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Abstract: Indoor communication system has known an exponentially growth due to high demand of wireless data
service ratio. As an alternative way, the visible light zone of the electromagnetic spectrum is explored to fulfil the
future wireless data traffic requirements. Among the main issues that can be handled in the visible light communication
(VLC) system are the resources allocation and interferences management. In this paper, we aim to enhance the
throughput of the edge user based on the joint optimization of the power and bandwidth in the VLC downlink indoor
cellular network. We propose a hew geometry design that alleviates the inter-cell interference (ICI) of the edge users
which occurs especially in the overlapping areas between the adjacent cells. An orthogonal frequency division multiple
access (OFDMA) based on the direct current optical (DCO) is regarded as the channel access protocol for supporting
the multiusers at the same time. At the edge of the coverage area, we evaluate the performance of the proposed method
in terms of the achievable throughput and signal-to-interference-plus-noise ratio (SINR).Furthermore, based on the
least square (LS), the joint optimization of the power and bandwidth result to a parameter py which varies between 0
and 1. The results show that the new optimization with py=0.9 depict better improvements in term of throughput
R(po)p,s=65Mbps at r; ;=3m.We further notice that the signal-noise-ratio (SNR) is increased with p,=0.9 at the
expense of the error probability falling (P, = 10™%).

Keywords: Visible light communication, Inter-cell interference, Orthogonal frequency division multiple access,

Direct current optical, Signal-to-interference-plus-noise ratio, Least square, Signal-noise-ratio.

1. Introduction

The increasing demand crunch for wireless
capacity results in a high limit in the radio frequency
spectrum. Compared to 2016, the numerical statistics
which has been shown recently by Cisco (Feb 7,
2017), they will be sevenfold per month by 2021 in
the global mobile data traffic [1]. Along with the
evolution of the social applications such as Facebook,
Twitter..., 74 percent of the growth of the latter (data
traffic) will be expected to be found over the next five
years. As well known, the radio frequency spectrum
suffers from several issues like interference as the
main problem, bandwidth limitation, security issues,
and so on. Therefore, the next future alternative should
be able to offer higher capacity and overcome the
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various drawbacks coming from the conventional
communication system. Light-fidelity (LI-FI) and
VLC systems have been considered as a promising
alternative technology and a subset of the optical
wireless channel (OWC). They can also resolve
performance limitation due to bandwidth insufficiency
and achieve a high data rate compared to radio
frequency (RF) range [2]. Both systems employ the
alternative or other region of the electro spectrum
reserved for visible light from 380 nm to 750 nm
(wavelength) corresponding to a frequency spectrum
of 430 THz to 790 THz, whereas in VLC system a
unidirectional communication is considered to be in
downlink based on visible light for data transmission.
However, in LI-FI system a fully networked
bidirectional technique is proposed based on the
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visible light in downlink and infrared (IR) in the
uplink [3]. OWC has the immunity to security issues that
appear in the RF communication system. Moreover in
electromagnetic spectrum based on RF range, the signal is
diffused in all directions that produce the interference
within the receiving range, while in VLC system, the
optical signal coming from the light emitting diode
(LED) is significantly based on intensity modulation
(IM) with direct detection (DD). OWC has also known
noticeable advances from academia and industry due to
the growing number of portable devices and user
terminals indoor, by applying the idea of using the LED
as transmitter for both illumination and communication
where positive-intrinsic-negative photodiode (PIN-PD)
or avalanche photodiode (APD) as receivers. The LED is
anticipated to be the fundamental source in the solid
state-lighting, and has opened the door for applying a
new communication system as mentioned above.
Compared to other sources of artificial light like the
incandescent light bulbs, the LED offers several
advantages such as low power consumption, low cost,
long lifetime, high brightness, no health hazards, data
security and high level of power efficiency. Therefore,
the LED suffers from two main issues: nonlinearity
due to short dynamic range of its behavior and
limitation of the maximum achievable data rate
owing to available modulation bandwidth. Thus, lots
of researches have been carried out to handle both
problems by relying on postdistortion to linearize the
nonlinear portion of the LED and expand the
bandwidth of the LED by filtering out the phosphor
element of the optical power [4]. Many prospective
applications such as LI-FI, communication
vehicle-to-vehicle (V2V) vehicle-to-infrastructure
(V2l) and submarine communication have been
investigated by researchers [5]. In Fig. 1 (a), where
one of the most challenges is shown to describe the
LI-FI proposed technology that will be integrated in
the future railway system. Moreover, two main units
will probably drive optical LiFi attocell network. The
first unit is the substation (SS) that is responsible for
both supplying and controlling the continuity of the
current in the train lines. This latter will be equipped
by the high network devices and modulators in order to
carry the data through power-line-communication (PLC)
technique simultaneously for using alternative current
(AC) in electric power transmission. An asynschrone
engine is used to represent the train, the light fixture
below the passengers will be harnessed as access
point (AP) to serve multiple users equipments (UE).
The second unit includes bridge rectifier to convert
AC/DC, filtering to extract the data and amplification.
The VLC can be involved in the context of
automotive communication network for improving
road safety, path change alert to avoid accidents. In
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addition, the IEEE 802.15 has created two
standardizations: wireless access in vehicular
environments (WAVE) and task group for short
range (TG 7rl). The former allows to exchange and
use the information between the existing presence of
vehicle lights and traffic signal. The latter includes
LI-FI, IF and near ultraviolet.

