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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 proposedVLC 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.

I. INTRODUCTION
The inherent working environment of underground mines is
considered as very dangerous and unsafe due to inherentss

The associate editor coordinating the review of this manuscript and
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characteristics of the tunnels [1], as well as numerous external
agents generated by regular mine operation such as dust,
toxic components, sewage water, among others [2]. These
factors make the underground mining environment be con-
sidered one of the most harsh environments for work and
for establishing reliable communication links [3]. To manage
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day-to-day communication, along with the emergencies that
can occur in this environment (landslides, fires, or intox-
ication of workers), an stable communication system is
required [4]. This system must be designed to support appli-
cations focused on reliably localize and monitor infrastruc-
ture, 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 inter-
ference and electromagnetic noise produced by the machin-
ery employed in mining contributes to the difficulty of the
communication system design [6]. In other words, the pre-
vious 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 under-
ground mining environment [8].

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 positioning
of the light emitting diodes (LEDs) and photodiodes (PDs)
to provide better illumination and light reception inside 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 characteris-
tics has been presented. Based on an extensive review of the
state of art (see Section II), 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 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 scatteringmodel that considers a disk-shaped distri-
bution 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 differ-
ences between a referential (typical indoor) VLC channel and
the undergroundminingVLC channel. For channelmodeling,
we use the ray tracingmethodology, 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
underground mining VLC channel and the typical
indoor VLC channel, which is used as a reference
VLC channel 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, respec-
tively. In Section VII, we describe the mining scenario where
we evaluate the proposed VLC channel model, present our
results, and discuss our findings. Finally, conclusions of our
work are described in Section VIII.

II. 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 [11], [15]–[20].
Among the most popular applications are those of location
inside underground mining tunnels.
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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 component
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 [11], 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 Lamber-
tian model by considering the LoS and non-LoS compo-
nents, 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 mitiga-
tion 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 theoretical 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 locating 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 perfor-
mance compared to typical localization technologies. In [19],
another system based on a VLC scheme for localization by
using three-dimensional trilateration is proposed. The chan-
nel model used for this work is the typical indoor VLC chan-
nel 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 pro-
posed system uses the VLC technology. However, the authors
highlight that a generic channel model for VLC systems in
underground mining has not been proposed. Therefore, a typ-
ical 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 themine can affect the performance of theVLC system
and applications based on it. Therefore, we believe that the
revised VLC-based underground mining applications could
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, location,
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 environ-
ments, where the LoS and non-LoS components are con-
sidered. 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 impulse 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 tun-
nels, is characterized. The adopted model is the Lambertian
VLC channel model with the direct and diffuse components.
The VLC system performance is evaluated through simula-
tions, 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 con-
siders an intrinsic characteristic of mines, such as dust parti-
cles, is presented. This paper studies the effects of coal dust
particles in terms of the optical signal degradation. This phe-
nomenon 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. How-
ever, 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 phenom-
ena. Consequently, the effects of these phenomena are not
included in the analytical model of the VLC channel, so this
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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 applied
to derive an underground mine VLC channel model. The pro-
posed channel model is based on nonlinear auto-regressive
exogenous parameters (NARX). Furthermore, the authors
assumed a dynamic non-linear behavior of the optical chan-
nel. 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 min-
ing VLC environments is the same as the one used for
indoor VLC environments. However, little or no evidence
is presented 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 consider 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 phenom-
ena must be included directly in the underground mining
VLC channel model. These assumptions should be con-
sidered 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].

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
novelty 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 (LiFi)/RF hybrid indoor environment is proposed.
The authors present the objects that cause shadowing as cylin-
ders 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 undergroundmining 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. Therefore,
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 uni-
form 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 environ-
ments, in the authors’ opinion, these phenomena have not
been widely and properly analyzed in underground mining
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environments. In this context, only a few VLC channel mod-
eling 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 min-
ing 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 interac-
tion 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 1.
It can be seen that our proposal contemplates the main factors
that exist in undergroundmines and that need to be considered
in the channel model.

III. 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 1, 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 dif-
ferent 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
(xTi , y

T
i , z

T
i ) in the Cartesian coordinate system. For the

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

FIGURE 1. Downlink geometry of the light propagation for the reference
underground mining scenario.

remainder of the manuscript, we consider the LED as an
optical transmitter Ti, which belongs to a set of optical trans-
mitters, where i = 1, 2, . . . , I and I is the total number
of optical transmitters. Finally, we assume that each Ti has
the same generalized Lambertian radiation pattern; therefore,
the radiation intensity pattern Ri(φij) can be modeled as
follows [9]:

Ri(φij) =


m+ 1
2π

cosm(φij) if − π/2 ≤ φij ≤ π/2

0 otherwise
, (1)

where φij is the radiance angle with respect to the normal
vector to the Ti surface, which is ni = [0, 0,−1], and
m = −1/log2

[
cos(8i1/2)

]
represents the Lambertian mode

number of the Ti, which is a function of semi-angle at half
power (8i1/2) of the Ti [9]. The subscript j of φij will be
defined in Section III-B.

