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1.1 Visible light positioning systems for indoor environments

The aperture of Global Positioning system (GPS) for civilian usage and the discontinuance of
selectivity availability (SA) in May 2000 produced a boost in positioning industry and location
based services(LBS). Although contemporary Global Navigation Satellite System (GNSS) out-
door positioning has become precise and ubiquitous, it has not been capable to overcome different
issues when dealing with indoor or dense metropolitan environments. Line of sight (LOS) signal
can be blocked in metropolitan areas by high buildings and. Moreover, in indoor scenarios, such
as, interior of buildings and tunnels, complete signal lost is experienced since GNSS signals are
not capable to penetrate concrete, metal or ground [Van(§].

Indoor positioning market is expected to obtain revenues for a value of US$ 10 billion by
2020 [Busl5]. Whilst satellite based navigation dominates outdoor scenarios, no overall sin-
gle technology alternative exist for indoor environments and, many different technologies have
been proposed as feasible solutions. Most of the indoor positioning systems (IPS) that can be
found in literature are based on radio frequency (RF) technology, magnetic fields, or acoustic
signals [LLYT15]. Among them, Wireless Fidelity (Wifi) based IPS have been preferred since
this technology is commonly integrated in off-the-shelf devices and it re-uses already available
infrastructure (Wifi access points) to provide position information [HNPT15]. The
main disadvantage of Wifi based IPS is the large positioning errors can be always found (e.g.
6 ~ 8 m) in purely Wifi-based positioning even though, reasonable accuracy can be achieved
LYS™14].

In the recent years, visible light communications (VLC) has gained attention of researchers.
This, mainly because of the recent advances in the manufacture of lighting emitting diodes

(LEDs) [HCWZ13].
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The rapid development of VL.C networks has encouraged researchers to propose positioning
solutions based on this technology. Visible light positioning (VLP) systems or VLC based po-
sitioning has several advantages compared to RF based IPS. LEDs can be modulated at high
frequencies. Due to this, VLC systems are capable to provide high data rate wireless com-
munication, using already deployed lighting infrastructure [PEHM15]. LED lights are energy
efficient, they have a longer life expectancy than other lighting devices and, they are a cost
effective solution [HHINPF15]. Moreover, joint illumination/VLC is perceived as a green technol-

ogy [TWLT15, TWLLIg|. VLC has a larger unlicensed spectrum compared to RF systems. It
has a high spatial reuse (privacy) and does not interfere with RF waves. VLC systems can be

used in RF-denied environments, such as, hospitals and air planes [WWYT4, PEFHMT5]. One of
the most important characteristics of VLP is the high accuracy that can be achieved in indoor
environments compared to RF based systems [DY16].

Visible light positioning systems are often classified in two different groups based on the
receiver hardware used for signal detection (as shown in Figure , i.e, image sensor (IS) based
VLP and, photo detector (PD) based VLP [HYT6].

Image sensors provide more useful LED position information than PD counterpart. In addi-
tion to this, light sources can be directly separated using the spatial multiplexing of the image
and no complementary technique is required [DY16]. Most of the off-the-shelf devices have al-
ready incorporated cameras. Due to his, IS-based positioning methods are easy to implement
and inexpensive [ZHQ™ 18|, [KZKP15]. The main disadvantage of IS-VLP systems is that IS-based
VLC networks have a very limited data rate. Due to this, IS-based networks are not expected to
be massively implemented for future wireless networks (no infrastructure re-use) which are sup-
posed to deliver high data rates [DY16]. In addition to this, VLP demands a high computational
effort to process the image stream.

On the other hand, PD-based VLC systems can provide high data rate communication [HY16/,
[HLCT15|. Moreover, PDs are inexpensive and easy to install. In order to separate the signal from
multiple sources, the usage of multiplexing techniques is required. Depending on the multiplexing
technique used to separate the sources, the required hardware for the system can increase in
complexity and affect the performance of positioning method [YNAT17, [HNP™15].

Localization methods can be classified in two types. This classification is based on whether
they use distance estimation (range based) or other type of information to compute mobile
node’s position (range free) [Maul2]. Range based methods use a distance estimation to per-
form positioning. Some range based methods are trilateration, multilateration and angulation.
Distance estimation is derived from received signal characteristics, such as, signal strength, time
of propagation and received phase/angle. Among them, receiver signal strength (RSS) is the
simplest method to estimate ranging information. RSS measurements are relatively easy to
obtain and, most of the devices are built with the required hardware to measure the received
signal power level in dBm or a received signal strength indicator (RSSI). In order to estimate
the distance from RSS measurements, a precise model of signal propagation is required. Due
to this, model precision has high impact in the algorithm performance. On the other hand,
despite provide a more precise distance estimation than RSS methods, time of propagation and
received phase/angle measurements have several drawbacks on its hardware implementation.
Time of propagation measurement can be divided in time of arrival (TOA) and time difference
of arrival (TDOA) methods. TOA measurements require precise synchronization of transmitters
and receivers. This synchronization is very difficult to provide. On the other hand, TDOA and
phase/angle measurements require synchronization at the receiver side to estimate the range.
In addition to this, in order to perceive the difference in time of arrival, the receiver must be
equipped with a high sampling frequency device.
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Figure 1.1: Visible light positioning classification based on receiver hardware and signal mea-
surement used for position determination with the main contribution of this thesis highlighted
in green

Once range measurements are performed, range based methods estimate the position of mo-
bile node by trilateration /multilateration/angulation algorithms. For doing this, information of
multiple anchor nodes (position-aware transmitters) is required.

On the other hand, range free algorithms use the available connectivity information to esti-
mate the position of unknown node. Since different techniques such as equalization and coding
can be used to successfully deliver the message from beacon node to the mobile user, signal
perturbations do not severely affect position estimation [LYW.JI0]. In addition to this, these
methods can be inexpensively deployed. In order to retrieve connectivity information no extra
hardware is required. As a result, they provide a more robust approach compared to range based
algorithms [SGYT16]. Nevertheless, there exist a trade-off between their high robustness, low
hardware complexity and their accuracy. Range free algorithms provide coarse-grained local-
ization whilst range based algorithms can provide a fine-grained localization. Traditional range
free algorithms, proposed mainly for RF-based wireless sensor networks (WSN), have been im-
plemented straightforward for VLC networks. These algorithms are convex position estimation
(CPE) [SGY 16| and centroid algorithm [SKST16].

In Figure [[.]] the main methods of VLP systems are summarized. Advantages and charac-
teristics of each class of VLP system are delivered. The main contributions of this thesis are
highlighted in green.

Typically, low positioning error (or high localization accuracy), is a desirable attribute of IPS
designs. Nevertheless, there exist a number of different requirements parameters that must be
analysed when designing IPS. Determination of application requirements is a crucial step for any
initiative to design indoor positioning systems since here, research and development of solution
is underpinned.



1.2. Motivation

1.2 Motivation

Underground mining is expected to lead the mining industry in the near future. Due to the
advance of electronic devices and communications technologies, new safety regulations must be
accomplished in order to operate underground mines safely and optimally. In 2006, US govern-
ment update their safety policies and introduce the PUBLIC LAW109-236 [10906]. Because of
this, underground tracking is nowadays mandatory for underground mine operations. This new
regulation establishes that current, or immediately pre-accident location of all underground per-
sonnel must be delivered over ground. Despite the recent advances of tracking and positioning
systems for indoor environments, underground mines are a unique scenario which poses different
constraints to current technologies. Due to this, it is important to analyse in detail the main
characteristic of different localization systems for underground mines (UM) that can be found in
literature.

Most of the VLP methods have been evaluated in highly controlled scenarios were a dense and
well deployed VLC network exist, i.e., interior of buildings, supermarkets, office and car parking.
On the contrary, underground mine is a dynamic and hazardous environment by nature. As ore
exploitation continues, mine expands. Therefore, it can be considered as a semi-structured en-
vironment [FFCMI17| where some assumptions of tunnel geometry can be made. Moreover, due
to the characteristics of mining tunnels, low control on communication infrastructure exist and,
a strategic deployment of required devices can not always be done. Additionally, underground
mines are considered by several researchers as one of the most difficult scenarios. Underground
mining operations involve various hazardous conditions, such as, in-mine vehicular/human acci-
dents, fire and explosions, collapses, toxic gases emanation and floods, among others. In addition
to this, workers, machinery and in-mine equipment are exposed to extreme conditions, such as,
high levels of humidity (up to 90 % or above [YGAMO09]), airborne dust and extreme heat. These
conditions have not only an impact on workers performing labours inside the tunnel but also on
the functioning of electronic devices. The feasibility of using a VLP system under such conditions
capable of fulfilling positioning requirements remains an open question. We address this question
in our work.

1.3 Contributions

Based on the classification of VLP systems in Figure [I.1] we present the main contribution of
this thesis. The focus of this thesis is to provide a VLP system for underground mines capable of
fulfilling the special requirements present in this hazardous environment. Our main contribution
are summarized below:

(1) Evaluation of current positioning technologies for underground mines environment.
We propose, for the first time in literature, an analytical study of current technologies that
have been proposed to provide positioning in underground mines. Throughout a rigorous
classification and analysis of several technologies, main advantages and disadvantages of
each system are delivered.

(2) Evaluation of user’s requirements for underground mine positioning systems. We derive
the main user’s requirements for VLP systems in underground mines based on the particular
characteristics of this environment and, using U.S. public law 109-236 of 2006 [10906]. From
this analysis, the main performance evaluators to asses VLP results will be obtained.
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(3) Implementation of an underground mine VLC channel model simulator. We propose
a generic model for VLC channel in underground mines. This channel model takes into
account several characteristics of underground mines that are not present in traditional
models (higher temperatures, non orthogonality of walls, partial and total signal blockage,
etc.). The simulator can be used not only to evaluate VLP systems but also the performance
of VLC in underground mines.

(4) Analytical study of VLP in underground mines environment. Using the proposed chan-
nel model for underground mines we develop, for the first time in literature, an analytical
study of VLP performance in underground mines.

(5) Design of a positioning system topology optimized for VLP in underground mines. We
design a positioning system topology in order to fulfil the user’s requirement of VLP in
underground mines. This design is used in order to develop real hardware implementation
of a VLP system. This contribution is detailed in Chapter 4.

(6) Implementation of a low-cost/large-scale VLP system. We implement a low-cost /large-
scale VLP system for underground mines. Different VLP systems are evaluated using this
hardware implementation. The platform can be used to test not only the proposed methods
in this thesis but also further developments.

(7) Design and implementation of a robust range free VLP method. We provide the first
range free VLP method designed using spatial reuse characteristics of VLC systems. We
implemented and evaluate our method using the low-cost/large-scale hardware proposed
in this thesis. Our proposition is compared with traditional others range free methods
designed for RF communications. Contributions (1) and (2), detailed in Chapter 2, deliver
user requirements and positioning characteristics in underground mines.

(8) Evaluation of VLP robustness requirements. We study the robustness of several posi-
tioning methods under the scenario of underground mines. We compare the results of our
proposed systems with a traditional RF based positioning method. Our evaluation provide
essential insights to choose the adequate VLP system in underground mines environment.

Contributions Contributions Contribution Contribution Contribution Contribution

(1) &(2) (3) &(4) (5) (6) (7) (8)

* Determine user e VLP ¢ Design a VLP ¢ Implement a * Propose a novel * Demostrate the
requirements characteristics system’s low cost/large positioning robustness of
and for architecture for scale VLP method the proposed
underground underground underground system for comptible with algorithmin a
mines mines mines method testing the nderground simulated
characteristics mines environment

characteristics

Figure 1.2: Process diagram of contributions in this thesis

In Fig. [I.2] a process diagram showing step-by-step construction of this thesis is presented.
Contribution (1) presented in Chapter 2 aims to detect the bottleneck of current positioning
technologies when they are applied in underground mines environment. Then, contribution
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(2), delivered in the same chapter, is used to determine user’s specifications for this particular
scenario. Proper design of a VLP system must be done after a rigorous evaluation of requirements.

Further on, once underground positioning requirements and characteristics are established,
an evaluation of VLC performance in underground environment is delivered. Contributions (3)
and (4) are used to determine the limitations of several VLP systems in underground mines.
These results will be compared with the requirements derived from contributions (1) and (2)
in order to determine the best architecture to can guarantee positioning service in the proposed
scenario. Contributions (3) and (4) are presented in Chapter 3 and 4 respectively.

Once the main limitations of VLP in underground mines are determined and user’s require-
ments are established, a VLP positioning system is designed and implemented. Contribution (5)
uses limitations, capabilities and users requirements detailed in Chapters 2, 3 and 4 to design a
low-cost /large-scale hardware architecture for underground mines, which is detailed in Chapter
5. Contribution (6), delivered in the same chapter, exploits this design to implement a real world
platform that will be used to evaluate the performance of visible light positioning methods.

Contribution (7) present a novel robust range free positioning method. Contrary to most
of the methods existing in literature, our proposal has not been derived straightforward from
RF based methods. The proposed algorithm uses special characteristics of VLC to enhance the
position estimation performance. Insights of our method are delivered in Chapter 6.

Finally, contribution (8) evaluates the performance of our proposal using the large scale/low
cost method testing platform of contribution (6).
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Chapter 2

Current positioning technologies in
underground mines
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2.1 Introduction

The rapid advance of wireless communications technologies as well as personal devices has allowed
the deployment of different positioning systems. Positioning systems were originally created by
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the need of mobile users to orient in unknown environments [Werl4]. Nowadays, the most
used positioning system is the Global Positioning Systems (GPS). GPS is capable to provide
a large coverage and low cost positioning for outdoor environment. This technology has been
used to enable different services in areas such as transportation, gaming, health and disaster
management, among others [RGKRO07]. In particular, open pit (also named open cast) mining
operations have been using global navigation satellite systems (GNSS) based location based
services (LBS) for many applications in the last 20 years. Some of these GNSS-based LBS are:
drill positioning for precisely excavation of blast holes, fleet management for process optimization,
collision avoidance and, transit control for safety management, among others [ER02]. Positioning
systems used in open cast mines have reached a high level of trustworthiness in the industry.
Systems such as, Computer Aided Earthmoving System (CAES) and Aquila Drill Management
provided by Caterpillar-Minestar, Wenco and Modular fleet management systems are nowadays
widely used in mining industry. Despite the large usage of GNSS-based LBS in open cast mining,
this type of system suffers from different issues when facing more complex environments, such
as, deep mining pits or confined areas. Satellite’s signal is partially blocked in deep mining pits
due to the presence of relatively high obstacles. Moreover, complete signal lost is experienced
in underground miens and confined environments since the signal is not capable to penetrate
concrete, metal or ground as shown in Fig. [Van0g].
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Figure 2.1: Blockage of GNSS signal in (a) deep open cast mine and (b) underground mine

As ore exploitation continues, shallow deposits are becoming exhausted and new veins con-
taining high grade mineral are encountered in deeper layers of earth. Underground mining is,
therefore, becoming more attractive due to their merits in terms of safety, production rates,
decreasing costs and environmental friendly production [RNSA14]. Commonly, the deposits ex-
ploited by open pit mining are shallow and they have a relatively uniform geology. On the con-
trary, underground operation is preferred for deeper deposits which are not necessarily uniformly
distributed. Due to this, underground mines are typically extensive labyrinths that employ a
huge number of employees working over an area on many square kilometres [MP78].

In the recent years, due to the current advance of wireless technologies, new safety stan-
dards have been appointed in order to operate underground mines safely.In January of 2006,
an explosion occurred at the Sago mine in Buckhannon, West Virginia. The rescue team had
no way to communicate with the trapped miners, and did not know where they were located
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(Twelve miners died in this disaster). Following these disasters, the U.S. government changed
their safety policies for underground mines. In June 15, 2006 the congress introduced the PUB-
LIC LAW 109-236(M) Mine Improvement and New Emergency Response (MINER) [10906] to
amend the mine safety and health act of 1977. The main goal of this new standard is to provide
wireless communications and, position information of personnel inside the mine following an
underground accident. The implementation of such systems has encountered various challenges
due to the particular conditions of underground mines.

In the literature, only few surveys on localization systems for underground mines can be
found. In [TNH™15| the authors briefly discuss the enabling technologies to provide positioning
in underground mines. In this article the performance of the methods is not delivered. In addition
to this, the main requirements of positioning systems for underground mines are not analysed.
In [BMCIQ] the capability of different wireless communications systems to provide positioning
in underground mines are compared. In this book a Zigbee-enabled active RFID tracking and
monitoring system for miners and equipment is presented. The systems provided the position of
mobile devices inside the tunnel by means of a proximity-method. In addition to this, the mobile
node can alert the central station via text message in case of emergency or other requirements.
Nevertheless, no exhaustive literature review can be encountered in this work and it is mainly
focused on the proposed system.

In |[TNHT™15] different positioning technologies for underground tunnels are presented. Al-
though in this work the authors do not deal with the particular characteristics of underground
mines, a brief state-of-art analysis is done. Details of the methods and the used taxonomy for
comparison are not presented. In addition to this, no performance indicators and, systems re-
quirements are discussed. In this Chapter, an intensive survey on different positioning systems
for underground mines is delivered. Several technologies proposed in literature are analysed in
terms of their particular performance in a highly demanding and hazardous environment such
as underground mines. Moreover, this work proposes a brief tutorial in localization methods
focusing, mainly, in their characteristics and requirements.

2.2 Importance and challenges of positioning in underground mines

Underground mines can be classified in two types based on the manner it is excavated. The first
type, room-and-pillar mining, is a cyclical and step-by-step mining sequence in which, pillars of
mineral are left while excavating in order to support the roof from possible collapse as shown in
Fig. (a). On the other hand, longwall mining consist on the excavation of a non-interrupted
and continuous tunnel as shown in Fig. (b).

The type of method used for mine excavation has an impact on the localization technology
used to determine the position of a mobile node. For instance, when using wireless technolo-
gies based on radio frequency signals to provide positioning, room-and-pillar mines poses more
challenges in terms of coverage than longwall mines. Underground mine environment is dynamic
by nature. As ore exploitation continues, mine expands. Therefore, it can be considered as a
semi-structured environment [FFCMI17] where some assumptions on the geometry of the tunnel
can be made. Moreover, due to the characteristics of the mining tunnels, low control on the
localization infrastructure exist and strategic deployment of required devices for positioning can-
not always be done. From a positioning system perspective, semi-structured environments pose
huge challenges in terms of system scalability (to expand the coverage of localization system)
and precision. In addition to this, the evolution of the tunnel must be followed closely in order
to update maps of the mine site. Additionally, underground mines are considered by several re-
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Figure 2.2: Different types of mines based on their excavation (a) room-and-pillar and (b) long-
wall mining

searchers as one of the most difficult scenarios. Underground mining operations involve various
hazardous conditions, such as, in-mine vehicular/human accidents, fire and explosions, collapses,
toxic gases emanation and floods, among others. In addition to this, workers, machinery and in-
mine equipment are exposed to extreme conditions, such as, high levels of humidity (up to 90 %
or above [YGAMO09]), airborne dust and extreme heat. These conditions have not only an impact
on workers performing labours inside the tunnel but also on the functioning of electronic devices.
Due to the above described conditions of underground operations, accidents are more dangerous
than those in other activities. Mine operation, as any other industrial labour, tries to achieve
maximum productivity by working safely. As a result, positioning systems must be designed to
fulfil their special requirements and, overcome a huge number of challenges in terms of design
and implementation. In [YGAMO9| different considerations for underground communication de-
vices, such as, safety, immunity and protection, size, design and reliability are presented. The
analysis of these requirements is done by taking into account the extreme conditions in which the
devices must operate when they are used in underground environments. Positioning technology
for underground mines must be designed taking into account the same special requirements of
communications devices since they will be exposed to the same conditions.

2.3 Requirements of positioning systems

In this particular section, different positioning systems requirements are detailed and analysed
specifically for underground mines.

2.3.1 Accuracy

Accuracy of a localization system can be defined as the deviation between position estimation
and true value. The concept "measurement accuracy" cannot quantified numerically. A position
estimation is said to be "more" accurate when it offers a smaller estimation error. In order to
classify methods by its accuracy, statistical information of estimation error is used. Accuracy of
a system is obtained by using the cumulative distribution function (CDF) of positioning errors.
In Figure 2.3] the PDF of two different position estimation are shown.
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Figure 2.3: Estimated positioning error from CDF with a 90% of confidence level

Herein, positioning method 1 is said to be more accurate than method 2, since, for the
same confidence level (90% of probability in CDF), it achieves lower error in position estimation
(ea < e1). Typically, positioning error is measured by taking the euclidean distance between real
and estimated position as follows

e=|%x—x| (2.1)

where X is the estimated position and x is the real position.

Some positioning systems provide only "room level" position information. This means that,
the mobile user is localized somewhere inside a room without 2-D or 3-D information. When the
indoor positioning system provides this type of position information, its error (or accuracy) can
be measured using ratio of correct room level estimations to the total number of targets. This,
will deliver a percentage of correct estimates as follows

N,
Accuracy = —2" 100% (2.2)
attempts

where Neorreet and Nygtempts are the number of correct estimates and the total attempts of
position estimation respectively.

2.3.2 Output data

Depending on specific requirements of the positioning system, different types of data can be
used to represent the position of the mobile node within an environment. The most used data
position representation types are 2-D and 3-D coordinates. These coordinates can be delivered
using a relative or absolute positioning. In the first, coordinates are expressed as a function of
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Figure 2.4: Different localization estimation (a) accurate and precise (b) accurate but not precise
(¢) not accurate but precise and (d) neither accurate nor precise

an arbitrary point within the space. The second, presents the position coordinates based on an
absolute reference system. When "room level" positioning is used, output data is frequently the
address in which mobile node is connected or, purely and simply the name or number of the
corresponding room in which mobile node is located.