Among the main stringent performance
requirements in the wireless communication system
is to solve the signal distortion produced by the
frequency selective fading of the wireless channel
and provides a high spectral efficiency. In that case,
orthogonal frequency division multiple (OFDM) is
regarded to be a promising candidature in the VLC
system and for the next generation wireless
communication. By optimizing system performance
based on a suitable resources allocation designing,
multiple access or OFDMA scheme can be readily
used to serve multiuser diversity in an idealistic
indoor like offices, airports, and hospitals where
different users can employ diverse subcarriers within
VLC cells. Meanwhile, AP can be considered as light
of the resource allocation (RA) to assign the
appropriate subcarriers, power and rate evenly among
different UEs. Moreover, the management of the RF
resource is built upon the hierarchical structure which
will be used in the context of the LI-FI system. In
addition, the problem of the rational use of RA,
distributions of the users and their position in the
illumination zones and the allocation of both power
and bandwidth among the existing users becomes an
extremely crucial issue that should be well addressed
in order to ensure communication quality and improve
the system performance. Some of these
aforementioned problems have been handled by
paving the way to the RA approaches [6], where in
[7], S. k. Wilson and J. Holliday adopted a scheduling
technique for downlink asymmetrically-clipped
optical OFDMA (ACO-OFDMA) which considered
the low-pass filter effect of the channel. The latter
was relied on two steps: the clusters selection in an
OFDMA based on a variable clusters size and the
randomizing of a user’s cluster selection from a set of
clusters. By reducing the information feed-back, the
bidirectional user throughput has been enhanced
through using two techniques: limited-content
feedback and limited-frequency feedback, whereas D.
S. Mohammad, X. Wu, M. Safari and H. Haas, in [8]
have taken into account the requested data rate and
the link quality of the UE for allocating the number
of the subcarriers. P. Pattanayak and P. Kumar have
discussed in [9] two proposed SINR-based limited
feedbacks scheduling algorithms by evaluating their
throughput and feedback load performances, where
their quality information lies in the form of SINR.
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Furthermore, D. Bykhovsk and S. Arnonin in [10]
designed a resource allocation algorithm for
managing the interference constrained subcarrier
which depends on the allocation of subcarriers to
receivers and power allocation for subcarriers in a
heuristic way. In order to maximize the system
throughput under SINR, a novel joint scheduling and
rate allocation algorithm have been developed in [11]
by R. K. Mondal, N. Saha, N. T. Le and Y. M. Jang
to solve adjacent cells problems which influence
transmission link. Additionally, F. Jin, X. Li, R.
Zhang, C. Dong and L. Hanzoin in [12], remedied the
effect of the interference in the VLC environment
applying two interference avoidance approaches:
frequency reuse (FR) and vectored transmission
(VT),which reduced the interference and hence led to
a better performance than the conventional frequency
reuse. Finally, the quality of service (QoS) was also
regarded in VLC system as a tool to verify to what
extent the bandwidth is reduced, whereas M. Z.
Chowdhury, M. Shahin Uddin, and Y. Mi. Jang, in
[13] proposed a QoS based on a dynamic channel
allocation scheme by giving the priority to the higher
traffic classes along with reducing the calls blocking
probability.

In a cellular typical indoor system, many adjacent
APs are deployed in a ceiling to cover the
illumination in the entire indoor area, thereby
resulting in the overlap between them. ICI is a strong
factor which can considerably degrade the
performance of the VLC cellular system. As shown
in Fig. 1 (b) a typical VLC cellular diffusion is
presented with multiuser (black point) scenario
which is located in different spaces and two APs are
placed in the center of each circle which cover the
illumination area and are usually referred to as a cell.
The green space represents the inter-cell part. It
suffices to state that a lot of studies were
predominantly behind the mitigation of the ICI for
VLC network [14, 15]. In an aircraft cabin, B.
Ghimire and H. Haas compared the performance of
the suggested busy burst (BB) approach against
chunk allocation by relying on a self-organizing
interference management [14, 15]. The fractional
frequency reuse (FFR) was adopted in a DCO
attocell network where H. Kazemiand H. Haas
improved the average spectral efficiency and
downlink SINR performance in the cell edge based
on both strict and soft FFR schemes [16]. Afterwards,
H. Kazemi, M. Safari and H. Haas proposed in [17] a
new spectral efficient cooperative transmission for
downlink indoor Li-Fi cellular networks scenario
relying on two cooperation protocols: non-orthogonal
decode and-forward (NDF) and joint-transmission
with decode and-forward (JDF). In [18], L. Chen, W.
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Wangand C. Zhang analyzed the interference
management at the expense of proposing a
coalition formation framework in the VLC context
in which the APs are set to self-organize into
cooperation coalitions for interference cancellation by
using orthogonal time or frequency domain .Finally,
A.A.Dowhuszko and A.l.  Pérez-Neira in [19]
proposed three different transmission schemes in
terms of allocating the communication resources |,
while the data rate was compared with each
transmission method.