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 Ap. In addition,
for an ideal scenario, the PD may be assumed as fixed and
vertically oriented upwards, where its position is represented
by (xRj , y

R
j , z

R
j ) in the Cartesian coordinate system. Hence,

we consider the PD as an optical receiver Rj, which belongs
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to a set of optical receivers where j = 1, 2, . . . , J and J is
the total number of optical receivers. Rj collects the incident
power produced by the light intensity of Ti. The effective
collection area of the Rj detector acquires the form of [9]

Aeff (θij) =

{
Apcos(θij) if −2/2 ≤ θij ≤ 2/2
0 otherwise

, (2)

where θij is the incidence angle with respect to the normal
vector to the Rj surface, which is nj = [0, 0, 1], and 2 is the
PD field of view (FoV). The optical concentrator gain can be
written as g(θij) = η2/sin2(2), being η the internal refractive
index of the concentrator [9].

C. VISIBLE LIGHT PROPAGATION MODEL
In Sections III-A and III-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 ismodeled based on two optical components: the LoS
component and non-LoS component. The LoS component
directly results from the LED lighting falling on the PD.
Therefore, the LoS link depends on LEDs and PDs param-
eters as seen above. The direct current (DC) gain of the LoS
optical wireless channel is formulated by merging (1) and (2)
by the following form [9]:

HLoS (0;Ti,Rj) =
(m+ 1)Ap
2πd2ij

cosm(φij) cos(θij)G(θij)

×rect
(
θij

2

)
, (3)

where rect
(
θij
2

)
= 1 for 0 ≤ θij ≤ 2 and 0 otherwise; the

Euclidean distance between Ti and Rj is denoted by dij, and
G(θij) = Ts(θij) g(θij) represents the combined gain of the
optical filter and optical concentrator, respectively [9].

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 HNLoS . 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 ‖H (k)

NLoS‖ → 0 when k →∞,
where H (k)

NLoS is the non-LoS component after k 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 th order would be negligible. (2) The
first bounce comes to be the most important component that
affects the received power and its temporal dispersion. There-
fore, theHNLoS component could be estimated by considering
the first bounce, which is known as H (1)

NLoS .
The DC gain of the non-LoS optical wireless channel can

be calculated by adding all the components arriving at the Rj
after being reflected in a surface, namely [9]

H (1)
NLoS (0;Ti,Rj) =

(m+ 1)Ap
2π

W∑
w=1

1Awρw
d2iwd

2
wj

cosm(φiw)

×cos(θiw)cos(φwj) cos(θwj)G(θwj)

×rect
(
θwj

2

)
, (4)

where 1Aw denotes the wth area of the considered reflec-
tive element w, whose reflection coefficient and position are
respectively represented by ρw and (xSw, y

S
w, z

S
w).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 ( nw = [0, 1, 0]) and the radiance
angle of the light component reaching the reflective element
w are symbolized with θiw and φiw, respectively. The angles
of incidence and radiance denoted by θwj and φwj respectively
are measured with respect to the light component that is
reflected in the reflective element w and reaches Rj. Finally,
the Euclidean distances between Ti and the reflective element
w, and between the reflective element w and Rj are given by
diw and dwj, respectively.
As we mentioned, the analysis of VLC system compo-

nents 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 underground mine. However, this observation gives us a
overall framework and naturally leads us to Sections IV, V
and VI, where we discuss more details about the development
of the proposed underground mining VLC channel model.
In Section IV we analyze and consider in the underground
mining VLC channel model to be proposed, the position char-
acteristics (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 Section V, we statistically character-
ize the shadowing and add it to the VLC underground mining
channel components derived in Section IV. The scattering
distribution in the underground mining scenario, its statistical
characterization, and its channel component are derived in
SectionVI. At the end of this section, the closedmathematical
expression of the proposed undergroundminingVLC 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 thewalls of the tunnels.
To facilitate maintenance and replacement work, the place-
ment of LEDs in the curved sections between the wall and
the ceiling of the tunnel is preferred. When we place the
Ti on the tunnel walls, it normally does not point vertically
downwards. A convenient way to describe the orientation of
the Ti 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 βi, which
takes values in range of [90◦, 180◦) and the rotation angle
with respect to the x-axis is denoted as αi, which is defined
in the interval [0◦, 360◦). Both ranges of values are based on
the characteristics of the underground mining scenario and
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work related to LED positioning [37]–[39]. These elementary
angles are represented in Figures 2 and 3.

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

FIGURE 3. Transmitter position characteristics.