Some other information can be added. For example, velocity and orientation are the data
output required for IMU based positioning systems. Some other less common data output for
positioning systems are uncertainty and variance.

2.3.3 Precision

Precision measures the deviation of position estimates for the same location. Precision and
accuracy are often assumed as the same concept in real life situations. However, there are
fundamental differences between the two concepts. In Figure 2:4] the concept of precision is
graphically shown and differentiated from accuracy.

As it can be seen, four different position estimation are displayed in this figure. In Figure
2.4|(a) the estimation is precise and accurate. In Figure 2.4(b) the estimation is precise since
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but not accurate since the exist a high dispersion in position estimations. On the other hand,
Figure (c) shown precise but not accurate estimations since the dispersion is low but the
error between the real position and the estimated position is high. Finally, Figure d) shows
position estimation that is neither accurate or precise since the error and dispersion of estimates
are high.

2.3.4 Coverage

The coverage of a positioning system can be defined as the spatial extension in which the per-
formance of the system must be guaranteed [Maul2|. Three categories of coverage are available:

e Local coverage: Local coverage is refereed to a small and well-defined area which could be
a room or a building. Local coverage is not extendable (or scalable). Its coverage is defined
in m, m? or m3.

e Scalable coverage: This type of systems have the ability of extend the area of coverage by
adding hardware infrastructure. In addition to this, the system must not compromise its
accuracy when extending its coverage.

e Global coverage: Is a system that can perform worldwide. Only GNSS system and celestial
navigation can be considered in this category.
2.3.5 Cost

The cost of a positioning system can be divided in different sub-categories where not only mon-
etary price is considered.

e Time cost: considers the time required to install and administrate the positioning system.

e Capital cost: The capital cost considers the infrastructure cost (prices per mobile and static
devices) and salaries of support personnel.

e Maintenance cost: Is the cost for maintain the system functioning.

e Space cost: Takes into account the amount of required infrastructure and hardware’s size.

2.3.6 Required infrastructure

The required infrastructure refers to the deployed hardware needed to perform positioning. The
required infrastructure may vary depending on the localization solution. As an example, no
infrastructure is required for pedestrian dead reckoning. On the other hand, dedicated infras-
tructure must be deployed for RFID and some Bluetooth based solutions. In these applications
hardware is deployed in order to provide exclusively location services. Finally, Wifi and visible
light communications (VLC) based positioning solutions are considered as pre-deployed infras-
tructure since they use the already deployed network to provide communication and positioning.
In section 2.4.3 a more detailed insight of required infrastructure is delivered.
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2.3.7 Robustness

The robustness of a positioning system refers to its resistance against perturbations. This per-
turbation can be of various types. For example resistance to physical damage, jamming, dust
and heat can be considered for robustness analysis. This definition will be important through
the thesis. In particular, for underground mines several perturbations can be pointed out as the
most significant. These perturbations are listed and highlighted in Figure 2.5]

Robustness
Signal
Physical Noise and blockage Dust e?nd .
Theft . machine Jamming
damage interference or .
. emissions
multipath

Figure 2.5: Proposed taxonomy for the analysis of positioning systems

In this thesis we study the robustness of different VLP methods to Physical damage,
Noise,interference, Signal blockage, dust and multipath.

2.3.8 Scalability

The scalability refers to the ability of the positioning system to increase its coverage area. The
positioning system is not scalable if it is not capable to provide position estimation in a larger
area than the originally designed. On the other hand, scalable systems can increase its coverage
area. For doing this, increment of required infrastructure may be needed. Moreover accuracy
lost could be experienced as size effect of increasing the coverage.
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2.3.9 Update rate

The update rate is the maximum time in which the position of mobile node must be refreshed.
Traditionally, real time localization services for pedestrian usage have an update rate of 1 Hz
(position estimation each second). This parameter strongly depends on the mobile node’s speed.
For example, a vehicle driving at 16 km per hour travels 16.7 meters in a second. Due to this,
when faster mobile node’s must be localized, higher frequency update rate is required in order to
ensure positioning with higher accuracy. In particular, for underground mines the update rate
is set by safety regulations as shown in Table [2.1]

2.3.10 Number of users

The number of user is often based on the type of user the systems can support. In underground
mines, position information of all workers inside the tunnel must be available for the overground
monitoring station. Regular workers, visitors and people inside cars must be identified and
localized.

2.3.11 Market maturity

The market maturity states the current development of the proposed technology. Different
maturity levels can be identified to classify the positioning system based on the work don by
Mautz [Maul2|. In particular there are three main market maturity levels

e Concept: Concept is the early stage on the development of an indoor positioning system.
In this stage simulations, as well as, evaluation of different system’s aspects are carried
out. Requirements analysis is expected to be done in this stage.

e Prototype: A second step in the development od an positioning system is the implementa-
tion of a prototype. In this stage of the development a real platform in which the system
is tested must be provided. Performance of the prototype should be tested using lab con-
ditions, a simulated environment or real conditions. The latter, provides the most useful
information about the positioning system and is often identified as a necessary step to
move on and advance to the next stage.

e Product: Is the final stage in a positioning system develpment. In this stage, the proposed
system is available in the market.

In general, mining industry is opposed to the changes. Due to this, only product level technologies
are preferred when implementing positioning systems for underground mines.

2.3.12 Intrusiveness

Intrusiveness of a positioning system is refereed to the act of interrupting and disturbing. The
positioning system is generally composed by one or several devices. These devices are installed in
mobile nodes or as deployed infrastructure. Due to the particular characteristics of underground
mines, the fixed infrastructure deployed inside the tunnel must be as low as possible. It means
that this infrastructure must be imperceptible.

On the other hand, intrusiveness of mobile devices must comply some other requirements.
In Mardonova et.al. [MCI8§]| different wearable devices are analysed for its usage in underground
mines. Is important to notice that the mobile device used for positioning must be imperceptible
for performing labours safely.
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2.3.13 Approval

Some regulations stablish the need of approval from governmental or private agencies for the
implementation of positioning systems in some environments. As an example, the MINERS-Act
of 2006 [10906] establishes the need of approval from Mine Safety and Health Administration
(MISHA) in order to be capable of functioning in an underground mine.

2.4 Classification of positioning systems for underground mines

Positioning systems are used to determined the position of a person and/or device relative to a
kwown position or within a coordinate system [ZB11]. Basically, any Positioning system has two
main components, i.e., "known" nodes and "unknown" nodes. Known nodes are aware of their
position. On the other hand, position of unknown nodes is to be determined by the positioning
system. Known nodes are also named as anchor nodes, reference nodes or beacon nodes in the
literature whilst unknown nodes are often named as dumb nodes, target node or to-be-located
nodes [LYW.I10].

In this section, some basic working principles and requirements of UM positioning systems
will be deliver. First, different requirements as well the most important performance indicators
will be explained in detail. Hereinafter, positioning systems that can be found in literature are
detailed for the reader. In order to classify them, we proposed a taxonomy shown in Fig. 2.6]

: Position
Technological System : :
sriTelle sl Deployment estimation
methods
Radio Signal Self
based positioning Pre-deployed Range based
Non Radio Remote Strategic Range free
Signal based positioning deployment 8
. Indirect Deployment . .
Hybrid positioning free Fingerprint

Figure 2.6: Proposed taxonomy for the analysis of positioning systems
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2.4. Classification of positioning systems for underground mines

The proposed taxonomy classifies positioning systems by using four different characteristics.
Each element of the proposed taxonomy is explained in detail below.

2.4.1 Technological principle

For classifying different types of localization systems based on their technological principle, three
main categories are proposed. The first category covers the entire range of systems using radio
frequency signals to determine the position of mobile nodes. On the other hand, non-radio
signal based systems cover the spectrum of system that does not require a wireless-radio based
network to determine the position of the mobile node. A third technological approach are hybrids
systems who use both technologies to provide localization. The three types of technologies that
are described in detail bellow based on research conducted by several authors. In addition to
this, to summarize the analysis a table of different localization systems proposed in literature is
presented at the end of this section.

Technological
principle
| |
RF based Non-RF based Hybrid
— WLAN — Acoustic
— RFID — Visual

Magnetic/electrical

] WPAN ] field

— UWB —  Visible light

Figure 2.7: Classification based on technological principle
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2.4. Classification of positioning systems for underground mines

Radio signal based systems

Radio signal based systems are those that use the radio-frequency spectrum of the electromag-
netic waves to determine the position of the mobile node. Radio signal based systems has the
advantage that they can be used to provide two main pillars of location based services, i.e., help
in the position estimation process and the capability to transmit wireless information allowing
mobility of the unknown node. Underground mines are a very challenging environment for radio
frequency based signals. Behaviour of RF signals is different in mine tunnels than in any other
regular environment. This, due to the physical shape of the tunnel can cause signal scattering,
multipath propagation and blockage (pillars, U turns, etc.). Moreover, tunnel walls are composed
by different materials depending on the mine site. Due to this, electromagnetic characteristics
such as dielectricity and conductivity of each tunnel are unique and they have an effect on the
radio frequency signal propagation. The proposed radio signal based system must cope with
these challenges.

o Wireless Local Area Networks (WLAN): WLAN (IEEE 802.11) is a well stablish wireless
communications technology in various industry sectors. WLAN standards use the Indus-
trial, Scientific and Medical (ISM) bands in 5 and 2.4 GHz to provide full-duplex wireless
communications. This type of networks are thought to deliver data transmission within a
rate between 1 to 108 Mbps and a coverage range between 50 and 150 meters depending on
the characteristic of the environment and line-of-sight (LOS) is not required for data trans-
mission. Experimental demonstration of WLAN | in particular IEEE 802.11b standard
has been conducted in [YGAMO9|. The mine site where WLAN was tested correspond
to a longwall tunnel. Ranges up to 150 meters were achieved, whereas 802.11b devices
are expected to provide a maximum range of 50 meters. In case WLAN is provided as
already-deployed communications infrastructure, localization systems can be rapidly deliv-
ered without requiring any further deployment. WLAN standards provide the capability
to implement diverse position estimation methods. Particularly, proximity and lateration
methods are preferred since off-the-shelf devices are equipped with the required hardware.

e Radio Frequency Identification (RFID): This type of systems are capable to store and
retrieve data using radio waves. RFID systems comprise two main components i.e., RFID
reader and RFID tags. RFID reader is capable to obtain the information stored in RFID
tags using a pre-defined protocol. RFID tags can be classified in three groups, these are:
passive tags,semi passive tags and active tags. Active tags transmit their information to
reader previous to a query or independently. Since active tags are equipped with batteries
they are capable to working with low-power received signals. In addition to this, they
can be associated easily with different type of sensors. Nevertheless, due to the usage of
batteries, tey are more expensive and have a more limited lifetime compared to passive
and semi passive tags. Semi passive tags are known also as battery-assisted tags use their
battery prior to a reader query in order to increase its communication range. They have
a battery life of about five years and once it is drown they acts as passive tags. Their
coverage range is between active and passive tags (<10 meters). Passive RFID tags are
capable to operate without a battery. The RF signal coming from the reader power ups an
integrated circuit that generates the response to the reader’s query. Their main drawback
is its short communication range (3-5 meters). Usually, RFID reader and tags are not
pre-installed as communication infrastructure. Due to this, this type of system needs to
be deployed for a specific purpose. Moreover, due to its short coverage range, strategic
deployment of readers is required in order to provide full coverage.
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2.4. Classification of positioning systems for underground mines

e Wireless personal area networks (WPAN): WPAN, standardized in IEEE 802.15 have been
extensively investigated in underground environments. These networks offer bi-directional
wireless communications. Compared to WLAN their coverage range is much shorter and
they do not posses pre-deployed infrastructure. Standards such as IEEE 802.15.4a and
ECMA-368 (which will be discussed next) include positioning features. Nevertheless, they
have not been used extensively in positioning systems intended for underground mines. In
particular, two standards are preferred for using in underground scenarios, i.e., Bluetooth
(IEEE 802.15.1) and ZigBee (IEEE 802.15.4). Each WPAN standard differs significantly
in their physical layer. Due to this, each standard will be detailed separately below.

Bluetooth: This type of systems have a maximum coverage range of up to 10 m depending
on the propagation conditions of the environment when a class 3 transmitter with a power
output of 1 mW are used. They use the ISM band in 2.4 GHz to provide wireless commu-
nication with a rate between 1 and 3 Mbps. In general, off-the-shelf bluetooth devices are
not equipped with the necessary hardware to provide lateration-based positioning. Due to
this, proximity methods are preferred in this type of systems since no extra hardware is
required.

|ZigBee: ZigBee technology is a low data rate WPAN standard with data rate up to 250
Kbps operating in the band of 2.4 GHz. This standard is also specified for 868-870-MHz
and 902-928-MHz bands at 20 and 40 kbps, respectively. ZigBee networks are principally
intended for low cost and low power monitoring and control applications. The coverage
range of ZigBee nodes in indoor environments is 20 to 30 meters. ZigBee technology is ca-
pable to provide lateration and cell of origin based positioning using off-the-shelf devices.

e Ultra Wide Band (UWB): Ultra wide band systems have been subject of extensive re-
search as a promising candidate for WPAN applications, sensor networks and ubiquitous
computing [CFT12]. Due to its large bandwidth usage, regulation of these type of systems
required a completely different approach. For instance, frequency channels assignation of
such large widths to specific users are not feasible because free spectrum is not available.
For instance, ECMA-368 standard for WPAN uses the frequency band of 3 to 10 GHz.
IEEE 802.15.4a include for the first time UWB and designated operating frequencies in
three ranges: bellow 1GHz, between 3 and 5 GHz, and between 6 and 10 GHz. UWB
technology has extensively adopted for localization systems where accuracy on the order of
1 meter is required. Its high accuracy is due to the precise time-of-flight range estimation
achieved by its large bandwidth. IEEE 802.15.4a is an example of a standard capable to
provide ranging accuracy of 1 meter or better.

Non-radio signal based systems

e Acoustic systems: In contrast to electromagnetic waves used by RF systems, acoustic sig-
nals are mechanical waves. Mechanical waves are transmitted by the oscillation pressure
in a medium such as air or building materials. Acoustic position estimation can be based
on ultrasound or audible sound. The estimated range of acoustic based positioning sys-
tems is about 10 meters due to the specific decay profile of the airborne acoustic channel.
Lateration based methods can be easily implemented using this type of systems using a
microphone array at the receiver side. Acoustic systems are severely affected by multipath
propagation, directivity of transducers and noise. In addition to this, increasing the power
of the signal is not a feasible alternative since loud sound signals from nodes to be localized
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are energy-demanding which decreases the battery lifetime.

Inertial Navigation Systems: INS estimate the mobile node position, velocity and orien-
tation from an Inertial Measurement Unit(IMU). The inertial measurement unit consist
of three motion sensors (orthogonally arranged accelerometers), three angular rate sensors
(Gyroscopes) and/or a magnetometer (measuring the strength and/or direction of a mag-
netic field). This type of systems provides independent operability. Due to this, they do
not required a deployed infrastructure to estimate the mobile node position. When initial
position and orientation of the mobile device are known, subsequent positions, orientations
and velocities can be updated continuously via Dead Reckoning (DR) without the need for
external reference positions. The accuracy of the propagated position depends heavily on
the quality of the initially provided position and orientation. Accelerometer measurements
are also corrupted by noise. Due to this, INS decrease their accuracy over the travelled
distance.

Signage and Maps: Signage and maps are traditionally the most available approach for
human navigation in indoor environments. Actual position is provided by using static
signalling and, in order to help the mobile user to reach his destination, a partial or
complete map display of the environment is provided. Nowadays, new signs and maps are
replacing this traditional approach. For instance, cameras and mobile devices can replace
user’s sight and reasoning to provide positioning and navigation. In the usage
of a camera to scan unique "markers" is proposed. By doing so, the unique mark provides
information to a mobile phone application to determine actual position. On the other
hand, the approach proposed in [DAMGI5]| tries to match the complete acquired images
with a database of the building’s floor plan. If a match is found, the current location is
displayed.

Magnetic/electrical field: Contrary to electromagnetic waves (RF systems), magnetic waves
are capable to penetrate walls inside buildings without propagation error. Due to this, mag-
netic field based localization systems does not suffer from several drawbacks encountered in
electromagnetic systems, such as, multipath and signal delay effects among others. When
using magnetic fields for indoor positioning, a distinction on the nature of the magnetic
field must be done. Two different types of systems can be considered, natural magnetic
field based system and artificial magnetic field based system. Additionally, natural can be
classified in two sub-types, geomagnetism and permanent magnets. Geomagnetism based
systems use the natural earth’s magnetic field to provide positioning. Inherent structure
on interior tunnels produce disturbances on the natural field. These variations can be used
as a fingerprint to determine the mobile node position. On the other hand, permanent
magnets can be used in the mobile node. Magnetic field sensors place at known places
measure the magnetic density flux produced bu the magnet in order to determine its po-
sition. The second type of localization systems based on magnetic fields use artificially
generated magnetic fields. In this type of systems, a variable electrical current circulating
in concentric coils is used to create the artificial and controlled magnetic field (Lenz effect).
Usually, the artificially induced magnetic fields have a short coverage range (less than 3 m)
and, due to this, their application is limited to small volumes.

Visible light communications (VLC): These systems use the visible spectrum of electromag-
netic waves to provide communication. This type of systems have recently emerged and
has been subject of extensive research for the research community. The recent advances
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in lighting technology, in particular lighting emitting diodes (LED) have transformed VLC
system in a feasible and applicable technology. VLC technology transmits information by
modulating the intensity of an optical source at a rate much more faster than the response
time of human’s eye making the change on the optical source unnoticeable. As a conse-
quence, VLC systems are capable to provide illumination and wireless communication at
the same time. As the lighting infrastructure is assume to be pre-deployed, only a few
modification on the lighting devices is required. These systems used require mostly line-
of-sight (LOS). In addition to this, VLC link is used mostly to provide the downlink and,
hybridization with RF and Infra-red (IR) systems is proposed to provide full-duplex com-
munication. In literature, the term visible light positioning (VLP) stands for localization
systems that use VLC to provide positioning. In general, many of the approaches that
used in RF based positioning systems can be encountered in VLP.

Hybrid systems

as it can be seen, numerous technologies can be used to provide positioning. Each technology
posses their own pros and cons in terms of performance, coverage, etc. Due to this, the idea of
combining different types of localization technologies to overcome difficulties and /or improve the
system’s performance arises. The main problem of this type of systems is that there does not
exist an unified systematic evaluation on the possible trade-offs and drawbacks of using different
technologies simultaneously for localization purposes. In the literature, diverse hybrid local-
ization systems be encountered. They are mainly focused in increase the performance (mainly
accuracy) and coverage of traditional single-technology approaches.

2.4.2 System topology

The deployment of anchor nodes as well as the mobility of dumb nodes has an important ef-
fect on the performance of the localization system. [DMS98]. Localization systems can be
classified in three different groups considering the topology of the system, i.e., self-positioning,
remote-positioning and indirect-positioning. This classification is useful when evaluating a po-
sitioning system for a particular application. Different approaches will be classified based on
where the position measurements are performed and where the obtained position information is
used. [DMS98]. The three categories are detailed below.

e Remote positioning: In this type of systems the anchor nodes receive the signal originated
from or reflecting off the dumb node. Measurements of the signal are transmitted to a
central station where they are used to estimate a position as shown in Figa). These
type of positioning systems are used in centralized LBS.

e Self Positioning: In self positioning systems the dumb node performs the measurement of
the signal sent by the anchor nodes and uses these measurements to perform localization.
Using this type of topology the mobile node or user is aware of its position. Nevertheless,
this position information can be only used in distributed applications as shown in Fig(b).

e Indirect Positioning: When the networks used to perform localization is capable to transmit
data indirect positioning topology can be used. In this scheme the estimated position by
self-positioning or remote-positioning can be re-transmitted as illustrated in Figl2.§|c).
When the self positioning system sends its information to a remote or central station is
referred to as indirect remote-positioning. On the other hand, when a remote positioning
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system delivers to the dumb node its positioning information is referred to as indirect
self-positioning.

Position Central station Pasition Central station

Information and monitoring Tnformation and monitoring

Position Central station

_ . R P
1~ Information and monitoring

e

()

Figure 2.8: Different localization system topologies (a) Remote positioning, (b) Self positioning
and (c) Indirect Positioning

As it can be seen from Fig[2.8] the system topology will impose a major constraint on the
LBS that can be provided. For example, navigation systems are thought to be enabled by self-
positioning systems since the mobile node must be aware of its position in order to be guided.
On the other hand, dispatch software use remote-positioning topology since they require position
information of every dumb node in order to optimize the instructions. In the following section,
different enabling technologies are analysed. Their potential to provide self-positioning, remote-
positioning or indirect positioning will be delivered as part of this investigation.

2.4.3 Deployment

This characteristic of the localization system defines the deployment of required infrastructure
to provide positioning. The infrastructure deployment is classified in three categories detailed
bellow
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e Pre-Deployed: In this type of localization systems the required infrastructure is already
deployed in the scenario. In particular, systems that uses the wireless communication
infrastructure (WLAN, VLC, etc.) to provide localization are the most representative
systems.

e Strategic Deployment: This type of systems require special deployment of localization in-
frastructure to provide positioning. Systems such as RFID, magnetic, acoustics and WPAN
based systems are some examples of localization technologies that require the installation
of dedicated infrastructure to determine the position of the mobile node.

e Deployment-Free: These systems do not require infrastructure deployment to provide po-
sitioning. Usually, inertial sensors and map knowledge are used in indoor scenarios.

