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ABSTRACT Light communication (LC) technology has been regarded as a promising candidate for future
indoor wireless networks by providing safe, power-efficient, and high data rate communications needed for
tomorrow’s applications. Both visible light (VL) and infrared (IR) wavelengths can be utilized to design LC
systems. It is often proposed that VL can be used to offload downlink traffic while near-IR is typically used
in the uplink. In this paper, the uplink multi-user LC system is considered where the system performance
is degraded by both inter-symbol interference (ISI) resulting from multipath reflections and inter-user
interference (IUI) coming from neighboring users. To mitigate these limitations, an optimal fair resource
allocation (OFRA) scheme is proposed which aims to improve the fairness among the users in terms of their
received signal to interference plus noise ratios (SINRs) by implementing the angle diversity technology.
Precisely, by assigning an ON/OFF state for each LED of the angle diversity transmitter (ADT), used by
each user, the IUI can be significantly reduced. Also, the angle diversity receiver (ADR) is used to effectively
mitigate the effects of ISI. The allocation matrix which achieves the highest fairness between different users
is obtained for different scenarios of user distribution. Toward this, the exhaustive search (ES) method is
used to obtain the optimal solution for the optimization problem under consideration. However, to reduce
the time complexity of ES method, a quasi-optimal solution called sub-optimal fair resource allocation
scheme SFRA is proposed. The sub-optimal solution is based on the genetic algorithm (GA) scheme. The
simulation results reveal that both the OFRA and SFRA achieve almost the same performance. Moreover,
the simulation results indicate the superior performance of the proposed OFRA scheme over the conventional
single transmitter (ST) one.

INDEX TERMS Light communications, multi-user light communication networks, visible light
communication, resource allocation, angular diversity, inter-user-interference, inter-symbol-interference.

I. INTRODUCTION
Nowadays, light communication (LC) technology is gain-
ing more interest due to its huge available bandwidth in
unregulated optical spectrum [1]. Both visible light (VL)
and infrared (IR) wavelengths can be utilized to design LC
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systems which can be positioned as either alternative or
complementary to radio communications [2], [3]. LC tech-
nology represents an attractive key which opens the doors
for high data rate indoor wireless applications needed in
daily life [2], [4]. It has the advantages of energy efficiency,
inherent security, human health, and unregulated bandwidth
[5], [6]. Nevertheless, there are several challenges limiting
the realization and the marketability of the LC system in
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the fifth-generation (5G) wireless networks. One of these
challenges is how to establish an efficient uplink LC chan-
nel, while achieving the envisioned Light-Fidelity (Li-Fi)
communication systems [7]–[9]. Usually, in the downlink
LC channel, visible light-emitting-diodes (LEDs) are used to
achieve both illumination and data transmission. This is due
to their unique advantages such as long lifetime, low cost,
high data rate and lower power consumption compared to
other artificial light sources [10]–[13].

However, using visible LEDs in the uplink channel leads
to the excessive glare problem which has an intrusive impact
on the human eye [14]. Additionally, the uplink light can
interfere with the downlink reflected light, resulting in sig-
nal interference which limits the performance of LC sys-
tem in high-speed transmission [15]. These issues drove the
researchers towards complementing the downlink LC tech-
nology with another alternative uplink one. Therefore, some
authors demonstrated the radio frequency (RF) waves and
ultraviolet (UV) technologies to realize uplink channel [16],
[17]. However, both RF and UV are harmful technologies and
require complex implementation [18].

Generally, IR-LED has been regarded as one of the promis-
ing solutions avoiding the complexity and the interference
with RF communication [18]. Also, it has the lowest effect
on the human healthiness so it is widely used [13], [14], [19]
and [20]. In [18], a surveillance camera based IR has been
demonstrated for uplink connection which can overcome the
glare and interference but it has a limitation on communi-
cation speed. An uplink LC system based on time division
duplex (TDD) has been proposed in [21]. In [12], a 225 Mb/s
uplink transmission can be realized by using sub-carrier
multiplexing and wavelength division multiplexing (WDM).
However, the WDM schemes are costly and complex. Addi-
tionally, the angle diversity technology has been used in the
indoor LC systems and can significantly eliminate the effects
of ambient noise and inter-symbol interference (ISI) resulting
from multipath reflections [22]–[26].

Nevertheless, all the previously mentioned studies are con-
fined to single user uplink transmission in the LC networks.
Obviously, to make the LC systems practical for the envi-
sioned Li-Fi system,multi-user (MU) uplink transmission has
to be supported [27]–[29]. However, both inter-user interfer-
ence (IUI) coming from neighboring users and ISI resulting
from reflected signals could significantly degrade the perfor-
mance ofMU-LC networks. Therefore, efficient multiplexing
and resource allocation schemes between different users are
required to mitigate these interferences.

