencies higher than the Nyquist
frequency, thus involving several GHz. Furthermore, the bound is less accurate when the
signal to noise ratio is low.

2.4 ToA Estimation Methods

The high temporal resolution of UWB signals allows a very accurate ToA estimation,
as reflected in the Cramer-Rao lower bound. Hence, different approaches for UWB’s
estimated ToA are addressed in the literature.This section summarizes some of these
approaches and provides the corresponding details in Appendix A if necessary.
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Optimization Techniques

In [18], the performance of two different position estimation methods based on ToA
estimation of the UWB signal for a set of receivers/sensors is investigated. The first one
is based on the direct calculation method which gives the exact solutions of a set of
simultaneous equations, expressed as the range (distance) between the tag and sensor i√

(x − xi)2 + (y − yi)2 + (z − zi)2 = c.(ti − t0)2 i = 1, 2, 3, 4 (2.15)

where c is the speed of light, ti is the ToA at sensor i, t0 is the transmit time at the tag and
(x, y, z) and (xi, yi, zi) are the coordinates of the tag and sensor i, respectively.

On the other hand, the second method examines classical non-linear optimization tech-
niques, and more precisely the Davidon Fletcher-Powell (DFP) quasi-Newton algorithm.
The optimal position is estimated by minimizing the objective function f (p) defined as
the summation of the quadratic errors for all the sensors N

f (p) =

N∑
i=1

[√
(x − xi)2 + (y − yi)2 + (z − zi)2

− c.(ti − t0)
]2

(2.16)

where p = [x, y, z, t0]T is the unknown vector of the position coordinates (x, y, z) and the
transmission time t0 to be estimated.

Multiple Hypothesis Testing System Model

In [19], the problem of distance estimation in a dense multipath environment is studied
by applying a technique that relies on the analysis of the Power Delay Profile (PDP) of
the received UWB signal and the theory of segmentation of non-stationary processes.
Assuming that the ToA estimate for LoS is equivalent to locating the Break-Point (BP) in
a stationary piecewise process characterized by different powers before and after BP, the
BP detection is equivalent to the segmentation of non-stationary processes with abrupt
changes as shown in Figure 2.7.

The objective is to estimate the BP from the measurements y = [y0, · · · , yL−1] according to
the optimal classification rule derived from the Neyman-Pearson criterion and extended
to several assumptions [20]. The null hypothesis H0 indicates that there is no change
while Hn is the hypothesis of having the BP in the n-th sample.

Matched Filter

In [21], an algorithm for accurately determining the ToA is presented using a combination
of match filtering and peak search techniques. This technique aims to detect the direct
path signal by searching the measurement results in the time domain for the first peak
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Figure 2.7 – Segmentation Process.

above a dynamic threshold. To do this, the received signal is multiplied by a template
signal and then the first peak above the threshold is searched.

Direct Sampling Receiver

In [22], the performance of Stored-Reference (SR), Transmitted-Reference (TR) and Energy
Detection (ED) schemes based on ToA estimation techniques are analysed for IR-UWB
systems using sub-Nyquist sampling rates. The collected signal at the receiver antenna
passes through a Low Noise Amplifier (LNA) and a Band-Pass Filter (BPF). At this stage,
any of the previous approaches (SR, TR or ED) can be used to collect energy. Then, the
received signal can be sampled after correlation with a SR signal, after correlation with a
TR signal, or after a square-law device as shown in Figure 2.8, Figure 2.9 and Figure 2.10,
respectively. With the first method (SR signaling), optimal detection is envisaged, i.e.
matched filtering. However, in order to have accurate timing and efficient energy capture,
high sampling rates in the order of the Nyquist rate are required for SR scheme. On the
other hand, both ED and TR schemes can efficiently capture the received energy without
requiring the knowledge of the sampling time or the pulse shape (assuming specific delay
lines for TR signal), even at sub-Nyquist sampling rates.

Figure 2.8 – Correlation with a Stored−Reference signal.
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Figure 2.9 – Correlation with a Transmitted−Reference signal.

Figure 2.10 – Energy Detection.

The coarsest way to obtain a ToA estimate is the Maximum Energy Selection (MES) from
the individual energy samples En, while neglecting the information from the neighboring
samples, which yields the following

n̂ToA = arg max
n

[E(n)] n = 1, · · · ,N (2.17)

where N is the number of samples. However, the energy of neighboring multipath
components can be exploited by dividing N into I windows of Nw samples, then combining
the energy samples En within a window.

ENw
i =

(i+1)Nw∑
n=1+iNw

En i = 0, · · · , I (2.18)

Therefore, the main block estimate n̂ToA using the Maximum Energy Sum Selection (MESS)
scheme is given by

n̂ToA = arg max
i

[ENw
i ] (2.19)

Two-step TOA estimators

In [23], a two-step ToA estimation based on the Time Delayed Sampling and Correla-
tion (TDSC) method for Transmitted Reference UWB (TR-UWB) signals is presented. A
TR-UWB symbol d(t) consists of a pair of pulses g1(t) and g2(t), referred to as a doublet,
where g1(t) is a reference pulse and g2(t) is an information pulse delayed by a few seconds
TD with respect to the first one. The TDSC method uses a general structure similar to the
one used in the delay and correlation receiver to detect TR-UWB signals.
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In the coarse step, this method estimate τ̂ToAc by relying on the sliding correlation over a
symbol length to find a signal block where the direct path is enclosed.

In the fine step, the sliding correlation is finely evaluated over the signal block obtained
by the coarse step to accurately estimate the starting point of the pulse τ̂ToA f .

Finally, the absolute ToA estimate is the sum of the coarse and fine estimates

τ̂ToA = τ̂ToAc + τ̂ToA f (2.20)

In [24], strategies based on SR and ED are applied to estimate the ToA, using a signal that
corresponds to the IEEE.802.15.4a standard. This signal is transmitted as a frame where
each frame, of duration T f , is divided into Nb blocks, each of duration Tb. These Nb blocks
contain a total of Nc chips, each of a duration Tc ns.

The estimation is performed in two steps. In the first one, the frame is analyzed to find the
higher energy block k̂b, using an energy detector. To ensure reliable decision variables in
this step, the energy for each block is combined from N1 different frames of the received
signal r(t).

In the second step, the estimated block k̂b is analyzed to find the chip k̂c where the first
signal path is located, by correlating the received signal with a shifted version of the tem-
plate signal. In this process, the arrival time of the first signal path is estimated through
a hypothesis test approach.

Finally, the ToA is obtained by

τ̂ToA = k̂bTb + k̂cTc (2.21)

Dirty Templates

In [25], a blind timing acquisition algorithm for frame-level synchronization is developed.
This algorithm is based on simple integrate-and-dump operations over one symbol du-
ration to collect the available multipath diversity. Every symbol information of duration
Ts consists of N f frames, each of duration T f , making Ts = N f .T f . Each frame is then
used to transmit an ultra-short pulse p(t) of duration Tp � T f , , as shown in Figure 2.11.
To acquire timing with frame-level resolution, the product of two received waveforms
for two adjacent symbols is computed for M symbols. Then, the estimated frame n̂ f is
obtained by searching for the maximum average value across the M/2 pairs.
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Figure 2.11 – Symbol Format.

Energy Detection

In [26], various ToA estimation algorithms for UWB systems that use a low sampling
rate and the energy detection method are analyzed. A symbol of the considered signal is
composed of Ns frames. Each frame, of duration T f , is used to transmit a pulse. In this
scheme, the different users are separated through pseudo-random Time Hopping (TH)
codes (C j). In order to estimate the ToA, each frame is divided into Nb blocks of duration

Tb =
3T f

2Nb
each. Next, the energy En in each block n ∈ {1, · · · ,Nb} is calculated from the

received signal r(t). Finally, the energies En of the block n, calculated in the different Ns

frames, are combined as follows

Zn =

Ns∑
j=1

∫ ( j−1)T f +(C j+n)Tb

( j−1)T f +(C j+n−1)Tb

|r(t)|2dt (2.22)

For leading edge detection, basic ToA estimation algorithms such as MES algorithm,
Threshold Comparison (TC) approach and Maximum Energy Selection with Search-
Back (MES-SB) work with Zn values.

Using MES, the ToA estimate corresponds to the center of the block n that contains the
maximum energy Zn.

τ̂MES =
(

arg max
n
{Zn} − 0.5

)
Tb = (nmax − 0.5)Tb (2.23)

In TC approach, the obtained values Zn are compared to an appropriate threshold ξ, and
the center of the first block n that exceeds the threshold corresponds to the ToA estimate
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τ̂TC =
(

min
{
arg

n
{Zn ≥ ξ}

}
− 0.5

)
Tb (2.24)

where ξ is defined according to the received signal statistics. In addition, a normalized
threshold ξnorm can be used based on the minimum and maximum energy values.

ξnorm =
ξ −min{Zn}

max{Zn} −min{Zn}
(2.25)

The MES-SB is used to improve the performance of the TC approach when the SNR is
low. In this method, once the maximum energy block is identified, wSB blocks preceding
it are searched. Note that wSB, known as the search back window, is defined according
to the channel statistics. The ToA estimate based on thresholding and backward search is
then given by

τ̂MES−SB =
(

min
{
arg

n
{Z̃n ≥ ξ}

}
− 0.5 + (nmax − wSB − 1)

)
Tb (2.26)

where Z̃n =
[
Znmax−wSB ,Znmax−wB−1, · · · ,Znmax

]
is a vector of the wSB blocks.

Most of the algorithms mentioned above are based on the ToA estimate of the strongest
path. For instance, the simplest technique is the one using Matching Filtering (MF) of the
received signal, where the ToA estimate corresponds to the maximum of the MF output.
However, since the strongest path is not necessarily the first arrival path in dense multi-
path channels, their ToA accuracy is limited.

To solve this problem, channel information techniques can be used, particularly Maximum
Likelihood (ML) approaches that jointly estimate channel amplitude and arrival time.
However, apart from the great complexity of this approach, the partial overlap of signal
paths makes the channel estimation insoluble and therefore degrades the ToA estimation.

Similarly, in some algorithms, prior knowledge of the received pulse shape also adds
limitations to the ToA estimate. Therefore, with the change in shape of the different
multipath components, it is more difficult to adapt exactly to the received pulse shape.

Due to the above limitations, algorithms based on energy detection are proposed, where
energy is collected after certain analog front-end processing. These algorithms do not
require precise synchronization or pulse shapes, but rather need a strong signal at the
detector input. This requirement is crucial since the ToA estimation is seen as a problem
of detecting the leading edge of the signal, which can be erroneous when the noise power
is higher than the signal power.
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Therefore, even if it is theoretically possible to obtain very accurate ranging, the practical
limitations of the above algorithms prevent the localization system from achieving the
desired high resolution. At the same time, a trade-off between the required accuracy,
resolution and complexity must be taken into account when developing a ToA estimation
algorithm. To this end, our objective is to design a new algorithm of low complexity capa-
ble of outperforming current algorithms and thereby creating an ILS of higher resolution
and accuracy.

2.5 Overview of the Proposed System

Our proposed ILS delivers the 2D position of an AT by estimating a distance d and an
Azimuth angle α, as shown in Figure 2.12. The system architecture will be described in
detail in Chapter 3.

Figure 2.12 – AT Position Estimation.

The radial distance d is obtained by estimating the absolute ToA of the received signals
on A1 and A2. The azimuth angle α is estimated by computing the TDoA between the
two received signals on A1 and A2.

To examine the performance of these two methods, we resort to a previous work on UWB
radar system [27]. This system uses an impulse signal that generally covers the 3 − 5
GHz bandwidth, which is the lower part of the UWB spectrum. Using ultra-short pulses
(nanoseconds) that generate a very large bandwidth confers it many advantages over
other systems. They showed that this system could achieve a spatial resolution of about
ten cm thanks to its large frequency bandwidth according to

R =
c

2Bw
(2.27)

where R is the spatial resolution of the radar, c the speed of light, and Bw the frequency
bandwidth.

For instance, for a frequency bandwidth of 2 GHz, the smallest distance that the UWB
Radar system can detect is equal to 7.5 cm and the corresponding time of arrival is equal
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to 0.25 ns.

Based on this result, we can conclude that both the above-mentioned ToA and TDoA
estimation algorithms are unable to achieve a high resolution. Therefore, to improve
distance and angular resolution, we propose a new algorithm that combines the Duplex
UWB method to estimate d and the Phase Correlation (PC) method to determineα through
the estimation of the path difference.

2.5.1 Waveform

According to the UWB’s low rate standardization, the 3 − 4 GHz band is of interest to
us. In the time domain, the used unit waveform typically corresponds to a cosine carrier
modulated by a Gaussian pulse [28].

S(t) = A cos
(
2π f0t

)
e−

(
t

Tp

)2

(2.28)

where A is the amplitude of the signal, f0 the center frequency and Tp = 1
ζBw
√

2π
with

ζ = 0.43 defining the cutoff frequency at −3 dB from the maximum of the power spectral
density.

Figure 2.13 shows the used waveforms for a bandwidth frequency Bw of 1 GHz and 500
MHz and Figure 2.14 shows their corresponding spectrum.

Figure 2.13 – Waveform shapes.
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Figure 2.14 – Normalized spectrum.

2.6 Proposed Method for Distance Estimation

In the literature, one way to estimate the distance is through the duplex method [29, 30].
This approach consists in transmitting two CW signals at different frequencies, such that
the frequency difference ∆ f is small compared to the used frequency values. Conse-
quently, the information about the distance at which the target is located can be obtained
from the difference between the phase shifts of the two signals. Such systems were
proposed to measure the range and radial velocity of moving targets, particularly in
automotive applications. It is important to mention that the maximum distance in this
system is affected by the frequency difference ∆ f . The major drawback of these solutions
is that the accuracy is affected by the multipath channel environment even in LoS situation.

This method can be adjusted to give our system the ability to measure distances using
UWB signal. Thus, instead of relying on two CW signals, we propose a new algorithm
that uses two different cosine carriers modulated by a Gaussian pulse as a waveform to
determine the distance at which a target is located.

2.6.1 Duplex UWB Method

The distance is estimated through the corresponding ToF of a signal, obtained by correlat-
ing the emitted signal with the received signals on both receiving chains. The correlation
function being used is based on a Duplex UWB method.

This method estimates the distance by using the phase difference while sending two
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pulses of equal width and two different center frequencies f1 and f2, respectively.

Let U and V be defined according to Eq. (2.28) as the two emitted signals by the trans-
mitting chain. Each signal is sent at different time and using distinct center frequency ( f1
and f2) as shown in Figure 2.15.

U(t) = A cos
(
2π f1t

)
e−

(
t

Tp

)2

(2.29)

V(t) = A cos
(
2π f2(t − ts)

)
e−

(
t−ts
Tp

)2

(2.30)

Figure 2.15 – Emitted signals at f1 and f2.

where ts is the starting time of the second emitted pulse.