2.5 Systems proposed in literature

In current literature, different systems have been proposed to deal with the problem of under-
ground mine positioning. In this section each proposal is presented and analysed.

In Table 2.2] the main contributions existing in literature are presented. These underground
mine positioning systems have been evaluated based on their technological principle, topology,
infrastructure requirements, accuracy and implementation.

When RF technology is used for underground positioning Zig-bee technology is preferred
among the others. Different range based and range free methods can be implemented by using
this technology. In particular TOF and RSS based range free methods are preferred since this
type of networks are capable to provide signal strength measurements and propagation time
measurements without requiring additional hardware. The main problem of using Zig-bee tech-
nology to provide localization services is that this type of networks have a low data rate. Due
to this, communications applications are constrained to low data-rate demanding services. Some
proposals have been evaluated in real scenario reaching level meter accuracy.

On the other hand, WLAN networks are capable to provide higher data rates. Due to this
WLAN architecture can be used as a pre deployed networks that provides wireless communi-
cations with localization capabilities. RSSI based range based and fingerprinting methods are
preferred since WLAN devices do not require extra hardware to measure the signal strength.

UWB and Bluetooth technology have been also proposed to face the positioning problem in
underground mines. Despite achieving a high accuracy in real scenarios, these techniques are
not cost effective. In general, UWB devices are expensive and Bluetooth solution requires a high
number of devices deployed inside the tunnel to reach acceptable coverage and accuracy.
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[b]

Article Technological | System Infrastructure Estimation Accuracy Implementation
principle topology deployment method

Li et al (2009) RF Zig-bee Indirect re- | Strategic deploy- | Range based | 2.6m static 4.5m | Real scenario
mote posi- | ment RSSI dynamic (average
tioning error)

Guan-zhu (2009) | RF Zig-bee Self  posi- | Strategic deploy- | Not specified Not specified Computational
tioning ment Simulation

Cheng (2015) RF Zig-bee Remote po- | Strategic deploy- | Range based | Not specified Real scenario
sitioning ment RSS

Srikanth (2016) RF wireless sen- | Self  posi- | Strategic deploy- | Range based | 3.67 m to 6.972 m | Computational

sor network tioning ment RSSI (average error) Simulation

Qin (2012) RF Zig-bee Indirect re- | Strategic deploy- | Range based | 3 m CDF 86.4% Real scenario
mote posi- | ment RF-TOF
tioning

Tahir (2018) RF Zig-bee Self- Strategic deploy- | Range based | 2 m 100% CDF Computational
positioning | ment RSSI Simulation

Moridi (2015) RF Zig-bee Remote po- | Strategic deploy- | Range free Cell | Room level Real scenario
sitioning ment ID

Xu (2012) RF Zig-bee Remote po- | Strategic deploy- | Not specified Not specified Computational
sitioning ment simulation

Guo (2011) RF Zig-bee Remote po- | Strategic deploy- | Range based | Not specified Not specified
sitioning ment not specified

Wu (2014) RF Zig-bee Self  posi- | Strategic deploy- | Range based | 5 m Real scenario
tioning ment TOF

El Assaf (2015) RF not specified | Remote po- | Strategic deploy- | Range free | 3m  normalized | Computational
sitioning ment hop-count root mean square | Simulation

method error
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Dayekh (2014) RF not specified | Not speci- | Strategic deploy- | Fingerprint 50cm  controlled | Real scenario
fied ment environment 1.28
m when method
is challenged
CDF
Song (2017) RF  nanoPAN | Self  posi- | Strategic deploy- | Range based | < 2 m CDF Real scenario
5375 tioning ment TOA
Nerguizian (2006) | RF WLAN Remote po- | Pre deployed Fingerprinting | 2 m average error | Real scenario
sitioning
Ralston (2005) RF WLAN Indirect re- | Pre deployed Fingerprinting | 2-10 m error Real scenario
mote posi-
tioning
Lin (2013) RF WLAN Indirect re- | Pre deployed Fingerprinting | 3-5 m Real scenario
mote posi-
tioning
Cypriani (2013) RF WLAN Indirect re- | Pre deployed Fingerprinting | < 20 m mean er- | Real scenario
mote posi- ror
tioning
Guo (2012) RF WLAN Self  posi- | Pre deployed Fingerprinting | 1.6 m Computational
tioning simulation
Baouche (2008) RF low power | Remote po- | Strategic deploy- | Range free | Not specified Computational
WPAN sitioning ment hop-count Simulation
method
Minhas (2017) RF low power | Indirect re- | Strategic deploy- | Range Based | 2-4 meters Real scenario
WPAN DASH-7 | mote posi- | ment RSS (tunnel with low
tioning cross section)
Liu (2010) RF (leaky | self  posi- | Strategic deploy- | Range based | Depends on num- | Computational
feeder) tioning ment (RSS or TOA) | ber of connected | Simulation

nodes and user’s
speed

Pereira (2012)

RF GSM leaky
feeder

Indirect self
positioning

Pre deployed

Fingerprint

160 m 90% CDF

Real scenario
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Chehri (2009) RF UWB Indirect re- | Strategic deploy- | Fingerprint Not specified- fea- | ——
mote posi- | ment sibility study
tioning
Cheng (2012) RF UWB Self  posi- | Strategic deploy- | Range based | not measured Computational
tioning ment TOA simulation
Qin (2015) RF UWB Self  posi- | Strategic deploy- | Range based | 0.3 m CDF Real scenario
tioning ment TOF
Baek (2017) RF Bluetooth Indirect self | Strategic deploy- | Range free Cell | Depends on net- | Real scenario
positioning | ment ID work deployment
Rusu (2011) RFID Self- Strategic deploy- | Range free From centimetres | Real scenario
positioning | ment to few meters
Hammer (2015) Acoustic Self  posi- | Strategic deploy- | Range based | 25 cm mean abso- | Real scenario
tioning ment bilateation lute error
AOA and
range free
proximity
supported
Lin (2017) Magnetic field Indirect re- | Strategic deploy- | Range based | 0.767 RMSD Computational
mote posi- | ment received mag- Simulation
tioning netic field
strength
Abrudan (2016) Magnetic field Self- Strategic deploy- | Range based | <1.2 m several | Real scenario
positioning | ment RSSI tries
Pfeil (2015) Hybrid  Acous- | Indirect self | Strategic deploy- | Range based | 3 cm CDF Real scenario
tic/UWB positioning | ment TOF
Savic (2013) Hybrid Indirect self | Strategic deploy- | Range based | 15 cm CDF Real scenario
UWB/INS positioning | ment TOA
Hawkins (2006) Hybrid RF/INS | Self  posi- | Strategic deploy- | Range based | Not delivered Computational
tioning ment RF tech- simulation
nique/INS

particle filter
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Niu (2018) Hybrid Indirect self | Strategic deploy- | Image  posi- | 5 m CDF Real scenario
INS /image positioning | ment tioning  and
dead reckon
Ke-Fei (2009) Hybrid Indirect self | Strategic deploy- | Fingerprint 1.7 m RMS error | Real scenario
RFID/INS positioning | ment and INS based
method
Lavigne (2006) Hybrid Self  posi- | Strategic deploy- | INS based | Not specified Real scenario
INS /scanning tioning ment method  sup-
laser /RFID ported by
range  based
RFID
Haidery (2016) Hybrid Remote po- | Pre deployed Cell ID like | Not specified Real scenario
RFID/WLAN sitioning method
Xu (2017) Camera Self  posi- | Strategic deploy- | Range based | 0.381 m curved | Real scenario
tioning ment image pro- | tunnel and 0.1242
cessing based | straight tunnel
method
Li (2018) Laser Self  posi- | Deployment free | SLAM Not specified Real scenario
tioning (public dataset)
Thrun (2004) Laser Self  posi- | Deployment free | SLAM Not specified Real scenario
tioning
Wu (2016) VLC Indirect re- | Pre deployed Range free Cell | Not specified Real scenario
mote posi- 1D
tioning
Krommenacker VLC Self  posi- | Pre deployed Range free | From meter-level | Computational
(2016) tioning Cell ID based | to centimetre- | simulation
method level
Iturralde VLC Self  posi- | Pre deployed Range based | <1 m Computational
(2014,2017) tioning RSS trilatera- simulation

tion
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Dehghan Firooz-
abadi (2019)

VLC

Self
tioning

posi-

Pre deployed

Range based
RSS trilatera-
tion

<1 m CDF

Computational
simulation

Table 2.2: Proposed positioning systems for underground

mines
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2.6. Conclusions

Table 2.3: Pros and cons of visible light positioning technology in underground mines
Technology Pros Cons
- High accuracy
VLC based | - Pre-deployed infrastructure | - Remote positioning
positioning | - Low cost not supported

- Scalable

Acoustic based method proposed by Hammer et al. [HPFT15] uses an AOA based algorithm
for high positioning accuracy. This proposal also support range free localization. The main
problem of this proposal is that strategic deployment of infrastructure is required and only self
positioning topology is supported.

Another technology that has been used for underground mine positioning is magnetic field
based localization. Lin et al. |[LAWAI7| proposed an indirect remote positioning topology.
This proposal is uses a magnetic field RSS based method to estimate the position of mobile node
inside the tunnel. This methods shows promising accuracy when the system is evaluated through
computational simulation. On the other hand Abrudan et al. [AXMT16] proposed a magnetic
field based positioning which has been implemented in real scenario. The main drawbacks of this
proposal is that only self positioning topology is supported and strategic deployment of magnetic
beacons is required.

Different hybrid positioning methods can be found in literature. Mainly, different low cost
high precision positioning technologies are hybridized with RF technology in order to support
remote positioning or indirect self positioning. As it can be seen INS are used frequently in
hybrid approach due to their capability to provide position information with deployment-free
infrastructure.

SLAM based approaches are mostly used for inspection of abandoned or unsafe tunnels.
These solutions are deployment free in terms of infrastructure. Nevertheless, they require a high
number of sensors and computational capacity to perform localization making these approaches
more expensive and difficult to implement for day to day operation.

Visible light communications based positioning has also being proposed for underground mine
environment. This approach uses the already pre deployed lighting infrastructure and achieves
a high accuracy. The main problem of this approach is that they only provide self positioning
topology. Furthermore, the overground station is not aware of the position of underground
personnel. Range based and range free methods are supported when using VLC for localization
purpose.

2.6 Conclusions

In this Chapter an in depth analysis of different current localization technologies for underground
mine positioning was delivered. An important number of solutions have been proposed after the
entry into force of the new MINER act in 2006. Due to the special characteristics of underground
tunnels only few approaches can be highlighted as potential solutions capable to meet the re-
quirements established by this new safety standard. Most of the proposed localization systems
achieves the minimum-accuracy requirement (< 60m) shown in Table Among all, WLAN,
VLC and INS based systems have the advantage of using low or non required infrastructure to
provide position information of personnel inside the tunnel. In particular, WLAN approach has
the capability to provide indirect and remote positioning topologies to comply with the require-
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2.6. Conclusions

ment of overground monitoring along with high speed wireless communications. On the other
hand, INS and VLC solutions can only provide self positioning. Due to this, they require to be
hybridized with some other wireless communication technology in order to report the position
estimation to the overground central monitoring station for emergency response.

In Table the main pros and cons of VLC technology are summarized. These features
will be taken into account to design a feasible visible light positioning solution for underground
mine localization. As it can be seen this novel technology has the potential to be implemented
in underground environment since it fulfils cost, infrastructure, scalability and accuracy require-
ments. The main drawback to be solved in order to reach the topology requirement of MINER
act [I0906] is the lack of uplink communication. This problem will be addressed later on in
Chapter 5.
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Chapter 3

Visible light communications channel
modelling in underground mines
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3.1 Introduction

Any optical communications link consist in two basics elements. The first is a light source which
is used at the transmitter side to transport digital information to the receiver. Then, at receiver
side, an electronic element transforms and demodulate the optical signal in order to recover the
transmitted data.

There are a bunch of methods to transmit information by using optical sources. Among
them, intensity modulation with direct detection (IM/DD) appears as the de facto method of
implementing optical wireless communications due to its reduced cost and complexity [Barl2)
KB97].

In IM/DD systems, the optical intensity of the source is directly modulated by varying the
drive current I;gp since the transmit optical power, P;, is proportional to I;gp as see in Figure
B

At the receiver side, a photodetector element is used in order to integrate tens of thousands
of very short wavelengths of the incident optical signal which generates a photocurrent. The
photocurrent is directly proportional to the power of the incident optical signal.

In Figure and IM /DD scheme is presented. At the transmitter side and LED light is used
to convey information. At the receiver side a photodetector (PD) is used.
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Figure 3.2: Block diagram of an IMDD optical wireless communication system

Basically, in order to model visible light communications inside the tunnel, three different
components of the VLC channel must be analysed, These are: LED lights, environment condi-
tions and detector properties. These characteristics are analysed in this section.

Underground mines are one of the most complex environments for communications and posi-
tioning due to their particular characteristics. Underground mines can have a massive extension.
The largest operation can be found in Chile. El Teniente mine is considered as the largest under-
ground mine with an extension of 3000 km of tunnels. This extension impose a huge challenge in
terms of coverage for a communication and the positioning systems. They must be scalable and
have a very large coverage if the complete extension of the tunnel must be endowed with commu-
nication and positioning. Moreover tunnels inside the mine have different sizes and geometries,
often depending on its usage and space requirements to perform different labours.

Another important issue to be considered that may affect underground mine communications
and positioning is that, extreme conditions are present throughout the tunnel. Some of them are
high levels of humidity (up to 90 % or above [YGAMO09]), airborne dust and extreme heat.

In order to properly analyse the performance of our proposed positioning method, a visible
light communications channel model is developed in this section. This model, takes into account

35



3.2. Illumination standards

several factors present in underground mines that are not considered in traditional VLC channel
modelling.

In order to develop VLC channel model that analyse the particular characteristics of under-
ground mines, we must take into consideration the illumination standards of underground mining
and the environmental conditions that will affect the communication link.

In the next sections, these parameters will be analysed and, a visible light communication
channel model for underground mines will be provided.

3.2 Illumination standards

Mumination standards will provide an insight on deployed infrastructure and artificial illumina-
tion constraints inside an underground mine. Illumination is a key factor in VLC networks since
the coverage is strongly related to lighting infrastructure. Due to this, deployed infrastructure
of the application scenario must be study in order to verify its feasible implementation.

Commonly, illumination in indoor environments is regulated by safety and health govern-
mental institutions. In particular for underground mines many different regulations in terms
of illumination requirements can be found. Each country has their own regulations in terms of
safe illumination. In addition to this, illumination criteria is not uniform for every underground
operation. The level of illumination in a mine zone changes depending on the labour carried out
as shown in Table B.I] Some countries does not have a clear threshold on illumination require-
ments. As an example, Chilean regulation for safety and heath remove underground mines from
the illumination regulations in the Article 103: " "Every workplace, with exception of underground
mines or similar workplaces, must be illuminated with natural or artificial light".

Table 3.1: Tllumination requirements for different working zones of underground mines (Table
adapter from [Coml)

Mine zone (1x)
Country . Around .

Shafts | Loading machines Haulages | Headings | Workshop
Belgium 20-50 | 20 25 10 - -
Hungary 41-100 | 40-80 20-50 2-10 - 20-50
Canada 21 - - 21 53 -
Poland 30 30 10 2-10 5-15 30
UK (British Coal) 70 30 - 2.5 - 50-150
Furopean Coal g9 | 1580 |- 5-15 10-30 | -
and Steel community

Proper illumination in underground mines is important due to different safety and health
aspects. In particular the The National Institute for Occupational Safety and Health (NIOSH)
of U.S. states that many of the higher frequency risks in mining are related to the challenge of
inadequate lighting. These include slip, trip, and fall (STF) hazards which can be more difficult
to detect in low light [Thel5|. In addition to this, the worker age is another important factor to
take into account since 40% less light reaching the retina of a 45-yr-old person compared to a
24-years-old person.

In addition to the standardization issue on lighting infrastructure, there is another condition
for the deployment of VL.C based networks, i.e., the usage of LED lights as the main illumination
device. The selected device for illumination purposes must comply with some properties in order
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to be suitable for its application in underground mines. Lighting devices must have a low rate
of maintenance and reposition. Moreover, due to the increasing costs of energy, they must
be energy efficient. Traditionally, fluorescent lights have being used in mining environment.
Fluorescent lights are still a more cost effective solution than LED lights as evaluated in Chueco
et. al. [CLB15]. Nevertheless, the research on this novel technology have made their prices fall.
Between 2008 and 2016 the price of a LED light bulb dropped in 90% and it is expected that
market tendency will remain the same. Besides its decreasing cost, LED lights other benefits such
as low-energy consumption, long useful life, and low maintenance rates making this technology
applicable in underground mines. In Figure the light output of each mentioned technology
based on their operating hours is shown.

white LED
=== jncandescent light bulb

=
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T
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10° 10* 10°
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Figure 3.3: Typical light output comparison between white LED and incandescent light bulb as
function of operating hours|Lum]|

As it can be seen, LED lights have a lower maintenance rate and a larger life-span than
traditionally used incandescent light bulbs. Moreover, an acceptable lighting output is provided
for up to 100000 hours. A decrease in the lighting out may have an impact in the positioning
system if the method used for localization uses the received power to estimate the position of
the mobile node. The robustness of different positioning methods to this perturbation will be
analysed in latter sections.
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3.3 Mathematical model

Underground mines consist in tunnels as shown in Section I. Inside the mine, different sections
can be identified. Each section will provide different conditions. In Figure different sections
inside the underground mine are presented.

Figure 3.4: El Teniente underground mine light deployment (a) Transportation tunnel (b) Ma-
chinery working inside the tunnel(images by Codelco)

A number of different characteristics can be pointed out when compared with traditional
indoor environments. Luminaries deployed inside the tunnel can be placed in the ceiling or in
walls. In order to facilitate maintenance and replacement labours, walls placement is preferred
over ceiling installation. When luminaries are placed in the tunnel’s walls, randomly tilt trans-
mitters condition has to be considered for channel modelling. In addition to this, machinery
inside the mine can cause shadowing as shown in Figure (d). Due to this, the signal received
by workers inside the mine will be provided by the reflection of light inside the tunnel (diffuse
link).

As it can be seen in Figure (b), inside the tunnel a physical separation between pedestrians
and machinery is often done to prevent accidents.

A traditionally use assumption made when studying indoor positioning systems is that walls
are perpendicular to the floor and ceiling. This assumption is not valid in underground tunnels.
Furthermore, walls inside the tunnel are not flat. This also must be considered when modelling
the channel impulse response (CIR) of the visible light communication system.
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Table 3.2: Comparison between proposed and state-of-art VLC underground mines channel
models

Model Characteristic
Tilted LED | Tilted PD | Shadowing | Dust | Walls geometry
Wang et. al. 2018 [WAKZ™18| X X
Wang et. al. 2017 [WWCT17]
Wang et. al. 2017 [WAKS™17|
Our proposal X X X X X

In current literature, only a few VLC models for underground mines have been proposed
IWAKZ ™18, WWCT17,[IWAKS™17|. These channel models do not consider several factors present
in underground mines environments presented in Table [3.2]

This section will be organized as follows: First,visible light system configuration is analysed.
Then light source model will be presented. Detector response (receiver) and functioning are
detailed next. Finally, light propagation model will be delivered and analysed. A comparison
between traditional indoor VLC channel model and underground mine model is carried out in
this section.

3.3.1 Visible Light Communications System Configuration

There are great number of considerations which must be taken into account when designing VLC
networks. When VLC is used for confined environments, light will be reflected by the ceiling,
walls and most of the objects inside the room. In addition to this, the optical signal will not
pass through opaque barriers. Due to this, there are numerous ways to physically configure an
optical link. Typically, They are grouped into four system configurations as shown in Figure [3.5]

Direct LOS path is commonly used in point-to-point communication links. The link is con-
centrated in a very narrow beam, this leads to a low power requirement. In addition to this, LOS
link offers higher data rates with a transmission range from few meters to kilometres. LOS link
is almost not affected by multipath signal distortion. Its usage for indoor applications could be
limited because of its small coverage area [BL05|. Direct LOS path needs the alignment between
emitter a receiver, because of this, this link configuration cannot be used in mobile applications.
On the other hand, non-direct LOS is commonly used for indoor applications. This link con-
figuration is considered as the most flexible configuration. A combination of a wide light beam
transmitters and a wide FOV receiver is used. Signal scattered from surfaces ca be used to
increase the coverage area. This link configuration is suitable for point to multipoint broadcast
applications because it offers robustness against shadowing and blockage. Transmitter must not
be necessarily aligned with the receiver to perform the communication. Nevertheless, this type of
link can may be affected by a high path loss and multipath distortion which leads to a detrimen-
tal effect on the performance of the system when dealing with high data rates. Besides, inter-cell
interference increases when multiple sources are arranged in a small area due to the wide light
beam of the transmitters. Non-direct LOS link is not suitable to operate in environments with
intense ambient light [GPRI12|, nevertheless, underground mines are far from being intensively
illuminated.

