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ABSTRACT As a candidate wireless communication technology in future, visible light communica-
tion (VLC) not only provides the green illumination, but also transmits data at high speed without occupying
the existing radio frequency (RF) spectrum resources, hence it can offload the data traffic from the crowded
RF network. However, achieving satisfying traffic service with probability almost approaching one inside
an indoor scenario is not an effortless task in VLC networks. Several factors such as transmitted power,
number of user equipments (UEs), and multiple access schemes affect the coverage probability. In this paper,
we utilize the user quality of experience (QoE) as the system performance metric, and the QoE probability
coverage model is proposed which the LED coverage area projecting on the ground, we attempt to achieve a
satisfying QoE with a certain probability on UEs. We investigate how the factors including non-orthogonal
multiple access (NOMA) scheme, user pairing scheme, UE density, power allocation methods etc. affect the
reliable QoE probability coverage area which contributes to a VLC network deployment, multiple access
protocols and handover schemes.

INDEX TERMS Visible light communication (VLC), non-orthogonal multiple access (NOMA), coverage
probability, quality of experience (QoE).

I. INTRODUCTION
Visible light communication (VLC) [1]–[3] is an evolv-
ing communication technology that uses LEDs as trans-
mitters to emit both the light and information signals by
leveraging the broad license-free optical spectrum at wave-
lengths of 380-750nm [4]. Compared to radio frequency (RF)
technology, VLC offers many advantageous features such
as higher data rates [5], lower power consumption, unli-
censed spectrum, and high security. Moreover, VLC can be
safely used in sensitive environment such as aircrafts and
hospitals [6].

Nonetheless, because of the line-of-sight (LOS) propaga-
tion of optical signals, just one LED has a limited coverage
area. Hence, in order to ensure a full indoor area coverage
and satisfactory illuminations, it is necessary for multiple
LEDs to work at the same time. However, adjacent LEDs
may overlap with each other, which inevitably cause inter-cell
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interference (ICI). Therefore, the analysis of indoor VLC
coverage performance plays an crucial part in studying the
optimal LEDs layout, VLC system resource allocation algo-
rithm and network handover.

Coverage issues are extensively investigated in wireless
sensor networks (WSNs) [7]. Yang et al. in [8], investi-
gated ε-full coverage problem under the probabilistic sens-
ing model in WSNs. They studied the mathematics relation
between the coverage of two adjacent sensor nodes and trans-
formed the ε-full coverage problem into the point coverage
problem. In [9], Hari et al. studied the coverage problem
in WSNs considering the border effects and derived the
requiredminimum sensor density to ensure the quality of cov-
erage. The k-coverage problem was proposed in [10], which
required a selection of a minimum subset of nodes among
the deployed ones such that each point in the target region
was covered by at least k nodes. Instead of the simplistic disk
coverage model, the confident information coverage (CIC)
model, which was based on the theory of field reconstruction,
had been proposed for different types of sensor coverage
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studies [11], [12]. In [11], the authors discussed the sensor
placement problem to achieve both coverage and connectivity
on the basis of the CIC model. The critical sensor density
to achieve complete coverage in randomly deployed sensor
networks was studied in [12]. And this paper proposed a
numerical computationmethod called discrete approximation
algorithm (DAA) to compute the probability that an arbitrary
point was not covered by randomly deployed sensors within
its corresponding range. Similar to VLC, ultra dense RF
network is also a candidate technology in future communi-
cation system. In [13], the author focused on using Poisson
clustered process (PCP) to model ultra-dense 5G heteroge-
neous cellular networks which include macrocells, picocells
and femtocells. In [14], it analyzed the ergodic throughput
of the network where small base stations (SBSs) had lim-
ited backhaul capacity to accomplish flexible coverage with
limited backhaul. In [15], the authors considered the model
which incorporated multi-slope path loss and general fading
distributions. They derived the tail behavior and scaling laws
for the coverage probability and the capacity considering
strongest base station association in a Poisson field network.
Expectedly, in the next decade, ultra dense networks, with
small cells, will cover most of indoor and outdoor spaces,
providing data rate of 100 Mbps to cell edge users [16].
However, this will result in an increase in frequency reuse
and will generate intolerable interference, limiting the spec-
tral efficiency of the system. In this respect, VLC is envi-
sioned to play a vital role in addressing these challenges,
owing to its unique characteristics, such as unlicensed optical
spectrum.