Let Ui and Vi be the two received signals on the receiving chain i (i = 1, 2), as shown in
Figure 2.16. We assume that the channel is flat i.e. the channel remains constant during
the transmission of the two pulses and that the deformation and distortion of these signals
by the circuit components and the environment are exactly the same on both receiving
chains. These assumptions are justified since f1 and f2 are very close and the distance
between the two receiving antennas is much smaller than the distance d, to guarantee that
the Plane Wave Condition (PWC) holds.

Therefore, these two pairs of received signals can be expressed as follows
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Figure 2.16 – Received signals at f1 and f2 on the receiving chain i.


U1(t) = A′ cos

(
2π f1(t − tToF)

)
e−

(
t−tToF

T′

)2

V1(t) = A′ cos
(
2π f2(t − ts − tToF)

)
e−

(
t−ts−tToF

T′

)2 (2.31)


U2(t) = A′ cos

(
2π f1(t − tToF − ∆t)

)
e−

(
t−tToF−∆t

T′

)2

V2(t) = A′ cos
(
2π f2(t − ts − tToF − ∆t)

)
e−

(
t−ts−tToF−∆t

T′

)2 (2.32)

where A′ is the amplitude of the received signal, tToF the time of flight of the signal (round
trip time), ∆t the time difference between the two received signals on the two receiving
chains and T′ the duration of the distorted and broadened pulse.

The duplex UWB method follows the following step to estimate the distance

1. The first step consists in synchronizing all the signals by eliminating the known start
time ts from the pulses of frequency f2 (the synchronization of the emitted pulses
is given in Figure 2.17 as an example and the same operation is performed on V1

and V2). Then, the signals of frequency f1 will be multiplied by the synchronized
signals of frequency f2 on each transmitting/receiving chain as follows

U(t).V(t) =
A2

2
e−2( t

Tp )2

.
[

cos
(
2π( f2 + f1)t

)
+ cos

(
2π( f2 − f1)t

)]
(2.33)

U1(t).V1(t) =
A′2

2
e−2(

t−tToF
T′ )

2

.
[

cos
(
2π( f2+ f1)(t−tToF)

)
+cos

(
2π( f2− f1)(t−tToF)

)]
(2.34)
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U2(t).V2(t) =
A′2

2
e−2(

t−tToF−∆t
T′ )

2

.
[

cos
(
2π( f2+ f1)(t−tToF−∆t)

)
+cos

(
2π( f2− f1)(t−tToF−∆t)

)]
(2.35)

Note that this multiplication can only be done if each pair of signals (Ui, Vi) takes
the same time to reach the receiver i.

Figure 2.17 – Synchronized emitted signals.

As we can see in Eq. (2.33), (2.34) and (2.35), the resulting signals, shown in Fig-
ure 2.18 and Figure 2.19, have two center frequencies f2 + f1 and f2 − f1. The second
center frequency f2 − f1 is of interest, since the maximum range of the system is
higher when the center frequency is smaller.

2. Then, a low-pass filter is applied to all the pulses obtained above in order to extract
the frequency f2 − f1. The resulting signals after filtering are expressed as follows

S(t) =
A2

2
e−2( t

Tp )2

. cos
(
2π( f2 − f1)t

)
(2.36)

S1(t) =
A′2

2
e−2(

t−tToF
T′ )

2

. cos
(
2π( f2 − f1)(t − tToF)

)
(2.37)

S2(t) =
A′2

2
e−2(

t−tToF−∆t
T′ )

2

. cos
(
2π( f2 − f1)(t − tToF − ∆t)

)
(2.38)
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Figure 2.18 – Obtained emitted signal after multiplication of U and V.

Figure 2.19 – Obtained received signal on the receiving chain i after multiplication of Ui

and Vi.

where S(t) and Si(t) (i = 1, 2) are the pulses obtained at center frequency f2 − f1
on the transmitting chain and the receiving chains i, as shown in Figure 2.20 and
Figure 2.19, respectively.

3. Finally, the distance is estimated by detecting the direct path of each transmission
represented by the first peak of S1(t) and S2(t), respectively. The difference between
the time corresponding to the peak of S(t) and the time corresponding to each above-
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Figure 2.20 – Obtained emitted signal after filtering.

Figure 2.21 – Obtained received signal on the receiving chain i after filtering.

mentioned peak gives us tToF which is then used to find the distance according to

d = c.
tToF

2
(2.39)

Figure 2.22 shows the block diagram of the Duplex UWB method.

The duplex UWB method is based on the difference ∆ϕ between the phase shifts of the
two signals U and V. Therefore, to avoid the phase ambiguity, ∆ϕ should respect the
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Figure 2.22 – Block diagram of the Duplex UWB method.

following constraint

∆ϕ = 2π( f2 − f1)tToF ≤ 2π (2.40)

Consequently, the maximum time of flight tToF−max that can be detected is given by

tToF−max =
1

∆ f
(2.41)

where ∆ f = f2 − f1 is the difference between the two center frequencies f1 and f2.

Finally, the maximum time of flight tToF−max is used to determine the maximum estimated
distance dmax as follows

dmax = c.
tToF−max

2
=

c
2∆ f

(2.42)

In our case where we selected f1 and f2 so that ∆ f = 50 MHz, this method made it possible
to estimate distances up to 3 m.

2.7 Proposed Method for Path Difference Estimation

Our goal now is to determine the azimuth angle α through the estimation of the path
difference. According to previous proposals, the smallest path difference that an UWB
radar system can detect is 30 cm for a bandwidth 1 GHz. However, this resolution is
considered small for future indoor applications.

Therefore, many approaches are proposed to improve the resolution without increasing
the frequency bandwidth. Among them, we can mention the work of [31] in which the
phase difference of a CW signal is exploited. As previously stated, this solution is con-
strained by the multipath channel environment that reduces its accuracy, even in LoS
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situations.

To tackle this challenge, this method can be adapted to make our system capable of
detecting smaller path difference using UWB signal instead of CW signals. The proposed
algorithm is based on a phase correlation between the two received signals.

2.7.1 Phase Correlation Method

The path difference between two received signals is estimated through the corresponding
time difference, obtained by correlating these two signals on the two receiving chains.
The correlation function being used is based on a PC method.

Compared to the previous method, this one requires only one signal to estimate the path
difference. Therefore, we have decided to select the lowest center frequency f1, i.e. U1 and
U2 defined in Eq. (2.31) and Eq. (2.32). This choice will be justified at the end of this section.

Recall that the deformation and distortion of these signals by the circuit components and
the environment are exactly the same on both receiving chains. In the same equations
(2.31) and (2.32), T′ is greater than the duration of the emitted pulse (T′ � Tp) due to the
distortion. In addition, the duration of the received pulse is much longer than the time
difference (T′ � ∆t) when the path difference is very small.

Figure 2.23 shows the parameters definition of the PC method applied to U1 and U2.

Figure 2.23 – Parameters definition.
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The PC method proceeds as follows to estimate the path difference

1. The first step consists in determining the beginning of the received pulse; t1 and t2

which correspond respectively to the beginning of the impulse of U1 and U2. To
determine t1 and t2, the signals are divided into Nb blocks of duration Tb each. Each
block is shifted from the previous one by the duration ∆b, as shown in Figure 2.24.
Therefore, the total interval time T of the recovered signal is expressed as follows

T = NbTb − (Nb − 1)(Tb − ∆b) (2.43)

Figure 2.24 – ED signal decomposition.

In each block, the energy E j
n of the received signal U j is calculated

E j
n =

(n−1).i∆b +iTb∑
i=(n−1).i∆b +1

U j
2(i) (2.44)

where j = 1, 2 and 1 ≤ n ≤ Nb Tb = iTb .Te

∆b = i∆b .Te
(2.45)

where Te is the sampling time, iTb and i∆b represents the number of samples corre-
sponding to the duration Tb and ∆b respectively.

Hence, t j ( j = 1, 2) corresponds to the block that contains the maximum energy.

t j = max
n

(E j
n).∆b (2.46)

2. Then, a window of width Td is defined as shown in Figure 2.23. The choice of Td

depends on certain parameters which will be discussed at the end of this section.

3. Finally, a correlation between the two signals is applied in the interval [t1; t2 + Td].
The discrete cross-correlation function is given by the following expression.

Cp =

i2+iTd∑
q=i1

U1(q).U2(q − p) (2.47)
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with 0 ≤ p ≤ 2(i2 + iTd − i1) + 1 t j = t0 + (i j − 1)Te

Td = iTd .Te
(2.48)

where j = 1, 2, Te is the sampling time, t0 the sampling starting time, i j corresponds
to the pulse starting index of discrete signal U j and iTd represents the number of
samples corresponding to the window Td.

Therefore, the analysis window Tw is given by

Tw = t2 + Td − t1 (2.49)

In the following, the cross-correlation function is detailed in the time domain for a small
path difference. In this case, the analysis window Tw will be approximately equal to the
window Td defined in step 2 (Tw ≈ Td).

By applying the cross-correlation function to the two received signals U1(t) and U2(t), we
obtain

CU1U2(∆t) =
A′2

Tw

∫ Tw

0
cos(2π f1t′). cos[2π f1(t′ − ∆t)]︸                                ︷︷                                ︸

f(t’)

. e−
(

t′
T′

)2

.e−
(

t′−∆t
T′

)2

︸             ︷︷             ︸
g(t’)

dt′ (2.50)

where t′ = t − tToF.

By detailing the expression g(t′) in Eq. (2.50), we obtain

g(t′) = e−2 t′2

T′2
−

∆t2

T′2
+ 2t′∆t

T′2 (2.51)

For a small path difference case, we have ∆t� T′⇒ e−
∆t2

T′2
+ 2t′∆t

T′2 ≈ 1.

In addition, the analysis window Tw which is equal to Td is chosen to be smaller than
the duration of the broadened received signal T′ as shown in Figure 2.25, Tw � T′ ⇒

e−2 t′2

T′2 ≈ 1.

So, we can write g(t′) ≈ 1.

The expression f (t′) in Eq. (2.50) can be detailed as follows

f (t′) = cos(2π f1t′)[cos(2π f1t′). cos(2π f1∆t) + sin(2π f1t′). sin(2π f1∆t)]

= cos(2π f1∆t). cos2(2π f1t′) + sin(2π f1∆t). cos(2π f1t′). sin(2π f1t′)

= cos(2π f1∆t).
1 + cos(4π f1t′)

2
+ sin(2π f1∆t).

sin(4π f1t′)
2

(2.52)
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Figure 2.25 – Broadened received signal for each channel.

Integrating f (t′) from Eq. (2.52) yields the following

∫ Tw

0
f (t′)dt′ = cos(2π f1∆t).

[Tw

2
+

1
8π f1

sin(4π f1Tw)
]

+ sin(2π f1∆t).
1

8π f1
[1 − cos(4π f1Tw] (2.53)

Assuming that Tw = a
f1

with a is an integer, Eq. (2.53) becomes∫ Tw

0
f (t′)dt′ =

Tw

2
cos(2π f1∆t) (2.54)

Therefore, the cross-correlation function in Eq. (2.50) will be expressed as follows

CU1U2(∆t) =
A′2

2
cos(2π f1∆t) (2.55)

Eq. (2.55) is considered as the core of the PC method by linking it directly to the path
difference through the time difference ∆t.

Based on the above detailed calculation, the choice of the analysis window Td in step 2 of
the PC method has to satisfy several conditions:

1. Td should be smaller than the duration of the broadened received signal T′, i.e.
Td � T′.

2. Td should be a multiple of the center frequency f1, i.e. Td = a
f1

.

3. Td should be larger or equal to the emitted pulse width Tp, i.e. Td ≥ Tp.
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This method is based on a phase difference measurement given by 2π f1∆t. The phase
difference is also bounded here by 2π (0 ≤ ϕ f1 ≤ 2π) to avoid again the phase ambiguity
problem. This fact will impose limits on the maximum path difference Path − di f max

detected by the PC method

ϕ f1 = 2π f1∆t ≤ 2π⇒ ∆t ≤
1
f1

(2.56)

Path − di f max =
c
f1

(2.57)

where c is the celerity of light.

From Eq. (2.57), we can see that increasing the frequency results in a lower Path − di f max.
For this reason, we selected the signals at f1 to apply the PC method. For instance, f1 = 3.5
GHz will make this method able of achieving a Path − di f max of 8.6 cm.

2.8 Conclusion

In this chapter, UWB signals were defined and classified according to the FCC. Then, the
UWB regulations and standards were presented, in particular the IEEE 802.15.4a standard
and its channels used for localization systems. Moreover, the UWB indoor channel model
based on the SV model was described where 9 environments of the IEEE propagation
model (CM1,. . . , CM9) were identified.

In a second part, it was revealed that the performance of any estimator can be bounded
using CRLB. Based on this inequality, the ToA estimation can provide the best accuracy
of the position estimation for an UWB signal.

Thus, various ToA estimation algorithms were presented, such as direct calculation,
PDP analysis, segmentation theory of non-stationary processes, matching filtering, time-
delayed sampling and correlation, threshold comparison and energy detection. Despite
their numerous advantages, these algorithms cannot achieve the desired resolution of the
future ILS.

To overcome this problem and improve the resolution of the system, two methods were
proposed to estimate the position of an AT given by its distance and Azimuth angle.
The distance is estimated through the Duplex UWB method and the Azimuth angle is
determined through the estimation of the path difference using the PC method.
Therefore, the Duplex UWB and PC methods have the potential to meet the UWB indoor
localization system specifications in terms of accuracy and resolution. For this reason,
we define in the next chapter the architecture of the desired UWB indoor localization
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system capable of achieving high resolution in distance and angle measurements using
the Duplex UWB and PC methods.
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Chapter 3

Proposed UWB System for accurate
Indoor Localization

3.1 Introduction

Most of today’s UWB systems used for indoor localization rely on devices only capable
of measuring the relative distance between two nodes [1]. Like GPS, these systems use
multilateration techniques to find the position of a target [2] in which 2D positioning re-
quires at least three anchors. To do this, the distances between each anchor and the target
are first calculated. These distances which together form a cluster will then be shared
between all the anchors. Finally, trilateration techniques can be applied to locate the tar-
get using the aforementioned cluster in conjunction with the various anchors. However,
apart from the prior knowledge of at least three anchors, the position estimation also
requires a good synchronization between the different anchors. Therefore, anchor clock
drifts, RF and ADC front-end delays and their long-term variations are the main factors
limiting the performance of these systems. In addition, these systems do not perform
well in the NLoS environment due to the complete difference between the time taken by
the NLoS and LoS signals. For example, when an anchor point is not in the LoS, a signal
penetration into an obstacle of about 1 ns can introduce 30 cm of error in the estimation
of the radial distance. In addition, reliability is relatively low because the estimation of a
single position requires at least three anchors, and if a measurement fails, no position can
be estimated. The use of more nodes improves reliability but increases the complexity
and cost of the system.

