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Abstract: The critical environment of the underground mines is a risky zone for mining applications
and it is very hazardous to engage the miners without a sophisticated communication system. The ex-
isting wired networks are susceptible to damage and the wireless radio systems experience severe
fading that restricts the complete access to the entire assembly of a mine. Wireless optical communica-
tion is a better approach that can be incorporated in the erratic atmosphere of underground mines to
overcome such issues, as lights are already used to illuminate the mine galleries. This study is focused
on investigating the characteristics of visible light communication (VLC) in an underground coal
mine. The entire scope of VLC is elaborated along with the influence of coal dust particles and the
scattering model. The impact of coal dust clouds on visibility and attenuation is analyzed for visible
light transmission. The shadowing effect generated by the pillars and mining machinery is estimated
by employing the bimodal Gaussian distribution (BGD) approach in coal mines. The characteristic
model of VLC for underground coal mines is presented by classifying the area of the mine into mine
gallery and sub-galleries. The transmission links of VLC are categorized as the line of sight (LOS) link
for direct propagation and the non-LOS (NLOS) link for reflected propagation. The scenarios of LOS
and NLOS propagation are considered for each evaluating parameter. Furthermore, the performance
of the proposed framework is examined by computing the received signal power, path loss, delay
spread (DS), and signal to noise ratio (SNR).

Keywords: positioning; underground wireless communication; visible light communication; coal

dust impact; Mie scattering model; path loss; VLC channel modeling

1. Introduction

The coal mines have a substantial contribution towards employment and play a
big part in the universal economy. Coal serves a major portion of energy requirements
by producing electricity; coal-fired power plants currently generate 37% of the global
electricity requirement [1]. The mining environment is quite harsh for mining applications
and it is very difficult to extract various kinds of minerals from the erratic atmosphere of
mines. The mining sector is composed of a risky environment where multiple kinds of
hazardous gases, probability of explosion, and other kinds of accidents can easily dominate
and endanger the safety of the workers [2]. Therefore, multiple advanced control systems
have been installed in mines to ease the mining process and ensure the safety of this critical
environment [3]. However, one of the major challenges in underground mines is the lack of
a stable communication framework that can provide complete access to the entire structure
of the mine. The underground mine is usually composed of an irregular pillar structure
and rough boundary surfaces, which makes it very difficult for the radio frequency (RF)
based wireless system to work efficiently [4]. This deficiency generates a high risk for the
safety of a worker.
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During emergencies, it is very difficult to track trapped individuals for rescue opera-
tions. Hence, it is very necessary to maintain a stable link of communication for consistent
monitoring of some vital parameters such as humidity level, gas intensity, explosions, dust
concentration, and more importantly, the current location of a trapped miner.

The existing communication systems used for underground mines are commonly
wired or wireless systems that do not provide full network accessibility in the hazardous
atmosphere of mines. The wired systems are becoming obsolete, whereas the wireless RF
systems are strongly attenuated due to the non-uniform internal structure and randomly
distributed medium indexes in the mine galleries [5]. On the other hand, the optical
fiber cable is the most efficient source of transmission that has the capability of high-
speed data propagation and can provide high bandwidth than wired protocols of guided
transmission [6]. Hence, the primary focus of this work is to analyze the highly efficient
optical transmission capabilities wirelessly. Optical wireless communication (OWC) is an
advanced next-generation technique and it can be employed in an indoor environment for
short-range communications [7].

b

Figure 1. Fundamental visible light communication (VLC) model for underground coal mines.

Since the mines do not have any source of natural illumination due to their under-
ground complex structure, illuminating the galleries of a mine is achieved by using light
emitting diodes (LED). The energy of these electronic lights can be utilized in a better
way to provide an additional benefit of data transmission. An optical wireless framework
is a sophisticated approach to eliminate the challenges of poor visibility in a hazardous
surrounding of coal mine and to facilitate the sensitive environment with better wireless
communication [8].

The visible light communication (VLC) approach is suggested to mitigate the chal-
lenges in the critical environment of coal mines. Figure 1 exhibits the fundamental structure
of VLC for underground mines. It is an emerging and promising technique of communica-
tion in the domain of OWC. It has unique characteristics that make it superior for indoor
short-range networks such as high data rate, unlicensed spectrum, cost-effectiveness, green
energy, and immunity to electromagnetic interference (EMI) [9]. The installation of the
VLC setup can be an appropriate approach in the risky atmosphere of coal mines by
utilizing the LEDs of cold light sources, but the existence of toxic material, flammable
gases, and coal dust attenuate the optical signal [10]. The channel modeling for the VLC
system in the critical environment of coal mines is more difficult as compared to a typical
indoor atmosphere.

The internal architecture of mines comprises irregular structures with rough boundary
surfaces and the presence of mining machinery makes it difficult to efficiently model all
the possible scenarios for visible light propagation. The randomly distributed pillars and
large mining objects generate a shadowing effect that can easily break the optical link.
The existence of the minute coal particles comprising water vapors and particulate matter
reduces the visibility and causes scattering of the optical signals. If the size of suspended
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coal particles is larger than the wavelength of the optical signal, it generates the Mie
scattering effect which is a critical factor for the attenuation of the optical transmission [11].
Similarly, the non-uniform geometry of the ceiling generates geometric loss, which requires
angular positioning of the LEDs and photodiodes (PDs) [12].

