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ABSTRACT Underground mining is an industry that preserves the miners’ safety and efficiency in their
work using wireless communication systems as a tool. In addition to communication links characterized
by radio frequency signals, optical links in the visible light spectrum are under intense research for
underground mining applications due to their high transmission rates and immunity to electromagnetic
interference. However, the design of a robust visible-light communication (VLC) system for underground
mining is a challenging task due to the harsh propagation conditions encountered in mining tunnels. To
assist researchers in the design of such VLC systems, we present in this paper a novel channel model that
incorporates important factors that influence the quality of the VLC link in underground mines. Features
such as an arbitrary positioning and orientation of the optical transmitter and receiver, tunnels with irregular
walls, shadowing by large machinery, and scattering by dust clouds are considered. These factors are
integrated into a single modeling framework that lends itself for the derivation of compact mathematical
expressions for the overall DC gain, the impulse response, the root mean square delay spread, and the
received power of the proposed VLC channel model. Our analytical results are validated by computer
simulations. These results show that the rotation and tilt of the transmitter and receiver, as well as the
tunnels’ irregular walls have a notorious influence on the magnitude and temporal dispersion of the VLC
channel’s line of sight (LoS) and non-LoS components. Furthermore, results show that shadowing reduces
the LoS component’s magnitude significantly. Our findings also show that scattering by dust particles
contributes slightly to the total VLC channel gain, although it generates a large temporal dispersion of
the received optical signal.

INDEX TERMS Channel impulse response, channel modeling, scattering, shadowing, underground
mining, visible light communication.

. INTRODUCTION inherent characteristics of the tunnels [1]], as well as numer-
ous external agents generated by regular mine operation such

HE inherent working environment of underground .
as dust, toxic components, sewage water, among others [2].

mines is considered as very dangerous and unsafe due to
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These factors make the underground mining environment be
considered one of the most harsh environments for work and
for establishing reliable communication links [3]]. To manage
day-to-day communication, along with the emergencies that
can occur in this environment (landslides, fires, or intoxica-
tion of workers), an stable communication system is required
[4]. This system must be designed to support applications
focused on reliably localize and monitor infrastructure, and
provide real-time information of all personnel within the
tunnel infrastructure [5]]. However, the physical conditions
of the underground mines present a challenge for developing
reliable and effective communication systems.

The geometric characteristics of the underground mine
environment (the shape of walls and roof), as well as the
interference and electromagnetic noise produced by the ma-
chinery employed in mining contributes to the difficulty
of the communication system design [6]. In other words,
the previous factors cause problems in the communication
systems frequently used in mines, which are normally based
on radio frequency (RF). Among the main complications of
RF-based underground mining communications systems are
a poor bit error rate (BER), a high delay spread in the signal,
and a limited data transmission rate [7]. One solution to
these issues comes from the combination of RF technologies
with the novel scheme termed as visible light communication
(VLC), which also provides continuous lighting within the
underground mining environment [_3]].

VLC systems have several benefits, such as the use of
unlicensed spectrum ranging from 400 THz to 800 THz,
system elements with reasonable prices, and immunity to
the electromagnetic interference, for instance [9]], [10]. These
advantages make VLC a good candidate to get a secure,
robust, and reliable communication in underground mining
environments [11]]. Unfortunately, in this physically com-
plex environment, the channel modeling tends to be more
challenging in comparison to the traditional indoor scenarios
where a VLC link is generally adopted [|12].

An underground mine is composed by irregular tunnels,
which present features that do not appear in typical indoor
environments [|13]]. Factors such as dust particles that cause
scattering, heavy machinery that generates shadowing, and
non-flat walls and ceilings, which require angular position-
ing of the light emitting diodes (LEDs) and photodiodes
(PDs) to provide better illumination and light reception in-
side the tunnel respectively are challenging for the VLC
design in mining environments. On the other hand, it is
well known that by modeling the communication channel,
the overall system performance may be enhanced by using
dedicated time/frequency techniques [[14]]. To the best of our
knowledge, specifically applied to underground mining VLC
systems, no channel model that considers its complicating
characteristics has been presented. Based on an extensive
review of the state of art (see Section[Il), and in an effort to
design better underground mining communication systems,
we present a VLC channel model that considers physical
features that will have an effect in mining tunnels. We
characterize and include in the underground mining VLC
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channel model the tilt and rotation of LEDs and PDs that
impact the line of sight (LoS) and non-LoS components of
the optical link. The characterization of non-flat walls in
tunnels and their reflection effects in the optical signal are
further considered. Finally, a scattering model that consid-
ers a disk-shaped distribution of the dust particles around
the optical receiver, and a shadowing model that takes into
account the entry of objects into the mining scenario are
considered. The inclusion of the aforementioned parameters
help us to understand the differences between a referential
(typical indoor) VLC channel and the underground mining
VLC channel. For channel modeling, we use the ray tracing
methodology, which allows an accurate description of the
interaction of rays emitted from LEDs to PDs within the
underground mining environment.

The main contributions of this paper are summarized as
follows:

1) Discussing the differences between the proposed un-
derground mining VLC channel and the typical indoor
VLC channel, which is used as a reference VLC chan-
nel model.

2) Adjusting and analyzing the effect of non-flat and
non-regular tunnel walls, that generate non-orthogonal
reflections, to properly model the optical signal in the
proposed underground mining VLC channel.

3) Proposing a ray tracing-based underground mining
VLC channel model that includes the effects of scat-
tering and shadowing phenomena due to the presence
of dust particles and objects (machinery), respectively.
Firstly, the entry of objects that cause shadowing in the
mining scenario is statistically modeled through a Pois-
son process. Secondly, the distribution and interaction
of the dust particles are statistically modeled through a
disk-shaped distribution, and by using the theories of
Mie and Rayleigh scattering.

The remainder of this manuscript is organized as follows.
In Section II, we provide an overview of the work related to
existing VLC channel models applied to underground mines
and their main characteristics. The traditional VLC channel
model normally used in the literature is considered as a
referential VLC channel model and explained in Section III.
In Section [IV] the effects of the positions of the LEDs and
PDs, as well as the effect of the non-regular walls of the
tunnels are derived and included in the proposed underground
mining VLC channel model. Whereas in Sections [V]and [VI]
shadowing and scattering models are derived and included in
the underground mining VLC channel model, respectively. In
Section VII, we describe the mining scenario where we eval-
uate the proposed VLC channel model, present our results,
and discuss our findings. Finally, conclusions of our work are
described in Section VIIL.

Il. RELATED WORK
A. VLC APPLICATIONS IN UNDERGROUND MINES

In the state of the art, several applications for VLC systems
in underground mines have been proposed [11f], [15]—[20].
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Among the most popular applications are those of location
inside underground mining tunnels.

In [[15], a hybrid system based on VLC and power line
communication (PLC) for mines is proposed by showing its
design and corresponding experimental demonstration. The
channel model used for the evaluation of the VLC system is
the Lambertian optical model, where only the LoS compo-
nent is considered. Numerical results are presented in terms
of the horizontal illumination and power received. These
results indicate that the proposed VLC system can provide
adequate lighting and good data transmission performance
for mine communication applications. In [11f], a solution
to mitigate inter-cell interference (ICI) in an underground
mining VLC system based on angle diversity receiver (ADR)
is proposed. The implemented optical channel is based on
the Lambertian model by considering the LoS and non-
LoS components, as well as shot and thermal noises. The
employed metrics to evaluate the solution are illuminance,
root mean square (RMS) delay spread, user data rate (UDR),
BER, and signal-to-interference-plus noise-ratio (SINR). The
analysis of these metrics corroborates and validates the ICI
mitigation in the VLC system applied to the underground
mining environment. In [16], a method of positioning in
underground mines based on the VLC technology is studied
in detail. In this work, the author briefly provides theoreti-
cal concepts about the factors that could affect the mining
VLC channel and how they would be involved in improving
the capacity of the location system. In [17], [18], a VLC
based system along with a trilateration technique for locat-
ing objects and people in an underground mining tunnel is
proposed. In addition, the typical indoor VLC channel model
is used to verify the performance of the proposed system.
Localization error results show that the proposed application
has better performance compared to typical localization tech-
nologies. In [19]], another system based on a VLC scheme
for localization by using three-dimensional trilateration is
proposed. The channel model used for this work is the typ-
ical indoor VLC channel model. Location error, despite not
having implemented its own VLC channel model for tunnels,
is low compared to other RF-based technologies. In [20]],
a hybrid VLC-RF scheme by showing the implementation
of a portable phasor measurement unit (PMU) for deep
underground tunnels is proposed. Here, for the information
download link, the proposed system uses the VLC technol-
ogy. However, the authors highlight that a generic channel
model for VLC systems in underground mining has not been
proposed. Therefore, a typical indoor VLC channel model
is employed. Experimental tests demonstrate the feasibility
of the prototype, which has better performance compared to
commercial PMUs.

The extreme conditions present throughout the tunnel are
important characteristics to consider when we design VLC-
based applications for underground mines. High levels of
humidity, dust in the air, extreme heat, and machinery within
the mine can affect the performance of the VLC system
and applications based on it. Therefore, we believe that the
revised VLC-based underground mining applications could
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improve their performance if they use our proposed VLC
channel model in their development. In this context, our
channel model proposal considers the most critical factors
present in underground mines that are not considered in the
traditional indoor VLC channel, which are positioning of
LEDs and PDs, non-flat walls, shadowing, and scattering.
Hence, VLC-based applications such as positioning, loca-
tion, and real-time data transmission in underground mines
would be more accurate and robust.

