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Abstract

The mining industry in South Africa is one of the biggest contributors to the country’s

Gross Domestic Product (GDP) and employs almost half a million people. Most of the

mines, where mostly gold, platinum and diamonds are mined, are underground mines.

During the mining process, miners’ health and safety is of paramount importance. How-

ever, there have been numerous accidents in underground mines due to structural fail-

ures and rock fall which sometimes lead to tunnel collapses and inevitably the tragic

problem of the missing or trapped miner. Rescue efforts are impeded by the lack of a

communications infrastructure because the available infrastructure either gets destroyed

or loses connectivity after the accident has happened. A reliable communication in-

frastructure is therefore seen as the first step towards addressing the saddening issue of

the missing/trapped miner. The realisation of such a good communications infrastructure

comes with the major task of designing new robust systems which are able to survive and

still be able to establish connectivity after an accident has occurred in the underground

mine. The current research aims to model the communication channel of a collapsed

underground mine tunnel and to perform an evaluation on the performance of a Wireless

Sensor Network (WSN) in a collapsed mine tunnel. The channel modeling part in the

research focuses mainly on the modeling of the path loss profile which is dependent on

transmission power, centre frequency and antenna gain. The research also focuses on

the performance of a WSN communication system in a collapsed mine because it is seen

as the best communication system to be used in such a scenario due to the redundancy

provided by it such as in a mesh network. In the end, an analysis is made on the suit-

able frequencies, transmission power and topologies for a communication system that

will be effective to be used in a collapsed mine tunnel. The results from the path loss

modeling show that the channel presented in a collapsed mine tunnel is a combination

of the models obtained for a normal mine tunnel without any collapses and that of wave

propagation through a rock medium. In the models obtained, a large attenuation is seen

in the collapsed section of the whole tunnel as compared to the open air sections. Results

from the performance evaluation show a decline in performance as the transmission fre-

quency increases and as the transmission power is reduced. Overall results suggest that

a suitable communication system in a collapsed mine tunnel is that which makes use of

a centre frequency below 6MHz when considering a maximum transmission power of

1000mW, for scenarios with a maximum collapse width of 5m and a receiver sensitivity

of -80dBm.
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Chapter 1

Introduction

Mining is a significant contributor to the GDP of most resource-rich countries and South

Africa is one of the countries whose economy relies on mining. This has been the case

from a historical point of view and up to today. This can be seen by the fact that today,

the mining industry in South Africa contributes to almost half of the country’s export

revenue. More than half a million people are directly employed in this sector and almost

the same number of people are employed indirectly [1], [2].

Many of the gold mines in South Africa, especially in the Gauteng region, are un-

derground mines. The need to continue to go deeper, as the shallower gold ore becomes

depleted close to the surface, means it becomes even more dangerous for human beings

to work in such conditions, as the deeper you go the more humid and hotter it becomes

[2], [3].

From a cost perspective, the amount of money that has to be invested in infrastructure

such as ventilation and the increasing costs of energy and electricity, since almost half

of the electricity costs incurred by an underground mine goes to ventilation, will incur

cost burdens on the mining operations and hence the mining process might not be very

economical [4], [5]. One of the recent calls in this industry has been to introduce robot

machines and state-of-the-art technology to improve the mining process as this will cut

costs such as ventilation as humans will no longer be required to work in these tough

conditions and this will also create more opportunities and jobs for competence in the

driving technology for automation [6], [7].

However, since the mining industry is a significant employer, the introduction of

machines to replace these workers has been strongly opposed by the many trade unions

who represent these workers [8]. With the continual need to keep digging deep, this

calls for smart technology to be incorporated into the mining process for reasons such

as efficiency but most importantly, miners’ health and safety. However, in one way or

another, this smart technology that will be introduced in the underground mining space

will require some form of communication system to enable this technology to commu-

nicate to and from the underground and the surface of the mine, to the mine control
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room. The communication might be between machine-to-machine, machine-to-man or

man-to-man.

In addition, the working conditions in these underground mines require stringent

health and safety measures to be put in place in order to protect the health and lives of the

vulnerable miners who work there. One of the facilitating architectures and requirements

to this cause is the provision of a good communication system.

From a safety and rescue point of view, communication with the miner, either by giv-

ing them visual warnings and/or voice/video communication, is one of the vital steps in

ensuring their health and safety. Therefore, in this regard, communications plays and will

continue to play a major role in the mining industry especially in underground mines. In

recent years, research has focused mostly on the design of communication systems to fa-

cilitate miners’ health and safety, mostly funded and pushed for by various governments’

mine, health and safety councils such as the Mine and Health Safety Council (MHSC) in

South Africa and the National Institute for Occupational Safety and Health (NIOSH) in

the United States of America.

1.1 Research problem

One of the greatest challenges in South African gold mines is the extraction of gold in

narrow reefs at depths hostile to human survival (small narrow tunnels where communi-

cation is still expected to be established).

To reach the ore body, development tunnels or haulage tunnels have to be dug from

the main shaft of the mine which miners will use as the access to the ore and for ma-

chinery to transport the mined ore. This makes these areas busy and hence the need for

communication systems to be established in these areas.

Due to many reasons, the mine tunnels in underground mines sometimes experience

rock falls i.e. debris of rocks falling either from loose earth or poor anchoring support.

This has the effect of damaging the communications infrastructure installed, especially

systems which make use of wires e.g. a WiFi communication system which makes use

of a fibre or LAN network backbone.

This results in the loss of communication connectivity within the underground mine

space where the rock fall would have occurred and in the process endangering miners’

safety, because when the communication system is needed the most that is when it is

failing. This results in undesired circumstances such as the loss of communication with

the miners. In most cases, these miners will be trapped as a result of the rock fall and they

will require the communications infrastructure as the first step towards their tracking and

eventually their rescue.
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Therefore, the major issue at hand is actually that of the missing or trapped miner.

One such case study was proposed to be investigated by the Wits Mining Institute (WMI),

from a communications point of view, after the Lily Mine accident in South Africa.

Although the accident was a different scenario, in which the whole mine shaft collapsed

as opposed to just a mine tunnel, the realisation of the importance of communications in

the underground mining space and especially in collapsed mine scenarios was brought to

attention [9].

1.1.1 Case study: Chilean mining incident (Chile)

33 miners were trapped 700 meters underground for more than 69 days after the tunnel

they were mining underground collapsed blocking the path for them to go out. Rescue

operations were impeded initially by the fact that the location of the miners was not

known and there was no communication with the miners underground. Rescue efforts

had to be carried out by drilling exploratory boreholes in trying to find the location of the

trapped miners [10].

1.1.2 Case study: Lily mine incident (South Africa)

When a surface lamp room container, where miners must go through before going under-

ground for mining, disappeared after a crown pillar collapsed, three miners were trapped

underground in the container. Up until the compilation of this research (a period of about

3 years), rescue operations to locate the container and find the three trapped miners have

been fruitless. No communication with the trapped miners has been possible [11].

1.2 Motivation for research

The motivation of this research comes from the fact that we would like to overcome

the issue of the missing/trapped miner due to rock falls which result in blocked tunnels

and the destruction of communications systems (loss of connectivity). Communications

should be in place when a rock-fall happens and hence this research aims to find a way

of keeping connectivity so that the communication problem of the trapped/missing miner

can be addressed. The research does not aim to completely solve the problem but aid by

addressing one of the important issues in this regard.

Figures 1.1 and 1.2 depicts the scenarios for a normal as well as a collapsed mine tun-

nel where a communication wireless communication system has been installed. Towards

solving the issue of missing/trapped miners, it is imperative to have robust communica-

tions systems in the underground mine tunnel which will likely survive a rock fall so that

it will still be possible to establish communication between the trapped/missing miners

and rescuers above the ground.
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Figure 1.1: Normal mine tunnel with a wireless communication system in-
stalled

In this regard, the first step in designing such a robust communication system will

be to understand the channel model presented by such an environment where the mine

tunnel would have collapsed and second to know the performance of existing communi-

cation systems in the same environment (collapsed or blocked mine tunnel) with the aim

of coming up with design improvements to enable resilience and self-healing capabili-

ties.

1.3 Research questions

This research aims to answer three main questions with regards to the loss of connectivity

in a mine tunnel after a rock fall or mine tunnel collapse as depicted in Figures 1.3 and

1.4:

1. What is the pathloss profile of a partially/fully collapsed underground mine tunnel

in context of a WSN system?

2. What is the system performance of a WSN communication system after a rock fall

in an underground mine tunnel?

3. What is the optimal network architecture (with a closer look into a WSN topol-

ogy) which will likely survive and be able to still establish connectivity after an

underground mine tunnel collapses?
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Figure 1.2: Collapsed mine tunnel with a wireless communication system
installed

1.4 Objectives

The objectives of the proposed research are as follows:

• Identifying suitable analytical channel modeling techniques to model a partially

and a fully collapsed mine tunnel in a suitable simulation tool.

• Finding how the path loss behaves with respect to the geometry of the collapsed

tunnel and the different separation distances between the transmitters and re-

ceivers.

• Performing an evaluation of a WSN communication system in a non collapsed

tunnel and see the change in behaviour in a partial collapsed scenario.

• From the channel models obtained and the performance evaluation carried out, to

come up with recommendations for WSN network topology designs that will be

able to establish a network connection in a collapsed underground mine tunnel.

1.5 Research scope

The research problem will only be limited to mine tunnels which do not have metal

anchoring and support. The work will be focusing mainly on communication systems
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Figure 1.3: A collapsed mine tunnel. Adapted from [12]

which are Wireless Sensor Networks (WSN) and partial considerations will be extended

to other systems which make use of 3G, LTE, Wifi/ZigBee and other ISM frequencies

and therefore typical considerations such as node separation distances and transmission

power for these systems will be the major considerations in the outline of this work.

In the channel modeling exercise to be done, similar techniques associated/suitable

particularly for WSN with respect to the underground mine tunnels will be considered

along with associated parameters such as the distances between the transmitter and the

receiver and the amount of power transmitted.

1.6 Dissertation outline

The dissertation is outlined as follows:

Chapter 2 (Background) is split into four mains sections. The first section gives a

review of underground mine communication systems and discusses about the concept of

wireless sensor networks. The second section gives an overview of the fundamentals of

channel modeling. The third section reviews existing techniques and related work with

respect to channel modeling for underground mine tunnels, with the aim of choosing

suitable techniques to use to best answer the research questions. A comparison of the

techniques is outlined. The last section provides the performance metrics of interest that
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Figure 1.4: Removal of debris from a collapsed mine tunnel. Adapted from
[13]

are particular to a wireless sensor network and accounts of related works are provided.

Chapter 3 (Research methodology) outlines the channel modeling and performance

evaluation procedures adopted in the research.

Chapter 4 (Channel modeling results) presents the channel models (path loss

profiles) obtained for different frequency bands namely 3G, LTE, Wifi/ZigBee and

other ISM frequency bands. A discussion, with a closer look into the development of a

communication system for collapsed scenarios in underground mine tunnels, is provided.

Chapter 5 (Experimental results) presents the results of a performance evaluation,

with a closer look at the RSSI of a sample WSN communication system in a non-

collapsed and a partially collapsed mine tunnel environment.

Chapter 6 (Conclusions, future work and recommendations) reviews if the research

questions posed in Chapter 1 were answered and discusses areas of further improvement

for this research.
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1.7 Conclusion

This chapter has outlined the background for the problem that motivated this research.

The answering of the research questions posed in Section 1.3 will aid in the design of

robust and resilient communication systems for underground mines which will be able

to sustain common mine tunnel collapses and also be able to provide a communication

path between the miners trapped underground and rescue personnel on the surface of the

mine which will be a first step towards the solving of the missing/trapped miner problem

where communication is very vital.
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Chapter 2

Background

2.1 Chapter overview

In this chapter, there are four mains sections which are presented. In the first section,

underground mine communication systems and wireless sensor networks are reviewed.

The goal is to build a foundation for understanding of modeling techniques and work of

related nature and the relevant communication systems to which they are applied in the

underground mine communications space. The second section discusses the fundamen-

tals of channel modeling in general. In the third section, channel modeling techniques

for underground mine tunnels are presented. Different techniques have got their own

advantages and disadvantages and are more appropriate in different situations. Related

works with regards to the techniques which are found in journals and research papers are

considered. The goal is to find techniques and appropriate models to use in the modeling

of the different scenarios to be considered in Chapter 3.

In the last section, the key performance metrics to consider when performing an eval-

uation of a wireless communication system, specifically a WSN network, are discussed.

This is further supplemented by taking a look at some of the work done in this space and

also having an overall overview of the considerations taken in the topology design of a

WSN network.

2.2 Underground mine communication systems

Underground mines are typically composed of rough terrain, dynamically changing en-

vironments populated with muddy waters, humid conditions and often very high temper-

atures [14]. These are difficult conditions to work in and often result in accidents, both

natural and man-made, which can lead to loss of human life. This calls for efficient and

reliable communication systems to be in place to help most importantly in the event of an
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Figure 2.1: An overview of underground mine communication systems

emergency and from an economical point of view, to improve production. Communica-

tion systems in underground mines are mostly needed for mine asset management, mine

operations monitoring, event management, remote vehicle operation and mine security.

If reliable communication is one of the vital requirements in solving the trapped or

missing miner problem after an underground mine tunnel collapse, it is important to

understand the communication systems currently available in this space.

An overview of the communication technologies that are and/or have been employed

in the underground mining space is shown in Figure 2.1 and adapted from [14]. Un-

derground mine communications are characterised into 3 main categories based on the

medium of signal propagation. These are Through-The-Air (TTA), Through-The-Wire

(TTW) and Through-The-Earth (TTA) communication systems. There are also other

systems which make use of the combination of these categories to come up with hybrid

solutions.

2.2.1 TTW

Wired communication is facilitated by making use of a conducting wire to carry modu-

lated electrical signals from the transmitter unit to the receiver unit. There are two kinds

of wired communication systems that are used; (i) party line system where each broad-

cast from one node is received by all the other nodes and, (ii) private line system where

communication is only established between two nodes and the connection is provided by

a packet switch [14]. Previously the switching used to be done manually by an operator

at a call centre but has since been computerised [15].
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Some of the early TTW systems which were used in underground mines, but have

since been widely replaced, include magnetic phones (one of the earliest), voice-powered

phones, paging phones, dial-and-page phones [14].

Most of the wired systems that have since been deployed widely in the underground

mines include mainly LAN networks and WLAN networks which offer high data rates

and improved networking capabilities.

One of the advantages of TTW systems is that they usually do not have to adhere to

stringent power requirements as most of the energy is radiated within the wire itself and

hence does not pose the danger of a fire which can be caused by the ignition of flammable

gases (one of the strict requirements for TTA systems in underground coal mines) [16].

The other advantage of wired communication in the underground mines is that if there is

a mine collapse and the wires do not get snapped, a fixed channel will always exist i.e.

the parameters of the channel will not change because the signal will still have to travel

via the same wire. The other advantage is that of high data rates.

The shortfall of wired communications in an underground mine is their inconve-

nience due to the need to always keep two-way communication, such as between man-

to-machine, man-to-man and machine-machine. Imagine the need for someone always

having to walk to where a magneto phone is located to make a call and the need to have

wires always trailing a machine to keep a communication link. The other problem as-

sociated with TTW communication systems is the fact that they are prone to failures in

the event of mine collapses and emergencies, where they are actually needed the most

[14]. The cost of installing a wired communications system is enormous and due to the

dynamic conditions of underground mines, this poses a huge financial burden on modern

underground mines which have to be economically viable and hence reduce costs where

possible.

2.2.2 TTA

Through-the-air wireless communication in underground mines is facilitated by making

use of the open underground mine galleries as the medium of radio wave propagation.

One of the biggest challenges encountered in the underground mine environment is the

rough terrain of the mine galleries. Many communication systems employed in the un-

derground mine environment were originally designed either for the ground open-space

or indoor communication systems [15]. This therefore calls for proper channel models of

the underground mines to be developed in order to design efficient TTA communication

systems for the underground mines.

It is interesting to note that almost all or most of the communication systems which
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are being deployed in the underground mines right now, from asset management, se-

curity, voice and video communication; such as the Schauenburg mine access and en-

vironment monitoring system [17], Minetec tracking and positioning system [18] and

Vibra-Tech seismic monitoring system [19], installed at the Wits Mock Mine at the Uni-

versity of the Witwatersrand, are all wireless systems which fall under TTA systems, and

one of the challenges with this is the signal interference when all of these systems are

‘cramped’ up for example in a narrow underground mine tunnel.