Diffuse configuration proposed in [GB79a)] consists on a transmitter pointing directly towards
the ceiling or any surface within the room as shown in Figurec). This link is the most suitable
for optical WLAN and optical ad-hoc networks. Alignment between emitter and receiver is not
necessary and is immune to blockage. It suffers from a multipath distortion and a high path
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(d)

Figure 3.5: Different systems configurations for VLC link, PD is placed in the miner’s helmet:
(a) directed LOS, (b) nondirected LOS, (c) diffuse, and (d) tracked

loss which is increased by temporary obstructions [KKC95]. The bit rate is limited and its
performance is severely affected by ambient light.

In tracked systems emitter and receiver are aligned automatically by an electro-mechanical
device. Nevertheless, these electro-mechanical devices are expensive. Electronic tracking schemes
for this type of communication scheme has been previously proposed in [Wis96]. In table
the main characteristics of each link configuration for enabling VLC based IPS are presented,
i.e., mobility, coverage and cost. Diffuse and non-directed LOS link configurations have higher
mobility and coverage compared to others configurations. Moreover, the cost of implementing a
VLC system using nondirected LOS or diffuse link is low.

3.3.2 Light sources

In optical wireless communications systems, lights sources are used as transmitters to convey
digitalized information. In general, light sources used for digital communications the following
features must be considered for proper selection of the source [GPRI2]. Some of the charac-
teristics are: Source wavelength, Fast response time, energy efficiency, reliability, cost, lifespan,
linear current-power conversion, ability to be directly modulated by varying driving current just
to name a few.

As mentioned before, there are a number of sources available in the market and, selection of
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Table 3.3: Comparison of different VLC system configurations

System Configuration | Mobility | Coverage | Cost
Directed LOS none low low
Nondirected LOS high high low
Diffuse very high | very high | low
Tracked high high high

the technology is based on technical and economical criteria. The most commonly used lighting
devices in indoor optical wireless communications are lighting emitting diodes (LED). LEDs are
solid-state devices the emit incoherent light when an they are subject to an electronic excitation
[SNO7]. This excitation is achieved by applying a forward bias voltage across the p-n junction.

LEDs lights can be fabricated to emit light across a wide range of wavelengths (colours)
from the visible to the infrared (IR) region of the electromagnetic (EM) spectrum [GPRI12]. The
LED’s peak wavelength (colour) depends mostly on the band-gap energy of the semiconductor
material (Ey) used in the p-n junction.

In Figure the entire electromagnetic spectrum is shown.

- Energy increases
Shert wavelength Long wavelength
 —
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| | 1 | 1 1 |
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T T T T T
10""Hz 10%Hz 10°Hz 10Hz 10¢Hz
Low frequency

T
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Visible light
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Figure 3.6: Electromagnetic spectrum [Min

As it can be seen, visible light, which is the portion of the EM spectrum that can be seen by
the human eye, extends from 400 to 700 nm as shown in Figure B.7]

Visible light plays a key role in modern optical wireless communications since this technology
is used to provide high data rate wireless communication using the deployed lighting infrastruc-
ture. This novel technology is known as visible light communications (VLC). There are three
main characteristics that must be taken into account when selecting the light source. There are:
Power efficiency, luminous efficiency and light bandwidth.

The power efficiency of a LED light is the ratio between the optical power output (Popticai)
and the electrical power input (P.). This is expressed as follows:

Poiical
Tlpower = oﬁzca (31)

The luminous efficiency (n,)is used to describe the LED characteristics within the visible
spectrum. This parameters normalize the power efficiency npower by a factor related with the
radiation pattern within human eye sensitivity shown in Figure [3.7]
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Figure 3.7: Huma eye’s response based on the 1978 CIE data (http://www.ecse.rpi.edu/ schu-
bert/ Light-Emitting-Diodes-dot-org)

The luminous flux (lumens) can be defined as the total emitted flux scaled in order to reflect
the human eye’s sensitivity to different light wavelengths. The luminous flux is given by:

1z = 083 [ V) Popica (V)X (32)

where V(\) is the normalization factor based on the eye response shown in Figure and
Poptical(A) is the radiation power spectrum of the LED light.
The luminous efficiency of the LED is given by

_ 683 [ V(X) Popticar(X)dA
Pe
Finally, the light bandwidth will determine the modulation bandwidth and, as a consequence,
the maximum data rate the system can achieve. This parameter depends on several factors which
can be found in [GPR12]. In general, LEDs have a low pass transfer function modelled as:

1
H(jw)=—F—+
Uw) = T jure
This, is an equivalent first-order j RC low-pass filter. R and C' are the resistance and junction
capacitance of the LED. Hence, 3 dB modulation bandwidth of the LED is given by

(3.4)

1
Je= 2rRC
Generally, LED angular distribution of the radiation intensity pattern is modelled using a
generalized Lambertian radiant intensity as shown in Figure [3.§]
In Figure (a), angular distribution of the radiation intensity pattern of the LED light
Cree XLamp CXB1512 [Desld] is shown. As it can be seen, the radiated power varies with the
radiation angle ¢; as presented in Figure (b).

(3.5)
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Figure 3.8:

This radiation pattern is mathematically modelled as follows

R(¢j) _ {(mé;-l) COsml(qu) —7T/2 < ¢j < 71'/2 (3'6)

0 elsewhere

where m; is the Lambert’s mode number of the light sources, which is a constructive parameter
of the LED. This parameter is related to the LED semi-angle at half power ®; 5 by

—In(2)
m=———— (3.7)
ln(cos(@l/Q))
By using the above expression of Equation [3.6] the radiation intensity of a LED light emitter
with power P, is given by

S(¢]) _ {Rﬁ(mé;l-l) COSml((ﬁj) —7T/2 < ¢j < 7'('/2 (38)

0 elsewhere

This equation will be used to represent the transmitted power of the source.

3.3.3 Light detectors

At the receiver side of a VL.C link, an element capable to transform the modulated light intensity
into and electrical signal is used,i.e., a photodetector (PD).

The PD is a square law optoelectronic transducer that generates an electrical current which
is proportional to the square of the incident optical field to its surface. Due to this, the current
generated at the PD ([,,) is proportional to the received optical power P, as given by

= e r (1) (3.9)

where 74 is the quantum efficiency, [ is the length of the photoactive region, ¢ is the electronic
charge, and « is the absorption coefficient. The absorption medium is commonly selected as the
Si and gallium alloys for the visible light.

Mathematically, the photodetector is modelled as an active area collecting the radiation
incident at angles 1 smaller than the detector FOV. The angular characteristics of the PD and
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its FOV are shown in Figure (a). In this case, the FOV angle of the TSL257-LF PD is
approximately 120°. The effective collection area of the detector is given by

Agcos(v;) —;/2 <ap < U /2

(3.10)
0 elsewhere

Acrr(i) = {

The incident light angle to the PD surface and FOV angle are graphically shown in Figure
(b).

It is obvious that a large area detector would collect more power than a small area PD.
Nevertheless, it would cause a number of problems, such as increased manufacturing cost, narrow
receiver bandwidth, and increased receiver noise. Due to this, the use of an optical concentrator
preferred to increase the overall effective collection area. The fain og an ideal non-imaging
concentrator is expressed as

(3.11)

n2
g(;) = gy Y259 < W/2
0 elsewhere

where n; is the internal refractive index of the concentrator. Finally, an optical filter with a
gain Ts(1);) can be considered. Typically, this parameters is taken as Ts(1);) = 1.

3.3.4 Light propagation model

In the previous sections, light sources and detectors for VLC link have been mathematically mod-
elled. In this section, we use them in order to construct our VLC channel model for underground
mines.

In general, the received power of the line-of-sight (LOS) signal from each LED light [KN04]
is expressed as

P; = RppPj(Hros + Hp—r0s) + N (3.12)

where P; is the received power by the mobile node i, Rpp, P; and Hypg are the responsivity
of photo detector, the transmitted power by LED source j and the channel gain component
of line of sight (LOS) link respectively. Finally, H, ros is the non-line of sight (non-LOS)

44



3.83. Mathematical model

component.The noise N is additive noise modelled as the sum of thermal noise o4yermaq; and shot

Noise Tgpot ﬂm

N = Ut2hermal + U?hot (313)

2 2 . . .
where o} ..., and 0%, , are the thermal and shot noise variances respectively modeled as

2
STRTK g 4 10T RTT

ol 'm

C3pA’I3B? (3.14)

Othermal —

Oshot = 2qRppPiB + 2qIp1>B (3.15)

Parameters of these equations are detailed as follow: ¢ is the electronic charge, B is equivalent
noise bandwidth of the electrical filter that follows the photo detector, I is background current,
T}, is the absolute temperature, G,; is the open-loop voltage gain, C'pp is the fixed capacitance of
photo detector per unit area, I' is the FET channel noise factor, g,, is the FET transconductance.
The noise bandwidth factors Iy and I3 are Io = 0.562. and I3 = 0.0868.

The line of sight (LOS) channel gain component (Hrog) of the VLC is link in Equation
graphically presented in Figure [3.10]

Figure 3.10: Line of sight (LOS) VLC link

As it can be seen, the LOS link depends on light sources and detector parameters explained
earlier. The LOS channel gain of the optical wireless is formulated by merging Equation [3.8] at
the transmitted side and Equations and as follows

DA,
. %wsmz@ji)c‘(%i) cos(ihji)  —Wp/2 < hj; < Wy /2
;=
J 0 elsewhere

(3.16)

where m; is the Lambertian order transmission of the LED light, Acy; is referred to the
effective area of the PD, the distance between the transmitter j and receiver i is denoted as d;;.
Finally, ¢;; and vj; are the angle of irradiance and the incidence angle correspondingly. The term
G(vji) = Ts(4i)g(1j;) is the combined gain of the optical filter and the optical concentrator
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respectively. The gain of the VLC channel is greater than zero if and only if the incidence angle
of the signal v;; is less or equal to the half field of view (FOV) angle of the optical receiver ¥,
as described earlier.

When a tilt receiver is considered, PD normal vector N; is not oriented vertically. Due to
this, the incidence angle v;; and irradiance angle ¢;; are not equal, as shown in Figure In
this figure, azimuthal rotation app and horizontal tilting angle Spp are displayed.
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Figure 3.11: Visible light communications channel model with tilted and rotated receiver

When the tilting and rotation angles are considered, incidence angle 1;; is affected. Incidence
angle depends on azimuthal rotation of the photodetector app and horizontal PD tilt Spp.
Cosine of the incidence angle used in Equation (3.16|) can be re-written as

— . NZ
UPD2LED (3.17)

cos(vji) =

lTpp2rED]o HNz )

where Uppargp is the vector from PD to the LED source and Nl is the normal vector of

the tilt receiver. Magnitude of the vectors are: ||Upp2rep||, = dji and HNZ

vector of a PD which has been rotated and tilted in angles o and 3 respectively can be expressed
as

, = 1. The normal

.~ [sin(Bpp)cos(app),sin(Bpp)sin(app), cos(Bpp)]
= b . . (3.18)
|[sin(Bpp) cos(app),sin(Bpp) sin(app), cos(Bpp)]|l,
By replacing Equation [3.18|into Equation [3.17] we obtain the new formulation for the cosine
of a tilted and rotated photodetector as follows

'\ _ [zLED —2PD,YyLED — YPD, Ahyi] - [sin(Bpp) cos(app), sin(Bpp) sin(app), cos(Bpp)]
cos(¢ji) = a

(3.19)
where Zr,gp — Zpp = Ahy; is the difference height between transmitter and receiver shown

in Figure [3.10]
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Similarly, due to the special conditions of underground mines, rotated and tilted LEDs must
be considered. The graphical representation of a tilted transmitter is presented in Figure [3.12]
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Figure 3.12: Visible light communications channel model with tilted and rotated transmitter

The tilting and rotation angles at the receiver side will affect the radiation angle ¢;; is
affected. The new radiation angle depends now on azimuthal rotation of the LED light source
arpp and horizontal PD tilt Spgp. The cosine of the radiation angle used in Equation (|3.16)|)
can be re-written as

my

(cos(¢ji))™ = ULED2PD ]\ij (3.20)
|ULED2PD |5 HNjH2

where U1, gpopp is the vector from LED source to PD and Nj is the normal vector of the tilted
LED. Magnitude of the vectors are: ||Urep2ppl|s = dji and "NJ“2 = 1. The normal vector of an

LED that has been rotated and tilted in angles argp and Brgp respectively can be expressed
as

o [sin(Brep)cos(arep),sin(BLep) sin(arep), — cos(BLeD)]

7 sin(Brep) cos(arep), sin(Brep) sin(arep), — cos(BLep)] |, (3.21)

A~

notice that, the Z-component of the LED normal vector (/N;) is negative since the light source
is pointing downwards as shown in Figure [3.12

By replacing Equation [3.21]into Equation [3.20] we obtain the new formulation for the cosine
of a tilted and rotated light source as follows

cos(¢ji) =

[xpp — 2LED,YPD — YLED, —Ahyi] - [sin(Brep) cos(arep),sin(Brep) sin(arep), — cos(BLeD)]
dji

’ (3.22)
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Finally, in order to measure the effect of tilted transmitters and receivers Equations and
B:22) should be replaced into Equation [3.16]

The non-LOs component of Equation hn—ros caused by the reflection of the light.

In general, reflection of light in a surface can be one of two types, i.e., specular or diffuse. In
specular reflection, the angle at which the light-wave is reflected is equal to the angle of incidence
to that surface as shown in Figure 3.I3] On the other hand, in diffuse reflections, light reflecting
from the surface is scattered at many angles rather than at just one angle. This, due to multiple
reflections by the microscopic irregularities inside the material.

NdiffTusef

reflection

specular
reflection

Figure 3.13: Diffuse and specular reflection from a glossy surface (Image retrieved from Juds

et.al. (1988) [Jud88])

One common model for diffuse reflection is Lambertian reflectance, in which the light is
reflected with equal radiance in all directions

In power distribution model for a diffuse optical wireless link is presented. This
model is based on a single reflection. The channel impulse response is calculated by integrating
the power of all the components arriving at the receiver after being reflected in a surface as
shown in Figure

The following recursive methods is used in order to evaluate diffuse reflections within an
indoor environment. First, surfaces of the room are divided into K small reflecting elements
with an area A,,. Then, channel response is calculated by a two steps method as follows: i) each
element of the surface with area of A,, is considered as a receiver, and ii) each element is then
considered as a point Lambertian source that re-emits the light scaled by reflectivity pp,.

Given a particular single source j and a single receiver in a square in a room, the impulse
response can be written as an infinite sum of reflections. The n-LOS channel impulse response
is evaluated using a recursive algorithm (shown in Equation [LVd00]

K

Hy_ros = (ml;; ) Z e dg. cos"™ (Pjm) cos(Vjm) COS(<75mz‘)COS(Y/Jmi)G(T/sz‘ﬁ(t—%)
m=1 " gm"mi o)

where A A,, is the area of the considered reflecting element, K is the total number of reflective
elements considered in the algorithm, p,, is the reflecting coefficient of the surface area AA,,,
djm is the distance between the source and the reflective element as shown in Figur Since

HH?(f_) rosl|| = 0 when k — oo the channel impulse response can be modelled using only the first
reflection. The first reflection is the most important component since it limits the data rate in
LOS transmissions.

Usually, in traditional indoor environments, i.e., offices, commercial centres, hospitals, etc.,
walls are consider perpendicular to the ceiling as shown in Figure [3.14] Nevertheless, this as-
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3.83. Mathematical model

Figure 3.14: non-Line of sight (n-LOS) VLC link

sumptions is not valid for underground mines since most of then are U-shaped as shown in Figure
Moreover, in these traditional environments, plane walls as depicted in Figure (a) are
considered. However, walls in underground mines are not plane. Due to this, each surface area
of reflection A,, has a different normal vector as shown in Figure (b).

As mentioned before, reflections are considered as point Lambertian sources. The radiation
intensity of these "sources" depends on the normal vector N,, as displayed in Figure
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Figure 3.15: Walls geometry (a) traditional plane wall and (b) underground mine wall with
randomly oriented surface

Due to this, reflections inside underground mines are different from reflections studied in
traditional environments and, as a consequence, the channel capacity will differ. In this thesis
we do not study the channel capacity of underground mine VLC channel since we focused in
underground mine positioning based on VLC. Nonetheless, the fact that reflection components
of the channel inside mines differ from traditionally studied environments is a fact that can be
considered for further research.

The mathematical analysis for specular reflection in non-plane surfaces is similar to the one
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3.83. Mathematical model

done for tilted /rotated transmitters and receivers. The rotated and tilted normal vector of the
reflecting surface will affect the incidence angle from LED to surface, ¢, and the irradiance
angle from the surface to the PD, 9, of Equation 3.23] The normal vector of a rotated and
tilted surface is given by

~

Ny = [cos(aum) cos(Bm), sin(aum ) cos(Bm), sin( B )] (3.24)
where a,;, and 3, are the rotation and tilted angles of the non-plane and non-parallel mining
wall respectively.

Finally, as mentioned before, underground mines have two other particular characteristics
that may affect the VLC communication link and must be modelled. These are: signal scattering
produced by dust due to normal mining operation and shadowing due to infrastructure and mobile
vehicles.

Shadowing and objects’ presence is often analysed in traditional VLC channel modelling
for indoor environments. The effect of furnitures and body induced signal blockage are mostly

studied [CZHGIS, MUT5, BCST17, TK04, WAKZT18]. In Figure signal blockage due to

shadowing caused by an underground mine vehicle is depicted.

blockage

Figure 3.16: Signal blockage due to shadowing in underground mines

As it can be seen, for our link we consider helmet-mounted PD. Due to this, the effect of
body induced signal blockage is neglected. In general, using this configuration, we must only
take into account blockage caused by mobile vehicles inside the mine and deployed machinery
infrastructure. Shadowing effect for VLC has been previously modelled by a Bimodal Gaussian
distribution [WAKZT18, IWWCT17, WAKS™17] with the following probability density function
(PDF).

1 —;2—2%) 1 —(z—2u1)
(o3) = 2D (3.25)
2¢/2n(0d) 2¢/2m(0})
where g, p1, 0o, o1 are the mean and standard deviation values of the first and second Gaus-
sian distributions respectively. Optical diffraction phenomenon is used in this type of systems
to overcome shadowing effect on the VLC link. This is done by using a wide angle field of view
(FOV) receiver.

f(za M07007/~LI7UI) =
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3.83. Mathematical model

On the other hand, scattering produced by dust in suspension is not often considered in
traditional indoor environments since it is not applicable for nowadays VLC applications in
offices, supermarkets, hospitals and non-hazardous industries. As for underground mines, dust
is produced by the rock’s crushing, grinding, blasting, and drilling inside the mine and must be
taken into account.

Dust particles effects on VLC link have been mostly analysed in free space optical (FSO)
links[EFA16] [AA14l [MMJIS]. In this type of links, the atmospheric attenuation is given
by the Beer’s law equation |14]:

];: — 7 — ¢ PabsBscatd;i (3.26)

where d;; is the distance between transmitter and receiver, B4 is the molecular and aerosol

absorption, and Bscqt is the aerosol and molecular scattering. The attenuation due to absorption

can be neglected in most of the cases ( Baps =1). Due to this, scattering produced by suspended

molecules and particles (also known as aerosols) is often considered as the most important pa-
rameter to being model.

Aerosols can have a wide range of shapes, size and nature. Moreover, they can vary in
distribution, concentration and constituents. Due to this, its interaction with the light beam can
have a large dynamic. In general, the sizes of aerosol particles are comparable to the wavelength
of interest in optical communications. Due to this, Mie scattering theory is used to describe the
effect of aerosol particles with radius between 0.01-1 pm [AAT4, [GPRI2).

Scattering is defined as "the dispersal of a beam of radiation into a range of directions as a
result of physical interactions” [AA14]. When a aerosol particle intercepts an light wave, part of
its energy is removed by the particle and re-radiated into a solid angle centred at the particle.
The scattered light is polarized, and of the same wavelength as the incident wavelength, which
means that there is no loss of energy to the particle.

There are three main types of scattering shown in Figure B.17], i.e., Rayleigh, Mie, and non-

selective scattering.
%&\% i

= Direction of incident light => Direction of incident light => Direction of incident light
(a) (b) (c)
Figure 3.17: Scattering patterns (a) Rayleigh, (b) Mie, and (c¢) Non-selective scattering

Generally, aerosol and molecular scattering is modelled as follows

6scat = BR + 5M (327)

where Sr and 8y are Rayleigh and Mie scattering contribution respectively. At terrestrial
altitude, Rayleigh scattering can be neglected. Due to this, the total scattering is modelled as

Bscat = BM
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3.4. Conclusions

The attenuation due to Mie scattering is expressed by the Mie scattering coefficient as follows

Bm = (3V91> (05f"> (3.28)

where V' is the visibility range in Kilometres, A is the light wavelength, and ¢ is the size
distribution of the scattering particles typically varying between 0.7 to 1.6 corresponding to
visibility conditions.

7 =1.6 for V> 50 Km
1 =13 for 6 Km <V <50 Km
i = 0.585V/3 for V < 6 Km (3.29)

3.4 Conclusions

In this section an analysis of underground mine channel model has been delivered. Underground
mines channel model for light propagation is not similar to traditional indoor model environment
due to the special characteristics found in this scenario. In particular, three major factors make
this channel model more unique. These characteristics are: randomly oriented LED lights, non-
plane walls and the presence of aerosol particles which may produce mie scattering. These
characteristics will affect the light propagation as shown in Table [3.4]

Table 3.4: Effect of special underground tunnel characteristics in VLC channel model
Randomly oriented Non-plane | Aerosol

LEDs walls particles
Effect on VLC channel | Channel gain of LOS-link | Multipath Scattering

Characteristic

In order to evaluate the robustness of a localization method, the effect of above mentioned
characteristics on method’s performance must be evaluated. Thus, throughout this thesis, specif-
ically in Chapter 6, an evaluation of the impact underground mine’s channel model in position
estimation will be delivered. Moreover, a novel localization methods robust to the above men-
tioned effects will be designed.
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Chapter 4

Visible light positioning methods
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4.1 Introduction

In the recent years, visible light communications (VLC) has gained attention of researchers due
to its capability to provide high data rate wireless communication [PEHMI5| and high accuracy
positioning in indoor environments [DY16]. Moreover, VLC is a cost effective solution since
it uses the already deployed lighting infrastructure to provide both, illumination and wireless
communication.