As aforementioned, co-channel interference (CCI) is
one of the main issues that impacts the user
performance in an optical attocell network which is
caused by using the same subcarrier in neighboring
APs at the same time. Therefore, several solutions
have been analyzed as mentioned above to mitigate
CClI in cellular network including static resource
partitioning for mitigating CCI in a cellular optical
wireless, optical femtocell system that uses different
wavelengths in neighboring cells, and traditional FFR
technique that is the cost efficient process to solve the
problem of the CCI effectively and to improve both
average spectral and cell edge.

In this paper, we exploit both the weakest
received signal at the edge of the cell and the
interference management which arise when the
optical attocell networks is applied by relying on the
resource allocation and interference mitigation
problems. To handle this technical issue in a smooth
manner different than what was mentioned above, a
joint optimization (power-band) is used to maximize
the throughput of the users at the cell edge based on
LS approach. A detailed description of the suggested
FFR design will be subsequently analyzed. However;
a close look at the main contribution can be
summarized as follows: A multiple access is
introduced to be a system level downlink VLC
scenario based on DCO-OFDMA. Besides, this study
takes into account several main problems related to
the calculation of the SINR like channel
characteristics and cell radius. The coverage area is
considered to be hexagonal (HEX) deployment as an
idealistic cellular shape compared to the poisson point
process (PPP) that represents lower structure of the
cellular deployment. We next propose the steps of
sharing the OFDMA bandwidth resources in the
optical cellular system relying on the resource
allocation procedure. In doing so, we divide the
lighting center cell area into three non -overlapping
regions based on FFR method. We also treat the
influence of the various system parameters,
encompassing the existence of interfering cells and
illumination constraints.
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Before we get into the rest of the paper, we notice
that the usefulness behind using the OFDMA
manifested in the entire bandwidth is separated into
narrow carries, whereas each carrier is allocated to a
user and reused in another cell. Additionally, OFDMA
eliminates the channel selectivity in both time and
frequency over the individual subcarriers and it helps a
communication transmission in time which enhances
the illumination requirements. However, another
multiple access can be used like time division multiple
access (TDMA) and code division multiple access
(CDMA) by thoroughly considering the allocated time
slots and the code, instead of the narrow bands as it
will be depicted later. On the one hand, J. Fakidis, D.
Tsonev and H. Haas presented in [20] that the
OFDMA shows better results along with the user
needs data communication and illumination
simultaneously in the typical indoor downlink
framework. On the other hand, concerning the
CDMA, interference averaging is a crucial issue,
where the spreading codes are not completely
orthogonal in the multipath optical channel.

The rest of the paper can be summarized as
follows: In section 2, we give a comprehensive
description of both the VLC and LI-FI system in the
indoor work space. Detailed description of multiple
access is presented in section 3. In section 4, we
analyze the simulations of the proposed
approach .Finally, some concluding remarks regarding
this research.

2. Theoretical analysis of the system model
2.1 Bidirectional in the optical attocell networks

In view of enhancing the spectral efficiency of the
optical communication  system,  bidirectional
communication has been considered to be an efficient
way to boost the mobility and easy connectivity of the
user, while the connection between several LEDs or
APs constitute the networked system. This
bidirectional cellular network is known as an optical
LI-FI attocell network. Similar to femtocell network,
a LIFI cellular consists of several LIFI attocells and
provides full functionality given by a cellular system

concept, whereas its size is smaller than RF femtocell.

The typical geometrics of the optical cellular is
shown in Fig. 2 based on the square deployment of
the APs. On the downlink side, visible light is used
for dual functionality  (illumination  and
communication) provided by optical attocell from the
same high-brightness LEDs (AP), while on the other
side, uplink is typically accomplished by using IF
light with the purpose of avoiding the intra-cell
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interference and without affecting the illumination
restrictions of the room. As illustrated in Fig. 2, the
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LI-FI network contains multiple APs consisting of a
white LED installed on the square lattice ceiling of an
indoor space. Next to the LED, a PD is placed as a
receiver of the uplink data which is set on the IR
frequency band. Also, universal serial bus (USB)
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used by a laptop is faced upward to AP, while IR-
LED is employed to transmit uplink data and a PD
settled on the visible light band is utilized for
receiving downlink data. The radiation intensity of
the LEDs is supposed to be points source with
generalized lambertian emission patterns. Further,
the back-haul is realized through using the PLC or
power-over-ethernet (POE), where both connections
supply the light. A set of assumptions are listed to be
considered in this paper before delving into the
details of the proposed method. Firstly, the liaison
between the APs and users is built upon line-of-sight
(LOS) link. Secondly, the positions of the APs are

oriented downward and all users are directed upwards.

Finally, in fulfilling the light geometry, the light
emitted from each AP generates an ideal cone of light
while its entire output is presented as a circular
lighting area with a hard boundary as shown in Fig. 1
(b). Thus, the coverage area of each cell has a circle
form, which is localized at the AP position. It must
be noted that the idea behind giving these
assumptions in this paper is to put the content of the
paper in the tractable path in order to obtain the
adequate close—form expression. However, the
fundamental concepts of this paper can be used in the
places where the fixture lights are installed close to
each other like in hospital or library.