To overcome these limitations, another approach is adopted in this work by combining
distance and angle measurements. This combination allows a single anchor to determine
the 2D position of the tag from a single measurement. The main contribution of this work
is to demonstrate that an UWB Indoor localization system using a single anchor is capable
of achieving accurate and reliable performance.
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This work is a continuation of the one developed by R. Kumar [3] in which a FMCW signal
is replaced by an UWB signal with the objective of implementing a tracking system that
can provide real-time 2D location of active transponders or tags. Compared to current
systems, the developed ILS uses a hybrid technique combining both Duplex UWB and
PC methods, which makes it less complex while achieving high resolution with good
accuracy (in the order of a few centimeters). The localization is done in polar coordinates
(distance and azimuth angle), where the radial distance between the tag and the LBS is
estimated through the Duplex UWB method and the angle of arrival of the signals coming
from the tag is calculated through the PC method.

This chapter is dedicated to describe the developed UWB ILS. In Section 3.2, the topol-
ogy of the developed UWB ILS along with the localization method are introduced. In
Section 3.3, UWB hardware along with a detailed description of the various components,
the antennas design and their characteristics are presented. The initial validation of the
developed method is presented in Section 3.4 through experimental results, followed by
a discussion of the main constraints related to the developed system in Section 3.5. The
link budget of the realized UWB ILS is presented in Section 3.6. Finally, the chapter ends
with a conclusion in Section 3.7.

3.2 Localization System Architecture

3.2.1 2D Localization System Conception

The presented 2D ILS shown in Figure 3.1 has two main components, a LBS and an AT.

Figure 3.1 – Architecture of the localization system.
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The LBS acts as a fixed base station to locate the AT. The purpose of selecting an AT
over a passive one is its capability to provide a wide range and the best solution for
applications requiring continuous real-time monitoring. The 2D LBS architecture has one
RF transmitter chain and two RF receiver chains, each connected to its own antenna, A0

for the transmitter chain, A1 and A2 for the two receiver chains respectively. The antennas
are placed on the same axis. A0 is kept at the origin of the dashed axis, in the center of the
baseline (dbaseline) formed by the antennas A1 and A2.

The AT architecture is composed of two antennas, A5 as receiver antenna and A6 as
transmitter antenna. Both antennas are connected via a LNA and a delay line τ. The AT
is used as an active transponder. The main reason for using a known delay τ is to exclude
the effects of:

• Environmental backscattering: In general, scattered signals from the surrounding
indoor environment (clutter, object, · · · ) are inevitably present and superimposed
on the intended signal, as shown in Figure 3.2. This fact makes the detection of the
intended signal at the LBS a major issue in an indoor environment.

• Antenna coupling: Signals from other nearby antennas, referred to as antenna
coupling also affects the intended signal. In our case, it is the coupling between the
receiving antennas (A1 and A2) and the transmitting antenna (A0).

Figure 3.2 – Backscattered signals of an indoor environment.

In order to overcome these two effects, the observation window is shifted by adding a
delay τ at the AT side. In this way, the useful signals will be deliberately delayed and
therefore will have different time of arrival with respect to the spurious signals caused
by backscattering and coupling effects, as shown in Figure 3.3. The effect of this delay is
compensated during the processing phase by also applying it to the transmitted signal.
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Figure 3.3 – Received signals at LBS.

To sum up, the known delay τ is used to segregate the intended signal at the LBS from the
backscattered signals of an indoor environment and the parasitic signals of the antenna
coupling. The same approach is used in the ground stations of DME systems dedicated
for the aerial navigation [5, 6], where the ground transponder replies with the same type
pulse pair transmitted by the interrogator after adding a time delay of 50 µs.

The choice of τ depends on the desired maximal range. In this work, τ is chosen to be
longer than the time needed for a round trip flight of the wave corresponding to the
chosen maximum range. The choice of the maximum range will be discussed in the
Section 3.5.3.

3.2.2 Proposed Localization Method

The proposed localization method is based on a jointly range -or radial distance - and
angular measurement. The setup of the 2D architecture for the localization technique is
shown in Figure 3.4.

Assuming that the total delay τ′ (delay τ + cumulative delay of the different components)
in the tag, between A5 and A6, is known, the radial distance d is obtained by estimating
the absolute time of arrival of the received signals on A1 and A2. The azimuth angle α
can be estimated by computing the time difference of arrival between the two received
signals (U1 and U2) at the LBS side.
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Figure 3.4 – Localization technique.

Two UWB pulses U and V of equal width and at center frequencies f1 and f2 ( f1 < f2),
respectively, are transmitted through the front end antenna A0 at different times. We
assume that the channel is flat i.e. the channel remains constant during the transmission
of the two pulses ( f1 and f2 are very close and dbaseline � d). At the tag side, these signals
are received by the antenna A5 and a delay τ is applied to each one of them. Next, these
signals are transmitted by the antenna A6 back to the LBS. Let, the received signals Ui

and Vi reach Ai with time-of-flight equal to Ti, for i ∈ {1, 2}.

The time-of-flight Ti corresponds to the propagation time after removing τ′. As shown in
Section 2.6.1, the time of flight Ti can be obtained obtained by applying the Duplex UWB
method between the received pair of signals (Ui, Vi) and a delayed version (with the same
delay τ) of the transmitted signals (U,V) for i ∈ {1, 2}. In this way, the delay imposed
in the tag is compensated and at the same time, the effects of natural backscattering of
the environment are overcomed. Therefore, Ti can be derived directly from the phase
difference ∆ϕi and can be expressed as follows

Ti =
∆ϕi

2π( f2 − f1)
(3.1)

Where f1 and f2 are the center frequencies of the signals (U, U1, U2) and (V, V1, V2),
respectively.

Consequently, the radial-distances di are obtained as

di =
cTi

2
i ∈ {1, 2} (3.2)

where c is the speed of light.
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The radial distance d, between A0 and the AT, is the average value of d1 and d2

d =
d1 + d2

2
(3.3)

Nevertheless, the angle estimation does not require two signals with two different center
frequencies, so we have chosen the received signals with the lowest center frequency f1,
i.e. U1 and U2.

The separation of the two receiving antennas A1 and A2 by dbaseline creates a time differ-
ence ∆t = T2 −T1 between two independent incoming signals (U1 and U2) which, in turn,
gives the path difference (Path-dif). This assumption is valid for a plane waves if the
radial-distance d remains relatively larger than the dbaseline [3].

∆t can be obtained from the phase ϕ f1 which is the result of applying the PC method,
detailed in Section 2.7.1, between the two received signals U1 and U2 on the two receiving
chains. It can be expressed as follows

∆t =
ϕ f1

2π f1
(3.4)

Consequently, the path-dif can be expressed as

Path − di f = c.∆t (3.5)

On the other hand, for U1 and U2 being two plane waves, the Path-dif between these two
parallel independent incoming signals at an angle α with the baseline, is given by the
base-length (AC) of the right-angle triangle ABC in Figure 3.4 and can thus be expressed
as

Path − di f = dbaseline. cos(α) (3.6)

Finally, the Azimuth angle α is obtained from Eq. (3.5) and Eq. (3.6) as follows

α = cos−1
( c.∆t
dbaseline

)
0◦ < α < 180◦ (3.7)

In the sequel, the UWB hardware used to build and test the proposed system is described.

3.3 UWB Hardware

In this section, a detailed specification of each component is provided for the transmitter
chain, the AT and the receiver chains.
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3.3.1 Transmitter Chain

The block diagram of the transmitter chain is shown in Figure 3.5. A squared signal
generator is connected to an impulse generator. This generator consists of a Step Recovery
Diode (SRD) and a short-circuited stub line, as shown in Figure 3.6.

Figure 3.5 – Transmitter chain.

Figure 3.6 – Impulse generator.

The obtained pulse at the impulse generator output, shown in Figure 3.7, is fed to a Local
Oscillator (LO) used with a mixer (Mini-circuits ZX05-C42+) [7] in order to create two
pulses at two different center frequencies f1 and f2. Next, the UWB pulses are filtered
by a BPF (3− 7 GHz) (Mini-Circuits 15542) and then amplified by an LNA (Mini-Circuits
ZX60-43-S+). Finally, the signals, shown in Figure 3.8 pass through a coupler before be-
ing transmitted by the circular polarized antenna A0. A delay τ is applied on the second
output of the coupler to obtain a delayed version of the transmitted signal. This step is
mainly undertaken to compensate for the same delay τ imposed in the AT and is only
used during processing.

Now, the characterization of different components of the transmitter chain is presented.

Band-Pass Filter 3 − 7 GHz

The available BPF 3 − 7 GHz Mini-Circuits is shown in Figure 3.9.
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Figure 3.7 – UWB pulse at the impulse generator output.

Figure 3.8 – The pulse at the input of antenna A0.

Figure 3.9 – BPF 3 − 7 GHz.
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As shown in Figure 3.10, the measured Insertion Loss (IL) (absolute value of S21) is 0.7 dB
and the measured Return Loss (RL) (absolute value of S11) is greater than 8 dB. The BPF
3 − 7 GHz has an almost flat response in the considered bandwidth. The performance of
this filter is summarized in Table 3.1.

Figure 3.10 – BPF 3 − 7 GHz characterization.

Table 3.1 – Filter specifications

Specification BPF mini-Circuits
Pass Band 3-7 GHz

IL 0.7 dB
RL >8 dB

Amplifier ZX60-43-S+

The amplifier ZX60-43-S+ from mini-circuits and its measured gain are shown in Fig-
ure 3.11 and Figure 3.12, respectively. The maximum observed gain at 3.5 GHz is 15 dB.
The input saturation level is −5 dBm with a noise factor of 5.6 dB. The performance of
this amplifier is summarized in Table 3.2.

Table 3.2 – Amplifier specifications at 3.5 GHz

Specification ZX60-43-S+

Gain 15 dB
Input Saturation IP1 -5 dBm
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Figure 3.11 – Amplifier ZX60-43-S+.

Figure 3.12 – ZX60-43-S+ Gain.

Coupler

The available Narda coupler shown in Figure 3.13 is used in the transmitter chain to
extract the reference signal for processing.

As shown in Figure 3.14 and Figure 3.15, the IL is 0.2 dB between the input and output
ports, while it is 16 dB between the input port and −16 dB coupled port. The RL is greater
than 20 dB in 3 − 4 GHz band. The performance of this coupler is listed in Table 3.3.

Table 3.3 – Coupler Specifications

Specification Input/output ports Input/−16 dB ports
IL 0.2 dB 16 dB
RL > 20 dB > 20 dB
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Figure 3.13 – Coupler.

Figure 3.14 – Input/output ports characterization.

Figure 3.15 – Input/−16 dB ports characterization.
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Circular Polarized Antenna

Generally speaking, an antenna can be circularly polarized in 2 different ways: Right
Hand Circular Polarization (RHCP) and Left Hand Circular Polarization (LHCP). In both
cases, the electric field rotates in a perpendicular plane to the wave direction. For this
reason, the circular polarization wave can penetrate an indoor environment more easily
and thus offers more opportunities for good reception. Moreover, using a different po-
larization scheme, i.e. LHCP in transmission and RHCP in reception and vice versa, can
help in mitigating the signal’s interference effects.

Consequently, the circular polarized antenna is a convenient choice for our ILS. The
antenna is designed according to [8] and operates in the upper UWB frequency range
between 7 and 10 GHz. An optimization phase using Computer Simulation Technology
(CST) was therefore necessary to adapt the antenna to the frequency band of interest 3− 4
GHz. The simulated design is printed on an FR4 substrate with a thickness of 1.58 mm,
a relative permittivity (εr) of 4.2 and a tangent loss (tanδ) of 0.01. The overall size of
the antenna is 80 × 50 × 1.58 mm. As shown in Figure 3.16, the two symmetrical quasi-
spiral arms are located separately on the upper (RHCP) and lower (LHCP) layers of the
substrate. The obtained result has a good RL (more than 10 dB) in the desired frequency
band of 3 − 4 GHz, as shown in Figure 3.17.

(a) Top side (b) Bottom side

Figure 3.16 – Circular polarized antenna

The characterization of the optimized antenna was then performed in an anechoic cham-
ber using LINDGREN 3117 Horn as the reference antenna to determine the gain, the
radiation pattern and the axial ratio used to quantify the circular polarization. The simu-
lated and measured total gains are illustrated in Figure 3.18. In the 3 − 4 GHz band, the



3.3. UWB Hardware 91

Figure 3.17 – Reflection coefficient of circular polarized antenna.

simulated total gain is between 2 and 2.6 dB while the measured total gain is between
1.4 and 3.3 dB. The maximum observed value is 3.3 dB at 3.6 GHz. The simulated gains
for LHCP and RHCP are shown in Figure 3.19. In the 3 − 4 GHz band, the LHCP gain is
between 2 and 2.6 dB while the RHCP gain is between 2.5 and 3.5 dB.

Figure 3.18 – Total gain of circular polarized antenna.

The 3D radiation patterns for LHCP and RHCP are shown in Figure 3.20 at 3.5 GHz. As
we can see, the LHCP is in the negative direction of the z-axis (Bottom side) while the
RHCP is in the positive direction (Top side).
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Figure 3.19 – Simulated Gain for LHCP and RHCP.

(a) LHCP (b) RHCP

Figure 3.20 – 3D Radiation pattern

The simulated and measured radiation patterns are presented in Figure 3.21 at 3 GHz and
4 GHz in the XZ plane. The radiation patterns associated with these two frequencies are
shown on the left and right side of the figure. As we can see, the measured result is more
in line with the 3 GHz simulation than with the 4 GHz.

The Axial Ratio (AR) is mainly used to describe the polarization nature of the antennas.
AR is the ratio of orthogonal components of the E-field

AR = 20 log
(
|Eco| + |Exp|

|Eco| − |Exp|

)
(3.8)

where Eco is the co-polar electric field and Exp the cross-polar electric field. The ideal AR
value for circularly polarized fields is 0 dB. In addition, the axial ratio tends to degrade
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(a) 3 GHz (b) 4 GHz

Figure 3.21 – Radiation pattern in the XZ plane.

away from the main beam of an antenna. Therefore, the standard maximum value defined
for the axial ratio of a radio wave as a circular polarization is limited to 3 dB. As shown
in Figure 3.22, the measured AR is below the standard limit of 3 dB over the entire 3 − 4
GHz frequency.

Figure 3.22 – AR of circular polarized antenna.

3.3.2 Active Tag

Figure 3.23 shows the block diagram of the AT. At the tag level, the received signal by
the antenna A5 (3-4 GHz) is first amplified by a LNA (Mini-Circuits ZX60-43-S+), and
then filtered out with a BPF (3 − 5 GHz) (Micro-Tronics BPC11296). The obtained signal
is amplified again using the same LNA before applying the delay τ. Finally, the delayed
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signal is retransmitted by the antenna A6 towards the LBS. A5 and A6 are both circular
polarized antenna (3 − 4 GHz).

Figure 3.23 – Active Tag.