Recently, orthogonal code division multiple access
(OCDMA) combined with TDD has been investigated as a
promising multiple access (MA) scheme for indoor uplink
LC system [7]. In that work, TDD is used for bidirectional
data transmission and OCDMA is applied for MU access.
The system has a limitation on the maximum number of
active users due to the increasing length of spreading codes
and effects of ISI and IUI. Orthogonal frequency divi-
sion multiplexing with interleaving division multiple access

scheme (OFDM-IDMA) has been proposed in [30] in order
to solve these problems. However, these systems suffer high
peak-to-average-power-ratio (PAPR) problem [31].

Non-orthogonal-multiple-access (NOMA) techniques
offer a trade-off between fairness and throughput when used
for LC systems [32]–[35]. In [34], the throughput of the
downlink LC system with NOMA has been maximized while
the user fairness has been maintained. In [35], the energy
efficiency of bidirectional LC system with NOMA has been
maximized by adopting a QoS-guaranteed optimal power
allocation strategy. However, the users of NOMA systems
suffer delay in services and imperfect interference reduction,
especially in a high dense user network.

Recently, machine learning and deep learning algorithms
have attracted much interest to solve the optimization prob-
lems encountered in MU-LC systems [36], [37]. In [36],
the sum-rate maximization problem of LC with NOMA sys-
tem has been investigated and then solved by utilizing the
Harris hawks algorithm. In [37], the energy efficiency opti-
mization problem of a dynamic unmanned aerial vehicles LC
system has been addressed. In which, a machine learning
algorithm based on gated recurrent units with convolutional
neural networks has been proposed to minimize the transmit
power while achieving the illumination and communication
requirements of all users. In [38], a unified resource alloca-
tion scheme based on particle swarm optimization algorithm
has been presented for indoor LC downlink channels. Also,
an efficient LED assignment scheme has been proposed in
[39] which can suppress the interference caused by simul-
taneous data transmission of LEDs and improve the overall
SINR of the users. Nevertheless, these systems were focused
only on the downlink channels. Therefore, the uplink MU
transmission is still a major challenge for realizing LC net-
works. In [40], we have proposed the idea of using the angle
diversity at both transmitter and receiver side in LC networks.
To fairly distribute the resources between the users, the signal
of the worst user has to be maximized by using an optimal fair
resource allocation (OFRA) scheme.

The key contribution of this paper can be illustrated as the
following:
• The uplink MU-LC system is realized by utilizing the
IR wavelength avoiding sending light to base station,
and by using the angle diversity technology at both
transmitter and receiver side. Clearly, using the angle
diversity receiver (ADR) can significantly reduce the
inter-symbol interference (ISI) resulting from the mul-
tipath reflections. On the other side, utilizing the angle
diversity transmitter ADT) for each user provides addi-
tional opportunities to enhance the system performance
by reducing the inter-user interference (IUI).

• We propose an OFRA scheme which aims to enhance
the fairness between all users in terms of their received
signal to interference plus noise ratio (SINR) by switch-
ing on the most suitable LED of each ADT (user).

• The optimization problem under consideration is first
formulated and the allocation matrix that achieves the
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objective of such problem is obtained using two meth-
ods. As a benchmark, the exhaustive search (ES) method
is used to obtain the optimal solution. On the other side,
and to reduce the complexity, a sub-optimal solution
is proposed by utilizing the genetic algorithm (GA)
scheme and compared with the optimal solution.

• Different scenarios of user distributions are considered
and the effect of transmitter viewing angle and receiver
field of view (FOV) angle on the SINR is addressed at
all scenarios under consideration.

• Since the most common underlining assumption in most
works of uplink multi-user VLC systems [7], [30], [32],
[41] is that the user has a single LED to establish its
uplink communication link, the performance of pro-
posed scheme is compared with the conventional single
transmitter (ST) scheme in terms of the received SINR,
average data rate, average number of blocked users, and
fairness index.

The rest of this paper is organized as the following. The
multi-user uplink LC systemmodel with angle diversity tech-
nology is explained in section 2. Details of the proposed
OFRA scheme are presented in section 3. Simulation results
are discussed in section 4. Finally, the paper is concluded in
section 5.

II. MULTI-USER UPLINK LC SYSTEM MODEL
Recently, in the downlink LC systems, ADR has been used to
mitigate the effects of ambient noise and ISI from multipath
reflections [22]–[25]. The basic idea of ADR is to use mul-
tiple photodetectors (PDs) that point in different directions
with different normal unit vectors and incident angles, result-
ing in less correlated channel gain matrix between all LEDs
and PDs. A further better variation of the conventional ADR
is the constraint field of view ADR where the FOV angle
of the ADR is optimized to also eliminate the line-of-sight
(LOS) co-channel interference (CCI) in the downlink LC
channel [42]. Furthermore, angle diversity transmitter (ADT)
which contains multiple numbers of narrow beam IR-LEDs
with different orientations, is used to improve the perfor-
mance of LC systems [26], [40]. In this paper, the angle
diversity technology is used at both transmitter and receiver
sides in uplink LC channel to reduce both ISI and MU (CCI)
interference as shown in Fig. 1. Clearly, this reduction is
obtained by selecting and allocating the optimal transmitter
and receiver pairs of all ADTs and ADRs.