2.2 Indoor geometry of the light propagation
model

To study the efficiency of the optical wireless
communication in the attocell network context, a
system level evaluation is used to analyze the geometry
characteristic of the channel. Besides, the user
movement results in higher transmission data rate
compared with the channel variation. However, the
user movement in indoor circumference is generally
static or moving in slow velocity. In this study, users
are deemed to be quasi-static which means that the
handover is outside the scope of this work. Although
this latter won’t be considered in this study but a
comprehensive overview about the mobility of the
user will be discussed without taking it into account
in the rest of the simulation results but the purpose is
to give a general summary of the system on both sides:
static and mobility. In addition, this investigation will be
focused only on the downlink performance relying on
an achievable SINR as a criterion to evaluate the
performance of the proposed method. As detailed in
the last section, the design of the optical LIFI attocell
is presented in two cases (downlink and uplink),
whereas in Fig. 3 the downlink geometry of the optical
wireless channel is considered to be the key enabling
element in this study. A UE is suggested to be placed

International Journal of Intelligent Engineering and Systems, Vol.13, No.5, 2020

341

at a specific place like a desktop where the laptop is
put. It is also equipped with a PD receiver installed
on the top of the UE with a field of view (FOV).
Furthermore, the angle between the normal of the PD
surface with the maximum incident angle that
represents the FOV should be sufficiently wide with
a view to allowing simultaneous detection of optical
signals from the AP. A single LED or an array of the
LEDs which creates the AP is assumed to be set up
on the ceiling of a typical indoor environment and
facing downward to the receiver while each array is
usually analyzed as a single point source.

To analyze the effects of channel distortion, a
light propagation model is performed to estimate the
signal power coming from an assigned AP which is
directly related to impulse response variation .Further,
two types of propagation model are considered to
calculate the path loss, these being LOS nd non-LOS
(N-LOS) configuration .In LOS layout , the early
knowledge of the transmitter beam divergence ,
receiver location and separation distance between the
UE and AP are considered to be the chief elements
to calculate easily the path loss without taking into
account the reflections in the indoor environment.
However, non-LOS configuration makes the path loss
calculation more complex due to using room
reflections, surfaces and furniture. In this study, only
the LOS path is regarded as the visible light
propagation model and reflections path are outside
the scope, in which light is the dominant transmitted
signal component used in the downlink indoor
environment. This is due to the quantity of the
collected energy at the photodiode (PD) which comes
from the LOS direction according to [21] The flat
frequecy response is considered to be e over the
individual subcarrers in the downlink VLC channel |
which is the acceptable assumption owing to using
only the LOS path. Additionally, dividing the total
system bandwidth into subcarriers leads to mitigating
the channel selectivity in both time and frequency
even if the NLOS diffuse homogeneous is used. Before
we get into modeling the channel using DC gain, it
should be stated that the LED structure depends on
the dome shape. As shown in Fig. 4, the lambertian
emission is determined by the emitted light coming
from the planer LED. However, the maximum intensity
I, in lambertian radiation plan is perpendicular to the
planar surface, and it decreases with the changing of
the viewing angle 6 according to expression Eq. (1).

1(0) =1, cos(8) 1)

To get a detailed form of the channel, a fundamental
structure is regarded in the OWC system to model the
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channel gain DC of using both underlying
components LED and large-area PD as follows:

m1+1
bt ——

Ro(6) = - cos™k(0) 0 € [
0(0) =

](2)
0o 6>

N

Where m; denotes lambertian emission order
which expresses the directivity of the source beam by

my = % and Ry(0) is the radiation
intensity of the LED. As illustrated in Fig. 3, the LOS
path between k-th AP and 6-th UE is located at a
distance d and angle 6 with respect to the transmitter
position which can be written as follows: the radiation
intensity

Apa(m+1) cos™k (By,s) cos(Pk,6)9(Pk.5) (

H, s =
k& 2mdy,s

3)

Where Apq is the physical area of the detector
user, iy / is the LED half intensity viewing angle of the
AP, dy s is the distance between k-th AP and §-th
user or receiver, 6y sis the angle of the radiance with
respect to the axis normal to the k-th transmitter
surface, @y s is the angle of incidence with respect to
the &-th receiver surface (user).In Eq. (3), g(@xs) is
the optical concentrator gain of the optical filter
which is given as follows :

{2
9(Prs) = WO < Prs <Y

0¢k,6 2 ll)c

(4)

Where . and ¢? are the receiver FOV and the
refractive index. Fig. 3 also shows the analytical geometry
rules which can determine the radiance angle®y s, the
incidence angle and the &-th UE as follows:

Qs TR
cos(Oys) = ﬁ;kr;ﬂx (5)
dis
cos( is) = LA (6)

nr, =[0,0,-1] and ng, =[0,0,1] are the normal
vectors at the transmitter and & -th at the receiver
planes ,respectively . “.” and || . || signify the inner
product and the Euclidean norm operators, respectively.
By replacing cos(6xs) = cos(@rs) =— and

normal vectors, Hy, s can be rewritten as functlon of ry s

and dy s = /rk_gz + h? , where ris refers to the

International Journal of Intelligent Engineering and Systems, Vol.13, No.5, 2020

342

horizontal separation between the UE and k-th AP.
Towards this end, the LOS path model Hy s can be
converted to a function of ry s as follows:

UEy Tkd

Figure. 3 Two —dimensional (2D) -LOS light
propagation geometry in optical attocell system
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_ Apa(m+ DA™ g(Ps)

Hk,zS my+2 (7)

277.’(7‘2}(,5+hk) 2

Note that hy is the normal distance between the
AP and the UE planes. The optical concentrator gain
usually takes the value 1 g(@s) = 1if lens isn’t
used at the receiver. The large area of the detector
(Apq ) leads to collecting an important quantum of
the light and thus increases its sensitivity. Therefore,
there is a tradeoff between sensitivity and bandwidth
which makes the area of the detector to be chosen not
too large. The influence of different sizes of PD on
systems performances is shown in [22]. In addition, the
performance of a downlink-VLC system depends on
many factors as given by Eq. (3). Predefined system
elements related to the network configuration control
some parameters of the light propagation model. One
of the parameters is the LED half intensity viewing
angle .The other parameter is the angle of the AP
radiance .As shown in Fig. 5, R (0 is controlled by
calculating three different values of the LED half
intensity according to Eqg. (2) in order to illustrate
how this latter influences the radiation intensity. By
moving the angle of the radiance 6y, s which represents the
displacement of the UE according to the plane
(Xn,Y) and based on the assumption 6y s = @ s ,
the UE with 1, ,=60° shows the good performance
even if its maximum intensity is 5dB, whereas both
UEs with ¥, ,,=30° and 1, ,,=10° converge to 0 at
the 6 s = 30° and 6y s =70°.Therefore , the Lambertian
orders is m=1.

2.3 The low pass characteristics of the Front-End
Device -LED

A comprehensive analysis has been conducted to
mitigate the effect of the nonlinearity coming from the
LED [23, 24]. However, some investigations have
considered the LED as a linear component in spite of
the fact that a set of the fundamental aspects of the
LED modulation behavior cannot be deducted from
the linear model. In this study we will focus on the
response frequency of the LED which influences both the
total channel gain H(K) and free space transmission
where the former is modeled by Hy s. Consequently,
H(K) can be written as follows:

IH()[2 = |Hygp () 12| Hye s (0) | 8)

Where H;p(K) is the frequency response of the
LED and Hy s(K) represents the frequency response of
the channel gain in the free—space transmission. The
filtering effect of the LED will be subsequently
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discussed in this part. In order to better understand the
general effect of the LED, a detailed explanation about
the low pass characteristics of LED are illustrated in Fig.

6, whereas a sample RC circuit is used to explain the
Figure. 6 The system response of the linear RC circuit

and LED
0
St The white light response/ﬂ
)
=2
£ 10f
L]
U]
T st
N
=
g 20
Z — =25 15.5210° radsls
25 [ | e o =237 250 10° radsls
-30 - -
10° 102 104 108 108

Frequency [Hz]
Figure. 7 The modulation bandwidth of the LED

general effect of the filtering as shown in Fig. 6 (a).
A step -function input voltage Vj, is subject to the
effect of the RC circuit in order to evaluate its
performance on the output voltage V,,: . Therefore,
the characteristics of the LED can be modeled as the
low pass filter shown in Fig. 6 (b), while a step
function input current is used in the LED’s input. The
photocurrent I,}, is generated by the light falling on
the area of the PD in order to calculate the light output
power P, as function of time. In Addition, the 3-dB
bandwidth of the LED is typically low due to the T,
rise and full time t; of the capacitance and resistance
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of the LED. The frequency response of the LED can
be modeled as follows

H(w)gp = e~ W/"e) ©)
Fig. 7 shows the theoretical frequency response of the
LED with two different fitted coefficients (w. =
2 x155x10%rad/s ad w,=2m X2X
10° rad/s), whereas the frequency response of the
blue LED presents large bandwidth (15Mhz)
compared with frequency response of the white LED
(2Mhz) [25].

2.4 The hexagonal cellular of two optical attocell
network with polar coordination

In the work environment, a simplified model is
used to evaluate the UE performance by relying on
the two-layer hexagonal network deployment due to
the location of the UE at the edge of the coverage area
[26]. In addition, the cell circle radius of the LED and
radius of the hexagonal cell play a vital role in
determining the signal strength distribution within the
coverage area of the cell and minimizing the CCI effect
according to the cell size. Besides, prioritizing the use of
the HEX deployment rather than using the PPP is
included in the concept of the coordinate’s location of the
AP. The coordinates of all neighboring interfering APs
are well known for the desired user compared to the PPP
cell deployment where the coordinates of the AP are
randomly placed according to the absence probability of
the user in the cell. In the FFR system both cases A=1 and
A=3 are employed to explain the location of the user and
APs. In Fig. 8, a geometric model is shown to simplify
the explanation of the coverage area of the cell.
Furthermore, this latter is divided into a cell center area
and cell edge area with a circular cell approach that
represents the central cell. The circular cell is determined
asre =~ 0.91R owing to the approximation between the
circular cell and the original hexagonal cell. The radius of
the central area is defined as r.. The size of the cell
central and edge area is determined by the appropriate