The characterization of some components is presented in the following.

Band-Pass Filter 3 − 5 GHz

The available BPF 3 − 5 GHz Micro-Tronics is shown in Figure 3.24.

Figure 3.24 – BPF 3 − 5 GHz.

As shown in Figure 3.25, the measured IL is 0.5 dB and the measured RL is greater than 16
dB. Similarly, the 3−5 GHz filter has an almost flat response in the considered bandwidth.
The performance of this filter is summarized in Table 3.4.

Table 3.4 – Filter specifications

Specification BPF Micro-Tronics
Pass Band 3-5 GHz

IL 0.5 dB
RL >16 dB

Delay Line

The HUBER+SUHNER delay line of 8 m long, shown in Figure 3.26, is used at the AT
level. Using a known delay τ is mainly intended to exclude the effects of environmental
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Figure 3.25 – BPF 3 − 5 GHz characterization.

backscattering and antenna coupling as detailed in section 3.3.1. With this 8 m line, a
delay of about 32 ns is achieved, as shown in Figure 3.27.

Figure 3.26 – Delay line.

In the 3−4 GHz band, this line is characterized by a measured IL of 4.6 dB and a measured
RL greater than 25 dB. The performance of the delay line is reported in Table 3.5.
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Figure 3.27 – Delayed signal.

Table 3.5 – Delay line Specifications

Specification Delay Line
IL 4.6 dB
RL > 25 dB

3.3.3 Receiver Chain

The block diagram of the receiver chain is shown in Figure 3.28. The retransmitted signal
from the AT is received by the two receiver chains antennas (A1 and A2) of the LBS.
A1 and A2 are identical broadband horn antenna (1 − 8 GHz). The received signals are
amplified by a LNA (Mini-Circuits ZX60-6013E-S+) and then filtered by a BPF (3−7 GHz)
(Mini-Circuits 15542). Next, the signals are acquired to be processed using one of the
following systems: Agilent Keysight Infinium MSO 9254A and Tektronix.

Figure 3.28 – Receiver chain.

In the following some components are characterized.
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Horn Antenna

The broadband horn antenna 1 − 8 GHz from A-Info [9] shown in Figure 3.29, is used as
a receiving antenna of both receiver chains.

Figure 3.29 – Horn antenna.

While checking the characteristics of this antenna, we are interested in the 3−4 GHz band
which is the band of the complete system. We can then notice through Figure 3.30 and
Figure 3.31 that the measured RL in this band exceeds 10 dB for a gain equal to 7.5 dB.

Figure 3.30 – Reflection coefficient of horn antenna.
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Figure 3.31 – Gain of horn antenna.

Amplifier ZX60-6013E+

The amplifier ZX60-6013-E+ from mini-circuits and its measured gain are shown in Fig-
ure 3.32 and Figure 3.33, respectively. The maximum observed gain at 3.5 GHz is 13 dB.
The input saturation level is −4 dBm with a noise factor of 3.4 dB. This LNA is used in
the receiving chain since it has a lower Figure noise than its counterpart, the ZX60-43-S+.
The performance of this amplifier is summarized in Table 3.6.

Figure 3.32 – Amplifier ZX60-6013-E+.

Table 3.6 – Amplifier specifications at 3.5 GHz

Specification ZX60-6013-E+

Gain 13 dB
Input Saturation IP1 - 4 dBm
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Figure 3.33 – ZX60-6013E+ Gain.

3.4 Concept Validation

This section describes the experimental setup used to validate the proposed PC method
and shows the respective results highlighting the improvement of the Azimuth angle α
resolution.

3.4.1 Experimental Setup

The defined 2D method of Section 3.2.2 is initially realized using available equipment.
The complete experimental setup is shown in Figure 3.34. The output U of the transmitter
chain described in Section 3.3.1 is plugged to the port 1 of the acquisition system (MSO
9254A). We propose to validate the method using cables, in order to eliminate the free-
space environment and be aware of the performance and limitations. Therefore, the tag is
represented by 16 m (65 ns) propagation line consisting of two HUBER+SUHNER delay
lines, characterized in Section 3.3.2. This experimental setup is considered sufficient for
the validation of the PC method, since our goal is to improve the angular resolution.

The delayed signal at the output of the tag is connected to a splitter to obtain two distinct
paths for the signals. The outputs of the splitter are connected to a cable of length 50 cm
for the path of U1 and to a cable of length 50 cm and a short variable delay line for U2.
This variable Delay-line is used to represent the path difference. U1 is acquired on port 2
of the oscilloscope and Signal U2 on port 3.

The variable Delay-line consists of different transitions with the value 0.03 ns, 0.04 ns,
0.06 ns, 0.07 ns, 0.09 ns, 0.1 ns, 0.13 ns, 0.16 ns, 0.2 ns and 0.23 ns called "test number" from
1 to 10. These different transitions correspond respectively to a path difference equal to
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0.5 cm, 0.6 cm, 0.9 cm, 1.1 cm, 1.4 cm, 1.5 cm, 1.9 cm, 2.4 cm, 3 cm and 3.5 cm.

Figure 3.34 – Test bench setup.

The signals (U, U1 and U2) are oversampled by 16 using the oscilloscope with a sampling
frequency equal to 10 GHz. The data are further processed in MATLAB for computation.
The path difference between the two incoming signals (U1 and U2) is used to compute
the Azimuth angle for dbaseline = 29 cm. This value is then compared with the theoretical
results obtained by MATLAB.

3.4.2 Experimental Results

The results shown in this sub-section were published in [10].

A calibration step is mandatory to estimate the time unbalance between U1 and U2. Fig-
ure 3.35 shows the received signals U1 and U2 when no delay transition is added. As we
can see, these two signals are distorted in the same way and a delay of 0.06 ns is observed
between them. This delay must be taken into account when calculating the Azimuth angle.

The azimuth angle α is computed based on the method presented in Section 3.2.2.

An azimuth angle α equal to 90◦ corresponds to a zero path difference as shown in Fig-
ure 3.4.

The path difference is estimated based on the PC method presented in Section 2.7.1 using
a window width Td of 5 ns. Td is chosen wider than the pulse to insure that all possible
signal spreaded by the propagation and the distortions are taken into account. The actual
and estimated path difference are presented in Figure 3.36 where the estimated Path− di f
is obtained by two methods, namely a simple correlation and the PC method. The test
numbers along the x-axis are the 10 transitions used for the short delay. Moreover, the
difference between the actual and estimated values along the y-axis represents the error in
the Path− di f estimation. The maximal error is 1.7 cm for a simple correlation. However,
a maximal error of 0.2 cm is observed with the PC method.
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Figure 3.35 – U1 and U2 when no delay transition is added.

Figure 3.36 – Estimated Path − di f .

Table 3.7 shows the actual and estimated Azimuth angles α derived from the Path − di f
for dbaseline = 29 cm. The maximal error is 3.4◦ for a simple correlation. However, this
error decreases to 0.4◦ with the PC method. Therefore, the proposed PC method yields
a very accurate estimate of the angle with respect to the simple correlation for a nearly
negligible path difference (tag in front of the transmitting antenna).
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Table 3.7 – Estimated Azimuth angle α

Actual α
Estimated α

Simple correlation PC method
90◦ 91.4◦ 90◦

89◦ 86.4◦ 89.2◦

88.8◦ 85.8◦ 88.8◦

88.2◦ 84.8◦ 88.4◦

87.8◦ 90◦ 88◦

87.2◦ 89◦ 87.2◦

87◦ 89.2◦ 87.2◦

86.2◦ 83.5◦ 86◦

85.2◦ 87.2◦ 85.6◦

84◦ 81.7◦ 84.5◦

83◦ 81◦ 83.5◦

3.5 Performance Limitations of the proposed ILS

Several methods are currently considered for UWB ILS that are mainly intended to locate
a person/tag in real time. These systems are expected to provide very high accuracy,
but there are in fact several factors that limit their performance in terms of accuracy,
resolution, complexity and cost. For this reason, this section is devoted to exploring the
different constraints related to the proposed localization technique. Such limitations arise
from a variety of sources such as plane wave conditions between received signals at LBS
and method parameter selection.

To analyze the behavior of the 2D method and test its limitations in terms of sampling
frequency, signal bandwidth, analysis window and dbaseline, a Matlab simulation bench is
designed using the Molisch generated channels (IEEE 802.15.4a).

3.5.1 Plane Wave Condition

The computation of the azimuth angle by the 2D localization method described in Sec-
tion 3.2.2 requires two parallel received signals to ensure a minimum error in the angle
measurement. This condition, known as the PWC, is guaranteed if the distance between
the tag and the LBS is very large compared to the complete localization system. Nev-
ertheless, when the AT is at a finite distance from the LBS, the received signals are not
totally parallel and a difference between the arrival angles on the two receiving antennas
is therefore observed, thus affecting the angle estimation. Consequently, the limitations
on the minimum distance d separating the AT and the LBS must be taken into account in
order to design a system capable of accurately estimating the Azimuth angle.
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The 2D angle measurement is shown in Figure 3.37. Assume that the transmitting an-
tenna A0 is placed at the origin (0,0) of the axis and the distance between the two receiving
antennas A1 and A2 is equal to dbaseline. The AT to be located is at position (x,y). The signal
is transmitted from A0 with an angle α and will be received by A1 and A2 with deviations
δα′′ and δα′ respectively. These deviations tend to zero when the two received signals
are parallel.

Figure 3.37 – Plane Wave Condition.

The angles of arrival are given by the following expression [3]

α + δα′′ = tan−1
( y
x − 0.5dbaseline

)
α − δα′ = tan−1

( y
x + 0.5dbaseline

)
(3.9)

The expression (3.9) is rearranged in terms of the baseline factor B f and the azimuth angle
α as follows

α + δα′′ = tan−1
( tanα
1 − 1

B f cosα

)
α − δα′ = tan−1

( tanα
1 + 1

B f cosα

)
(3.10)

where
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tanα =

y
x

x = d cosα

B f = d
0.5dbaseline

We are interested in the magnitude difference between the angles of arrival

|δα′ + δα′′| =

∣∣∣∣∣∣ tan−1
( tanα
1 − 1

B f cosα

)
− tan−1

( tanα
1 + 1

B f cosα

)∣∣∣∣∣∣ (3.11)

Therefore, decreasing the deviation δα leads the signals to be close to PWC, which is
expressed as follows

δα =
δα′ + δα′′

2
=

1
2

[
tan−1

( tanα
1 − 1

B f cosα

)
− tan−1

( tanα
1 + 1

B f cosα

)]
(3.12)

The variation of deviation δα according to the baseline factor B f for different angles α is
presented in Figure 3.38. For α = 0◦, the deviation δα is zero for any value of B f . As
we can see, δα decreases with B f and becomes constant after a certain value of B f . For
example, for α = 15◦ it remains under 1◦ when B f > 10 while for α = 60◦ it remains under
1◦ when B f > 30.

Figure 3.38 – Deviation δα according to B f .

The variation of deviation δα according to angle α for different values of dbaseline and d = 1
m is presented in Figure 3.39. The δα reaches the maximum value at the orthogonal
position to the baseline. The PWC fails completely for α = 90◦ and the maximum values
of δα are 4.2◦, 5.7◦, 7◦, 8.5◦, 9.9◦, 11.3◦ for dbaseline equals to 15 cm, 20 cm, 25 cm, 30 cm, 35 cm
and 40 cm respectively. It also shows that δα decreases when B f increases. This implies
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that the smaller dbaseline will hold the PWC better than the larger one as the B f increases.
It therefore seems viable to use a smaller dbaseline length for azimuth angle computation.

Figure 3.39 – Deviation δα according to α at d = 1 m.

3.5.2 Path difference condition

The angle computation using the path difference between the two received signals sets
limits on the path difference.

cosα =
Path−di f
dbaseline

| cosα| ≤ 1 ⇒ |Path − di f | ≤ |dbaseline| (3.13)

As shown in the relationship (3.13), the path difference always remains less than or equal
to dbaseline, otherwise it will leads to a ridiculous error.

As shown in Figure 3.40, the path difference varies from 0 to dbaseline for an angle variation
α from 0◦ to 90◦. Table 3.8 shows the relationship between Path-dif and α according to
different dbaseline values.

As we can see, the α corresponding to 1 cm offset of Path-dif decreases when dbaseline

increases, which reflects an improvement in angular resolution. In other words, an ILS
with a larger dbaseline gives a better angular resolution for an angular estimation of an AT in
a defined position. However, the Path-dif corresponding to 1◦ offset of α increases when
dbaseline increases. Therefore, a trade-off between the desired angular resolution and PWC
must be taken into account when choosing dbaseline.
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Figure 3.40 – Path-dif and α scales.

Table 3.8 – Path-dif and α correspondence

dbaseline [cm] α corresponding to 1 cm of Path-dif Path-dif [cm] corresponding to 1◦ of α
15 3.8◦ 0.26
20 2.9◦ 0.35
25 2.3◦ 0.44
30 1.9◦ 0.52
35 1.6◦ 0.6
40 1.4◦ 0.7

3.5.3 Duplex UWB Method limitation

To study the method performance, a Matlab simulation bench is designed using Molisch
generated channels (IEEE 802.15.4a) [11]. These tests are performed in the LoS office
environment (CM3). As described in Section 2.6, two pulses U and V are used with an
amplitude A = 1 V and a bandwidth of 1 GHz

U(t) = A cos
(
2π f1t

)
e−

(
t

Tp

)2

V(t) = A cos
(
2π f2(t − ts)

)
e−

(
t−ts
Tp

)2

(3.14)

As mentioned in Section 2.6.1, the duplex UWB method is based on the difference ∆ϕ

between the phase shifts of the two signals U and V. Therefore, to avoid the phase
ambiguity [12], ∆ϕ should respect the following constraint

∆ϕ = 2π( f2 − f1)tToF ≤ 2π (3.15)
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Therefore, for this method to remain viable, the time of flight of each signal shall not
exceed the inverse of the frequency difference, i.e.

tToF ≤
1

f2 − f1
=

1
∆ f

(3.16)

From this inequality, the maximum range dmax that this method can detect is given by

dmax =
c.tToF−max

2
=

c
2∆ f

(3.17)

Figure 3.41 shows the maximum range dmax that the duplex UWB method can estimate as
a function of the frequency difference ∆ f .

Figure 3.41 – Maximum range dmax.

The maximum distance is dmax = 15 m when ∆ f = 10 MHz. This value drops significantly
as the frequency difference increases to a point where the method becomes almost useless
(dmax = 30 cm) when ∆ f gets too large (500 MHz). This leads us to conclude that sending
two pulses with a smaller frequency difference yields in a longer detection range.

In our system, the pulse width is equal to 1 GHz in the antenna bandwidth [3 − 4 GHz].
We therefore opted to pick f1 and f2 to be equal to 3.5 GHz and 3.55 GHz, respectively,
making our system suitable for estimating distances up to dmax = 3 m for a frequency
difference ∆ f of 50 MHz.