In most of the recent studies [12-15], VLC systems for mines have been discussed,
however, the entire scope of a VLC framework has not been discussed elaborately. A
complete study of the VLC framework should include channel modeling for classified
zones, the impact of suspended coal dust particles, path loss estimation, visibility attenua-
tion model, Mie scattering, and shadowing effect. In the same way, other research works
focus on investigating the characteristics of OWC. For example, Reference [16] proposed
geometry-based single bounce (GBSB) model to estimate the characteristics of the VLC
channel for multiple fields of view scenarios, and the results are reported in terms of the
channel impulse response (CIR) and mean excess delay. Similarly, Reference [17] utilizes
the recursive approach to examine the CIR for multipath fading for a particular indoor
environment and the impact of spectral reflectance induced due to the indoor reflectors.
The authors present a study on the effective inversion algorithm for the particle size dis-
tribution measurement by using the spectral extinction approach in [18]. None of these
studies presented a ray-tracing model to compute the channel response of visible light
communication for multiple reflections effect of non-line of sight (NLOS) link in coal mines.

Sub-Gallery

/ \
Room ‘and Pillar
<8

Figure 2. Structural design of coal mine galleries.

The chief objective of this research is to examine the characteristics of VLC in under-
ground coal mines. The channel modeling for the VLC framework is designed to estimate
the optical received power by incorporating the transmission links for line of sight (LOS)
and NLOS scenarios. The entire structure of the coal mine is divided into the gallery
and sub-gallery. The concept of the mine gallery depicts the area for transportation of
coal and all the connected branches to the mine gallery are nominated as sub-galleries
as shown in Figure 2. The sub-gallery comprises a room-and-pillar structure that repre-
sents the mining environment for the extraction of coal. In brief, this study makes the
following contributions

* Anextensive study of the VLC framework was performed to examine the characteris-
tics of VLC for underground coal mines which are missing in the literature.

®  The influence of coal dust on visible light propagation was investigated by consid-
ering its concentration effect on the visibility reduction. The attenuation due to the
suspended coal dust particles is estimated by using the attenuation visibility model.

* In the absence of a reflection point, a shadow will be generated by the obstacle that
blocks the visible light propagation. The probability of error due to the shadowing
is examined in this study by utilizing the bimodal Gaussian distribution (BGD).
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Moreover, the Mie scattering phenomena were modeled and the analysis of scattering
against the particle size of coal dust is discussed.

¢ The performance of the proposed framework is examined by computing the received
signal power, path loss, delay spread (DS), and signal to noise ratio (SNR).

The rest of this manuscript is organized as follows. A few research papers related to
the current study are discussed in Section 2 while Section 3 describes the channel modeling
of visible light communication. The illuminance modeling for mine gallery and sub-gallery
is presented in Section 4. Section 5 presents the analysis and findings on the influence
of coal dust particles. Simulation results are presented in Section 6 and finally Section 7
provides the conclusion.

2. Related Work

The study of VLC is growing progressively and advanced techniques are being an-
alyzed by various research communities for their potential applications. The channel
modeling of VLC plays a vital role to achieve efficient and reliable outcomes from such
techniques. VLC is a novel branch of OWC. Unlike the research on OWC systems, which
has been matured over the years for typical indoor environments, there exists a huge gap
in the domain of sophisticated VLC systems for underground mines. A brief overview of
existing research in the area of VLC is presented in this section.

A recursive approach for infrared spectrum has been proposed for indoor environ-
ment in [19], which has been extended later for VLC modeling where the wavelength of the
infrared signal was replaced by the optical source [17]. Several simulations were performed
to compare the delay profile of VLC with the infrared communications to prove that VLC
provides larger transmission bandwidth. Similarly, a ray-tracing scheme has been sug-
gested to examine the characteristics of VLC in [20]. Unlike previous works that consider
Lambertian sources, the research obtains CIR for nonideal sources and mixed specular-
diffuse reflections. Results show that the specular and mixed cases create fluctuations in
CIR and results indicate deviations from diffuse cases.

Some authors presented channel modeling based on the geometry of the environment
where the physical characteristics and their propagation effects have been considered for the
VLC system [21]. A study to investigate the SNR induced by an organic LED is conducted
for an indoor atmosphere and a detailed analysis is presented to observe illumination
characteristics in [22]. Experiments are conducted in a room to investigate the potential of
utilizing the SNR and bandwidth for communication through LEDs. Simulations conducted
using deterministic and Monte Carlo techniques show the possibility of using SNR and
bandwidth for communication. The impact of employing the array of LEDs and the study
of distributed wavelength for visible light transmission in mines has been discussed in [23].

Various studies have been presented to estimate the positioning and localization by vis-
ible light in the underground mines. A visible light-based positioning system is presented
in [24] where a trilateration approach is adopted for positioning and tracking people in
the mine environment. Several fixed reference points are deployed containing three LEDs
per reference cell. Experiments indicate that increasing the number of reference points
increases the positioning accuracy. Similarly, a positioning approach for underground
mining tunnels is introduced in [25] where LEDs and photodetector are utilized. A hybrid
VLC-RF approach is proposed to examine its effectiveness by utilizing phasor measurement
units in underground deep tunnels [26]. The study achieves high accuracy positioning
results in global positioning system (GPS) denied environments like underground mines,
and tunnels using the proposed approach.

