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Abstract: In underground mines, visible light
communication (VLC) system is a promising
method to realize effective communication,
which supports communication and illumi-
nation at the same time. Therefore, adequate
research of underlying physical propagation
phenomenon should be carried out to realize
VLC system in underground mines. To design
VLC system and evaluate its performance, ac-
curate and efficient channel models, including
large-scale fading and scattering characteris-
tics, are needed to be established. However,
the characteristics of the underlying VLC
channels about fading and scattering have not
been sufficiently investigated yet. In this pa-
per, a path loss channel model, based on the
recursive model, is proposed precisely. Its path
loss exponent is determined by three different
trajectories, which is studied in the mining
roadway and working face environment. Be-
sides, the shadowing effect for VLC has been
modelled by a Bimodal Gaussian distribution
in underground mines. Considering the num-
ber of transmitters in line-of-sight (LoS) as
well as non-line-of-sight (NLoS) scenarios,
our simulation illustrates the fact that, as the
curve fitting technique is employed, the path
loss displays a linear behavior in log-domain.

The path loss expression is derived, it is relat-
ed to the distance. Finally, root mean square
(RMS) delay spread and Mie scattering in un-
derground mines are analyzed.

Keywords: underground mines; visible light
communications; channel modeling; path loss;
shadowing; delay spread.

I. INTRODUCTION

The underground mining industry promotes
the development of the global economy sig-
nificantly, but there are some restrictions for
its progress due to the presence of toxic gases,
substances, and dust, which are generated from
mining and production. Therefore, reliable
communications, monitoring, and tracking
systems are urgently needed to guarantee safe-
ty and maximize productivity in underground
mines. In other words, maintaining informa-
tion is one of the biggest challenges during
mining operations. The information includes
detecting hazardous gases and/or smoke,
monitoring mining machinery are included, of
which the most pivotal is how to monitoring
miners and locating them as disaster occurs.
The most common communication systems
in underground mines include personal hand-
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In this paper, the path
loss and shadowing of
VLC channels in un-
derground mines have
been studied.

phone system (PHS), CDMA mobile commu-
nication system, and through-the-earth (TTE).
In underground mines, hard-wires, wireless or
a combination of both are applied to realize
information exchange. Since the structure of
underground mines is complex, the tradition-
al wire communication systems, including
twisted pair, coaxial, and fibre-optic, are very
susceptible to be damaged. Besides, a sharp
attenuation of radio wave transmission makes
the existing wireless communication systems
not to be directly employed [2]. And another
challenge for miner to see potential surround-
ing hazards is the poor lighting condition. All
these factors make the study on visible light
communication (VLC) to be a promising re-
search hotspot. Anyhow, infrared, bluetooth,
untra-wideband (UWB) and ZigBee have been
applied in underground mining communica-
tions (UMCs) to some degree [3], [4].
However, VLC is superior to the later
technologies for short range communications
in some aspects, i.e., 1-10 m [5], [6]. VLC
technology has many advantages, such as un-
licensed spectrum, low-cost, and supporting
high data rate [7], [8], which are summarized
as follows: First, as it is well known that the
air contains a lot of dust, water vapour and
flammable gas in underground mines, these
factors seriously interfere with the transmis-
sion of electromagnetic waves, and limit the
use of wireless communication equipment.
However, VLC technology has an important
characteristic of electromagnetic interference
resistance. Then, LED lamps are cold light
sources and have long life, which are conve-
nient for workers to greatly reduce the risk
of accidents caused by downhole lighting
maintenance risks. VLC is expected to be an
important part of the next generation wireless
communications in underground mines. VLC
in underground mines are based on the off-the-
shelf light-emitting diodes (LEDs), which can
be equipped on the ceiling of the underground
mining or mounted on miner’s helmet to
establish a VLC link between either the min-
ers and infrastructures or with other miners,
respectively. The transparent boxes fixed on

the communication interfaces will prevent the
dust and dirty in underground mines. There
is a growing literature related to indoor VLC
channels characterization including path loss
and shadowing. But only a few authors have
focused on VLC channels characterization for
UMC:s such as [5], [9]. However, VLC channel
path loss and shadowing effect have not been
considered in previous studies. In this study,
we extend the work in [10] to characterize the
optical channel path loss and shadowing in un-
derground mines considering the working face
and mining roadway environments. To the best
of the authors’ knowledge, there is no previous
work addressing path loss and shadowing of
VLC channels in underground mines.