Due to the fundamental differences of the channel model
between RF communication and VLC [3], the coverage
research results of RF networks cannot be directly applied
to VLC [17]. Hence, although there have been a lot of
research results on WSN coverage and ultra dense RF net-
work, VLC coverage is still an intriguing issue which has
not been adequately studied. It is a challenge to achieve full
coverage of an indoor environment due to its LOS transmis-
sion. Vavoulas et al. in [18], investigated the communication
coverage of an indoor VLC network by considering the key
factors such as error probability, power consumption, dim-
ming, and node failure. An optimized circular deployment
scheme was proposed in [19], which not only considered the
position of LED transmitters on the ceiling, but also took
into account the first reflections of each wall, so as to obtain
more accurate results. In [20], a comprehensive investigation
of both the illumination and communication coverage of an
indoor MIMO-VLC system was presented. The MIMO-VLC
system was assumed to be ICI-free with an ideal channel
matrix. In [21], the coverage probability of a typical user
was defined as the probability that its instantaneous signal to
interference plus noise ratio (SINR) exceeded the target SINR
threshold. For a VLC-only network, the coverage probability
of a typical user depended on the probability that the optical
base-stations (OBS) should be at least within the FOV of
a typical user. The femtocell-like deployment of VLC in

indoor environments leaded to the concept of optical attocells
[22], a three-dimensional attocell model was considered in
[23], and an analysis framework was introduced for coverage
probability analysis in multi-user VLC networks. Shashikant
proposed a method that simultaneously reduced the interfer-
ence caused by multiple sources in indoor VLC system and
improved the coverage area [24]. However, most research of
VLC coverage issues only analyzed the impact of some qual-
ity of service (QoS) parameters on coverage performance, but
did not discuss the effects of user equipments (UEs) accessing
strategy, and resource allocation methods.

Non-orthogonal multiple access (NOMA) is a new tech-
nology nominated for the fifth generation (5G) wireless
networks aimed at increasing the throughput, decreasing
the latency, and improving the fairness and connectivity
[25], [26]. Different types of NOMAs, such as the power
domain NOMA (PD-NOMA), pattern division multiple
access (PDMA), sparse code multiple access (SCMA), are
presented as good candidates for the 5G multiple access
technique. However, only PD-NOMA is implemented in
VLC network based on different power levels set for dif-
ferent UEs. Because the PD-NOMA scheme is based on
successive interference cancellation (SIC), NOMA-VLC
networks require all UEs’ channel state information (CSI)
to be available, which is identical to the case in VLC.
Kizilirmak et al. [27] and Lin et al. [28] demonstrated
the superiority of NOMA over OFDMA, in VLC sys-
tems, with respect to sum rate and BER performance,
respectively.

In this paper, we utilize quality of experience (QoE) as
the evaluation metric to propose a QoE probability cover-
age model in NOMA-based VLC network. It is defined as
the LED coverage area projecting on the ground that the
UEs can achieve a satisfying QoE with a certain probability.
Simultaneously, we investigate how the factors including UE
density, power allocation (PA) methods, transmission power,
number of UEs, etc., affect the QoE probability coverage
performance. Simulations are carried out to verify the derived
analytical solutions. The main contributions of this paper are
summarized as follows.

1) We propose aQoE probability coveragemodel by using
QoE as the evaluation metric in multi-user VLC net-
works. Specifically, coverage probability of the VLC
access point (AP) is defined as the probability that the
QoE values of all UEs in the coverage area exceeds the
threshold Qt .

2) By assuming that multiple UEs are randomly dis-
tributed in the coverage area, the VLC coverage perfor-
mance is evaluated by adopting NOMA with/without
user pairing in the proposed QoE probability coverage
model. The simulation results manifest the impact of
factors such as UE density, number of UEs, and trans-
mission power, etc., on the coverage performance.