One of the advantages of TTA systems in the underground mine space is their ease

of deployment and scalability which happen to save huge costs of upgrading a network

due to the dynamic nature of underground mine. The disadvantage is the requirement

for TTA systems to be very robust due to the harsh environment in the underground

mines and also the need to adhere to stringent transmit power regulations especially in

underground coal mines.

2.2.3 TTE

Most TTE systems for the underground mines were developed through research pushed

for by government legislation and funded by mine health and safety councils as a way of

addressing the issue of communicating with trapped miners underground where the only

communication infrastructure in place then, TTW systems, would have failed. Examples

of early prototypes are the ones built out of the US MINERS act [20] and the CSIR

SA prototypes for missing miner communications [21]. Almost all of the reviewed TTE

systems are for the sole use of rescue operations (some form of solving the missing miner

problem post or during accident).

TTE systems make use of very low frequency RF waves which can penetrate through

rock. This usually enables an establishment of a communication link between the surface

(where one unit is situated) and the subsurface of the mine (where more than one unit

could be located) [22].

The advantage of these systems is their ability to penetrate through rock and the es-

tablishment of a communication link over great distances, such as from the surface of the

mine all the way down to the different levels of an underground mine [23]. However, the

disadvantage is the fact that most of these systems are limited to one-way communication

only and is mainly because of the very low transmitting data rates. The other disadvan-

tage is their bulky sizes which are not desirable in some very confined underground mine

tunnels [20] and also the fact that they are too expensive.

Trapped/missing miner TTE solutions

As mentioned in Section 2.2.3 most TTE systems were developed to come up with so-

lutions to the trapped/missing miner problem and are based off of an architecture as
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Figure 2.2: Architecture for a TTE mine rescue communication system.
Adapted from [20]

shown in Figure 2.2. Some of the prominent systems developed and their attributes are

summarised in Table 2.1 [20], [21], [24].

The limitation of most of the systems mentioned in Table 2.1 is their bulkiness and

the provision of only text or paging capabilities and in the case of voice, it is only limited

to one way communication and the speeds are very low which is something that is critical

in an emergency situation and hence improvements need to be introduced. The maximum

communication distance offered by many of these systems, as shown in Table 2.1 (a

maximum voice communication distance of 240 metres), does not compare to the current

depth of the deepest mine which is close to 4 kilometres. There is currently no network

topology to support communication between many TTE units. The only communication

is between two units and hence many units cannot be deployed in such a way as to

increase the communication distance from the surface of the mine to the deepest place in

the underground mine.

2.2.4 Wireless sensor networks

Wireless sensor networks consist of sensors incorporated into communication nodes.

The nodes are made up of a micro-controller, battery unit, sensor unit, a communication
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Table 2.1: TTE missing miner solutions

Prototype Technology Frequency Max Distance
Alertek, LLC Analog large loop magnetic field 3150 Hz 177 m (voice)

E-SPectrum Tech Compact electric field 10 or 20 Hz 177 m (text)
Lockheed Martin Digital large loop magnetic field 330 or 3200 Hz 305 m (voice)

Stolar, Inc. Small loop magnetic field 2000 or 4000 Hz 244 m (text)
Ultra Electronics Digital large loop magnetic field 4820 Hz 183 m (text)

MineArc (RescueDog) Electrode ground rods antenna n/a 1500 m (text)
Wadley (Wits Mines) Helmet loop antenna 100 & 350 kHz 1800 m

Kutta - SWECS PDA-type n/a 240 m (voice)
Vita Alert Surface unit VLF 120m

CSIR Miningtek (SA) Uniquely coded belt 2.9 MHz 30 m

unit and an antenna which are all integrated together. Different routing protocols such

as tree cluster and mesh network are utilised for the laying of the nodes in the network.

However, for redundancy, a mesh network is usually implemented in most cases [25].

Here, the technology mostly implemented is ZigBee (which is derived from the IEEE

802.15.4) technology. Most of these systems which are deployed in the underground

mining environment are not usually designed for this environment i.e. they do not take

into consideration the channel model that is different in the underground mine compared

to that at the surface. Most of the systems employed are surface systems which are just

given a rugged body to withstand the harsh conditions of the underground mine tunnels.

The deployed systems have different applications ranging from sensing, security,

monitoring, voice and messaging. Most of the WSNs deployed in the underground

mines are mostly for sensing dangerous and hazardous gases such as carbon monox-

ide, methane, hydrogen sulphide and the sufficiency of oxygen for the miners [26]–[28].

Some WSNs provide for the sensing of the temperature and humidity within the mine

environment. Personnel tracking is also one of the applications provided for by these sys-

tems where miners wear tags (such as RFID tags) and their position is mapped relative

to the picking node [29]–[32]

The advantages offered by WSN systems include the low cost of implementation

and ease of deployment. The motes used to make these networks can survive for up

to 3 years on battery power. Due to the dynamic nature of the mining environment, it

means the network, if it is built on a full-mesh or semi-mesh topology, can be extended

easily without investing huge amounts of money. The low power that is used by these

motes also means that most of them will not radiate a lot of EM power and therefore

are suitable to be used in power restricted mining areas such as coal mines [16]. Unlike

other wireless technologies such as Wifi and Ultra-Wide-Band which need a power (AC)

infrastructure to be in place, a WSN can run off batteries.

In most architectures, due to the fact that a WSN should be as cost effective as pos-

sible, micro-controllers with less computational capabilities are employed in the sensor
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nodes and only a powerful computational controller or mini-PC is incorporated into the

gateway node [33]. This is good in some applications that do not require the sensor nodes

to process any data but only to relay the sensed data to the gateway router and where min-

imal delay can be tolerated. A trade-off therefore has to be considered in cases where

delay cannot be tolerated and where a lot of computational power is required in the sen-

sor nodes (a more powerful micro-controller will have to be adapted but will also mean

more costs and more power consumption).

One other advantage associated with WSNs, especially in the underground mines,

is their adaptiveness to scenarios such as roof falls where, for example, if one sensor

node is destroyed the network can self-heal due to the routing and network topologies

employed.

However, they also come with their own shortcomings. Among them is the lower

bit-rates provided such as 250 kbps [33]. This means that the applications of WSNs

are limited and in some cases a WSN will not provide real-time reporting which require

video streaming which might be essential in emergency situations. Another disadvantage

is that most of the developed systems based on WSNs are only limited to LoS (that is

each node has to be in the line of sight of the neighbouring nodes which might be difficult

in most mine galleries as they do not provide a perfect line-of-sight due to the terrain and

rough walls).

2.3 Channel modeling

In RF communication which uses air as the medium of communication, a channel refers

to the medium through which communication takes place between the transmitter and

the receiver. The medium might consist of obstacles and obstructions in the path be-

tween the transmitter and the receiver. The channel is characterized by many parameters

such as the distance between the transmitter and the receiver, the electrical and/or mag-

netic properties of the medium and any other obstacles within the channel medium [34].

For any efficient and reliable communication system design, the channel between the

transmitter and the receiver must be first modeled [35].

2.3.1 Underground mine environment and structure

Due to the nature of the underground mine terrain (curved corners, imperfect terrain,

humid corridors), the design of a wireless communication system calls for the modeling

of the underground mine channel. The structure of the tunnels or air passages are deter-

mined by the type of mining that is employed (vertical shaft, narrow reef, room-and-pillar

and etc.) [36].
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For room-and-pillar mining, the mined area can be thought of as a basement parking

area but rather with inconsistently shaped pillars and which are also randomly shaped.

The walls of the ‘room’ are however not smoothly shaped unlike a dry wall made from

mortar - the one which would be found in a proper room in a house or any building.

For cut-and-fill mining, the mine area is a collection of tunnels, where the ore is actually

being mined and the other tunnels are used for transport and/or ventilation. For long-wall

mining, the mine area can be thought of as a tunnel due to the steel structure that supports

the long wall face [36].

2.3.2 Channel modeling theory

What usually defines the channel (medium) is the channel impulse response (CIR). The

received signal will be determined by the convolution of this channel impulse response

with the transmitted signal as defined by equation (2.1) in the time domain [34].

y(t) = h(t, τ) ∗ n(t) (2.1)

where: h(t) = channel impulse response

τ = channel delay

n(t) = noise within the channel

y(t) = received signal.

In this work, it is important to understand what happens when a signal encounters

a new medium or an obstacle. This is because in a collapsed mine environment, LoS

scenarios will be limited due to the introduction of rock debris within the mine tunnel,

therefore it is essential to know the effect on the signal when it reaches another sur-

face. The other reason is that, naturally in a mine environment the signal will always be

encountering a lot of different surfaces with different geometries [35], [37].

One or a combination of the following phenomena listed below will happen when

a signal (wave) reaches a medium that is different to the one it was travelling in before

[34]:

• Reflection: when the waves reaches a surface and depending on the angle of arrival

of the wave, the wave will be partially or fully reflected.

• Diffraction: when a wave passes around an obstacle and gets spread out as if new

‘smaller’ waves are starting to emerge from the diffracting object,

• Refraction: when a wave meets a corner of a boundary and the angle at which it

arrived at is changed,
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• Scattering: when the wave reaches a surface and is forced to travel in many

(non-uniform/criss-cross) form, say multiple reflections plus diffractions and re-

fractions; all these as a result of one surface. This is the main phenomenon in

underground mines because of the rough and uneven surfaces,

• Absorption: when a wave reaches another surface but some of the energy is ab-

sorbed by the material of the new surface and possibly some is reflected or re-

fracted or diffracted.

2.3.3 Wave propagation

There are two main phenomena that a wave experiences when it propagates which are

path loss in LoS situations and shadowing in NLoS situations (shadowing due to obsta-

cles in the path of travel of the signal wave) . Path loss and shadowing happen at large

distances and bring about large-scale propagation effects. However propagation effects

due to multipath and on small-scale fading happen over short distances and bring about

small-scale propagation effects [38].

Path Loss

When a wave travels naturally within the air it will experience a loss in its energy even

if there are no obstacles within the path and this is referred to as Free space path loss

(FSPL). This is directly proportional to the distance (generally square of the distance)

that the wave travels and is represented by equation (2.2) [34]:

FSPL =

(
4πd

λ

)2

(2.2)

where: d = distance

λ = wavelength of signal

It is noted that in some instances where there are structures which exhibit a wave-

guide nature such as smooth walled tunnels, path loss is somewhat reduced because of

the constructive interference as a result of reflections off the walls. However in mining

tunnels with uneven walls, the reflections tend to be destructive and hence increase path

loss [35]. A more general equation which describes path loss is given by (2.3) [34]:

Pr = PtPo

(
do
d

)α
(2.3)
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where: Pr = the received power at distance d

Pt = the transmitted power at distance d

Po = the received power at distance do
α = the path loss exponent.

Equation (2.3) can be represented in dB form as:

PLdB(d) = PLdB(do) + 10α log

(
d

do

)
(2.4)

where: PLdB(do) = the mean path loss at do.

The pathloss is more useful in characterizing the signal propagation in LoS areas.

Fading

Fading is divided into two main categories, small-scale and large-scale fading. Small-

scale fading happens when considering rapid fluctuations of the received signal strength

over very short distances and short times. Large-scale fading happens when considering

large fluctuations which happen over large distances [39].

Some of the phenomena that bring about fading and some of the parameters used to

characterize it are discussed in this section.

Shadowing This is loss of the transmitted signal strength due to signal absorption,

scattering, diffraction and reflection. The effect of shadowing adds to the overall effect

of path loss where the overall effects can be represented by (2.5) [34]:

PLdB(d) = PLdB(do) + 10α log

(
d

do

)
+ χ (2.5)

where: χ = a Gaussian normally distributed random variable (in dB and a result of shad-

owing) with standard deviation σ.

The effects of shadowing can be seen by the difference in the received signal power

at places that are at a same distance d from the transmitter and having a lognormal dis-

tribution (lognormal shadowing) [34].

Multipath When the signal is sent from the transmitter, it takes multiple routes due

to reflections, this results in the copies of the signal travelling different distances which

results in them reaching the receiver with different phases and strength. At the receiver,

the different signals will have an overall increase or decrease in strength and phase [34].
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One of the important representation of the received signal that is obtained as a result of

the multipath effect is the power-delay profile of the signal. Due to the difference in

length of the different travel routes, a single transmitted impulse will result in multiple

copies of the same impulse being received at the receiver, usually with different signal

strengths, and they will be received at different times, with a delay τ and this generates

the power-delay-profile. If a signal is delayed up to a point where it becomes too weak,

the delay time is called the maximum delay spread τmax. A highly dispersive channel is

represented by a large τmax. The RMS value of the delay-spread is usually used instead

of the maximum [38].

The phenomenon of impulse response of the channel is represented by a discrete

number of impulses as given in (2.6):

H(t, τ) =

N∑
i=1

ci(t)δ(τ − τi) (2.6)

The chosen value of N and delay values τi depend upon what is considered a signif-

icant level. The model shown in (2.6) represents the channel by a delay line with N taps

[34].

Coherence bandwidth In the frequency domain of the power delay profile, the chan-

nel characteristics’ dependence on frequency can be observed. The range of frequencies

(bandwidth) for which the channel will be the same is the coherence bandwidth which

has an inverse proportional relationship with the delay spread. A smaller coherence

bandwidth channel results in a frequency selective channel in the sense that if the signal

bandwidth is much greater than Bc, the channel amplitude values at frequencies sepa-

rated by more Bc will be independent. However, within the coherence bandwidth, all

the frequencies are considered to have the same gain and linear phase for all compo-

nents [34], [38]. A 50% coherence bandwidth is represented by (2.7) with a frequency

correlation above 0.9 where στ represents the delay spread :

Bc =
1

5στ
(2.7)

Coherence time Due to the time varying nature of the channel characteristics, such

as movement of the objects within it and/or transmitter and receiver, there will be a

maximum time for which these characteristics will be assumed to be constant and this is

referred to as the coherence time. This is the simple definition of coherence time as the

actual measurement requires the use of the autocorrelation function of the signal to get

the exact coherence time [38].
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Doppler effect The effect is caused by the motion of objects in the channel. In addition

to the power delay profile for a channel, the Doppler power spectrum gives an overview

of the statistical power distribution of the channel for a signal wave transmitted only at

a particular frequency (not the whole range of frequencies). The maximum frequency

deviation for a single transmitted frequency is the maximum Doppler spread [38]. The

Doppler spread can be related to the coherence time by (2.8):

CoherenceT ime ≈ 1

DopplerSpread
(2.8)

A large Doppler spread is attributed to either a fast moving transmitter or a receiver

and/or moving intermediate objects, where the channel will change fast and the coher-

ence time will be small and the Doppler spread will be large [34].

2.4 Underground mine channel modeling techniques

Most propagation modeling techniques have put their focus on the received signal

strength and represented it as a function of time and space. Doing this when the trans-

mitter and receiver are a large distance apart is large-scale modeling whereas for short

distances it is small-scale modeling. The rate at which the signal changes due to varia-

tions in the channel will determine if the channel is fast-fading or slow-fading [38] . The

parameters discussed earlier (delay spread, coherence bandwidth, Doppler spread and

coherence time) are the determining factors for a fast, slow, flat or frequency-selective

fading channel. For fast-fading, the channel has rapid fluctuations in the received sig-

nals’ amplitude and phase over a short period of time or transmission distance whereas

for slow-fading, the channels fluctuations are slow compared to the signals’ variation

[38], [40]. For flat fading, the channel’s response has a flat gain and a linear phase over

the bandwidth that is greater than the signal’s bandwidth whereas for frequency-selective

fading the channel has a constant gain and linear phase over the bandwidth that is less

than the bandwidth of the signal [40].

2.4.1 Analytical modeling

In the analytical modeling approach, the process involves finding a set of mathematical

equations that describe the channel. Usually some factors and parameters used in this

process are estimated and some are approximated and all these factors determine the

quality of the model that will be obtained. Great accuracy requires that the parameters

be stated precisely but from a time and computational point of view, this greatly increases

the time and computer resources needed for the process to be completed hence the need
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to estimate and approximate parameters. A trade-off usually has to be done between

computational resources and time and the level of accuracy required [35].

Some of the analytical models utilised especially in the underground mine space will

be discussed in this section. Their suitability and the environments in which they are best

utilised will be highlighted in a bid to pick or come up with the appropriate modeling

techniques to be utilised in the analytical modeling part of this research.