The considered ADT design consists of L IR-LEDs. The
first one is mounted on the top center of ADT structure and
the other (L−1) side LEDs are arranged uniformly in a circle
of a certain radius along the plane of the top LED. Each LED
has a different direction that can be defined by two angles;
azimuth (γ lLED) and elevation (δlLED) for 1 ≤ l ≤ L. There-
fore, the normal unit vector at l th LED, Ŝl can be defined by
its position and orientation angles as (x lLED, y

l
LED, z

l
LED, γ

l
LED,

δlLED) as shown in Fig. 2. Similarly, the considered ADR con-
sists of F PDs. These PDs are arranged to point in different
directions which are verified by the azimuth and elevation

FIGURE 1. Multiuser uplink LC system using angle diversity technology.

FIGURE 2. The orientation of l th LED.

angles, γ fPD and δfPD, respectively for 1 ≤ f ≤ F . The first
PD is placed horizontally on the top center of ADR structure
and the other (F − 1) side PDs are arranged uniformly in
a circle with a certain radius and with a fixed tilting angle
along the plane of the top one. Thus, the normal unit vector
of the f th PD, R̂f can be defined by its position and orientation
angles as (x fPD, y

f
PD, z

f
PD, γ

f
PD, δ

f
PD) which is similar to Fig. 2.

Therefore, the uplink LC network with R ADRs has a total
of N = F × R PDs. Clearly, in uplink MU-LC network,
each PD receives a strong (main) signal from one user and
interfering signals from the others, resulting in IUI problem
that reduces the received SINRs. The goal of this paper is
to optimally allocate the resources of the uplink channel to
achieve the highest fairness among different users in terms of
their received SINR.

Generally, in a LC system, the intensity modulation with
direct detection (IM-DD) has been widely used [43]. The
information data is carried with the intensity of propagated
optical light. The uplink channel has both LOS and non-LOS
(NLOS) propagation scenarios [22], [44]. The LOS channel
model concerns with the signals that travel directly from the
user (transmitter) to the PD receiver, while the NLOS channel
model raises from reflected signals. The overall system chan-
nel gain is the sum of LOS and NLOS ones. Also, the noise
at the PD receiver is modeled as additive white Gaussian
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FIGURE 3. The LOS channel link between j th transmitter and i th PD.

noise (AWGN) [43], [44]. The uplink LC system with N
PDs (receivers) andM users (active transmitters) can be mod-
eled as a base band linear time-invariant one. The resultant
output currents vector y(t) = [y1(t), y2(t), · · · , yN (t)] of all
PDs is given by [44], [45].

y(t) = η h(t)⊗ x(t) + n(t), (1)

where x(t) = [x1(t), x2(t), · · · , xM (t)] is the instantaneous
transmitted optical power vector of all active transmitters,
η is PD’s responsivity, and n(t) = [n1(t), n2(t), · · · , nN (t)]
represents the AWGN vector at all PDs with zero mean and
variance σ 2

n . The noise has two dominant components; ther-
mal noise generated from receiver electronics with variance
σ 2
th and shot noise generated from received light with variance
σ 2
sh, i.e, σ

2
n = σ

2
th + σ

2
sh [44]. Also, h(t) is the N ×M chan-

nel impulse response matrix which summarizes the impulse
responses between all transmitters and PDs as:

h(t) =


h11(t) h12(t) · · · h1M (t)
h21(t) h22(t) · · · h2M (t)

:
. . . :

hN1(t) hN2(t) · · · hNM (t)

 , (2)

where hij(t) is the channel impulse response between the jth

transmitter and the ith PD. Clearly, this channel gain is the
sum of LOS and NLOS channel gains, hlosij (t) and h

nlos
ij (t),

respectively, as:

hlosij (t) =


(ml + 1) A cosml (θij) cos(φij)

2π (dij)2

× G(φij)T (φij)δ(t −
dij
c
), φij ≤ ψ,

0, φij > ψ ,

(3)

where A is the PD’s area and ml represents the Lambertian
order of the LED transmitter which is related to half lumi-
nance semi angle2 byml =

− ln(2)
ln(cos2) . Also, θij, φij and dij are

the angle of irradiance at LED transmitter j relative to PD i,
the angle of incidence at PD i relative to LED transmitter j,
and the distance between the LED transmitter j and the PD
i, respectively as indicated in Fig. 3. Also, T (φij), G(φij) and
c are the transmission coefficient of optical filter, the gain of
optical concentrator, and the speed of light, respectively.

On the other side, to calculate the NLOS channel response,
the room’s walls are divided intoK small reflecting elements.

FIGURE 4. The NLOS channel link between j th user and i th PD reflected
by the kth element.