setting of the parameter § = :—C .Moreover, the location of
e

the user and interfering AP is one of the most key enabling
elements in determining the service quality level by
calculating the achievable SINR and using two
dimensional polar coordinations shown in Fig. 8. The
origin of the coordinates is set at the location of AP, by
taking into account the orientation of the polar axis. [ =
(7, 8) determines the location of the user in the central
cell, where r is the horizontal distance between the user
and the originr € [ 0, r,. ] and 6 is the polar angle of the

userd € [0,2m). Likewise, the coordinate (Ry, O)

defines the location of the k-th AP, where Ry is the
horizontal distance between APy and the origin, and ©
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is the polar angle of APy .The fixed values of the
(Rg, ©y) can be easily calculated due to the availability
of two factors: the network deployment and the cell
radius R. ri (1) which is the horizontal distance between

o ———— -
/' Y
4 R -~ \\ Fi \\
- k R L
) \ \‘
i A
\
- "’
Polar axis .
1 i
' /
\ /
i
£
\r ---------- !
]
"
i
i
\ / 0 Target AR

\ # A Interfering AP,
O User located at /

Figure. 8 The 2D downlink model with the polar axis

AP
—1
)
™p
W
s
“l
L vt} e
UE (¢ = 0)4 UE(t'= )

Figure. 9 The random waypoint model (RWP)

the APy and the user at the | plays an important role in
determining the signal power coming from the AP, and
directed to the desired user. For k=0,ry (1) = r.From the
geometry of the cell deployment, the ri (1) can be
defined as follows:

r (D) = (r2 + Ry* — 2Ry cos(0 — @k)%)(lo)

It is worth noting that the user mobility sample
can be modeled by the random waypoint model
(RWP) which is commonly used in the wireless
communication network [27].In addition, reliance on
three fundamental rules, namely: random distinction
(uniformly chosen by probability1/mr,.2), movement
path and user velocity, lead to determining the UE’s
movement from waypoint to another waypoint as
shown in Fig. 9. In this case, the distance between the

AP and UE at time instance t is d(t) = /72(t) + h?,
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where, 7(t) = /(r%, + v2t2 — 2ryvt cos(6)) with
o1 (10
§=m-cos (mw

To¥
vector from the cell center at t=0 with |ry| = r, and
¥ is the velocity vector of the UE with |v,| = v,

) ;7 is the initial distance

3. Multiple access and downlink throughput
calculation

In view of data transmission with visible light
which is achieved through the IM/DD system, many
typical modulation techniques can be employed in the
OWC system. Therefore, single-carrier pulse
modulation is an adequate element for data
transmission based on data encoding in the duration
of the pulse like pulse width modulation (PWM) [28].
The pulse position modulation (PPM) is one of the
orthogonal modulations where the information is
encoded within the duration of the pulse [29].
Additionally, the data can be encoded in the
amplitude of the pulse during each symbol interval
such as pulse amplitude modulation (PAM) [30]. A
flurry of attempts with single-carrier modulation
seeks to increase the throughput in a dispersive
channel due to surpass of the pulse bandwidth in
relation to the coherence channel. This last
phenomenon leads to unwanted effects like inter-
symbol interference (1SI) and clipping noise resulting
from the LED. In order to remedy these problems
facing the single-carrier modulation, equalization has
been used to estimate the data as accurately as
possible at the receiver side. On the contrary, the
multicarrier modulation such as quadrature amplitude
modulation (M-QAM) or OFDM are two of the most
suitable candidates to combat the 1SI and offer higher
data rate owing to the longer duration of the symbol
than the root mean square (RMS) of the optical
wireless channel. Even more, OFDM has been
primordially considered in the downlink-VLC system
according to its strict performance such as the
inherent forcefulness against frequency selectivity of
channel by dividing the channel into narrowband flat
fading subcarriers, the effective management of the
spectrum, and finally the multiplexing and
demultiplexing which are used at both sides transmitter
and receiver through using the fast fourier transform
(FFT) and its inverse (IFFT) [31]. It should be
pointed out that the time- domain signal must be
positive and real-valued for the purpose of
modulating the LED intensity. DCO-OFDM is one of
the very well-known modulation schemes that can be
adopted in the downlink VLC system. Fig. 10 shows
the signal processing diagram of the downlink DCO-
OFDM and its main blocks. For each OFDM frame,
the information bits are firstly mapped to QAM
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symbols. Afterwards, the serial-to-parallel converter
is applied on the modulated symbols stream which is
grouped and converted to parallel frames of OFDM
and fed into the input of the IFFT block. An OFDM
symbol can be introduced as follows:

X =[Xo,Xqg oo Xy-1] (11)