A study is conducted to mitigate the inter-cell interference (ICI) in underground
mines by introducing an approach of angle diversity receiver (ADR) [27]. The channel
model used for experiments considers both LOS and NLOS scenarios. Results indicate
that hemi-dodecahedron ADR can provide a maximum user data rate of 250 Mbps in
mining roadway and 120 Mbps for mine working face environments. A scattering model
is presented in [14] along with the shadowing effect induced by the presence of mining
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objects and the geometrical influence of transceivers is suggested for rough boundary
surfaces. The positioning of LEDs and PDs is characterized in terms of tilt and rotational
angles to examine the impact on scattering coefficients by considering the physical non-flat
structure of mine walls and most results are reported in the form of CIR. But the channel
model for received signal power has not been discussed, the visibility factor induced due
to the floating concentration of dust particles is not provided in the literature, illuminance
model to compare light intensities in a different zone of mines has not been investigated
and SNR with respect to classified galleries is still missing in the literature.

A path loss model is discussed in [28] by considering the area of mining roadway and
workface to distinguish its characterization based on the Lambertian model along with the
effect of LOS and NLOS scenarios. A neural network-based optical channel is suggested
in [29] and the analysis is conducted in the dark gallery by employing the auto-regressive
exogenous approach. However, the scattering effect and non-uniform internal structure
are not sufficiently explained. The impact of reflections induced due to the surrounding
boundary is examined by incorporating the VLC Lambertian model and the performance
is evaluated by symbol error rate (SER) in [8]. Correspondingly, the scattering effect and
shadowing are analyzed by using the independent channel phenomena but the analytical
model is not included in [30].

The above cited research works analyze and investigate various aspects of VLC
concerning its use in harsh environments such as underground mines, and tunnels, etc.
However, the complete scope of VLC and the influence of various deteriorating factors is
an unexplored area. This study aims at analyzing various factors of the VLC system for
underground coal mines.

3. VLC Channel Model for Coal Mines

This section discusses the channel modeling of VLC in the underground coal mine by
using the ray-tracing approach, which describes the accurate behavior of light propagation
and its interaction with physical parameters. The basics of the Lambertian model are
utilized to demonstrate the characteristics of the optical signal in the coal mine atmosphere.
The VLC framework is utilized by implanting the array of LEDs on the top ceiling with
a specific periodic distance (4 m) to cover the entire area of the mine galleries and it is
assumed that the optical response of each LED is following the Lambertian radiation
pattern (LRP) that can be given as

m-+1 T 71] 1)

R(¢p) = = cos™¢, ¢ e [_E'E

where ¢ is the angle of irradiance and m denotes the mode number of LRP. At the reception
side, a photo-diode (PD) is embedded on the helmet of a coal miner to develop a VLC link
between miners and mining infrastructure for data transmission. Let Ag, be the receiver’s
aperture that is collecting optical radiation with the incident angle 6, and then the effective
collection of radiation intensity will be proportional to Agcosf.

The intensity modulation (IM) technique is used to modulate the data on the optical
signal by switching the intensity of LED that cannot be noticed by the naked eye whereas
the direct detection (DD) scheme is used at the reception node in the VLC link. The data
signal that needs to be transmitted through the LED node is converted into an electrical
unipolar waveform. Later, this signal is modulated on the visible light to generate a field of
view (FOV). The modulated light intensity received by the PD mounted on the miner’s
helmet is converted back to an electrical signal for demodulation after passing through
noise filters to purify the data. The existence of mining equipment and irregular geometry
generates multiple reflections of the optical signal; the reflected signal collected by the
receiver is considered under the NLOS link. The other light sources for illumination
generate interference, which restricts the data rate of the VLC system and causes optical
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hros(t, Tx,Rx) =

noise. The received signal y(t) of VLC channel inclusive of background noise n(t) can be
modeled as

y(#) = yx(t) @ h(t) +n(t) €

where 1 is the efficiency of conversion, x(t) is the transmitted signal, ® denotes the
convolution process and h(t) represents the impulse response. Two kinds of VLC links
have been considered in this study: LOS and NLOS. The LOS link that propagates the
direct light from LED to PD and the NLOS link where the light signal hits the reception
node through the aid of a reflector, as its geometry is shown in Figure 3.
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Figure 3. Geometrical classification of VLC link in terms of line of sight (LOS) and non-line of sight
(NLOS) propagation.

The impulse response hyps(t, Tx, Rx) of VLC LOS link can be given as [31]

Ax " xTx exxTuexx exx Rxx 1
m;l( RxC05™ (PRxTx)COS(ORxTx) (Rr)g(RT)(g(t_ Lk >> if 0 < Orety < ¥ReTx

2
nRRxTx

0/ if 9RxTx > ‘PRxTx

®)

where ¢rxTx, OrxTx, RrxTx, denotes the angle of light emission, angle of incidence, and link
distance between transmitting point Tx and reception point Rx, respectively. Ag, is the
receiver aperture, To(6r Ty ) represents the coefficient of optical transmission, the speed of
light is denoted by ¢, Dirac function is denoted by 6(), ¥ gy Ty signifies the FOV of receiver
Rx, g(OryTy) is the gain function and m is the Lambertian mode number. Correspondingly,
for the NLOS path, the light signal propagates through multiple reflections and the final
impulse response can be computed by taking the sum of all reflective factors. If k is the
order of reflection and j is the number of reflection source, the total impulse response for
NLOS link through the reflectors is given as [32]

o0
hnios(t Tx, Rx) = W) qg(t, Tx, Rx) + Y hK; 05 (t, Tx, Rx) (4)
k=1

where 1Y o< (t, Tx, Rx) indicates the case of zero reflective source that leads to utilizing the
LOS impulse response, and the CIR to estimate the effect of multipath reflections can be
modeled as

