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A B S T R A C T   

Analytical expressions of the statistical distribution of the underground mining visible light communication (UM- 
VLC) square-channel gain are derived considering scattering, shadowing, and a random position and orientation 
of the receiver. These expressions are employed to compute the system’s bit error probability (BEP) considering 
shot and thermal noises, on–off keying modulation, as well as perfect and imperfect channel state information 
(CSI) at the receiver side. The results obtained for the BEP are validated by computer simulations for various UM- 
VLC scenarios. A close agreement is observed between the analytical and simulated curves. Furthermore, the 
performance of the UM-VLC system improves by increasing the field-of-view (FoV) and/or signal-to-noise-ratio. 
Indeed, for a FoV value of 45◦ for both the UM-VLC system with perfect CSI and imperfect CSI, the best per-
formance in terms of BEP is obtained. In terms of the UM-VLC system with imperfect CSI, BEP curves saturate for 
higher values of signal-to-noise-ratio (SNR) due to lower values of FoV, specifically in the case of 45◦. Finally, the 
performance of the UM-VLC system increases significantly for higher values of SNR, specifically in the case of 20 
dB.   

1. Introduction 

Compared to traditional indoor environments, the design and 
implementation of underground mining (UM) visible light communi-
cation (VLC) systems is more challenging. This is due to the positioning, 
tilt, and rotation of the light-emitting diodes (LEDs) and photodiodes 
(PDs) that interfere with the line of sight (LoS) link, the irregular walls 
that affect the optical reflections in the non-line of sight (non-LoS) links, 
the mobile objects that generate shadowing, and dust particles that 
produce scattering of the optical signal [1]. Furthermore, shot and 
thermal noises cause degradation of the received signal [1]. The afore-
mentioned factors generate a high bit error probability (BEP); therefore, 
an in-depth analysis of the performance of UM-VLC systems is required 
[2,3]. 

The UM-VLC channel gain fluctuates in the time domain due to the 
physical variables that compose it. To mitigate this impairment, a widely 
applied strategy is to estimate the channel state information (CSI) at the 

optical receiver, by considering the random and probabilistic nature of 
the channel. Several works with these considerations have been reported 
in the literature. In [4], the authors propose an interference mitigation 
scheme by employing a constrained field-of-view angular diversity 
receiver (CFoV-ADR) and channel estimation based on the least square 
(LS) approach. Despite considering an indoor multiple-input-multiple- 
output (MIMO) VLC system, the authors assume the VLC channel to be 
deterministic in nature. Whereas in [5–7], a performance analysis of 
indoor VLC systems in terms of error probability and bit error rate (BER), 
both for single-input–single-output (SISO) and MIMO systems, is pre-
sented. Imperfect CSI is considered by generalizing the error or by uti-
lizing the LS method. In addition, variables such as user mobility and PD 
orientation are considered in the channel model. However, the channel 
only considers the LoS component, namely an ideal VLC channel. 

In terms of the most relevant and recent works reported in the 
literature describing UM-VLC channel models, in [8,9], a path loss 
model for a VLC channel applied to mines is proposed. In both works, the 
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channel model is based on the well-known Lambertian optical model for 
indoor environments, where the LoS and NLoS components are consid-
ered. 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 [10], the anal-
ysis of a VLC system applied to tunnels is characterized. The adopted 
model is the Lambertian VLC channel model with the LoS and diffuse 
components. The VLC system performance is evaluated in terms of 
Symbol Error Rate (SER). 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, and the 
receiver assumes perfect CSI. In [11], a VLC channel model that con-
siders dust particles is presented. The scenario is analyzed using a 
Lambertian VLC channel model by considering LoS and non-LoS com-
ponents, and the results are presented in terms of the CIR. However, the 
limitation of this work is not to include the effect of scattering directly in 
the theoretical model of the channel. 

In [12], the analysis on a VLC system applied to underground mines 
is presented. The effect of shadowing and scattering are analyzed as 
channel-independent phenomena. Consequently, the effects of these 
phenomena are not included in the analytical model of the VLC channel, 
so this omission would be its main limitation. The channel model is 
based again on the Lambertian optical scheme with LoS and non-LoS 
components. Therefore, angular variations of transmitter and receiver, 
and the effect of non-flat walls are not considered neither. The channel is 
evaluated in terms of the path loss and RMS delay spread. Finally, in 
[13], a neural network based approach is applied to derive an UM-VLC 
channel model. The authors assumed a dynamic non-linear behavior of 
the optical channel. The work is experimentally validated in a dark 
gallery with a curved roof that emulates a mining tunnel. The main 
contribution of this article is the estimation of the parameters used for 
the neural network. However, a disadvantage of this propose is that the 
model does not consider the scattering or shadowing phenomena in the 
estimated coefficients. 