The advantages of using VLC to provide indoor position systems have encouraged the re-
searchers to propose numerous solutions. Some of the most important advantages are displayed
in Figure In particular, it is important for the development of our proposal to notice that
VLP positioning systems are immune to interference. As mentioned in Section 2.3.7, this
thesis search for a positioning system robust to interference.

Different VLP methods have been introduced in literature. Most of them have been adapted
from existing methods in RF networks. In this section the main characteristics of different VLP
methods are delivered. First, the main capabilities of VLC to provide positioning in underground
tunnels are analysed. Then, main VLP methods are classified and explained in detail. Finally,
the most suitable positioning method for underground mine tunnels is proposed.
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4.2. Main characteristics of VLP for their underground mine application

4.2 Main characteristics of VLP for their underground mine ap-
plication

As it was described in previous sections, there are many different requirements that must be
fulfilled when designing a positioning system. In this section, the usage of VLP methods in
underground mines is analysed. In order to do this, capabilities of VLC based positioning
methods are analysed. First, characteristics of VLP based on the detector technology used to
retrieve the communication signal are analysed. Finally, different possible positioning topologies
are delivered in order to proposed the most suitable one to underground mine application.

4.2.1 Characteristics based on detector technology

Visible light positioning (VLP) systems can be classified in two different groups based on the
receiver hardware used for signal detection, i.e, image sensor (IS) based positioning systems and,
photo detector (PD) based positioning systems [HY16].

p
Very high
accuracy

Inmune to signal
interference

VLP

Low cost

Compatible with
existing
L infrastructure

Figure 4.1: Advantages of indoor VLP systems

Image sensors provide more useful information related to the LED position than PD coun-
terpart. In addition to this, different light sources can be directly separated from the image
and no multiplexing technique is required [DY16]. Most of the off-the-shelf devices have al-
ready incorporated cameras, making IS-based positioning easy to implement and inexpensive
[ZHQ ™18, [KZKP15]. The main disadvantage of this type of systems is that IS-based VLC net-
works have a very limited data rate. Due to this, IS-based networks are not expected to be
massively implemented for future wireless networks since they are supposed to deliver high data
rates [DY16].

On the other hand, PD-based VLC systems can provide high data rate communication [HY16),
HLC™15|. Moreover, PDs are inexpensive and easy to install. In order to separate the signal from
multiple sources, the usage of multiplexing techniques is required. Depending on the multiplexing
technique used to separate the sources, the required hardware for the system can increase in
complexity and affect the performance of the positioning method [YNAT17, [HNP™15].
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4.2. Main characteristics of VLP for their underground mine application

Table 4.1: Comparison of VLP based on receiver characteristics

Receiver type | Advantage Disadvantage
Requires less complex analysis
Photodetector High data rate Requires multiplexing

Energy-efficient
Suitable for angle of arrival based positioning | Limited data rate
Minimally affected by multipath High power consumption

Image sensor

The main advantages and disadvantages of VLP systems based on PD and IS are summarized
in Table E11

4.2.2 VLC characteristics for different positioning topologies implementation

The architecture of the deployed network has an important effect on the performance of local-
ization algorithm. Localization can be arranged in three different topologies [DMS98| depending
on where the localization is performed and the communication direction. These categories were
presented in Section 2.4.2.

Table 4.2: Topologies and technologies for VLP in underground mines

Topology | Link Require- | Technology Issues

ments
Remote Uplink RF or IR VLC is not used in uplink due
Position- to low coverage compared to
ing RF and IR solutions
Self Posi- | Downlink VLC No positioning information
tioning in central monitoring station

overground

Indirect Uplink and | VLC for downlink | Full duplex communication is

Downlink and RF or IR for | required

uplink

Personnel’s position inside the tunnel must be available in the control site overground. Due
to this, remote positioning or indirect remote-positioning topologies are preferred. To
perform direct /indirect remote positioning, uplink communication is required since mobile node
must send information overground. In literature, uplink has been mainly provided by infrared
(IR) or radio frequency (RF) in VLC systems |[PJRQT11, [PFHMTS, [KZKP15].

Since VLC has been proposed mainly as downlink technology |[ZWW ™15 [CBHI6] only self-
positioning or indirect remote-positioning are feasible alternatives. As mentioned above, position
information must be available overground. Due to this, indirect remote-positioning is the suitable
positioning topology in underground mines. In table [f.2] a summary of link requirements and
main issues for implementing VLP in underground tunnels are shown.

As it can be seen in Table 2] two main technologies are proposed for uplink, these are, IR and
RF. Taking into account particular characteristics of underground mines, RF technologies seems
to be the most suitable to provide uplink due to its long range of coverage. As it was shown
in Chapter 2, different RF technologies have been proposed to solve the positioning problem
in underground mines. Each one of these technologies work in a particular band of the EM
spectrum. In literature, different studies of RF link propagation in underground tunnels have
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4.8. Visible light positioning methods classification

been carried out recently in order to determine the most suitable band for telecommunications
applications.

There exist a bunch of literature about wireless communications and propagation modelling
in underground mines. In particular Forooshani et al. [FBMNI3| provides a deep survey for
RF propagation in this scenario. Signal propagation is usually affected by several parameters
such as operating frequency, mine tunnel size, and transmitter-receiver position. In this thesis
we do not study the effect of this parameters for uplink propagation. Nevertheless our choices
are supported by extensive literature that can be found throughout this thesis. In particular the
following section the most proper frequency and configuration for underground application will
be selected.

4.3 Visible light positioning methods classification

VLP methods can be classified in tree types [AJ19]. This classification is based on whether they
require a distance (range) estimation or some other signal information to compute mobile node’s
position [Maul2].

In general, three main positioning approaches are used for VLP systems : (1) range-based
methods, (2) range-free methods, and (3) fingerprinting.

Range based, range free and fingerprinting process diagrams are presented in Figure

As it can be seen, distance measurement dependent (range based) and fingerprinting methods
require more information to estimate the position of mobile node than distance measurement
independent methods (range free).

In this section the three types of visible light positioning methods will be analysed using the
taxonomy presented in Figure [f-3] Each algorithm will be explained and the main pros and cons
of their implementation in underground mines’ VLP systems will be presented.

4.3.1 Range based methods

Range based algorithms determine the mobile node position by using a distance estimation. The
three main range based methods are lateration, hyperbolic lateration and angulation. The be-
fore mentioned methods require a distance estimation to perform localization. This estimation
is derived from signal characteristics, such as, received signal strength, time of propagation, and
received phase/angle. Receiver signal strength (RSS) based ranging is the simplest method to
derive distance estimation. RSS measurements are relatively easy to obtain and, most of the
devices are built with the required hardware to measure received signal power level in dBm or a
received signal strength indicator (RSSI). In order to estimate the distance from RSS measure-
ments, a precise model of signal propagation is required. Due to this, model precision has high
impact in algorithm performance. On the other hand, despite provide a more precise distance
estimation than RSS methods, time of propagation and received phase/angle measurements have
several drawbacks on their hardware implementation. Time of propagation measurement can be
divided in time of arrival (TOA) and time difference of arrival (TDOA) methods. TOA mea-
surements require precise synchronization of transmitters and receivers which is very difficult to
provide. On the other hand, TDOA and phase/angle measurements require synchronization at
the receiver side to estimate the range. In addition to this, to perceive the difference in time of
arrival, receivers must be equipped with a high sampling frequency device. This, due to the high
speed of optical signals.

Once range measurements are performed, range based methods estimate the position of the
mobile node by trilateration/multilateration/angulation algorithms. For doing this, informa-
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Signal Characteristic Distance
Acquirement measurement estimation
Data N
. Localization —
retrieval
(a)
Signal Data L
.g . Localization —
Acquirement retrieval
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Signal Characteristic
Acquirement measurement
Signal Database
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Data Localization
— .  —_ (using )
retrieval
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Figure 4.2: Positioning method process diagram for (a) range based methods, (b) range free
methods and, (c) fingerprinting
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Figure 4.3: Visible light positioning system topology classification

tion of multiple anchor nodes (position-aware transmitters) is required. This, imposes another
drawback on the implementation of type of algorithms.

Range based methods have been extensively studied in literature for VLP. A few number of
surveys have been published and the performance in terms of accuracy has been analysed for the
most significant methods [DY16, [ZHQT 18, HCWZI15, [HNP* 15, KZKP15, YZXZ15, [ASNT3|. In
this thesis we do not provide an in depth survey on VLP systems. For a complete analysis on
VLP technology you may refer to the before mentioned surveys that have been published recently.
In this section, main methods will be delivered and analysed in terms of their robustness and
hardware requirements.

Received signal strength (RSS)

RSS measurements provide range information between two nodes based on path loss (PL) channel
characteristics. If the relation between distance and power loss is known, then, RSS can be used
to estimate the distance between receiver and transmitter, i.e., d;; = f(P.). For doing that,
transmit power is assumed to be known.

Due to the presence of noise, non-LOS effects and quantification errors in distance versus path
loss relation, ranging estimates are subject to errors. Hence, in reality, each RSS measurement
defines an uncertainty area, such as the one depicted in Figure [£.4] using a dashed line.

Ideally, taking the average RSS over a sufficiently long time interval would exclude the effects
of multipath fading and shadowing.

As described in Section 3.2.2, the received power from the j** light source at the i** PD is
expressed as

Pji = RPDPj(HLOS) + N;otal (4.1)

where P; is the source power, Ny, is the total noise that consider the contribution of
thermal noise, shot noise and multipath reflections, and Hppg is the channel log gain described
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(a) (b)

Figure 4.4: Ranging information from RSS measurements (a) ideal ranging and (b) ranging
estimation with uncertainty oq4

in Equation [3.16] In Figure @.5] received power versus distance plot for a LED light model Cree
XLamp CXB1512 is shown.

1.8
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Received power
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Distance dji (m)

Figure 4.5: Power versus distance measurements of ED light Cree XLamp CXB1512

In this figure mean RSS value from 100 samples is taken instead instantaneous RSS value.
As it can be seen, there exist a non-linear relation between the received power by the PD, and
the distance between transmitter and receiver.

Notice that, the received power depends also on the signal’s received angle (Equation [3.16)).
In order to solve this problem, a scaling factor RSS method was proposed in [KKY™13| when no
other devices such as gyroscopes or accelerometers are incorporated at the receiver. Some other
methods use PD arrays [SES13| and cross correlation function between transmitter and receiver
LYC™14] in order to deal with angle diversity at receiver’s side. In general, RSS based method
increases its accuracy when a large number of LEDs are perceived [NJMI3|, multipath effects
are neglected and non-tilt receivers are considered.

In order to obtain a unique position estimation we require several estimated ranges. For
example, in order to obtain an unique estimate for 2-D positioning, at least three range mea-
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surements must be done as shown in Figure

X: Ambiguous solution

Figure 4.6: Lateration method in two dimensions based on RSS ranging

As it can be seen, distance estimations are done using the received signal strength. Ambiguous
solutions are discarded by receiving at least three LED lights at the mobile node.

In order to determine the mobile node’s position from RSS values, distance estimates form a
system of M non-linear equation as follows

F(Pu)=du= (& —21)?+ (G —y)? + (-2
F(Pa1) = do1 = /(& — 32)2 + (§ — y2)2 + (2 — 22)?
f(Pa) =dsy = /(& —23)> + (9 —y3)> + (2 — 2

f(Pan) = dann = V(@ —am)? + (0 — ym)? + (2 — 21)? (4.2)

where (2, y;, 2;) denotes the position of the LED lights. The unknown values of this equations
system are the components of the mobile node’s position (z,7, 2).

This method is called Lateration. In order to solve this non-linear equations system, a
traditional non-linear least square optimization problem is proposed.

M

minimize (dﬁ - \/(5” —x)? 4+ (§—y)* + (2 - 2j)2)2

(xvya Z) 7j=1

subject to  (Z,4,2) = 0

Time of arrival (TOA)

TOA calculates the distances between LED lights and mobile node by directly multiplying the
propagation delay of the signal by the speed of light as follows

dji = c[(Tj — T;)| = cATy; (4.4)
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where Tj is the starting time of the transmission, 7; is the reception time, and c is the speed
of light.

In Figure [4.7] ranging estimations from three independent sources are shown. This system
also assumes direct LOS communication and, unlike RSS based methods, it does not suffer
detrimental effect when tilt receivers are considered.

X: Ambiguous solution

Figure 4.7: Lateration method in two dimensions based on TOA ranging

Similarly to RSS based positioning estimation, distance estimates form a system of M non-
linear equation as follows

ATy =diy =+/(—a1)>+ @G — 1)+ (2— =2
cATyr = dy1 = /(2 — 22)2 + (§ — 12)> + (2 — 22)?
cAT3 = d3; = \/(ﬁ? — :6'3)2 + ( Z
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|
<
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|

ATy =dyn =V (@ —2m)2 + (§ — ym)2 + (2 — 2m)2 (4.5)

This non-linear system is solves by using the optimization problem of Equation

In practical systems, measurement of distances based on signal propagation delay are noisy.
Therefore, ranging uncertainty shown in Figure (b) affects the distance estimation. In ad-
dition to time delay measurements uncertainty, the hardware implementation of TOA methods
has another important drawback. In order to obtain the signal propagation delay AT};, the time
bases in all light sources and mobiles nodes must be the same. This particular requirement is
hard to achieve. Synchronization of time base will require network effort and highly stable clocks
in both, transmitters and receivers.

Another option to solve this problem is measuring the asynchronism between transmitter and
receiver to compensate the deviation in propagation delay estimation. However, there exist the
problem of different time bases between transmitter and receivers which is not solve since mobile
devices use low cost hardware components and they provide reasonable short-term stability only
[SDM14].
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Time difference of arrival(TDOA)

TDOA method uses the difference on arrival time of signals transmitted by fixed lights to a
mobile node, or by measuring a single/multiple sources in a multiple PD array at receiver side.
If the distance between transmitters is known, then, the ranging between each transmitter and
receiver can be obtained and, subsequently, position of mobile node. Some methods assume
a single PD receiver who measures the difference on arrival time from multiple light sources
with known positions. In order to differentiate the signals, time division multiplexing (TDM) or
frequency division multiplexing (FDM) techniques are used.

TDOA procedure can be summarized as follow: Signals from three LEDs, j, k and [, are
transmitted synchronously at time instance Tp. At the i** receiver, these three light signals
arrive at the time 7}, T}, and 7; respectively. The propagation distance difference is calculated
from the propagation delays as follows.

Adﬂ = dji — dlz’ = C(T] — Tl) = CAleAdkl = dki — dlz’ = C(Tl — Tl) = CAT” (4.6)

As it can be seen from Equation the propagation distance difference depends on the
signal propagation delay difference. By working with time of arrival differences from multiple
sources, initial reference time unknown time Tj is not required to be known at receiver side.
Nevertheless, synchronization at transmitter side is required. Furthermore, there are no problems
due to different time scales at anchor and mobile nodes since time instances, T}, T} and 1}, are
measured at the mobile node.

In contrast to TOA and RSS based ranging methods, where the propagation delay defines
circles around a LED light, the signal propagation delay difference measurement generates points
of equal distance differences to the LED. This, defines a hyperbola in the two-dimensional case
or a hyperboloid for the three-dimensional space [SDM14].

Figure 4.8: Hyperbolic lateration method in two dimensions based on TDOA ranging

The intersection between at least two hyperbolae, formed by three LED lights, provides an
unique position estimation as shown in Figure A further third hyperbola (dashed line) is
constructed by subtracting the first two distance difference doy — d3; = d23. Due to this, by
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receiving information from M sources, we can form estimate the mobile node’s position by solving
the system of M — 1 independent non-linear equations as follows

do1 — dyy = /(& — 2)2
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g1 —din = /(2 —23)2 + () —43)> + (2 — 23)2 — V(@ —21)> + (§ — 01)> + (2 — 21)?
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dy—1—di = (E —2y-1)?+ (G —yu-1)? + G — 212 = V(@ — 212+ (@ —11)? + (2 — 21)?
(4.7)

Angle of arrival (AOA)

For using AOA method the angle in which different optical signals arrive to a single PD receiver
has to be measured or, alternatively, the angle of arrival of a single or multiple sources to a
multiple PD array. For doing this, LOS link is considered as de-facto system configuration
in VLC. Positioning using AOA can be obtained by using a minimum of 2 LED lights for 2-D
localization unlike above mentioned methods where at least 3 sources are required. The difference
on the AOA can be inferred from the difference of the received power from multiple sources in a
single PD or by using a PD array.
In Figure [£.9) angle of arrival for downlink in two dimensions is shown.

M M

Figure 4.9: Angle of arrival based positioning method in two dimensions

As it can be seen from this figure, the angle in which the light signal arrives to the mobile
node is strongly related with the distances between LED transmitters and PD receiver as follows

(¥1)(& — 21)
(¥2)(% — x2) (4.8)

<<

-y

1 tan
Y2 = tan

<

By solving this linear equation system we find the intersection of two lines which provides the
estimated mobile node’s position.
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Besides considering LOS link, some applications assumes that the transmitter and receiver
are parallel, thus, incidence angles and irradiance angles are equal. Other sensors such as ac-
celerometers can be used to compensate the effect of tilt receivers in combination with multiple
PD array [YHV16]. Nevertheless, using these sensors at the receiver side will reduce the battery
lifetime in mobile devices. In addition to this, AOA methods suffer high detrimental effect when
non-LOS link and reflections are considered.

Another approach used to deal with tilted receivers (or unknown receiver orientation) in AOA
based positioning systems is using the AOA difference At = 19 — 11, which is independent
from the unknown orientation Spp shown in Figure

M M

Figure 4.10: Angle of arrival based positioning method in two dimensions with unknown receiver
orientation

According to the inscribed angle theorem, the angle Ao and the two BS positions determine
the major arc of a circle. For an unknown Bpp orientation the LED position may be anywhere
on that arc [SDM14]. In order to solve this problem and find an unique solution for the mobile
node’s position, the AOA measurement to a further LED transmitters is required. By doing this,
the equations system of [£.§] is transformed into

9 —y1 = tan(¢1 + Bpp) (T — 1)
7 — y2 = tan(vn + Bpp) (T — x2)

9 —ym = tan(Yas + Bpp) (& — x0r) (4.9)

where M is the total number of LED transmitters perceived by the mobile node.

4.3.2 Range free methods

Range free algorithms use only connectivity information to perform localization. Different tech-
niques such as, equalization and coding can be applied in order to successfully deliver the message
from beacon node to the mobile user. Due to this, signal perturbations do not severely affect
position estimation [LYWJI10]. Moreover, no extra hardware is required to measure signal char-
acteristics. As a result, they provide a more robust approach compared to range based algorithms
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4.8. Visible light positioning methods classification

[SGYT16]. Nevertheless, there exist a trade-off between its high robustness, low hardware com-
plexity and their achievable accuracy. Range free algorithms provide coarse-grained localization
(low accuracy) whilst range based algorithms can provide a fine-grained localization (high accu-
racy).

Traditional range free algorithms mainly used in wireless sensor networks (WSN) have been
implemented straightforward for VLC networks. These algorithms are Cell ID [KVAST6], convex

position estimation (CPE) [SGY¥16] and centroid algorithm [SKST16].

Cell ID

Cell ID, also known as cell of origin (COQ), is the simplest range free positioning method. This
algorithm uses the fact that every anchor node is sending out an unique ID (address) combined
with different parameters. Basically, the mobile node that receives the ID from the base station is
assumed to be placed somewhere within the anchor node’s coverage radius. This method suffers
from low accuracy. Hence, it is mostly used to provide room-level accuracy positioning systems.

Centroid

The Centroid scheme was proposed by Bulusu et al. in [BHEQO]. This localization scheme
assumes that a set of M connected LED anchor nodes, with overlapping regions of coverage,
exist in the deployment area of the VLC network. The main idea is to treat the VLC nodes,
located at (z;,y;), as point masses. In the most general form, the "mass" of each anchor node
is considered to be equal and the estimated mobile node’s position is obtained as follows.

1Y X
1 1

As it can be seen, this method does not requires any ranging estimation and depends fully
on network connectivity. Moreover, coordination between the unknown node and anchor node is
not required. Implementation of centroid algorithm is relatively simple. The main disadvantage
of the centroid localization algorithm is that the positioning accuracy depends on the density of

the anchor node [LDYT5].

Convex position estimation

Traditional CPE algorithm proposed by by Doherty et al. [DPEQ0I] identify the feasible zone

in which the mobile node could be located. This feasible zone is represented by the minimum

bounding rectangle of a connection-based set which is depicted with a dashed line in Figure .11}
This minimum rectangle, also called bounding box, is found by solving iteratively a linear

optimization problem with connectivity constraints. The bounding box is a convex set in R?

since the rectangle is the intersection of four halfspaces, hence is a convex set in R? [BV04].
The CPE optimization problem is state as follows

minimize D7Tx
x € R? (4.11)
subject to ||x — C;|| < R;

where D € R? is the vector which takes the values D = [1 0], D =[-1 0], D =1[0 1] and D =
[0 — 1] in order to find the minimum and maximum of the bounding box and, C; = (z;,y;) is
the vector that contains the j** LED position.
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4.8. Visible light positioning methods classification

Figure 4.11: Convex position estimation

The restriction of CPE positioning problem of Equation [6.3] states that a feasible estimated
localization point X = (x;, y;) must lie inside the connectivity area.