Waveguide model

With respect to a mine tunnel, the waveguide model treats the tunnel as an oversized

waveguide and the walls of the tunnel are treated as a lossy and reflective material [35],

[41], [42]. A wavelength less than the cross-sectional dimensions of the tunnel is usu-

ally used for propagation. Changes in the tunnel direction will result in attenuation by

reflection and refraction at the intersection between the rock-air interface and changes

in the tunnel dimensions will change the waveguide mode characteristics if the original

dimensions were assumed to favour dominant mode propagation [41]. In the waveguide

model there is the concept of modes which propagate from the transmitter in which some

are considered as dominant modes and others as not. This is purely based on the angle of

reflection off the tunnel walls (which are usually assumed to be smooth surfaces with no

scatterers but is not usually the case in most of the real tunnel geometry in underground

mines) [35].

The waveguide model discussed and presented here is from the works of Emslie et

al [42] from which most waveguide models and other additions and modifications to the

model have been derived. It provides the fundamental ground to the many waveguide

models in existence today.

The dominant modes of a waveguide are the least attenuated of all the propagating

modes. In the waveguide model, these least attenuated modes are the Ehor (the mode

with the electric field E polarized predominantly in the horizontal direction) and Ever
(the mode with the electric field E polarized predominantly in the vertical direction)

with respect to their dominant polarisation in the horizontal and vertical directions re-

spectively [42]. The dominant field components of Ehor are given by (2.9) and (2.10):

Ex = E0 cos(k1x) cos(k2y)e(−ik3z) (2.9)

Hy =
k3
ωµ0

E0 cos(k1x) cos(k2y)e(−ik3z) (2.10)
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where: E0 = electric field at the transmitter

ω = angular frequency of the signal

µ0 = permeability of free space

x = horizontal distance in the tunnel

y = vertical distance in the tunnel

z = distance along the tunnel

k1, k2, k3 = wave vector components along the x, y and z directions

In the case of perfectly conducting walls in the tunnel, the propagation modes of a

hollow waveguide are pure transverse-electric (TE, i.e., Ez = 0, Hz 6= 0) and transverse

magnetic (TM, i.e., Ez 6= 0, Hz = 0) modes. Depending on the frequency of signal

propagation and the cross-sectional dimension of the concerned part of the mine tunnel,

different modes of TEm,n or TMm,n (where m and n denote the index for the different

modes) will propagate in the waveguide [35], [42].

For dielectric walls, a hybrid combination of these modes, where all the three Carte-

sian components of the electric and magnetic field being in these modes, exist. Because

of the di-electric nature of the walls, any wave (the modes) which are radiated on the

walls are partially refracted into the dielectric material and experience partial reflection

back into the waveguide. The refracted part represents a power loss (as the waveguide

model assumes perfect reflection and no refraction) [35], [42]. Maxwell’s equation can

be used to determine the cut-off frequency, propagation constant and propagation loss of

each mode after getting the tunnel dimensions and tunnel material and also knowing the

boundary conditions created by the interfaces between the interior of the tunnels and the

wall materials [42]. These are some of the parameters which need to be properly defined

when doing the simulation so as to get an accurate or close-enough channel model of the

environment.

Along with these components, there are other less significant components in the z

direction and another H-field component in the x direction. At high frequencies such

as UHF, these components are considered negligible and can therefore be neglected.

Out of this assumption, much of the propagation will be in the z-axis [42]. Due to the

wavelenghts in the UHF band being smaller than most tunnel dimensions, the signal loss

in the Ehor and Ever are approximated [42] as represented in (2.11) and (2.12):

In equations (2.11) - (2.15) the parameters are defined as:
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where: λ = wavelength

d1 = width of tunnel

d2 = height of tunnel

K1 = relative permittivity of the tunnel walls

K2 = relative permittivity of the tunnel ceiling and floor

h = root mean square roughness

z = distance along the length of tunnel

θ = sidewalls’ rms tilt angle about vertical axis

x0 = traversal position of the antenna along the x axis

y0 = traversal position of the antenna along the y axis

LEhor
= 4.343λ2z

(
K1

d1
3(K1 − 1)

1
2

+
1

d2
3(K2 − 1)

1
2

)
(2.11)

LEver = 4.343λ2z

(
1

d1
3(K1 − 1)

1
2

+
K2

d2
3(K2 − 1)

1
2

)
(2.12)

In [42], the scattering effect of the rough walls of the mine tunnel is considered as

part of the additional loss to the Ehor mode and is represented by equations (2.13) and

(2.14):

Lroughness = 4.343π2h2λ

(
1

d1
4 +

1

d2
4

)
z (2.13)

Ltilt =
4.343π2θ2z

λ
(2.14)

In addition to the above losses for the dominant mode of propagation (m = 1, n =

1), there are additional losses which are: (i) refraction loss (proportional to f−2), (ii)

roughness loss (proportional to f−1), (iii) tilt loss (proportional to f ), there is also the

antenna coupling loss. This happens as a result of the inefficient coupling of dipole

antennas when considering the waveguide model. This loss is proportional to f−2. This

loss decreases with increasing frequency [35], [42].

This loss is represented as the half-wavelength dipole insertion loss for (λ ≤ the

transversal dimensions of the tunnel) as:

Lantenna =

[
0.5233

λ2

d1d2
cos2

(
πx0
d1

)
cos2

(
πy0
d2

)]
(2.15)

All the equations presented are when considering an omni-directional antenna. Many

researchers have used this model as the basis of their works and have tried to make

the model more accurate for different scenarios. Since the model only considers the

dominant mode of propagation, it is only valid for the far-field region where the dominant
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mode (the one which is considered) is least attenuated [35]. It does not therefore model

the behaviour of other modes or even the dominant mode in the near-field.

Breakpoints are employed into the tunnel geometry to distinguish between the near

and far fields. Higher modes which are neglected in the Emslie model are actually dom-

inant in the near field. However after the breakpoint and into the far field, the higher

modes are attenuated greatly and that is the reason why the dominant mode is the only

one considered in the far field [35]. The model will only give the path-loss of the envi-

ronment under consideration and will not account of other parameters such as the power

delay profile (PDP) and channel impulse response (CIR), which results in a partially

defined channel model which does not completely characterise the channel.

In this regard, other works have proposed the concept of multi-mode waveguide mod-

eling techniques in which many waveguide modes are considered. This enables the fast

fluctuations of the channel to be characterized and also to get the power delay profile of

the received signal at various locations within the tunnel such as the one implemented in

[36].

Optical and ray-tracing models

In the optical and ray-tracing models, high frequencies are approximated by a discrete

number of rays coming from the transmitter. When considering each ray, of impor-

tance to consider is its power which decreases with distance (usually using the free space

model) [35], [43]. The distance travelled by the ray is determined from the 3D path taken

by the ray. The challenge usually encountered is calculating this path as it is computa-

tionally expensive. The path tracing starts by the ray from the transmitter which travels

in a straight line and then encounters a surface where the ray will experience different

phenomena such as reflection, absorption, diffraction. The ray is traced until it reaches

the receiver or some other criteria such as minimum energy is reached or a certain num-

ber of reflections have been reached [35]. The process is usually repeated until a certain

number of defined rays have been transmitted from the transmitter to the receiver. In

most cases, the ray-tracing method yields better results than other methods and gives

something that is close to reality but the major disadvantage comes with computational

cost which grows as the number of receivers and the number of surfaces are increased.

The ray tracing technique is accurate when the area being considered is much larger than

the wavelength of the wave under consideration [35], [42], [43], which is the case in

most underground mine tunnels.

In [44], in addition to the attenuation modeling of smooth surfaces, surface roughness

(due to scatterers) is included into the modeling which provides a modeling scenario
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close enough to reality. The roughness coefficients of the walls were calculated [44] as

given in (2.16) and (2.17) for the walls and ceiling and floor of the tunnel respectively:

S±v = e−2(kHv
± sinφv)2 (2.16)

S±h = e−2(kHh
± sinφh)

2
(2.17)

where: Hv = root mean square of the deviation in height of the profile from the large-

scale value on the vertical walls.

Hh = root mean square of the deviation in height of the profile from the large-

scale value on the ceiling and floor.

Sv
± = roughness coefficient for the vertical wall of the tunnel

Sh
± = roughness coefficient for the ceiling and floor of the tunnel

k = wavenumber = 2πf0
c

sinφh = ray incident angle on the ceiling and floor

sinφv = ray incident angle on the vertical walls.

These are then considered into the overall attenuation equation to come up with equa-

tion (2.18) which represent the average field attenuation at the receiver from all the con-

sidered rays:

α(x, y, z) =

∞∑
p=−∞

∞∑
q=−∞

(
e−jkrp,q

rp,q

)(
R+
h S

+
h

)| q+1
2
|(
R−h S

−
h

)| q
2
|(
S+
v R

+
v

)| p+1
2
|(
R−v S

−
v

)| p
2
|

(2.18)

where: α(x, y, z) = average field attenuation at the receiver from all the propagation

paths.

Rh
± = ceiling and floor reflection coefficient.

Rv
± = walls reflection coefficient.

rp,q = index of path taken by a ray

p = number of reflections from the walls.

q = number of reflections from the ceiling and floor.

The attenuation, represented in equation (2.18), is then combined with the Friis equa-

tion to get the received power in the different sections of the mine tunnel by evaluating

equation (2.19) :

P (x, y, z) = Pt

(
c

4πf0

)2

|α(x, y, z)|2 (2.19)
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where: c = the speed of light.

Pt = transmitted power.

The optical model can provide great accuracy and can also be used in the near region

of the transmitter. Simplification and approximations are usually done to the tunnel wall

profile and roughness which can be hard to provide accurately.

In the Appendix of [42], the modes that are allowed to propagate in a rectangular

tunnel with dielectric walls, ceiling and floors are approximated using a ray theory. In

this theory, a ray which bounces from wall to wall and from ceiling to floor is considered.

The ray makes reflecting angles φ1 with the walls and φ2 with the floor and roof. These

dominant modes are defined in this ray model by the phase relations given by (2.20)

where d1 and d2 are the width and height of the tunnel:

sinφ1 =
λ

2d1
sinφ2 =

λ

2d2
(2.20)

Equation (2.20) is representative of the conditions that the phase shift undergone by

the ray is 360 degrees after successive reflections from the two side walls or from the

floor and roof. For higher frequencies, λ is considered very small compared with d1 and

d2 and (2.20) is approximated as:

φ1 =
λ

2d1
φ2 =

λ

2d2
(2.21)

The number of reflections N1 and N2 experienced by the ray as a result of bouncing

off the vertical and horizontal walls of the tunnels travelling a distance z along the tunnel

is given by (2.22):

N1 =
zφ1
d1

N2 =
zφ2
d2

(2.22)

The attenuation factor for the ray intensity for this particular distance is then given

by (2.23):

I

I0
= R1

N1R2
N2 (2.23)

where: I0 = initial ray intensity

I = attenuated ray intensity
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R1 andR2 are the power reflection coefficients of the vertical and horizontal surfaces

at the grazing angles φ1 and φ2 respectively.

Combining all the equations, the overall loss experienced by the ray is given by

(2.24):

L = 5λz
( 1

d1
2 log10

1

R1
+

1

d2
2 log10

1

R2

)
(2.24)

The coefficients R1 and R2 for the Eh mode of the vertical and horizontal walls,

respectively are given by the Fresnel formulas (2.25-2.26):

R1Eh =

∣∣∣∣∣K1 sinφ1 − (sin2 φ1 +K1 − 1)
1
2

K1 sinφ1 + (sin2 φ1 +K1 − 1)
1
2

∣∣∣∣∣
2

(2.25)

R2Eh =

∣∣∣∣∣sinφ2 − (sin2 φ2 +K2 − 1)
1
2

sinφ2 + (sin2 φ2 +K2 − 1)
1
2

∣∣∣∣∣
2

(2.26)

and for the Ev mode the reflectance are calculated as follows (2.27-2.28):

R1Ev =

∣∣∣∣∣sinφ1 − (sin2 φ1 +K1 − 1)
1
2

sinφ1 + (sin2 φ1 +K1 − 1)
1
2

∣∣∣∣∣
2

(2.27)

R2Ev =

∣∣∣∣∣K2 sinφ2 − (sin2 φ2 +K2 − 1)
1
2

K2 sinφ2 + (sin2 φ2 +K2 − 1)
1
2

∣∣∣∣∣
2

(2.28)

The losses due to surface roughness are represented by (2.29) just as considered in

(2.13) in the waveguide modeling section (Section 2.4.1):

Lroughness = 4.343π2h2λ
( 1

d1
4 +

1

d2
4

)
z (2.29)

Hybrid models

Hybrid models makes use of combining two or more analytical models to either simplify

or gain more accuracy in the modeling process. This is useful in addressing the shortfalls

of one technique and to be able to model regions not covered by one technique or where

it is not very effective (e.g. the waveguide model is not effective in modeling the near-

field and can therefore be complemented with the ray-optical model in a hybrid model to

cover these regions).

The hybrid model presented here is formulated in [36] in which the waveguide part

of the model makes use of a multi-mode model. The modes considered are represented

by an eigenfunction solution to Maxwell’s equations:
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Eeigenm,n (x, y) ≈ sin

(
mπ

2a
x+ ψx

)
cos

(
nπ

2b
y + ψy

)
(2.30)

where 2a is the tunnel width, 2b is the tunnel height, m and n range from zero to

infinity and represent the index of the modes and x and y are the distances along the

width and height of the tunnel respectively. If m and n are even then ψx = 0 and ψy =
π
2 but if m and n are odd, ψx = π

2 and ψy = 0. ψx and ψy are the phase shifts of the

propagating waves along the x and y axis respectively.

Summing up all the modes yields the field at any point in the tunnel represented by

(2.31):

ERx(x, y, z) =
∞∑
m=1

∞∑
n=1

CmnE
eigen
m,n (x, y)e−(αmn+jβmn)z (2.31)

where: Cm,n = mode intensity

αmn = attenuation coefficient

βmn = phase shift coefficient

represented by (2.32) and (2.33):

αmn =
1

a

(
mπ

2ak

)2

Re

(
kv√
kv − 1

)
+

1

b

(
nπ

2bk

)2

Re

(
1√
kv − 1

)
(2.32)

βmn =

√
k2 +

(
mπ

2a

)2

+

(
nπ

2b

)2

(2.33)

where: k = wavenumber = ω
√
µ0ε0εa

kv = relative electrical parameter of the walls = ε0εv + σv
jω

where: ω = angular frequency of signal

µ0 = permeability in free space

ε0 = permittivity in vacuum space

εv = relative permittivity of the walls.

To account for the higher order modes in the near-field neglected in the waveguide

model, mode matching is done between the rays in the optical model and these higher

order modes. The sum of the rays in the optical model is transformed into a sum of

modes which can be adapted in the waveguide model. The derivations are performed

in [36] and the result of the mode intensity after the transformation from the ray-optical

rays is represented by (2.34):
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Cmn =

(
Eoπ

ab
√

1−
(
mπ
2ak

)2 − ( nπ2bk)2
)

sin
(mπ

2a
x0 + ψx

)
cos
(nπ

2b
y0 + ψy

)
(2.34)

Using the Friis equation, Pr = PtGtGr
λ2(

4πd
)2 , and the mode intensity, the transmit-

ted and received powers are related as given by (2.35):

Pr(x, y, z) = PtGtGr

(
1

E0

∑
m,n

Cm,nE
eigen
m,n (x, y)e−(αmn+jβmn)z

)2

(2.35)

where: Gt = transmit antenna gain

Gr = receive antenna gain

For calculating the power delay profile for a wideband signal with bandwidth Bw,

on a centre frequency of fc and with the assumption that the signal is real, the spectrum

of the signal which is obtained from its Fourier Transform , can be seen as a sum of

sinusoids in the frequency band f ∈
[
f0− Bw

2 f0+ Bw
2

]
[36], with the assumption that

the signal is real, the magnitude of Fourier Transform is an even function and depends

on the frequency of the signal. The power delay profile is represented in (2.36) [36]:

w(t) =

∫ f0+
Bw
2

f0−Bw
2

W (f)2 cos(2πft) df (2.36)

The different modes will have a propagation delay depending on the frequency and

obtained using (2.37):

τmn =
z

vmn(f)
(2.37)

where: vmn(f) = group velocity; which is given by (2.38):

vmn(f) = c

√√√√1−

(
c
(
mπ
2a

)2
+
(
nπ
2b

)2
2πf

)
(2.38)

where: c = speed of light
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The above shows the dependence of the delay on the frequency for each mode and

this means that the dispersion across the frequencies and different modes should be con-

sidered in the power delay profile calculations which yields (2.39) [36]:

PwB(x, y, z, t) = PtGtGr

(
1

E0

∑
m,n

∫
f

[
Cmn(f)Em,n

eigen(x, y, f)e−αmnzA
]

df

)2

(2.39)

where:

A = S(f)δ
(
t− z

vmn(f)

)
cos(2πft− βmnz) (2.40)

where: S(f) is the fourier transform.