Compared with indoor communication en-
vironment, the communication environment
in underground mines is more complicated.
Due to the presence of minute particles in the
air which contain a large amount of water va-
por, flammable gas and particulate matter, the
scattering seriously affect the optical signal
transmission [9]. As flammable gas and water
vapor mainly absorb light with a wavelength
of about 750 xm and the spectrum of visible
light is 385-789 THz [11], both the absorp-
tion and the scattering of flammable gas and
water vapor are negligible in the underground
mines. On the other hand, the size of particu-
late matter suspended in the atmosphere is ap-
proximately equal to the wavelength of visible
light. Thus, the particulate matter generate Mie
scattering which is the main factor causing
attenuation of light intensity. In this paper, we
follow the Mie scattering theory to quantita-
tively analyze the optical signal decays and the
influence of attenuation after the scattering of
particulate matter in the underground mines.

The rest of the paper is organized as fol-
lows. Section II introduces VLC system model
and path loss in underground mines. Section
III derives the impact of Mie scattering on the
VLC channel. Results and discussions are pre-
sented in Section IV. Conclusions are finally
drawn in Section V.
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II. A VLC PATH Loss MODEL IN
UNDERGROUND MINES

Usually, the underground mines can be divid-
ed into mining roadway and working face. In
order to represent these environments easily,
horseshoe shape and rectangle chamber with
2 m width are considered to model mining
roadway and working face, respectively. In
the proposed system model, the underground
mines are equipped with LED lamps for the
purpose of illumination and communication
simultaneously, as presented in figure 1. The
key parameters of the proposed underground
mines VLC system are detailed in table 1.

In order to optimize the communication ef-
fect in underground mines, the light intensity
in the space should be distributed as uniformly
as possible. Multiple LED lamps should be
installed on the ceiling of underground mines.
Compared with the distance between LED
arrays, the size of LED lamps can be ignored.
Thus, the LED array can be considered as an
entirety and the luminous power of each LED
array is equal to the sum of the LED lamps’ lu-
minous powers. In this article, each LED array
N is composed of 10x10 identical LED lamps.
To simplify the calculation, LED lamps in the
same LED array transmit the same signal. So,
the number of transmitters can be regarded as
the number of LED arrays. Besides, the posi-
tions of transmitters (TP) are marked in table 1.

2.1 VLC system model

Assuming that each LED lamp has the same
Lambertian radiation pattern [12], the angular
distribution S(¢) of the radiation intensity
pattern is given as [13]
(m+1) -T
cos” ifge|l —,—
s(g)={ 2z @) 19 { 2 2} M

0 otherwise.

Here, ¢ is the incident angle and m is the
Lambertian mode number which is related to

the LED semi-angle ¢, , m is given as
2
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(a) horseshoe mining roadway

Fig. 1. System model.

Table I. The key parameters.

——— — Route 2

Route 3

(b) mine working face

System Model Parameters
Mining Roadway} }
Dimensions
Radius
Coordinates of the transmitter
The location of Route 1
The location of Route 2
The location of Route 3
Working Face
Dimensions
Coordinates of the single transmitter

Coordinates of the four transmitters with
TP1

Coordinates of the four transmitters with
TP2

Coordinates of the four transmitters with
TP3

Coordinates of the four transmitters with
TP4

The location of Route 1
The location of Route 2
The location of Route 3
Other Parameters
Height of receiving plane
Number of LED lamps (N=1)
Semi-angle at half power
Concentrator refractive index (n)
Reflection coefficient (p )
Photodiode area (4, )
Field of view (FoV)