3) Based on the derivation of single cell coverage prob-
ability, the QoE coverage radius of fixed coverage
probability is obtained. Furthermore, we achieve the
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coverage ratio under the multi-cell scenarios to analyze
the overall indoor coverage performance.

The rest of this paper is organized as follows. Section II
introduces VLC channel model, QoE definition and the QoE
probability coverage model. The QoE coverage performance
in VLC network is evaluated in Section III. In Section IV,
we assess the QoE coverage ratio for multiple cells. The
simulation results are presented and discussed in Section V.
Finally, the Section VI draws conclusion.

II. SYSTEM MODEL
A. CHANNEL MODEL
Fig. 1 and Fig. 2 illustrate the conceptual VLC downlink
system. We consider an indoor scenario deployed with the
LED bulbs that are mounted on the ceiling and N UEs that
are scattered uniformly. The VLC receivers that are held by
UEs are assumed to be parallel with the ceiling. The vertical
distance between the receiver plane and the LED transmitter
is L, which is a constant in this paper. The transmitter model
employs a Lambertian optical source, of which the brightness
to an observer is the same regardless of the observer’s angle
of view [29]. Besides, only the LOS transmitter downlink
between LEDs and the receivers are considered because the
reflected or diffuse optical path loss is about 110-120 dB
larger than the path loss of the LOS transmission [30]. A typ-
ical indoor environment usually comprises multiple adja-
cent LEDs which form bordering or overlapping VLC cells,
as shown in Fig. 2.

FIGURE 1. Single cell system model.

The i-th UE direct current (DC) channel gain is given
by [31]

hi =


E

d2i
cosm (ϕi) cos (ψi) , 0 < ψi ≤ ψFOV

0, ψi > ψFOV ,

(1)

where m is the order of Lambertian emission, depending on
the semi-angle ϕ1/2 at half illuminance of the LED, which is
given by m = −1/log2(cos(ϕ1/2)). ψFOV denotes the field-
of-view (FOV) of a receiver, ϕi and ψi are the angles of irra-
diance and incidence, respectively. di denotes the Euclidean

FIGURE 2. Multiple cells system model.

distance between the LED and the i-th UE, di =
√
r2i + L

2,
where ri is the projection distance as shown in Fig. 1. The E
represents

E =
A (m+ 1)

2π
Ts (ψi) g (ψi) , (2)

Ts(ψi) is the gain of the optical filter, and g(ψi) represents the
gain of the optical concentrator given by [31]

g (ψi) =


n2

sin2 (ψFOV )
, 0 <ψi ≤ ψFOV

0, ψFOV ≤ 0,
(3)

where n is the refractive index.
We investigate theNOMA transmission for the VLC down-

link. Multiple UEs with sufficient different channel qualities
are served simultaneously on the same lightwave band, which
results in a non-orthogonal transmission strategy. In NOMA,
UEs are multiplexed in the power domain by using superposi-
tion coding at the transmitter side and successive interference
cancellation (SIC) at the receivers [25][26].

Without loss of generality, the channels are sorted as |h21| ≤
|h22| ≤ . . . ≤ |h2i | ≤ . . . ≤ |h2N |. According to the
power domain NOMA principle, the superposed signal to be
transmitted at the LED is given by [32]

xi =
N∑
i=1

ai
√
Psi + IDC , (4)

where the total electrical power of all the message signals
is P, P =

∑N
i=1 Pi, si is the modulated message signal

intended for the i-th UE. ai is the power allocation factor,
it must be satisfied