δ(x) =

{
1, if x ≥ 0

0, otherwise

Full-wave models

Finite-Difference-Time-Domain (FDTD) models are numerical techniques which solve

the time-domain Maxwell’s equations (Gauss law, Gauss law of magnetism, Maxwell’s

Faraday equation, Maxwell’s corrected Ampere’s law) [45]. Schemes that use linear

wave equations and which are based on low order numerical methods are usually

employed for RF wave propagation modeling. FDTD methods use a 3D grid model to

approximate the real physical geometry (e.g. mine tunnel). The field evolution at each

grid point is computed and the computational cost is proportional to the number of grid

points. However the grid point must be very smaller than the wavelength of the wave

under consideration, usually ten cells per wavelength for more accurate results [35],

[45]. Because of this, and the fact that mine tunnel geometries are much larger than

the wavelength usually under consideration, this will need large memory requirements

and hence introduce computational complexities. Full wave models provide the most

accurate results but however the 3D geometry should be as close to that of the mine as

possible (which can be done by having a 3D scan of the mine tunnel). This however

requires a lot of time and computer resources.

Transmission-Line-Matrix (TLM) method [45] models the medium as a homoge-

neous 3D space and then uses the physics of radio wave propagation through that

medium. However, if the space is not homogeneous, the modeling can be done by joining

reflection/transmission junctions that model how the wave is reflected, transmitted and
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how the speed changes when the wave moves across the different medium. A simpli-

fied version exists which considers only the waves that travel through the air and disre-

gards the ones that travel through other mediums such as rock/earth. An addition to this

simplification is the assumption/consideration that a single cell will not propagate any

disturbances to other cells, but the disturbance’s magnitude should be below a certain

threshold [45].

The full wave models are the most accurate and provide the best CIR, channel fading.

The only shortcoming is the requirement of a detailed 3D model of the area (tunnel)

under consideration. This results in large computational and time costs.

Knife-edge diffraction modeling

Diffraction happens when Electromagnetic waves bend around corners to reach the place

of interest which otherwise was not in the LoS - such areas are considered to be shad-

owed. The phenomenon is easily explained by Huygen’s principle, which states that “as

a plane wave propagates in a particular direction, each new point along the wavefront is

a source of other secondary waves". EM field in the shadowed region is calculated by

vectorially combining the elements from all these secondary sources because usually the

EM waves reach the shadowed region after multiple diffractions and reflections [38]. In

such scenarios, the knife edge diffraction assumes a single sharp edge (the edge being de-

fined as having a thickness much smaller than the wavelength of the wave and separating

the transmitter and the receiver).

The path loss in this model due to diffraction is obtained using the Fresnel Diffraction

Parameter which calculates how deep the receiver is within the shadowed region. A

negative value for this parameter means that the obstruction is below line of sight and

a value below negative one (-1) means hardly any loss. A value of zero means that

the transmitter and the receiver and the tip of the obstruction are all in line and the

Electric field strength is reduced by half. For a value parameter of 5, the path loss rapidly

increases to a value of 27dB [38]. The Fresnel Diffraction Parameter v is defined as [38]:

v = h

√
2(d1 + d2)

λ× d1d2
(2.41)

where: d1 = distance between the transmitter and the obstruction along the LoS

d2 = distance between the receiver and the obstruction along the LoS

h = the height of the obstruction with respect to the line of sight

λ = wavelength

Knife-edge diffraction modeling can be useful in modeling some parts of a mine

tunnel which are not in LoS and having an obstruction between them. However, this
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might be a simplification of the obstruction as usually the form of a real obstruction

would be different than a simple knife edge.

TTE modeling

EM wave propagation in a dissipative medium such as rock is affected by two electrical

properties namely conductivity and permittivity and their dependence on physical prop-

erties such as moisture content, non-homogeneity, temperature, pressure and frequency

[41].

Therefore, the attenuation of a polarized wave propagating through rock (a lossy

medium) is characterized by the rock’s permeability, conductivity and permittivity which

gives a fundamental wave equation which in turn gives the attenuation characteristics of

the rock medium [41]. Analysing this wave equation and only considering the Electric

field component in the positive y direction can be expressed as (2.42) [41]:

∂2Ey
∂x2

− (jωµσ − ω2µε)Ey = 0 (2.42)

where γ2 = jωµσ−ω2µε is the propagation constant (wave number) of the medium

of propagation of interest, σ is the conductivity of the rock, ε is the relative permittivity

of the rock, ω is the angular frequency and j is the unit complex number. The constant

of propagation can be simplified to be γ2 = (α + jβ)2 where: α is the attenuation

in nepers/m and β is the phase shift in radians/m. Solving the wave equation for the

attenuation and the phase shift gives (2.43) and (2.44) with frequency ω being the design

parameter [41].

α = ω

[
µε
{

(1 + σ2

ω2ε2
)
1
2 − 1

}
2

] 1
2

(2.43)

β = ω

[
µε
{

(1 + σ2

ω2ε2
)
1
2 + 1

}
2

] 1
2

(2.44)

µ is assumed to be the same as free-space permeability = µ0 = 4π × 10−7H/m.

From the same equations, the complex nature and the interdependence of the quantities

involved can be observed [41].

The loss tangent of the medium is obtained from (2.45):

γ2 = jω2εµ
( σ
ωε

+ j
)

(2.45)

where
[
σ
ωε = p

]
is the loss tangent of the medium which expresses the electrical

properties of the medium.
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The relationship between the power of the transmitted wave at a transmitting antenna

and the power received, after incorporating Friis equation may be conveniently expressed

by (2.46) [41]:

Pr
Pt

= GtGr
( λ

4πR

)
e−2αR (2.46)

where: Pr, Pt = power at the receiver and transmitter

Gt, Gr = gain of transmitter and receiver

λ = wavelength of the transmitted signal

R = separation distance between transmitter and receiver

α = attenuation constant of the medium as given by (2.43)

2.4.2 Comparison of analytical modeling techniques

A comparison (in terms of advantages and disadvantages) of the various analytical mod-

eling techniques discussed in section 2.4.1 are given in Table 2.2 with respect to their suit-

ability and applicability to different scenarios in the channel modeling of underground

mine tunnels [35], [46].

2.4.3 Measurement-based modeling

Measurement based modeling of mine tunnels entails taking special equipment into the

mine tunnel and analysing the channel characteristics using different techniques. De-

pending on the type of measurements taken, the results obtained come with different ac-

curacy and complexity. There are two main types of measurement-based type modeling

namely wideband and narrowband measurements. Narrowband measurements focuses

on a specific (usually small) range of frequencies and as a result are far quicker and

easier to obtain whereas wideband measurements take into account a wide spectrum of

frequencies and require a lot of time to perform than narrowband [35], [47].

Narrowband measurements

Measurements for this are typically done at/around the carrier frequency and focus only

within a small range of frequencies. In narrowband measurements, the focus is mainly on

the signal’s fading statistics and it’s propagation loss due to the channel under investiga-

tion. The fading statistics are characterised into small and large scale fading. Small-scale

fading are due to rapid fluctuations of the signal when small observation distances (wave-

length size) are considered. Large-scale fading are for the fluctuations that occur to the
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Table 2.2: Comparison of the different analytical modeling techniques

Comparison of Analytical Modeling Techniques
Waveguide Ray-Optical Full-Wave Hybrid

Pros

• Easy to use and
set up

• Requires few in-
put parameters

• Provide fast esti-
mation of attenu-
ation

• Surface rough-
ness and antenna
effects consid-
ered

• Used to model high
frequencies with
more accuracy

• Models both near
and far fields

• Surface roughness
considered

• Provides most ac-
curate results

• Applicable to
most geometries
including mines

• Surface rough-
ness considered

• Completely char-
acterises channel
for wideband and
narrowband, near
and far fields

• Few input parame-
ters

• Models near and
far fields

• Wideband charac-
teristics modeled

• Waveguide and
Ray-Optical ad-
vantages

Cons

• Can not cater for
high frequencies
when wavelength
is smaller than
area considered

• Provides path
loss only

• Can not pre-
dict near field
behaviour

• Expensive com-
putation with
increase in number
of modes and
distance

• Less accurate for
lower frequencies

• Provides path loss
only

• Geometry depen-
dant

• Complex to simu-
late and set up

• Complexity in
computation with
increase in size
of geometry

• Can not cover
wide array of
geometries

• Expensive com-
putation with
increase in dis-
tance and modes

• Increase in band-
width under
consideration
leads to more
computational
expenses

signal at large distances (more than the signal wavelength) [35]. Statistical distributions

such as Rayleigh, Rice, Nakagami, Log-normal are used for different types of wireless

channels [35].

From the narrowband data, both the small-scale and large-scale components can be

extracted by applying the right techniques [47]. Small scale fading is extracted by nor-

malizing the received signal strength to it’s mean value. From most experiments done

in long straight tunnels, it was shown that the large-scle fading usually follows the log-

normal distribution while the small-scale fading follows the Ricean distribution for LoS

and Rayleigh distributions for NLoS [48], [49]. However, these distributions will not al-

ways hold true in different environments as they are terrain and environment dependent.

In most narrowband measurement studies done, it was observed that because of the

mine tunnel’s irregular and rough walls, multipath effects are sometimes destructive in

nature and the pathloss exponents of (n = 2) are common [50].
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Wideband measurements

In wideband measurements, it is usually assumed that the channel acts as a linear filter

from which the CIR of the channel can be characterized. From the CIR, other parameters

associated with the CIR such as PDP (from which RMS delay spread, received power,

time-of-arrival TOA) can be obtained. This information is useful in the design of wireless

communication systems. The delay spread has been shown to depend on frequency as

well. In some works 2.4 GHz was shown to have a larger delay spread than 5.8 GHz

[46].

2.4.4 Related works for analytical and empirical modeling

Theoretical and experimental aspects of natural wave propagation of high-frequency

waves in underground mines were performed in [51]. Narrowband and wideband mea-

surements were taken to characterize the channels’ longitudinal attenuation, coherence

bandwidth, delay spread of the channel impulse response in various areas of the mine.

The emphasis was mainly on field attenuation versus the distance between the transmit-

ter and the receiver with the aim of finding an optimal frequency of operation for the

analog transceiver. Frequencies used in the experiments where in the range of 150 to

900Mhz. The experiment was broken down into 2 parts; the first dealt with channel

characterization in a straight tunnel and the second experiment was done in a room and

pillar environment. In their literature review for theoretical modeling, Lienard et al [51]

mentions that ray or modal approach (for the EM waves) can be used. Using the modal

approach to get an analytical solution, the geometry of the problem is limited to circular

or elliptical tunnels so that the air-ground boundary corresponds to a surface with co-

ordinates to which the Helmotz equation is separable. They also note that if the gallery

has an arbitrary shape, the ray-launching technique can be used by discretizing the walls

of the mine gallery into planar facets [51]. Their modeling was limited to straight rect-

angular tunnels.

An approach called the “Cascade Impedance Method" (CIM) is used in [37] to pre-

dict the propagation in a complex and diffracting rough mine. The CIM basis is that

in spite of reflections, diffractions and attenuation due to the roughness and the com-

plexity of the channel in a mining tunnel, it is still a transmission channel and can be

thought of as a transmission line and therefore a statistical approach can be used to pre-

dict the roughness of the surface of the mining tunnel by making an assumption that

the behaviour is analogous to that of dielectric impedances with losses. In addition to

the CIM, an SSM (Statistical method Segmental Method) technique is also applied to a

non-canonical mining tunnel. The SSM technique divides the mining tunnel into many

segments and each segment is further divided into sections and each section into cells in
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transversal and vertical directions. The tunnel is modeled as an impedance [Z0] and the

magnetic field in free space is modeled as [H(0)
z (x, y, z)] and the magnetic field inside

the 4 rough di-electric walls are modeled as [H1(x, y, z)], [H2(x, y, z)], [H3(x, y, z)],

[H4(x, y, z)]. Impedance cascading is then applied. The analytical modeling was done

at 18 GHz. The mine gallery of interest was characterised by several attenuations caused

by strong multipath, fading and significant diffraction [37].

Wideband measurements are carried out at a centre frequency of 2.4GHz in [52] and

due to equipment restrictions, the frequency channel-sounding technique is utilised. The

modeling was mainly concerned with extraction of parameters namely power-delay-

profile, mean excess delay, rms delay spread, max excess delay, coherence bandwidth

and path loss. Experiments were done at CANMET mine in Pittsburg, Pennsylvania with

dimensions: length = 75m, width = 5m, height = 5m, with walls which are very rough

and protected with a metallic grid. The floor is uneven and contains water plaques. The

equipment utilised was an RF synthesizer (Tx) and a spectrum analyser (Rx) used for

narrowband measurements. For the wideband measurements, a vector network analyser

was used for transmission and reception of the RF signal. Omnidirectional antennas

were utilised for the transmitter and receiver with a central frequency of 2.4GHz and a

gain of 0dBi. A detailed measurement set-up is given on how the experiments were con-

ducted. From measurements performed, the path loss exponent ‘n’ was determined from

narrowband measurements and from the wideband measurements, the magnitude of im-

pulse response, excess delay, rms delay spread, max excess delay, coherence bandwidth,

relative multipath total power and number of multipath components were obtained [52].

In [53], Vector Network Analysis measurements were done for the frequency interval

of 850 MHz - 950 MHz with an MT8222-A-BTS Master in conjunction with 2000-1045

omnidirectional Anristu antennas. The path loss exponent was determined by consider-

ing the total received power at each distance and averaged locally over space using (2.47)

to get the total received power at a specific distance d:

PR(d) =
1

FL

F∑
i=1

L∑
j=1

|H(fi, tj ; d)|2 (2.47)

where F is the number of data points (in their case 551), L is the number of local

measurements at a specific distance d (which denotes the distance between the trans-

mitter and the receiver). H(f, t) is the received power at that distance and f is a rep-

resentation of a single data point in space at that distance and t denotes the number of

measurements done at that local data point in space. The model for the path loss which

was used is given in (2.48):
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log10
PT

PR(d)
=
A

10
+ n log10(d) (2.48)

where A = intercept and n = path loss exponent.

Frequency dependent path-loss was also calculated. Noted was the fact that path

loss usually increases as the frequency increases, and the relationship is often given by:

(PL(f) ∝ fK), where K denotes the dependency and PL(f) is spatially averaged to

remove the small-scale effects. To get CIR, the Channel Transfer Function (CTF) was

used and applying the IFT (Inverse Fourier Transform) to get the CIR. Measurements

were done in an active coal mine in Brookwood, Alabama. The shaft covers a vast area

with cross-cuts, escape ways, blockages and the ground in the mine was not flat. The

walls were rough and covered with lime powder. Some walls and ceilings are supported

by metal and wooden grids. The transmitter and receiver heights were chosen carefully

to replicate a possible communication between devices [53]. The same procedure used

in the measurements is the same as in [52] discussed above.

In [50], Rissafi et al. used a frequency range from 3-10 GHz in their experimental

characterization of a UWB propagation channel in an underground mine. They used

different antenna directivity to extract UWB propagation characteristics from a mine

with rough surfaces. The mine had very rough surfaces that have a difference of 25cm

between the maximum and minimum surface variations. The ground was not flat but

sparse with puddles of water [50]. The dimensions of the mine were; a width of 2.5m

to 3m and a height of 3m. The transmitter was fixed for all the measurements that were

taken. The receiver was moved on a 49 point grid (7-by-7 points with a spacing of

5cm between each adjacent point), 5cm is equal to half of the wavelength of the lowest

frequency component for uncorrelated small scale fading. However, for the large-scale

path loss in LoS scenarios, the receiver was moved from 1-10m away from transmitter

in intervals of 1m. The channel-sounding technique based on the scattering parameter

S21 was used. A network analyzer with two vertically polarized antennas; a double

bridged directional horn antenna covering 1-18 GHz and an omni-directional one from

2-10 GHz, was used. The PNA used the frequency sweeping technique (7000 discrete

frequencies over a 7 GHz bandwidth). At each distance point between the transmitter

and the receiver, the complex channel transfer function (CTF) was measured 30 times.