+1 v/ 1 ' ‘
.3 L1 (mARxCOS((P]Tx)COS(QJTX)

k _ R; Y+R xj .
hypos(t, Tx, Rx) = Ajpicos(¢ryj)c0s (Orxi) To (Oryj)§ (Oryj ) (t — TR0 )) if 0 < Opyj < YRy ©)

0, if Qij > ‘Yij
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where ¢;ry, 07 are the angle of emission and the incidence angle between Tx and reflec-
tion point j, respectively. A; denotes jM area of reflection, ] is the maximum number of
reflection sources, p; represents the reflectivity and R;ry is the source to reflection distance.
Similarly, ¢ryj, Oryj, Rryj, ¥ Ryj signifies the emission angle, incidence angle, link distance,
and reflector to receiver FOV, respectively.

The direct current (DC) gain of the channel can be given as

Hios(0) = /_oo hios(t, Tx, Rx)dt (6)

For the LOS VLC link, the received power of propagated light signal can be expressed
as [16,32]
PRY® = PryHios(0) @)

PI%OS _ ITx(“Txr ﬁTx)?RxCOS(eRxTx)
x
(LER) (RRxTx + h2)

®)

where Iy (ary, Bry) represents the luminous intensity of transmitter Tx with the incidence
angle at, and irradiance angle Bry, & is the miner’s height and LER is the luminous
efficacy of radiation. For the NLOS VLC link, the reception node receives the optical signal
through multiple reflectors and total power can be computed by the addition of all reflected
contributions. Similarly, the received power of light signal reflected from multiple sources
is given as [16,32]

PRIOS = PryHy10s(0) 9

NLOS _ Iy (arx, BTy) Z]]':() Sin(Gij)AjARxijOS((Pij)COS(Gij)

PR
* (LER)R?;, (R%y; + h?)

(10)

The net received power of visible light signal can be computed by the addition of the
received power of both links as

Prx = PRY° + PRy©° (11)

The SNR is computed by using optical received power Pgr, and the expression is given
as [17]

Pr. )2
sNR = (1Pre) (12)
o,
total
where 02, , is the noise power, which is the sum of thermal noise and shot noise produced

by the existence of other sources in the mine.

4. Underground Mine Illumination Model

The approach of lighting in the dark environment of the coal mine is quite significant
for the safety of workers. The mounted LEDs on the ceiling illuminate the mine galleries
and also provide a reliable channel for communication. The distribution of luminance is an
effective way to mitigate the blind spots and shadowing effect in mine galleries. The thresh-
old optical power density to illuminate the path of the gallery must be 0.15 W/m? and the
array of LEDs can be implanted in an organized way to provide uniform illumination of
minimum 108 lux [8]. These values are considered a basic standard for the underground
mines to deliver better lighting and data transmission. Let d be the link distance between
LED source and receiving point, N the number of LEDs, S(A) the radiation distribution
spectrum, then the optical power in terms of luminous flux Q can be given as [33]

720nm
Q=N 6835(A)o(A)dA (13)
380nm
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where v()) represents the visual sensitivity for the naked eye and A is the wavelength of
visible light. The illuminance on the reception area with the luminous intensity E(¢) and
angle of emission ¢ can be expressed as [33,34]

d oy
E@) = o2 =T ig) = ¥ jicos™ ) (14

j=1

where I, represents the center luminous intensity of LEDs.

Figure 4 shows the simulation result of illumination for mine gallery and sub-gallery.
The horizontal distribution concerning distance is conducted and it can be seen that the
illumination parameter is declining with the rise of distance as optical intensity has the
square of inverse relationship with the distance between the LED source and reception
point. The luminance for mine gallery is quite higher than the sub-gallery. Because the
sub-gallery is more occupied by the mining equipment, coal dust and specifically the
ceiling height of sub-galleries is always higher than the mine gallery.

500 r 50 9O r
i O.O '@.e || =-@+- Mine Gallery
450 ¢?ﬂ* g @~ Sub-Gallery
O ‘" |
400 o B ﬁh'o
o ) *
350 2o s
X o %°
< 300 . B,
o fd k{".
S 250 6t o
£ Sa L
Sl Y
S 200 - Sa | h‘
= Sl .t
1501 G ‘qeﬂ
:' .I. . "_
100l 6 ho:
S Y
| . A %
50 ~IE! g9
. \
ol i
6 4 2 0 2 4 6

Gallery Environment (m)

Figure 4. Distribution of horizontal illumination for mine gallery and sub-gallery environments.