Based on previous literary analysis on channel estimation methods 
and UM-VLC channel models, to the best of our knowledge, the BEP of 
UM-VLC systems subject to a precise statistical channel model with 
imperfect CSI has not been analyzed in the literature. Therefore, this 
paper presents a comprehensive performance analysis of a UM-VLC 
system corrupted by shot and thermal noises. Based on the IEEE 
802.15.7 standard and employing PHY-I mode, on–off keying (OOK) 
modulation is adopted for the transmission of symbols and the LS esti-
mator is implemented in the receiver side [14]. 

Our contributions can be summarized as follows: (a) The probability 
distribution function (PDF) expression of the UM-VLC square-channel 
gain in terms of LoS, non-LoS, and scattering channel components 
through independent probabilistic factors, that correspond to the 
random position and orientation of the receiver, and shadowing is ob-
tained. (b) An analytical error-rate analysis for the UM-VLC system, 
simultaneously affected by the aforementioned factors and imperfect 
CSI, is presented to derive the BEP expressions for OOK modulation 
based on the IEEE 802.15.7 standard. (c) A performance analysis of the 
UM-VLC system with perfect and imperfect CSI in terms of the FoV is 
presented. 

The structure of the article is depicted as follows. The VLC system 
model applied to UM along with the UM-VLC channel components, the 
derivation of the PDF from their quadratic forms, and the least squared 
method are explained in Section 2. The BEP analytical derivation and its 
respective closed-form expressions are presented in Section 3. In Section 
4, the numerical results obtained through computer simulations are 
shown and discussed. Finally, conclusions are given in Section 5. 

2. System Model 

We consider a SISO UM-VLC downlink system, as shown in Fig. 1. 
This scenario includes shadowing produced by moving objects, scat-
tering by dust particles, and light reflections from irregular walls. A 
single LED positioned and oriented between the ceiling and the wall 
serves a randomly positioned user within the LED coverage area. We 
assume that the UM-VLC system is affected by the user’s random posi-
tion, the random orientation of a PD-based receiver located in the user’s 
helmet, shadowing effects characterized by a Poisson process, and 
imperfect CSI. Data transmission is based on the IEEE 802.1.5.7 stan-
dard, employing the PHY-I mode and OOK modulation [14], whereas 
the receiver employs symbol-by-symbol detection. Consequently, the 
received signal, r, is expressed as [1,2] 

r = hm s+ nm, (1)  

where s denotes the transmitted symbol, hm represents the UM-VLC 
channel-gain coefficient, and nm stands for the noise affecting the UM- 
VLC system. Furthermore, nm=ns+nt , ns ∼ N (0,σ2

s ), and nt ∼ N (0,σ2
t ), 

being σ2
s and σ2

t the variances of the shot noise, ns, and thermal noise, nt, 
respectively [1,15]. 

2.1. Mathematical model of the UM-VLC channel gain 

Based on the UM-VLC channel model proposed in [1], the 

Fig. 1. Downlink light propagation geometry for the UM-VLC system.  

P.P. Játiva et al.                                                                                                                                                                                                                                



AEUE - International Journal of Electronics and Communications 145 (2022) 154101

3

instantaneous UM-VLC channel gain, hm, can be written as [1] 

hm = hLoS + h(1)
NLoS + hsca, (2)  

where hLoS,h(1)
NLoS, and hsca are the channel gains of the LoS link, the non- 

LoS link due to wall reflections, and a non-LOS link due to dust scat-
tering, respectively. The channel gains hLoS and h(1)

NLoS are subject to 
shadowing [1]. For simplicity, in expression (2) we do not denote time 
dependency. However, it must be considered that the expression and its 
variables are time dependent. After restructuring the channel gain 
components in terms of the variables of interest (random position and 
orientation of the receiver, and shadowing) and the geometry of the UM 
scenario, the instantaneous channel gain of the LoS link (hLoS) is given by  

where Ap is the active area of the PD, θtilt
ij denotes the incidence angle, 

Gr = Ts(θtilt
ij )g(θtilt

ij ) represents the combined gain of the optical filter 
and optical concentrator, respectively, and rm is the distance from the 
center of the optical cell to the receiver. Furthermore, Δhij is the 
difference in height between the LED and PD, m = − 1/log2

[
cos(Φi1/2)

]

is the Lambertian mode number of the LED, which is a function of 
semi-angle at half power (Φi1/2), Pij is the probability that the 
LoS optical link is not blocked [1], Θ is the FoV of the PD, and 

rect
(

θtilt
ij /Θ

)
= 1 is a decision function, such that 0⩽θtilt

ij ⩽Θand 

0 otherwise. The respective constants’ values are given as C1 =

Δhijcosm(βi) − xisinm(βi)cosm(αi) − yisinm(βi)sinm(αi) and C2 =

cos(θm)sin(βi)cos(αi) + sin(θm)sin(βi)sin(αi), where (xi, yi) is the x-y LED 
location in Cartesian coordinates, βi is the LED tilt angle with respect 
to the z-axis, αi is the LED rotation angle with respect to the x-axis, and 
θm is the user’s angular position within the LED coverage area. 