As it can be seen from equations the connectivity area of the j** transmitter strongly
depends on the angle of incidence and receiver’s FOV. Whilst the FOV of the receiver is a fixed
parameter the angle of incidence depends on the relative position between the transmitter and
receiver and, for the same position in the X-Y plane different angles can be obtained when the
receiver is positioned at different a height. Therefore, the coverage radius of a single VLC spot
depends on the variable Ahj; as follows.

Rj = Ahﬂ tan(\Ifl/Q) (4.12)

This special property of VLC networks has been named as Inherent spatial diversity [GPRI2].
It is important to notice that VLC network’s property will be use in further sections in order to
derive our novel positioning method.

The main drawback of this method is that only low accuracy 2-D positioning can be delivered.
In addition to this, the difference height must be known beforehand.

4.3.3 Fingerprinting (FP)

Fingerprinting (FP), also known as scene analysis, estimates the position of mobile node by
comparing the characteristics of the received signal with a previously collected fingerprint map.
This algorithm requires two phases: First, an offline phase during where scene information is
collected and, second, an online phase where receiver seeks the best match with the offline
measurement in order to estimate its position.

Finding the best match can be carried out through probabilistic inference, or classification
algorithms such as k-nearest neighbors, support vector machine, Naives-Bayes classifier, and
artificial neural networks [LDBL07]. Fingerprinting method does not require LOS from different
sources, unlike range based solutions.

VLP domain, fingerprinting has been used both in simulation and experimental studies. In
general, VLP systems based in FP use a type of RSS measurement to estimate mobile node’s
position. This measurement could be the signal impulse response [LPCT 14|, and power spectral
density (extracted power of each modulated frequency) of LED lights (with unique frequency
modulation) [VCZMI2] just to name a few.
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Table 4.3: Summary of range based, range free and fingerprinting positioning methods (Table
adapted from |AIAT17])

.. Signal Link Hardware
Localization . .
categor perturbation configuration dependency
gory Noise Multipath | LOS non-LOS Infrastucture
. . Highly infrastucture
Range based | Suceptible | Suceptible Supported | Non supported dependent
Low infrastucture
Range free Robust Robust Supported | Supported dependency
) . Highly infrastucture
Fingerprint Robust Robust Supported | Supported dependent

FP methods does not require to receive information from several beacon LED nodes unlike
range-based techniques. However, constructing the required database in the offline phase, as well
as, updating the map as the configuration of the environment changes is a major challenge for this
type of methods. The requirement of updated fingerprint maps increases the cost of maintenance.
Moreover, FP methods performance could be affected by the blockage from bodies or new objects
in the scene [LPC™14, [LDBLO7|. To address this problem, in Kail et al. [KMPBT14] a Bayesian
signal model that considers the possibility of obstructions is proposed. The authors of this article
have stated that their proposed model is robust to light signal blockage, considering the sparsity
in detecting the simultaneous visible lights.

4.4 Robustness and characteristics analysis of VLP methods

As mentioned before, range based, range free and fingerprint positioning methods have differ-
ent properties. In Table the main characteristics of each type of localization approach are
summarized.

When using range based methods for localization in underground mines tunnels tilt trans-
mitters and receivers, multipath effects, low anchor node’s density and diffuse link has to be
considered as shown in Figure (a). Moreover, machinery inside the mine can cause shadow-
ing as shown in Figure (d). Due to this, the signal received by workers inside the mine will
be provided by the light reflections inside the tunnel (diffuse link).

RSS, TOA, TDOA and AOA based methods suffer detrimental effects when noise, multipath,
shadowing and diffuse link are considered. Tilt receivers have to be considered since workers will
be performing labours inside the tunnel. Finally, inside the tunnel low anchor node’s density
exists. In general, range based methods will not provide position estimation when fewer than 2
or 3 LED sources are perceived.

Range free algorithms are robust to noise, multipath effect, diffuse link and shadowing con-
ditions. Moreover, they support positioning systems when tilt transmitters or receivers are
considered. Nevertheless, they suffer from low accuracy. This issue is solved traditionally by in-
creasing the number of LED lights. In underground mines an accuracy of 60.96(m) is established
by regulation. Due to this, a high accuracy positioning system is not required in underground
mine’s tunnels.

We use this analysis in order to propose a robust VLP system for underground mines which
will be developed by using a range free approach. Our proposed method is detailed and evaluated
in Chapter 6.
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Chapter 5

Design and implementation of a
low-cost /large-scale visible light
positioning system
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5.1 Introduction

In this section we provide the design and the hardware implementation of a low cost/large scale
visible light positioning system. As a result of this design, a VLP testing platform has been
implemented at the Center for research in automatic at Nancy (CRAN) of the Université de
Lorraine. This hardware implementation is used to deliver different positioning techniques from
PD to camera based positioning methods. In addition to this, the design will be done in order
to support different multiplexing techniques and data rates of up to 20 Kbps. As detailed in
previous sections, the proposed VLP system must provide indirect remote positioning topology.
In addition to this, it must be scalable and have a low cost on its implementation. This chapter
is organized as follows: First the uplink technology use for remote positioning capabilities as
detailed in table is presented, a coverage analysis is done by measuring the package success
ratio. Further on, the VL.C transmitter hardware architecture is presented. Finally, the receiver
is detailed and real data obtained from the implemented platform is delivered.

5.2 Uplink for remote positioning

As depicted in Table £.2] VLC technology requires to be hybridized in order to support remote
positioning technologies. Among all wireless communications technologies RF and IR are used
to support uplink communication. TR communications have a short range of coverage (about 10
m). On the other hand RF has shown to cover a large area inside tunnels. Different RF bands
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5.2.  Uplink for remote positioning

have been studied inside tunnels. Channel modelling and signal propagation characteristics of
RF in underground mines can be found in literature [SAT0L HK.J14, [FBMNT13].

In Emslie et al. the propagation of RF signals between 500-1000 MHz was studied. The
experimental study shown that attenuation of signals in this frequencies is relatively low in
straight mine entries [ELST75]. on the other hand, practical tests have revealed that the MFband
(300 kHz-3 MHz) has more coverage and less attenuation compared to UHF-band in both coal
and metal /non-metal mines .

Higher frequencies such as VHF, UHF and SHF propagate in LOS and 300 m down a mine
entry. As a result, considering practical tests, and theoretical and experimental results, although
high frequencies (UHF band higher) may offer a larger coverage area in straight and unobstructed
tunnels, better coverage may be achievable by frequencies lower than UHF (MF-VHF) [SA10)]
when corners, crossings and obstacles exist. Regardless, UHF based technologies are more ap-
pealing to the mining industry because low cost, small form factor, scalable and easy to use
applications are available off-the-shelf. In addition, their coverage and other propagation issues
(e.g., requiring line-of-sight between Tx and Rx) can be resolved by appropriate antenna and
wireless network designs.

Taking into account this analysis on RF signal propagation inside mine tunnels we choose a
technology capable of providing communication in UHF band (300 MHz to 3 GHz). Different
low cost devices are capable to provide wireless communications using this frequency band. In
particular we have chosen a low cost wireless device nRF905 transceiver which is a single chip
communication device that can work at frequencies of 433, 868 and 915 MHz. It has an adjustable
output power up to 10 dBm and low current consumption on transmit mode (9 mA) and receive
mode (12 mA). In Fig. the transceiver is shown. More details about the transceiver can be
found in [sem].

Figure 5.1: Single chip transceiver nRF905

This device does not provide online channel gain measurement. Due to this, the performance
of the technology is obtained by measuring the package error rates. We send 1000 communications
packages with fixed data to different distances between transmitter and receiver in a straight hall
located at Universidad de Santiago de Chile. In Figure [5.2] the packet error rate for different
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distances is shown.
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Figure 5.2: Packet error rate versus distance for nRF905

As it can be seen, this device achieves a packet error rate near to 0 % for a distance of up t0 20
m. Due to this, we consider that this technology feasible for underground mine communications
and for enabling remote positioning.

5.3 Visible light communications downlink

In this section design of the low cost device used for visible light communications is delivered.
In order to provide a wide range of communication possibilities, we design the device to support
TDM and FDM access methods. The used modulation for this purpose is on-off-keying (OOK).
Each VLC spot must be reconfigurable and must have a low cost. Due to this, we use low general
purpose microcontrollers to configure our system and provide the wireless link. In Fig. the
transmitter design schematics is shown.

In order to evaluate the scenario proposed in Fig. [6.1]a real platform using 9 LED light trans-
mitters. In Fig. [5.4] detailed photos of the proposed hardware are delivered. The microcontroller
used for signal modulation is an Arduino Uno which cab be connected to a backbone network
trough serial or ethernet. In addition to this, stand-alone operation is supported by saving the
beacon packet in the microcontroller permanent memory.

As mentioned before, two different access methods are supported by our hardware design.
The first method is randomly allocated time division multiplexing. An emitter with a data rate
of 10 Kbps is used in order to transmit the message. The VLC beacon is randomly allocated in
a time slot. The general structure of this protocol is shown in Fig. [5.5

As it can be seen out frequency is used in order to differentiate idle stated from transmission
states. Collision between two emitters who transmits the beacon at the same time slot is avoided
by multiple observations. This method has been studied previously in Li et al. were a,
which uses a BFSA-based random access scheme first proposed in Zhang et al [ZCK14].

In addition to the random access scheme detailed above a frequency division multiplexing
access is implemented in the platform. In Fig. the general structure of this access method is
shown.
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220V

AC/DC AC/DC
microcontroller LED
Data Modulated Data Dual MOS FET DC modulated LED
Microcontroller Triemer Switch Drive CREE Xlamp
&8 CXB1512

Figure 5.3: Transmitter design schematic

vLC

Modulator LED
transmitter

220V

Figure 5.4: Real implementation of VLC transmitter (a) general overview and (b) modulator in
detail

Contrary to TDM method, in FDM systems there is no need for random allocation in a time
slot since different VLC cells are not competing for the same resource (time slot) instead, they
use separated channel that can be transmitted simultaneously and recognized at receiver side.
In order to separate different sources band pass filters are implemented at receiver side.

5.4 Visible light communications receiver

As detailed in Chapter 3, section 3.3.3 in order to detect the wireless communications signal
photodetectors are used to transform the modulated optical signal into an electrical one. In
particular in this thesis, a PDA36A2 thorlabs photodetector shown in Fig. [5.7]is used. This Si
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Figure 5.5: Random time slot access schematic

free space amplified PD has wavelength range within 200 to 1100 nm and a bandwidth from DC
up to 12 MHz.

In order to process the received signal, analog to digital converter (ADC) is attached to the
output of this PD. In particular we use an KEYSIGHT InfiniiVision 2000 X-Series Oscilloscope
shown in Fig. 5.8 It is important to notice that the bandwidth of this converter is larger than
the bandwidth of the PD used. In order to process the digitalized signal a MATLAB interface
between the computer and the oscilloscope is created in order to retrieve the received data.

The receiver scheme is shown in Fig. 5.9} The message and the positioning algorithms are
processed using an Acer aspired with an i5 processor of 1.60 GHz and 4GB RAM.
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Figure 5.6: Frequency access schematic

Figure 5.8: Oscilloscope used as digital to analog converter
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Optical Voltage
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Figure 5.9: Proposed receiver architecture
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Chapter 6

Design and implementation of a novel
range free positioning method for
robust visible light positioning in

underground mines
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6.1 Introduction

As it was detailed in precious chapters VLP system have its merits to be implemented in under-
ground mines for monitoring of personnel inside the tunnel. In chapter 5 a low cost/large scale
hardware VLP system was detailed. This design and implementation hybridize VL.C technology
with a low cost-large coverage RF hardware in order to enable remote positioning which solves
the problem enunciated in Chapter 2.

In Chapter 4 different VLP methods were evaluated in terms of their robustness. As a conse-
quence range free positioning methods has been chosen due to their merits in terms of robustness
against: signal perturbations, link configuration and hardware dependency. Nowadays, most of
the range VLP free methods that can be found in literature are used straightforward from RF
based solutions. In this chapter, we introduce a novel range free positioning method that uses
intersect characteristics of VLC networks in order to increase the robustness and accuracy.
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6.2. System description

This chapter is organized as follows: In Section 2 the system description in which the proposed
algorithm performance will be evaluated is presented. Next, the procedure of our range free
method is detailed. Results in terms of accuracy and robustness are displayed in Section 4.
Finally, the main conclusions are delivered.

6.2 System description

The spatial deployment of VL.C network has an important impact in performance of the com-
munication as well as accuracy of the positioning methods. Many authors have proposed the
optimization of the diffusion spots of VLC networks as an important parameter in order to ensure
fast and reliable communication between transmitter and receiver [EMGOTS|, [LLZ14, WC05]. In
particular, in two lighting arrangements were tested for VLC networks, these are, Lattice
and tunnel structure shown in Figure [6.1]

(b)

Figure 6.1: Different LED arrangements for VLC networks (a) Lattice architecture and (b)
Tunnel architecture

The two proposed LED architectures are presented an square room. In Lattice structure the
distance between LED lights in the X and Y axes are the same for all the LED lights sharing a
common column or row whilst in Tunnel structure there is a maximum of two LED lights in the
same column.

These structures are used due to the illuminations constraints, which means that VLC net-
works are mostly deployed as homogeneous networks to reach minimum luminosity levels. Dif-
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6.3. Network architecture based positioning method: Convex polygon positioning (CPP)

ferent spatial deployments of LEDs will provide different coverage pattern, inter-cell interference,
signal to noise ratio and illumination distribution due to the characteristics of VLC channel.

6.3 Network architecture based positioning method: Convex poly-
gon positioning (CPP)

The channel gain on the receiver side for the n-LOS component depends on the FOV and orien-

tation of the photodetector. Due to this, the equation ([3.16) is expressed as
Eq. (3.23) 0< v <,

hnlos = { ( ) " (61)

0 elsewhere

as it can be seen from equation the coverage radius of the transmitter j strongly depends
on the angle of incidence and the receiver’s FOV. While the FOV is a fixed parameter, the angle
of incidence depends on the relative position between the transmitter and receiver and, for the
same position in the X-Y plane different angles can be obtained when the receiver is positioned
at different height as shown in Figure [6.2]

hLE D

Vertical 1
localization hmax
zone of interest I < o1
e W | A
Y X
L\ 2 4
hmin

Figure 6.2: Sample graph with blue (dotted), green solid) and red (dashed) lines

since the coverage radius of a single VL.C spot depends on the variable Ah we define Ah,;,
as the minimum height difference between transmitter and receiver and Ah,,q, as the maximum
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6.3. Network architecture based positioning method: Convex polygon positioning (CPP)

difference. The maximum coverage radius for a single VL.C spot using LOS signal can be derived
from equation (3.16) considering maxj; = ¥; and a given height difference Ah as follows

Ryas = Ahtan(¥;) (6.2)

it can be seen that the maximum coverage radius of the diffusion spot is proportional to the
height difference Ah.

In order to estimate the maximum coverage radius, CPP method requires previous knowledge
of receiver height in order to compute the height difference Ah. The height of the LED trans-
mitter, hj, is obtained by decoding data transmitted by a VLC beacon in Figure @ On the
other hand, the receiver height must be determined by using additional 1-D ranging sensors. In
particular, two different low cost technologies are proposed in order to measure receiver’s height,
these are the ultrasound range sensor HC-SR04 and the Time-of-Flight optical ranging sensor
VL53L0X.

Since ranging information is not always precise, the algorithm will be affected by the mismatch
between real and measured height. In Figure (a) real measurements of receiver’s height
performed by the two proposed ranging sensors for a h; = 0.7(m) are shown. As it can be seen,
measurements done by the sensor are not perfect. In addition to this, outliers are present when
HC-SR04 is used. In order to overcome this problem, a median filter is commonly use for outlier
elimination as shown in Figure (b). We use the ultrasonic technology instead the optical
sensor since measurements done by VL53L0X have an offset larger than 10 centimetres. In this
figure, outliers are eliminated from signal. Moreover, errors in receiver’s height measurement
smaller than 4 centimetres are obtained.
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Figure 6.3: Difference height distance measurements (a) raw measurements and (b) filtered
measurements

The standard deviation of the filtered difference height measurement oap,; = 0.0064 (m).

In this section we will show how the proposed method uses the architecture information of
the nearest VLC diffusion spots in order to increase the accuracy and robustness of position
estimation. As a practical example we consider, without losing generality, a small square room
with a lattice LED deployment of 4 lights.

Each VLC spot sends periodically information its unique ID number as well as its own
position and the coordinates of its nearest neighbours as shown in Figure[6.4] In order to receive
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information from multiple sources the algorithm requires the usage of a multiple access technique
such as frequency division multiplexing (FDM), time division multiplexing (TDM) code division
multiplexing (CDM) or other [PL18]. The low cost7large scale platform presented in Section 5
support both, TDM and FDM.

For this example we consider that the mobile node is connected to three LED lights as shown
in Figure[6.5] It receives simultaneously the VLC beacon shown in [6.4]from each connected light.

Connected Neighbors
Cell Cells
- - _
y Cn, C, C, CNy

C] = [Cell ID,Xj,yj,Zj]
CN - [Cell ID’xNk’yNk'ZNk]

Figure 6.4: Broadcast VLC Packet

As it can be seen the mobile node receives position information from the connected node and,
additionally, its neighbours. The proposed method uses both, connected and non-connected cells
to perform localization of the unknown node.

First, connected cells are used by using the traditional CPE algorithm. The feasible zone in
which the MN could be located is represented by the minimum bounding rectangle of the feasible
connection-based set. This minimum rectangle, also called bounding box, is found by solving
iteratively a linear optimization problem with connectivity constraints. The bounding box is a
convex set in R?, since the rectangle is the intersection of four half-spaces, hence is a convex set
in R? [BV04].

The CPE optimization problem is state as follows

minimize D7x
x € R? (6.3)
subject to  ||x — Cj|| < R;

where D € R? is the vector which takes the values D = [1 0], D =[-1 0], D =1[0 1] and D =
[0 — 1] in order to find the minimum and maximum of the bounding box. The restriction of the
problem states that the feasible point x must lie in the connectivity area. CPE method estimates
position of the MN as the bounding box centroid as shown in Figure Our proposed method
uses this bound box as the first step of the procedure.

For the second step, neighbour cells overlapped with the bounding box are found. Since the
coverage radius and the central position of each neighbour cell is known by the MN it can perform
an overlapping condition testing algorithm. The overlapped condition state next is tested for
each known neighbour and the bounding box set already found in the first step.
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Yy axis

Figure 6.5: Convex bounding box for the mobile node position

Definition 1 Owverlapping condition: A bounding box set BB and an optical cell coverage area
set Aj are considered to be overlapped if the inferior value of the distance between a point T in
the bounding box set, © € BB and the central point of the coverage area set of the m'™ LED C,,
is inferior to the coverage radius of the m™ cell R,,. Mathematically this can be expressed as

BB Ay # ¢ < inf [|z— Cnlly < R (6.4)
BB

Where ¢ is the empty set and ||.||, is the euclidean norm in R2.
The before mentioned overlapping condition can be expressed as convex optimization problem
since ianB |Ix — Cp||5 is the minimization of the distance between a convex set and a fixed point
x€

in R?, i.e., the minimization of the distance between the bounding box set and the center of the
coverage area set of the m* which is a neighbor cell defined as

minimize  ||x — Cpl|l, — Rm
x€eR
subject to X =X Xpmaz, (6.5)

— X =2 —Xmin

Where the constraints X, and Xmez € R? are the minimum and maximum values of the
bounding box set, < is an element-wise comparator and R, is the coverage radius of the cell.
When the fitness function of the optimization problem in is strictly negative means that
the cell m is and overlapped cell of the bounding box. Otherwise the cell is not an overlapping
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Figure 6.6: Overlapped cell to bounding box with binary indicator of Equation equals to
one

Xmin Xmax

cell. We use an overlapping binary function indicator defined as

1 if |x* = Cplly — B <0

) (6.6)
0 if |x*—Cuplly—Rm >0

Overlapping = {

where x* is the minimum of the convex optimization problem stated in (6.5]).

Once the overlapping condition is check, only overlapped cells are considered in the reduc-
tion process as shown in Figure [6.6] In particular, for this example coverage area of cell 3
(depicted in red) is overlapped with the bounding box. For this reason, the VLC cell 3 is used
to reduce the feasible localization set delimited by vertices points of the bounding box, i.e.,
Ppp = {P1, P2, P3, P4} as shown in Figure

In order to find the new feasible localization set, a feasibility check is implemented using
the non connectivity constraints, i.e., the possible intersection points that does not satisfy the
non-connectivity condition are discarded. As it can be seen in Figure [6.7] the vertex point
P3 = (Tmaz, Ymaz) 1s inside the coverage area of the non-connected cell 3, i.e., p; € Az where
A3 is the coverage area set of LED 3. Since the mobile node is not connected to the VLC spot
with ID 3 we can conclude that the ps vertex is not a feasible point for the positioning method.
Due to this, ps is removed from the positioning polygon set. We named this provisional set as
Pep1t = {P1, P2: P4}

Once the point feasibility check is done, intersection points between the overlapped cells and
the original bounding box are found as shown in Figure At this point, new vertices p} and
p5 will be use to provide a convex approximation for the non-convex constraint ||x — C;|| > R;.
We named this provisional set as Pops = {p], p5}

Once the new set of feasible set Popo is found, it is merged with the provisional vertices set
Pep1 as Pop = Popy UPep; shown in Figure [6.9]

Finally, a convex polygon is formed using the points of the set Pop = {p;, P2, P4, P}, D5} as
the vertices of the polygon.