3.5.4 Phase Correlation Method limitations

This section is devoted for presenting the limitations imposed by the PC method.
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Sampling Frequency

The minimum path difference that our method can detect is limited by the sampling
frequency Fe according to the following relation

Path − di f min =
c
Fe

(3.18)

where c is the celerity of light. Figure 3.42 shows the minimum path difference that can
be detected with respect to Fe.

Figure 3.42 – Minimum path difference.

For instance, our system can detect a Path − di f min = 3 cm when using Fe = 10 GHz. This
value becomes even smaller, i.e. it can detect a Path − di f min = 0.2 cm if Fe is increased to
160 GHz.

Consequently, the angular resolution αres defined as the minimum angle that can be
detected is limited by the minimum path difference

αres = 90◦ − cos−1
(

Path − di f min

dbaseline

)
(3.19)

For instance, if dbaseline is set to 29 cm, our system can detect an angle more than 6◦, i.e.
αres = 6◦ when using Fe = 10 GHz. However, increasing Fe to 160 GHz allows the system
to detect angles starting from αres = 0.4◦.

To be confident about the limitations of the PC method, we consider a system with
dbaseline = 29 cm and an AT that can take different positions, each time with a 1 cm offset
on a straight line parallel to dbaseline at a distance of 1.5 m from it. Recall that the path
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difference increases when moving away from position 0, which is characterized by a
path − di f = 0. For instance, an offset of 1 cm on each side of position 0, corresponds to
Path−di f = 0.2 cm, while an offset of 16 cm from position 0 in both directions, corresponds
to Path − di f = 3 cm. Figure 3.43 illustrates the different detection zones of the AT for
different values of Fe.

Figure 3.43 – AT detection zones.

As mentioned earlier, the Path − di f min is 3 and 0.2 cm for Fe = 10 and 160 GHz, respec-
tively. For our system, this corresponds to a 16 and 1 cm offset of the AT on each side of
position 0.

For this reason, when Fe = 10 GHz, our method estimates that the AT always occupies
the position 0 as long as its actual position lies between 0 and 8 cm and occupies the
position 16 when its actual position is between 9 and 16 cm. However, increasing Fe

to 160 GHz improves the ability of our system to detect smaller values as of 1 cm from
position 0. Therefore, a high sampling frequency yields a better angular resolution, but
its implementation in real circuits remains problematic. Hence, we select Fe = 20 GHz as
a trade-off between cost and angular resolution.

Signal Bandwidth and Analysis window

As shown in Section 2.7, the analysis window Tw is given by Tw = t2 + Td − t1, and the
window Td should be larger or equal to the emitted pulse width Tp. According to Gabor
theorem, the bandwidth Bw and the window Td are related as follows

Td = cte.Tp ⇒ Td.Bw = cte (3.20)

where Bw is the emitted signal bandwidth.
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Phase Ambiguity

As shown in Section 2.7.1, the phase correlation function between two received signals is
given by the following relationship

CU1U2(∆t) =
A′2

2
cos(2π f1∆t) (3.21)

Based on Eq.(3.21), the phase ϕ f1 corresponding to the path difference between the two
received signals is expressed as

ϕ f1 = 2π f1∆t (3.22)

The fact that the phase is bounded by 2π (0 ≤ ϕ f1 ≤ 2π) will impose limits on the
maximum path difference Path − di f max detected by the applied method.

ϕ f1 ≤ 2π ⇒ 2π f1∆t ≤ 2π ∆t ≤
1
f1

(3.23)

Path − di f max =
c
f1

(3.24)

Consequently, the maximum computed azimuth angle which is related to Path − di f max

will also be affected. In other word, the phase ambiguity reduces the space where the AT
can be detected to an angular cone αc of 90◦ axis.

αc = 2
[
90◦ − cos−1

(Path − di f max

dbaseline

)]
(3.25)

Moreover, the path difference condition from Eq. (3.13) also imposes constraints on the
choice of dbaseline, i.e. |dbaseline| ≥ |Path − di f |.

Figure 3.44 shows the variation of the angular cone αc as a function of different dbaseline

values. From Eq. (3.24), the Path − di f max is equal to 8.6 cm if the center frequency f1 = 3.5
GHz is used. When dbaseline = Path − di f max = 8.6 cm, the corresponding angular cone is
αc = 180◦. We can also notice that the angular cone αc decreases significantly when dbaseline

increases and reaches 24◦ for dbaseline = 40 cm.

Figure 3.45 illustrates the different angular detection zones of the AT as a function of
dbaseline values. As we can see, for dbaseline = 8.6 cm, the system can detect any position of
the AT, i.e. for any azimuth angle α ranging from 0◦ to 180◦. In contrast, when dbaseline = 40
cm, the angular cone is reduced to 24◦, i.e. the AT can be detected if it is located in the
cone [78◦,102◦].

Therefore, an ILS with a smaller dbaseline gives a larger angular zone detection. For this
reason, a trade-off between the desired angular cone, the desired angular resolution and
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Figure 3.44 – Angular cone αc.

Figure 3.45 – AT angular detection zones.

PWC must be taken into account when choosing dbaseline.

In this work, and particularly in the experimental measurements, dbaseline is also susceptible
to limitations imposed by the dimensions of the used antennas. We then decided to choose
it equal to 29 cm to comply with all the constraints of the system.

3.6 Realized UWB Indoor Localization System

This section is dedicated for estimating the link budget of the realized system in order to
ensure correct measurements. The gains and losses related to the various stages follow
the characteristics of each components presented in Section 3.3.
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The complete developed LBS and AT are shown in Figure 3.46 and Figure 3.47 respectively.

Figure 3.46 – Developed LBS.

The power levels at different stages of the transmitter chain are shown in Figure 3.48.
All powers are expressed in dB. Let P be the power generated by the impulse generator.
Connection cables and SubMiniature version A (SMA) connectors were identified as a
source of 0.5 dB loss. The transmitted signal power by the antenna is then ’P + 16.1’ dB,
while the power of the delayed transmitted signal considered as the reference signal for
processing is ’P − 7.3’ dB.

Under normal atmospheric conditions, the free space losses are expressed as

PL(dB) = 32.44 + 20log( f0) + 20log(d) (3.26)

where d is the range distance in Km, and f0 is the carrier frequency of the transmitted
signal in MHz.

For the sake of simplicity, we consider the direct path case. The signal reaches the active
tag located at a distance d from the LBS with a power equal to ’P + 16.1 − PL’ dB. The
power levels at the different stages of the active tag are shown in Figure 3.49.
The signal is retransmitted from the active tag with power equal to ‘P + 46 − PL’ dB.
By travelling the same distance d, this signal reaches the receiver antenna with power
equal to ‘P+46−2×PL’ dB. The power levels of the receiver chain are shown in Figure 3.50.

Table 3.9 shows the power at the output of the receiver chain as a function of distance d
for a fixed carrier frequency of 3.5 GHz and P = −17 dB.
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Figure 3.47 – Developed AT.

Figure 3.48 – Power levels at transmitter chain.

As shown in Table 3.9, the received power varies between −57.64 dB and −69.68 dB for
a free space of 1 to 2 meters. The receiver sensitivity can be enhanced by decreasing the
receiver noise figure. To do so, the component with the lowest noise figure is connected
to the receiving antenna in order to guarantee better receiving sensitivity. Therefore, the
amplifier ZX60-6013E+ with a noise figure lower than ZX60-43-S+ is used in RX-chain.
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Figure 3.49 – Power levels at AT.

Figure 3.50 – Power levels at receiver chain.

Table 3.9 – Received power

Distance [m] PL [dB] Received power [dB]
1 43.32 -57.64

1.5 46.84 -64.68
2 49.34 -69.68

3.7 Conclusion

In this chapter, we have presented an ILS based on the trilateration method, where 3 well-
synchronized anchors and whose positions are well known, are used to locate an AT in 2D.

To overcome the limitations imposed by these systems, a 2D localization scheme for a
remote AT was presented. The developed architecture is based on the concept of the
mono-pulse radar system where a single anchor acting as a localization base station is
used without requiring prior knowledge of its position. A 2D UWB indoor localization
technique based on the radial distance and azimuth angle measurement is proposed,
where the radial distance is obtained by phase difference correlation and the azimuth
angle is obtained by phase correlation.
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Afterwards, the different components of the proposed ILS are characterized and their spe-
cific functions in the system are outlined. Among these components, a circular polarized
antenna is designed and optimized for the transmitter and AT chains.

The accuracy of the azimuth measurement is improved by using a phase correlation
method. A test bench based on cables set is used as a proof concept. The experimental
results show that this proposed method can achieve high accuracy angle measurement
(lower than 0.4◦ Vs. an error of 3.4◦ for a classical method).

After describing the transmitter, the active tag and the receiver chains, some performance
limitations related to the proposed method are presented. This step is mandatory to bet-
ter select the different system parameters such as sampling frequency, signal bandwidth
and dbaseline depending on the desired angular resolution, angular cone, accuracy and cost.

Finally, the power level at different stages of the entire system along with the receiving
sensitivity are discussed to get some insight into the system’s properties.

In the next chapter, system performance will be studied through MATLAB simulations
and experimental measurements.
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Chapter 4

Performance Analysis of our
Proposed ILS

4.1 Introduction

The prototype of the ILS described in Chapter 3 is developed in this chapter to estimate
the 2D position of the AT. The performance of the designed ILS is tested in a Matlab sim-
ulation bench using Molisch-generated channels (IEEE 802.15.4a) [1] and then validated
with field measurements in a real indoor environment.

This chapter presents the main results of the proposed ILS. The simulated and exper-
imental validations of the phase correlation method are performed for a simplified ILS
(without AT) in Section 4.2 and for the entire system (with AT) in Section 4.3. In both
cases, the results are compared to those obtained with a state-of-the-art method, namely
the ED method. In Section 4.4, a simulation bench is designed to validate the duplex
UWB method. In Section 4.5 and Section 4.6, the results of our ILS based on radial and
angular measurements are compared to a system performing the position estimation us-
ing a constellation and trilateration method under LoS and obstructed LoS assumptions,
respectively. In Section 4.7, the performance of our ILS is studied in the NLoS situations.
Finally, the chapter ends with a conclusion in Section 4.8.

4.2 Phase correlation Method Validation for a Simplified ILS

This section first describes the setup used to validate the PC method of estimating a small
path difference and then shows the respective results emphasizing the angular resolution
improvement for a simplified ILS, which consists of one transmitter chain TX and two
receiver chains RX.
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4.2.1 Simulated and Experimental Setup

The complete setup, shown in Figure 4.1, is composed by one RF transmitter chain linked
to a circular polarized antenna A0, and two RF receiver chains, connected to two UWB
horn antennas A1 and A2. The distance between A1 and A2 is denoted by dbaseline.

Figure 4.1 – Test bench setup.

The goal of this setup is to validate the PC method. The transmitter chain is identical to
the one presented in Section 3.3.1 except that:

• The LO is removed since this method requires only one transmitted signal (in this
case, the signal U of center frequency f1 is selected).

• The coupler is also eliminated, because this method is applied between the two
received signals, and therefore no need for a τ-delayed version of the transmitted
signal.

The obtained pulses at the output of the Impulse Generator and at the input of the antenna
A0 are shown in Figure 4.2 and Figure 4.3, respectively.

The UWB pulses are transmitted via the front end antenna A0 and received by two identi-
cal receiver chains described in Section 3.3.3. The received pulses U1 and U2 are acquired
on Ports 1 and 2 of the oscilloscope (Agilent Keysight Infinium MSO 9254A) respectively.
The different components of the circuit and their characteristics are described in Sec-
tion 3.3.

To improve the resolution of the path difference measurement between U1 and U2, the
antenna A0 can take 31 different positions pi with i ∈ {−15, · · · , 15}, as shown in Figure 4.4.
At the initial position p0, the antenna A0 is placed on an orthogonal axis at a distance d
equal to 1.5 m from the center of dbaseline in order to satisfy the PWC described in Sec-
tion 3.5.1. dbaseline is chosen here equal to 29 cm due to the limitations imposed by the
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Figure 4.2 – The pulse at the output of the Impulse Generator .

Figure 4.3 – The pulse at the input of the antenna A0.

dimensions of the used antennas.

To validate the angular resolution improvement obtained with the PC method, A0 can
occupy several positions on a straight line parallel to the baseline, by shifting it 2 cm on
each side of its initial position p0 in the range [−30 cm; 30 cm].

The distance between A0 and A1 (resp. A2) is denoted d1 (resp. d2). The path difference
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Figure 4.4 – Possible positions of A0.

between the two received signals U1 and U2, denoted path − di f = d1 − d2, is expressed
in terms of the difference between their arrival times T1 and T2 at antennas A1 and A2,
respectively. For this configuration, the maximum actual path difference corresponding
to the positions p−15 and p15 is equal to 5.7 cm.

This configuration is used for the experimental setup and the Matlab simulation bench
that uses Molisch-generated channels (IEEE 802.15.4a). The waveform of the emitted
signals, shown in Figure 4.3, corresponds to a cosine carrier modulated by a Gaussian
pulse. Therefore, the waveform defined in Section 2.5.1 is used as the emitted pulse in all
simulations

U(t) = A. cos(2π f1t)e−( t
Tp )2

(4.1)

where A = 1 V is the amplitude of the signal, f1 = 3.5 GHz the center frequency (center
frequency of A0 pass band [3 − 4 GHz]), Tp = 1

ζ.Bw.
√

2.π
with ζ = 0.43 and Bw = 1 GHz the

bandwidth of the pulse corresponding to the bandwidth of A0.

Moreover, the CM3 channel model (office LoS) of IEEE 802.15.4a is adopted and the SNR
is set to 15 dB in all simulations.

4.2.2 Simulated and Experimental Results

In Figure 4.5, the broadened recorded signals for the initial position of A0 are presented.
Both signals are distorted in the same way by the circuit components and antennas. These
pulses, i.e. U1(t) and U2(t), acquired at ports 1 and 2 respectively, can be described by a
cosine carrier modulated by a Gaussian pulse as mentioned in Section 2.5.1.
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Figure 4.5 – Recorded signals at Ports 1 and 2 for the initial position p0.

The path difference between U1 and U2 is estimated for each position pi using the configu-
ration shown in Figure 4.1. As a proof of concept, we compare the results of the simulated
and measured path difference obtained by the PC method with the ED method [2].

As shown in Figure 4.3 and Figure 4.5, the duration Tp of the emitted pulse by A0 is equal
to 2 ns and the duration of the received broadened signal T′ is 23 ns, respectively.

Following the fundamental principle of the ED method in which the energy is calculated
by block, each of duration 4 ns (must be greater than Tp) with a displacement step ∆b

equal to 1 ns. Then, the ToA of the received pulse is estimated based on the detection of
the block carrying the maximum energy.