Where X, for p=0,...N-1 are modulated data
symbols which are transmitted on f, -th OFDM
subcarriers given by fp = PAf with A¢ is the
frequency spacing between two adjacent subcarriers,
where N is the number of the subcarriers .The OFDM
symbols are subjected to Hermitian symmetry operation
for ensuring the real value signals in the time domain.
Therefore the OFDM symbols are normalized by

a factor of ¢ = % After the IFFT operation, time
domain samples are expressed as follows:

N-1
1 Jj21tp,
x[n]=ﬁZ)Xpexp( N ),
p=
0<n<N-1 (12)

Where x[n] follows a Gaussian distribution with
zero mean and unity variance. After the IFFT
processing block, a cyclic prefix (CP) will be added
to the samples by regarding the length of the
maximum delay of the channel. In addition, N
transformed data symbols then pass through parallel-
to-serial converter which will be fed into a digital —
to-analogue converter (DAC) module. To confirm
that the modulated signal x(t) is positive, a DC bias
is added to the analogue waveform in order to
modulate the intensity of the light. Therefore x,(t) is
given as follows:

x(t) = xpc + x() (13)

Where xpc = y+/E[x?(t)] and y is the conversion
factor. The clipping noise is negligible due to the condition
y = 3 thatensures that less than 1% of the signal is clipped
[8]. The optical power is obtained by the signal x;(t) that
drives the LED. As we have seen earlier about the ISI
effect that is solved by the subcarriers orthogonality
and cyclic prefix, ICI is still the main problem in the
cellular system which results by using the same
subcarriers in neighboring APs at the same time.
Dividing the available subcarriers into a set of
subchannels allows the users in the cellule to be
stronger against collision and mitigates the ICI
effects. Therefore, the main idea is to assign time—
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frequency resource to a group of users in the same
time which results in a new multiple access named

i K-th AP Transmitter

E A[n]
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ooo01110 _i| Modulation- F
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Figure. 10 DCO-OFDMA downlink system

OFDMA. The yellow block in Fig. 10 shows the
subcarrier mapper that allocates users’ data symbols
to subcarriers, while the allocation of the resources is
controlled in both the time domain (slots) and the
frequency domain (tone). OFDMA considered in this
study builds upon the using of the multiple optical
APs. These APs have the responsibility to cover the
network by their signals power in order to serve the
desired users. However, the reaming of the APs that
uses the same resources produces CCI effect to the
desired users. As mentioned above, a subscript k-th=0, 1,
2...is used to identify the signal coming from different
APs. The intended AP corresponds to the case of k=0,
where k €Il corresponds to the case of the
interfering APs, in which IT denotes the group of the
APs using the same resources. Therefore, the
received signal of the desired user o at time slot t can
be expressed as follows:

Y(t) = Apalxo(t) @ ho(t) + Xken xk(t) ®
hy (8) + ngx ()] (14)

Where 4,4 is the PD responsivity of the receiver,
h, (t) is the channel impulse response in the time
domain of the downlink VLC system from the k-th
AP to the desired user and ngx(t) represents the
time domain noise at the receiver. After the two
processing blocks: the FFT operation and the single
tap equalization shown in Fig. 10 at the receiver side,
the original QAM symbols can be recovered.
According to Eq. (3), the signal-noise-ratio (SNR) of
the 6-th UE on p-th subcarrier can be obtained as
follows:
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NAya®Pp®Hys*H(w)ep”
(N —2)y2NyBp,

(—41IpBD)
Me\ Nowc

= 7
(ri,2+hp)m+3

SNRps =

(15)

Where

N Apa” (Apa(m+DR™Hg(@y,5))? Pp® .
M = L (pZTt)Z(N—Z)}/ZNOBD y PD IS the
transmitted optical power by each AP, N, is the noise
power spectral density and Bgis the downlink reused
bandwidth due to FFR and w = pBp /N .After that ,
the throughput of 6-th UE can be expressed as
follows:

Rps =25,/ " 10g,(1+SNRps)  (16)

Substituting (15) by (16), the downlink throughput
is rewritten as follows:

—4TTpBp

Bp «N/2-1 Me Nwc
RD,(S = WD pil lOgZ (1 + m)(l?)

In the communication system, SINR is
considered to be an essential metric tool to evaluate
the network quality and the transmission throughput
while it is defined as the ratio of the received desired
signal power to the total noise and interference power.
The received SINR of 8-th UE on p-th subcarrier can
be written as follows:

SINRp s
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_ Apa’Pp?Hy,s*H(®)LED" (18)

T (N-2)y2052+Skem kzo Apa- Pp?Hi,s2H(w)LED®

Where o2 is the noise on p-th subcarrier of
UEs.According to the user location | and Eq. (10) on p-
th subcarrier , the SINR can be rewritten as follows :

(T‘k'gz +hk2)_m_3

-m-3
Tkemk=o(Tk2(D+h?) +B

SINRp 5 = (19)

4m?(N-2)y?NyBp
NApq® Apa®(m+1)2 h?™k*2g(@y 5)2 Pp?