Band-pass filter of transmission ( 7, )

2mx5mx3.7m
1m
(0,0,1)
x=0,z=-1
x=0.5,z=-1

-0.6 <x<£0.6,z=—1

2mx5mx4.7m

(0,0,-2)\

(-0.5,-1.25,1)

(0.5,1.25,1)

(0.5,-1.25,1)

(-0.5,1.25,1)

x=0,z==2
x=0.5,z=-2
-0.6 <x<£0.6,z=-=2

1.7m
100
70°
1.5
0.8
lcm®
60
1
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The channel impulse response of the line-
of-sight (LoS) component in the underground
mines can be given as [13]

hus0)= 2o ()1,0)2(0)

xcos(eo)(s(t_ﬂj.

Cc

©)

Here, A, is the optical detector area, the dis-
tance between the transmitter and the receiver
is d,, and the speed of the light in free space
is c. In addition, the transmit angle is ¢, and

the receive an 6,, where ¢, <90°, 6, < FOV,

and d, >> /4, , respectively. The Dirac func-

L d
tion is 5(1‘——0) To compute the length of
c

propagation path between the reflections, let
the angles of incidence and received be ¢, ¢,

and 6, Qf, and d, is the distance generated

by source element and destination, then the
impulse response of the receiver with N trans-
mitters and the k-th order reflections can be

expressed as
k+1 k+1

v 100cos™ (qﬁl)Hcos(q)i)Hcos(Hj)

PLos ()= ZJ : ] :

i1 2T 22
H ;
x Ayt A, (m+1) p" T, (6,,1) g (01
On di+d,
ol t— > |d.
xrect(FOVj [t /Ao >

cC

where p is the reflectance coefficient and

o . .. .
rect| —=L | is a decision function.
FOoV

2.2 Path loss model

To mitigate the effect of fading, the large scale
fading and small scale fading are commonly
considered carefully in wireless communica-
tion. Unlike in radio frequency (RF) wireless
communication, the effect of multipath fading
is not considered in VLC, because the surface
area of VLC detectors are typically millions of
square wavelengths of visible light [5]. In the
underground mines VLC system, the path loss
can be calculated as [14]

PL=-10l0g, [ h(r)dr). 5)

In a typical free space system, the loga-
rithm distance path loss is a generic model in
both RF communication and optical wireless
communication. When the distance d between
transmitter and receiver is larger than the
reference distance d , the path loss can be ex-

pressed as [15]

PL=PL(d,)+10nlog,, (dij+ PN ()

Here, n is the the path loss exponent and y is
a random variable that accounts for shadowing
effects.

2.3 The effect of shadowing

In this scenario, the LED lamps that are fixed
on the mine ceiling are regarded as transmit-
ters to provide communication and the receiv-
ers are mounted on the ground. The situation
that a miner would block transmission of
light between LED lamp and other receivers
is unavoidable, so the effect of shadowing of
a person must be researched. To simplify the
model, a person can be identified as a cylinder
or a cuboid whose height (about 1.70 m) is
larger than its lateral size (about 0.35 m). In
view of this, the light diffraction is taken into
account to be the Bimodal Gaussian Effect
(BGE) which is resulted from the two vertical
edges. The BGE affects the impulse response
in underground mine, if A, ¢(t) and &, ¢(t)
are regarded as the impulse response of the
two edges, then received energy is [16] [17]

T 2
B = [ {SOX[Bris )+ oy s 0]} dt. (7)
Here, s(¢) is signal from the LED lamp and T’

is the time duration about signal transmission.

2.4 Root mean square(RMS) delay
spread

Inter-symbol interference (ISI) induced by
multipath dispersion has a significant impact
on channel capacity. The RMS delay spread
is a parameter which can quantify the degree
of the time-dispersive properties of multipath
dispersion. The mean excess delay x, can be
calculated from the channel impulse response
as
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>z k()
H, = Zhiz(t) .