In order to create this convex polygon, the smallest convex set that contains Pgp is must
be found. This set has been named as the convex hull of the feasible vertices set Pop denoted
as CH (Pcp) shown in Figure In this practical example the convex polygon CH (Pcp) =
{P1, P2, P}, P), P4}

The estimated position on the mobile node will be computed as the centroid of the convex
hull shown in Figure Since the convex hull in R? is a convex close polygon, its centroid can
obtained by
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Figure 6.7: Unfeasible point elimination based on connectivity feasibility check

Figure 6.8: New feasible vertices using overlapped non-connected cells
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Figure 6.9: Set of vertices found by using connectivity and infrastructure information

Xmin Xmax 82



6.4. Enhance of position accuracy using imaging receiers (IR-CPP)
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Figure 6.10: Convex polygon for feasible positioning area

Xmin Xmax
TMN = 6A Z Tj + 2j41) (Y41 — Tj412;5)
J=1
| K
gun = | o1 > W+ yie) (@5y501 — 2025) (6.7)
Pz
j=1

where K is the total number of points in the convex hull set CH (Pcp), (x;,y;) are the
components in the X and Y axis. Finally, Acp is the area of our convex polygon calculated by:

K
> (zyi4n — Tji1y5) (6.8)
j=1

N =

Since the final feasible are of positioning is described by a convex polygon, we refer to the
proposed method as convex polygon positioning (CPP).

6.4 Enhance of position accuracy using imaging receivers (IR-
CPP)

Imaging receivers [GCI8]| allow multiple-input-multiple-output (MIMO) capacity for indoor VLC.
Imaging receivers consist on the usage of various PDs at the receiver side. In this work, we
consider the usage of imaging detectors composed by two or four vertically oriented PDs with
different FOV angles. Single PD and imaging receiver architectures are shown in Figure [6.11]

Our method uses the imaging receivers to reduce the feasible localization area and increase
the accuracy of position estimation. These type of algorithms assume a fixed coverage radius
R;. As detailed previously, the maximum coverage area strongly depends on detector’s FOV and
height difference.

In Figure [6.12] intersection patterns of maximum coverage area of each VLC source are dis-
played for single PD detector and imaging receiver composed by 2 PDs.
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6.4. Enhance of position accuracy using imaging receiers (IR-CPP)

(a) (b)

Figure 6.11: Detector architectures: (a) single photodetector and (b) imaging receiver

Figure 6.12: Intersection pattern of feasible localization area based on (a) single PD and (b)
imaging receiver

As it can be seen, the usage of two PDs with different FOV angles creates a more dense
intersection pattern. Due to this, the complete area of the considered room is divided into
smaller feasible regions.

Since imaging receivers are used in our method, the constraints of original CPE algorithm
proposed in [DPE0T] have been modified in order to take into account multiple detectors as
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detailed in Eq.

minimize D7Tx

x € R?

subject to  ||x — Cyly < Rgl),
Ix—Cull, < R,

K

Ix— Cully < R, (6:9)
Ix — Call, < RS,
x - Call, < RS,

I~ ¢;ll, < BYY
similarly to traditional CPE method, D is a two dimensional vector which takes the values
D=[10,D=[-10,D=[01] and D = [0 — 1]. Position of the connected cell in X and Y

axis, C;, and maximum coverage radius of connected cells for each detector ng) are considered
as constraints of the optimization problem. The number of constraints in the optimization
problem is directly related to the total number of PDs (K) at the receiver side and the number
of connected cells.

The step by step procedure of imaging receiver convex polygon positioning (IR-CPP) is
similar to the single PD method detailed in the previous section. The main difference is that
the usage of imaging receivers, increase the number of constraints and feasibility checks and,
consequently, reduces the feasible positioning area and increases the accuracy.

6.5 Simulation results

To solve problem convex optimization problems we use CVX, a package for specifying and solving
convex programs in MATLAB [GB08]. In order to find the final convex hull, rapid-hull algorithm
proposed in [BDH96] is used.

The LED deployment shown in Figure [6.1[a) and (b) are used to evaluate the performance
of our proposed algorithm. Parameters used for simulation are delivered in Table [6.1} Seven
different receiver architectures are detailed in the table below, these are, PD(s1), PD(s2), PD(s3),
PD(IRy), PD(IR3), PD(IR3) and PD(IR4). These architectures are used in order to measure
the effect of using different FOV combinations at the receiver side and, the impact of using
imaging receivers instead traditional single detector approach.

The accuracy of our method is analysed based on two different heights Ah;;. Numerical
results were obtained using a square grid with a separation of 0.1 meters between each testing
point.

In order to measure the impact of tilting and rotation angles, an horizontal tilting angle £ is
assumed to be in the range of +2°. Furthermore, a rotation angle o € [0°,360°] is considered.

Results must be evaluated separately for each proposed scenario, i.e., Square room with
lattice arranged beacon nodes and, tunnel network architecture.
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6.5. Simulation results

Parameter Value Parameter Value

d/2 70° my 0.6461

P; 10W A 10~% m?

T 1 Simulation grid 0.1x 0.1 m
ANz 2m Ahpmin 1.5m
Room size 3x3 xX3m Number of LEDs | 9

P 0.8 Mismatch +0.04 m
Tunnel size 6x3 x3m FOV PD(sy) 60

FOV PD(s2) 80 FOV PD(s3) 100°

FOV PD(IR;) | 60 and 80° FOV PD(IR3) 60 and 100°
FOV PD(IR3) | 40,60,80 and 100° | FOV PD (IRy) 60, 80,100 and 120°
| Brite1| 1° | Brirez| 2°

Qrotl 0° Qrot2 90°

Qrot3 180° Qyotd 270°

Table 6.1: Parameters for computational simulation

6.5.1 Square room

In this section performance of the proposed method for the scenario described in Figure (a)
is analysed. First, a comparison between different FOVs is done by assuming a a single PD at
receiver’s side. Then, imaging receivers CPP is evaluated under the same conditions using four
different imaging receiver’s architectures. Next, a coverage analysis between range free and range
based VLP is performed. Finally, effects of multipath reflections, tilt and rotation angles and
height mismatch measurements in position estimation are studied.

Method performance: Single PD versus imaging receiver

System parameters of the VLC network such as: testing grid, room dimensions, receiver’'s FOV
and height difference are delivered in Table [6.1] In this section performance of CPP method
using single PD and imaging receivers with different FOVs is obtained through computational
simulation.

In Figure[6.13|the CDF of positioning errors using CPP method is delivered for two difference
heights, i.e., Ahj; = 2 m and Ahj; = 1.5 m. As it can be seen the proposed method is highly
robust to changes in the receiver’s FOV considering an interval of angles from 60° to 100°.

The detrimental effect on the accuracy suffered by CPP(s3) can be explained due to the
increment of coverage area from each VLC cell. Since the method uses architecture information
and overlapping conditions to reduce the feasible positioning area, it becomes less effective when
the coverage area of each cell A; becomes relatively big compared to the room dimensions and
the network is not enough densely deployed. This effect is more pronounced for larger differ-
ence heights since the coverage radius increases along with Ahj;. The most accurate position
estimation is obtained by using a FOV=60° at receiver’s side.

Different combinations of FOV angles provide variety of intersection patterns (see Figure
6.12)). Due to this, measuring the effect of multiple coverage radius ng) is important. Four
different FOV combinations detailed in Table [6.1] are proposed. In Figure [6.14] the cumulative
distribution function (CDF) of errors is displayed for Ah;; = 1.5 and Ah;; = 2 meters using the
four proposed detector architectures. The acronym of algorithm along with the receiver archi-
tecture is used as abbreviation to simplify the performance analysis. For instance, CPP(IR;)
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Figure 6.13: CPP performance using a single PD for (a) Ahj;;=2 m and (b) Ahj;=1.5 m

stands for the performance of CPP algorithm using the receiver architecture PD(IR;) of Table
0. 1]

As it can be seen, the combination of CPP method and imaging receiver overcomes increases
the accuracy of position estimation. The best performance is achieved when a large variety of
FOV angles are used as detectors. In this thesis a maximum number of four PDs is used.

Changes in receiver’s height have small impact on IR-CPP performance. IR-CPP method
shows also to be robust to changes on the FOV combination. For instance, IR-CPP performance
is similar for PD(IE3) and PD(/R,) architectures in both proposed scenarios. We can infer that
the robustness of the method to changes in the FOV increases along with the number of PDs
used at receiver’s side.
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Figure 6.14: CPP performance using a imaging receiver for (a) Ah;;=2 m and (b) Ah;;=1.5 m
As the receiver height difference increases to from Ah;; = 1.5(m) to Ah;; = 2(m), mean

accuracy of CPP method changes. The overall performance of PD(IRj3) architecture overcomes
slightly PD(IRy), which shows to be a bit more sensitive to changes in receiver’s height.
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Figure 6.15: Comparison of best PD architectures for (a) Ahj;=2 m and (b) Ahj;=1.5 m

Coverage analysis: Range based vs range free approach

Whilst range based method uses signal characteristics in order to estimate the mobile’s node
position range free methods use only connectivity information as detailed in Chapter 4.

Another important drawback of range based positioning method is that they required at least
two or three connected nodes in order to perform localization. In general, for low cost positioning
using off-the-shelf devices, RSS based range free positioning is preferred.

In Figure[6.16] a two dimensional representation of coverage distribution for range based and
range free positioning approaches is presented. A receiver’s FOVs of ¥; = 60°, ¥; = 80° and
¥; = 100° are used to measure the coverage of VLC cells.

It can be seen that RSS range based method is not capable to cover completely the proposed
scenario when a receiver FOV of 60° is used. In order to compute RSS-based method, the mobile
node requires the reception of least three VLC cells to estimate its position. The RSS-based
algorithm has a coverage area percentage of 51.8813% whilst, under the same FOV conditions,
our range free method is capable to cover the 100% of proposed scenario.

Effect of multipath reflections: boundary conditions

In this section the effect of multipath reflection in underground mine walls is analysed. Tradi-
tional VLP systems use high accuracy range based method. As mentioned before, RSS based
positioning is preferred due to its low cost and off-the shelf device usage. Nevertheless, this
method is highly sensitive to multipath reflections and noise.

In Figure [6.17] the error of RSS based trilateration and our proposed method in a surface
plot is presented. The overlapped area reduction proposed by CPP algorithm improves the
performance by reducing the error variability over the considered area. Errors near to walls
and boundaries present in VLP systems due to lack of connectivity and reflections is reduced
by using disconnected cells in the localization process. Since CPP is a range free method, its
performance in terms of accuracy is enhanced as the density of network increases. Due to this,
the central zone of the proposed scenario shows a higher accuracy compared with the border in
both proposed network methods. On the other hand, RSS based method suffers from the effect
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Figure 6.16: Two dimensional coverage representation for Ahj;=2m (a) FOV=60°, (b) FOV=80°
and () FOV=100°
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Figure 6.17: Method performance using an 80° FOV detector for (a) RSS trilateration and (b)
CpP

of multipath reflections. It can be seen in Figure (a) the RSS based method suffers a high
impact from boundary conditions.
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Figure 6.18: Impact of mismatch measurements on receiver’s heigth using PD(IR3) architecture
for (a)Ah;; = 1.5 meters and (b)Ah;; = 2 meters

Effect of mismatch receiver’s height measurements

In Figure the effect of mismatch measurements of receiver’s height is shown. The perfor-
mance of the method to mismatch estimations in an interval between £4 cm is simulated. This
interval is proposed based on the measurements obtained in Figure (b). CPP method using
PD(c) architecture at receiver side is used to analyse the effect of mismatch measurements.

As it can be seen in Figure the impact of a mismatch in the estimation of height
difference in the range of +4 cm increases the mean error in less than 1 cm when PD(IR3)
architecture is used, for a height difference Ah;; = 1.5 m. In addition to this, negative mismatch
produces lower error than positive mismatch.

On the other hand, for Ah;; = 2 m, mismatches in measurement have higher impact, in-
creasing the mean error from less than 10 cm to approximately 12 cm as shown in Figure [6.1§]
(b). The impact of mismatch measurements on method performance increases along with the
difference height between the source and receiver.

Impact of tilting and rotation angles

In order to perform localization, CPP method uses an initial estimation of the maximum coverage
radius based on the FOV of receiver. Since receivers and transmitter are not always parallel,
the maximum coverage range may vary based on the tilting angle of the receiver. In Figure[6.19
the effect of tilting and rotation angles on method performance are shown. Mean error of the
algorithm is obtained by computational simulation for tilting angles of 8 = 1° and g = 2° as
proposed in Table [6.I] Furthermore, four discrete values of rotation angle « are analysed.

As it can be seen the rotation angle o has low impact in method performance for a difference
height Ah;; = 1.5 m. On the other hand, as tilting angle 3 increases, accuracy of the proposed
method decreases. The impact of tilting angle 8 in CPP accuracy is stronger when Ah;; = 2 m.
In addition to this, rotation angles between 180° and 270° also significantly increase the error in
this scenario.
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Figure 6.19: Impact of tilting and rotation angles using PD(IR3) architecture for (a) Ah;; = 1.5
meters and (b)Ah;; = 2 meters

6.5.2 Tunnel section

In this section performance of the proposed method for the scenario described in Figure (b)
is analysed. First, a comparison between different FOVs is done by assuming a a single PD at
receiver’s side. Then, imaging receivers CPP is evaluated under the same conditions using four
different imaging receiver’s architectures. Next, a coverage analysis between range free and range
based VLP is performed. Finally, effects of multipath reflections, tilt and rotation angles and
height mismatch measurements in position estimation are studied.

Method performance: Single PD versus imaging receiver

System parameters of the VLC network such as: testing grid, tunnel dimensions, receiver’s FOV
and height difference are delivered in Table [6.1] In this section performance of CPP method
using single PD and imaging receivers with different FOVs is obtained through computational
simulation.

In Figure[6.20]the CDF of positioning errors using CPP method is delivered for two difference
heights, i.e., Ahj; = 2 m and Ahj; = 1.5 m. As it can be seen the proposed method is suffers
changes in accuracy when the receiver’s FOV varies.

The detrimental effect on the accuracy suffered by CPP(s;) can be explained due to the
lack of sufficient infrastructure and VLC cell coverage area. Since the method uses architecture
information and overlapping conditions to reduce the feasible positioning area, it becomes less
effective when the coverage area of each cell A; becomes relatively big compared to the tunnel
dimensions and the network is not enough densely deployed. Notice that a the number of LED
spots used in tunnel scenario is eight. Due to this, density of the network is lower compared to
the room scenario. Moreover the proposed tunnel section has an area of 18 m? whilst the area
of the square room scenario is 9 m?. This effect is more pronounced for larger difference heights
since the coverage radius increases along with Ahj;. The most accurate position estimation is
obtained by using a FOV=80° (CPP(s2)) at receiver’s side.

Different combinations of FOV angles provide variety of intersection patterns (see Figure

6.12)). Due to this, measuring the effect of multiple coverage radius Rj(.k) is important. Four
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Figure 6.20: CPP performance using a single PD in tunnel scenario for (a) Ahj=2 m and (b)
Ahji=1.5 m

different FOV combinations detailed in Table [6.1] are proposed. In Figure [6.21] the cumulative
distribution function (CDF) of errors is displayed for Ah;; = 1.5 and Ah;; = 2 meters using the
four proposed detector architectures.

As it can be seen, the combination of CPP method and imaging receiver increases the accuracy
of position estimation. The best performance is achieved when a large variety of FOV angles are
used as detectors. In this thesis a maximum number of four PDs is used.

Changes in receiver’s height have small impact on IR-CPP performance. Proposed detectors
PD(IR3) and PD(IR4) are more robust to changes in height difference compared to PD(IR;)
and PD(I R3) architectures. We can conclude that when there exist a low density of VLC spots in
the positioning scenario (VLC spots per square meter), wider FOV angles provide more accurate
and robust position estimation.
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Figure 6.21: CPP performance using a imaging receiver in tunnel scenario for (a) Ahj;=2 m and

(b) Ahj;=1.5m
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As the receiver height difference increases to from Ah;; = 1.5(m) to Ah;; = 2(m), mean
accuracy of CPP method changes. The overall performance of PD(/R4) architecture overcomes
all other proposed detector architectures.
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Figure 6.22: Comparison of best PD architectures for (a) Ahj;=2 m and (b) Ah;;=1.5 m

Coverage analysis: Range based vs range free approach

Similarly to the analysis conducted in previous sections we analyse the coverage distribution
of VLC spots in tunnel scenario. In Figure [6.23] a two dimensional representation of coverage
distribution for range based and range free positioning approaches is presented. A receiver’s
FOVs of ¥; = 60°, ¥; = 80° and ¥; = 100° are used to measure the coverage of VLC cells.

It can be seen that RSS range based method is not capable to cover completely the proposed
scenario when a receiver FOV of 60° is used. In order to compute RSS-based method, the mobile
node requires the reception of least three VLC cells to estimate its position. The RSS-based
algorithm has a coverage area percentage of 3.2786% whilst, under the same FOV conditions,
our range free method is capable to cover the 100% of proposed scenario. Moreover, for an
80° PD FOV at receiver side the range based RSS method reach an coverage area of 48.5929%
compared again, to the 100% reached by the range free architecture based method.

We can conclude that our proposed range free method is more robust to low infrastructure
deployment, whilst range free methods left blind areas with no coverage in underground mine’s
tunnels.

6.6 Real implementation of CPP method using VLP testing plat-
form

In order to measure the performance of CPP method in a real scenario we use the platform
architecture proposed in Chapter 5. In particular, an square room platform of 3x3x3 m of
dimensions with 9 LED VLC beacon transmitters is implemented as shown in Figure .24 In
order to transmit simultaneously position information of VLC beacon nodes FDM is used. Each
VLC spot has a unique transmission frequency detailed in Table [6.2]
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Figure 6.23: Two dimensional coverage representation in tunnel scenario for Ah;=2 m (a)

FOV=60°, (b) FOV=80° and (c) FOV=100°

Frequency (KHz) | 110 | 130 | 150 | 170 | 190 | 210 | 230 | 250 | 270
ID number ID1 | ID2 | ID3 | ID4 | ID5 | ID5 | ID7 | ID8 | ID9

Table 6.2: Frequencies of VLC beacon nodes
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6.6. Real implementation of CPP method using VLP testing platform

Figure 6.24: Real square room VLC platform for VLP testing

The proposed platform transmits data using OOK modulation with a data rate of 10 Kbps.
Dara rate can be incremented easily by software configuration. At receiver side, PD is connected
to computer as shown in Figure 5.9} In order to verify our proposed method testing grid shown
in Figure [6.25 is used. Each testing grid point is separated by 25 cm. The distance between
transmitter and receiver Ahj;;=2.25 m. The receiver’s FOV is approximately 60°, which means
that the coverage radius R;—= 1.3 m. We use these parameters in order to test the method
performance in real scenario.

In Figure [6.26] a two dimensional representation of the received power from two simultaneous
VLC sources is displayed. In particular ID1 and ID2 sources are represented in these figured.
Real power measurements were obtained by using a 0.25x0.25 testing grid. As it can be seen
the coverage radius of each VLC spot is larger than 1 m. The power of each source is obtained
by passing the received signal through a bandpass filter. Each bandpass filter has a central
frequency that correspond with one of the sources detailed in Table

In Figure [6.27] the 3-D error distribution of our CPP method is shown. As it can be seen the
algorithm shows an accuracy below 1 meter. In addition to this, boundary effects are reduced
due to the usage of non-connectivity constraints in the position estimation. In this test only
static point by point localization is considered.
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Figure 6.25: Photodetector receiver in the testing grid for CPP VLP method validation
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Chapter 7

Conclusions and perspectives
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7.1 Conclusion

Visible Light Communication (VLC) has gained the interest as a feasible future wireless com-
munications technology due to its merits in terms of data rate, confidentiality and safety. As a
consequence, visible light positioning methods have emerged in the recent years as a technology
that uses lighting communication infrastructure to provide high accuracy and low cost position
information. In literature, most of the VLP methods have been proposed for low-complexity
and safe indoor scenarios such as interior buildings, offices, parkings, etc. However, in some
hazardous industrial scenarios most of these scenario conditions are not satisfied as described
in Chapter 1 and 2. Due to this, a complete analysis of current positioning technologies and
visible light communication link under extreme environmental conditions in indoor environments
is required.

Different parameters must be considered when designing a positioning system. Nowadays,
different positioning solutions for underground mines exist in the market. These solutions use a
wide range of technologies from acoustic to radio-frequency in order to localize workers inside a
mine tunnel. Each of them suffers from critical drawbacks in terms of accuracy, scalability, cost
and deployment.

Specifically, in Chapter 2 we analyze the already existent positioning methods for under-
ground mines. An extensive discussion and study of this technologies identifies the main strengths
and weaknesses of each proposed technology. The main drawbacks of the already proposed tech-
nologies are, as mentioned before, their accuracy, scalability and cost. Accuracy of the system
established in the MINER act. [10906] is used in order to select a feasible method. As under-
ground tunnel expands, also the positioning system must cover a larger area and, as a conse-
quence, the cost of this localization will increase. Due to this, the system must be scalable and
have a low cost of implementation. Underground mines must be illuminated using artificial lights
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due to safety and health regulation. Due to this fact, two main question arises: "Is it possible to
provide a positioning system by using the already deployed lighting infrastructure?” and "Is this
system capable to fulfil the user requirements established by law?". These questions are addressed
throughout the thesis.