It is evident that the orientation of the Ti determines its
normal vector ni. Therefore, ni after the tilt and rotation of the
Ti is termed by ntilti . This orientation also affects φij, which
is now denoted as φtiltij . The effect of these considerations is
directly distinguished in the term cos(φtiltij ) of the LoS channel
component, which is based on the vector concepts as follows:

cos(φtiltij ) =
Vi−j · ntilti
‖Vi−j‖‖ntilti ‖

, (5)

where the vector from Ti to Rj is denoted by Vi−j, the nota-
tion ‖ · ‖ denotes the 2-norm, and · represents the prod-
uct dot operation. Also, for vector concepts, ‖Vi−j‖ = dij,
‖ntilti ‖ = 1, and ntilti can be represented in terms of αi
and βi as ntilti = [sin(βi) cos(αi), sin(βi) sin(αi),− cos(βi)].
Ti positioning characteristics are shown in Figure 3.
Notice that the z-component of the ntilti is negative since
the Ti is pointing downwards. Furthermore, Vi−j =[
xRj − x

T
i , y

R
j − y

T
i ,−1hij

]
, assuming that 1hij is the differ-

ence height between Ti and Rj, that is zTi -z
R
j = 1hij. Conse-

quently, the expression (5) can be rewritten in the following
form:

cos(φtiltij ) =

[
xRj − x

T
i , y

R
j − y

T
i ,−1hij

]
dij

· [sin(βi) cos(αi), sin(βi) sin(αi),− cos(βi)] . (6)

On the other hand, when we install Rj in the helmets of the
mining workers, Rj does not always point vertically upward
due to the nature of the person’s head movement. As in Ti,
the orientation of Rj 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 βj,
which takes values in range of [0◦, 90◦), and the rotation
angle with respect to the x-axis is denoted with αj that can be
values in range of [0◦, 180◦). Both range of values are based
on the characteristics of the underground mining scenario,
the range of motion of a person’s head, and works related
to PD positioning [40]–[42]. These angles are displayed in
Figures 2 and 4 for clarification purposes.

FIGURE 4. Receiver position characteristics.

The previous considerations for the orientation of Rj
change its nj and θij, which are now denoted as ntiltj and θ tiltij ,
respectively. Furthermore, this effect is directly noticeable in
the term cos(θ tiltij ) of the LoS channel component, which is
based on the vector concepts as follows:

cos(θ tiltij ) =
Vj−i · ntiltj
‖Vj−i‖‖ntiltj ‖

, (7)

where Vj−i is the vector from Rj to Ti. For vector con-
cepts, we also consider that ‖Vj−i‖ = dij, ‖ntiltj ‖ = 1,
ntiltj =

[
sin(βj) cos(αj), sin(βj) sin(αj), cos(βj)

]
, and Vj−i =[

xTi − x
R
j , y

T
i − y

R
j ,1hij

]
as can be seen in Figure 4. Conse-

quently, the expression (7) can be rewritten as

cos(θ tiltij ) =

[
xTi − x

R
j , y

T
i − y

R
j ,1hij

]
dij

·
[
sin(βj) cos(αj), sin(βj) sin(αj), cos(βj)

]
. (8)

Finally, in order to include the effect of the orientation of
Ti and Rj in the proposed underground mining VLC channel
model, we replace the expressions (6) and (8) in the mathe-
matical expression of the LoS channel component expressed
in (3) to obtain a precise model for HLoS that is given by (9),
as shown at the bottom of the next page.

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
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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 III-C, each reflective element is
modeledwith the Lambertian reflectance, so each of them 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 elements, 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 IV-A, the normal vector nw 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 βw, which
belongs to the range of [0◦, 180◦) and the rotation angle with
respect to the x-axis is denoted as αw 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 Figure 2).

The introduced features for the orientation of each reflec-
tive elementw changes its normal vector nw, and its angles θiw
and φwj, which are now termed by ntiltw , θ tiltiw and φtiltwj , respec-
tively. Additionally, the tilt and rotation of Ti and Rj affects
this channel component in terms of the angles φiw and θwj,
which are redefined by φtiltiw and θ tiltwj , respectively. Therefore,
the irregular walls of the tunnels along with the orientation
of Ti and Rj directly affect the non-LoS component of the
underground mining VLC channel.

The effect of these considerations is noticeable in terms
of the following cosines: cos(φtiltiw ), cos(θ tiltiw ), cos(φtiltwj ) and
cos(θ tiltwj ) in the following form:

cos(φtiltiw ) =
Vi−w · ntilti
‖Vi−w‖‖ntilti ‖

, (10)

where Vi−w is the vector from Ti to w, ‖Vi−w‖ = diw, and
Vi−w =

[
xSw − x

T
i , y

S
w − y

T
i ,−1hiw

]
, assuming that 1hiw is

the difference height between Ti and w.

cos(θ tiltiw ) =
Vw−i · ntiltw
‖Vw−i‖‖ntiltw ‖

, (11)

where Vw−i is the vector from w to Ti, ‖Vw−i‖ = diw,
‖ntiltw ‖ = 1, ntiltw can be represented in terms of αw and βw,
that is ntiltw = [sin(βw) cos(αw), sin(βw) sin(αw), cos(βw)] and
Vw−i =

[
xTi − x

S
w, y

T
i − y

S
w,1hiw

]
.

cos(φtiltwj ) =
Vw−j · ntiltw
‖Vw−j‖‖ntiltw ‖

, (12)

where Vw−j is the vector from w to Rj, ‖Vw−j‖ = dwj, and

Vw−j =
[
xRj − x

S
w, y

R
j − y

S
w,−1hwj

]
, assuming that 1hwj is

the difference height between w and Rj.

cos(θ tiltwj ) =
Vj−w · ntiltj
‖Vj−w‖‖ntiltj ‖

, (13)

where Vj−w is the vector from Rj to w, ‖Vj−w‖ = dwj, and

Vj−w =
[
xSw − x

R
j , y

S
w − y

R
j ,1hwj

]
.