B. WORKS RELATED TO UNDERGROUND MINING VLC
CHANNEL MODELS

In this subsection we present the most relevant and recent
works reported in the literature that describe VLC channel
models applied to underground mining environments [13],
[21[]-[25]].

In [21]], [22], a path loss model for a VLC channel applied
to mines and two mining VLC communication scenarios,
named mining roadway and mining working face, are pro-
posed. In both works, the channel model is based on the well-
known Lambertian optical model for indoor environments,
where the LoS and non-LoS components are considered. The
system performance is evaluated in terms of the path loss
distribution and RMS delay spread in the first work [21].
Whereas in [22], the analysis focused on the channel im-
pulse response (CIR) and received power. Both manuscripts
demonstrate that the path loss exhibits a linear behavior in the
log-domain. However, their results are based on a channel
model that does not include in its analytical expression the
main components that affect underground mining tunnels. In
[23]], an optical channel taking into account the reflections
that occur in a confined structure, such as tunnels, is charac-
terized. The adopted model is the Lambertian VLC channel
model with the direct and diffuse components. The VLC
system performance is evaluated through simulations, and the
results are presented in terms of symbol error rate (SER). The
results show that the VLC system robustness during tunnel
construction, in terms of SER, is improved. Despite the fact
that its results are obtained by simulating a tunnel scenario,
the channel model limits them because it does not consider
factors such as shadowing or scattering. In [24], the first
analysis of a VLC channel model that considers an intrinsic
characteristic of mines, such as dust particles, is presented.
This paper studies the effects of coal dust particles in terms of
the optical signal degradation. This phenomenon is analyzed
using a Lambertian VLC channel model by considering LoS
and non-LoS components, and the results are presented in
terms of the CIR. These results show the optimized location
of the optical transmitter to decrease the effect of dust on the
degradation of the optical signal. However, the limitation of
this work is not to include the effect of scattering directly in
the theoretical model of the channel, since the analysis of its
effect is developed as a factor external to the channel. In [[13]],
the analysis on a VLC channel applied to underground mines
is presented. The effect of shadowing and scattering are
analyzed as channel-independent phenomena. Consequently,
the effects of these phenomena are not included in the an-
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alytical model of the VLC channel, so this omission would
be its main limitation. The channel model is based again
on the Lambertian optical scheme with LoS and non-LoS
components. Therefore, angular variations of transmitter and
receiver, and the effect of non-flat walls are not considered
neither. The channel is evaluated in terms of the path loss
and RMS delay spread. The results demonstrate the linear
behavior of the path loss and depict differences in the RMS
delay spread for different mining scenarios.

Finally, in [25], a neural network based approach is ap-
plied to derive an underground mine VLC channel model.
The proposed channel model is based on nonlinear auto-
regressive exogenous parameters (NARX). Furthermore, the
authors assumed a dynamic non-linear behavior of the optical
channel. This work is experimentally validated in a dark
gallery with a curved roof that emulates a mining tunnel.
The main contribution of this work is the estimation of the
parameters used for the neural network based VLC channel
model applied to underground mining environments. How-
ever, a disadvantage of this work is that the model does
not consider the scattering or shadowing phenomena in the
estimated coefficients.

In summary, this literature review depicts that the channel
model assumed by several authors for underground mining
VLC environments is the same as the one used for indoor
VLC environments. However, little or no evidence is pre-
sented to justify the assumed models and because they do
not include the main factors of underground mines in their
analytical expressions. In contrast to this works, we con-
sider that in practical underground mining scenarios, LEDs
would not always be located on the ceiling pointing directly
downwards, the PDs would not be fixed pointing directly
upwards since they could be installed in the helmets of the
miners, and the shadowing and scattering phenomena must
be included directly in the underground mining VLC channel
model. These assumptions should be considered because they
directly influence the quality of the received optical signal,
which could affect the performance of the VLC system at the
underground mine.

Moreover, in works that consider the optical signal reflec-
tions, reflective surfaces (roof or walls) are flat and regular.
This idea would also be unpractical because of the tunnels
are U-shaped and the walls are irregular and non-flat. On the
contrary, we consider the irregularity of reflective surfaces
by randomly modeling their normal vectors through their
angles of rotation and tilt. These considerations influence
the reflections that are modeled as random Lambertian point
sources, and the radiation intensity of these "sources" is
included in the underground mining VLC channel model.

C. SCATTERING AND SHADOWING MODELS APPLIED
TO VLC INDOOR NON-MINING CHANNELS

The scattering and shadowing effects on the underground
mining VLC channel has not been studied in depth in the
literature, nevertheless, these effects have been analyzed in

VLC channels applied to typical indoor environments [26]—
[36]l.

4

One of the first investigations that considers shadowing
in an indoor VLC environment is presented in [26]]. In this
work, the shadowing effect is produced by humans, who are
modeled as cylinders. In [[27], shadowing on the VLC indoor
scenario is also generated by the human body where it is
modeled as a cubic object. In [28]], the authors continue with
the trend of considering humans as blocking agents of the
optical signal and modeling it as cylindrical objects. The nov-
elty in previous work is to model the effect of shadowing on
the VLC indoor stage as a Gaussian bi-modal distribution. In
[29], a new study that considers shadowing in a light fidelity
(LiF1)/RF hybrid indoor environment is proposed. The au-
thors present the objects that cause shadowing as cylinders by
affecting the LoS and non-LoS components. Finally, in [30]],
the authors considers the behavior and dimensions of the
objects that produce shadowing as similar as possible to what
happens in an underground mining scenario. In addition, a
joint probability distribution to characterize the size and the
position of the obstructions is introduced. According to our
analysis of the literature, this work widely considers the real
characteristics of a scenario in its statistical model. There-
fore, we adapted its methodology for shadowing modeling
that we developed in our underground mining VLC channel
model proposal (see Section [V). This adaptation is achieved
by adjusting the obstacle entry model to the proposed mining
scenario, by considering realistic obstacle dimensions and by
establishing optical link blocking conditions typical of the
tunnel.

On the other hand, the works related to scattering models
applied to general RF communication schemes and optical
systems are presented in [31]-[36]. In [31] and [32], a
uniform distribution model of scatters is presented, which
are located in a disc plane centered on the receiver. For this
work, the receiver comes to be a mobile station. Although
the focus of this work is not optical systems, the proposed
model could be generalized for any type of technology, since
it only presents the distribution of the particles that generate
scattering. In [33] and [34], the study of optical wireless
scattering modeling is presented as a non-LoS component
over broad spectra. The modeling approach of these works
is based on the concept that air molecules and suspended
aerosols help to build optical scattering communication of
non-LoS links by using near-infrared carriers to visible light
and ultraviolet frequency bands. References [35] and [36] are
the first works that consider the phenomenon of scattering in
typical indoor VLC environments are presented. The authors
locate possible scatters around a ring or an ellipse, depending
on the number of lightning strikes on the scatterers. The total
VLC channel is represented as the arithmetic sum of the
LoS channel component and the channel components from
the interaction between the optical transmitter, scatterer, and
optical receiver.

Although there are several studies on the effect of scat-
tering and shadowing in typical VLC indoors environments,
in the authors’ opinion, these phenomena have not been
widely and properly analyzed in underground mining envi-
ronments. In this context, only a few VLC channel modeling
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manuscripts for underground mines consider blocking and
dust particles. However, these proposals are not very realistic
because they are based on the assumption of the typical
indoor VLC channel. These works realistically model the
tunnel features nor give a random approach to the physical
phenomena present in underground mining scenarios. Fur-
thermore, the reviewed works are limited since they do not
analyze the effects that physical phenomena may have on the
optical channel by not including them in the mathematical
expression of the underground mining VLC channel model.

Then, in contrast to the studies reported in the literature,
we included in the mathematical expressions of the LoS and
non-LoS components of the proposed underground mining
VLC channel model a weighting function to adequately
describe the shadowing effect. This function is based on a
Poisson process [30], which randomly describes the entry
of objects in the underground mining VLC environment.
Furthermore, to model the scattering effect, we considered
the following premises: (1) The dust particles are uniformly
distributed over a disc region centered on the installed PD in
the helmet of the mining worker. (2) We consider the inter-
action of the optical link with the dust particles by modeling
it through Mie scattering and Rayleigh scattering theories.
Consequently, we derive and present a channel component
produced by scattering of the optical signal, and its mathe-
matical expression is included in the proposed mathematical
model of the VLC channel for underground mines.

Finally, we have made a comparison between the char-
acteristics considered by the main works on VLC channel
modeling in underground mines found in the literature and
our proposal. This comparison is summarized in Table [I]
It can be seen that our proposal contemplates the main
factors that exist in underground mines and that need to be
considered in the channel model.

lll. REFERENCE VLC CHANNEL MODEL APPLIED TO
UNDERGROUND MINING

Usually, a closed indoor environment with reflective objects
(walls and roof) for optical wireless downlink transmission
is considered to model the standard indoor VLC channel. For
our case, the geometric configuration of the downlink trans-
mission applied to an ideal (referential) underground mining
scenario is illustrated in Figure (I} where all its variables
and constants will be described below. The VLC channel
is the space between the LED and the PD and to model it,
three different components must be analyzed: LEDs (light
sources), PDs (light detectors), and the light propagation
model.