The instantaneous gain of the first reflection of the non-LoS link h(1)
NLoS 

is given by  

where ΔAw denotes the area of the reflective element w, whose reflection 
coefficient and location are represented by ρw and (xw,yw), respectively. 
The incidence angle with respect to w and the irradiance angle of the 
light component reaching w are symbolized with θtilt

iw and ϕtilt
iw , respec-

tively. The angles of incidence and irradiance, denoted by θtilt
wj and ϕtilt

wj , 
respectively, are measured with respect to the light beam reflected by w 
toward the PD. Δhwj is the difference in height between w and the PD, 

Δhiw is the difference in height between the LED and w, re is the 
maximum coverage radius of the LED, which we assume to coincide with 
the wall position where w is located. Pwj represents the probability that 
the non-LoS optical link is not blocked [1]. The constant’s values are 
C3 = − Δhwjcos(βw) − xwsin(βw)cos(αw) − ywsin(βw)sin(αw) and C4 =

cos(θm)sin(βw)cos(αw) + sin(θm)sin(βw)sin(αw), where βw is the w tilt 
angle with respect to the z-axis and αw is the rotation angle with respect 
to the x-axis. 

Finally, the instantaneous channel gain due to dust scattering is 
given by 

hsca =
∑N

n=1

⏞⏟⏟⏞ C5Ap(m+1)
2π

hc3
⏞⏟⏟⏞ cos

(

θSn − j

)

rect
(

θSn − j
Θ

)hθSn − j

[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Cr + r2
m − C6

(
r2

m + Δh2
ij

)1/2
√

+ rn

]2

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟hrm3

. (5)  

We consider that within the disk-shaped area centered on the PD, there 
are N scatterers (Sn), rn is the distance from the nth scatterer to the PD, 
and θSn − j represents the angle between the distance vector from the nth 

scatterer to the PD normal vector [1]. The respective values of the 
constants are given as Cr = r2

n + Δh2
ij, C5 = Gncosm(ϕi− Sn

), and C6 =

2rncos(βi− Sn
), where Gn is a scatter gain coefficient, ϕi− Sn 

is the irradi-
ance angle measured between the LED normal vector and the distance 
vector from the LED to Sn, and βi− Sn 

denotes the difference between the 
angles θi− Sn and θtilt

ij [1]. From ()()()(3)–(5), it is observed that the 
channel gains can be expressed as a product of factors corresponding to 
the random position hrm(⋅)

and orientation hθ(⋅) of the receiver, shadowing 

hp(⋅) , and the constant expressions hc(⋅) . 

2.2. PDF derivation of the UM-VLC square-channel gain 

In order to obtain the analytical BEP expressions [16], first it is 
necessary to generate the UM-VLC square channel gain and then obtain 
its PDF [5,16]. Therefore, from (3), the channel gain hLoS can be 
expressed as the product of the deterministic gain hc1 , the user random 

hLoS = ⏞⏟⏟⏞

(
m + 1

)
ApGr

2π

hc1
⏞⏟⏟⏞

C2

(
C1
C2
+ rm

)

(
r2

m + Δh2
ij

)m+2/2

hrm1

⏞⏟⏟⏞ cos

⎛

⎜
⎜
⎝θtilt

ij

⎞

⎟
⎟
⎠rect

(
θtilt

ij

Θ

)hθtilt
ij

Pij

⏞⏟⏟⏞ hp1
, (3)   

h(1)
NLoS = ⏞⏟⏟⏞

(
m + 1

)
ApGrΔAwρwcosm

(
ϕtilt

iw

)
cos
(
θtilt

iw

)

2π
(
r2

e + Δh2
iw

)

hc2 C4

(
C3
C4
+ rm

)

(
(re + rm)

2
+ Δh2

wj

)1/2

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟hrm2

Pwj

⏞⏟⏟⏞ hp2

×cos

(

θtilt
wj

)

rect

(
θtilt

wj

Θ

)

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟hθtilt
wj

,

(4)   
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position hrm1
, the random receiver-orientation hθtilt

ij
, and the shadowing 

hp1 . To obtain the PDF of the LoS square-channel gain, we define Δθtilt
ij
(a,

b) = Fθtilt
ij
(b) − Fθtilt

ij
(a) for the hθtilt

ij 
factor, which represents the probability 

that the random variable θtilt
ij is in the interval (a, b], for a, b ∈ R, a⩽b, 

where Fθtilt
ij
(⋅) is the cumulative distribution function (CDF) of θtilt

ij [16]. 