All the previous definitions allow us to reform the expres-
sions (10), (11), (12), and (13). 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 (4). As a consequence,
we obtain an exact expression for H (1)

NLoS given by (14), as
shown at the bottom of the next page.

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 theminers’ helmet. Therefore, due to the location
of Ti, 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 only

HLoS (0;Ti,Rj) =
(m+ 1)Ap
2πdm+3ij

{[
xRj − x

T
i , y

R
j − y

T
i ,−1hij

]
· [sin(βi) cos(αi), sin(βi) sin(αi),− cos(βi)]

}m
×

{[
xTi − x

R
j , y

T
i − y

R
j ,1hij

]
·
[
sin(βj) cos(αj), sin(βj) sin(αj), cos(βj)

]}
G(θ tiltij )rect

(
θ tiltij

2

)
(9)
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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-C.

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 5. 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 Ti is located and the point B is
the Cartesian coordinate where Rj is located. We observe that
the magnitude of line segment AB matches to the magnitude
of dij.

For our model, we discard the thickness of the obstruc-
tion and consider the point V , whose coordinates are repre-
sented by (xv, yv, 0), as the midpoint of the projection of the

FIGURE 5. Schematic diagram of the AB optical link being blocked by a
mobile obstruction with width wv and height hv .

obstruction in the x-y plane. Furthermore, the line segment
CD represents the projection of line segment AB in the
x-y plane, whose coordinates of the points C and D are
(xTi , y

T
i , 0), (x

R
j , y

R
j , 0) respectively. Finally, we consider a

perpendicular line segment to CD from the point (xv, yv, 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 beginning
time. (2) For the no-shadowed case, VLC channel compo-
nents are not affected. On the other hand, for the shadowed
situation, a weighting function Pij is introduced to describe
the random shadowing. Pij 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 Nt with an intensity parameter ε. Further-
more, each obstruction is independently and identically dis-
tributed with its own dimensions (width wo and height ho)
and position (xo, yo). 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 t as (w1, h1, x1, y1),
(w2, h2, x2, y2),. . . ,(wNt , hNt , xNt , yNt ). (5) We denote pv as

H (1)
NLoS (0;Ti,Rj) =

(m+ 1)Ap
2π

W∑
w=1

1Awρw
dm+3iw d4wj

{[
xSw − x

T
i , y

S
w − y

T
i ,−1hiw

]
· [sin(βi) cos(αi), sin(βi) sin(αi),− cos(βi)]

}m
×

{[
xTi − x

S
w, y

T
i − y

S
w,1hiw

]
· [sin(βw) cos(αw), sin(βw) sin(αw), cos(βw)]

}
×

{[
xRj − x

S
w, y

R
j − y

S
w,−1hwj

]
· [sin(βw) cos(αw), sin(βw) sin(αw), cos(βw)]

}
×

{[
xSw − x

R
j , y

S
w − y

R
j ,1hwj

]
·
[
sin(βj) cos(αj), sin(βj) sin(αj), cos(βj)

]}
G(θ tiltwj )rect

(
θ tiltwj

2

)
. (14)
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the probability that the LoS optical link (line segment AB) is
blocked by (wv, hv, xv, yv) where v takes values from 1 to Nt
and p1, p2,. . . , pNt are independent and identically distributed.
Consequently, Pij can be written as [30]

Pij = exp [−εE(pv)t], (15)

where E(pv) is the expected value of pv. Now, we must find
the specific physical and geometric conditions that mathe-
matically demonstrate when the optical link is blocked by
some obstruction (wv, hv, xv, yv). Based on the geometry
of Figure 5, we can summarize two main conditions [30]:
(1) Half of wv must be greater than or equal to the distance
from the point (xv, yv) to the segment CD, namely wv/2 ≥
d(xv, yv). (2) hv must be greater than or equal to the length of
EF, namely hv ≥ s(xv, yv).
Since the coordinates of the points A and B are known,

we can formulate the expressions of d(xv, yv) and s(xv, yv) as
follows:

d(xv, yv) =
|(yTi − y

R
j )xv − (xTi − x

R
j )yv − x

R
j y

T
i + x

T
i y

R
j |√

(yTi − y
R
j )

2 + (xTi − x
R
j )

2
,

(16)

s(xv, yv) =
(yTi − y

R
j )

2
+ (xTi − x

R
j )

2
+ (xv − xRj )

2

2
√
(yTi − y

R
j )

2 + (xTi − x
R
j )

2

+
(yv − yRj )

2
− [(xv − xTi )

2
+ (yv − yTi )

2]

2
√
(yTi − y

R
j )

2 + (xTi − x
R
j )

2
+ zRj .

(17)

As the entry of possible obstructions to the tunnel is not
deterministic, we denote functions of joint probability den-
sity for wv and hv as gv(w, h) and for xv and yv as fv(x, 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(pv) and
Pij are presented in [30], (18) and (19), as shown at the bottom
of the page.