Each element k , where k ∈ {1, 2, . . . ,K }, has a small area
dA and a reflection coefficient ρ. The element is treated
as a small LED transmitter that emits light from its center
in Lambertian pattern of an attenuated version of received
signals [44]. In this paper, only the first order reflection is
considered and the higher orders are neglected as they have
much less power [20], [44]. The NLOS gain expression for
a single reflection from all walls can be given by hnlosij (t) =∑K

k=1 dh
nlos
ijk (t), where dhnlosijk (t) represents the NLOS channel

response from LED transmitter j to PD i reflected by k th wall
element which is given as [43], [44]

dhnlosijk (t)

=


(ml + 1)ρA cosml (θkij) cos(αkij) cos(βkij) cos(φkij)

2π2d2jkd
2
ki

×G(φkij)T (φkij)dAkδ(t −
djk + dki

c
), φkij ≤ ψ,

0, φkij > ψ,

(4)

where djk and dki are the distances from the LED transmitter
j and the PD i to the center point of k th reflecting element,
respectively as shown in Fig. 4. And, θkij is the irradiance
angle at the LED transmitter j with respect to reflecting
element k . αkij is the angle of incidence at the reflecting
element k with respect to the LED transmitter j. Also, βkij
is the irradiance angle at the reflecting element k with respect
to the PD i. Additionally, φkij is the incidence angle at the PD i
relative to the reflecting element k as shown in Fig. 4. Finally,
the total received optical power at ith PD can be summarized
by [44].

Pir (t) =
M∑
j=1

{hlosij (t)+
K∑
k=1

dhnlosijk (t)} ⊗ xj(t). (5)

III. FAIR RESOURCE ALLOCATION SCHEME
The considered uplink MU-LC network consists of M users
andN PDs. Each user has anADTwith L IR-LEDs. However,
to reduce the optimization dimensions and decrease amount
of transmitted power of each ADT, only one of the ADTs’
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LEDs is assumed to be on (active) at a time and the remain-
ing (L − 1) LEDs are off. Moreover, the operating LEDs
are assumed to transmit the same average optical power Pt ,
i.e. the transmitted power of LED l at user j, Pjl = Pt . The
allocation (assignment) of operating LEDs for different users
is made to reduce the IUI and enhance the performance of the
overall network.

Generally, the on/off states of all LEDs associated with
different users are summarized in the (M × L) allocation
matrix A which can be given by

A =


a11 a12 · · · a1L
a21 a22 · · · a2L

:
. . . : :

aM1 aM2 · · · aML

 , (6)

where ajl is a binary allocation variable associated
with l th LED of user j. The value of this variable is equal
to 1 when the LED is on and 0, otherwise. Also, as only
one of the ADT’s LEDs is on at a time, the sum of the
allocation variables associated with each user is equal to one,
i.e. (

∑L
l=1 ajl = 1), ∀ j ∈ {1, 2, · · · ,M}. Clearly, there exists

many feasible allocation matrices that obey this constraint.
Among these matrices, there is an optimal allocation matrix
that achieves the highest fairness between all users by maxi-
mizing their minimum SINR.

Generally, at an allocation matrix A, we can define a vector
ā = [a∗1, a

∗

2, . . . , a
∗
M ] which represents the active LED index

of each user where, a∗j ∈ {1, 2, . . . ,L} is the index of active
LED for jth user at allocation vector ā and j ∈ {1, 2, · · · ,M}.
Also, the value of the binary variable ajl can be given by

ajl =

{
1, l = a∗j
0, otherwise

(7)

The SINR between jth user and ith PD at ā, γij(ā) including
both IUI and ISI is calculated by
γij(ā)

=

(
L∑
l=1
ηPtajlH los

ijl )
2

σ 2
n +

M∑
m=1,m6=j

(
L∑
l=1
ηPtamlH los

iml)
2+

M∑
m=1

(
L∑
l=1
ηPtamlHnlos

iml )
2

(8)

where H los
iml and H

nlos
iml are the LOS and NLOS DC channel

gains for the link between the l th LED of user j and the
PD i, respectively. Clearly, at an allocation vector ā, PD i is
assigned to the user that has highest SINR using assignment
variable Ui(ā) as:

Ui(ā) = arg max
j∈{1,2,··· ,M}

γij(ā) , ∀i ∈ {1, 2, · · · ,N }, (9)

Therefore, the received SINR of user j at a given allocation
vector ā, γj(ā) can be given by

γj(ā)=

{
max
i∈N

γij(ā), ∀ i : j = Ui(ā)

0, ∀ i : j 6= Ui(ā)
∀j ∈ {1, 2, · · · ,M}

(10)

Clearly, Eq. (10) states that user j has a SINR value when
it achieves the highest gain of at least one PD, otherwise its
SINR is set to zero. In other words, when the user is not
being received (hasn’t the highest received power) with any
PD, its SINR value is considered zero. Furthermore, when the
user is assigned to more than one PD, its SINR value is the
maximum one received by these PDs, i.e. the selection best
combining (SBC) is implemented.

A. PROBLEM ASSUMPTIONS AND EXTENSIONS
Some assumptions are considered in the proposed work:

Firstly, all users are assumed to have the same number of
LEDs in their ADTs (L LEDs). However, in case that some
users have different numbers of LEDswithmaximumnumber
of L LEDs, the (M × L) allocation matrix A still can be
formulated by setting the states of non existing LEDs to zero
and the OFRA proceeds without changes.