5. Influence of Coal Dust Particles on VLC

The concentration of suspended coal dust particles has a strong impact on the prop-
agated light signal. The area of the mining workface is contaminated with the heavy
concentration of coal particles, which generates the absorption and scattering effect. Sim-
ilarly, the existence of floating coal dust reduces the visibility for the optical signal that
shortens the range of the optical link [35]. The presence of water vapors in the coal particles
absorbs the optical power of the transmitted signal and particulate matter of coal dust
scatters the optical beams. Both effects generate severe attenuation on the incident light
and the transmission intensity of the visible light signal for this case can be expressed

as [18] K
I= L,e((—;)(cd e)) (15)

where C denotes the suspended particles of coal dust, L is the range of the optical link,
K, denotes the attenuation coefficient for light signal (K. = Qsca + Qups), and d is the
link distance.

5.1. Coal Dust Concentration and Visibility

Visibility is an important parameter to consider while modeling the wireless optical
network. The gallery of a coal mine is composed of coal dust particles which affect the
friendly environment for optical transmission and induces a strong reduction of visibility.
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The visibility data is a dynamic parameter due to the variation in the concentration of coal
dust. The particular values of visibility are collected from multiple coal mines of Xi’an,
China, and a model of suspended coal dust concentration with respect to visibility is given
as [36]

C = 4050 x V1016 (16)

where C denotes the concentration of coal dust and V represents the visibility.

A relationship between coal dust concentration and visibility is plotted in Figure 5.
It can be seen that visibility has an inverse relation with the concentration of coal dust.
The drastic change can be noticed in the visibility when the concentration of coal dust
exceeds a particular limit. The visibility reduces to less than 2 m for the occupied suspended

particles of more than 10 mg/m? and there is a very slight decline in the concentration of
coal dust for the rest of the visibility range.

--©-- Coal Dust

90

80

~
o

N S P 5]

[=2]
o

50

40

30

Dust Concentration (mg/m3)

20

Visibility (m)

Figure 5. Estimation of coal dust concentration by using visibility data.

The concentration of coal dust normally describes the number of dust particles within
a unit volume, which further reflects the visibility; this visibility parameter can be used
to estimate the approximate attenuation. The visibility data are utilized to compute the

coal dust attenuation for optical signal in an underground mine and the expression for
attenuation is given as [37]

B 4.714 x 107 1¢; [ r3p(r)dr
~ AV((er +2)2+€?)exp(1.25h) [ 2N(r)dr

(17)

where r is the radius of a coal dust particle, p(r) is the log-normal particle radius distri-
bution, A denotes the wavelength, V denotes the visibility, & is the vertical height, N(r)
denotes the probability density distribution function. The parameter €, and €; are the real
and imaginary parts of the permittivity for coal particles, respectively.

Figure 6 shows the plotted relation of visibility and dust attenuation for optical
transmission. The plotted results show the theoretical values using Equation (17); however,
the value of V parameter in Equation (17), is obtained from the visibility data measured
in three different coal mines of China, and this visibility data are utilized to estimate the
attenuation. The graph of dust attenuation for VLC decreases with the rise of visibility.
The visibility reflects the clarity of the atmospheric medium for visible light propagation.
Dust attenuation will be increased with the hike of polluted coal dust particles that causes
optical power absorption and visibility reduction. The attenuation can also be reduced by

using the optical signal of a higher wavelength but this study is focused to investigate the
characteristics of the VLC spectrum only.
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Figure 6. Approximate dust attenuation for VLC link.

5.2. Mie Scattering for Visible Light Communication in Coal Mines

The impact of scattering in underground coal mines requires special attention while
modeling the VLC systems in such a harsh environment. For a typical indoor environment,
the scattering effect produced by the dust can be ignored but it is very important to consider
it for the optimal VLC framework in coal mines. The sub-gallery of coal mines is composed
of workface units where mining machinery is doing its job that causes to float heavy
concentration of coal dust particles. These particles interact with the optical signal and lead
to generate scattering effect, as presented in Figure 7. This section is focused to analyze
the Mie scattering phenomena for VLC in the coal mine. The characteristic study of Mie
scattering is quite significant for the VLC system. The particulate matter of suspended coal
dust is assumed to be spherical and uniformly distributed in mine sub-galleries. When the
incident light interacts with the suspended particulate matter, its intensity can be classified
into parallel and vertical components at the observant point. Hence, the scattered intensity
Iscqa can be expressed as [34].

— LED Transmitter

@ Coal Dust Particle
Mie Scattering

g

[ ] Coal Dust Cloud

Figure 7. Basic outline of scattering patterns.
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Lo =TI + Ip (18)
[(P)A* . 5
I, = 12,2 f1sin“6 (19)
I(¢)A? 2
Iy = 12,2 focos“6 (20)

where I, and I, are the vertical and parallel component of the scattered intensity of
light, respectively, I(¢) denotes the illuminance, r represents the distance between the
observation point and suspended particle, 8 denotes the polarization angle of incident light,
and ¢ is the scattering angle. Components f; and f, are the intensity functions for vertical
and parallel components, respectively. These parameters reflect the scattering angle ¢,
particle size &, and refractive index of spherical suspended particles. The expressions for
intensity functions are given as [32,34]

fi=1g1(q, ¢, )] (21)
fo=181(q,¢,2)|? (22)

where g is the refractive index, while g; and g, are the amplitude functions that can be
given as

- 2m+1

81 = m;l m[”m’m + by X (23)
e 2m+1

= n;l m[amxm + b ym] (24)

where a,, and b, represents the scattering coefficients and <, and x,, denote the functions
of scattering angle. The mathematical expressions of a,, and b,, are given as [13,19]:

~ Yu(B)Yu(gB) — ¥ (9B)¥Ym(9B) (25)

" En(B)Fn(aB) — 1Em(aB) ¥ (qB)
= mTTn(ﬁ)Tm (aB) — Tm (9B)¥m(qB) (26)
mEn (B) ¥ (9B) — En(aB)¥m(9P)
¥u(2) = (5°) ey () @7
en(z) = (5) Hyiy (2) 28)

where 8 represents the particulate size parameter § = %%, z is the height of the transmitter,
Jmy1 and H, 1 are the Bessel and Hankel functions, respectively. The scattering angle
2 2

parameters can be expressed as [32]

_ dPy(cos¢)
Am = W (29)
Xy = iP,S})(cosrp) (30)

ag
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where P,(nl) (cos¢) represents the first order Legendre polynomial function. The scattering
coefficient Qs and extinction coefficient Q, can be derived from the above expression as

_2
O p

Q. = ﬁzz io: (2m + 1)Re(am + bw) (32)

Z (2m 4+ 1) (|am|? + |bm|?) (31)
m=1

Simulation results for scattering coefficient and extinction coefficient are shown in
Figure 8. It can be seen that the size of the coal particle has a very low effect on the scattering
coefficient and its intensity increases with a very low difference but a drastic change can be
noticed in the extinction coefficient when the particle size exceeds 500 nm. The maximum
obtained value of Q. is 1.35, and a maximum value of 0.39 is captured by Qs.
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Figure 8. Distribution of scattering intensity in terms of extinction coefficient and scattering coefficient
for various coal particle sizes.

6. Results and Discussion

Multiple evaluating parameters based on the proposed theoretical model were sim-
ulated and analyzed in this section to examine the capability of the VLC framework
in the harsh environment of the coal mine. The CIR and received power are validated
by presenting the comparison analysis between experimental and theoretical outcomes.
The simulation model parameters that were used under this investigation are briefly
presented in Table 1.

6.1. Channel Impulse Response

The environment of coal mine considered for NLOS multipath propagation composed
of mine gallery and sub-gallery. The experimental calibration was carried out by taking the
dimensions (width x length X height) 5m X 6 m X 6 mand 8 m X 6 m X 6 m for the mine
gallery and sub-gallery, respectively. The LED was implanted on the center of the ceiling
pointing vertically downwards with a semi-angle 60° at the coordinate location 2.5 m x
3m x 6mand4m X 3m X 6 m for the mine gallery and sub-gallery, respectively. The FOV
of PD is 60° and its aperture value is considered 1.2 cm?. The mixed reflection scheme was
taken while computing the CIR for the NLOS link. The inner boundary material is raw
coal and some mining metal objects are considered for estimating the multipath reflection
effect. The order of reflection effect is restricted to three bounces (k = 3), and the value
of reflection coefficients are given in Table 1. The height of the miner was assumed to be
1.8 m, which depicts the height of the PD. The PD is located at2m x 2m x 1.8 m in the
mine gallery and 3 m x 2m X 1.8 m in the sub-gallery. The CIR for LOS is computed by
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using Equation (3) and the CIR for NLOS link is calculated by using Equations (4) and (5).
Figure 9 shows the plotted results of CIR for both galleries of coal mine and comparison
analysis between theoretical and experimental outcomes has been presented as well.

Table 1. The simulation parameters for VLC model.

Parameter Value
Mine gallery width x height 5mx 6m
Sub-gallery width x height 8m x 6m
Center luminous intensity 100 cd
Semi-angle at half power 60°
Optical Transmit power 5W
Dark current 10 nA
Responsivity 0.55 A/W
Link distance 1-10 m
LEDs Wavelength 580 nm
Scattering coefficient 0.4
Extinction coefficient 1.3
Receiver FOV 60°
Reflection coefficient of metal object 0.8 [20]
Reflection coefficient of side walls 0.6 [14]
45¢ 107 - 45210
— Theoretical LOS Theoretical NLOS
4 Theoretical NLOS 4 —— Theoretical LOS
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Figure 9. Channel impulse response (CIR) analysis for k = 3, (a) Mine gallery, and (b) Sub-gallery.

It can be seen from Figure 9 that three peaks appear in the graph, corresponding
to the third order reflection (k = 3) of the visible light. The power after each bounce
is clearly decreased and the arrival time is increased with the particular delay for the
higher-order reflections. Figure 9b shows that the delay is enhanced in the environment of
the sub-gallery as its dimension is larger than the mine gallery. There is a slight difference
between experimental and theoretical outcomes due to the use of commercial equipment
and calibration errors.