A. LIGHT SOURCES

It is assumed that a LED is a point source that follows
the Lambertian radiation pattern. Furthermore, the LED is
assumed to operate within the linear dynamic range of
the current-power characteristic curve and that it is fixed
and oriented vertically downwards; its position is given by
(¥, yr,2T) in the Cartesian coordinate system. For the

remainder of the manuscript, we consider the LED as an

VOLUME 4, 2016

TABLE 1. Comparison between the proposed and state-of-art models.

Characteristics
Tilt/Rotation| Non-flat | Shadowing
LED/PD walls

Riurean et. | X
al. 2020 [25])
Morales et.
al. 2019 [23]
Wang et. al.
2018 [13]
Wang et. al.
2017 [21])
Wang et. al.
2017 [22]
Zhai et. al.
2015 [24]
Our proposal

Model Scattering

N

< X x| N x|«
X x| N %[ x %
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FIGURE 1. Downlink geometry of the light propagation for the reference
underground mining scenario.

optical transmitter 7;, which belongs to a set of optical
transmitters, where ¢ = 1,2, ..., I and [ is the total number of
optical transmitters. Finally, we assume that each 7; has the
same generalized Lambertian radiation pattern; therefore, the
radiation intensity pattern Ri(¢;;) can be modeled as follows
[9]:

. mtl ggm Gij if —7m/2< ¢y <m/2
Ri(¢i) = 4 " (a) /' ’ / ’
0 otherwise

(H
where ¢;; is the radiance angle with respect to the normal
vector to the 7; surface, which is n; = [0,0,—1], and
m = —1/logs [cos(®;1/2)] represents the Lambertian mode
number of the 7;, which is a function of semi-angle at half
power (®;1/2) of the T; [9]]. The subscript j of ¢;; will be
defined in Section

B. LIGHT DETECTORS

We assume PDs as light detectors in the reception side of
the VLC link. A PD is composed of a non-imaging con-
centrator (lens) and a physical active area A,. In addition,
for an ideal scenario, the PD may be assumed as fixed and
vertically oriented upwards, where its position is represented
by (xf, yf, ZJR) in the Cartesian coordinate system. Hence,
we consider the PD as an optical receiver R;, which belongs
to a set of optical receivers where j = 1,2,...,J and J is

5
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the total number of optical receivers. R; collects the incident
power produced by the light intensity of 7;. The effective
collection area of the I?; detector acquires the form of [9]]

Apcos(0;;)

if —0/2<6,;: <0/2
Acrr(0ig) = {0 / ! /

otherwise

» (2)

where 6;; is the incidence angle with respect to the normal
vector to the R; surface, which is n; = [0,0,1], and © is
the PD field of view (FoV). The optical concentrator gain
can be written as g(6;;) = n?/sin?(©), being 7 the internal
refractive index of the concentrator [9].

C. VISIBLE LIGHT PROPAGATION MODEL

In Sections [[II-A] and [[I=B] the mathematical models of
the LEDs and PDs were introduced. Here, we use them to
derive the reference VLC channel model. In general, the VLC
channel is modeled based on two optical components: the
LoS component and non-LoS component. The LoS compo-
nent directly results from the LED lighting falling on the
PD. Therefore, the LoS link depends on LEDs and PDs
parameters as seen above. The direct current (DC) gain of
the LoS optical wireless channel is formulated by merging
(I) and @) by the following form [9]:

m+1)A m
(%dz%p cos™ (i) cos(0:;) G (6:5)

X rect (e(i)j) , 3)
Gij

where rect ( o) =1 for 0 < 60;; < O and 0 otherwise;
the Euclidean distance between T; and R; is denoted by d;;,
and G(0;;)=T5(0;;) g(6;;) represents the combined gain of
the optical filter and optical concentrator, respectively [9].

Hp,s(0; T3, Rj) =

On the other hand, as a result of obstacles, indoor wall
and ceiling surfaces, a diffuse component of the transmitted
light is reflected by these elements. The sum of these reflec-
tions generates the non-LoS component of the VLC channel,
termed as Hyr,s. A common model for diffuse reflection
is the Lambertian reflectance where light is reflected with
equal radiance in all directions. This model is based on the
paradigm that the component ||H5\’,€)LOS||—> 0 when k — oo,
where HJ(\]fzo g is the non-LoS component after &£ bounces,
and k is the total number of bounces [9], [16]]. This concept
implies two generalities: (1) Reflections caused by large
number of bounces of k" order would be negligible. (2)
The first bounce comes to be the most important component
that affects the received power and its temporal dispersion.
Therefore, the Hxr,s component could be estimated by
considering the first bounce, which is known as H 1(\}%0 g

The DC gain of the non-LoS optical wireless channel can
be calculated by adding all the components arriving at the 1;

6

after being reflected in a surface, namely [9]

w
+1)A AAyp
H(l) - T ) — (m p § wFw m .
NLOS(O’ Z’R]) 27_[_ — dfwdl%u Cos (¢zw)

X €08(0ian ) COS(Puj) cOS(015 )G (O

X rect <9(3J) , 4

where AA,, denotes the w'” area of the considered reflective
element w, whose reflection coefficient and position are re-
spectively represented by p,, and (22, 4> 22). W is the total
number of reflective elements considered in the scenario.
The incidence angle with respect to the normal vector to the
reflective element w ( n,, = [0, 1, 0]) and the radiance angle
of the light component reaching the reflective element w are
symbolized with 6;,, and ¢;,,, respectively. The angles of
incidence and radiance denoted by 6.,; and ¢,,; respectively
are measured with respect to the light component that is
reflected in the reflective element w and reaches I7;. Finally,
the Euclidean distances between T; and the reflective element
w, and between the reflective element w and R; are given by
diw and d,,;, respectively.

As we mentioned, the analysis of VLC system components
that we present in this section focuses on a reference VLC
channel model. Therefore, despite applying it to a tunnel, we
do not consider intrinsic factors and features of the under-
ground mine. However, this observation gives us a overall
framework and naturally leads us to Sections [[V} [V] and [V1]
where we discuss more details about the development of the
proposed underground mining VLC channel model. In Sec-
tion [[V| we analyze and consider in the underground mining
VLC channel model to be proposed, the position character-
istics (rotation and tilt) of the system elements (LEDs and
PDs), and the effect of the non-regular and non-flat walls of
the tunnels. Then, in Sectionm we statistically characterize
the shadowing and add it to the VLC underground mining
channel components derived in Section [[V] The scattering
distribution in the underground mining scenario, its statistical
characterization, and its channel component are derived in
Section [VI] At the end of this section, the closed mathemat-
ical expression of the proposed underground mining VLC
channel model is presented.

IV. POSITION CHARACTERIZATION OF LEDS AND PDS,

AND NON-FLAT WALLS MODELING

A. TILTED AND ROTATED LEDS AND PDS

In a real underground mining scenario, LED luminaries are
normally installed on the ceiling or on the walls of the
tunnels. To facilitate maintenance and replacement work, the
placement of LEDs in the curved sections between the wall
and the ceiling of the tunnel is preferred. When we place the
T; on the tunnel walls, it normally does not point vertically
downwards. A convenient way to describe the orientation of
the 7; is to use two separate angles that show the tilt and
rotation on the axes of the reference coordinate system. The
tilt angle with respect to the z-axis is represented by 3;, which
takes values in range of [90°,180°) and the rotation angle
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(X,Y,2)

FIGURE 2. Downlink light propagation geometry for the proposed
underground mining scenario.

with respect to the x-axis is denoted as «;, which is defined
in the interval [0°, 360°). Both ranges of values are based on
the characteristics of the underground mining scenario and
work related to LED positioning [|37]-[39]]. These elementary
angles are represented in Figures [2]and 3]

It is evident that the orientation of the 7; determines its
normal vector mn;. Therefore, n; after the tilt and rotation
of the T; is termed by m!". This orientation also affects
¢ij» which is now denoted as ¢{*. The effect of these
considerations is directly distinguished in the term cos(¢§§-”)
of the LoS channel component, which is based on the vector
concepts as follows:

vty Viej 'nfilt
OO = VS Tt ®
where the vector from T; to R; is denoted by V;_;, the
notation || - || denotes the 2-norm, and - represents the prod-
uct dot operation. Also, for vector concepts, ||Vi—;||= d;,
|[nti||=1, and n!""* can be represented in terms of «; and

Bi as ntilt = [sin(;) cos(a;), sin(B;) sin(a;), — cos(B;)].
T; positioning characteristics are shown in Figure [3] No-

tice that the z-component of the n!!! is negative since
the T; is pointing downwards. Furthermore, V;_; =
[ —al ylt —yl', —Ahi;], assuming that Ah,; is the dif-
ference height between T; and R;, that is le -ZJR = Ahy;.
Consequently, the expression (3) can be rewritten in the

following form:
[aff — o,y —y], —Ahy]

tilt)

cos(¢;;

- [sin(3;) cos(ay;), sin(B;) sin(ay; ), — cos(3;)] -
(6)

On the other hand, when we install 12; in the helmets of the
mining workers, ?; does not always point vertically upward
due to the nature of the person’s head movement. As in T},
the orientation of R; can be described by using the angles of
tilt and rotation on the reference coordinate system. Here, the
tilt angle with respect to the z-axis is denoted as (3;, which
takes values in range of [0°,90°), and the rotation angle with
respect to the x-axis is denoted with o that can be values
in range of [0°,180°). Both range of values are based on
the characteristics of the underground mining scenario, the
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FIGURE 3. Transmitter position characteristics.

range of motion of a person’s head, and works related to PD
positioning [40]-[42]. These angles are displayed in Figures
2] and [ for clarification purposes.