Log-normal, Nakagami and Rician distributions were fitted to the plotted data which was

obtained [50].

Stating in their literature review, Sun et al [54] points out that full-wave models e.g.

FDTD model, which models Maxwell’s equations provides very accurate results in arbi-

trary geometries but may create unrealistic computational burden even for short tunnel
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paths. They developed a multi-mode model to analyse natural wave propagation in the

near and far field regions in an underground mine tunnel. They implemented the Ge-

ometrical Optical (GO) model to do analysis on the field distribution of the excitation

plane (the cross-section that has the transmitter antenna). The GO is better in terms of

computation because the analysis of the rays is limited to a 2D model. Mode-matching is

implemented to match the modes derived from a waveguide model to the field distribu-

tion derived by GO. The model’s intensity is then calculated by numerical integration and

the non-linear regression method. The path loss and RMS delay spread at any position in

the tunnel are obtained by making use of the mode intensity and the waveguide model.

The model developed is only applicable to underground mines which do not utilise the

room and pillar mining method [54].

In his study, Hussain [47] obtained the channel characterization of the Wits Mock-

Mine using different antenna parameters. He took an empirical modeling approach in

which measurements were done within the mock mine at Wits. In his methodology, he

mentions that to get the statistical behaviour of the radio channel, experiments had to

be done at different positions in the mine. But since it was a measurement campaign,

the system and equipment to be used had to be calibrated. The wideband measurements

performed were to get the path-loss exponent, shadow fading statistics, the CTF, CIR,

PDP, time dispersion parameters (mean excess delay, RMS delay spread and maximum

delay spread) and the coherent bandwidth. Hussain points out that the path-loss exponent

and shadow fading statistics can still be deduced from narrowband measurements at any

location where the measurement is done.

The channel sounding method was used in taking the wideband measurements.

Large-scale parameters were obtained from the transmission coefficient of the wideband

measurements and the local average received power was measured at a track of 5λ−40λ2

for the large-scale measurements. The small scale fading parameters were obtained from

the CIR. For small-scale measurements, Pτ (multipath component power of the PDP)

was obtained by spatial averaging of |h(t, τ)|2 (channel impulse response) over the local

area. Pτ over the large-area was then obtained by summing up and averaging the mea-

surements over the small-areas. He notes that the received power over a local area will

not fluctuate significantly if the measurements are done with a bandwidth greater than the

coherence bandwidth. The channel sounding technique utilised used the Vector network

analyser for extracting large-scale and small-scale parameters from wideband measure-

ments. Fast sweep time was utilised which is necessary to keep total sweep frequency

measurements in a short interval for time-varying channels [47].

The channel sounder used operates in 2.4-2.5 GHz and 5.8-5.9 GHz frequency bands.

The power for the VNA was kept constant at 0dBm (1mW) and a quasi-static channel
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was assumed. For the data acquisition, MATLAB scripts were used to analyse the large-

scale and small-scale fading parameters. The linear least square regression method was

used to evaluate the scatterers’ received power over transmitted power as a function of

the transmitter and receiver distances to evaluate the path loss exponent. Shadow fading

was estimated by measuring the deviation of PR
PT

from the linear regression line. The

Kolmogorov-Smirnov (KS) test was used to identify the line of best fit distribution for

the shadow fading. From the frequency bands mentioned above, with a bandwidth of

100 MHz (time resolution of 10ns), frequency steps of 0.182 units were used for the

small-scale parameters. Using the Hamming window function, the time resolution was

multiplied by a factor of 2. The 5.449 µs temporal range (the inverse of frequency steps)

was noted to be quite sufficient when comparing with the maximum excess delay and the

propagation delays of the utilised cables. This minimised the phenomenon of aliasing

[47].

Robins [46] used the hybrid analytical modeling technique to model the Wits Mock

Mine approximating the tunnel to have a rectangular cross section with dimensions;

(width = 3.026m, height = 2.690m, length = 66.24m). It was noted that approximat-

ing the tunnel as having a rectangular cross-section should have no significant effects

on the results obtained [46]. The first set of simulations considered the ceiling/floor and

walls to have the same electrical properties as the rock in [54]. The second set of simula-

tions took into account the steel casing within the mock-mine tunnel for comparison with

the first set of results. Distance increments were in steps of 0.01m considering a smallest

wavelength of 0.05m (5 GHz frequency). The number of modes was initially set at 150

which was found to be excessive with a recommendation of around 50 modes thought

to be enough and showing little difference in the results obtained [46]. The transmission

power used in the simulation was assumed to be 1mW. Both wideband and narrowband

simulations were performed.

2.5 Performance analysis of communication systems

From the problem statement, the performance analysis to be performed in this study is

mainly concerned with the reliability of communication systems employed in the under-

ground mines. This is with regards to their ability to be able to establish connectivity after

a mine collapse. This means that the study is limited to analysis of the received power be-

haviour which is most relevant for monitoring connection/disconnection between nodes

in different scenarios.

This part of the work is mainly concerned with identifying shortfalls that will be

associated with common WSN systems employed in the underground mine tunnels in

the event of common mine tunnel collapse scenarios.
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Some of the metrics to consider in the performance analysis of communication sys-

tems are discussed in Section 2.5.1.

2.5.1 Performance metrics

[55] suggests and argues that there are five key performance metrics to be considered

when a wireless communication system is evaluated and these are mainly coverage, ca-

pacity, co-existence, power consumption and security.

Coverage

This is the range over which the communication system can reliably connect devices.

One thing to consider is the link budget which measures the ability of the wireless sys-

tem to overcome things such as obstacles in the path of the signal and still be able to

complete a link. This is affected and/or determined by three major factors which are the

transmission power, the antenna gain and the receiver sensitivity. The fact that transmit

power is limited and regulated especially in the unlicensed band, affects the amount of

power that can be transmitted and the selection of antenna gain. In most cases the only

variable left to vary is the receiver sensitivity. The sensitivity reflects the ability of the re-

ceiver to distinguish the signal from noise. One metric used is to compare the sensitivity

with the thermal noise floor. However, in most cases the receiver sensitivity is limited by

the hardware of the receiver. A good receiver sensitivity reflects the potential to operate

when SNR measured on the log scale is negative[55].

Capacity

This is the amount of data that an access point can simultaneously handle at one time.

Aggregate capacity could be considered which is different from the single-link through-

put offered between one device and the gateway. Many single-link throughput capacities

are modest but if there is a good multiple access scheme, the aggregate capacity could

even be made higher. A raw PHY-layer data rate is usually not the same as the aggre-

gate capacity because of things such as MAC overheads, poor multiple access techniques

and the required margin to account for unpredictable traffic fluctuations. [55] notes the

importance of balancing capacity and coverage in a cost effective wireless network per-

formance since it is pointless to have a good coverage without the capacity to support the

covered devices and also pointless to have a good aggregate capacity without the devices

(not in range because of poor coverage).
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Co-existence

This is the ability of a wireless system to coexist with other devices that have the ability

to cause significant and dynamic interference. A robust network must be able to with-

stand interference from other transmitting networks, especially in the constantly chang-

ing propagation environment that is the hallmark of an underground mine. At every layer,

interference mitigation techniques must be implemented e.g. Direct-Sequence-Spread-

Spectrum (DSSS) at the PHY-layer to enable operation at negative SNR and ACKs at the

MAC layer to ensure successful data transfer between the endpoint and gateway [55].

This is an important performance metric for a wireless communication system to be de-

ployed in an environment such as a mine where the space is confined and there are many

systems usually operating within the same ISM band.

Power consumption

This is the amount of power that the wireless system will require and is linked to the

amount of time that a battery will last under the operation of the wireless system, espe-

cially for systems that run on batteries such as WSN systems. A good network design

should allow for “low latency, highly responsive connections for continuously powered

devices and an efficient connection for battery powered devices" [55]. Efficiency is de-

termined by the underlying wireless protocol which boils down to the fact that minimum

time and power must be spent when transmitting and receiving the communication sig-

nals. Such techniques utilised include “Fast Acquisition", “Adaptive-Modulation". The

overall protocol design should aim that the endpoint is in a low power “deep sleep" mode

for the majority of the time [55].

In the scenarios we intend to investigated in this research, the interest will be mainly

on coverage because of the aspect of continuous connectivity after the tunnel blockage.

The other metric to consider would be capacity for a WSN network where other nodes

could fail and the connection to be established is by the nearest node to the one which

has failed and hence should be still able to handle multiple calls more than it would have

processed in a normal scenario (non-collapsed scenario).

2.5.2 Related works for performance evaluation

In [56], two parameters are used to check the quality of a network. These are the RSSI

(radio signal strength indicator) and the LQI (link quality indicator). In the study per-

formed, an omnidirectional propagation of radio waves from the transmitter was assumed

(where the signals should propagate in all directions so as to be able to communicate with
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multiple nodes in a mesh topology layout). MRF24J40, CC2420 and ZENA WSN motes

were used to carry out the experiments [56].

A dynamic wideband channel model is developed in [57] for harsh industrial areas.

Furthermore, performance evaluations based on the IEEE 802.15.4 physical layer stan-

dards were conducted using the developed channel model. BER performance evaluations

were performed in a simulated software package in which random bits were generated,

an O-QPSK modulation and demodulation; and DSSS spreading and de-spreading tech-

niques were utilised in conjunction with the developed channel model [57].

The performance of IEEE 802.15.4 was conducted in [58]. Six radios were used as

the hardware for collecting the results. Each of the units consists of a radio module and a

single board computer with local data storage. The measurements were done by placing

these units in positions representative of a WSN layout in an industrial area setup. In

the experiment conducted, RSSI, LQI and PER (Packet Error Rate) were measured. The

measurements were done for both LoS and NLoS situations for the different combina-

tions amongst the radio units [58].

Measurement campaign were done using two MEMSIC IRIS motes working at 2.4

GHz transmitting at a data rate of 250 kbps and an RF power of 3dBm with a receiver

sensitivity of 101dBm. The motes implement the MAC and PHY layers defined in IEEE

802.15.4 protocol with a ZigBee Upper layer. RSSI, LQI and PER were analysed. Chan-

nels occupied by other systems such as Wifi were not considered and not used during the

experiments and therefore issues of coexistence were omitted from the study [59].

2.5.3 Topology design of a WSN

In a wireless sensor network made up of many nodes, a node can communicate with

other nodes within its wireless transmission range. However, nodes which are outside

this transmission range but are able to detect the wireless signal are in the carrier sensing

range [60]. Usually in a WSN, with the right topology, no infrastructure or centralized

data management is needed. The network is dynamically formed and nodes manage

themselves [60]. With this in mind, the challenge faced by WSN is the fact that a node

has to be within the transmission range of another node. In the event of a mine tunnel

collapse, and if a part of the network is lost, the remaining nodes in the network must

make sure that communication can still be established. This can only be achieved if the

transmission range of all the remaining nodes still overlap.
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Some of the considerations in the design of a WSN and other ad hoc networks are

that of connectivity, security, quality of service, energy consumption and routing opti-

mization [60]. In addition to inheriting classical problems of other wireless networks,

WSN networks and other ad hoc networks generate new challenges such as autonomy,

lack of infrastructure, dynamicity and scalability [60].

However, the focus in this work will be to recommend the efficient placing of the

nodes and the optimum frequency of operation in a WSN for greater coverage and main-

tained connectivity in the event of a mine tunnel collapse.

2.6 Conclusion

A review of existing and past underground mine communication systems has been out-

lined. Of importance in the review was the existence of other commercial products which

have been developed to help solve the issue of communication after a mine tunnel col-

lapse. However, most of the shortcomings of these solutions have to do with the fact that

they are bulky in size and hence not ideal for miners to carry with in an underground

mine environment.

The technology of wireless sensor networks was found to have some benefits when

it comes to underground mine communications especially their low power consumption,

self healing capabilities and low cost, which can be employed when developing a system

that should still establish communication after a mine collapse.

Channel modeling fundamentals have been discussed which help in understanding

the techniques employed when modeling underground mine tunnels.

This chapter has also outlined the most common channel modeling techniques em-

ployed in underground mine tunnels. A review of related research work in which some

of the techniques have been used was considered. A comparison of the models in terms

of their pros and cons has been given. This research work will subsequently make use of

a combination of the Ray-tracing and TTE modeling techniques.

The last section of this chapter discussed the performance metrics of interest to look

at when doing an evaluation of wireless networks which are coverage, capacity, co-

existence, power consumption and security. One of the important metrics to mainly

consider in the case of a WSN network is coverage. For the topology design of a WSN

network, coverage also becomes an important consideration when designing for a net-

work that should guarantee connectivity in the event such as a mine tunnel collapse.
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Chapter 3

Research Methodology

3.1 Chapter overview

This chapter presents the methodology taken in the pursuit of the research to be able

to answer the research questions. Mine tunnel collapse scenarios to be considered are

presented and the appropriate modeling techniques are identified. The equipment and

simulation software used in the research are also discussed.

3.2 Methodology

To the best of our knowledge, no other work has proposed the channel modeling of a

collapsed underground mine tunnel, especially in the context of the topology design of a

wireless sensor network.

This section presents the set of techniques and procedures undertaken to fully an-

swer the research questions posed in Section 1.3. The work is divided into 3 major

components; (i) The analytical channel modeling of the partially and fully collapsed

mine tunnels; (ii) The use of standardised tools for channel modeling to compare the

analytical channel models obtained in (i); and (iii) Performance evaluation of a WSN

communication system in a collapsed mine scenario.

The steps followed for the execution of the research are outlined below:

1. From the literature review and similar or closely related works, the selection of

appropriate channel modeling techniques and/or proposal of new techniques to be

used in the simulations.

2. Choosing the appropriate techniques to conduct measurement based modeling

and/or mine tunnel CAD simulation on the proposed scenarios in a bid to compare,

contrast, validate and supplement the models obtained from analytical modeling.

3. Use the results obtained in steps 1 and 2 for the proposal of a WSN network topol-

ogy/architecture and/or a hybrid network architecture suited to the channel models

obtained in the study.
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The methodology followed is shown in Figure 3.1.

Analytical
Channel
Modeling

Partial Collapse Scenarios

Full Collapse
Scenarios

PL1, PL2, ..., PLM
Path Loss Profiles

Mine Tunnel
CAD Propaga-
tion Modeling

Far field

Near field

Propagation
attenuation
heat maps

WSN Performance Evaluation
in a Collapsed Mine Tunnel

Collapsed Mine
Tunnel Channel Model

WSN Topology/Architecture De-
sign for a Collapsed Mine Tunnel

Figure 3.1: Research methodology

The different scenarios investigated and the tools and techniques used for each sce-

nario are discussed in the next sections.

3.2.1 Channel modeling for WSN radios

When planning a WSN network, what is most important is coverage, which entails a

focus on the amount of received power during the transmission to plan parameters such as

the network budget. Unlike classical telecommunications, parameters such as coherence

bandwidth, time of arrival, the power delay profile are not analysed in detail because of

factors such as the complexity of each mote is kept to a minimum because of power and

cost considerations, and generally the motes operate in small bandwidth or high symbol

time regions, where the impact of such parameters are not significant. In the context of

this work, low level parameters were not looked into. The focus was on the received

power at the receiver from the transmitter.
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3.2.2 Channel modeling: partial collapsed scenario

For simplification of a partially collapsed tunnel, Figure 3.2 with 3 sections numbered

1,2 and 3 was considered. There is a partial collapse (in the sense that the full height of

the tunnel is not blocked) in the middle section. The other sections at the outer ends are

still clear and an assumption was that no rock debris exists there.

Figure 3.2: Tunnel partial-collapsed scenario

Channel
Modeling

Technique 2

Channel Model-
ing Technique 1

Channel Model-
ing Technique 3

Path Loss Profiles

inputs1 inputs2

SECTION 1

(Pt, x, y)

SECTION 2

(Pt, x, y)

SECTION 3

Figure 3.3: Tunnel split-section analytical modeling

Assuming that sections 1 and 2 are long enough, from literature presented as part

of the background, there existed numerous works and techniques, as mentioned in the

literature review sections of the background, which have modeled a normal/uncollapsed

underground mine tunnel of similar geometry. These sections have been modeled as

rectangular waveguides either with smooth surfaces or scatterers on the surface of the

walls.
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Ray-tracing modeling
approach in section (1)

∑N
i=0 (θi, xi, intensityi)

out of section (1)

∑N
i=0 (θi, xi, intensityi)

into section (2)

Modified Ray-tracing and/or TTE
modeling techniques in section (2)

(θ, x, intensity) out of section (2)

Ray-tracing modeling
technique in section (3)

Path loss profiles for sections 1,2
and 3 giving collective path loss

Figure 3.4: Partial collapse analytical modeling approach

The bulk of the research in our scenario was thus to try and model the middle ‘col-

lapsed’ section and combine the result with that of the other two sections to come up with

the overall channel model of the whole partial collapsed tunnel. An assumption was that

the rock debris was perfectly stacked, such that there exists no air spaces between the

debris and if signal propagation is to happen other than through the small air gap present,

it had to be through-the-rock signal propagation.