For the PC method, the beginning of the received pulses is determined by fixing the
duration of each block Tb to T′ = 23 ns and the displacement step ∆b to 1 ns, in order
to ensure that the energy of the entire broadened received pulse is taken into account.
On the other hand, setting Td equal to Tp = 2 ns, guarantees that the various condi-
tions mentioned in Section 2.7.1 are fulfilled. Hence, the pulses of interest in the analysis
window Td shown in Figure 4.6, are those that lie between the two black lines in Figure 4.5.

A calibration step is mandatory to estimate the time unbalance between U1 and U2. At
position p0, i.e. when A0 is not shifted yet, we observe a time difference of 0.14 ns which
corresponds to a path difference of 4.2 cm. This difference is mainly caused by the un-
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Figure 4.6 – Pulses of interest in the analysis window.

balance between the two RX chains and must be taken into account when calculating the
path difference.

Initially, U1 and U2 are oversampled by 16 with a sampling frequency equal to 10 GHz
using the oscilloscope (Fe = 160 GHz). This configuration is an ideal case study that helps
us to get an insight about the best performance by reducing the imposed limits on the
minimum path difference that can be detected. Note that the system calibration step is
also performed with this sampling frequency.

However, as the implementation of a high sampling frequency in real circuits remains
challenging, the PC method is also validated with a smaller sampling frequency Fe = 20
GHz.

For Fe = 160 GHz, we compare in Figure 4.7 the real path difference with that simulated
and measured by the ED and PC methods. The x-axis represents the 31 different positions
of the antenna A0. Moreover, the difference between the actual and estimated values
along the y-axis represents the error in the Path-dif estimation. Figure 4.8 shows the error
in the simulated and measured path difference by the aforementioned methods, for the
31 different positions of the antenna A0.

The same comparison is carried out for the Azimuth angle in Figure 4.9 and Figure 4.10,
since it is derived directly from the Path-dif.

We noticed that the obtained results of both simulations and measurements using the ED
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method are identical. These results are also quite similar using the PC method.

Since the considered displacement step ∆b is equal to 1 ns, the minimum path difference
that the ED method can detect is 30 cm. Thus, it is not able to detect a path difference in
the order of 5.7 cm which corresponds to the maximum Path-dif obtained by this config-
uration (at p15 and p−15). On the other hand, the minimum path difference that the PC
method can detect is determined by the sampling frequency; and therefore it is able to
detect a path difference of 0.2 cm when Fe = 160 GHz.

As we can see, the maximum error in the estimated path difference by the ED method is
equal to 5.7 cm, which corresponds to a maximum angle error equal to 11.3◦. This error
is reduced to 0.5 cm using the PC method, which is reflected by an error reaching 2.5 cm
in the position estimation of A0. This error corresponds to an error of 1◦ in the azimuth
angle estimation.

Figure 4.7 – Comparison of the path difference estimation for Fe = 160 GHz.

The same comparison is carried out for Fe = 20 GHz in Figures 4.11-4.14. Here, the min-
imum path difference that the ED method can detect remains the same (30 cm) since the
displacement step is not modified. However, as the sampling frequency has decreased,
the PC method can now detect a minimum path difference of 1.5 cm.

As we can see, the maximum error in the estimated path difference by the ED method is
equal to 5.7 cm, which corresponds to a maximum angle error equal to 11.3◦. This error
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Figure 4.8 – Error in the path difference for Fe = 160 GHz.

Figure 4.9 – Comparison of the azimuth angle estimation for Fe = 160 GHz.

is reduced to 0.8 cm using the PC method, which is reflected by an error reaching 4 cm
in the position estimation of A0. This error corresponds to an error of 1.6◦ in the azimuth
angle estimation.

To show the effect of the sampling frequency on the limitations of the PC method, we
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Figure 4.10 – Error in azimuth angle for Fe = 160 GHz.

Figure 4.11 – Comparison of the path difference estimation for Fe = 20 GHz.

compare the obtained results in Figure 4.7 and Figure 4.11.

With our configuration, each offset position of A0 corresponds to an offset of 0.4 cm in the
path difference which is represented by the actual path difference (black star).
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Figure 4.12 – Error in the path difference for Fe = 20 GHz.

Figure 4.13 – Comparison of the azimuth angle estimation for Fe = 20 GHz.

Since the minimum path difference that the PC method can detect is 0.2 cm when
Fe = 160 GHz, the estimated path difference in measurement and simulation (plotted
using squares), takes different values very close to the actual ones for each position of A0,
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Figure 4.14 – Error in azimuth angle for Fe = 20 GHz.

as shown in Figure 4.7.

However, when Fe = 20 GHz, the PC method cannot distinguish between small path
differences, if the latter are less than the minimum path difference it can estimate, in this
case 1.5 cm. This is reflected in Figure 4.11, where the estimated measured and simu-
lated path difference (presented by squares) takes the same values for different positions
of A0. For example, the estimated Path-dif is 1.5 cm for 4 different positions of A0 (p2 to p5).

Therefore, a high sampling frequency allows a better angular resolution, but is not always
easy to implement in real circuits. Hence, a trade-off between resolution and implemen-
tation complexity is required.

Table 4.1 summarizes the results obtained in this section for the two sampling frequency
20 and 160 GHz.

Table 4.1 – Comparison between the maximum error of ED and PC methods

ED method PC method
Path-dif α Path-dif α

Fe = 160 GHz 5.7 cm 11.3◦ 0.5 cm 1◦

Fe = 20 GHz 5.7 cm 11.3◦ 0.8 cm 1.6◦

The PC method is therefore validated for a simplified configuration. We are now seeking
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to validate it for the proposed ILS presented in Section 3.2 with the integration of the AT.

4.3 Phase correlation Method Validation for the proposed ILS

This section is a generalization of the previous section in which we validate the angular
resolution improvement of our proposed ILS described in Section 3.2 using the PC method.
Recall that our ILS consists of a fixed LBS and an AT that occupies different arbitrary
positions.

4.3.1 Simulated and Experimental Setup

The full setup of our ILS is shown in Figure 4.15. On one hand, the LBS consists of one RF
transmission chain connected to a circularly polarized antenna A0 and two RF receiving
chains connected to two UWB horn antennas A1 and A2 spaced by a distance denoted
dbaseline. On the other hand, the AT is a transmitting/receiving chain connected to two
circularly polarized antennas A5 and A6.

Figure 4.15 – Test bench setup.

The transmitter and receiver chains of the LBS are identical to those described in Sec-
tion 4.2.1 and the AT is similar to the one presented in Section 3.3.2.

The process starts here in the same way as in the previous case, but instead of receiving
the UWB pulses directly by the receiving chain, the AT here receives these pulses via the
antenna A5. At this stage, a delay τ equivalent to a delay line of 8 m in length is applied to
the obtained signal before retransmitting it to the LBS with the antenna A6. The process of
receiving this signal by the two RX chains now continues in the same way as before and
ends with the acquisition of the BPF outputs U1 and U2 on ports 1 and 2 of the oscilloscope
(Tektronix), respectively. This oscilloscope has only one sampling frequency (40 GHz),
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which forces us to consider this value for this configuration, i.e. Fe = 40 GHz.

Compared to the previous case where A0 took 31 different positions pi for i ∈ {−15, · · · , 15},
here the LBS is supposed to be fixed, so is A0. Therefore, the AT is the moving entity in
this scenario and can take the above-mentioned positions pi by shifting it 2 cm on each
side of its initial position p0 in the range [−30 cm ; 30 cm] on a straight line parallel to
the baseline, as shown in Figure 4.16. In this configuration, we also set dbaseline to 29 cm
and the PC method is validated for two values of d: 1 m and 1.5 m. These two values
are selected to study the effects of d on the PC method’s performance. The distance d
represents the distance between the center of dbaseline and the AT when the latter occupies
the position p0. The maximum actual path difference of our particular system, which
corresponds to the positions p−15 and p15, is equal to 8.3 cm and 5.7 cm for d = 1 and 1.5
m, respectively.

Figure 4.16 – Possible positions of the AT.

Now everything is ready to carry out the experimental setup and the Matlab simulation
bench which again uses the CM3 channel model from IEEE 802.15.4a. The 8 m delay line
described in Section 3.3.2 used in the experimental setup is translated by a delay of 30 ns
in the simulations.

4.3.2 Simulated and Experimental Results

Following the same strategy as before, we can notice from Figure 4.17 that the outputs
U1(t) and U2(t) of the two receiving chains (connected to the oscilloscope) when the AT
is in the position p0, also depict in this case a cosine carrier modulated by a Gaussian pulse.

The path difference between U1 and U2 is estimated for each position pi using the config-
uration shown in Figure 4.15 and the obtained results of applying the PC method on the
simulated and measured path difference are also compared to the ED method, using the
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Figure 4.17 – Recorded signals at Ports 1 and 2 for the initial position p0.

same parameters reported in the simplified case. Compared to the simplified case, the
pulses of this system are more spread out, since they are making a round trip to reach the
receiver as shown in Figure 4.17. For this reason, the analysis window Td is now equal to
4 ns.

In Figure 4.17, we highlighted with two black lines the pulse of interest in the analysis
window Td and zoomed it in Figure 4.18.

In this system, the time unbalance between U1 and U2 can be overcome by estimating its
value through a calibration step in order to take it into account in the computation of the
path-difference. Recall that this unbalance occurs because the two receiving chains are
not balanced, so that a time difference of 0.1 ns, or alternatively 3 cm of path difference,
appears when the AT is not yet displace (position p0).

For d = 1 m, we compare in Figure 4.19 the real path difference with that simulated
and measured by the ED and PC methods, and we show in Figure 4.20 the error in
the simulated and measured path difference by the aforementioned methods, for the 31
different positions of the AT. The same comparison is carried out for the Azimuth angle
in Figure 4.21 and Figure 4.22. As we can see, the ED and PC methods give roughly the
same results in simulations and measurements.

Under the same configuration, in particular the displacement step of 1 ns, the ED method
allows to detect a minimum path difference of 30 cm. In contrast, the minimum path
difference that the PC method can detect is dictated by the sampling frequency; it is
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Figure 4.18 – Pulses of interest in the analysis window.

Figure 4.19 – Comparison of the path difference estimation for d = 1 m.

therefore capable of detecting a path difference of 0.8 cm for Fe = 40 GHz.

As can be seen, the ED method estimates the path difference with a maximum error of
8.3 cm which corresponds to the maximum actual path difference, and is equivalent to a
maximum angular error of 16.6◦. The PC method significantly improves the position es-
timation by reducing the error in the path difference estimation to 0.5 cm, or alternatively



134 4. Performance Analysis of our Proposed ILS

Figure 4.20 – Error in the path difference for d = 1 m.

Figure 4.21 – Comparison of the azimuth angle estimation for d = 1 m.

an error reaching 1.6 cm and 1◦ in the position and azimuth angle estimation of the AT,
respectively.

The same comparison is performed for d = 1.5 m in Figures 4.23-4.26. Note that changing
the value of the distance d does not affect the minimum path difference that the ED and
PC methods can detect.
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Figure 4.22 – Error in azimuth angle for d = 1 m.

Figure 4.23 – Comparison of the path difference estimation for d = 1.5 m.

As we can see, the PC method provides improved position estimation by reducing the
maximum error in the estimated path difference and azimuth angle from 5.7 cm and 11.3◦

to 0.7 cm (3.5 cm in the AT position estimation) and 1.4◦, respectively.

To study the effect of the distance on the PC method performance, the obtained results
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Figure 4.24 – Error in the path difference for d = 1.5 m.

Figure 4.25 – Comparison of the azimuth angle estimation for d = 1.5 m.

for d = 1 and 1.5 m are compared.

As shown in Figure 4.19 and Figure 4.23, each offset position of A0 corresponds to an offset
of 0.6 cm and 0.4 cm in the actual path difference for d = 1 m and d = 1.5 m, respectively.
In other words, the minimum path difference that the system shall estimate is equal to 0.6
cm for d = 1 m and 0.4 cm for d = 1.5 cm.
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Figure 4.26 – Error in azimuth angle for d = 1.5 m.

Therefore, the performance of the PC method degrades when the distance increases, as
the expected resolution also increases although the system cannot provide it.

Table 4.2 summarizes the results obtained in this section for the two distances 1 and 1.5
m.

Table 4.2 – Comparison between the maximum error of ED and PC methods

ED method PC method
Path-dif α Path-dif α

d = 1 m 8.3 cm 16.6◦ 0.5 cm 1◦

d = 1.5 m 5.7 cm 11.3◦ 0.7cm 1.6◦

Finally, the PC method is validated, and we now proceed to the validation of the Duplex
UWB method.

4.4 Duplex UWB Method Validation for the proposed ILS

This section describes the setup used to validate the duplex UWB method employed to
estimate the distance of an AT. It presents the respective results with a particular focus
on showing the improvement of the distance resolution for the proposed ILS compared
to the conventional ED and TC methods.
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4.4.1 Simulated Setup

The configuration used to validate the duplex UWB method is shown in Figure 4.27.
The transmitter chain, the AT and the receiver chains are identical to those detailed in
Section 3.3.

Figure 4.27 – Test bench setup.

Therefore, the process starts by sending two UWB pulses U and V having the same
width and at carrier frequencies f1 and f2, respectively, via the front-end antenna A0.
These pulses reach the AT and are transmitted back to the LBS via the antenna A6 fol-
lowing the same steps as before. The received signals (U1,V1) and (U2,V2) by the two
RX chains are then sampled with a sampling frequency of 20 GHz before being processed.

To improve distance resolution, the AT can take different positions on an axis orthogonal
to dbaseline. This axis is located at a distance d from the center of dbaseline, chosen here equal
to 29 cm. The AT can therefore take 51 different positions pi with i ∈ {0, · · · , 50}, as shown
in Figure 4.28, by shifting it 2 cm each time in the same direction within the range [1 m ;
2 m].
This configuration is now used for the Matlab simulation bench, which again adopts the
CM3 channel model of IEEE 802.15.4a. The two emitted pulses U and V correspond to
the waveform defined in Eq.(4.1) and are given by

U(t) = A cos
(
2π f1t

)
e−

(
t

Tp

)2

(4.2)

V(t) = A cos
(
2π f2(t − ts)

)
e−

(
t−ts
Tp

)2

(4.3)

where f1 = 3.5 GHz and f2 = 3.55 GHz are the carrier frequencies of U(t) and V(t)
respectively, and ts = 20 ns the starting time of V(t). ts is chosen equal to the broadened
pulse duration in order to prevent the interference between the two received signals.
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Figure 4.28 – Possible positions of the AT.

4.4.2 Simulated Results

In Figure 4.29 and Figure 4.30, the broadened received signals for the initial position of the
AT are presented. As we can see, the deformation and distortion of these signals by the
environment are the same for both center frequencies and on both RX-chains. Moreover,
these received pulses, i.e. U1(t), V1(t), U2(t) and V2(t) takes the same time of flight to
reach the respective RX-chain since the path difference between the received signals on
both receiving chains is zero (the AT is placed at different positions on an orthogonal axis
to dbaseline).