Finally, we include the shadowing characterization and
its effect in the LoS channel component expressed in (9)
by including the weighted function Pij 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 Piw and Pwj in its mathe-
matical expression. These weighted functions are obtained
through the same statistical process to obtain Pij and they
represent possible blockages in the optical link between Ti

and the reflective element w, and the optical link between w
and Rj, respectively. Therefore, the newmathematical expres-
sions obtained by multiplying the LoS an non-LoS channel
components by their corresponding weighting function are
denoted as HLoS(sh) and H

(1)
NLoS(sh)

respectively, and expressed
as follows:

HLoS(sh) (0;Ti,Rj) = HLoS (0;Ti,Rj)Pij, (20)

H (1)
NLoS(sh)

(0;Ti,Rj) = H (1)
NLoS (0;Ti,Rj)PiwPwj. (21)

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 geo-
metric considerations that we adopt in our analysis are dis-
played in Figure 6. By considering the underground mining
environment, we assume that at the beginning, Ti is free of
scatterers to their surroundings and the height where they
are positioned is greater than the height where Rj is located.
Furthermore, we assume that the scatterers are randomly and
independently distributed within a disk-shaped area of radio
Rr centered on Rj. These scatterers are called local scatterers.

We consider that within the disk centered on Rj, there
are numerous local scatterers Sn, 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

E(pv) =
∫ X

0

∫ Y

0

[∫ ∫
{(w,h):w≥2d(x,y),h≥s(x,y)}

gv(w, h)dw dh
]
fv(x, y)dx dy, (18)

Pij = exp
{
−ε

{∫ X

0

∫ Y

0

[∫ ∫
{(w,h):w≥2d(x,y),h≥s(x,y)}

gv(w, h)dw dh
]
fv(x, y)dx dy

}
t
}
. (19)
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polar coordinates as (rn, θSn−j), where rn is the distance from
the nth local scatterer to Rj and θSn−j represents the angle
between the distance vector from the nth local scatterer to
Rj and ntiltj . 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). Further-
more, we assume that the light beam from the optical link
transmitted from Ti travels through the atmosphere, impacts
some of the local scatterers, and reaches Rj after a single
bounce.

After the optical signal hits the local scatterer, it can be
absorbed or dispersed. Therefore, Rj could receive signals
from diverse directions, which are only determined by the dis-
tribution of local scatterers. We define the Euclidean distance
of the transmitted optical link between Ti and Sn as di−Sn and
the radiance angle between the Ti and Sn as φi−Sn . Therefore,
we can describe the probability distribution function (PDF)
of the UDSM as follows [32]:

prn (rn, θSn−j) =


(a+ 1)(rn)a

2πR(a+1)r
, if− π ≤ θSn−j ≤ π

and 0 < rn ≤ Rr
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 gen-
erally depends on rn, except for a = 0 and θSn−j is uniformly
distributed in the interval [−π , π ]. In other words, the UDSM
obeys to a circularly symmetric scattering model. For an
specificRr , we can choose values of a between 0 and 1, which
only includes scatterers near to Rj and is useful for model-
ing 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

prn (rn, θSn−j) =


rn
πR2r

, if− π ≤ θSn−j ≤ π

and 0 < rn ≤ Rr
0 otherwise .

(23)

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

B. ANALYSIS OF THE INTERACTION BETWEEN THE
OPTICAL LINK AND LOCAL SCATTERERS
To characterize the effect of the interaction between the opti-
cal link and local scatterers, we assume a scenario where
the light ray emitted by Ti travels through the atmosphere,
interacts with Sn effective scatterers, and reachesRj. To derive
a generalized theoretical approach, we present a reference
model based on the assumption that the number of local scat-
terers can tend to infinity, (N →∞). Consequently, the total
diffuse channel components produced by the scattered signals
can be represented as a superposition of an infinite number of

FIGURE 6. Outline of the geometric scattering pattern.

plane waves coming from different directions determined by
the distribution of the local scatterers. We assume that each
scatterer Sn introduces a coefficientGn. This gain is inversely
proportional to N and directly proportional to the average of
the dust particle reflection coefficient ρs, that is, Gn = ρs/N .
As the light beam (photons) after leaving Ti 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 coeffi-
cients of absorption and dispersion are represented by ka
and ks, respectively. It is important to mention that when a
photon is absorbed by some dust particle, it is annihilated
and does not reach the Rj. Therefore the coefficient ka 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 continu-
ing to travel through the atmosphere, as can be see in Fig-
ure 6. Therefore, the coefficient ks must be considered in the
analysis. To describe this path change in a stochastic way,
we consider the pair of angles (φi−Sn , θSn ), where φi−Sn is the
radiance angle measured between ntilti and the vector from
Ti to Sn, and θSn 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
pray and the phase function based on the Mie scattering
theory, represented by the generalized Henyey-Greenstein
function pmie. In particular, for 0 ≤ φi−Sn ≤ π/2 and 0 ≤
θSn ≤ 2, these functions are expressed as [33], [34]

pray(µ) =
3[1+ 3γ + (1− γ )µ2]