∑N
i=1 a

2
i = 1 because of the total power

constraint. IDC is the DC bias added to the LED to ensure the
positive instantaneous intensity. After removing the DC term,
the received signal at the i-th UE is formed by the contribution
of all signals transmitted from the LED, written as [32]

yi =
√
Phi


i−1∑
l=1

alsl + aisi +
N∑

j=i+1

ajsj

+ zi, (5)
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where hi is the direct current (DC) channel gain for the i-th
UE, defined as eq. (1). zi denotes the real-valued Gaussian
noise with zero mean and variance σ 2

i = N0B, N0 is noise
power spectral density (PSD), B is the signal bandwidth.
At the receiver side, it will perform SIC [26]. In the process

of SIC, the i-th UE will detect the l-th UE’s message, l < i,
and then remove the message from its observation, in a suc-
cessivemanner. The signal of the j-thUE, j > i, will be treated
as noise at the i-th UE. According to (5), the achievable rate
of the i-th UE is given by

Ri =


log2

1+ (hiai)2
N∑

j=i+1
(hiaj)

2
+1/ρ

 , i = 1, · · · ,N − 1

log2
[
1+ ρ(hiai)2

]
, i = N ,

(6)

where ρ = P/(N0B) represents the transmitting signal-to-
noise radio (SNR).

B. QUALITY OF EXPERIENCE
Quality of experience (QoE) ties together user perception,
experience, and expectations to application and network per-
formance, typically expressed by quality of service (QoS)
parameters. QoE metrics attempt to characterize the match
between user needs and content delivered. A high net-
work QoS cannot always assure a high QoE. Compared to
QoS, QoE can better reflects user satisfaction. The quan-
tification of QoE, which is currently widely used is Mean
Opinion Score (MOS) [33]. QoE can be determined through
subjective ratings by real users or predicted from objective
measurements of properties of the delivered goods such as
audio, video, or files. As shown in Table 1, it divides the
subjective feelings of QoE into five levels in terms of user
satisfaction, represented by MOS scores.

TABLE 1. Mean opinion score.

For audio traffic, the QoE function Qaudio is defined by a
nonlinear mapping of the R factor:

Qaudio
(
Rf
)
= 1+ 0.035Rf + 7× 10−6

×Rf
(
Rf − 60

) (
100− Rf

)
, (7)

where Rf is the R factor defined by ITU to reflect the audio
quality impairment from different aspects [34], [35]. In video
traffic, the MOS primarily depends only on the loss of a slice
of frame from the video stream [36]. The MOS can be sim-
plified as a function of the peak signal-to-noise ratio (PSNR)
with some transformation [37]. The QoE function Qvideo is

given as

Qvideo (Psnr ) = 4.5−
3.5

1+ exp (b1 (Psnr − b2))
, (8)

where b1 and b2 are the parameters determining the shape
of the function and Psnr is the experienced PSNR. Traffic
such as file transfer and web browsing in non-real-time are
called elastic traffic. The corresponding QoE is defined as an
increasing function of throughput R

Qelastic (R) = b3log10 (b4R) , (9)

where b3 and b4 are determined by the required maximal and
minimal throughput [38]. VLC is suitable for downlink high-
speed data transmission, therefore, we only consider elastic
traffic in this paper, the correspondingQoE function is eq. (9).
We can bring themaximum andminimum throughput (70 and
20 Mbps) into eq. (9), which respectively correspond to the
MOS value of the 5 and 1 of QoE. Through calculation,
the resulting parameters are given as b3 = 0.6476 and
b4 = 0.7503.

C. QOE PROBABILITY COVERAGE MODEL
We utilize the UE QoE as the system performance metric.
The QoE probability coverage model is proposed as the
LED coverage area projecting on the ground that the UEs
can achieve a satisfying QoE with a certain probability. The
coverage probability of one UE is defined as the probability
that its QoE exceeds the threshold Qt . Based on (6) and (9),
the coverage probability of the i-th UE can be expressed as

Pcovi = Pr [QoEi ≥ Qt ] , (10)

where Pr [·] denotes the probability of an event, QoEi repre-
sents the i-th UE QoE value at the current location, and Qt is
the minimum QoE value that the UE needs to satisfy.

We define rPtmax as the maximum QoE coverage radius,
given the coverage probability value Pt . In this coverage area,
the QoE coverage probability of any UE exceeds the coverage
probability threshold Pt ,

rPtmax = arg
∀i∈U

{
Pcovi > Pt

}
, (11)

where U denotes the UE set.