Secondly, Since the main objective of this paper is to
show the benefits of both angular diversity and the resource
allocation strategy, we simplify the problem by assuming
that the average transmitted power of all LEDs is constant
as [26], [46], [47]. However, to enhance the system per-
formance, adaptive power transmission with one of discrete
levels could be implemented. Also, the fixed DC offset that
is assumed in this work can be optimized to further enhance
the performance of LC system. This will extend dimensions
of the optimization problem under investigation and could be
considered in the future research.

Thirdly, In the proposed uplink LC system, the num-
ber of served users should not exceed the number of the
PDs in the ADRs. However, it is also possible to install
additional/auxiliary ADR units which will be activated only
when a large number of users is detected (M > N ). This
will avoid the needles complexity in case of low number of
users. Nowadays, the cost of detectors used in ADR units
has been much reduced either for the p-i-n photodiodes
[48] or for the CMOS avalanche ones [49]. Since the p-
i-n photodiodes have the simplest and the lowest rugged
structure, it has been widely used to construct the ADR
units [22], [24], [25], [50].

B. OFRA FORMULATION
The objective of this optimization is to find the optimal allo-
cation matrix A? that maximizes the lowest SINR for all users
under certain defined constraints. In other words, we aim to
find the optimal vector āopt which defines the index of active
LEDs for all users in away to achieve the highest fairness
among the users. Therefore, The max-min optimization is
used to formulate this problem as [51]:

max
ā

min
j
γj(ā) (11a)

s.t. ajl =

{
1, l = a∗j
0, otherwise

∀j, l (11b)

L∑
l=1

ajl = 1, ∀j (11c)

203228 VOLUME 8, 2020
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Pjl = Pt ∀j, l (11d)

j ∈ {1, 2, . . . ,M}, l ∈ {1, 2, . . . ,L} (11e)

i ∈ {1, 2, . . . ,N }, a∗j ∈ {1, 2, . . . ,L} (11f)

In the above model, the first constraint (11b) indicates that
the optimal LED of a user is switched on while the other
LEDs are turned off at an allocation vector ā. The second
constraint (11c) ensures that a user can be served by only
one LEDwhich achieves a fair comparison to the systemwith
single transmitter for each user. The third constraint (11d) is
imposed to guarantee that each LED of any user has the same
average optical power, Pt .

The max-min problem in (11) can be transformed into an
equivalent form by presenting an auxiliary parameter λ =
minj γj(ā) which represents the worst-case SINR over all
users. Clearly, when λ is maximized, it will be less than or
equal to γj(ā), ∀j ∈ M . At the same time, the optimal value
of λ will be no less than minj γj(ā) as λ has been maximized.
Therefore, the optimal value of this parameter, λ∗ will be as
large as possible which will be exactly equal to minj γj(ā).
Thus, we can rewrite the optimization problem of (11) as the
following equivalent formulation:

max
ā

λ (12a)

s.t. γj(ā) ≥ λ ∀j (12b)

ajl =

{
1, l = a∗j
0, otherwise

∀j, l (12c)

L∑
l=1

ajl = 1, ∀j (12d)

Pjl = Pt ∀j, l (12e)

j ∈ {1, 2, . . . ,M}, l ∈ {1, 2, . . . ,L} (12f)

i ∈ {1, 2, . . . ,N }, a∗j ∈ {1, 2, . . . ,L} (12g)

To obtain the optimal solution for the optimization problem
in (12), the ES method is used. However, such method poses
an unaffordable computational burden in real time implemen-
tation. Therefore, a quasi-optimal solution with lower cost,
delay, and complexity can be utilized. Toward that, an algo-
rithm called sub-optimal fair resource allocation (SFRA)
scheme is proposed in the next subsection.

C. SUB-OPTIMAL SOLUTION
It is clear that the optimization problem in (12) still has a
non-convex function since vector ā has a nonlinear nature
with discrete values. In order to have a convex optimization
problem, however, the objective function as well as all feasi-
ble regions must be convex in their nature [52], [53]. There-
fore, the optimization problem in (12) is discrete non-convex
one with multi-objective optimizations.

Toward solve this problem, we utilize the GA scheme
[54] which is well suited for solving such multi-objective
problems [55]. This is due to that it treats simultaneously
with a set of possible solutions called Population, and scan
in different regions of the space [56]. This makes it a power-
ful method in getting a several set of solutions for difficult

Algorithm 1 SFRA Algorithm
1: Inputs:

N ,M ,L, ε
2: Set the maximum iteration number kmax
3: Set iteration index k = 0
4: Generate random solution for ā
5: repeat
6: for i = 1 to N do
7: for j = 1 to M do
8: for l = 1 to L do
9: Construct (8) from the pilot signals
10: Compute λ = minj γj(ā)
11: Update ā with constraint 1 ≤ a∗j ≤ L
12: Solve problem (12) obtaining āopt and λopt
13: k ← k + 1;
14: end for
15: end for
16: end for
17: until convergence to optimal solution or k > kmax

discrete and non-convex problems [57]. GA is considered
one of the most popular heuristic algorithm schemes.The idea
of these algorithms is to start with one feasible solution for
the problem and try to progressively improve it. The detailed
description of the proposed SFRA algorithm is indicated as
Algorithm 1.