Here, 7, is the duration of time. Then the

®)

channel RMS delay spread is given by o,
[13]

Z(Ti - ;uz )ZhiZ (t)

B YR

III. MIE SCATTERING IN UNDERGROUND
MINES

The idea of Mie scattering in underground
mines is meaningful for VLCs. According to
the standards set by the government [5], the
particulate matter concentration in under-
ground mines generally does not exceed 10
mg/m?, of which the amount of particulate
matter produced by the working face is the
largest. The particulate matter generates the
absorption and scattering when the visible
light goes through the particulate matter. It is
worth to mention that we assume that the par-
ticulate matter is spherical and evenly distrib-
uted in the air, the Mie scattering theory can
be useful to study the particulate matter scat-
tering characteristics in underground mining.
When visible light is emitted from the LED
lamp, it will propagate a distance d before it
is scattered. We assume LED lamp obeys the
Lambert radiation distribution and the Lam-
bertian modes m of all LED lamps are the

same. The illuminance /(¢) is given as [10]
N

1(¢) = il, cos™ (). (10)

i=1

Here, the number of LED is N and the centre

luminous intensity of the LED is /,. The lu-

minous intensity E (¢) in angle ¢ is given as
[18]

1(¢
E(¢)= 652) (11)
According to the theory of Mie scattering,

when the light is shining on spherical particle,
the intensity of scattering light received at the
observation point can be divided into the ver-

tical and the parallel components. Therefore,

the intensity of scattering light /__ can be ex-
pressed as [18]

I.,=1+1. (12)

In equation (12), /, and [, represent the

vertical component and the parallel compo-
nent, respectively. In Mie Scattering theory, if
the distance between the spherical particle and
the observe point is set as r, the polarization
angle of the incident light is set as € and the
corresponding scattering angle is set as @,
then the intensity of scattering light can be ex-
pressed as [18] [19]

I(¢)A* .
]L = M—zrzf]smzé’ (13)
1($) 42
I, = %fzcosza, (14)

where f, and f, are intensity functions respec-
tively, they are related to the scattering angel,
size of the spherical particle, as well as refrac-
tive index of the spherical particle, so they can
be expressed as [13]

£ =g o pl (15)
2
fr=lg. (e P . (16)
Here, f is the diametric parameter of the par-
ticle, i.e.,
wd
=—, 17
== amn

and ¢ standards for the plural refractive index
of particles. The g, and g, are amplitude

functions, which can be shown as [13]

S 2m+1
=>» —|a +b 18

= 2m+1
=) ——|a +b , 19
g2 ;m(m‘l‘l)[ m;t«/m m}/m] ( )
where a, and b, are scattering coefficients
of Mie Scattering, y, and g, are scattering

angle functions. These parameters are critical
for Mie Scattering calculates. The expressions
of a, and b, are [13]

0 - ¥, (B, aB)-1¥,4p)Y,(qp)
" LB, P -1E,aPY, (ah)
y = MYLBY, 4BV, (4AY,(4h)

" mE, (B, 4P -, @Y, (ah)
2D

(20)
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with

¥, (2)=(5) () (22)

1
7T
gm(z):( )2H I(Z)' (23)
2 me
Here, z standards for S or nf, J (2)
m+5

and H | represent Bessel function and the

m+—
2

second kind of Hankel function, respectively.

The scattering angle functions are only re-
lated to scattering angle and can be expressed
as [13]

dP, (cos
_ dF,(cos9) (24)
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Fig. 2. LoS path loss estimation in mining roadway.
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Fig. 3. LoS path loss estimation in working face.

20 =L PO (cosg), 25)
do

where, P"(cosg) is the first order of the first
kind Legendre function.

The scattering coefficient O, and extinction
coefficient O, can be deduced from the above
expressions as

0, = %i(zmﬂ)damlz o) @6

0. - % S @m+DR.(a, +b,).  Q7)

IV. RESULTS AND DISCUSSIONS

To evaluate the performance of different com-
munication scenarios in underground mines,
the channel characteristics for both environ-
ments are analyzed. The results are presented
in table 11 by applying the curve fitting tech-
niques for 3 routes in mining roadway and 3
routes of working face.