The CDF of the LoS square-channel gain, Fh2
θtilt
ij

(x), is equal to Fh2
θtilt
ij

(x) =

Δθtilt
ij

(
0.5cos− 1(2x − 1),Θ

)
+ T1(Θ)rect(x), for 0 < x⩽1, Fh2

θtilt
ij

(x) = 0 for 

x < 0, and Fh2
θtilt
ij

(x) = 1 for x > 1, whereas T1(Θ) = 1 − Fθtilt
ij
(Θ) [16]. The 

corresponding PDF is given as 

fh2
θtilt
ij

(

x

)

=
Cθtilt

ij
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4x(1 − x)

√ fθtilt
ij

(
cos− 1(2x − 1)

2

)

+ T1

(

Θ

)

δ

(

x

)

, (6)  

defined for cos2(Θ)⩽x < 1 and 0 otherwise. Furthermore, Cθtilt
ij 

is a 

normalization constant and fθtilt
ij 

is the PDF of θtilt
ij , which is defined in 

general form to directly incorporate any probability distribution of θtilt
ij . 

For hrm1
, we define Δrm (a, b) as the probability that the random var-

iable rm is in the interval (a,b]. Thereby, Fh2
rm1

(y) and fh2
rm1

(y) acquire the 

form of 

Fh2
rm1

(

y
)

= Δrm

(
y1/2

C2
−

C1

C2
,A1

(

y
))

, (7)  

fh2
rm1

(

y
)

=
Crm1

2

[
yMfΔrm (A1(y))
(m + 2)A1(y)

−
fΔrm (A2(y))

C2y1/2

]

, (8)  

where Fh2
rm1

(y) is defined for C2
1⩽y⩽(Δhij)

− 2(m+2), equal to 0 for y < C2
1, 

and 1 for y > (Δhij)
− 2(m+2), whereas fh2

rm1
(y) is defined for C2

1⩽y⩽ 

(Δhij)
− 2(m+2) and 0 otherwise. A1

(
y
)

=
(

y − 1
m+2 − Δh2

ij

)1/2
, A2

(

y
)

=

y1/2

C2
− C1

C2
,M =

− (m+3)
m+2 , and Crm1 

is the normalization constant and fΔrm is the 
PDF of rm, which is defined in general form to directly incorporate any 
probability distribution of rm. 

For hp1 , we assume that Pij comes from a Poisson process [1], whose 

CDF and PDF are given as Fh2
p1

(

z
)
=

Γ((z+1),∊)
z! and fh2

p1
(z) = exp[ − ∊E(pv)z]

for z⩾0. Γ(⋅, ⋅) is the upper incomplete Gamma function, ∊ is the intensity 
parameter of the Poisson process, pv is the probability that the LoS is 

blocked by an obstacle, and E(pv) is the expected value of pv [1]. 
By exploiting the independence of hrm1

,hp1 , and hθtilt
ij 

[17], we find that 

the PDF of the LoS square-channel gain is given as  

for 0 < x⩽1 and T1(Θ) for x = 0. Cl = 0.5ChCrm1
Cθtilt

ij 
with Ch as the 

normalization constant, R y and R z are the set of y and z values for 

which the function to be integrated takes nonzero value, B

(

y, z) =

(
(yz)

− 1
m+2 − Δh2

ij

)1/2
,C

(

x, y, z
)

= 0.5cos− 1

(

2x
h2

c1
yz
− 1

)

, and P1

(

x, y, z) =

T1

(

Θ)δ

(

x
h2

c1
yz

)

. 

From (4), the channel gain h(1)
NLoS can be expressed as the product of 

hc2 ,hrm2
,hp2 , and hθtilt

wj
. Hence, by proceedings as we did to obtain the PDF 

of fh2
LoS

, we find that the PDF of the non-LoS square-channel gain, fh(1)2
NLoS

(x), 

is given as  

for 0 < x⩽1 and T2(Θ) for x = 0, with T2(Θ) = 1 − Fθtilt
wj
(Θ). Fθtilt

wj 
and fθtilt

wj 

denote the CDF and PDF of θtilt
wj , respectively, whereas Cn =

0.5ChCrm2
Cθtilt

wj
,D

(

y,z

)

=

(

y
h2

c2
z
− Δh2

wj

)− 1
2

,E

⎛

⎝y,z

⎞

⎠ =

(

y
h2

c2
z

)1
2

, and P2

(

x,

y, z

)

= T2

(

Θ

)

δ

(

x
h2

c2
yz

)

. 