16π (1+ 2γ )
, (24)

pmie(µ) =
1− g2

4π

[
1√

(1+ g2 − 2gµ)3
+

f (3µ2
− 1)

2
√
(1+ g2)3

]
,

(25)

where µ = cos(θSn ), and γ , 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
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its diameter. This contribution is governed by atmospheric
composition and modeled by the weighting parameters kr
and km, which are Rayleigh scattering and Mie scattering
coefficients, respectively. In addition, we know that ks =
kr + km [33], [34]. The interaction of these phase functions
follows a Bernoulli distribution, i.e. the probability that the
photon is modeled as pray is kr /ks and the probability that
the photon is modeled as pmie is km/ks. Therefore, the over-
all phase function along with its respective PDF is given
by [33], [34]

ptotal(µ) =
kr
ks
pray(µ)+

km
ks
pmie(µ), (26)

fsca(µ) = ptotal(µ) sin (µ). (27)

Finally, Gn is redefined as Gn(µ) = ρsfsca(µ)/N .

C. PROPOSED CHANNEL MODEL CONSIDERING THE
EFFECTS OF SCATTERING
Based on the mathematical expression of the typical Lamber-
tian channel model, we present the channel model produced
by scattering on the optical path Ti-Sn-Rj, which corresponds
to the light beam that travels from Ti, interacts with the local
scatterrer Sn and reaches Rj. In this context, the DC gain
mathematical expression of the scattering optical wireless
channel can be written as

Hsca(0;Ti, Sn,Rj) = lim
N→∞

N∑
n=1

Ap(m+ 1)Gn(µ)

2πD2
i−n−j

× cosm(φi−Sn ) cos(θSn−j)rect
(
θSn−j

2

)
,

(28)

where the path lengthDi−n−j represents the total distance that
light travels from the Ti via Sn to the Rj and can be expressed
as Di−n−j = di−Sn + rn. Furthermore, based on the geometry
of the Figure 6, the expression di−Sn can be determined by
using the law of cosines as follows:

di−Sn =
√
r2n + d

2
ij − 2rndij cos (βi−Sn ), (29)

where βi−Sn denotes the difference between the angles θi−Sn
and θ tiltij . The value of βi−Sn depends on the value of these
angles and the position of the Sn in the following form:

βi−Sn =

{
θSn−j − θ

tilt
ij if θ tiltij < θSn−j

θ tiltij − θSn−j otherwise
. (30)

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

Hminer (0;Ti,Rj) = HLoS(sh) (0;Ti,Rj)+ H
(1)
NLoS(sh)

(0;Ti,Rj)

+Hsca(0;Ti, Sn,Rj). (31)

The general expression of the underground mining VLC
channel model is formed by the addition of expressions (20),
(21), and (28). Therefore, we fulfill the objective of including
in a single expression all the intrinsic factors of the under-
ground mining scenarios.

VII. 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 × 3m × 5m. In our analysis, but
without losing the generality, we consider a single transmitter
and a single receiver, T1 and R1, respectively. R1 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.

TABLE 2. Parameters for the underground mining simulation scenarios.

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 III, 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. T1 is installed pointing
downwards and R1 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.
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TABLE 3. System parameters.

Instead, in the proposed underground mining scenario,
we consider five different positions of R1 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 super-
pose all the solutions induced by each LED in order to get the
analysis of the total tunnel. Due to the considered characteris-
tics of the proposed underground mining scenario, no matter
where R1 is located, the proposed VLC channel model would
work in the same way.

The positions of R1 are graphically described in Figure 7.
For illustrative purposes in all positions, R1 is tilted and
rotated, and its angles of tilt (βj) and rotation (αj) 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 βw and αw, which follow a uniform probability
distribution, βw ∼U [0,180◦] and αw ∼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 ε is 5 per minute.
Furthermore, for simplicity and model illustration, we con-
sider that the joint probability density functions fv(x, y) and
gv(w, h) follow a uniform distribution, fv(x, y)∼U [0,25] and
gv(w, h) ∼ U [0,2]. The scattering effect is considered by

FIGURE 7. Proposed simulation scenario for five different positions of R1.

including local scatterers that follow the distribution detailed
in Section VI. The number of local scatterers (N ) 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 R1. These CIRs, each
represented by hminer (t;Ti,Rj) are defined as the received
optical intensity when the transmitted optical intensity is
a unit-area Dirac delta function. Therefore hminer (t;Ti,Rj)
can be obtained from expression (31), by adding the delta
components δ(·) that depend on the distance the light beam
travels as follows:

hminer (t;Ti,Rj)

= hLoS(sh)(t;Ti,Rj)δ
(
t −

dij
c

)
+h(1)NLoS(sh)(t;Ti,Rj)

W∑
w=1

δ

(
t −

diw + dwj
c

)

+hsca(t;Ti, Sn,Rj)
N∑
n=1

δ

(
t −

Di−n−j
c

)
. (32)

Given a number of rays including LoS, non-LoS, and
scattering, we compute the detected power and path lengths
from T1 to R1 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 8 shows the CIRs for the five positions of R1 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 8 is the referential
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FIGURE 8. CIRs of the five R1 positions in the evaluated underground
mining scenario.