6.2. Path Loss

The impact of multipath fading is normally considered in radio communication
systems but this attenuating factor also affects the VLC system due to the rough boundary
walls of coal mine and mining equipment. However, the physical geometry of a coal mine



Electronics 2021, 10, 883

14 of 20

Path Loss (dB)
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and the deteriorating factors induce path loss for visible light propagation. The propagation
loss for visible light transmission can be characterized as [38]

PL = —10l0g1 ( /O ” h(t)dt) (33)

For a typical mine environment, the logarithmic distance-dependent path loss in
optical communication has a direct relation with the reference distance and the shadowing
effect of light due to the obstacles in the transmission path. The distance-based path loss
for the underground mines can be expressed as [39]

PL = PL(d,) + 10nlogyg <;> + X (34)

where d, is the reference distance, n denotes the exponent of propagation loss, d signifies the
link distance and x is the random variable that reflects the shadowing factor. The degrading
influence of irregular mine structure experienced by the VLC channel is computed in the
form of path loss for both galleries. The path loss is examined by considering LOS and
NLOS links. The computed values of PL(d,), n, d, in the mine gallery are 23, 3.6, and 4 for
LOS link and 24, 3.2, and 4 for NLOS link, respectively. Similarly, these values are different
for the sub-gallery environment such as 23, 1.2, and 5 for LOS and 24, 1.4, and 4 for NLOS
sub-gallery link, respectively.
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Figure 10. Distance dependent path loss in mine; (a) path loss in mine gallery; (b) path loss in sub-gallery.

It can be observed from Figure 10 that the behavior of path loss is initially exponential
for the near region and becomes linear while moving away from the transmitting source.
The gap of propagation loss between both links is not huge if the miner exists in the near
zone of transmitting LED. Also, the path loss exponent # is considered different for both
links and galleries. Figure 10a shows the result of path loss in the mine gallery environment,
and the simulated result for the sub-gallery is depicted in Figure 10b. It is quite clear that
the mine gallery is usually narrow than sub-galleries and this compact space of the mine
gallery leads to generate multiple reflections for the propagated light signal. The loss is
considered more appropriate in the area of multiple reflectors. Therefore, it can observe
that the path loss for the sub-gallery is lower than the mine gallery.

6.3. Received Power

The relation of received power and optical link distance is plotted by using
Equations (8) and (10). The behavior of visible light propagation is examined in terms
of received power in both environments of mine galleries. Figures 11a,b show the simu-
lated results for optical received power in the mine gallery and sub-gallery, respectively.
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10

It can be seen from Figure 11 that the LOS link dominates in both zones of galleries and
the performance of the NLOS VLC link is dependent on certain environmental conditions.
The optical link of 10 m is investigated in the critical atmosphere of coal mine and the
impact of environmental circumstance is evaluated in terms of link classification. The re-
ceived power difference between LOS and NLOS link is appropriately high due to the
number of reflections from the surrounding. The reflected surface absorbs and scatters
the optical beams from the original path which affects the signal power for the receiver
end. It reveals the scenario of the internal rough boundary of the coal mine, space between
boundary walls, and the existence of mining infrastructure which causes to generate re-
flections for visible light propagation. The received power is computed by considering
the three bounces of reflection effect (k = 3) for the NLOS link. Note that the reflection
order and the sources of reflection are considered same in both galleries while computing
received power but the angular geometry and distance are entirely different. The distance
between the reflected surface and optical receiver is usually high in sub-galleries, which
deteriorates the optical power for the VLC link. The larger dimension of the sub-gallery
increases the distance from reflection point to receiver that leads to induce low received
power at the reception point. The NLOS VLC link in the sub-gallery attained low received
power with the value of —68 dBm at a maximum distance of 10 m whereas the —59 dBm
received power is obtained in the case of mine gallery.
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Figure 11. Received power analysis between LOS and NLOS VLC links. (a) Received power in mine gallery. (b) Received

power in sub-gallery.

It can be observed that the declining behavior of received power is proportional to the
optical link distance. The value of signal power is decreased instantly in the first 2 m of
distance, and after 5 m, this response becomes linear. The optical source is mounted on the
roof ceiling of the mine gallery and the compact irregular coal surface absorbs the power
of light right after the emission of the beam. The distance of the light source and boundary
surfaces is noticeably less than the miner’s reception node that causes a severe attenuating
effect on the overall power of the received signal.

6.4. Delay Spread

The root mean square (RMS) DS is an important factor to examine the multipath
propagation effect for visible light propagation in underground coal mines and this kind of
dispersion degrades the bandwidth of the channel. The compact environment of the mine
gallery and the irregular occupied structure of the sub-gallery generate multiple sources of
reflectors that cause the original light signal to split. These multiple signals propagate on
the channel of different path lengths and hit the receiver at a different time span by induces
a delay. The time difference between multiple signal receptions and the particular delay
after the arrival of the first light signal is declared as excess delay 7;. This kind of multipath
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reflection induces the temporal dispersion that has a direct relation with the CIR of the
VLC system. The RMS DS ¢ for VLC channel can be given as [32,40]

where h; denotes the CIR in terms of the numeric sum of all the samples of channel
components and y; is the mean excess delay which depends on the time of the propagated
signal from source to receiver and it can be expressed as [40]

2
pe = B 6)
i i ()

The behavior of RMS DS is plotted in Figure 12. The number of reflections plays
a key role in generating a DS in the environment of the coal mine. The compact and
rough boundary walls of the mine gallery produce a higher number of reflections than the
sub-gallery, which generates a high value of RMS DS. It can be reduced by mitigating the

specific sources of reflection.
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Figure 12. Comparison analysis of root mean square (RMS) delay spread (DS) response between the
mine gallery and sub-gallery of the coal mine environment.