From (5), the channel gain hsca can be expressed as the sum of the 
products of hc3 ,hrm3

, and hθSn − j . Since the channel component is the sum 
of multiple statistically independent dispersion components, it is 
possible to compute the PDF of the square-channel PDF as fh2

sca
(x) =

∑N
n=1P(xn)fh2

scan
(xn), where P(xn) is the probability that the n scatterer 

interacts with the optical link and reaches the receiver and fh2
scan 

is the 
individual square-channel PDF for the n scatterer. Therefore, it is 
possible to define fh2

scan
, and consequently fh2

sca 
by following the same 

strategy used to derive fh2
LoS 

and fh(1)2NLoS
. Hence, fh2

sca 
is given as 

fh(1)2NLoS

⎛

⎜
⎜
⎝x

⎞

⎟
⎟
⎠=

Cn

h2
c2

∫

R y

∫

R z

exp[− ∊E(pv)z]
yz

⎡

⎢
⎢
⎣D

⎛

⎜
⎜
⎝y,z

⎞

⎟
⎟
⎠fΔrm (D(y,z)− re)−

fΔrm

(
E(y,z)− C3

C4

)

C4E(y,z)

⎤

⎥
⎥
⎦×

⎡

⎢
⎢
⎢
⎢
⎣

⎛

⎜
⎝

4x
h2

c2
yz
−

4x2

(
h2

c2
yz
)2

⎞

⎟
⎠

− 1
2

fθtilt
wj

⎛

⎜
⎜
⎜
⎜
⎝

cos− 1

(
2x

h2
c2

yz
− 1

)

2

⎞

⎟
⎟
⎟
⎟
⎠
+P2

⎛

⎜
⎜
⎜
⎜
⎝

x,y,z

⎞

⎟
⎟
⎟
⎟
⎠

⎤

⎥
⎥
⎥
⎥
⎦

dydz,

(10)   

fh2
LoS

⎛

⎜
⎜
⎜
⎜
⎝

x

⎞

⎟
⎟
⎟
⎟
⎠

=
Cl

h2
c1

∫

R y

∫

R z

exp[ − ∊E(pv)z]
yz

⎡

⎢
⎢
⎢
⎢
⎣

fΔrm (B(y, z))
(m + 2)B(y, z)

(yz)M
−

fΔrm

(
(yz)

1
2 − C1

C2

)

C2(yz)
1
2

⎤

⎥
⎥
⎥
⎥
⎦
×

⎡

⎢
⎢
⎣fθtilt

ij
(C(x, y, z))

⎛

⎜
⎝

4x
h2

c1
yz

−
4x2

(
h2

c1
yz
)2

⎞

⎟
⎠

− 1
2

+ P1

⎛

⎜
⎜
⎝x, y, z

⎞

⎟
⎟
⎠

⎤

⎥
⎥
⎦dydz, (9)   
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fh2
sca

⎛

⎜
⎜
⎝x

⎞

⎟
⎟
⎠ =

Cs

h2
c3

∑N

n=1
P

⎛

⎜
⎜
⎝xn

⎞

⎟
⎟
⎠

∫

R y

⎡

⎢
⎢
⎣

⎛

⎜
⎝

4x
h2

c3
y
−

4x2

(
h2

c3
y
)2

⎞

⎟
⎠

− 1
2

×fθSn − j

⎛

⎜
⎜
⎜
⎜
⎝

cos− 1

(
2x

h2
c3

y
− 1

)

2

⎞

⎟
⎟
⎟
⎟
⎠

+ P3

⎛

⎜
⎜
⎜
⎜
⎝

x, y, z

⎞

⎟
⎟
⎟
⎟
⎠

⎤

⎥
⎥
⎥
⎥
⎦

×

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

F

⎛

⎜
⎜
⎝y

⎞

⎟
⎟
⎠K1y5

2

⎛

⎜
⎝

K4F
(

y
)
+ K5y + y1

2

K1
4 y

⎞

⎟
⎠

1
2

F
(

y
)

y + K6y
5
2 +

(

− K6y
1
2 +

K4

2

)

y2

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

fΔrm

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

G

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

y

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

dydz,

(11)  

for 0 < x⩽1 and T3(Θ) for x = 0, with T3(Θ) = 1 − FθSn − j (Θ). FθSn − j and 

fθSn − j are the CDF and PDF of θSn − j, respectively, Cs = ChCrm3
CθSn − j ,P3

(

x,y,

z

)

= T3

(

Θ

)

δ

(

x
h2

c3
y

)

, F

(

y

)

=
(
− K2y2 + K3y2 + y3

2

)1
2
, G

(

y

)

=

⎛

⎜
⎝

y−
1
2+K5y+K4

( (
K3 − K2)y2+y

3
2
)1

2

K1
4 y

⎞

⎟
⎠

1
2

, and the respective values of the constants 

are: K1 = 4r4
n , K2 = r6

n , K3 = r6
ncos2(βi− Sn

), K4 = 2r3
ncos(βi− Sn

), K5 =

2r6
ncos(βi− Sn

) − r4
nΔh2

ij − r6
n , and K6 = 4r9

ncos(βi− Sn
) − 4r9

ncos3(βi− Sn
). 