Generally, the calculation of SINRs for all users at given
allocation matrix requires knowing of channel gains between
each LED and PD in the network. Practically, these channel
gains can be measured at ADRs side in real-time environment
by transmitting known pilot patterns sequentially from each
LEDs of all ADTs. Also, far ADTs can be allowed to transmit
their pilot signals simultaneous in order to reduce system
delay and overheads.

IV. SIMULATION RESULTS
The optimization problem of OFRA scheme is solved using
GA scheme while the optimal solution is obtained using the
ES method. Then, the performance of the proposed OFRA
scheme is compared with ST scheme. The ST scheme is the
transmitter that uses a single LED for each user which is
a common underline assumption of most works in uplink
multi-user VLC systems [7], [30], [32], [41]. We provide
the comparison in terms of their received SINRs, number
of blocked users, Jain’s fairness, and achieved average data
rates.

A. SIMULATION SETUP
The considered room dimensions are 5 m × 5 m × 3 m [44],
[51]. The value of ρ = 0.7 is considered similar to [51], [58]
while dA = 1 cm2 is taken as [59]. Similar to [44], [58],
[60], we assume only the first order reflection, K = 1 which
is considered the highest power component of diffuse part.
We assume a desktop with height of 1 m where the user
devices are located [4], [22]. Four ADRs (R = 4) are used to
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TABLE 1. Room and user simulation parameters.

TABLE 2. Receiver simulation parameters.

receive data signals from all users. The ADRs are installed at
the room ceiling (z = 3 m) and face downwards. Each ADR
has five PDs (F = 5) pointed in different directions. Also,
five users (M = 5) are considered in the evaluations. Each
user has an ADT that faces upwards and consists of five LED
transmitters (L = 5) pointed in different directions. All LEDs
transmit same average optical power of Pt = 1 W [22]. The
LED bandwidth is assumed as B = 25 MHz [1, Table 7.1].
Additional simulation parameters are indicated in Tables.
1 and 2 which are taken similar to [42], [44], [51], [61].

It can be noted that the number of LEDs/PDs in the
ADT/ADR of the considered LC system, same as the ele-
vations of LEDs/PDs are assumed to be fixed to reduce the
dimensions of the optimization problem. However, to further
enhance the system performance, these parameters can be
also optimized which has been already reported in [25], [62].
It has been verified in [25] that the SINR fluctuation could be
gradually reduced when the number of LEDs/PDs increases.
Therefore, our selection of 5 LEDs/PDs is in a good agree-
ment with [25]. It has been also shown that both the large
and the small elevation angles raise the SINR fluctuations
particularly when many transmitters are used. Therefore,
we consider the middle value of 45◦ for the elevation of
LEDs/PDS of the ADT/ADR under investigation.

FIGURE 5. The user distribution inside the room for two scenarios. Red
circles indicate the user’s locations for first scenario and blue circles
indicates the user’s locations for second one. While, green circles show
the ADR positions where R = 4 and M = 5.

Two scenarios of user distributions are considered in the
carried evaluations. The first distribution scenario is the nor-
mal one in which the users are arranged symmetrically in a
circle at room’s center (2.5, 2.5, 1) with radius ru =1 m as
shown in Fig. 5 (red circles). The second scenario represents
theworst one, where center of the circle ismoved to the corner
area of the room at position (3.75, 1.25, 1) as shown in Fig. 5
(blue circles).

B. SIGNAL TO INTERFERENCE PLUS NOISE RATIO (SINR)
ANALYSIS
In order to evaluate the SINR for certain user at given allo-
cation matrix, its corresponding PDs are first determined
where it achieves the highest channel gains. Then, its SINR
is selected to be the highest one received by these PDs
(SC diversity). However, if the user has no corresponding
PDs, its SINR value is set to zero. Clearly, the proposed
OFRA scheme aims to maximize the minimum SINR value
in the network.

Figure 6 indicates the convergence of SFRA scheme.
Clearly, at most scenarios the algorithm converges before
performing 600 iterations which enables its real time imple-
mentation. The performance comparison between ES and
SFRA algorithms is presented in Fig. 7 after performing
700 iterations. The comparison is carried for two scenarios
of users’ distributions with PDs’ FOV and LEDs’ semi-angles
of 45◦. For theminimumSINRswhich associated with user 3,
the two schemes show nearly the same values which equal
to 12.7 dB and 13 dB using GA and ES, respectively. How-
ever, for the rest users, there are slight differences in the
performance of the two schemes. In scenario 1, ES scheme
achieves an increasing of 2.5 dB in the SINR of user 5 while it
achieves a decreasing of the same amount for user 2. Clearly,
increasing the number of the performed iterations in SFRA
algorithm would reduce the performance variation between
the two schemes. However, the average SINR values of the
two schemes show nearly same values. For example, consider
Sc 1, the calculated average SINRs of all users are 17.3 dB
and 17.55 dB using GA and ES scheme, respectively.
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FIGURE 6. Cost of solution obtained by SFRA scheme at each generation
for Scenario 1 and scenario 2. 2 = ψ = 45◦.