The idea then was to model the three sections differently with their respective inputs

(signal strengths and angles of arrival), e.g. section 2’s input being the output of section

1 and the output from section 2 feeding into section 3 as outlined in Figure 3.3. In

this sense each section was modeled differently with the appropriate techniques that best

fitted in that particular section.

For modeling section 2, the parameter of interest was the smallest distance between

the roof of the tunnel and the debris such that a person trapped in the tunnel could be

able to fit through in the event of a mine tunnel collapse.

3.2.3 Techniques utilised - partial collapse

Because of the idea of using the output of one section to become the input to another

section there arose a need of tracing the signal ‘rays’. This called for a technique which
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Figure 3.5: Full-collapsed scenario

utilises the concept of signal trajectory tracing. The ray-tracing [44] approach became an

appropriate modeling technique with proper modifications to fit the scenario. However,

only the path loss will be obtained for this part without including small scale fading

effects. The procedure followed and the techniques utilised in this part of the modeling

are illustrated in Figure 3.4.

3.2.4 Channel modeling - full collapsed scenario

Considering Figure 3.5, as opposed to the partial collapsed scenario, in a full collapsed

scenario, section 2 is completely covered with rock/debris and hence a hybrid modeling

technique in which section 2 had to be completely characterized using pure TTE methods

in conjunction with TTA modeling techniques for sections 1 and 3 had to be used.

3.2.5 Techniques utilised - full collapse

Since the assumption was that there was no possibility of ‘ray’ propagation through the

air over section 2, the ray tracing approach is not suitable for the full collapsed scenario

in section 2 of Figure 3.5. The TTE model described in Section 2.4.1 had to be adopted

for this section. The ray-optical method was still adopted in sections 1 and 3. The im-

perative was then to use the signal strength from the output of section 1, which uses TTA

modeling techniques, for use in section 2 which employs a TTE modeling technique.

The procedure and techniques used in this situation are shown in Figure 3.6.
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Ray-tracing modeling
technique in section (1)

(intensity) out of section (1)

TTE modeling in section (2)
with varying blockage length

Penetration distances in section (2)

Ray-tracing modeling
technique in section (3)

Path loss profiles for all the sections

Figure 3.6: Full collapse analytical modeling approach

3.3 Mine tunnel CAD simulations

To compare, contrast, validate and supplement the models obtained in the analytical

modeling, in which we divided the tunnel into sections of collapsed and non-collapsed

sections, we used a software that is commercially used for channel modeling in different

scenarios such as mine tunnels.

The result was the use of a 3D propagation modeling software suit, Altair Hyper-

works’ WinProp software suit for tunnels and underground [61]. A module in the soft-

ware suit provides the ability to define arbitrary cross sections, curves and inhomoge-

neous mine tunnel terrains to provide for a realistic representation of a mine tunnel.

The propagation modeling is done by using "highly accurate semi-empirical and ray-

optical propagation models" [61]. The software suit has a graphical interface component

(TuMan) where the 3D structure of the tunnel is defined, another graphical component

(WallMan) where the electrical properties of the 3D structure of the mine tunnel are de-

fined and PropMan where the propagation simulation is carried out by specifying the

antenna properties and placements [61].

3.3.1 Procedure

The procedure followed the definition of the 3D geometry of the mine tunnel like the one

used in the analytical modeling section. Thereafter, the specification of the electrical and

magnetic properties of the tunnel walls, floor and ceiling was done. Lastly, the antenna
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parameters and placement in the tunnel were defined. The procedure is illustrated in

Figure 3.7.

Defining the 3D geometry
structure of the mine tunnel

Specifying the electrical
properties of the mine tunnel

Defining the antenna and
propagation properties

Simulating for different
frequencies and scenarios

Propagation heat maps
with attenuation graphs

Figure 3.7: 3D CAD simulation procedure

3.4 Experimental setup

The evaluation was done with the use of microcontroller units that form a wireless sensor

network. The frequencies considered were 434, 915 and 2400 MHz. The choice of

frequencies was mainly due the available electronic devices for use in the research. The

parameters varied in the performance evaluation were node separation distances for a

normal tunnel situation without collapse and then for the scenario where the tunnel is

collapsed to notice the change in the levels of signals obtained. The evaluation focused

on obtaining the RSSI of the signal at the receiver units from the transmitter unit.

The figures of the experimental setup in the mock mine are shown in the results

section of Chapter 5.

3.4.1 Procedure

Received power monitoring was done by porting the serial communication output of the

values on the receiver microcontroller to a PC. These indicators were then used to trans-

late the amount of coverage provided by each node in the WSN network. The procedure

followed is illustrated in Figure 3.8.
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RSSI Profiles
(normal tunnel)

RSSI Profiles (col-
lapsed tunnel)

Comparison

Results

Figure 3.8: Performance evaluation procedure

3.5 Research equipment and simulation software

Analytical modeling simulations was implemented in MATLAB by creating models of

the mathematical representations of the models and the definition of the underground

mine tunnel scenarios to be simulated. The mine tunnel CAD simulation was done in

Altair’s WinProp software suit. For the performance evaluation, Zolertia Re-Mote [62]

and Atmega328P micro-controller units were used. Network simulation and design was

done in MATLAB for the network architecture design in the last part of the research.

3.6 Conclusion

In this chapter the methodology which was followed was presented. Different mine

tunnel scenarios which were considered were introduced, namely a partial and a full

collapsed scenario. The techniques and procedures followed in the different scenarios

were discussed. The ray-optical modeling technique was chosen to be used for the non-

collapsed section of the mine tunnel and the pure TTE method was chosen to be used in

the collapsed section of the mine tunnel in the different scenarios. The procedure for the

performance evaluation of a WSN in a non-collapsed and collapsed mine tunnel scenario

was presented and had to be done using microcontroller based WSN motes at frequencies

of 434, 915 and 2400 MHz with a focus on the RSSI of the received signal.
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Chapter 4

Channel modeling results

4.1 Chapter overview

This chapter presents the results obtained from the channel modeling exercise. Tech-

niques which were presented in Chapter 3 in the methodology section were applied in

the different scenarios, as shown in Figures 3.2 and 3.5. Analytical modeling was done

using the ray-optical modeling technique which was found to be more suitable for the

open air parts of the collapsed mine tunnel, a pure TTE modeling technique was ap-

plied for the collapsed section of the mine. In the first instance, the tunnel is modeled

without any collapses in between, using the ray-optical method. This was done so as to

compare with the results obtained by using the 3D propagation simulation software as

the software itself has no capabilities of representing collapses in the tunnel geometries

developed. The two sets of results were found to correlate especially for the set of higher

frequencies which were considered. With this confirmation, the second part was to incor-

porate the TTE method into the collapsed scenarios. It was found to be difficult to verify

the through-the-earth model as the 3D simulation software has no feature to incorporate

a collapsed section in the geometry of the tunnel.

The set of frequencies chosen for simulation were based on a number of considera-

tions such as frequencies in common use today, available electronic devices and lower

frequencies which have better penetration distances. The maximum tunnel length under

consideration in the analytical modeling was that of 90 meters due to the fact that nodes

in a WSN network have a short range communication distance and also to match the

length of the mock mine tunnel. However, for the 3D CAD simulation, a total of 30m

could only be simulated due to restrictions on the student license acquired. A rectangular

tunnel was considered.
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4.2 Non collapsed scenarios

This section presents the results obtained for the case where the tunnel has no collapses.

The analytical modeling parameters used in this scenario are given in Table 4.1. The

electrical parameters used (σr and ε) are those of the rock material found in underground

mines. The wavelength considered corresponds to the highest frequency of 5GHz used

in the simulations. The number of modes was limited to 100 for computational reasons

as there was no major difference in results obtained after 100 modes. Modeling was done

for all the frequency bands mentioned in Section 4.1. The modeling exercise involved

analysing the different path loss behaviours at different frequencies. The simulations

were performed by modeling equation (2.18).

Table 4.1: No collapsed scenario analytical modeling parameters

Parameter Values
Analytical tunnel dimensions Height 3.0m

Width 2.7m

Length 90m

Electrical properties Tunnel σr 0.015

Tunnel εr 5

Antenna Transmit power 1 mW

Gt 1

Gr 1

Modes Total 100

Smallest λ 0.059m

3D tunnel dimensions Height 3.0m

Width 2.7m

Length 30m

Figures 4.1 and 4.2 show the path loss results obtained for the analytical modeling

and the 3D CAD simulation respectively for 3G frequencies while Figures 4.3 and 4.4

show results for LTE frequencies, Figures 4.5 and 4.6 show results for Wifi/ZigBee fre-

quencies and Figures 4.7 and 4.8 show the results for ISM frequencies.

From the set of results, it is evident that the path loss, i.e. the signal attenuation as a

function of distance, increases as the frequency is increased. For example in Figure 4.1,

the 850MHz path loss curve starts at -36dBm while the 900MHz one starts at -40dBm

at 0 meters. This is true for all other sets of results presented. This behaviour is because

of the inverse relationship between frequency and attenuation as represented by (2.2).
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Heavy constructive and destructive interference observed in the near field of the trans-

mitter comes as a result of the fact that rays of the signal bounces onto and off the walls

and floors of the simulated mine tunnel. In that action and at certain distances, which

corresponds to different multiples of the wavelength, rays of the signal propagate with

different phase shifts and hence constructive and destructive interference takes place.

This interference is less observed in the far field of the transmitter due to the fact that

there are fewer signal rays propagating now in this region and their power has decreased

substantially.

For the software simulation results, the transmitter is placed at the entrance of the

tunnel (i.e. at starting distance of zero meters) at a height of 2 meters and the receiver is

moved across the length of the tunnel at the same height of 2 meters to get the different

RSSI values. Therefore, in Figures 4.2, 4.4, 4.6 and 4.8, the transmitter is located at the

bottom of the Figures. These figures show the different power levels (represented by the

different colours on the legend of the figures) along the length of the tunnel starting from

where the transmitter is located moving across the other side of the tunnel.

From the software simulation results, the same can be said of the correlation be-

tween an increase in frequency and an increase in the signal attenuation with distance.

In this particular case however, constructive and destructive interference could not be

represented, even though it is happening, because the heat map represents a fitted linear

curve of the optical ray tracing model applied in the simulation software. If the results

were presented on a graph, they would have looked similar to the ones presented for this

research’s analytical modeling.

The two sets of results, i.e. the result from the analytical modeling and the result

from the software simulation, show a good correlation for higher frequencies starting

at 915MHz. For lower frequencies, a discrepancy is noticed between the two sets of

results. A comparison of the results at 10m, 20m and 30m is provided in Table 4.2 where

a huge discrepancy of more than 10dB is highlighted in red, a difference of 4dB-10dB

is highlighted in yellow and a difference of less than or equal to 3dB is highlighted in

green. The green highlights are what we are considering a good correlation in the rest of

the discussion.This is because when the modal approach used in the ray-optical technique

is applied to tunnels, it works well for higher frequencies especially the ones in the UHF

range [43].
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Figure 4.1: Ray-optical tracing analytical modeling path loss profiles for 3G
frequencies for a non-collapsed tunnel.
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Figure 4.2: Tunnel 3D CAD propagation simulation received power heat
maps for 3G frequencies for a non-collapsed tunnel. (From left) 850MHz,
900MHz and 2.1GHz. The heat map depicts the RSSI values (in dBm) in the
virtual tunnel along the length (y-axis). The y-axis on the figures represent
the length along the tunnel from the entrance to the exit. A total length of 30
meters is shown on the figures, from -10 m to 20 m on the scale. The x-axis
represent the width of the tunnel i.e. the length of the opening of the tunnel.
This is for all the heat maps presented in this chapter.
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Figure 4.3: Ray-optical tracing analytical modeling path loss profiles for
LTE frequencies
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Figure 4.4: Tunnel 3D CAD propagation simulation received power heat
maps for LTE frequencies for a non-collapsed tunnel. (From left) 1.8GHz,
2.1GHz and 2.3GHz.



Chapter 4. Channel modeling results 59

Figure 4.5: Ray-optical tracing analytical modeling path loss profiles for
Wifi/ZigBee frequencies for a non-collapsed tunnel.

Figure 4.6: Tunnel 3D CAD propagation simulation received power heat
maps for Wifi/ZigBee frequencies for a non-collapsed tunnel. (From left)
2.4GHz and 5.8GHz.
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Figure 4.7: Ray-optical tracing analytical modeling path loss profiles for
other ISM frequencies for a non-collapsed tunnel.



Chapter 4. Channel modeling results 61

Figure 4.8: Analytical and simulation RSSI values comparison
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Table 4.2: Analytical and simulation RSSI values comparison where A rep-
resents Analytical results and Sim represent Software Simulation results

RSSI values at different distances (dBm)
Frequency 10m 20m 30m
(MHz) A Sim A Sim A Sim
6.78 -30 -5 -36 -15 -40 -18
13.56 -34 -14 -39 -21 -40 -24
27.12 -37 -16 -43 -27 -42 -30
40.68 -40 -22 -42 -30 -46 -34
434 -48 -42 -58 -50 -56 -54
850 -52 -50 -60 -58 -63 -60
900 -53 -51 -64 -58 -58 -61
915 -52 -49 -64 -57 -60 -60
1800 -52 -55 -62 -63 -65 -65
2100 -54 -56 -58 -65 -64 -68
2300 -57 -58 -65 -66 -66 -68
2400 -57 -58 -60 -66 -68 -70
5800 -61 -64 -65 -73 -68 -76

4.3 Fully collapsed scenarios

This section presents the results obtained for the case where the tunnel has a full collapse

in the middle section as shown in Figure 3.5. The analytical modeling parameters used

in this scenario are given in Table 4.3. The number of modes (rays) considered were

limited to 100. This was because the results showed little difference after exceeding 100

modes. Modeling was done for all the frequency bands mentioned in Section 4.1.

Figure 4.9 shows the results of the TTE modeling, as modeled by (2.46), for a maxi-

mum rock length of 20m without considering it as part of a collapse in a tunnel. Atten-

uation is seen to increase with frequency as was observed in the ray-tracing analytical

modeling results and of interest is the fact that this becomes almost the same for higher

frequencies just after 433.92 MHz. This is because for higher frequencies and consid-

ering (2.43) and (2.46), the attenuation constant α becomes almost close to a constant.

Unlike the constructive and destructive interference nature observed for the TTA section

in earlier set of results, for the TTE section, propagation does not happen in air but rather

in rock and there is no bouncing back and fourth of the propagating signal.
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Figure 4.9: TTE modeling path loss profiles for a full collapsed section of
the mine tunnel for 3G, LTE, Wifi/ZigBee and other ISM frequency bands.

Table 4.3: Full collapsed scenario simulation parameters

Parameter Values
Tunnel dimensions Height 3.0m

Width 2.7m
Length 90m

Section 1 dimensions Height 3.0m
Width 2.7m
Length 30m

Section 2 (Collapsed) dimensions Height 3.0m
Width 2.7m
Length 10m

Section 3 dimensions Height 3.0m
Width 2.7m
Length 50m

Electrical properties Tunnel σr 0.015
Tunnel εr 5

Antenna Transmit power 1 mW
Gt 1
Gr 1

Modes Total 100
Smallest λ 0.059m

For this part of the exercise, considering the scenario shown in Figure 3.5, a method
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to combine the results was followed which calculated the amount of transmitted power

from one medium to the other (between air and rock interfaces). The factor of the trans-

mitted power is calculated by considering the electromagnetic theory on reflection of

waves at normal incidence to the medium which they are propagating into. This en-

tailed calculating the reflection coefficient from the intrinsic impedance of the medium

of propagation which is given by (4.1) [63].

ηi =
jωµ

γi
(4.1)

where: ηi = the intrinsic impedance of the medium of wave propagation

ω = angular frequency of the wave

µ = permeability of the material

γi = complex propagation constant

j = unit complex number.