Figure 12 shows that the RMS DS initially increased and then its graph gradually
declined while going away from the transmitter. The computed values of RMS DS are high
in the environment of the mine gallery with the non-uniform pattern whereas this hike is
quite lower in the sub-gallery due to the availability of large room space. It can be observed
that the peak value of RMS delay spread is attained at 1 m distance in the mine gallery,
whereas this value appears at 2 m distance in the sub-gallery. Because the structure and
the physical geometry of mine gallery and sub-gallery are different, it leads to generating
different temporal dispersion effects. The mine gallery is composed of compact space and
its narrow dimension induces more reflections that cause to attain the peak value at 1 m.
The sub-gallery is wider than the mine gallery that reduces the intensity of the dispersion
effect. The maximum obtained values are 0.54 ns and 0.24 ns; similarly, the minimum
values are 0.18 ns and 0.05 ns for mine gallery and sub-gallery respectively.

6.5. Signal to Noise Ratio

The suggested VLC link is evaluated by analyzing its SNR following the environments
of mine gallery and sub-gallery. The SNR as a function of optical link distance is computed
by using Equation (12). The integrated received power of LOS and NLOS link is used
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to compile the SNR. Hence, the dependency of received signal power will reflect the
response of SNR in the galleries of underground coal mines. The value of noise power is
considered to be different for both environments according to their physical characteristics
and geometry. It can be seen from Figure 13 that the SNR decreases exponentially in the
near zone of transmitting LED, and then the response becomes linear for the rest of the
optical link distance. The attenuating factors of mine have a severe impact in the near zone
of the optical link that leads to the exponential decline of SNR. The sub-gallery of the coal
mine is wider and more occupied by mining tools than the mine gallery, which generates
more noise sources. These degrading sources generate noise and strongly affect the optical
signal power, which results in a lower SNR for mine sub-gallery.
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Figure 13. Estimation of the signal to noise ratio (SNR) for the integrated LOS and NLOS VLC links.

Therefore, the plotted value of SNR is better in the environment of the mine gallery.
The maximum to minimum obtained range of SNR is 67 dB to 17 dB and 51 dB to 4 dB for
the mine gallery and sub-gallery, respectively.

6.6. Shadowing

The impact of shadowing is very important to consider while characterizing the VLC
model in underground mines. The room-and-pillar structure in coal mines and various
kinds of mining machinery generates the severe shadowing effect that can easily impair
the VLC system in that particular area [41]. The optical communication usually operates
on the LOS approach and mild shadowing can be mitigated through the implantation of
particular reflectors to improve the accessibility of light. The impact of shadowing for VLC
can be calculated by employing the BGD model [42]. The blocking object in the path of
visible light is the main source of shadow that can be estimated by identifying the particular
source as a cylindrical object with a specific height and width. The BGD can signify the
distinct propagation modes induced due to the different polarizations and the probability
density function (PDF) of BGD can be given as:

1 _ _ 2 1 _ _ 2
f(x, po, 00, p1,01) = 5 Zn(ao)zexp( (;(UO)P;O) >+2 Zn(al)zexp( (;(01;‘21) ) (37)

where 19, 0y represents the means and standard deviation of the first Gaussian distribu-
tion respectively. Similarly, p1, 07 are the means and standard deviation of the second
Gaussian distribution.

Figure 14 shows the simulated result in terms of probability of error to estimate the
impact of shadowing in mine gallery and sub-gallery environment. The probability of error
is plotted against the distance between the light transmitting source and the obstruction.
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It can generally be observed from the behavior of propagated light that a mild shadow is
induced when the distance between the light source and blocking object is short, if this
distance increases or the blocking object moves away from the light source within its optical
range, this mild shadow becomes severe. The severe shadow occupies more area than
a mild shadow that leads to generating high bit error. Therefore, it can be seen that the
probability of error increases with the rise of distance, and the shadowing effect is slightly
low in mine gallery as compared to the sub-gallery. It reveals that the environment of the
mine gallery is less occupied than the sub-gallery.
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Figure 14. Probability of error as a function of distance to estimate the shadowing effect for VLC.

7. Conclusions

This study proposes a VLC framework to mitigate the existing challenge of the un-
stable communication system for underground coal mines. The complete framework of
VLC was investigated in this research including the influence of floating coal dust particles
and the channel modeling for the erratic environment of a mine. The structure of the coal
mines is composed of irregular geometry, rough boundary surface, interrupting obstacles,
and clouds of coal dust that degrade the communication performance of traditional models.
A characteristic study is presented to estimate the received optical power for the VLC
framework in the underground coal mine. The proposed study elaborates on the possi-
bility to compute the LOS and NLOS link as the boundary walls of the coal mine reflect
the light that induces an NLOS link. The entire area of the coal mine was analyzed by
classifying it into the mine gallery and sub-gallery. The coal dust floats in the air and the
high concentration of suspended coal particles scatters the optical signal. Mie scattering
model is explained and the intensity of scattering against the variation in the particle size
of coal dust is demonstrated. The visibility reduction due to the clouds of coal dust is
estimated and the illuminance comparison in both galleries is demonstrated. The impact of
shadowing is examined by computing the probability density function and it is suggested
to mitigate it by employing multiple reflectors to restore the blocked link. The compact
space of the mine gallery with its rough boundary surface generates more reflections and
induces the NLOS links, which further enhances the propagation loss and reduces the
received optical power. Furthermore, a detailed analysis is conducted in terms of optical
signal power, path loss, SNR, and RMS DS to evaluate the effectiveness of the suggested
VLC framework in both galleries.
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