The previous considerations for the orientation of R;
change its m; and 6;;, which are now denoted as nz»”t and
0ti't, respectively. Furthermore, this effect is directly notice-
able in the term cos(}2") of the LoS channel component,
which is based on the vector concepts as follows:

tilt Vi-i- ”Em
5 = s ?
where V;_; is the vector from R; to T;. For vector
concepts, we also consider that [[V;_ill= dij, [[nf"=1,
ng-i“ = [sin(B;) cos(a;), sin(B3;) sin(e;), cos(B;)], and
Vj—i = [a] —aft,yl —yf, Ahi;] as can be seen in Figure
M} Consequently, the expression (7) can be rewritten as

[iC;‘F - xf”a sz - yjﬁa Ahij]
dij
- [sin(8;) cos(a;), sin(B;) sin(e;), cos(B;)] . (8)

Finally, in order to include the effect of the orientation
of T; and R; in the proposed underground mining VLC
channel model, we replace the expressions (€) and (8) in
the mathematical expression of the LoS channel component
expressed in @ to obtain a precise model for Hy,g that is

given by (9).

B. NON-FLAT AND NON-REGULAR TUNNEL WALLS
Usually, in the modeling of reflective elements for traditional
interior environments such as offices and hospitals, the walls
are considered as ideal reflective elements. Among the ideal
features assumed can be mentioned: perpendicularity with
respect to the ceiling, regularity, and flat surface. However,
these assumptions do not make sense in underground mines
since most tunnels are U-shaped, irregular, and non-flat.
Therefore, it is necessary to adequately model the effect of
the tunnel walls to include them in the proposed underground
mining VLC channel model and analyze their impact on
system performance.

As mentioned in Section [[II=C} each reflective element is
modeled with the Lambertian reflectance, so each of them

cos(@f»;»”) =

7
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Hros(0;T5, Rj) = (TZ Zri—ﬂ% { [ JR —yl, —Ahij] - [sin(3;) cos(ay), sin(B;) sin(«; ), — cos(ﬁi)]}m
tilt
x {[«] - xﬁyiT - yfﬂ Ahg;] - [sin(B;) cos(a;), sin(B;) sin(a;), cos(5;)] } G(Hf;-“)rect g .

FIGURE 4. Receiver position characteristics.

can be considered as a Lambertian point source. However,
in the underground mining context, the irregularity of the
surface of each reflective element implies that the radiation
intensity of this source and the direction of the reflected light
are not deterministic. Additionally, in ideal reflective ele-
ments, their normal vectors are orthogonal to their surfaces
and everyone pointing in the same direction. This situation
does not occur in a underground mining scenario. Here, each
reflective element has an irregular surface. Therefore, their
normal vectors are not orthogonal to their surface, and they
point in different directions.

As happened with the normal vectors described in Section
[[V=A] the normal vector 7, of each reflective element w can
be described in terms of their tilt and rotation angles on the
axes of the reference coordinate system. Here, the tilt angle
with respect to the z-axis is denoted as (3,,, which belongs
to the range of [0°,180°) and the rotation angle with respect
to the x-axis is denoted as v, and takes values in range of
[0°,180°). Both intervals are based on the characteristics and

limitations that exist in a underground mining scenario (see
Figure2).

The introduced features for the orientation of each reflec-
tive element w changes its normal vector n,,, and its angles
0 and ¢, ;, which are now termed by nli!t, 9%t and f};?,
respectively. Additionally, the tilt and rotation of T; and R;
affects this channel component in terms of the angles ¢,
and 0,,;, which are redefined by ¢%il* and %!/, respectively.
Therefore, the irregular walls of the tunnels along with the
orientation of T; and R; directly affect the non-LoS compo-

nent of the underground mining VLC channel.

The effect of these considerations is noticeable in terms
of the following cosines: cos(¢!), cos(0Lilt), cos(¢Llf) and

8

cos(0Z1) in the following form:

tilt
tzlt) View -1y

cos( e
Vi-wll HH?”H ’

(10)

where V;_,, 1 Viewl|| = diw, and
Vicw = [xf, - xlT, yf) — yiT, fAhiw] , assuming that Ah;,,
is the difference height between 7; and w.
Vo . ntilt
cos gtllt _Yw—i "t T (11)
) = Wit
where V,,_; is the vector from w to T;, |Vi—il| = diw,

tilt H tilt

||Inti =1, n!"* can be represented in terms of «,, and f,,,
that is " = [sin(B,,) cos(a, ), sin(By) sin(au, ), cos(Byw)]
and V,,_; = [x;f — xi, le — yf), Ahm].

tilt
tilt)i Vi—j - My,

Y Vel
where V,,_; is the vector from w to R;, ||Vi—;||=dw;, and
Vw—j = [xf -z ij T fAhwj], assuming that Ah,,;
is the difference height between w and R;.

cos( (12)

tilt
Vicw nli

tilt
<os0us) = T, T

w; 13)
where V;_,, is the vector from R; to w, ||Vj_y | = d.;, and
Viw = 25 — 28, y8 — yF, Ahuy].

All the previous definitions allow us to reform the expres-
sions (T0), (TT), (12), and (I3). Finally, in order to include
the effect of non-regular walls of the tunnels in the proposed
underground mining VLC channel model, we replace these
new expressions in the mathematical model of the non-LoS
channel component expressed in As a consequence, we
obtain an exact expression for H ](\} Los given by .

V. STATISTICAL SHADOWING MODEL CAUSED BY
RANDOM OBSTRUCTIONS

A physical phenomenon that particularly conditions wireless
communication links in underground mining environments is
the shadowing due to its great dependence on having line of
sight, by affecting the system performance. Because of the
underground mining infrastructure, in which there are large
machinery and vehicles that move by the tunnels, the effect of
shadowing must be considered in order to derive a reasonable
underground mining VLC channel model.

In our shadowing study, we are assuming that the PD
is mounted on the miners’ helmet. Therefore, due to the
location of T;, we do not consider the shadowing effect that
could occur when miners (human obstacles) block the VLC
link. Because of the real characteristics of the tunnels, we
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Highos(0: T3, Ry) =

27 d’.”+3dfw

X

X

X

w
o 2 el ([ — Ty =~ Bhau] - bin(0) cos(an), sin(80) sin(a), — cos(3)]}

{ [x - xw, yZ yf,, Ahiw] - [sin(Bw ) cos(aw), sin(Bw ) sin(ow), cos(ﬂw)]}
{[x —ah Yyl — Y, — Ahwj] [sin(Bw) cos(aw), sin(Buw) sin(aw ), cos( ]}
{

tilt

[ — )y, — y]R,Ahwj] ' [Sin(ﬁj)COS(aj)asin(ﬁj)Siﬂ(aj),COS(ﬁj)]} G055 yrect < g ) . (14)

only consider the optical link blockage caused by vehicles
and obstacles moving along the tunnels.

A. ASSUMPTIONS CONSIDERED TO MODEL
SHADOWING STATISTICALLY

Shadowing comes from non-quantitative obstructions (vehi-
cles and obstacles) that randomly enter to the underground
mining area with particular characteristics (size, position,
income intensity, etc.). In addition, we consider that numer-
ous LEDs illuminate the work area in underground mines
completely. Therefore, it is impossible for all optical links
to be completely blocked. However, vehicles entering the
underground mining area can block certain optical links and
partially attenuate the transmitted signal strength.

According to the literature, shadowing applied to VLC
systems has been modeled as a binomial Gaussian distribu-
tion [[13]] and as a Poisson process [30]. After a comparative
analysis of models that fit the real characteristics of the
shadowing phenomenon in underground mines, we follow
and extrapolate to our analysis a statistical methodology for
shadowing modeling [30]. This approach utilizes a Poisson
process to describe the appearance of obstructions in the VLC
environment, a probability density function to characterize
the size and position of the obstructions, such as vehicles or
heavy machinery, and a weighting function to describe the
shadowing effect. The weighting function will be described
in detail and derived in Section[V=Cl

B. DESCRIPTION OF THE UNDERGROUND MINING
SCENARIO WITH OPTICAL LINK BLOCKING

We consider a VLC link obstruction/non-obstruction under-
ground mining scenario as shown in Figure [ In order to
easily represent the underground mining environment and
without losing the generality, we assume that the tunnel area
to be analyzed is cubic with the following dimensions: length
(X), width (Y), and height (Z). For a better description of the
scenario, we consider a line segment AB, where the point
A is the Cartesian coordinate where T} is located and the
point B is the Cartesian coordinate where I7; is located. We
observe that the magnitude of line segment AB matches to
the magnitude of d;;.

For our model, we discard the thickness of the obstruction
and consider the point V', whose coordinates are represented
by (Zy, Yv,0), as the midpoint of the projection of the ob-
struction in the x-y plane. Furthermore, the line segment CD
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FIGURE 5. Schematic diagram of the AB optical link being blocked by a
mobile obstruction with width w,, and height h,,.

represents the projection of line segment AB in the x-y plane,
whose coordinates of the points C and D are (z!,y,0),
(28!, yf, 0) respectively. Finally, we consider a perpendicular
line segment to CD from the point (z,,, ¥, 0) with the point E
being the foot point and, thus, we construct a line EF parallel
to the z-axis through point E, where the point F denotes the
intersecting point with the segment AB.