Figure 4.29 – Received signals at RX-chain 1 for the initial position p0.
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Figure 4.30 – Received signals at RX-chain 2 for the initial position p0.

The distance between the LBS and the AT is estimated for each position pi of the latter
using the setup shown in Figure 4.27. To validate the proposed approach, the results of
the simulated distance obtained by the duplex UWB method described in Section 2.6.1
are compared with two energy detection based methods. Namely, the ED method which
consists in searching for the maximum energy and the TC method [2] which consists in
searching for the excess of a pre-defined threshold ε given by

ε = a.σ (4.4)

with σ the standard deviation of the received noise and a the threshold factor. According
to [3], the optimal threshold factor a is 2.5 for CM1, CM2, CM3 and CM4 channel models.

The frequency difference ∆ f = f2 − f1 is fixed to 50 MHz and the same parameters used
before in the energy calculation are retained.

Among the entire signal (U1, V1, U2 or V2) shown in Figure 4.29 and Figure 4.30, we
are interested in the part between the two black lines because it represents the first path
of each signal. For this reason, we focus exclusively on these parts in Figure 4.31 and
Figure 4.32.

Figure 4.33 compares the actual distance with that simulated by the ED, TC and duplex
UWB methods, and Figure 4.34 shows the error in the simulated distance obtained by the
abovementioned methods, for the 51 different positions of the AT.
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Figure 4.31 – Pulses of interest at RX-chain 1.

Figure 4.32 – Pulses of interest at RX-chain 2.

It is worth recalling that the ED method estimates the distance based on the detection of
the maximum energy block. Therefore, the distance estimation error increases as the first
path in our case is not always the one with the highest energy.

The distance resolution of the ED and TC methods depends on the chosen displacement
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Figure 4.33 – Comparison of the distance estimation.

Figure 4.34 – Error in the distance.

step, while it depends on the sampling frequency for the duplex UWB method. In this
configuration, the resolution of the ED and TC methods is 15 cm for a displacement
step of 1 ns, whereas the resolution of the duplex UWB method is 0.8 cm for Fe = 20
GHz. Therefore, we can conclude that the ED and TC methods are unable to detect a
distance offset of about 2 cm, whilst our proposed method can even detect a smaller offset.
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This result is clearly reflected in Figure 4.34, where the average error in the estimated
distance for the ED method is 167 cm (incorrect estimate of the first path) and 5.4 cm for
the TC method. Moreover, the maximum error in the estimated distance with respect
to its average is 8 cm for the ED method and 7 cm for the TC method, and decreases to
1 cm when the duplex UWB method is employed. This error provides an insight into
the distance resolution offered by the used method. Therefore, we can argue that the TC
method improves the distance accuracy but with the same distance resolution as the ED
method. Our method remains much better than these two methods, since it improves
distance accuracy and resolution at the same time.

4.5 Comparison with Trilateration Method in LoS Situation

This section is devoted to compare our results with those obtained by the famous trilat-
eration method used in the literature for ILSs. The main difference between these two
techniques is how the AT position is estimated: our technique is based on radial and
angular measurements while the trilateration technique is based only on distance mea-
surements using a constellation (multiple anchors). This comparison will highlight the
significant improvement brought by our technique on the accuracy and resolution of the
ILS.

4.5.1 Simulated Setup

Figure 4.35 shows the configuration considered for the MATLAB simulation bench with
all the possible positions of the AT. On one hand, the LBS of our system consists of a
transmitting antenna A0 placed at the origin (0, 0) between two receiving antennas A1

and A2 placed along the y-axis and separated by dbaseline = 30 cm. On the other hand, the
constellation-based ILS consists of 3 anchors, with the first one being the same antenna
A0 of the LBS. The coordinates of each element are also shown in this figure.
To validate the improvement of the position resolution using our ILS, the AT can take
35 different positions pi with i ∈ {0, · · · , 34}. These positions can be divided into three
different trajectories:

• Trajectory 1: The AT takes different positions on a straight line parallel to the y-axis
at a distance d = 1.5 m from the center. It corresponds to positions p0 to p12 in the
range [−30cm; 30cm] with a 5 cm offset between each two consecutive positions.

• Trajectory 2: The AT takes different positions along the x-axis in the range [1.55m; 1.95m].
It corresponds to positions p13 to p21 with the same offset of 5 cm between each two
consecutive positions.

• Trajectory 3: The AT takes different positions again on a straight line parallel to the
y-axis, but this time at a distance d = 2 m from the center. It corresponds to positions
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Figure 4.35 – Possible positions of the AT.

p22 to p34 covering the same range and using the same offset of the first trajectory.

Like in previous cases, the CM3 channel model of IEEE802.15.4a is adopted. A pulse U
is emitted simultaneously by the 3 anchors with a center frequency f1 = 3.5 GHz. After a
delay ts = 20 ns, A0 (Anchor 0) emits a second pulse V with a center frequency f2 = 3.55
GHz. U and V are already defined in Eq. (4.2) and Eq. (4.3), respectively. The sampling
frequency used for processing is 20 GHz.

Figure 4.36 shows the methodology of the above-mentioned techniques in estimating the
AT position. First, our ILS estimates the AT position in two steps:

1. Compute the radial distance d using the UWB duplex method.

2. Compute the Azimuth angle α using the PC method.

The position (x, y) of the AT is expressed in terms of d and α as followsx = d sinα

y = d cos(180◦ − α)
(4.5)

In contrast, the constellation-based ILS estimates the AT position by applying the TC
method over three estimated distances d0, d1 and d2. These distances will then be used to
estimate the AT position (x, y) as follows
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Figure 4.36 – AT position estimation methodology.

x =
Ay21 + By02 + Cy10

2(x0y21 + x1y02 + x2y10)
(4.6)

y =
Ax21 + Bx02 + Cx10

2(y0x21 + y1x02 + y2x10)
(4.7)

where 
A = x0

2 + y0
2
− d0

2

B = x1
2 + y1

2
− d1

2

C = x2
2 + y2

2
− d2

2

(4.8)

and 
x21 = x2 − x1

x02 = x0 − x2

x10 = x1 − x0

(4.9)


y21 = y2 − y1

y02 = y0 − y2

y10 = y1 − y0

(4.10)

4.5.2 Simulated Results

Figure 4.37a, Figure 4.38a and Figure 4.39a show the actual distances d0, d1 and d2 with
those estimated by a constellation-based ILS, respectively. Figure 4.37b, Figure 4.38b and
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Figure 4.39b show the error in estimating these distances for the 35 different positions
of the AT. The accuracy is also indicated in terms of Root Mean Square Error (RMSE)
measurement given by

RMSE =

√√√
1
N

N∑
i=1

(θ̂i − θi)
2

(4.11)

where N is the number of possible AT positions, θi and θ̂i are the actual and estimated
values, respectively.

(a) Estimation.

(b) Error.

Figure 4.37 – Distance d0 Estimation and Error.

As we can see, the trilateration method estimates the same distances for different actual
distances when the latter are too close to each other. Take the estimation of d0 in Fig-
ure 4.37a as an example. The method considers the AT to be at the same distance 210 cm,
when in reality it is changing slightly its position (from p21 to p34). In terms of estimation
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(a) Estimation.

(b) Error.

Figure 4.38 – Distance d1 Estimation and Error.

error, d0 has a maximal error of 12 cm with an RMSE of 7.2 cm. Similarly, the maximal
error in d1 (reps. d2) estimation is 13 cm (resp. 12 cm) with an RMSE of 6.7 cm (resp. 6.2
cm).

Figure 4.40a (resp. Figure 4.41a) shows the actual radial distance d (resp. the azimuth
angle α) with that estimated by our ILS. Figure 4.40b (resp. Figure 4.41b) shows the error
in this estimated distance (resp. angle) for the 35 different positions of the AT.

As we can see, our method can detect small changes in the AT position compared to
the previous method which assumes that the AT is fixed if the positions are too close to
each other. This conclusion is reflected in Figure 4.40a where there exists in most cases a
different estimated distance for each actual distance, which demonstrates the significant
improvement in the distance resolution. Moreover, in terms of estimation error, d has a
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(a) Estimation.

(b) Error.

Figure 4.39 – Distance d2 Estimation and Error.

maximal error of 2 cm with an RMSE equal to 1.6 cm. This error is too small compared to
the previous method, which in turn illustrates the improvement of the distance accuracy.

On the other hand, we can see that the system can estimate the exact value of α when
the AT is placed at different positions on Trajectory 2, and with some error when the AT
takes different positions on the other two trajectories. The maximum error in the angle
estimation is 1.5◦ with an RMSE equal to 0.8◦. We can also notice that the maximal error
increases with the distance: 1.5◦ for Trajectory 3 Vs. 1◦ for Trajectory 1.

Figure 4.42 compares the actual positions of the AT with those estimated by our proposed
ILS and the constellation-based ILS. It is clear that our system can accurately estimate the
position of the AT. The limitation of the trilateration system in detecting small variation
in the distance results also in a limitation in estimating the overall position of the AT. In
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(a) Estimation.

(b) Error.

Figure 4.40 – Distance d Estimation and Error.

other words, the same position is estimated for different AT actual positions (21 estimated
positions Vs. 35 actual positions). We can therefore conclude that our system increases
the accuracy and the resolution of the localization in an indoor environment.
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(a) Estimation.

(b) Error.

Figure 4.41 – Azimuth angle α Estimation and Error.

Figure 4.42 – Comparison of AT positions estimate.
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4.6 Comparison with Trilateration Method in Obstructed LoS
Case

In many real-life situations, the object to be located is not in the ILS line-of-site. This
scenario can occur when there is a physical object or any obstruction in the propagation
path, preventing a direct link between the transmitter and receiver. In this case, the radio
transmission is mainly established by penetrating through the obstacle, which will further
attenuate and delay the received signals. Therefore, this section extends the previous one
to study the influence of an unexpected obstacle between the LBS and the AT. To this
end, our technique is also compared to the trilateration method. The results prove that
our technique is robust and remains effective even in obstructed LoS case.

4.6.1 Simulated Setup

The configuration adopted here and shown in Figure 4.43 is similar to that used in
Section 4.5 with slight modifications:

• Anchors 1 and 2 are placed in different positions.

• The NLoS framework is created by adding a physical object at a distance d = 30 cm
from the center.

In this configuration, we assume that dbaseline = 10 cm and the AT can take 7 different
positions pi with i ∈ {0, · · · , 6}, such that the radial distances are kept in the range [1.5 m,
2.5 m] with respect to the fixed position of the LBS, and the angular positions remain in
the angular zone [30◦, 150◦] as specified in Section 3.5.4.

In the simulations, the localization process of both techniques is carried out similarly to
the LoS case, but with an additional delay of 0.5 ns to mimic the effect of the obstacle on
signal propagation.

4.6.2 Simulated Results

Figure 4.44a, Figure 4.45a and Figure 4.46a show the actual distances d0, d1 and d2 with
those estimated by a constellation-based ILS, respectively. Figure 4.44b, Figure 4.45b and
Figure 4.46b show the error in estimating these distances for the 7 different positions of
the AT.

In terms of estimation error, d0 has a maximal error of 40 cm with an RMSE of 36 cm.
Similarly, the maximal error in d1 (reps. d2) estimation is 27 cm (resp. 24 cm) with an
RMSE of 18 cm (resp. 18 cm). As we can see, d0 has the largest RMSE because its Anchor
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Figure 4.43 – Possible positions of the AT.

0 relies on obstructed LoS signals to estimate the distance, knowing that the obstacle adds
an extra delay of 1 ns (30 cm round-trip) on the received signal.

Figure 4.47a (resp. Figure 4.48a) shows the actual radial distance d (resp. the azimuth
angle α) with that estimated by our ILS. Figure 4.47b (resp. Figure 4.48b) shows the error
in this estimated distance (resp. angle) for the 7 different positions of the AT.

In terms of estimation error, d has a maximal error of 14 cm with an RMSE equal to 13 cm.
Compared to the previous method, this method offered a much smaller error illustrating
thus the improvement of the distance accuracy. Moreover, a simple comparison of this
result with the LoS case shows the high estimation error caused again by the extra 1 ns
(30 cm round-trip) delay added to the received signal before reaching A1 and A2. This
clearly shows the effect of the physical obstacle in estimating distance d.

On the other hand, the maximum error in the angle estimation is 4◦ with an RMSE equal
to 3◦. Compared to the LoS case, this error is also considered small because the two
received signals are equally affected by the physical object.

Figure 4.49 compares the actual positions of the AT with those estimated by our proposed
ILS and the constellation-based ILS. It is clear that our system can accurately estimate the
position of the AT even in the obstructed LoS case. Our technique is less affected by the
physical obstacle, since the Azimuth angle estimate is immune to it and only the distance
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(a) Estimation.

(b) Error.

Figure 4.44 – Distance d0 Estimation and Error.

estimate is truly impacted. On the other hand, the trilateration method is badly affected,
since it is based only on distance measurement which is influenced by the presence of
the obstacle. We can therefore conclude that our system is more robust and increases the
accuracy of the localization in an obstructed LoS situation of an indoor environment.
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(a) Estimation.

(b) Error.

Figure 4.45 – Distance d1 Estimation and Error.
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(a) Estimation.

(b) Error.

Figure 4.46 – Distance d2 Estimation and Error.
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(a) Estimation.

(b) Error.

Figure 4.47 – Distance d Estimation and Error.
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(a) Estimation.

(b) Error.

Figure 4.48 – Azimuth angle α Estimation and Error.
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Figure 4.49 – Comparison of AT positions estimate.
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4.7 Performance evaluation in NLoS situations

In this section, the performance of our hybrid technique combining the duplex UWB and
the PC methods is studied in the NLoS situations.

4.7.1 Simulated Setup

In the NLoS scenario, the configuration adopted and presented in Figure 4.50 is similar to
that used in Section 4.6, i.e. the LBS position is unchanged and the AT can take the same
positions pi, but without the obstacle and the three anchors of the trilateration method.

Figure 4.50 – Possible positions of the AT.

The localization process of our technique is evaluated through simulations using the CM4
channel model (office NLoS).

4.7.2 Simulated Results

Figure 4.51a (resp. Figure 4.52a) shows the actual radial distance d (resp. the Azimuth
angle α) with that estimated by our ILS. Figure 4.51b (resp. Figure 4.52b) shows the error
in the distance (resp. angle) estimate for the 7 different positions of the AT.

The main results are resumed in Table 4.3.

Compared to the obstructed LoS case, the RMSE of the distance estimation error has in-
creased by 13 cm with the same angular error. Therefore, the angular estimation with our
configuration is not significantly affected in an NLoS environment since the deformation
of the received signals on the two receiving antennas A1 and A2 is the same, as shown in
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(a) Estimation.

(b) Error.

Figure 4.51 – Distance d Estimation and Error.