4.1 Path loss

The path loss of VLC channel is computed in
both mining roadway and working face. We
choose three movement trajectories in under-
ground mines to calculate the LoS path loss
and NLoS path loss, as presented in figure 1.
Moreover, the path loss exponent n has been
obtained from (6) by applying the curve fitting
technique on the simulation values of path loss
results which are obtained from (5).

1) LoS Path Loss: The simulation results
of LoS path loss under three movement tra-
jectories in mining roadway and working face
are presented in figure 2 and figure 3 respec-
tively. As expected, the path loss exhibits a
linear behavior in log-domain via the curve
fitting techniques which are applied in the
figure 2 and figure 3. In addition, the values
of the norm of residuals are small on Route 1,
Route 2, and Route 3 which are 10.24x107°,
10.65x107°, and 31.24x10”° in mining road-
way. Meanwhile, the values of norm of residu-
als in working face which approximately equal
8.50x107°, 7.77x107°, and 23.58x10”° are
smaller than that in mining roadway, respec-
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tively. Moreover, it can be noticed in table 2

that the path loss exponents have the same val- 7 ' ' ' ' ' =

ue, which is equal to 3.64 on Route 1, Route 68 A 4 1
2, and Route 3 with the different reference aall ol |
distance. Hence, the shape of communication @64_ LA A |
scenarios and the different reference distance E A . 9

have no influence on the value of path loss ex- @ 62r o * 1
ponent. One obvious phenomenon that some (E:so- PN -
discrete points of Route 1 and Route 3 are & 5 _AAAA o ok A roue 1 |-
coincident in figure 2 and figure 3. This can A °° o Route?2

be explained that the Route 3 of the polylines e * Routed [ 7
is partly going through the Route 1 which is 54, gx Y i Y Y > 4

in the middle of mine. Since Route 1 exhibits
a higher linear behavior, it is used to develop
the model for LoS path loss in mining road-
way and working face. Thus, the LoS path loss
equations as a function of distance d between
the transmitter and receiver in mining roadway
and working face can be written as follows:

p d
PL[I:/[i?xing Roadway = 5 1 84 + 3646 loglo (?]j + Za
(28)
and
LoS dz
PLy g e =55.36-+36.46log, | = | 7.
29)

Here, d,>2m and d,23m.

4.2 NLoS path loss estimation

The simulation results in figure 4 and figure 5
are related to NLoS path loss with three move-
ment trajectories in underground mines which
are correspondingly estimated for distances
from 2 m to 3.22 m and 3 m to 3.92 m away
from the respective operational transmitter in
mining roadway and working face, respec-
tively. To simplify the calculation, only first
reflection is considered. It can be seen that the
LoS path loss estimation is better than NLoS
path loss estimation obviously on the linear
behavior in log-domain in figure 2 and figure
4. However, because of the increasing reflec-
tion walls, the path loss exponent of mining
roadway is larger than that of working face.
Therefore, the NLoS path loss equation along
Route 1 in mining roadway and working face
are determined as follows:

Distance, d (m)

Fig. 4. NLoS path loss estimation in mining roadway.

Table I1. Estimated parameters for the path Loss model.

LoS path loss estimation in mining roadway

Route Fitting equation
1 =51.84+36.46 log,, (%)
d
2 =52.32+36.46 log,, 5
d
3 =51.84+36.46 log,, %
NLoS path loss estimation in mining roadway
Route Fitting equation
1 =57.18+61.55 logm[%)
d
2 =55.17+69.72 log,, 2
d
3 =55.50+67.20 log,, =
LoS path loss estimation in working face
Route Fitting equation
1 =55.36+36.46 log,, (%)
d
2 =55.68+36.46 log,, B
d
3 =55.36+36.46 log,, 5
NLoS path loss estimation in working face
Route Fitting equation
1 =53.44+54.47 log,, (%)
d
2 =54.13+56.13 log,, =
d
3 =53.56+58.43 log,, 5

Norm of residuals

1.025 x10™*

1.065x10™

3.124x10*

Norm of residuals

2.442

2.799

4.935

Norm of residuals

0.8497x10™

0.7768x10™

2.358x10"

Norm of residuals

0.7795

0.6885

0.9971
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Fig. 5. NLoS path loss estimation in working face.