C. PROPOSED STATISTICAL SHADOWING MODEL

Based on the work presented in [30], we statistically model
the entry of obstructions into the underground mining envi-
ronment and, consequently, the shadowing produced consid-
ering the following statistical assumptions: (1) We assume
that there are not obstructions in the scenario at the be-
ginning time. (2) For the no-shadowed case, VLC channel
components are not affected. On the other hand, for the
shadowed situation, a weighting function F;; is introduced to
describe the random shadowing. P;; describes the probability
that the LoS optical link is not blocked. (3) We assume
the entry of obstructions to the underground mining area as
a Poisson process N; with an intensity parameter e. Fur-
thermore, each obstruction is independently and identically
distributed with its own dimensions (width w, and height
h,) and position (z, , y,). Therefore, the blocking or not of
the optical link that the obstacles can cause are independent
of each other. (4) We denote possible obstructions entering
the scenario within a period of time ¢ as (wi, h1,21,Y1),
(wa, ha, 2, Y2),..(WN,, AN, , TN, YN, )- (5) We denote p,, as
the probability that the LoS optical link (line segment AB)
is blocked by (wy, hy,x,,y,) where v takes values from
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1 to Ny and p1, p2,..., pn, are independent and identically
distributed. Consequently, P;; can be written as [30]

Pyy = exp [—eE(p,)f], (15)

where F(p, ) is the expected value of p,. Now, we must find
the specific physical and geometric conditions that mathe-
matically demonstrate when the optical link is blocked by
some obstruction (wy, Ay, T,,Yy,). Based on the geometry
of Figure E} we can summarize two main conditions [30]:
(1) Half of w, must be greater than or equal to the distance
from the point (z,,¥,) to the segment CD, namely w, /2 >
(24, Yy)- (2) h, must be greater than or equal to the length
of EF, namely h,, > s(Zy, Yy )-

Since the coordinates of the points A and B are known, we
can formulate the expressions of d(x,,y,) and s(x,,y,) as
follows:

d(I y):‘(le_y]R)xv_(mlT_mf)y xjyl +x1y |
VO =y + @l — a2
(16)
S(xv yv) _ (sz - y]R)2 + (a‘.lT - mf)Q + (l’v - .’L'f)2
2\/ yl —yf)? + (2] —xf)?
L -y = (@ — 20)* + (o 7%)]_’_2]13.
2¢<yi — )+ (@ —af)?
(17

As the entry of possible obstructions to the tunnel is not
deterministic, we denote functions of joint probability den-
sity for w,, and h, as g, (w, h) and for x, and y, as f,(z,y),
respectively. It is worth noting that these joint probability
density functions can be adapted and chosen depending on
the actual situation of the scenario to be modeled, in our case,
the underground mining scenario. Consequently, E(p,) and
P;; are presented in (T8) and (T9) [30].

Fmally, we 1nclude the shadowing characterization and
its effect in the LoS channel component expressed in (9)
by including the weighted function P;; in its mathematical
expression. In addition, we also consider the shadowing
effect in the non-LoS channel component expressed in (14)
by including the weighted functions F;,, and P,; in its math-
ematical expression. These weighted functions are obtained
through the same statistical process to obtain F;; and they
represent possible blockages in the optical link between T;
and the reflective element w, and the optical link between
w and R;, respectively. Therefore, the new mathematical
expressions obtained by multiplying the LoS an non-LoS
channel components by their corresponding weighting func-
tion are denoted as Hp,5,,,, and H 1(\;20 S(.n, TEspectively, and
expressed as follows:

HLOS(Sh) (07E7R]) HLOS(O T’wR ) K (20)

1 1
H}v)LoSM) (0; T, Rj) = H\) o(0;Ti, R;) Py Puj. (21)
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VI. STATISTICAL SCATTERING MODEL PRODUCED BY
DUST PARTICLES

In general, the scattering produced by the suspended dust is
generally despicable in traditional indoor environments, such
as offices, hospitals, or non-dangerous industries. There-
fore, in these scenarios, VLC systems are not generally
affected by dust particles. Instead, in underground mines,
large amounts of dust are originated by crushing, grinding,
flying, and drilling the rock within the mine. Hence, it is
necessary to model the scattering effect and introduce it into
the underground mining VLC channel model. Consequently,
we perform an in-depth analysis to derive the appropriate
mathematical model that fits this physical phenomenon.

We propose an stochastic model that provides a simple
physical interpretation, but in accordance with the real char-
acteristics of the underground mining scenarios. The model
that we introduce is based on the theory of absorption and
dispersion of photons that travel through the atmosphere.
Also, we model the distribution of the scatterers elements
(dust particles) based on the unified disk scattering model
(UDSM), which is revealed in [32]]. This model allows us
to control the distribution of the scatterers by using a factor,
which controls the concentration pattern of the scatterers.

A. SCATTERERS DISTRIBUTION MODEL
CONSIDERATIONS

The outline of the scatterers distribution, as well as the
geometric considerations that we adopt in our analysis are
displayed in Figure [§] By considering the underground min-
ing environment, we assume that at the beginning, 7 is free
of scatterers to their surroundings and the height where they
are positioned is greater than the height where R; is located.
Furthermore, we assume that the scatterers are randomly
and independently distributed within a disk-shaped area of
radio R, centered on I};. These scatterers are called local
scatterers.

We consider that within the disk centered on R;, there
are numerous local scatterers .S,,, where n = 1,2,...,N.
Theoretically, the number of scatters /N could tend to infinite.
The location of each local scatterer is represented by its polar
coordinates as (ry,0g,—;), where 7, is the distance from
the n*” local scatterer to R; and fg,_; represents the angle
between the distance vector from the n'" local scatterer to
R; and n!"*. Owing to the high path loss that occurs in
VLC systems, we discarded the contribution of scatterers
outside the assumed disk-shaped area (remote scatterers).
Furthermore, we assume that the light beam from the optical
link transmitted from 7; travels through the atmosphere,
impacts some of the local scatterers, and reaches I2; after a
single bounce.

After the optical signal hits the local scatterer, it can be
absorbed or dispersed. Therefore, If; could receive signals
from diverse directions, which are only determined by the
distribution of local scatterers. We define the Euclidean dis-
tance of the transmitted optical link between 7; and S,, as
d;i—s, and the radiance angle between the T; and S, as
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X Y
soo=[ [ 1] 9. (w. )dw dh | £,(z,y)de dy. ()
0 0 {(w,h):w>2d(x,y),h>s(z,y)}

X Y
Pij=exp{—e{ I/ V / gv<w,h)dwdh] fv<:c,y)dxdy} t}. (19)
0 0 {(w,h):w>2d(x,y),h>s(z,y)}

FIGURE 6. Outline of the geometric scattering pattern.

¢i—s, - Therefore, we can describe the probability distribu-
tion function (PDF) of the UDSM as follows [32]:

D(rg)® -
e, if—m<fs,; <
prn(TmeSn—j) = and0 <71, < R, ,
0 otherwise

(22)

where a > 0 is the shape factor that corresponds to a real
value. This value controls the distribution of the scatterers
within the disk-shaped area (see Figure [6). The UDSM
generally depends on r,, except for a = 0 and g, _; is
uniformly distributed in the interval [—r, 7]. In other words,
the UDSM obeys to a circularly symmetric scattering model.
For an specific R,., we can choose values of a between 0 and
1, which only includes scatterers near to R; and is useful
for modeling urban and suburban propagation areas. Due to
the real characteristics of the underground mine and the work
carried out inside it, we obtain a purely uniform distribution
of the scatterers by fixing a to 1. Therefore, the expression
([22) acquires the form of

%1%27 if—WSQSTﬁjSW
Pro (10, 0s,-5) = and0 <7, <R, . (23)
0 otherwise

Notice that if the value of a increases, the scatterers are
concentrated in a hollow disk-shaped area centered on R;.

B. ANALYSIS OF THE INTERACTION BETWEEN THE
OPTICAL LINK AND LOCAL SCATTERERS

To characterize the effect of the interaction between the
optical link and local scatterers, we assume a scenario where
the light ray emitted by 7; travels through the atmosphere,
interacts with .S, effective scatterers, and reaches R;. To
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derive a generalized theoretical approach, we present a refer-
ence model based on the assumption that the number of local
scatterers can tend to infinity, (N — oo). Consequently, the
total diffuse channel components produced by the scattered
signals can be represented as a superposition of an infinite
number of plane waves coming from different directions
determined by the distribution of the local scatterers. We as-
sume that each scatterer S,, introduces a coefficient GG,,. This
gain is inversely proportional to N and directly proportional
to the average of the dust particle reflection coefficient pg,
thatis, G,, = p5/N.

As the light beam (photons) after leaving 7; travels
through the atmosphere, we can model the interaction of
light with dust particles in the atmosphere as a combination
of light absorption and scattering events [33]], [34], whose
coefficients of absorption and dispersion are represented by
ko and k,, respectively. It is important to mention that when
a photon is absorbed by some dust particle, it is annihilated
and does not reach the R;. Therefore the coefficient k, is not
considered in our analysis.

On the other hand, when a light link collides with a dust
particle and it scatters, its path is altered before continuing
to travel through the atmosphere, as can be see in Figure
@ Therefore, the coefficient k£, must be considered in the
analysis. To describe this path change in a stochastic way, we
consider the pair of angles (¢;_gs,,, 0s,, ), Where ¢;_g,, is the
radiance angle measured between n!'* and the vector from
T; to Sy, and fg, is the scattering angle. To validate these
considerations, we must obtain the PDF of the phase function
that describes the angular distribution of the scattered optical
power.