The reflection coefficient at the boundary of the interface between layer i and the

next layer (i + 1) is given by (4.2) [63]:

Γi,(i+1) =
η(i+1) − ηi
η(i+1) + ηi

= −Γ(i+1),i (4.2)

Equation (4.2) was then used to determine the transmitted power (by subtracting the

reflected power from the transmitted power) from Section 1 to Section 2 (air to rock) and

from Section 2 to Section 3 (rock to air) of Figure 3.5. This can be observed in Figures

4.10, 4.11, 4.12 and 4.13 where there are drops in the transmitted power between the

two interfaces at 30m and 40m. A steep attenuation is observed in the region which

is collapsed (Section 2 of the tunnel) than in the sections which are not collapsed. The

greatest reflection losses are experienced at the rock-to-air interface because of the higher

permeability of rock compared to that of air and as represented in equation (4.2) a higher

reflection coefficient is then obtained at the rock-to-air interface than at the air-to-rock

interface.

As noted previously with regards to the TTE path loss for higher frequencies, the

attenuation almost becomes constant. This is observed in Figures 4.10, 4.11, 4.12 where

the attenuation in section 2 is almost the same for all the frequencies considered after

850MHz.

Two cases were also considered as shown in Figures 4.14 and 4.15. These were the

cases where the transmitting node is considered buried under the collapsed section and

is trying to establish communication with other nodes in the TTA (air section) of the

tunnel. Figure 4.14 illustrates the case where the collapsed distance is 1 meter while

Figure (4.15) illustrates the case where the collapsed section under which the node is



Chapter 4. Channel modeling results 65

buried is 10 meters wide. It is evident that the more distance the signal has to travel in

the TTA section, the more attenuation it is subjected to. This helps in understanding that

in the collapsed section, the more debris that covers any of the transmitting or receiving

communication devices, the more difficult it will be to establish communication espe-

cially when a mine tunnel collapses. This is useful in designing a resilient and a robust

communication system to be used in such a scenario.

Figure 4.10: Combined optical ray-tracing and TTE modeling path loss
profiles for a full-collapsed middle section tunnel for 3G frequencies.
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Figure 4.11: Combined optical ray-tracing and TTE modeling path loss
profiles for a full-collapsed middle section tunnel for LTE frequencies.

Figure 4.12: Combined optical ray-tracing and TTE modeling path loss pro-
files for a full-collapsed middle section tunnel for Wifi/ZigBee frequencies.
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Figure 4.13: Combined optical ray-tracing and TTE modeling path loss
profiles for a full-collapsed middle section tunnel for other ISM frequencies.

Figure 4.14: Combined TTE and ray-tracing path loss profiles for all con-
sidered frequencies considering a transmitting node buried under a 1m wide
collapse.
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Figure 4.15: Combined TTE and ray-tracing path loss profiles for all con-
sidered frequencies considering a transmitting node buried under a 10m wide
collapse.

4.4 Partially collapsed scenarios

This section presents the results obtained for the case where the tunnel has a partial

collapse in the middle section as shown in Figure 3.2. The parameters used for modeling

are given in Table 4.4 for the frequencies discussed in the chapter overview. For this

case it was imperative to choose the worst case partial collapsed scenario of the middle

section which was thought to be the case when there exists a distance to the roof of

the mine tunnel where a miner cannot crawl through and make it to the other side of

section 3 from section 1 through the middle collapsed section. This minimum distance

was considered to be 30 cm.

The approach adopted was to model the two tunnels separately with the two sepa-

rate heights (that of 3m and 30 cm) and see the difference in the two path loss profiles

and from there infer the possible behaviour of the transmitted signal in the middle col-

lapsed section. The assumption here was that at some point in time all the rays from

the transmitter (after some reflections) have to pass through this gap and that a small

inconsiderable fraction is transmitted through the rock section.

In Figures 4.16, 4.17, 4.18 and 4.19, the image to the left represents the scenario

where the tunnel has a height of 3m and the one to the right with a height of 0.3m. The



Chapter 4. Channel modeling results 69

major observation is that there is a reduction in the signal attenuation in the near field

but a greater attenuation in the far field, in the case of the reduced tunnel height (the

case with 0.3m height) compared to the 3m case. In the reduced tunnel height case,

the rays do not have to travel a long distance as compared to the 3 meter height case,

hence the attenuation is far much lesser. This means that in the case where a mine tunnel

collapse happens and it is not a full collapsed case, there is better and more chances of

still establishing a communication link between communicating devices.

Table 4.4: Partial collapsed scenario simulation parameters

Parameter Values
Tunnel dimensions Height 3.0m

Width 2.7m
Length 90m

Section 1 dimensions Height 3.0m
Width 2.7m
Length 30m

Section 2 (partially collapsed) dimensions Air height 0.3m
Air width 2.7m
Air length 10m

Section 3 dimensions Height 3.0m
Width 2.7m
Length 50m

Electrical properties Tunnel σr 0.015
Tunnel εr 5

Antenna Transmit power 1 mW
Gt 1
Gr 1

Modes Total 100
Smallest λ 0.059m

This is due to the fact that the signal has less reflections in the small tunnel compared

to a bigger tunnel. Assuming signal propagation only through the air channel in section

2 of the partially collapsed tunnel, the result above then suggests that signal attenuation

in this section should be worse than the case when the section has its full normal height.
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Figure 4.16: Ray-optical tracing analytical modeling path loss profiles for
3G frequencies for a non-collapsed tunnel with a height of (left) 3m and
(right) 0.3m.

Figure 4.17: Ray-optical tracing analytical modeling path loss profiles for
LTE frequencies for a non-collapsed tunnel with a height of (left) 3m and
(right) 0.3m.

Figure 4.18: Ray-optical tracing analytical modeling path loss profiles for
Wifi/ZigBee frequencies for a non-collapsed tunnel with a height of (left) 3m
and (right) 0.3m.
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Figure 4.19: Ray-optical tracing analytical modeling path loss profiles for
other ISM frequencies for a non-collapsed tunnel with a height of (left) 2.69m
and (right) 0.3m.

4.5 Conceptual communication system in an underground
mine based on results

This section aims to interpret the results obtained with an application that is relevant to a

WSN communication system in an underground mining tunnel especially in the context

of one that has collapsed. The major consideration of such a system is the area that it can

manage to cover in the event of an accident that results in a collapsed tunnel scenario.

4.5.1 Coverage based on frequency and transmission power

Several coverage tests were performed on the channel models obtained. To get the total

coverage area for a given frequency, a threshold of -80 dBm was considered on the

given path loss profiles and a distance of 0.5 meters after the collapsed section of the

tunnel was taken as the minimum reception distance. The 0.5 meter threshold is the

consideration that there has to be a node at least 0.5 meters away from the collapsed

section of the tunnel which will be able to get reception of the signals coming from the

collapsed section of the tunnel. An RSSI of -80 dBm is considered good enough for

WSN applications [64]. The variables under consideration were:

1. The transmission power

2. The centre frequency

3. Length of the collapsed section of the mine tunnel

4. Distance from where the transmitter is located in the TTA section to the collapsed

section
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A total of 1524 cases were considered as illustrated in Table 4.5:

where: D = Distance from where the transmitter is located in the TTA section to the

collapsed section

C = Length of the collapsed section of the mine tunnel

G = The total gain at the transmitter and receiver GrGt

The scenarios considered represent all the frequencies considered in the channel

modeling exercise and all the frequencies on the log scale from 1 MHz to 10 GHz. All

results obtained are shown in Appendix A.1 - A.4. The large set of results presented in

Appendix A.1 - A.4. were to consider a wide variety of frequencies across a different

and large set of varying dimensions in a way to consider possible mine tunnel collapsed

scenarios. The observation from the results is that higher frequencies and a combina-

tion of lower antenna gain and large collapsed sections have a overall resulting effect of

greater attenuation on the signal. Higher antenna gain and transmission power means a

lot of power is available to the propagating signal which will make the signal travel far.

From the large set of results, with a special consideration to only the frequencies con-

sidered in the results of the channel modeling, a total of 5 cases were able to satisfy the

condition imposed of a threshold of -80 dBm and 0.5 meters after the collapsed section.

These results are shown in Figures 4.20, 4.21, 4.22, 4.23 and 4.24. This illustrates the

need for more transmission power, higher antenna gain on a communication system that

can be used in a collapsed mine tunnel.

The simulations were modeled using (2.18) and a combination of TTE modeling.

From these results it is evident that an increase in antenna gain, a shorter collapsed sec-

tion length and increasing the transmission power all yield better results. However, the

frequencies which satisfied the conditions, imposed for the minimum required coverage,

were all lower frequencies below 6.8 MHz, frequencies which require bulky antennas

and are therefore not suitable for a portable WSN system. Also the transmission power

in these success scenarios are too high for a low power communication system such as a

WSN which is usually powered by batteries.
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Table 4.5: Frequencies and scenarios considered for coverage measurements

Transmission power and scenarios
Freq 1 mW 10 mW 100 mW 1000 mW
(Hz) D(m) C(m) G(m) D(m) C(m) G(m) D(m) C(m) G(m) D(m) C(m) G(m)
×106 ×10 ×10 ×1 ×10 ×10 ×1 ×10 ×10 ×1 ×10 ×10 ×1

1-9 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

6.8 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

10 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

14 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

20 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

27 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

30 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

40 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

41 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

50 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

60 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

70 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

80 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

90 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

100 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

434 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

500 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

600 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

700 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

800 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

850 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

900 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

915 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

1000 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

1800 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

2000 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

2100 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

2200 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

2300 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

2400 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

5000 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

5800 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4

10000 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4 1;2;3 0.5;1 1;4



Chapter 4. Channel modeling results 74

Figure 4.20: P = 1000mW, G = 1, D = 10m, C = 5m.

4.5.2 Sample placement of nodes

From the coverage tests done, a maximum of 30 meters radial coverage was obtained at

a frequency of 6.78 MHz. Using this result, a sample chain-like node deployment was

simulated in MATLAB to test full coverage for a sample mine tunnel which is 90 meters

long. A chain-like deployment entails having the nodes alternate their location on either

sides of the tunnel walls after a certain amount of distance (in this case 30 meters). This

deployment is illustrated in Figure 4.25 and shows a full coverage of the entire tunnel

with the provision of a 5 meter collapse anywhere within the tunnel.

The same was done by placing the nodes in the middle of the width of the tunnel

separated by a distance of 30 meters per each node. This is illustrated in Figure 4.26

and the results show a full coverage of the entire tunnel with the provision for a 5 meter

collapse. It was further investigated to find out if the deployment strategy had any effect

on the coverage of the tunnel by a fixed number of nodes. Random placement positions

along the width of the tunnel were generated and the coverage simulated and the results

showed no difference in the coverage as long as the horizontal distances were maintained

(in this case the 30 meter separation). The coverage was simulated by considering the

radius and hence the circumference that each node covers in the tunnel (and hence net-

work). The random cases considered are shown in Figures A.9 - A.18 in Appendix A.5

and one of the cases is shown here in Figure 4.27.
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Figure 4.21: P = 1000mW, G = 4, D = 10m, C = 5m.

Figure 4.22: P = 1000mW, G = 4, D = 10m, C = 5m.
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Figure 4.23: P = 1000mW, G = 4, D = 20m, C = 5m.

Figure 4.24: P = 1000mW, G = 4, D = 30m, C = 5m.
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Figure 4.25: Sample deployment of 4 nodes in a 90 meter tunnel using the
chain-line approach.

Figure 4.26: Sample deployment of 4 nodes in a 90 meter tunnel placing
them in the middle of the tunnel width.

Figure 4.27: Sample deployment of 4 nodes in a 90 meter tunnel placing
them randomly along the tunnel width.
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4.5.3 Discussion

From the analysis presented in this chapter, the results shown for the software simulation

show a linear like pattern as compared to the analytical simulation results presented in

the graphs. The results presented in the graphs were analysed at a distance of 0.1 m in

the model equation used. In this case, for the lower frequencies considered, a smooth

or linear variation is observed as opposed to the random variations for the higher fre-

quency cases. This observation is because for lower frequencies, the wavelength is much

larger than the width of the tunnel whereas for higher frequencies the wavelength is much

smaller than the width of the tunnel and there is more of constructive and destructive in-

terference. These random variations are not observed however in the software simulation

heat maps because the results are a linear curve fitting on the model used in the simu-

lation. There is also an observation that the results do not start at 0dBm at 0m. This is

because of internal power losses which are needed to drive the signal through the com-

munication system and the antenna before it can be radiated to the outside surroundings.

From the testing of the channel models for coverage, it is clear that the major chal-

lenge is the propagation of higher frequency waves in the collapsed section of the mine

tunnel (TTE section). For pure through-the-air (TTA) communication in a normal mine

tunnel, the higher frequencies perform well, in most instances managing to cover the en-

tire length of the mine tunnel (in this case 90 meters) as seen in Figure 4.5 where 5.8 Ghz

covers the entire tunnel at a transmission power of 1 mW considering the extreme thresh-

old RSSI of -80 dBm (it is important to note that an RSSI value of -80dBm is considered

the worst case scenario reception value for WSN in order to have a good LQI [64]). The

results suggest that to have decent coverage a very low frequency is required (in this case

less than 6.8 MHz) at a higher transmit power with a decent gain at the transmitter and

receiver. These frequencies are not suitable for a portable WSN communication system

since the transmitter and the receiver in those instances will have to be big considering

the fact that the size of an antenna has to be λ
2 . In this case, that equates to a smallest

antenna size of 2c
f = 2∗c

6.8MHz = 88 meters. However, higher frequencies can be used to

establish a portable WSN system but then special attention would have to be given to

its design such that communication does not break down in collapse scenarios. A lot of

work has shown that WSN communication system work well in underground mine tun-

nel under normal conditions but in collapsed mine tunnel scenarios, which is the focus

of this research, if a node in the WSN network is damaged during a mine tunnel collapse

and for example is buried under rubble, for it to re-establish communication with other

nodes, it will require a lot of transmission power, with regards to the minimum collapse

dimensions considered in this work. Looking at Figures A.1.1, where no communica-

tion is possible at all, on the lowest frequency of 6,78 MHz under consideration, with

the minimum threshold of -80dBm for communication, and Figure A.8.1, with the same
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dimensions but where communication is possible with the imposed RSSI threshold, an

increase of a factor of 1000 (1mW vs 1000mW) in power and an increase of a factor of

4 in antenna gain is required.

4.6 Conclusion

In this chapter, results from modeling of the scenarios illustrated in Figures 3.2 and

3.5 were presented. For an additional case where the tunnel is non-collapsed (normal

tunnel), ray-optical analytical modeling was performed and the results compared and

validated with that from the simulation of the same tunnel in a 3D propagation software

suit. Comparison of the ray-optical modeling results with those from the simulation us-

ing the software suit were in most parts in agreement for higher frequencies. For the

partial collapsed scenario where a smaller air passage propagation height is considered,

it was noticed that the attenuation is greater than in the case of a normal tunnel with a

much bigger tunnel height. However, in the case of a full collapse, there are additional

reflection losses on the interfaces where the air meets the rock and there is a steep attenu-

ation in the rock medium as compared to the air medium. The testing of channel models

obtained for coverage with a consideration to frequency, transmission power, distance of

transmitter from the TTA section to the collapsed section of the tunnel and the length

of the collapsed section of the tunnel have also been presented in this chapter. It was

found out that the ideal range of frequencies which satisfy the -80dBm threshold for reli-

able communication, when taking into consideration a minimum collapsed section with a

width of 5 meters, were those below 6.78 MHz. The other requirement still was the need

to increase the transmit power and the gains at the receiver and transmitter. However

these set of frequencies and requirements were deemed not suitable for a portable WSN

communication system but rather a pure TTE communication system which makes use

of low frequencies.
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Chapter 5

Experimental results

5.1 Chapter overview

This chapter presents the results obtained when a performance evaluation on a WSN

communication system was done in a mock mine at Wits University. The measurements

in the evaluation were performed using Zolertia Re-Mote WSN nodes (one transmitter

and one receiver) which are built for WSN prototyping especially in the research space

[62]. The nodes have a dual frequency capability using an external mounted 915MHz

antenna and a surface mounted 2.4GHz antenna. Measurements were taken for a sce-

nario which represented a non-collapsed mine tunnel and scenarios which represented a

collapsed mine tunnel. The two sets of results were then compared to see the difference

in performance in the two cases. The measurements were taken in steps of 1 meter over

a total distance of 60 meters. Some of the results are compared with those obtained from

the analytical modeling section and a correlation is observed for the frequencies which

were considered in the measurement exercise.