III. QOE PROBABILITY COVERAGE MODEL
FOR SINGLE CELL
Based on the QoE probability coverage model that proposed
in section II. C, we further derive the QoE coverage proba-
bility of one cell, given the number of UEs and the accessing
mechanism of NOMA.

A. NOMA SCHEME WITHOUT USER PAIRING
By using NOMA for N UEs, according to (10) the coverage
probability of the i-th UE is written as

Pcovi = Pr
[
b3log10 (b4Ri) ≥ Qt

]
. (12)
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As can be seen from Fig. 1, the relationship between ϕi,ψi,
L, ri, the cos(ϕi) and cos(ψi) can be written as

cos (ϕi) = cos (ψi) =
L√

r2i + L
2
, (13)

therefore, based on (1), the optical channel gain hi can be
written as

hi =
0(

r2i + L
2
)(m+3)/2 , (14)

where 0 = ELm+1, E is defined in eq. (2), L is the vertical
distance between the receiver plane and the LED transmitter,
which is a constant in this paper.

According to the (6), (12) and (14), the QoE coverage
probability can be expressed as

Pcovi = Pr

ri ≤

[

ξ(
02ρ

)
V

] −1
m+3

− L2


1
2

 , (15)

where ξ = 2(1/b4)·10
Qt /b3
− 1, V = a2i − ξ

N∑
j=i+1

a2j , ai and aj

are the i-th UE’s and the j-th UE’s power allocation factors,
respectively.

As shown in Fig. 1, the i-th UE’s horizontal separation
distance from the LED is represented ri. We assume the UEs
are uniformly distributed in the disc coverage area with radius
rmax . The probability density function (PDF) of ri following
uniform distribution is expressed as

f (ri) =
2ri
r2max

. (16)

We define the network coverage probability as a probabil-
ity threshold Pcov that any UE with the coverage area can
satisfy the condition Pcovi ≥ Pcov. According to (16), (15)
can be written as

Pcovi =

∫ ζ

0

2ri
r2max

dri =
ζ 2

r2max
≥ Pcov, (17)

where ζ is denoted as

ζ =


[

ξ(
02ρ

)
V

] −1
m+3

− L2


1
2

. (18)

If we obtain the equal sign in (17), the network coverage
probability can be obtained as

Pcov =
1

r2max


[

ξ(
02ρ

)
V

] −1
m+3

− L2

 . (19)

Given a certain network coverage probability, the QoE
coverage radius can be written as

rPtmax =

 1
Pcov


[

ξ(
02ρ

)
V

] −1
m+3

− L2




1
2

. (20)

B. USER PAIRING SCHEME
Since multiple UEs are served in NOMA system, co-channel
interference are severe. Because of interference constraints,
it is impractical to accommodate a large group ofUEs. In [39],
the author pointed out that for larger numbers of UEs, par-
ticularly, in a small cell size, the channel conditions might
not differ significantly among UEs. Hence, it is difficult to
utilize VLC to handle too many UEs at the same time in the
receiver side. In this case, a hybrid scheme combined OMA
and NOMA is suitable to fulfill a better trade-off between
capacity and reliability. Specifically, the UEs in the system
can be divided into different groups. Different groups are allo-
cated with orthogonal bandwidth resources, where NOMA is
implemented within each group [40].

Without loss of generality, the c-th and the d-th UE,
c < d , are selected in pair to perform NOMA where c-th
UE is farther away from the center of the coverage area. So,
the channel gain of d-th UE is larger than the one of the c-th
UE. ac and ad represent the power allocation factors for the
two UEs respectively. According to the principle of NOMA,
ac > ad since |hc|2 ≤ |hd |2, and the restraint is a2c + a

2
d = 1.

Then the rates achievable of the two UEs are given by [27]Rc = log2

[
1+

(hcac)2

(hcad )2 + 1
/
ρ

]
Rd = log2

[
1+ ρ(hdad )2

]
.