This phase function can be modeled as a weighted combi-
nation of the generalized Rayleigh scattering phase function
Dray and the phase function based on the Mie scattering
theory, represented by the generalized Henyey-Greenstein
function py,;e. In particular, for 0 < ¢,_g, < 7/2 and 0 <
0s, < O, these functions are expressed as [[33]], [|34]

3[1+3y 4 (1 —7)p?]

e T F =
,()flfgz 1 f(3ﬂ2*1)
Pmie b)) = An (1 ¥ 92 _ 29#)3 2 (1 + 92)3 s

(

where 1 = cos(fg, ), and vy, g and f are atmospheric model
parameters.

The contribution that the scattering generates is deter-
mined in terms of the type of dust particle according to
its diameter. This contribution is governed by atmospheric
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composition and modeled by the weighting parameters k,
and k,,,, which are Rayleigh scattering and Mie scattering co-
efficients, respectively. In addition, we know that k =k, +k,,
[33], [34]. The interaction of these phase functions follows a
Bernoulli distribution, i.e. the probability that the photon is
modeled as p,qy is k-/ks and the probability that the photon
is modeled as p,;e is kn/ks. Therefore, the overall phase
function along with its respective PDF is given by [33]], [34]

k., km,
ptotal(,u) = Ppray (M) + ?pmie (M)> (26)
fsca (/1') = Ptotal (,U,) sin (/1’) (27)

Finally, G,, is redefined as G, (1) = 75 fsca(1t)/N.

C. PROPOSED CHANNEL MODEL CONSIDERING THE
EFFECTS OF SCATTERING

Based on the mathematical expression of the typical Lam-
bertian channel model, we present the channel model pro-
duced by scattering on the optical path 7;-S,-R;, which
corresponds to the light beam that travels from 7, interacts
with the local scatterrer S, and reaches R;. In this context,
the DC gain mathematical expression of the scattering optical
wireless channel can be written as

N
;T Y= li Ap(m +1)Gn(p)
Hsca(0; Ty, Sny Rj) = ngnoo; )
x cos™ (¢i—s,, ) cos(fs,, —j)rect (%) ,
(28)

where the path length D;_,,_; represents the total distance

that light travels from the 7; via S,, to the R; and can be
expressed as D;_,,_; = d;_g, =+ 7,. Furthermore, based on
the geometry of the Figure [6} the expression d;_g, can be
determined by using the law of cosines as follows:

di—s, = /12 + d}; = 2rpdijcos (Bims,),  (29)

where 61-,5"‘ denotes the difference between the angles
0;_s, and 9%”. The value of 3;_g, depends on the value
of these angles and the position of the S, in the following
form:

tilt . tilt
B = {esn—j — 05" if 05" < s, —;
i—Sn, — .

X 30
01" — Og,_; otherwise G0

To conclude, we now present the general expression of
the proposed underground mining VLC channel DC gain as
follows:

Huiner (0 T1, Ry) = Hros .y, (0:Ti, By) + HyLos,, (0: T, R;)

+ Hsco(0; T3, Sny R;). 31)
The general expression of the underground mining VLC
channel model is formed by the addition of expressions
(20D, 1), and @28). Therefore, we fulfill the objective of

including in a single expression all the intrinsic factors of the
underground mining scenarios.

12

VIl. RESULTS AND ANALYSIS

In this section, we simulate the CIR, RMS delay spread, and
received power based on the proposed underground mining
VLC channel model. For the simulation, we choose a tunnel
section of dimensions 6m X 3m x 5Sm. In our analysis, but
without losing the generality, we consider a single transmitter
and a single receiver, 77 and Ry, respectively. R; is installed
on the helmet of mining workers. For a better comparison of
the results, an ideal (reference) underground mining scenario
and a more realistic (proposed) underground mining scenario
are simulated, where the reference VLC channel model and
the proposed VLC channel model are included, respectively.
These scenarios and their parameters are specified in Table 2}
Other system parameters are listed in Table 3}

As the benchmark situation, a reference underground min-
ing scenario is simulated and then compared to the proposed
underground mining scenario to discuss and highlight their
differences. As mentioned in Section the ideal scenario
only considers the LoS channel component and the non-
LoS components produced by reflections in the walls. Here,
two walls are considered to represent the side walls of the
tunnel, which are assumed flat and regular. 7} is installed
pointing downwards and R, is installed pointing upwards,
both located in fixed positions on the tunnel. Finally, in
this scenario, neither the shadowing effect nor the scattering
effect are considered.

Instead, in the proposed underground mining scenario, we
consider five different positions of R; in the tunnel. These
locations represent the most likely positions that mining
workers could have in the tunnel according to their general
work area. It should be emphasized that these positions are
referential since we assume a single LED and a fixed PD
position only to verify the feasibility of the proposed VLC
channel model. Generally in underground mines, distributed
LED array lighting sources composed of several LEDs are
used. In addition, multiple of these LED arrays are distributed
throughout the tunnel. Therefore, we would only need su-
perpose all the solutions induced by each LED in order to
get the analysis of the total tunnel. Due to the considered
characteristics of the proposed underground mining scenario,
no matter where R; is located, the proposed VLC channel
model would work in the same way.

The positions of R; are graphically described in Figure
For illustrative purposes in all positions, R; is tilted and
rotated, and its angles of tilt (3;) and rotation (c;) are both
45°. Two walls are considered to represent the side walls of
the tunnel, which are non-flat and non-regular. This effect is
considered in 3,, and «,,, which follow a uniform probability
distribution, 3, ~ U[0,180°] and o, ~ U[0,180°]. The
effect of shadowing is considered with obstructions entering
the tunnel and following the Poisson process described in
the Section |V| whose intensity parameter € is 5 per minute.
Furthermore, for simplicity and model illustration, we con-
sider that the joint probability density functions f,(x,y) and
gv(w, h) follow a uniform distribution, f,(x,y) ~ U[0,25]
and g, (w, h) ~ U[0,2]. The scattering effect is considered by
including local scatterers that follow the distribution detailed
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TABLE 2. Parameters for the underground mining simulation scenarios.

Features
Parameters Reference Proposed
underground | underground
mining mining
scenario scenario
Tunnel:
Length, X (m) 6 6
Width, Y (m) 3 3
Height, Z (m) 5 5
Wall reflection coefficient, p,, 0.6 0.6
Wall rotation angle, aoy (°) 90 U[0,180]
Wall tilt angle, B (°) 90 U[0,180]
Scatterer reflection coefficient, ps | 0 0.1
Number of scatterers, N 0 40
Transmitter:
Position, (x,y,z) (m) (3,0.54.5) (3,0.54.5)
Transmitter rotation angle, a;; (°) | 0 45
Transmitter tilt angle, 3; (°) 90 45
Receiver:
Position 1 (z,y, z) (m) (3,1,1.8) (3,1,1.8)
Position 2 (z, y, z) (m) - (3,1.5,1.8)
Position 3 (z, y, z) (m) - (4,2,1.8)
Position 4 (z, y, z) (m) - (2.2,2.5,1.8)
Position 5 (z, y, z) (m) - (1,2.5,1.6)
Receiver rotation angle, a; (°) 0 45
Receiver tilt angle, 3; (°) 90 45
Resolution:
Time resolution (ns) 0.25 0.25
Area elements in X 18 18
Area elements in Y 18 18
Area elements in Z 15 15
Space resolution in X (m) 0.33 0.33
Space resolution in Y (m) 0.16 0.16
Space resolution in Z (m) 0.33 0.33
TABLE 3. System parameters.

[ Parameters [ Values [ References |
Absolute temperature, 7} (K) 295 [11]
Atmospheric parameter, ~y 0.017 143]
Atmospheric parameter, g 0.72 [43]
Atmospheric parameter, f 0.5 [43]
Average transmitted power, P; (W) 10 [11]
Background dark current, I;4 (nA) 10 [11]
Band-pass filter of transmission 1 [11]
Boltzmann constant, k (J/K) 1.38x 10723 | [T1]
Capacitance, Cpq (F) 112x10=8 | [T1]

Disc shaped area radius, R, (m) 1 135], [36]
Electronic charge, g (C) 1.6x10~19 [TT]
FET channel noise factor, I 1.5 [11]
FET trans-conductance, g, (S) 0.03 [11]
Gain of the optical filter, g(-) 1 [TT])
Half angle FoV, ©/2 (°) 70 [13], [30]
Joint probability density, g, (w, h) U[0,2] [130]
Joint probability density, fv (z,y) U[0,25] [30]
Lambertian mode number, m 1 1351, 136]
Mie scattering coefficient, ky, U[0,10] 133]], [134]
Noise bandwidth factor, Io 0.562 [11]
Noise bandwidth factor, I3 0.0868 [11]
Open-loop voltage gain, G 10 [11]
Physical active area, Ajp (cm2) 1 [11]
Rayleigh scattering coefficient, k- U[0.1,0.01] 13311, 1341
Reflective element area, A A, (cm2) 1 [11]
Refractive index, n 1.5 (11
Responsivity, Rpp (A/W) 0.53 |11
Semi-angle at half power, ®;; /5 (°) | 60 [TT])
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FIGURE 7. Proposed simulation scenario for five different positions of R;.

in Section [VI} The number of local scatterers (IN) is set at
40 [35]], [36]. The analysis of this value and its variations is
carried out in Section [VII-A2|

A. ANALYSIS OF THE PROPOSED UNDERGROUND
MINING CHANNEL IMPULSE RESPONSE

To evaluate the derived underground mining VLC channel
model and confirm the accuracy of our approach, we present
the CIRs for the five positions of R;. These CIRs, each
represented by hyniner (¢; T, R;) are defined as the received
optical intensity when the transmitted optical intensity is a
unit-area Dirac delta function. Therefore h,iner(t; T, R;)
can be obtained from expression (3I)), by adding the delta
components §(-) that depend on the distance the light beam
travels as follows:

hminer (t§ T’iy R]) = hLoS(Sh,) (t; T’h R])5 (t - d;J )

w
diw + dw'
+ hg\pLoS(sm (t; Ti, RJ) Z 5 (t — 73)

C
=1

N D .
+ hsea(t; T, Sn, Ry) > 6 (t - %) .
n=1

(32

Given a number of rays including LoS, non-LoS, and
scattering, we compute the detected power and path lengths
from 77 to R; for each ray. Then, these data are processed to
produce the CIRs. To compare the results of the CIR, we find
it convenient to assume that the transmitted power is 1 W.