Table 4.3 – Estimation Error

Maximal Error RMSE
Radial distance d [cm] 34 26

Azimuth angle α [◦] 4 3

Figure 4.53.

Figure 4.54 compares the actual AT positions with those estimated by our proposed ILS.
On one hand, the error in estimating the AT position increases considerably compared to
LoS and obstructed LoS cases.

On the other hand, our system’s performance is compared to that obtained in the state
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(a) Estimation.

(b) Error.

Figure 4.52 – Azimuth angle α Estimation and Error.

of the art [4], in which the receiver position is computed using four beacons in an NLoS
environment.

The main results are summarized in Table 4.4.

Table 4.4 – RMSE of the position error

Abscissa X of AT Ordinate Y of AT
state-of-the-art system [4] 142 85

Our proposed system 21 20

Based on this comparison, we can claim that our system performed well.
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Figure 4.53 – Received signals on A1 and A2.

Figure 4.54 – Comparison of AT positions estimate.

4.8 Conclusion

In this chapter, the performance of the PC method is validated through a measurement
and simulation campaign conducted first for a simplified ILS and then for our proposed
ILS. The comparison between the ED and PC methods shows that the latter improves the
angular resolution. More precisely, the ED method is unable to detect a small path differ-
ence, whereas the PC method is capable of doing so. For the simplified ILS, a maximum
angular error of 1.6◦ and 1◦ is observed for sampling frequencies equal to 20 GHz and
160 GHz, respectively. For our proposed ILS, a maximum angular error of 1◦ and 1.4◦ is
observed at Fe = 40 GHz for distances equal to 1 m and 1.5 m, respectively.
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Moreover, the duplex UWB method used to estimate the distance is validated by a simu-
lation campaign. The results show that the duplex UWB method improves the distance
resolution with respect to the traditional ED and TC methods. In particular, the ED and
TC methods fails to distinguish between two very close positions of the AT (in the order
of 2 cm), whereas the duplex UWB method is able to do so with a maximum distance
error of 1 cm for a sampling frequency equal to 20 GHz.

After improving the angular and distance resolution using our proposed methods, we
moved on to show the direct effect of these methods on the resolution and accuracy of
the AT position estimation. This validation is performed by comparing our ILS based
on a joint measurement of range and angle with a traditional constellation-based ILS
that predicts the position of the AT by calculating three distances using the trilateration
method. The obtained results show that our ILS improve the resolution and can accu-
rately estimate the position of the AT in LoS and obstructed LoS cases.

Finally, the performance of our ILS is studied in the NLoS situation. Our results reveal
that our system outperform the one studied in [4].
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Conclusions and future work

The main objective of this thesis was to develop a robust 2D indoor localization system
capable of providing the position of an Active Tag (AT) with high accuracy and good
resolution using a single anchor acting as the localization base station. The developed
2D Ultra Wide Band (UWB) indoor localization technique is based jointly on the mea-
surement of radial distance (Duplex method) and Azimuth angle (Phase Correlation (PC)
method).

In this framework, it was necessary to present the different technologies and their cor-
responding techniques used in indoor localization systems in order to choose the best
one to meet our application requirements. This detailed state-of-the-art review led us to
choose UWB technology as a promising solution for a more accurate Indoor Localization
System (ILS) due to its large bandwidth and high temporal resolution. For this reason, a
special focus was given to the definitions, characteristics and channel models of this tech-
nology. In addition, according to the Cramer-Rao lower bound (CRLB) analysis, UWB
signals are highly suited for Time of Arrival (ToA) measurement.

To this end, UWB-based approaches that use ToA measurement to estimate the target
position were illustrated. Most of these schemes are based on estimating the ToA of the
strongest path. However, the strongest path is not necessarily the first arrival path in
dense multipath channels, so their ToA accuracy is limited.

On the other hand, the famous Energy Detection (ED) approach suffers from the enhanced
noise terms that become problematic in low/medium Signal-to-Nosie Ratio (SNR) regions.
Moreover, we have seen that the resolution of this approach depends on the width of the
energy block. For instance, for a pulse of 1 ns, the resulting distance resolution is 15
cm (path difference resolution of 30 cm). Furthermore, even if the Threshold Compari-
son (TC) method has slightly improved the accuracy of the ED method, they still have
the same resolution.

To meet the requirements of future applications, our ILS must offer a higher resolution.
For this reason, we have proposed a hybrid technique based on to locate the AT in an
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indoor environment:

• Duplex UWB method: used to estimate the distance based on ToA measurements.

• PC method: used to estimate the azimuth angle from Time Difference of Arrival
(TDoA) measurements.

Afterwards, the architecture of the system used to implement and validate the proposed
localization methods was presented. To locate an AT, this system uses two UWB pulses of
1 GHz bandwidth in the [3−4 GHz] band and at two different center frequencies f1 and f2.
During the process, the AT adds a delay τ to the received signals before transmitting them
back to the LBS in order to overcome the natural backscattering effects of the environment
and eliminate the coupling between the transmitting and receiving antennas of the LBS.

Subsequently, the PC method was validated for two types of channels:

• Wired channel: This model is used as a proof of concept as it allows to eliminate
the effect of the free space environment so that the performance and limitations of
this method can be better understood.

• Wireless channel: This model is used to emulate a real indoor environment. The
validation is done via experimental measurement and simulation using the CM3
channel (Office LoS) of IEEE.802.15.4a.

The experimental results showed that the PC method could achieve high accuracy and
resolution in the angular measurement for a sampling frequency of 20 GHz (a maximum
error of 1.6◦ Vs. an error of 11.3◦ for the traditional ED method).

Similarly, the Duplex UWB method was validated through a simulation campaign using
the CM3 channel model. The results showed that this method was able to improve the
distance resolution compared to the standard ED and TC methods. Notably, these two
methods failed to distinguish between two very close positions of the AT (in the order of
2 cm), whereas the duplex UWB one was capable of doing so with a maximum distance
error of 1 cm for a sampling frequency equal to 20 GHz.

Now that the angular and distance resolution have been significantly improved, we
moved on to validate the resolution and accuracy of the AT position estimation. Our ILS
based on a joint measurement of range and angle is then compared with a conventional
constellation-based ILS. The results revealed that our system effectively improved the
resolution and was able to accurately estimate the position of the AT even in the Non Line
of Sight (NLoS) case.

Finally, some possible limitations of the proposed methods were presented:
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• Maximum radial distance: For a frequency difference ∆ f = 50 MHz, the duplex
UWB method can estimate radial distances up to dmax = 3 m.

• Maximum angular zone: This limitation in the PC method is imposed by the phase
ambiguity and depends on the choice of dbaseline. For example, the angular area
detection is [0◦, 180◦] for dbaseline = 8.6 cm, and decreases to [73.3◦, 106.7◦] when
dbaseline increases to 30 cm.

Perspectives

We provide in this section some future research proposals to further improve the pro-
posed indoor localization system.

To begin with, we propose to validate the duplex UWB method and the estimation of the
AT position in NLoS situation via a measurement campaign.

Another possible upgrade could be to extend the system to 3D positions by adding to
the LBS two additional receiving chains connected to antennas A3 and A4, which are
orthogonal to the previous ones, as shown in the following figure. The 3D UWB indoor
positioning technique is based on the radial distance d, the Azimuth angle α and the
elevation angle β measurements.

Architecture of the LBS in 3D.

Following the same procedure, the radial distances d3 and d4 are estimated by applying
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the duplex UWB method between the received pair of signals (Ui, Vi) and a delayed
version (with the same delay τ) of the transmitted signals (U, V) for i ∈ {3, 4}.

di =
c.Ti

2
i ∈ {3, 4}

Where the times of flight Ti corresponds to the propagation time after removing τ.

The radial distance d, between A0 and AT, is the average value of all calculated radial
distances

d =
1
4

4∑
i=1

di

The elevation angle β is estimated by applying the phase correlation method between
the two received signals U3 and U4 on the two receiving chains. It can be expressed as
follows

β = cos−1
( c.∆t′

dbaseline

)
Where ∆t′ is the time difference of arrival between the two received signals U3 and U4.

A last area of investigation may be the generalization of the approach to multiple AT
detection using different coding schemes such as Code Division Multiple Access (CDMA).
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Appendix A

Multiple Hypothesis Testing System Model

The objective is to estimate the BP from the measurements y = [y0, · · · , yL−1]T according to
the optimal classification rule derived from the Neyman-Pearson criterion and extended
to several assumptions. The null hypothesis H0 indicates that there is no change while
Hn is the hypothesis of having the BP in the n-th sample and it can be formally noted as

H0 : y(i) ∼ N(0,R0) i ∈ [0,L − 1]

H(n) :

y(i) ∼ N(0,R0), if i ∈ [0,n − 1]

y(i) ∼ N(0,R1), if i ∈ [n,L − 1]

When the received UWB signals are modelled as time-correlated processes (correlation
resulting from the transmitted waveform) with an exponentially decreasing PDP and a
constant decay equal to the root mean square delay spread τrms of the CIR , R0 is the
covariance matrix of the time-correlated process before the BP and R1 is the time-varying
covariance matrix of the exponentially decreasing variables.

For each hypothesis Hn, the vector y is splitted into y0(n) = [y(0), · · · , y(n − 1)]T and
y1(n) = [y(n), · · · , y(L − 1)]T. The test statistics between alternative hypotheses are based
on the inner product ΦB = y0(n)T y0(n) and ΦF = y1(n)T y1(n) for samples before (Backward)
and after (Forward) the BP, respectively. So, the optimal estimator for the BP is

n̂0 = arg max
n

[γ(n)]

where γ(n) is the Probability Density Function (PDF) of ΦB(n) and ΦF(n) expressed in
terms of C(n) which is composed by all the independent terms from the samples of y, as
follows

γ(n) = C(n) ×
(
ΦB(n)
ΦF(n)

) n
2

×
1

ΦB(n)
×

(
ΦB(n)
ΦF(n)

+ 1
)1− L

2

(A.1)
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Matched Filter

The algorithm proceeds as follows

1. Apply a matching filtering to the received UWB signal

ŷ(t) = y(t) ~ g(t) (A.2)

where y(t) and g(t) are the received and template signals respectively.

2. Determine the envelope of the match-filtered signal ŷ(t), via modulus operation
with low-pass filtering

e(t) = |ŷ(t)|LPF (A.3)

3. Determine the threshold value γ with respect to the peaks of the envelope signal
e(t)

γ = α.max[e(t)] (A.4)

where α is the dynamic threshold factor, generally chosen between 0.45 and 0.65
depending on the pulse repetition rate and environmental conditions.

4. Determine the first peak of the envelope exceeding the threshold

t̂ = min
[
arg

t
(e(t) ≥ γ)

]
(A.5)

Two-step ToA estimators

First method

The coarse step relies on the sliding correlation over a symbol length to find a signal block
where the direct path is enclosed. The coarse estimate τ̂ToAc is computed according to the
following steps

1. The sliding correlation CWck is achieved by sampling and correlating Kc overlapping
signal blocks along the duration Ts of a symbol. Each block has a duration TWc and
is shifted from the previous one by the correlation step ∆c.

2. The first derivative is computed over the Kc points of the resulting sliding correlation

∆CWck = CWck − CWc(k−1) (A.6)

3. The position corresponding to the derived value above a threshold γc, denoted K̂c,
is chosen to compute the coarse estimate τ̂ToAc

γc = a1.max(∆CWck) (A.7)

K̂c = min
[
arg

k
(∆CWck ≥ γc)

]
(A.8)

τ̂ToAc = K̂c.∆c (A.9)
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where a1 is a constant calculated experimentally in the simulations, ranging from 0.25 to
0.5 to produce the best results.

In the fine step, the sliding correlation CW f k is finely evaluated over the signal block
obtained by the coarse step to accurately estimate the starting point of the pulse, following
these steps

1. The fine sliding correlation CW f k is obtained by dividing the block contents into K f

sub-blocks, each with a time duration TW f . Here, the offset between two consecutive
blocks is equal to ∆ f .

2. The derivative is computed over the K f points of the resulting sliding correlation

∆CW f k = CW f k − CW f (k−1) (A.10)

3. The position corresponding to the derived value above a threshold γ f , denoted K̂ f ,
is chosen to compute the fine estimate τ̂ToA f

γ f = a1.max(∆CW f k) (A.11)

K̂ f = min
[
arg

k
(∆CW f k ≥ γ f )

]
(A.12)

τ̂ToA f = K̂ f .∆ f (A.13)

Finally, the absolute ToA estimate is the sum of the coarse and fine estimates

τ̂ToA = τ̂ToAc + τ̂ToA f (A.14)

Second method

The estimation is performed in two steps. In the first one, the frame is analyzed to find
the higher energy block, using an energy detector. To ensure reliable decision variables
in this step, the energy for each block yi, j is combined from N1 different frames of the
received signal r(t)

yi =

N1∑
j=1

yi, j i = 1, · · · ,Nb (A.15)

yi, j =

∫ jT f +(i+1)Tb+C jTc

jT f +iTb+C jTc

|r(t)|2dt (A.16)

where C j ∈ {1, · · · ,Nc} is the TH sequence.

The estimated block k̂b with the highest signal energy is given by
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k̂b = arg max
i

[yi] (A.17)

In the second step, the estimated block k̂b is analyzed to find the chip where the first signal
path is located, by correlating the received signal with a shifted version of the template
signal stmp(t)

zi =

∫ iTc+N2T f

iTc

r(t).stmp(t − iTc)dt (A.18)

where N2 is the number of frames over which the correlation output is obtained.

By choosing the block interval Tb appropriately, it is possible to assume that the block
starts with a number of chips with noise components only (assumption H0) followed
by chips with signal plus noise components (assumption HK). Thus, the arrival time
of the first signal path is estimated through a hypothesis test approach. Therefore, the
correlator outputs zi are used to estimate the unknown parameters with the Method of
Moments (MM). These are used to estimate the chip k̂c containing the first signal path.

Finally, the ToA is obtained by

τ̂ToA = k̂bTb + k̂cTc (A.19)

Dirty Template

To acquire timing with frame-level resolution, the algorithm proceeds as follows

1. Define an observation interval To made up of M symbols

To = M.Ts (A.20)

2. Compute the product of two received waveforms xn,2m(t) and xn,2m+1(t) for two
adjacent symbols 2m and 2m+1, m ∈ {0, · · · ,M−1} in the n-th frame n ∈ {0, · · · ,N f−1}

Rx,x(n,m) =

∫ Ts

0
xn,2m(t)xn,2m+1(t)dt (A.21)

3. Estimate Rx,x(n) of each frame n by averaging the absolute values of Rx,x(n,m) across
the M/2 pairs

Rx,x(n) =
2
M

M
2 −1∑
m=0

|Rx,x(n,m)| (A.22)

4. Determine the estimated frame n̂ f

n̂ f = arg max
n

[Rx,x(n)] (A.23)



5. Finally, derive the estimated ToA using

τ̂ToA = n̂ f .T f (A.24)
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