(21)

For the UEs with user pairing, the QoE jointly coverage
probability of two UEs can be written as

Pcd = Pr [QoEc ≥ Qt ,QoEd ≥ Qt ] . (22)

To simplify the calculation of eq. (22), we consider
further analysis of the relationship between two UEs.
Lemma 1 below resolves this issue by comparing the QoE
of two paired UEs.
Lemma 1: When we adopt the power allocation method

with the factor of ai, where ai =
√
2(N − i+ 1)/(N (N + 1))

[32], if the c-th UE which is far from the center of the
coverage area satisfies the condition of QoEc exceeding
the threshold Qt , the d-th UE which is close to the cen-
ter must also satisfies the condition of QoEd exceeding the
threshold Qt .

Proof: The QoE of c-th UE and d-th UE satisfy
min {QoEc,QoEd } ≥ Qt , and we assume that theQoEc is less
than theQoEd . If the hypothesis condition is true, Lemma 1 is
true. The QoE inequality of two UEs is given by

QoEc < QoEd . (23)

According to the (9), (23) can be expressed as

b3log10 (b4Rc) < b3log10 (b4Rd ) , (24)

where the expression of Rc and Rd are obtained as in (21),
so (24) can be written as

(hcac)2

(hcad )2 + 1
ρ

< ρ(hdad )2. (25)
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We apply reasonable transformation to both sides of (25),
which can be expressed as(

hc
hd

)2( ac
ad

)2

< ρ(hcad )2 + 1. (26)

ac and ad are the power allocation factors of NOMA,
a2c + a2d = 1, so we have 0 < a2c < 1 and 0 < a2d < 1.
According to [32], the power allocation factors ai =√
2(N − i+ 1)/(N (N + 1)), therefore(
ac
ad

)2

=
2 (N − c+ 1)
N (N + 1)

×
N (N + 1)

2 (N − d + 1)
=
N − c+ 1
N − d + 1

,

(27)

where c < d ≤ N , so 1 <
(
ac
ad

)2
< 2. ρ = P

N0B
represents

the transmitting SNR. In general, the value of power P ranges
from 0.1W to 10W , bandwidth B is around 10MHz to 20MHz,
N0 = 10−21A2/Hz. As a result, the magnitude of ρ is about
1014. Based on the eq. (1), (2), (3),

hi =
A (m+ 1)

2πd2i
cosm (ϕi)Ts (ψi) g (ψi) cos (ψi) . (28)

In general, A = 1cm2, m = −1/log2
(
cos

(
ϕ1/2

))
, ϕ1/2 is

around 60◦ to 75◦, Ts (ψi) = 1, g (ψi) = 3, di =
√
r2i + L

2,

cos (ϕi) = cos (ψi) = L√
r2i +L

2
, L ranges from 2m to 4m, ri

ranges from 0 to 4m. As a result, the magnitude of hi is about

10−6,
(
hc
hd

)2
ranges from 0 to 1, the magnitude of ρh2c ranges

from 102 to 104. So it is clear that inequality relationship of
(26) is always true, namely, QoEc > QoEd is always false.
Hence Lemma 1.

According to Lemma 1, the calculation of the (22) can be
simplified

Pcd = Pr [QoEc ≥ Qt ] . (29)

The QoE coverage probability of user pairing can be
obtained

Pcd = Pr

rc ≤

[

ξ(
02ρ

) (
a2c − a

2
dξ
)] −1m+3

− L2


1
2

 .
(30)

Based on the (17), the QoE network coverage probability
with user pairing is written as

Pcov =
1

r2max


[

ξ(
02ρ

) (
a2c − a

2
dξ
)] −1m+3

− L2

 . (31)

IV. QOE PROBABILITY COVERAGE MODEL FOR
MULTIPLE CELLS
In this section, we further discuss the joint coverage per-
formance of multiple cells. In order to simplify the analysis
process, we assume that different lightwave bands are utilized
in adjacent cells to avoid inter-cell interference. Therefore,

the inter-cell interference between cells is not considered
in this paper. Based on the theoretical analysis obtained in
Section III, we can get the QoE coverage radius rPtmax of a
single cell given the network coverage probability.