Figure [§] shows the CIRs for the five positions of R; in
the proposed underground mining scenario. The number of
partitions is set to 18 for X and Y, and 15 for Z. The spacial
resolution is set to 0.33 m for X and Z, and 0.16 m for Y.
The temporal resolution is set to 0.25 ns (see Table [2). The
distance represented in the Figure [§] is the referential Eu-
clidean distance between 17 and R;. We observed in all R,
positions that the LoS component has a higher contribution in
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FIGURE 8. CIRs of the five R positions in the evaluated underground mining
scenario.

the CIR compared to the non-LoS and scattering components.
However, the non-LoS and scattering components tend to add
a significant amount of power to the total CIR. Furthermore,
these components arrive later than the LoS component.

If we compare the CIRs in the Figure([8] several interesting
findings can be distinguished. Firstly, as the distance between
Ty and R; increases, the underground mining CIR decreases
and its propagation delay increases, as well as the rising
edge of the CIR becomes less abrupt. However, we note
that although the distance from position 3 of R; is less than
the distance from positions 4 and 5, the CIR of position 3
is the smallest. This behavior occurs because the effect of
shadowing is greater in that scenario due to the position of
R;. In this position, the optical link is more likely to be
partially or totally blocked due to the physical characteristics
of the obstructions entering the tunnel. Secondly, the results
show that the obstructions affect all underground mining
scenarios. However, the position least affected by shadowing
is the position 1 due to the proximity of Ry to 7;. It is
important to mention that both the LoS component and the
non-LoS components are affected by shadowing.

1) CHANNEL IMPULSE RESPONSE PRODUCED BY
NON-LOS COMPONENTS

To develop an in-depth analysis of each channel component
that contributes to the underground mining CIR, Figure [J]
shows the CIRs of the sum of all the non-LoS components
of the five positions of R;. These CIRs in all the scenarios
maintain the trend of the total CIRs, that is, the greater the
distance between 77 and R, the smaller the magnitude of
the CIR and the longer the propagation time. We also note
that due to bouncing on the walls, the non-LoS component
travels a greater distance since leaving 7 compared to the
distance the LoS component travels. Therefore, the non-LoS
components arrive at R; with a longer delay than the LoS
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FIGURE 9. CIRs considering the sum of the non-LoS components of the five
positions of R; in the evaluated underground mining scenario.

component. The effect of non-flat walls by having uniform
random «,, and S,, in a specific interval causes non-LoS
components of various magnitudes without marking an in-
creasing or decreasing trend with respect to time. On the
other hand, we note that shadowing directly affects non-LoS
components depending on the location of R;. This factor
makes the position 1 the least affected and the position 3
the most affect, even though the latter has a shorter distance
between T and R; compared to positions 4 and 5.

2) CHANNEL IMPULSE RESPONSE PRODUCED BY
SCATTERING COMPONENTS

To analyze the channel components produced by scattering,
Figure [10] illustrates the CIRs produced by scattering in the
five positions of R; for the proposed underground mining
scenario. It is possible to notice that although each position
increases the distance between 77 and R;, the magnitude
of the CIR is not drastically decreased among R; positions.
In fact, it is observed that the maximum magnitudes of the
CIRs of position 1 and 2 are approximately equal, as well
as the maximum magnitudes of positions 3, 4 and 5, with
slight differences. This effect is because each local scatter
follows the UDSM distribution. Therefore, since the position
of the local scatter with respect to R; is random, the distance
between the local scatter and 77 will also be variable, so
the CIR will not depend solely on the distance between T}
and R;. Furthermore, we consider a gain (G,,) that depends
on a general phase function gain that randomly combines
Rayleigh and Mie scattering, which directly influences simi-
lar magnitudes between scenarios.

On the other hand, we note that when the distance between
Ty and R; increases, the scattering components reach R
later, maintaining the same trend as the LoS and non-LoS
components. However, if we compare the arrival times per
position of the non-LoS CIRs (Figure[J) with the arrival times
per position of the scattering CIRs (Figure [T0), we observe
that for scattering they are lower. This is due to two factors: 1)
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FIGURE 10. CIRs of the scattering components for the five positions of R in
the evaluated underground mining scenario.

We only consider the optical path that starts from 77, bounces
off the local scatterer and reaches R;. Therefore, the distance
that the optical signal travels is less compared to the distance
of the optical path starting from 77 going to the wall and
reaching R;. 2) Since the local scatters are much closer to
R (disk-shaped area), the signal bounce in the local scatter
would reach R; faster if we compare it with the proximity
of the wall with R;. Finally, we can deduce that due to the
size of the local scatterers (dust particles) the magnitude of
the scatterer CIRs in all the positions is smaller compared to
the CIRs non-LoS and LoS. However, this magnitude is not
negligible and contributes with a factor of the total mining
CIR.

For illustrative purposes, and to analyze the effect of the
variation and amount of local scatterers, we only choose
position 1 of R; and vary its values of NV as can seen in Figure
[T} We can notice that with values of N=20 and N=40,
the maximum magnitude of the CIR remains approximately
the same. Furthermore, with these values of NN, the CIR
reaches the maximum values in comparison with the other
values of V. As the value of N decreases, the magnitude
of the CIR also decrease. This is because the gain factor
(G,) in the CIR is inversely proportional to N. Although we
theoretically assume that N—o0 (see expression @)), not
all optical signal bounces in local scatterers and reach Rj.
This would depend on the optical signal being inside the FoV
of R;. Therefore, with this analysis, we can verify that the
value of NV (N=40) chosen for all the positions of Ry, allows
us to develop a feasible simulation model with reasonable
complexity. Furthermore, and not least, it is correct in terms
of generating a greater contribution from the CIR of the
scatterer, which is superimposed to the total underground
mining CIR.
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FIGURE 11. CIRs of the scattering component with different values of N for
the position 1 of R; in the evaluated underground mining scenario.

B. COMPARATIVE ANALYSIS BETWEEN THE
REFERENCE AND PROPOSED UNDERGROUND MINING
CHANNEL IMPULSE RESPONSES

To discuss the differences between the proposed underground
mining channel model and the reference underground mining
channel model, we chose position 1 of R; for illustrative
purposes. We present their respective CIRs in Figure[T2] As
we described at the beginning of this section, the charac-
teristics of the reference underground mining scenario are
deterministic. Furthermore, it is considered neither shadow-
ing nor scattering. As we can notice, because the distance
between T} and R, for both scenarios is the same, both CIRs
have the same delay. However, the differences in magnitudes
and temporal evolution are notable. In the first instance,
we observe that the magnitude of the LoS part that makes
up the CIR of the reference underground mining scenario
is 3.489x10~5 while for the proposed underground mining
scenario it is 1.772x107°. This is a magnitude reduction
of 50.78%. This decrease occurs because in the proposed
scenario, the obstructions that generate shadowing severely
affect the LoS link.

On the other hand, we also observe that the non-LoS com-
ponents of the CIR that belong to the proposed underground
mining scenario have a greater contribution compared to the
reference underground mining scenario. This effect can be
best observed in Figure [I3] In the reference underground
mining scenario the magnitude of the maximum non-LoS
contribution is 4.002x10~% while for the proposed under-
ground mining scenario it is 2.434x107%. The effect of
shadowing also negatively affects the non-LoS components
in the proposed underground mining scenario. Compared
to the LoS contribution, the magnitude of the maximum
non-LoS contribution in the proposed underground mining
scenario represents 13.73%. However, for the reference un-
derground mining scenario, the magnitude of the maximum
non-LoS contribution represents 11.47% with respect to the
LoS contribution. The effect of non-flat walls in the proposed
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FIGURE 12. Comparison between the total CIR in the reference underground
mining scenario and the total CIR in the evaluated underground mining
scenario for position 1 of Ry.
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FIGURE 13. Comparison between the CIR of the non-LoS component in the
reference underground mining scenario and the CIR of the non-LoS and
scattering components in the evaluated underground mining scenario for
position 1 of R;.

underground mining scenario is also highlighted, we can
observe greater variability in the magnitudes that make up
the CIR.

Finally we see in Figure[I3]the contribution of scattering in
the proposed underground mining scenario and its time delay.
Compared to the LoS contribution, the maximum scattering
contribution is approximately 0.75%. However, because it is
close in time to the LoS pulse and broad in time terms (almost
1 ns), it modifies and affects the falling edge of the LoS pulse
of the total underground mining CIR.