Euclidean distance between T1 and R1. We observed in all R1
positions that the LoS component has a higher contribution in
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 inter-
esting findings can be distinguished. Firstly, as the distance
between T1 and R1 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 R1
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 R1. In this position, the optical link is more
likely to be partially or totally blocked due to the physi-
cal 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 R1 to T1. 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 9
shows the CIRs of the sum of all the non-LoS components of
the five positions of R1. These CIRs in all the scenarios main-
tain the trend of the total CIRs, that is, the greater the distance
between T1 and R1, 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 T1 compared to the distance the

FIGURE 9. CIRs considering the sum of the non-LoS components of the
five positions of R1 in the evaluated underground mining scenario.

LoS component travels. Therefore, the non-LoS components
arrive at R1 with a longer delay than the LoS component. The
effect of non-flat walls by having uniform random αw and
βw in a specific interval causes non-LoS components of vari-
ous magnitudes without marking an increasing 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 R1. 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 T1 and R1 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 R1 for the proposed underground mining
scenario. It is possible to notice that although each position
increases the distance between T1 and R1, the magnitude
of the CIR is not drastically decreased among R1 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 R1 is random, the distance
between the local scatter and T1 will also be variable, so the
CIRwill not depend solely on the distance between T1 andR1.
Furthermore, we consider a gain (Gn) that depends on a gen-
eral phase function gain that randomly combines Rayleigh
and Mie scattering, which directly influences similar magni-
tudes between scenarios.

On the other hand, we note that when the distance between
T1 and R1 increases, the scattering components reach R1
later, maintaining the same trend as the LoS and non-LoS
components. However, if we compare the arrival times per
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FIGURE 10. CIRs of the scattering components for the five positions of R1
in the evaluated underground mining scenario.

position of the non-LoS CIRs (Figure 9) with the arrival times
per position of the scattering CIRs (Figure 10), we observe
that for scattering they are lower. This is due to two factors:
1) We only consider the optical path that starts from T1,
bounces off the local scatterer and reaches R1. Therefore,
the distance that the optical signal travels is less compared
to the distance of the optical path starting from T1 going
to the wall and reaching R1. 2) Since the local scatters are
much closer to R1 (disk-shaped area), the signal bounce in
the local scatter would reach R1 faster if we compare it with
the proximity of the wall with R1. 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 posi-
tion 1 of R1 and vary its values of N as can seen in Figure 11.
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 N , the CIR
reaches the maximum values in comparison with the other
values of N . As the value of N decreases, the magnitude
of the CIR also decrease. This is because the gain factor
(Gn) in the CIR is inversely proportional to N . Although we
theoretically assume that N→∞ (see expression (28)), not
all optical signal bounces in local scatterers and reach R1.
This would depend on the optical signal being inside the FoV
of R1. Therefore, with this analysis, we can verify that the
value of N (N = 40) chosen for all the positions of R1, 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.

FIGURE 11. CIRs of the scattering component with different values of N
for the position 1 of R1 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 R1 for illustrative
purposes. We present their respective CIRs in Figure 12.
As we described at the beginning of this section, the char-
acteristics 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 T1 and R1 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 3.489×10−5 while for the proposed underground mining
scenario it is 1.772×10−5. 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
components of the CIR that belong to the proposed under-
ground mining scenario have a greater contribution com-
pared to the reference underground mining scenario. This
effect can be best observed in Figure 13. In the reference
underground mining scenario the magnitude of the maximum
non-LoS contribution is 4.002×10−6 while for the proposed
underground mining scenario it is 2.434×10−6. 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 sce-
nario represents 13.73%. However, for the reference under-
ground mining scenario, the magnitude of the maximum
non-LoS contribution represents 11.47% with respect to the
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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 R1.

LoS contribution. The effect of non-flat walls in the proposed
underground mining scenario is also highlighted, we can
observe greater variability in the magnitudes that make up
the CIR.

Finally we see in Figure 13 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.

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 R1.

C. TEMPORAL DISPERSION ANALYSIS OF THE PROPOSED
UNDERGROUND MINING CHANNEL
In wireless communication systems, due to the own nature
of the media and multi-path reflections, the channel stretches

the signal transmission in time. This phenomenon is well
known as temporal dispersion. Therefore, since we are ana-
lyzing a VLC channel characterized by reflections and scat-
tering, 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 hminer (t,Ti,Rj). A detailed observation of this time
parameter provides direct information about the channel con-
figuration. 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 themain
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]

DRMS =

√∫
∞

0 (t − µRMS )2 h2miner (t,Ti,Rj)dt∫
∞

0 h2miner (t,Ti,Rj)dt
, (33)

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

µRMS =

∫
∞

0 t h2miner (t,Ti,Rj)dt∫
∞

0 h2miner (t,Ti,Rj)dt
. (34)