Then, we get the coverage ratio of a single LED cell in a
room of area Area. The coverage ratio at the l-th LED cell can
be expressed as

Pl =
π (rPtmax_l)

2

Area
, (32)

where rPtmax_l is the QoE coverage radius of l-th LED.
According to the coverage ratio of multiple cells expres-

sion in [18], it can be expressed as

Pmulti−cell = 1−
Nc∏
l=1

(1− Pl), (33)

where Nc is the number of LED cells.
In the simulation, we consider two NOMA power alloca-

tion schemes to evaluate the coverage performance.

V. SIMULATION RESULTS
In this section, we aim to shed light on the factors such as
number of UEs, transmission power, UE density, PA scheme,
affecting the VLC QoE network coverage probability by
Monte Carlo simulation and to validate the theoretical results
derived in the previous section. Simulation parameters are
listed in Table 2 and adopted by related studies on VLC
networks [41].

TABLE 2. Simulation parameters.

For single cell, we assume the existence of N UEs in the
coverage area that simultaneously served by LED by using
NOMA. If not otherwise specified, the PA factor of the i-th
UE is a2i = 2 (N + 1− i) / (N (N+1)), i = {1, 2, . . . ,N }.
The UEs’ locations are modeled as a uniform distribution
process with the density λ. The UEs’ density λ and N are
related to the coverage radius rmax , i.e., N = λπr2max .

In Fig. 3, the QoE network coverage probability versus the
coverage radius are compared with different UE densities.
When λ is fixed, the increase of coverage radius rmax leads
to the increase in the number of UEs in the coverage area.
From Fig. 3, we can see that when the UE density increases
from 0.1 to 0.4, the coverage probability keeps decreasing in
the same coverage radius. An increase in the UE density will
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FIGURE 3. QoE network coverage probability versus UE densities and
coverage radius with NOMA (Qt = 4, ‘‘sim’’ means the results of Monte
Carlo simulations, ‘‘ana’’ means the results of theoretical analysis
simulations).

FIGURE 4. QoE network coverage probability versus number of UEs with
NOMA (Qt = 4).

result in the increase in the number of accessing UEs, thereby
affecting coverage performance. Since the total transmitting
power P is fixed, the coverage probability decreases as the
coverage area expands. When more UEs access to the VLC
network, each UE is allocated with less power, the coverage
radius is reduced given the coverage probability.

Fig. 4 demonstrates that the coverage probability decreases
as the number of UEs in a fixed coverage area. When the
number of UEs is fixed and the coverage area is expanded,
the UE may be far away from the LED transmitter in a larger
coverage area, which makes the channel condition worse.
In this case, the UE needs to be allocated more power to
satisfy QoE condition, therefore, the coverage probability is
reduced, too.

In Fig. 5 and Fig. 6, the effect of QoE threshold versus
coverage radius on QoE coverage probability is studied. With
the same coverage probability, when Qt is reduced from
4.0 to 3.5, the coverage radius changes by 1 m, and when

FIGURE 5. QoE threshold versus coverage radius with NOMA (λ = 0.2).

FIGURE 6. QoE network coverage probability versus coverage radius with
NOMA (λ = 0.2, Qt = 4).

Qt is reduced from 3.5 to 3.0, rmax also changes by 1 m.
Therefore, when the network needs to accommodate more
UEs, we can moderately lower the threshold. Simultaneously,
we can see that the coverage probability and the coverage
radius show an approximate linear relationship. This can be
used to design UEs accessing algorithm in the next study,
so as to reduce the delay and bad experience caused by the
interrupted connections.

Fig. 7 illustrates the impact of transmission power on
the coverage probability in the proposed coverage model.
In Fig. 7, when the radius of the coverage area grows larger,
transmission power needs to be increased to achieve the same
coverage probability. With a fixed UE density, the smaller
coverage area, the fewer UEs in the coverage area. Therefore,
in Fig. 7, when rmax achieves 2 m, the transmission power
is higher than 0.9 W , the coverage probability has already
reached 1. The larger coverage area, the more UEs, and the
higher transmission power is required. If the transmission
power of LED is small at the beginning, UEs cannot access
to the system. Hence, when rmax achieves 3.5 m and the
transmission power of LED is less than 0.5 W , the coverage
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FIGURE 7. QoE network coverage probability versus transmission power
with NOMA (λ = 0.2, Qt = 4).