In order to obtain the PDF of the UM-VLC square-channel gain, fh2
m
, 

we must obtain the expression of the square UM-VLC channel gain, h2
m. 

Its derivation is obtained by applying basic mathematical operations in 
the following form: 

h2
m =

(
hLoS + h(1)

NLoS + hsca

)2
, (12)  

h2
m = 2hLoSh(1)

NLoS + 2hLoShsca + 2h(1)
NLoShsca + h2

LoS + h2(1)
NLoS + h2

sca. (13)  

Due to the characteristic of the optical signal and its propagation 
behavior in the UM environment [1], we can deduce that for a given 
instantaneous time, the hLoS component multiplied with each other 
component in Eq. (13) will be annulled by their own temporary 
dispersion. Therefore 2hLoSh(1)

NLoS + 2hLoShsca = 0. However, the travel 
time of the h(1)

NLoS and hsca components may be the same for some cases, 
which depend on the receiver position. Hence, this implies that the 
multiplication performed on the component 2h(1)

NLoShsca is close to zero 
but not zero. In this context, the expression (13) can be rewritten as 

h2
m = h2

LoS + h2(1)
NLoS + h2

sca + 2h(1)
NLoShsca. (14)  

Finally, to obtain fh2
m
, we consider the expressions of fh2

LoS
,fh(1)2NLoS

, fh2
sca
, fh(1)NLoS

, 

and fhsca by exploiting the independence among them. Hence, the 
occurrence of one does not affect the probability of occurrence of the 
other. Therefore, we apply the property of the sum of several probability 
density functions [18], and the following expression is obtained 

fh2
m

(
x
)
= 2
[
fh2

LoS

(
x
)
⊗ fh(1)2NLoS

(
x
)
⊗ fh2

sca

(
x
)
⊗ fh(1)NLoS

(
x
)

fhsca

(
x
)]

, (15)  

where ⊗ is the convolution operator. 

2.3. Channel estimation by the least squares method 

Imperfect CSI is a problem that occurs in the receiver of any wireless 
communication system, which is due to a channel estimation error. This 
is one of the main problems in achieving optimal detection of the 
received signal. For our study, we consider both perfect and imperfect 
CSI. In the case of the imperfect CSI, it is necessary to estimate the effect 
of the UM-VLC channel on the received optical signal since we assume 
that the optical receiver does not know the channel information. 
Therefore, we performed the channel estimation using the LS method 
[5]. This method allows us to obtain the estimated UM-VLC channel 
coefficients together with their estimation error. The mathematical 
analysis of the LS method is simple and its implementation complexity is 
low compared to other channel estimation methods in the literature [5]. 

We estimate the channel coefficients hm by transmitting a sequence 
of independent pilot symbols, Ts, prior to the transmission of the data, 
according to the IEEE 802.15.7 standard [14]. Therefore, the received 
signal vector, rs, is expressed as rs = hmss + ns, where ss ∈ RTs×1 is the 
pilot symbol vector (R denotes the field of real numbers) and ns =

ns(s)+nt(s), is the additive noise vector, whose components are ns(s) ∼

N (0Ts , σ2
s ITs ), and nt(s) ∼ N (0Ts , σ2

t ITs ), being 0Ts ∈ RTs×1 the vector of 
zeros and ITs ∈ RTs×Ts the identity matrix. 

The channel coefficient estimated by the LS method is obtained as 
ĥmls = hm + ξls, where ξls =

sT
s ns

‖ss‖
2 is the estimation error, such that ξls ∼

N (0,Γs) with Γs =
‖ss‖

2

(σ2
s +σ2

t )
, and (⋅)T is the transpose operator. 

To implement a consistent maximum likelihood (ML) rule at the 
receiver [5], the optimal decision for the UM-VLC system with perfect 
CSI is given as ̂s = argmaxs(2rhm − s2). Whereas the decision rule for the 
system with imperfect CSI is given as ŝ = argmaxs(2rĥmls − s2). 

Table 1 
Underground mining VLC scenario features and general simulation parameters.  

Parameter Value 

Scenario features  
Scenario size (w× l× h)  (3× 6× 5) m  
LED position (xi,yi, zi) (0.5,3,4.5) m 
Maximum coverage radius, (rm)  4 m 
VLC transceiver parameters  
Average output optical power 10 W [1,20] 
FoV of the PD 60◦ [1,20]  
Gain of the optical filter Unity Gain [1,20] 
Gain of the transmission band-pass filter Unity Gain [1,20] 
LED and reflective element tilt and rotation angles (βi,αi,βw,αw) U[90◦ ,180◦] [1] 
LED semi-angle, (Φi1/2)  60◦ [1,20] 
Number of PDs 1 
Number of scatterers, (N) 40 [1] 
Obstacle intensity parameter, (∊) 5 per minute [1] 
PD height 1.8 m 
PD physical active area (Ap)  1 cm2 [1,20] 
Reflective element area, (ΔAw) 1 cm2 [1,20] 
Reflective element position (xw,yw, zw) (3,3,2.5) m 
Responsivity 0.53 A/W [1,20]  
Wall reflection coefficient, (ρw) 0.6 [1,20] 
Signal parameters  
Sampling rate 2 samples/bit  