FIGURE 7. The SINR value of each user for SFRA and ES schemes.
2 = ψ = 45◦.

It is obvious that a small gap < 0.5 dB is existing between
the proposed SFRA and the ES (Optimal solution) methods.
On contrast, a significant reduction in the complexity can
be achieved. The complexity of ES is given by O(ML). For
example, consider Sc1 and Sc2 where M = L = 5. The
required iteration number of ES method is 3125 iterations.
This can be much reduced using SFRA method to 438 and
537 iterations for Sc1 and Sc2, respectively.

The SINR performance of OFRA scheme is compared to
that is achieved by ST one. In Fig. 8, the minimum and the
average SINR of OFRA and ST users are plotted versus the
PD’s FOV angle ψ at LED semi-angle,2 = 45◦. Obviously,
OFRA scheme gives higher average and minimum SINR val-
ues than ST at all FOV values in the two scenarios. Approx-
imately, improvements of 25 dB and 20 dB in average SINR
along with enhancement of 50 dB and 30 dB in minimum
SINR are achieved in Sc1 and Sc2, respectively. Furthermore,
in OFRA scheme a small SINR gap exists between minimum
and average SINR values resulting in higher fairness than that
is achieved by ST scheme.

Fig. 9 indicates minimum and average SINR performance
at LED’s semi-angle of 2 = 60◦. Still, OFRA scheme
outperforms the ST one in terms of minimum and average
SINRs. However, increasing LED’s semi-angle decreases
performance gap between OFRA and ST schemes as ADTs
become acting like STs.

FIGURE 8. The average and the minimum SINR performance versus FOV
angle of the PD for FRA and ST schemes. The semi-angle of the LED
2 = 45◦.

FIGURE 9. The average and the minimum SINR performance versus FOV
angle of the PD for OFRA and ST schemes. The semi-angle of the LED
2 = 60◦.

Figs. 10 and 11 indicate the SINR performance versus
the LED’s semi-angle. In Fig. 10, average and minimum
SINRs for the two scenarios are shown at PD’s FOV angle of
ψ = 45◦. Clearly, OFRA scheme achieves higher minimum
and average SINRs than that of ST scheme. However, The
highest performance gap is obtained at LED’s semi-angle
near 40◦ and the gap decreases significantly by increasing
semi-angle value. Fig. 11 indicates the minimum and average
SINRs performance at PD’s FOV angle of ψ = 60◦. Clearly,
increasing PD’s FOV angle will increase IUI levels resulting
in lower SINR.

The fairness of the two schemes is compared in terms
of received SINR for all users at different values of PD’s
FOV angle and LED’s semi-angle as indicated in Figs. 12 to
15. Fig. 12 indicates the users’ SINR at PD’s FOV angle
ψ = 45◦ and LED’s semi-angle 2 = 45◦. Clearly, OFRA
scheme achieves higher fairness levels than that of ST one.
Furthermore, using ST scheme, second and fifth users in
the first scenario and third and fourth users in the second
scenario are blocked due to the increased levels of IUIs. Also,
as indicated in Figs. 12 to 15, increasing the values of PD’s
FOV angle and/or LED’s semi-half angle will decrease the
received SINR for all users in OFRA scheme. In contrast,
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FIGURE 10. The average and the minimum SINR performance versus the
semi-angle of the LED for OFRA and ST schemes. The FOV angle of the PD
ψ = 45◦.

FIGURE 11. The average and the minimum SINR performance versus the
semi-angle of the LED for OFRA and ST schemes. The FOV angle of the PD
ψ = 60◦.

FIGURE 12. The SINR performance of each user with OFRA and ST
schemes at the two scenarios. ψ = 2 = 45◦.

the performance of ST scheme is improved by increasing the
values of these angles.

C. EFFECT OF NUMBER OF USERS
In this section the effect of number of users on the perfor-
mance of OFRA scheme is evaluated. Toward that, given
number of active users in the system,many scenarios for users
distributions are randomly generated and average values of
the performance metrics are computed over these scenarios.

FIGURE 13. The SINR performance of each user with OFRA and ST
schemes at the two scenarios. ψ = 60◦, 2 = 45◦.

FIGURE 14. The SINR performance of each user with OFRA and ST
schemes at the two scenarios. ψ = 45◦, 2 = 60◦.

FIGURE 15. The SINR performance of each user with OFRA and ST
schemes at the two scenarios. ψ = 60◦, 2 = 60◦.

Fig. 16 indicates the effect of increasing number of users
on both minimum and average SINR for OFRA and ST
schemes. Clearly, at small and moderate numbers of active
users less than 7 users, the OFRA schemes has a noticeable
performance improvement over ST one. However, at large
number of active users, the OFRA’s performances approaches
that of ST scheme.
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FIGURE 16. The average and the minimum SINR of OFRA and ST schemes
versus number of users at ψ = 2 = 45◦.