It should be noted that µRMS strongly depends on the time
that the transmitted pulse takes to propagate from T1 to R1
after undergoing a reflection, while the DRMS considers only
the stretching of the CIR over time. In practice, we consider
hminer (t,Ti,Rj) as the sum of samples numeric of all the
channel components that form it, so the approximate numeric
expressions for DRMS and µRMS are as follows:

DRMS =

√√√√∑P
p=0(p1t − µRMS )2 h

2
miner (p1t,Ti,Rj)∑P

p=0 h
2
miner (p1t,Ti,Rj)

, (35)

µRMS =

∑P
p=0 p1t h

2
miner (p1t,Ti,Rj)∑P

p=0 h
2
miner (p1t,Ti,Rj)

, (36)

where p1t is discretized quantity of t with a maximum num-
ber of samples P. We must emphasize that DRMS is critical in
high-speed applications, where the maximum bit rate (Rb) is
Rb ≤ 1/10DRMS [9], [35].

We have applied the analysis of this subsection and the
expressions (35) and (36) to obtain the characteristicDRMS of
hminer (t,Ti,Rj) over the entire proposed underground mining
scenario, as depicted in Figure 14. In addition, the main
statistical parameters of channel time dispersion are shown
in Table 4. These parameters are: mean (µ), standard devi-
ation (σ ), 90th percentile (90%ile), and 100th percentile
(100%ile).

We consider the entire proposed underground mining sce-
nario according to the dimensions and temporal and spatial
resolution of Table 2. The maximum and minimum values of
the DRMS are 8.28 × 10−9 and 9.01 × 10−12 respectively.
Therefore, the maximum Rb that we can reach is 1.20× 107

bps. On the other hand, we observe from the Figure 14
that the DRMS distribution is totally non-uniform and with
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FIGURE 14. RMS delay spread distribution of the proposed underground
mining channel model within the evaluated underground mining scenario.

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

high variability compared to ideal indoor scenarios [9], [44]
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 environment.
As these characteristics aremodeledwith randomparameters,
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
allows us to verify and analyze the behavior of the channel is
the power received at the receiver. For our proposed under-
ground mining scenario, since we consider a single LED
along with a single PD, the power received by R1 due to the
light emitted by T1 is expressed as [9]

Pr (R1) = RPDPthminer (0;T1,R1)+ NR1, (37)

where Pr (R1) is the power received of R1, RPD is the PD
responsivity, and Pt is the emitted optical power by T1. NR1 is
the additive noise in R1 that includes two types of noise that
particularly affect underground mining environments, shot
noise and thermal noise whose variances are denoted as σ 2

shot
and σ 2

thermal respectively. These variances are determined by
the following expressions [9], [45]:

σ 2
shot = 2qRPDPrBn + 2qIbgI2Bn, (38)

σ 2
thermal =

8πκTk
G

ηApI2B2n +
16π2κTk0

gm
C2
pdA

2
pI3B

3
n. (39)

σ 2
shot contains two components. The former corresponds to

photon fluctuation noise or quantum noise, where q is the

electric charge constant and Bn is the bandwidth of the elec-
trical filter that follows the PD. The latter corresponds to the
dark current and excess noise, where Ibg is the background
current due to the ambient light and the noise bandwidth
factor is I2. In σ 2

thermal , the former and latter components
represent the feedback-resistor noise and field-effect transis-
tor (FET) channel noise, respectively. Here, κ is Boltzmann’s
constant, Tk is absolute temperature, G is the open-loop
voltage gain, Cpd is the fixed capacitance of PD per unit
area, 0 is the FET channel noise factor, gm is the FET trans-
conductance, and I3 is the noise bandwidth factor [9], [45].
The values of these components are defined in Table 3.

Figure 15 shows the cumulative distribution func-
tion (CDF) of the power received by R1 throughout the
proposed undergroundmining scenario. In addition, we insert
the graphical distribution of the power received in the eval-
uated underground mining scenario. We evaluate the power
received by maintaining the z-coordinate of R1 with a value
of 1.8 m because it is a typical height value for a miner
with a helmet. Furthermore, Pt 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 µ, σ , and 90%ile, whose values are − 31.87
dB, 4.91 dB, and − 25.58 dB, respectively. If we com-
pare these values with VLC indoors scenarios or referential
undergroundmining 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 T1 and R1. Therefore, we note that
the effect of the rotation and tilt of T1 and R1, 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 nec-
essary to apply proper channel estimation and equalization
schemes, optical modulation systems, and channel coding
techniques.

FIGURE 15. Empirical CDF and distribution of the received power in the
plane of R1 for the evaluated underground mining scenario.
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The proposed underground mining VLC channel model
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 experi-
mental statistics of the position, rotation and tilt of the optical
receiver and develop empirical models. (3) Obtaining exper-
imental statistics of the rotation and tilt of the non-flat walls
of the underground mining tunnel and develop empirical
models.

VIII. 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 shadow-
ing, and the presence of dust particles that could originate
scattering. In order to reasonably present the proposed under-
ground mining VLC channel model, we derived the math-
ematical 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 expressions, we verified the validity of the proposed
model through numerical experiments within a representa-
tive section of a tunnel. Furthermore, we simulated a ref-
erence 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 contri-
butions 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
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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