[14] 
Modulation scheme OOK [14] 
Transmission rate 100 Kbps [14] 
Optical watch 200 kHz [14] 
Frame length 24717 bits [14] 
Number of frames 122 [14] 
Estimation sequence length 24 bits [14]  
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3. BEP analytical derivation 

Based on the IEEE 802.15.7 standard and using PHY-I mode [14], we 
consider OOK modulated symbols such that s ∈ {0,A}, as well as perfect 
and imperfect CSI. 

3.1. BEP expression for perfect CSI 

The average BEP for the OOK modulation implemented in the UM- 

VLC system is given as Pe =
∫∞

0 Q
( ̅̅̅̅̅̅

Γ
4 φ

√ )

fh2
m
(φ
)

dφ [16], where Γ =

A2

(σ2
s +σ2

t )
,φ is the argument of the PDF. which represents the value h2

m takes, 
and Q(⋅) is the Q-function, which can be rewritten using the approxi-

mation Q
(

ν) ≈ 1
12 exp

(
− ν2

2

)

+1
4 exp

(
− 2ν2

3

)

[19] as Q
( ̅̅̅̅̅̅

Γ
4 φ

√ )

=

1
12 exp

(
− Γ

8 φ
)
+ 1

4 exp
(
− Γ

6 φ
)

. By adopting the previous assumption in 

Pe, and integrating it in the interval [hm(min), hm(max)], where hm(min) and 
hm(max) depend on the ranges of the random variables values in hm, the 
closed analytical expression for the BEP is given as 

Pe =

{ ̅̅̅
π

√

8

[
erf
( ̅̅̅̅̅̅̅̅α1φ√ )

3 ̅̅̅̅̅α1
√ +

erf
( ̅̅̅̅̅̅̅̅α2φ√ )

̅̅̅̅̅α2
√

]

fh2
m

(

φ
)} ⃒

⃒
⃒
⃒

hm(max)

hm(min)

, (16)  

where α1 = Γ/8,α2 = Γ/6, and erf(⋅) is the error function. 

3.2. BEP expression for imperfect CSI 

Based on the sub-optimal structure of the VLC system with imperfect 
CSI, described in Section 2.3, the BEP for OOK modulation by using LS is 
given as 

Pe,ls = Pr
{

rĥmls < 0
}

(17)  

0 5 10 15 20 25 30
SNR,  (dB)
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10-5

10-4

10-3

10-2
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100

B
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P
, 
P

e

Simul., =70°, Conf. 1
Analy., =70°, Conf. 1
Simul., =70°, Conf. 2
Analy., =70°, Conf. 2
Simul., =60°, Conf. 1
Analy., =60°, Conf. 1
Simul., =60°, Conf. 2
Analy., =60°, Conf. 2
Simul., =45°, Conf. 1
Analy., =45°, Conf. 1
Simul., =45°, Conf. 2
Analy., =45°, Conf. 2

Conf. 1 =  Ray. rm ,  Nor. { tilt
ij  , tilt

wj  , S
n
-j}

Conf. 2 =  Uni. {rm ,  tilt
ij  ,  tilt

wj  , S
n
-j}

Fig. 2. BEP versus the average SNR per symbol with perfect CSI.  

Fig. 3. BEP versus the average SNR per symbol with imperfect CSI and Γs = 15dB.  
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=

∫ ∞

0

[

Q
( ̅̅̅̅̅̅̅

Γ
4

φ
√ )

+ Q
( ̅̅̅̅̅̅̅̅

Γsφ
√ )

− 2Q
( ̅̅̅̅̅̅̅

Γ
4

φ
√ )

Q
( ̅̅̅̅̅̅̅̅

Γsφ
√ )]

fh2
m

(

φ
)

dφ.