FIGURE 17. The average number of blocked users versus number of users
at ψ = 45◦, 2 = 45◦.

In Fig. 17, the average number of blocked users are
indicated for OFRA and ST schemes. The OFRA can pre-
vent blocking for four users while ST can do that for
only two users. Also, at any number of users, the OFRA
results in smaller number of blocked users compared to
ST scheme.

D. FAIRNESS AND ACHIEVABLE DATA RATE
Generally, increasing number of supported users results in
high levels of IUI which in turn decreases SINR and data
rates of the users. The capacity of jth user can be calculated
by [63]:

Cj = B log2(1+ γ (j)) (13)

where B is the communication system bandwidth.
Fig. 18 indicates the average user’s data rate versus the num-
ber of users for both OFRA and ST schemes. For number of
users less than 7, the OFRA scheme achieves higher average
data rate than that of ST scheme. Although, for number of
users higher than 7, the ST achieves near the average data
rate of OFRA scheme but at much less fairness among the
users.

One of the main objectives of the OFRA scheme is to
enhance the fairness between different users in terms of their
data rates. In the evaluation of fairness performance, Jain’s

FIGURE 18. The average data rate versus number of users for OFRA and
ST schemes at ψ = 2 = 60◦.

FIGURE 19. The fairness of OFRA and ST schemes versus number of users
at 2 = 45◦.

fairness index (JFI) is used as [63]:

JFI =
(
∑M

j=1 Cj)
2

M
∑M

j=1 C
2
j

(14)

Fig. 19 shows the Jain’s fairness achieved for OFRA and ST
schemes versus number of users at LED’s semi-angle of 45◦.
The fairness is plotted for two PD’s FOV angles which are
45◦ and 60◦. TheOFRA scheme has noticeable higher bit-rate
fairness than ST scheme at any number of users. Furthermore,
the fairness is increased in both OFRA and ST schemes by
decreasing the PD’S FOV angle. This is due to the reduction
in received IUI and ISI values. Numerically, at five users,
OFRA scheme achieves a fairness index of 0.78 and 0.71
at ψ = 45◦ and 60◦, respectively. Also, the fairness gap
between OFRA and ST scheme is much decreased at larger
number of users. In Fig. 20, the same system is evaluated
when the semi-angle is raised to 60◦. However, increasing the
semi-angle decreases fairness among the users in OFRA and
ST schemes.

Thus, it is clear that OFRA scheme achieves the higher
fairness at all cases than that of ST scheme. The reason for this
is that the conventional ST scheme utilizes a single LED for
each user which is only used to establish the communication
link regardless to the position of the user and the correspond-
ing received SINR value. At some places, however, the user
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FIGURE 20. The fairness of OFRA and ST schemes versus number of users
at 2 = 60◦.

FIGURE 21. The SINR value of each user for SBC and EGC schemes.
2 = ψ = 45◦.

might be not able to establish a robust communication link
using such single LED. Also, at other places, many users will
communicate using their single LEDs to the same PD at the
receiver side which will result in severe interference impact.
As a result, the performance of the uplink LC system will be
much affected, and some users might lose their connections
such as user 3 and 4 in Sc2 (See Figs. 12 and 14). Fur-
ther increasing in the number of users increases the average
number of blocked users as mention before and depicted
in Fig. 17. Therefore, by using the conventional ST scheme,
the achievable data rate same as the fairness between the users
are inferior comparing with the proposed OFRA scheme (See
Figs. 18-20).

E. EQUAL GAIN COMBINING
So far, we assumed the deployment of SBC scheme where
each user communicates with only one PD that can achieve
the highest SINR value. It is possible to take advantage of
the rest PDs. For this purpose, we utilize equal gain com-
bining (EGC) scheme. EGC uses a direct sum of the branch
signals from all rest PDs with equal weighting to all branches,
which result in increasing of overall received SINR. The per-
formance comparison between the two schemes is depicted
in Fig. 21. The comparison is carried for both Sc1 and Sc2 of
users’ distributions with PDs’ FOV and LEDs’ semi-angles

of 45◦. As observed from Fig. 21, the achievable SINR of all
users increases for all scenarios under consideration. One can
notice a significant improvement (6 dB) for some users while
for other users, a slight improvement (0.25 dB) can be only
achieved. Clearly, this is based on the orientation of the user,
the number of suitable PDs, and the number of interfering
users at the position of such user.

V. CONCLUSION
In this paper, a new resource allocation scheme named OFRA
has been proposed in the uplink multi-user LC network. The
proposed OFRA scheme deploys the angle diversity tech-
nology at both transmitter and receiver sides to improve the
fairness and reliability of the uplink channel. A GA scheme
has been utilized to obtain the allocation matrix that achieves
the highest fairness between the users. The results of GA
have been compared with the ES method which obtains the
optimal solution. The performance of the OFRA scheme has
been compared to the conventional ST one. The simulation
results reveal that the proposed OFRA scheme outperforms
the conventional ST one in terms of received SINR, number
of blocked users, Jain’s fairness, and achieved average data
rate at all users scenarios under consideration.
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