FIGURE 8. Comparison of the impact of PA factors on coverage
performance with NOMA.

probability is always 0. In order to maximize the efficiency of
the LED layout, it can be seen from Fig. 7 that the appropriate
power is selected within a certain coverage area to optimize
the coverage performance.

Fig. 8 shows the coverage probability for two PA schemes.
The first fixed power allocation (FPA1) factor ai =√
2(N − i+ 1)/(N (N + 1)), where N is the number of UEs

in the coverage area. The second fixed power allocation
(FPA2) factor ai = αai−1[42], where α is a constant, we con-
sider two values, 0.3 and 0.4, respectively. Both strategies
ensure that the constraint

∑N
i=1 a

2
i = 1. From Fig. 8, it can

be seen that the FPA2 performs better than FPA1 as it com-
pensates for channel difference among UEs. In the case of
the same coverage area, the coverage probability of adopting
FPA2 is higher than that of FPA1.

Fig. 9 compares the performance of user pairing with
different groups of UEs and different PA methods. First of
all, we select two groups of UEs in the coverage area. Group
A is defined as the group of two UEs in the coverage area,

FIGURE 9. Comparison of the impact of PA and UE groups on coverage
performance with user pairing.

FIGURE 10. Multi-cell coverage ratio changes as the number of UEs with
FPA1.

that the distance between them is the farthest among any two
UEs, i.e., U (c, d) = argmax

c,d
lcd , where lcd is the distance

between c-th and d-th UE. Group B is the nearest distance
group, U (c, d) = argmin

c,d
lcd . The same PA methods are

utilized in Group A and Group B. Then, we compare two
PAs for Group A, PA1: a2c = 9/10, a2d = 1/10 and PA2:
a2c = 3/4, a2d = 1/4, respectively. As we can see from Fig. 9,
Group A performs better than Group B with higher coverage
probability, and PA1 performs better than PA2, these can be
explained as follows. When two UEs are far apart or the
power allocation factor decreases, more power will be given
to the UE with a better channel condition, which leads to
improvement in a system throughput. Therefore, the coverage
probability can be improved by grouping UEs with larger
channel differences.

Figs. 10-12 compare the coverage ratio of FPA1 with
that of FPA2 for multi-cell network comprising randomly
deployed UEs with Pcov=70%, 80%, 90%,Nc=1, 2, 3. We can
see that the variation curve of coverage probability is close
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FIGURE 11. Multi-cell coverage ratio changes as the number of UEs
with FPA2.

FIGURE 12. Compare multi-cell coverage ratio with FPA1 and FPA2.

to linear change when using FPA1, so it can be used to
provide theoretical basis for the optimization research of
multiple UEs access. Because the QoE probability cover-
age area is defined as all the UEs in the area can satisfy
the QoE condition with a given network coverage proba-
bility, the QoE coverage radius is extended when reducing
the network coverage probability, i.e., coverage probability
threshold. In Fig. 10-12, when the coverage probability is
70%, the coverage ratio is higher than that 80% and 90%.
In related study, the corresponding power allocation can be
selected according to requirements, so as to achieve the goal
of optimizing the overall performance.

VI. CONCLUSION
In this paper, we discuss the indoor VLC network coverage
performance. Using QoE as the evaluation metric, we pro-
pose the QoE probability coverage model. We study how the
factors including number of UEs, UE density, transmission
power, etc., affect the QoE network coverage probability.
At first, we analyze the coverage probability theoretically

derived in one LED cell by utilizing NOMA and user pairing.
Then, we further analyze the situation when multiple cells are
applying in a room, simultaneously. Through the simulation
results obtained, we can give effective prediction scheme for
the study of multiple access and network handover to enhance
the efficiency of UE access network and improve handover
delay.
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