C. TEMPORAL DISPERSION ANALYSIS OF THE
PROPOSED UNDERGROUND MINING CHANNEL
In wireless communication systems, due to the own na-
ture of the media and multi-path reflections, the channel
stretches the signal transmission in time. This phenomenon

16

is well known as temporal dispersion. Therefore, since we
are analyzing a VLC channel characterized by reflections
and scattering, we find it more practical and effective to
adopt a channel estimator. This estimator must be a parameter
that directly reports on the temporal dispersion suffered by
the CIR Apiner(t, Ti, R;). A detailed observation of this
time parameter provides direct information about the channel
configuration. Thus, the initial delay until the first pulse
appears is proportional to the length of the LoS path. Any
delay measured longer than the initial delay is called an
excess delay and corresponds to the existence of pulses after
the main pulse, which are non-negligible contributions to the
total CIR. Following the above reasoning, the parameter that
quantifies the temporal dispersion of the CIR is the RMS
delay spread defined as [9], [35]

fo t_/j’RMS) hmvner(t THR)
4,1y, R;)dt

where the mean delay spread wras is given by [9], [35]]

, (33)

Drys =
mlne'f‘ (

— fO th?mner(tanij)dt
HRMS = f 52 (t7E7Rj)dt.

miner

(34)

It should be noted that ;s s strongly depends on the time
that the transmitted pulse takes to propagate from 73 to Ry
after undergoing a reflection, while the D pas g considers only
the stretching of the CIR over time. In practice, we consider
hminer(t, T;, R;) as the sum of samples numeric of all the
channel components that form it, so the approximate numeric
expressions for Drass and pgpss are as follows:

Yor o (DAL = ftrars)? h2,ier (PAL T, R)
Ep 0 h?nzner(pAt’ E7 R])

At h? At, T;, R;
RS = Zp 0 p miner (p ’ R]) ’ (36)
Zp 0 hrznzner (pAt? Ti’ R])
where pAt is discretized quantity of ¢ with a maximum
number of samples P. We must emphasize that Drass is
critical in high-speed applications, where the maximum bit
rate (Ry) is Ry < 1/10Dgrass [91, [35].

We have applied the analysis of this subsection and the
expressions (33)) and (36) to obtain the characteristic Drass
of hminer(t, T;, R;) over the entire proposed underground
mining scenario, as depicted in Figure [T4] In addition, the
main statistical parameters of channel time dispersion are
shown in Table These parameters are: mean (u), standard
deviation (o), 90th percentile (90%:le), and 100th percentile
(100%sile).

We consider the entire proposed underground mining sce-
nario according to the dimensions and temporal and spatial
resolution of Table 2l The maximum and minimum values
of the Dgyss are 8.28 1079 and 9.01x 10712 respectively.
Therefore, the maximum R, that we can reach is 1.20x 107
bps. On the other hand, we observe from the Figure [T4]
that the Dgysg distribution is totally non-uniform and with
high variability compared to ideal indoor scenarios [9]], [44]]

Drys =

)

(33)

VOLUME 4, 2016

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/ACCESS.2020.3030615, IEEE Access

IEEE Access

P. Palacios Jativa et al.: A VLC Channel Model for Underground Mining Environments with Scattering and Shadowing

TABLE 4. Statistics of the temporal parameters of the proposed underground
mining channel.

Statistics
1 (s) [ o(s) [ 90%ile (s) [ 100%ile (s)
Drars | 2.09x1079 [ 1.77x1079 [ 4.58x10~9 | 8.28x10~°
wrMms | 1.74x1078 | 472x1079 | 2.48x10~8 | 3.59x10~ 8

or referential underground mining scenarios [13]]. This high
variability effect is due to non-flat walls and scattering that
we consider in the proposed underground mining environ-
ment. As these characteristics are modeled with random
parameters, the temporal dispersion of the signals does not
have a certain trend.

D. ANALYSIS OF THE RECEIVED POWER IN THE
EVALUATED UNDERGROUND MINING SCENARIO

An important metric in all communication systems that al-
lows us to verify and analyze the behavior of the channel
is the power received at the receiver. For our proposed un-
derground mining scenario, since we consider a single LED
along with a single PD, the power received by I?; due to the
light emitted by 77 is expressed as [9]

P.(Ry) = RppPihminer(0;T1, Ry) + Ngi, 37

where P,.(R;) is the power received of Ry, Rpp is the PD re-
sponsivity, and P is the emitted optical power by T7. Ngj is
the additive noise in R; that includes two types of noise that
particularly affect underground mining environments, shot
noise and thermal noise whose variances are denoted as 02, ,
and 02, ... respectively. These variances are determined by
the following expressions [9], [45]]:

0201 = 2qRpp Py By, + 2q1, 1By, (38)
8T 16m2xT,T
Jt2hermal = %HA;DIZBZ + ungAngBi
Im (39)

o2, . contains two components. The former corresponds to
photon fluctuation noise or quantum noise, where ¢ is the
electric charge constant and B,, is the bandwidth of the
electrical filter that follows the PD. The latter corresponds
to the dark current and excess noise, where I, is the
background current due to the ambient light and the noise
bandwidth factor is I5. In thermal, the former and latter
components represent the feedback-resistor noise and field-
effect transistor (FET) channel noise, respectively. Here, & is
Boltzmann’s constant, T}, is absolute temperature, G is the
open-loop voltage gain, C,q is the fixed capacitance of PD
per unit area, I" is the FET channel noise factor, g, is the
FET trans-conductance, and I3 is the noise bandwidth factor
[9], [43]. The values of these components are defined in Table
Bl

Figure [T3] shows the cumulative distribution function
(CDF) of the power received by R; throughout the proposed
underground mining scenario. In addition, we insert the
graphical distribution of the power received in the evalu-
ated underground mining scenario. We evaluate the power
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FIGURE 15. Empirical CDF and distribution of the received power in the plane
of R, for the evaluated underground mining scenario.

received by maintaining the z-coordinate of ?; with a value
of 1.8 m because it is a typical height value for a miner
with a helmet. Furthermore, P; is fixed at 10 W, to also
provide consistent lighting in the tunnel. The maximum and
minimum values of the received power are — 20.43 dB and

— 45.10 dB, respectively. From the received power CDF
we obtain its u, o, and 90%ile, whose values are — 31.87
dB, 4.91 dB, and — 25.58 dB, respectively. If we compare
these values with VLC indoors scenarios or referential un-
derground mining scenarios, it can be seen that the received
power in the proposed underground mining scenario is the
least [9], [13]. Furthermore, the received power distribution
in the proposed scenario is not always directly proportional
to the distance between 17 and R;. Therefore, we note that
the effect of the rotation and tilt of 77 and R, non-flat walls,
and shadowing are influential on the received optical power
levels. In order to mitigate the effects of the proposed channel
model, and therefore the received power, it is necessary to
apply proper channel estimation and equalization schemes,
optical modulation systems, and channel coding techniques.

The proposed underground mining VLC channel model
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considers the most important characteristics of an under-
ground mining scenario. Therefore, the proposed model will
be a great contribution to the future design of systems or
applications based on VLC in these type of harsh environ-
ments. However, future work is required to fully validate
experimentally the proposed model. Among the future work
to be done, we consider the most crucial tasks as follows:
(1) Experimental validation of the proposed channel model
in a real underground mining scenario. (2) Obtaining ex-
perimental statistics of the position, rotation and tilt of the
optical receiver and develop empirical models. (3) Obtaining
experimental statistics of the rotation and tilt of the non-
flat walls of the underground mining tunnel and develop
empirical models.

VIIl. CONCLUSION

In this paper, we proposed a novel VLC channel model for
underground mines. The derived model is different to the
traditional indoor VLC channel model due to the special
characteristics found in underground mining environments.
In particular, five main factors make the underground mine
channel model unique and different. These unique features
are the following: randomly rotated and tilted optical trans-
mitters, randomly rotated and tilted optical receivers, non-flat
tunnel walls, presence of obstructions that randomly enter the
underground mining scenario that could cause shadowing,
and the presence of dust particles that could originate scatter-
ing. In order to reasonably present the proposed underground
mining VLC channel model, we derived the mathematical
analytical expressions of the overall DC channel gain, the
underground mining VLC CIR, the RMS delay spread, and
the received power in the receiver plane. With these expres-
sions, we verified the validity of the proposed model through
numerical experiments within a representative section of a
tunnel. Furthermore, we simulated a reference underground
mining VLC channel in a referential underground mining
scenario, which was compared to the proposed underground
mining VLC channel. The simulated data was obtained using
a ray tracing methodology. The obtained results demonstrate
the notable differences between the proposed underground
mining VLC channel model and the reference VLC channel
model. In the proposed channel model, the power of the
LoS component is reduced by 50.78% compared to the
reference channel model. This is mainly due to shadowing,
as well as the position and orientation of the transmitter
and receiver. Regarding the total magnitude of the proposed
underground mining CIR, the non-LoS components have a
greater contribution compared to the non-LoS contributions
in the reference CIR. This is due to the effect of the non-
flat walls, which generate variability in the magnitudes of
the non-LoS components. Finally, we have the presence of
scattering components that generate temporal dispersion in
the proposed total underground mining CIR. The distribution
of the RMS delay spread in the entire underground mining
environment and its main statistics were found. The impact
of non-flat walls and scattering is evidenced by the high
variability of the temporal dispersion. Finally, the CDF of the
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received power and its total distribution in the underground
mining scenario were revealed. An in-depth discussion of
these parameters demonstrated that the effects of non-flat
walls and shadowing are evident in the magnitude of the
received power and its variability across the underground
mining scenario.
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