(18)  

Assuming independence of the noise samples over time, nm and ξls are 
independent variables. Therefore, using the Q-function approximation 
[19], we obtain the closed expression of Pe,ls as 

Pe,ls = Pe +

{ ̅̅̅
π

√

8

[
erf
( ̅̅̅̅̅̅̅̅α3φ√ )

3 ̅̅̅̅̅α3
√ +

erf
( ̅̅̅̅̅̅̅̅α4φ√ )

̅̅̅̅̅α4
√

−
erf
( ̅̅̅̅̅̅̅̅α5φ√ )

18 ̅̅̅̅̅α5
√ −

erf
( ̅̅̅̅̅̅̅̅α6φ√ )

6 ̅̅̅̅̅α6
√ −

erf
( ̅̅̅̅̅̅̅̅α7φ√ )

6 ̅̅̅̅̅α7
√

−
erf
( ̅̅̅̅̅̅̅̅α8φ√ )

2 ̅̅̅̅̅α8
√

]

fh2
m(φ)

} ⃒
⃒
⃒
⃒

hm(max)

hm(min)

,

(19)  

which is conditioned by the gain and the statistics of h2
m, as well as by the 

statistics of nm and ξls. The respective constants’ values are: α3 = Γs/2,
α4 = Γs/3, α5 = Γ/8 + Γs/2, α6 = Γ/8 + Γs/3, α7 = Γ/6 + Γs/2, and 
α8 = Γ/6 + Γs/3. 

4. Numerical Results and Discussion 

In this Section, computer simulations are presented to validate the 
analytical expressions given in (16) and (19). To evaluate and analyze 
the effects of the variables that characterize the system, we simulated 
various UM-VLC scenarios using different random probability distribu-
tions; where θtilt

ij , θtilt
wj , and θtilt

Sn − j are characterized by N (30◦, 20◦) or 
U [20◦,40◦], and rm is given by R (2) m. or U [0,5] m., for both perfect 
and imperfect CSI [16]. The most important parameters used in the 
simulations and the UM scenario size are summarized in the Table 1. 

Fig. 2 illustrates the BEP versus average SNR per symbol curves for 
the UM-VLC system with perfect CSI. The analytical BEP was obtained 
for different FoV values, by varying the probability distributions of rm,

θtilt
ij ,θtilt

wj , and θtilt
Sn − j. The analytical BEP curves obtained using (16) agree 

well with the simulated curves using Monte Carlo simulations. 
Furthermore, it is observed that the UM-VLC system performance de-
grades when the FoV decreases for any of the probability distributions of 
the involved variables. 

Fig. 3 depicts curves of the BEP versus average SNR per symbol for 

the UM-VLC system with imperfect CSI employing LS estimation and 
considering Γs = 15dB [5]. As in Fig. 2, the BEP increases when the FoV 
values decrease for all probability distributions analyzed. The analytical 
BEP curves obtained using (19) agree well with the simulated curves 
using Monte Carlo simulations. In general, the BEP of the UM-VLC sys-
tem with imperfect CSI are lower compared to the UM-VLC system with 
perfect CSI. Finally, it is interesting to note that some BEP curves satu-
rate for higher values of Γ due to lower values of Θ, specifically in the 
case of Θ = 45◦. 

Finally, Fig. 4 depicts the analytical curves of BEP versus Θ consid-
ering perfect and imperfect CSI employing LS estimation and several 
values of Γ and Γs. In general, it is noted that with higher Θ values, the 
system performs better. Furthermore, the performance increases 
significantly for higher values of Γ and Γs, whereas for lower Θ,Γ, and Γs 
values, the performance of the system is almost identical. We can also 
observe that the saturation of some BEP curves tends to be prominent 
due to higher values of Γs. 

5. Conclusion 

In this manuscript, statistical expressions for the UM-VLC square- 
channel gain components, as well as the analytical expressions for the 
BEP are obtained. A close agreement is observed between the analytical 
and simulated curves, which verifies the effectiveness of the analysis 
presented. The performance of the system mainly depends on the posi-
tion and orientation of the receiver, as well as shadowing, which are 
analyzed using various PDF expressions. In general, the system performs 
better for higher values of FoV. We also note a slight dependence of the 
system considering perfect CSI and LS estimation for lower FoV values. 
Whereas for higher FoV values, the performance of the system depends 
on the precision of the channel estimation technique. In the case of the 
UM-VLC system with perfect CSI, a value of Θ = 70◦ generates the best 
performance in terms of BER for both random distributions of the var-
iables of interest (Normal and Rayleigh). This effect is due to the direct 
dependence of the channel components with Θ. On the other hand, in 
the case of the UM-VLC system with imperfect CSI, the values of Θ = 70◦

and Θ = 45◦ generate the best and worst performance of the UM-VLC 
system, respectively. In this case, there is also a direct dependence in 
terms of the values of Γ and Γs used. The saturation of various BER 
curves is more prominent for a value of Γs = 20dB, due to its limiting 
effect on the performance of the UM-VLC system. As future work, the 

Fig. 4. BEP versus FoV of the LED with perfect and imperfect CSI.  
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analysis of the UM-VLC MIMO system and the experimental validation 
of the theoretical expressions and analytical results found in this article 
are considered. This validation will be developed after implementing an 
experimental UM-VLC test-bed that emulates the physical characteris-
tics of underground mines. In this sense, the experimental UM-VLC test- 
bed will be implemented using VLC transceivers, electro-optical com-
ponents, and a prototype to emulate real conditions within UM tunnels. 
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