Fig. 6. Path loss distribution for a single transmitter in working face.

Fig. 7.
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-0.5
Environment width, x (m)
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Environment width, x (m)

Path loss distribution for four transmitters in working face.

59.5
59
58.5
58
57.5
57
56.5
56
55.5
55
54.5

525

52

51.5

51

50.5

50

PLYS =57.18+61.55log,, [i}u 7

Mining Roadway
(30)

and

PLTJ,LO‘;;% e =53.44454.4710g,, (ij +7.
(31)
Here, d,>2m and d,23m.

As observed from figure 6 and figure 7, the
path loss varies with the number of transmit-
ters and user location. Here, the maximum
values and minimum values of path loss in re-
ceived plane are 59.57 dB and 54.06 dB with
a single transmitter in working face, which are
6.58 dB and 4.38 dB larger than that with four
transmitters, respectively. As shown in figure
6, the path loss increases obviously as receiver
away from transmitter. This is due the fact that
transmitter have been equipped at the center
of environment. Thus, the middle of received
plane has the minimum path loss compared
with the other positions in figure 6 and figure
7.

4.3 The effect of shadowing

A person’s shadowing influences the com-
munication between the transmitters and the
receivers, so the BGE model in figure 10 is
introduced to the VLC in underground mine.
The expression (7) of received energy is giv-
en, which explains how the shadowing affects
the VLC in underground mine. The probability
of error caused by shadowing will be affected
by varying the received signal energies as well
as its variances for the BGE. As depicted in
figure 10, the values x4, and g, are means of
the first and second combined Gaussian distri-
butions, respectively. Due to symmetry of the
cylinder, one can conclude that the standard
deviations O are the same equalling. The av-
erage probability of error is given by [18]

Here, in order to s1mp11fy the calculation, the
function R, is introduced which is given as
(18]

(=)
R Ltuﬂq \/—5 p[— 252

ldx.  (33)
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The probability of error will decrease when
the received signal power increases, as a result
of increasing the LED transmitted power.

4.4 RMS delay spread

RMS delay spread for the cases of a single
transmitter and four transmitters are illustrated
in figure 8§ and figure 9, respectively. It can be
noticed that the maximum values are 0.4500
ns and 1.6546 ns for a single transmitter and
four transmitters, respectively. Likewise [20],
the minimum values are 0.1781 ns and 0.2381
ns, respectively. As shown in figure 8 and fig-
ure 9, the RMS delay spread distribution [21]
is not uniform because the model of the work-
ing face is not closed cuboid. Reflections from
the right wall and left wall are not counted.
However, taken LoS and NLoS components
into consideration, the RMS delay spread de-
creases as receiver goes away from transmitter
as illustrated in figure 8 and figure 9.

V. CONCLUSIONS

In this paper, the path loss and shadowing of
VLC channels in underground mines have
been studied. The recursive channel model
VLC has been introduced in both mining road-
way and working face with different numbers
of transmitters. According to Mie scattering
theory, the particulate matter will influence the
illumination intensity and affect the perfor-
mance of VLC systems in mines. To be specif-
ic, the path loss exponents over three different
trajectories in LoS and NLoS scenarios have
been calculated. And it has been gotten from
simulation that path loss is linear in log-do-
main. Besides, no matter in mining roadway or
working face, the value of path loss exponent
of NLoS is larger than that of LoS. From our
studies, multi-modal Gaussian distribution of
the received power has appeared when more
severe and complicated shadowing emerges.
Besides, as receiver moves away from the
transmitter, the RMS delay spread will de-
crease.

Fig.

Fig.

Fig.
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