In order to answer these questions first we study the channel propagation characteristics of
light inside the tunnel. Different perturbations are taken into account in order to deliver the
nearest real-conditions model. We use this model to validate our positioning method and to
compare it with traditional VLP algorithms. Our model shows that underground mines are
quite unique scenario and three main perturbation can be identified as potential challenges to
our proposal, these are: tilted and rotated transmitters, limited deployed lighting infrastructure
and presence of dust.

In the following chapter, we analyse these challenges and its effect to visible light positioning
methods. As a result of this, we determine that a range free positioning method is more suitable
to meet the challenges of underground mines since they are robust to lack of infrastructure and
signal propagation characteristics.

Based on the insights provided by previous chapters we design a low cost/large scale visible
light positioning hardware in order to test our localization methods. In order to tackle the
deficiency of VLC systems to provide uplink communication an hybrid VLC/RF link is proposed
as the solution. We exploit the large coverage of UHF band to enable visible light remote
positioning and fulfil the requirements of MINER act. [10906]. We design a low cost hardware
that supports PD-based and camera based VLP. In addition to this, the proposed architecture
support different multiple access methods such as, FDM and TDM.

In Chapter 6 we provide a novel range free algorithm. as established in Chapter 3, range free
methods are more robust to the specific characteristics of underground mines. Nevertheless, in
order to provide range free and, in general, low cost position estimation previous knowledge of
receiver height is required. In order to meet this challenge, two different ranging technologies were
studied, these are: IR optical and acoustic ranging. The latter showed better results in terms od
accuracy and precision. This technology was used for practical implementation. In general, range
free method have high robustness but they suffer from low accuracy. This problem is combated
by creating a novel range free algorithm that uses network architecture information in order
to provide a convex solution for position estimation. We named this methods convex polygon
positioning (CPP). In order to increase the accuracy of our proposed method, we exploit the
angular diversity of novel receiver’s design. The usage of this type of receivers (image receivers)
increase the robustness and accuracy of the proposed method. Finally, the performance of our
method is delivered by computational simulations and real implementation on a testing platform.

7.2 Perspectives

7.2.1 Reduce the size of proposed receiver

As described in Chapter 5 the proposed receiver is based on commercially available laboratory
instrumentation such as Thorlabs photodetector, oscilloscope and Matlab software. In order to
reach mobility, size of proposed method must be reduced. In order to do that, a helmet suitable
size transceiver should be designed. Mobility issued will lead to different challenges such as :
computational capacity, size, weight and physical robustness among others. An immediate or
short-term alternative is to use an small single board computer such as Raspberry Pi zero which
is compatible with CVX package for Python. In Figure [7.1] a draft of the proposed portable
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device is shown. As it can be seen, the mobile device is capable to support Hybrid VLC and RF
communications for downlink and uplink correspondingly.

Figure 7.1: Portable helmet mounted device for VLP in underground mines

7.2.2 Energy efficiency

One of the most important drawbacks of user mobility is the lifespan of mobile devices. Whilst
most of the RF based solutions use low energy transceivers, VLC use light detectors. The optical
signal retrieve with this type of devices is transformed into a current signal which is amplified
and converted into a voltage signal. Energy efficiency of this amplifier must be optimized in
order to provide a larger battery lifespan of VLC devices.

Another important aspect to be considered is that the usage of light detectors is similar to the
principle use by Photovoltaics (PV) cell. PVs convert light into electricity using semiconducting
materials. The electricity produced by the PV device can be used to power the mobile device
and, simultaneously, detect the optical VLC signal.

In literature there exist few proposals that use PVs to power the VLC transceiver and detect
the optical signal m In particular, a zero energy visible light communication receiver is
proposed in Prabhakar et al. ﬂmn Here, optical communication signal is detected while
harvesting energy from the same transmission source. In Figure [7.2] the zero energy VLC device
scheme is shown.

7.2.3 Mobility and Tracking

Throughout this thesis, the performance of range free visible light positioning methods has been
obtained through static computational simulation and real implementation. Due to this, effect
of mobility has not been studied.

Typically, mobility has a detrimental effect on positioning accuracy. Due to this, instead
using current information to compute position estimation previous estimations are used in order
to improve the performance of localization process. The main difference between positioning and
tracking is that the first computes current position whereas the latter records a position history.

102



7.2. Perspectives

<+— Photovoltaic pannel

<«— Power + signal detection

Figure 7.2: Zero energy mobile VLC receiver

Different methods can be found in literature to provide tracking capabilities for VLP systems.
Among them, particle filters and extended Kalman filter are the most used methods [GZK14].
Most of the accuracy enhancement techniques have been applied to range based positioning
methods.

Further developments on trajectory filtering using mobility and tracking techniques can be
hybridized with range free positioning methods in order to increase the robustness of position
estimation.
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Résumé

En raison des progres des appareils électroniques et des technologies de communication, de nou-
velles régles de sécurité doivent étre appliquées afin d’exploiter les mines souterraines de facon
sécuritaire et optimale. En 2006, le gouvernement ameéricain a mis & jour ses politiques de sécu-
rité et a adopté la PUBLIC LAW109-236. De ce fait, le suivi de personnel a l'intérieur des
tunnels souterrains est aujourd’hui obligatoire pour 1’exploitation des mines. Cette nouvelle ré-
glementation établit que ’emplacement actuel, ou immeédiatement avant 1’accident, de tout le
personnel souterrain doit étre livré a une station de surveillance extérieure. Malgré les récents
progres des systémes de suivi et de positionnement pour les environnements intérieurs, les mines
souterraines constituent un cadre unique, qui impose des contraintes différentes aux technologies
actuelles. Au cours des derniéres années, les communications par lumiére visible (Visible Light
Communications - VLC) ont attiré Pattention des chercheurs, grace principalement aux progres
récents dans la fabrication des diodes électroluminescentes (Light Emitting Diodes LEDs). Le
développement rapide des systémes VLC a encouragé les chercheurs & proposer des solutions
de positionnement basées sur cette technologie. Le positionnement par lumiére visible (VLP)
présentent plusieurs avantages par rapport aux méthodes de positionnement traditionnelles. La
plupart des méthodes VLP ont été évaluées dans des scénarios ou il existe un réseau VLC dense
et bien déployé. Les mines souterraines constituent de leur cé6té un environnement dynamique et
dangereux par nature, et la plupart des hypothéses faites pour les environnements intérieurs tra-
ditionnels ne sont pas respectées. La faisabilité de 1'utilisation d’un systéme VLP dans de telles
conditions et capable de répondre aux exigences de positionnement reste une question ouverte.
Par conséquent, le principal probléme & résoudre dans la présente thése est la conception et le
développement de systémes de positionnement pour mine souterraine, basés sur la communica-
tion par lumiére visible. Le chapitre 2 vise & détecter les contraintes et limites des technologies
de positionnement actuelles lorsqu’elles sont appliquées en milieu minier souterrain. En plus de
cela, les exigences de positionnement basées sur la loi MINER sont présentées. Le chapitre 3,
nous permet de présenter une évaluation de la performance des VLC en milieu souterrain. La
mise en ceuvre d’un simulateur de modéle de canal VLC pour les mines outerraines sert & déter-
miner les limites de plusieurs systémes VLP dans les mines souterraines. Ainsi, au chapitre 4, une
étude analytique des VLP pour les tunnels souterrains est réalisée afin de déterminer la meilleure
architecture garantissant le service de positionnement tout en répondant aux exigences de locali-
sation. A partir des principales limitations du VLP dans les mines souterraines et des exigences «
utilisateur », un systéme de positionnement VLP est congu et mis en ceuvre. Le chapitre 5 utilise
les limitations, les capacités et les exigences de positionnement pour concevoir une architecture
de positionnement a faible coiit et & grande échelle. En utilisant cette conception, nous avons
développé une plate-forme réelle pour évaluer la performance des méthodes de positionnement
par lumiére visible. Au chapitre 6, une nouvelle méthode de positionnement robuste est présen-
tée. Contrairement & la plupart des méthodes existantes dans la littérature, notre proposition
n’est pas directement dérivée des méthodes basées sur les RF. L’algorithme proposé utilise les
caractéristiques spéciales de la communication par lumiére visible pour améliorer la performance
de lestimation de la position. La robustesse de notre méthode a plusieurs perturbations (erreurs
dans la mesure de la hauteur, des angles d’inclinaison, et la propagation par trajets multiples &
cause de réflexions de la lumiére sur les murs) a été testée.
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Mots-clés: Indoor positioning, Visible light communications, underground mines.

Abstract

Advances in electronics and communications technology have created new safety regulations
that must be applied in order to operate underground mines safely and optimally. In 2006, the
U.S. government updated its safety policies and adopted PUBLIC LAW109-236. As a result,
monitoring of personnel inside underground tunnels is now mandatory for mining operations.
This new regulation establishes that the current location, or immediately prior to the accident,
of all underground personnel must be delivered to an external monitoring station. Despite re-
cent advances in tracking and positioning systems for indoor environments, underground mines
provide a unique environment that places different constraints on current technologies. In recent
years, Visible Light Communications (VLC) has attracted the attention of researchers, mainly
due to recent advances in the manufacture of Light Emitting Diodes (LEDs). The rapid develop-
ment of VLC systems has encouraged researchers to propose positioning solutions based on this
technology. Visible light positioning (VLP) has several advantages over traditional positioning
methods. Most VLP methods have been evaluated in scenarios where a dense and well-deployed
VLC network exists. Underground mines, on the other hand, are a dynamic and inherently haz-
ardous environment and most of the assumptions made for traditional indoor environments are
not met. The feasibility of using a VLP system under such conditions and capable of meeting
positioning requirements remains an open question. Therefore, the main problem to be solved in
this thesis is the design and development of positioning systems for underground mines, based
on visible light communication. Chapter 2 aims at detecting the constraints and limitations of
current positioning technologies when applied in an underground mining environment. In addi-
tion, the positioning requirements based on the MINER law are presented. Chapter 3, allows
us to present an evaluation of the performance of VLCs in an underground environment. The
implementation of a VLC channel model simulator for underground mines is used to determine
the limits of several VLP systems in underground mines. Thus, in Chapter 4, an analytical study
of VLPs for underground tunnels is carried out to determine the best architecture to guarantee
the positioning service while meeting the location requirements. Based on the main limitations of
the VLP in underground mines and the user requirements, a VLP positioning system is designed
and implemented. Chapter 5 uses the positioning limitations, capabilities and requirements to
design a low-cost, large-scale positioning architecture. Using this design, we have developed a
real-world platform to evaluate the performance of visible light positioning methods. In Chapter
6, a new robust positioning method is presented. Unlike most existing methods in the literature,
our proposal is not directly derived from RF-based methods. The proposed algorithm uses the
special characteristics of visible light communication to improve the performance of position es-
timation. The robustness of our method to multiple perturbations (errors in the measurement
of height, tilt angles, and multipath propagation due to light reflections from walls) has been
tested.

Keywords: Indoor positioning, Visible light communications, underground mines.
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Introduction et Motivation

L'ouverture du systéme de positionnement global (global positioning system - GPS)
a l'usage civil et l'arrét de la selectivity availability (SA) en mai 2000 ont fait
progresser l'industrie du positionnement et aux services basés sur la localisation
(LBS). Alors que la Géolocalisation et Navigation par un Systéme de Satellites
(GNSS) est devenu précis et omniprésent, il n'a pas été capable de surmonter les
différents problémes rencontrés dans les environnements intérieurs ou les scénarios
métropolitains denses. Le signal en ligne de vue (line-of-sight - LOS) peut étre
bloqué par des batiments élevés dans les zones métropolitaines. Dans les scénarios
d'intérieur, comme a l'intérieur des béatiments et des tunnels, le signal est
complétement perdu car les signaux GNSS ne peuvent pas pénétrer le béton, le

métal ou le sol.

Alors que la navigation en extérieur est dominé par le GNSS, il n'existe pas de
solution technologique unique pour les environnements intérieurs et de nombreuses
technologies ont été proposées comme solutions possibles. La plupart des systémes
de positionnement intérieur (indoor positioning systems - IPS) que I'on trouve dans
la littérature sont basés sur la technologie des radiofrequences (RF), des champs



magnétiques ou des signaux acoustiques [1]. Parmi eux, les IPS basés sur la
technologie Wireless Fidelity (Wifi) sont la solution préféré car cette technologie est
couramment intégrée dans les dispositifs disponibles sur le marché et réutilise
l'infrastructures déja disponible (points d'accés Wifi) pour fournir des informations de
position [2], [3]. Le principal inconvénient de I'lPS basé sur le Wifi est que des
grandes erreurs de positionnement peuvent toujours étre trouvées (par exemple 6
m 8 m) dans le positionnement purement Wifi méme si une précision raisonnable

peut étre obtenue [4].

En raison des progrés des appareils électroniques et des technologies de
communication, de nouvelles régles de sécurité doivent étre appliquées afin
d'exploiter les mines souterraines de fagcon sécuritaire et optimale. En 2006, le
gouvernement américain a mis a jour ses politiques de sécurité et a adopté la
PUBLIC LAW109-236 [5]. De ce fait, le suivi de personnel a I'intérieur des tunnels
souterrains est aujourd'hui obligatoire pour I'exploitation des mines. Cette nouvelle
réglementation établit que I'emplacement actuel, ou immédiatement avant I'accident,
de tout le personnel souterrain doit étre livré a une station de surveillance extérieure.
Malgré les récents progres des systémes de suivi et de positionnement pour les
environnements intérieurs, les mines souterraines constituent un cadre unique, qui

impose des contraintes différentes aux technologies actuelles.

Au cours des derniéres années, les communications par lumiére visible (Visible Light
Communications - VLC) ont attiré I'attention des chercheurs, grace principalement
aux progrés récents dans la fabrication des diodes électroluminescentes (Light
Emitting Diodes LEDs). Le développement rapide des systémes VLC a encouragé
les chercheurs a proposer des solutions de positionnement basées sur cette
technologie. Le positionnement par lumiére visible (visible light positioning - VLP)
présentent plusieurs avantages par rapport aux méthodes de positionnement
traditionnelles.

La plupart des méthodes VLP ont été évaluées dans des scénarios ou il existe un
réseau VLC dense et bien déployé. Les mines souterraines constituent de leur coté
un environnement dynamique et dangereux par nature, et la plupart des hypotheses



faites pour les environnements intérieurs traditionnels ne sont pas respectées. La
faisabilité de I'utilisation d'un systéme VLP dans de telles conditions et capable de
répondre aux exigences de positionnement reste une question ouverte. Par
conséquent, le principal probleme a résoudre dans la présente thése est la
conception et le développement de systémes de positionnement pour mine

souterraine, basés sur la communication par lumiére visible.

Image sensor (IS)
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Figure 1 Classification des systéemes VLP

Contribution de I'étude

Sur la base de la classification des systémes VLP de la figure 1, nous présentons la
principale contribution de cette thése. L'objectif de cette thése est de fournir un
systéme VLP pour les mines souterraines capable de répondre aux exigences
particulieres présentes dans cet environnement dangereux. Nos principales

contributions sont résumées ci-dessous :

l. Evaluation des technologies de positionnement actuelles pour
I'environnement des mines souterraines. Nous proposons, pour la premiére

fois dans la littérature, une étude analytique des technologies actuelles qui



VL.

ont été proposées pour fournir de positionnement aux mines souterraines. A
travers une classification et une analyse rigoureuses de plusieurs
technologies, nous présentons les principaux avantages et inconvénients de
chaque systeme.

Evaluation des besoins des utilisateurs en matiére de systémes de
positionnement des mines souterraines. Nous dérivons les principales
exigences des utilisateurs pour les systéemes VLP dans les mines
souterraines en nous basant sur les caractéristiques particuliéres de cet
environnement et, en utilisant la loi publique américaine 109-236 de 2006 [5].
De cette analyse, nous obtiendrons les principaux évaluateurs de
performance pour évaluer les résultats des VLP.

Mise en ceuvre d'un simulateur de modéle de canal VLC pour les mines
souterraines. Nous proposons un modeéle générique de canal VLC dans les
mines souterraines. Ce modeéle de canal prend en compte plusieurs
caractéristiques des mines souterraines qui ne sont pas présentes dans les
modeéles traditionnels (températures plus élevées, non orthogonalité des
parois, blocage partiel et total du signal, etc.) Le simulateur peut étre utilisé
non seulement pour évaluer les systemes VLP, mais aussi les performances
des VLC dans les mines souterraines.

Etude analytique de la VLP dans I'environnement des mines souterraines. En
utilisant le modéle de canal proposé pour les mines souterraines, nous
développons, pour la premiére fois dans la littérature, une étude analytique
des performances de la VLP dans les mines souterraines.

Conception d'une topologie de systéme de positionnement optimisée pour le
VLP dans les mines souterraines. Nous concevons une topologie de systéme
de positionnement afin de répondre aux exigences de I'utilisateur en matiére
de VLP dans les mines souterraines. Cette conception est utilisée afin de
développer une implémentation matérielle réelle d'un systéme VLP. Cette
contribution est détaillée au chapitre 4.

Mise en place d'un systéme de VLP a faible colt et a grande échelle. Nous

mettons en ceuvre un systeme VLP a faible colt et a grande échelle pour les



VII.

VIII.

mines souterraines. Différents systémes VLP sont évalués a l'aide de cette
mise en ceuvre matérielle. La plate-forme peut étre utilisée pour tester non
seulement les méthodes proposées dans cette these, mais aussi des
développements ultérieurs

Conception et mise en ceuvre d'une méthode VLP robuste sans gamme.
Nous fournissons la premiere méthode VLP sans gamme congue en utilisant
les caractéristiques de réutilisation spatiale des systémes VLC. Nous avons
mis en ceuvre et évalué notre méthode en utilisant le matériel a faible colt et
a grande échelle proposé dans cette thése. Notre proposition est comparée
a d'autres méthodes traditionnelles a portée libre congues pour les
communications RF. Les contributions \textbf{(1)} et \textbf{(2)}, détaillées au
chapitre 2, présentent les besoins des utilisateurs et les caractéristiques de
positionnement dans les mines souterraines.

Evaluation des exigences de robustesse des VLP. Nous étudions la
robustesse de plusieurs méthodes de positionnement dans le cadre du
scénario des mines souterraines. Nous comparons les résultats des
systéemes que nous proposons avec une meéthode de positionnement
traditionnelle basée sur les radiofréquences. Notre évaluation fournit des
informations essentielles pour choisir le systtme VLP adéquat dans

['environnement des mines souterraines.

Structure de la thése

La figure 2 présente un diagramme de processus montrant la construction étape par

étape de cette thése.
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Figure 2 Structure de thése: Diagramme de procédes

La contribution |, présentée au chapitre 2, vise a détecter les probléemes des
technologies de positionnement actuelles lorsqu'elles sont appliquées dans
I'environnement des mines souterraines. Ensuite, la contribution I, livrée dans le
méme chapitre, est utilisée pour déterminer les spécifications de I'utilisateur pour ce
scénario particulier. La conception correcte d'un systéme VLP doit étre faite aprés

une évaluation rigoureuse des exigences.

Plus loin, une fois que les exigences et les caractéristiques du positionnement

souterrain sont établies, une évaluation de la performance du VLC en
environnement souterrain est fournie. Les contributions Il et IV sont utilisées pour
déterminer les limites de plusieurs systemes VLP dans les mines souterraines. Ces
résultats seront comparés aux exigences découlant des contributions | et Il afin de
déterminer la meilleure architecture pour pouvoir garantir un service de
positionnement dans le scénario proposé. Les contributions Il et IV sont présentées

respectivement aux chapitres 3 et 4.

Une fois que les principales limites du VLP dans les mines souterraines sont
déterminées et que les exigences des utilisateurs sont établies, un systéeme de
positionnement VLP est congu et mis en ceuvre. Contribution V utilise les limitations,
les capacités et les exigences des utilisateurs détaillées dans les chapitres 2, 3 et 4
pour concevoir une architecture matérielle a faible cot et a grande échelle pour les
mines souterraines, qui est détaillée dans le chapitre 5. La contribution VI, livrée
dans le méme chapitre, exploite cette conception pour mettre en ceuvre une plate-
forme du monde réel qui sera utilisée pour évaluer les performances des méthodes

de positionnement en lumiére visible.



La contribution VII présente une nouvelle méthode robuste de positionnement sans
portée. Contrairement a la plupart des méthodes existant dans la littérature, notre
proposition n'est pas directement dérivée des méthodes basées sur les RF.
L'algorithme proposé utilise des caractéristiques spéciales de la VLC pour améliorer
les performances d'estimation de la position. Le chapitre 6 donne un apergu de notre

méthode.

Finalement, la contribution VIII évalue la performance de notre proposition en
utilisant la plate-forme d'essai de la méthode a grande échelle/faible colt de la
contribution VI. L'algorithme proposé utilise les caractéristiques spéciales de la
communication par lumiére visible pour améliorer la performance de l'estimation de
la position. La robustesse de notre méthode a plusieurs perturbations (erreurs dans
la mesure de la hauteur, des angles d'inclinaison, et la propagation par trajets

multiples a cause de réflexions de la lumiére sur les murs) a été testée.
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