5.2 Test equipment and environment setup

The test environment was a mock mine at the Digital mining Laboratory at the University

of the Witwatersrand in the basement of the Chamber of Mines building. The mock mine

has same dimensions to those used in the analytical modeling section. Figure 5.1 shows

the test set up with the nodes used for the measurements and the laptop computer used for

results capturing. Measurements were performed over a distance of 60 meters in steps of

1 meter as illustrated in Figure 5.2. The transmitting and receiving nodes were mounted

at a height of 1.5m using a tripod stand and in the middle of the tunnel (1.35m). A total

set of 3 results were taken for each case scenario considered and the average considered

for plotting.

Figures 5.3, 5.4, 5.5 and 5.6 show the collapsed scenario which was built by using

bags of quartz granite which resembles the rock found in gold mines.
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Figure 5.1: Transmitter node, receiver node and data logging computer used
for performance measurements.

Figure 5.2: Marking of 1 meter steps on the floor of the mock mine tunnel.
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Figure 5.3: Collapsed scenario with the transmitting node buried underneath
the rubble (dimensions depicted are approximately 1m in dimensions).

Figure 5.4: Collapsed scenario showing where the transmitting node is
buried.
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Figure 5.5: Collapsed scenario showing the transmitting node at the bottom
of the rubble before burial.

Figure 5.6: Collapsed scenario showing a closer look at the transmitting
node at the bottom of the rubble before burial.
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5.3 Behaviour in a non-collapsed scenario

The performance here was mostly focused on finding out the behaviour of received power

(RSSI) in a mine tunnel environment for WSN motes designed primarily for indoor or

outdoor environments.

Two frequencies using the Zolertia nodes were used in the testing due to the fact

that the Zolertia Re-Mote nodes have dual frequency band capabilities (915MHz and

2.4GHz). The 434MHz frequency was also used through an RF69 antenna module inte-

grated to a Atmega328P micro-controller unit. For the 2.4GHz band, the nodes make use

of a transmission power of 3dBm and for the 915MHz band the nodes transmit at 14dBm.

This is a limitation programmed on the nodes. For the 434MHz band, the Atmega units

can only make use of a maximum transmission power of 7dBm without the use of auto-

matic transmission control (which will not allow one to set a pre-set transmission power

but rather the node will have dynamic transmission power). The averaged results of three

sets are presented in Figure 5.7. As seen in the analytical modelling section and Chapter

4, the results here show an increase in attenuation as the frequency increases and con-

structive and destructive interference behaviour, as a result of the tunnel environment,

which backs up the results obtained from the simulations done in Chapter 4.



Chapter 5. Experimental results 85

Figure 5.7: Received power for the non-collapsed scenario performance
measurement at 434MHz, 915Mhz and 2.4GHz.

5.4 Behaviour in a full collapsed scenario

Figure 5.8 shows the averaged results of three sets obtained for the case where the trans-

mitting node was buried as illustrated in Figure 5.3. Measurements were performed for

434MHz (at 7dBm transmit power), 915MHz (at 14dBm transmit power) and 2.4GHz

(at 3dBm transmit power). Again results here show the same behaviour in terms of an

increase in frequency strongly correlating to an increase in signal attenuation.
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Figure 5.8: Received power for the collapsed scenario performance mea-
surement at 434MHz, 915Mhz and 2.4GHz.

5.5 Comparison of results

Figures 5.9, 5.10 and 5.11 show the comparison of the received power for the measure-

ments taken in collapsed and non-collapsed scenarios. For the 434MHz case (Figure 5.9)

there is a loss of 12dBm because of the collapsed section under which the transmitting

node is buried which translates to a TTE attenuation (including medium transmission

losses) of 12dB/m. For the 915MHz case (Figure 5.10) there is drop of 30dBm due to

the introduction of the 1m wide and 1m deep collapsed debris over the transmitter. This

represents an overall attenuation (including medium transmission losses) of 30dB/m over

this TTE section. For the 2.4GHz scenario (Figure 5.11) there is a drop of 40dBm repre-

senting an overall attenuation of 40dB/m in that case.

Figures 5.12, 5.13 and 5.14 show the compared results between the simulation where

a node is buried under a 1m wide collapse section and the measured results under the

same circumstances for 434MHz, 915MHz and 2.4GHz. The results show some strong

correlation for the higher frequencies (i.e 2.4GHz) than the lower frequencies (i.e. 434
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MHz). This could be due to the fact that the materials used in the construction of the col-

lapsed scenario do not really represent the type of materials considered in the simulation

exercise, material properties which correspond to materials found in real underground

mines. The other fact is the possibility that the constructed collapsed scenario made use

of stacked bags of broken debris which might still allow the existence of some air pockets

and passages in the constructed collapse section which will exhibit some form of TTA

loss profiles rather than pure TTE profiles.

A comparison was also done to compare the results obtained in this measurement ex-

ercise to those obtained in the analytical modeling section for the non collapse scenarios.

The transmit power in the analytical modeling was adjusted to match that of 7dBm for

the 434MHz case, 14dBm for the 915MHz case and to 3dBm to match the 2.4GHz case.

Figure 5.15 shows the comparison of the simulated path loss and the measured path loss

in a non collapsed scenario at 434MHz while Figure 5.16 shows the same comparison at

915MHz. Figure 5.17 shows the comparison for 2.4GHz. In this case there is a similarity

in the profile but a drop of about 5dBm in the measured profile.

Figure 5.9: Comparison of results obtained for the collapsed and non-
collapsed scenarios at 434MHz.
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Figure 5.10: Comparison of results obtained for the collapsed and non-
collapsed scenarios at 915MHz.

Figure 5.11: Comparison of results obtained for the collapsed and non-
collapsed scenarios at 2.4GHz.
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Figure 5.12: Comparison of simulated and measured path loss profiles at
434MHz at a transmission power of 7dBm in a 1m wide collapsed scenario.

Figure 5.13: Comparison of simulated and measured path loss profiles at
915MHz at a transmission power of 14dBm in a 1m wide collapsed scenario.
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Figure 5.14: Comparison of simulated and measured path loss profiles at
2.4GHz at a transmission power of 3dBm in a 1m wide collapsed scenario.

Figure 5.15: Comparison of simulated and measured path loss profiles at
434MHz at a transmission power of 7dBm.
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Figure 5.16: Comparison of simulated and measured path loss profiles at
915MHz at a transmission power of 14dBm.

Figure 5.17: Comparison of simulated and measured path loss profiles at at
2.4GHz at a transmission power of 3dBm.
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5.6 Conclusion

The results and discussion of the performance measurement of a WSN system in a non-

collapsed and collapsed mine tunnel environment were presented in this chapter. A

description of the testing environment and equipment test up at the Wits mock mine

was given. The results presented showed a drastic decrease in the received power in

the collapsed tunnel environment scenarios with an attenuation of 12dB/m, 30dB/m and

40dB/m for 434MHz, 915MHz and 2.4GHz respectively in the TTE section of the col-

lapse. The measured results in the non collapsed scenarios showed some correlation but

as well as some discrepancies with the results from the analytical modeling from Chapter

6 for the three frequencies considered.
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Chapter 6

Conclusions

6.1 Chapter overview

This chapter concludes this dissertation by giving a summary of the preceding chap-

ters and reviewing how the research questions posed in Chapter 1 have been answered.

Future work and improvements to the current research are also proposed.

6.2 Summary of dissertation

The aim of this research work was to answer three fundamental questions posed in Chap-

ter 1 which were:

1. What is the channel model of a partially/fully collapsed underground mine tunnel

in context of a WSN system,

2. What is the system performance of a WSN communication system after a rock fall

in an underground mine tunnel,

3. What is the optimal network architecture (with a closer look into a WSN topol-

ogy) which will likely survive and be able to still establish connectivity after an

underground mine tunnel collapses.

Chapter 1 gave a background of the motivation which led to the research questions

being posed thereafter. The major reason was the need to have reliable communication

systems in underground mines after a disaster occurs, which should help in the local-

ization of miners as a first step towards their rescue. In Chapter 2, a literature review

of underground mine communication systems and the concepts of wireless sensor net-

works were discussed. In addition, fundamentals of channel modeling were introduced

as a foundation towards finding an answer to question 1. An overview and a review

of existing techniques employed in the channel modeling of underground mine tunnels

was also provided. The techniques were compared in a bid to adopt the best techniques

to be used in the channel modeling exercise. From the techniques, a combination of
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pure TTE methods and the ray-optical tracing method were chosen to be used in the

channel modeling exercise due to their applicability to the scenarios which were pro-

posed to be investigated. The performance metrics of interest to consider when doing a

performance evaluation of a wireless sensor network communication system were also

discussed. From the discussion, coverage was considered as the metric of interest in

line with the aims and objectives of this research. The steps followed in the conduction

of the research were presented in Chapter 3 as well as the software and hardware that

were employed. The models for the techniques adopted in the research were written and

simulated in MATLAB and measurements were done using Zolertia Re-Mote and AT-

mega WSN nodes. The channel modeling results were presented in Chapter 4. Some of

the results simulated in MATLAB were validated through the use of a commercial soft-

ware suit. However, there were other results in the simulations that did not match those

obtained from the commercial software suit. This was mainly due to the fact that the fre-

quencies in these scenarios were out of the range of frequencies which can be simulated

using the ray tracing method in tunnels. The results showed an increasing attenuation of

the received signal strength with an increase in the frequency. In the special case of the

collapsed tunnel scenario, a huge attenuation at the rock and air interfaces was observed

due to transmission losses from one medium to the other. There was also a considerable

attenuation in the collapsed section of the tunnel compared to the open air sections. A

section in this chapter presented a conceptual communication system based on the re-

sults and channel models obtained. The results showed that for a threshold of -80 dBm

as the least expected RSSI in a WSN system, frequencies below 6.78 MHz should be

employed in a collapsed mine tunnel with a collapsed section with a width of at most

5 meters. It was also observed that higher transmission power and a considerable gain

is required. Sample deployment strategies based on the results obtained were presented.

From these, it was shown that as long as the nodes are deployed at the fixed minimum

reception distances along the length of the tunnel, the position along the width of the

tunnel has no significant effect on the coverage of such a deployment. In Chapter 5, the

results for the WSN performance evaluation in a mock mine were presented. The results

obtained in the non collapsed scenarios correlated with those obtained in Chapter 4. A

huge drop in performance (i.e the strength of the received signal) was observed in the

collapsed scenarios with a drop of 12dBm, 30 dBm and 40 dBm for 434MHz, 915 MHz

and 2.4 GHz respectively over a collapse width and height of 1 meter.
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6.3 Assessment of research questions and their answers

The research questions posed in Chapter 1 set objectives and goals for this research and

a review of the questions and their main findings is important in the conclusion of this

research. The main findings were:

6.3.1 Research question 1

What is the channel model of a partially/fully collapsed underground mine tunnel in

context of a WSN system ?

The channel model in a such a scenario is a combination of the models obtained for

a normal mine tunnel without any collapses using pure TTA methods and that of wave

propagation through a rock medium making use of pure TTE methods. In the model,

there are sharp drops in the transmitted power at the rock and air interfaces which are as

a result of the transmission losses form one medium to another.

6.3.2 Research question 2

What is the system performance of a WSN communication system after a rock fall in an

underground mine tunnel ?

The performance of a WSN in a collapsed mine tunnel is severely hampered by the

introduction of rock debris as the new propagation medium. The losses in rock propa-

gation are huge as compared to air propagation. For a system which is solely designed

to be used as a TTA system like most commercial WSN solutions, the performance is

dismal. The propagation through rock requires very low frequencies and a considerable

amount of transmission power.

6.3.3 Research question 3

What is the optimal network architecture (with a closer look into a WSN topology) which

will likely survive and be able to still establish connectivity after an underground mine

tunnel collapses ?

A WSN system by design makes use of high frequencies and low power for transmis-

sion due to the fact that the transmitting and receiving nodes are, in general, small and

compact in size. From the results of this research, it was shown that lower frequencies

and high power transmission are required for communication in a collapsed mine tunnel.

A communication system that makes use of lower frequencies and high transmission

power as the commercial solutions highlighted in Table 2.1 are thus suited to a collapsed

mine tunnel scenario. The communication in these systems can further be improved by

incorporating some of WSN design topologies having self healing capabilities which will
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help in cases such as when some of the nodes are damaged. The positioning of the nodes

of any such other system which makes use of the suitable frequencies requires that the

nodes be positioned at the minimum coverage distance along the length of the tunnel and

at any point along the width of the tunnel.

6.4 Future work and recommendations

Because of stringent safety and compliance requirements when it comes to the use of

electronic and telecommunications equipment in mines, this research was conducted in

a mock mine at the University of the Witwatersrand. It is therefore recommended, if it

becomes possible and easy to extend the work, to an active and real underground mine.

The collapse scenarios created were limited due to the nature of the mock mine used. In

future it is recommended to have a bigger test site where many collapse scenarios can

be created. The ideal frequencies for communication in a collapsed mine tunnel were

found to be very low and unsuitable for a portable WSN communication system which

made the bases for the hypothesis before this research work started. After observing this

result, it will be imperative then to take a look at suitable hardware corresponding to the

frequencies suited to be used in collapsed mine scenarios, for it to be used for rescue

purposes in underground mines.
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Appendix A

Coverage Path Loss Tests and
Sample WSN Deployments

The figures presented here show the coverage tests and sample WSN deployments as

outlined in Chapter 4. The acronyms in the captions of the figures are given as:

where: P = Transmission power (1 mw, 10 mw, 100 mW and 1000 mW) representing

a log scale.

D = Distance from where the transmitter is located in the TTA section to the

collapsed section (10m, 20m and 30m).

C = Length of the collapsed section of the mine tunnel (5m and 10m).
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A.1 1 mW Transmission power

A.1.1 Gain = 1

D = 10m, C = 5m. D = 10m, C = 10m.

D = 20m, C = 5m. D = 20m, C = 10m.

D = 30m, C = 5m. D = 30m, C = 10m.

Figure A.1: P = 1mW and an antenna gain of 1.
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A.1.2 Gain = 4

D = 10m, C = 5m. D = 10m, C = 10m.

D = 20m, C = 5m. D = 20m, C = 10m.

D = 30m, C = 5m. D = 30m, C = 10m.

Figure A.2: P = 1mW and an antenna gain of 4.
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A.2 10 mW Transmission power

A.2.1 Gain = 1

D = 10m, C = 5m. D = 10m, C = 10m.

D = 20m, C = 5m. D = 20m, C = 10m.

D = 30m, C = 5m. D = 30m, C = 10m.

Figure A.3: P = 10mW and an antenna gain of 1.
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A.2.2 Gain = 4

D = 10m, C = 5m. D = 10m, C = 10m.

D = 20m, C = 5m. D = 20m, C = 10m.

D = 30m, C = 5m. D = 30m, C = 10m.

Figure A.4: P = 10mW and an antenna gain of 4.
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A.3 100 mW Transmission power

A.3.1 Gain = 1

D = 10m, C = 5m. D = 10m, C = 10m.

D = 20m, C = 5m. D = 20m, C = 10m.

D = 30m, C = 5m. D = 30m, C = 10m.

Figure A.5: P = 100mW and an antenna gain of 1.
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A.3.2 Gain = 4

D = 10m, C = 5m. D = 10m, C = 10m.

D = 20m, C = 5m. D = 20m, C = 10m.

D = 30m, C = 5m. D = 30m, C = 10m.

Figure A.6: P = 100mW and an antenna gain of 4.
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A.4 1000 mW Transmission power

A.4.1 Gain = 1

D = 10m, C = 5m. D = 10m, C = 10m.

D = 20m, C = 5m. D = 20m, C = 10m.

D = 30m, C = 5m. D = 30m, C = 10m.

Figure A.7: P = 1000mW and an antenna gain of 1.
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A.4.2 Gain = 4

D = 10m, C = 5m. D = 10m, C = 10m.

D = 20m, C = 5m. D = 20m, C = 10m.

D = 30m, C = 5m. D = 30m, C = 10m.

Figure A.8: P = 1000mW and an antenna gain of 4.
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A.5 Node deployments

Figure A.9: Random node deployment 1

Figure A.10: Random node deployment 2
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Figure A.11: Random node deployment 3

Figure A.12: Random node deployment 4



Appendix A. Coverage Path Loss Tests and Sample WSN Deployments 108

Figure A.13: Random node deployment 5

Figure A.14: Random node deployment 6
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Figure A.15: Random node deployment 7

Figure A.16: Random node deployment 8
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Figure A.17: Random node deployment 9

Figure A.18: Random node deployment 10
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