Where, 8 =

4. Analysis of the proposed model and
simulation results

4.1 The geometry design of the proposed resource
allocation

For the sake of simplicity, we first consider an
indoor communication downlink scenario which is
made up of two APs and three UEs, while one of the
APs being the interfering cell as shown in Fig. 11.
OFDMA modulation scheme is proposed to be used
in the coverage area of the AP for the reason of
serving multiple users. As illustrated again in Fig.
11, we adopt the FFR A=3 pattern to reduce
interference and increase SINR for UE near the edge
of the coverage area .Therefore, we partition the
coverage area of each AP into three regions, namely
region 1, region 2 and region 3, where the users
located in each region are indicated as inferior users
in region 1, middle users in region 2 and edge users
in region 3.After defining the three categories of the
users , they are considered to be uniformly
distributed in different regions. Regarding the
assumptions shown above in Fig. 2, three UEs are
assumed to be distributed in different regions. We
suggest that the UE will use infrared in order to
provide AP the required information like the
strength of the received signal, SINR values, and the
knowledge about the UE location. In addition, the
radius ry x[m],r, x[m] and r3y[m] are related to
the different regions in the k-th AP. Hence, the total
radius of the coverage area is r, =1y, + 12 +
13 [m].However, it should be pointed out that
when no limitations are regarded, the radius of the
region 1is 7y, <7, with respect to 73, =1y, >
0 .It is worth mentioning that the subcarriers are
shared among the UEs in the different regions and
at each AP owing to dividing the available
bandwidth. In doing so, we determine a set of
assumptions after getting into details. Let us
consider Py, B.x and N respectively as the total
optical power, the total available bandwidth and the
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total number of subcarriers in the cell. In the
different regions of the served UE, the corresponding
allocated resources are referred to as Pgy, Bgx and
Ngrx for R= {1, 2, 3} while the data transmission is

made by using all cell resources as  follows:

Rt _ . \RT _ . Rr _
Zi:1 Pi,k - Pc,k ,zi:1 Bi,k - Bc,k ) Zi:1 Ni,k -

N, . where Ry is the total region of the coverage
area and UE = Ul.'iTl UE; .Furthermore, to adopt an
objective analysis , we restrict it by assuming that the
same optical power , bandwidth, and number of
subcarriers are used inall APs:  P., = P., Bcx =
Bcand N, = N..The features By and Py are
assumed to be the allocated bandwidth and power at
the p-th subcarrier and k-th AP whereas B, =
B./ N;and P, = F./ N, with respect to k=1...K
and p=1... N..Subsequently, both elements rg) and
Ng k can characterize each region in the coverage area
based on the assumption that P, = Nz, P,/ N, and
Bry = Nry B./ N. for R={1,2,3}. Fig. 12 shows
the assignment of the subcarriers among the users to
be served in each region while the available
bandwidth is divided into subchannels which
constitute of a set of subcarriers to be allocated to
each user.

As we have seen earlier, the new optimization
that determines how to allocate both the power and
subcarrier geometrically based on the equality policy
between the mentioned elements. Also, another
parameter is going to be optimized in order to
enhance the per —user throughput. For the sake of
clarity, we assume that the ICI is mitigated between
cells, and then reduced to SNR, thus solving the
derivation of Eq. (17) as follows:

N
;—1 —4TTpBp
Me Nwc

B
RD(S = _DZ lOg2 1 + 2
' N (Ti, 6% + by )m3

—4mpBp
ﬂ—l Me Nwc
Bp S n <1 T st
-N In(2)
p=1
ORps _  2Bpris(m+3)(res® +hy) ™"
s N In(2)
—4mpBp
N/2-1 e Noc
Syl = <0 (20)
1+e Noc

Eq. (20) implies that the Rp s is monotonically
decreased with respect to rys as depicted in
Fig.13 .This means that higher throughput can be
achieved when the user is being located in region 1
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(0 < 71 < 1m), whereas this throughput is reduced
in region 3 (2m < r31 < 3m) due to both the large
cell and the weakest received signal from the AP,
where 1 ,, = 60°.0n the other hand, we also notice
that s, ,, = 30° shows a good performance at the cell
center compared to the other half intensity , but it
reduces the throughput to almost 40% at the cell edge
(region 3) .Depending on the last comparison
depicted in Fig. 13, the value ;,, = 60° will be
utilized to model half intensity in the rest of the paper.
In addition the first goal can be directed toward the
maximization of the received signal power at the cell
edge according to this relation:

hmk+1

=Jo (21)

mr+1

(rrs2+hie®)” 2

Where ], is the maximum luminous intensity [cd],
E [Lx] is the lllumination Level or brightness which
characterizes the illuminated surface depending on
the European lighting standard [27]. Fig. 14 presents
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the luminous intensity evolution at a given location
by relying on the minimum and the maximum
brightness level which means that a higher intensity
is assigned to the users at the cell edge while less
brightness will cover the other regions (R2 and R1)
of the coverage area .This is caused by solving the

derivation of 22 in order to achieve the optimal

omy
radiation .We should minimize the strength signal
variation among the different regions of the AP in
order to guarantee a sufficient amount of light that
illuminates the coverage area .As aforementioned in
Fig. 5, the optimum value is chosen to be m=1 that
shows better results on the illumination side
compared with the other values . In this case, another
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parameter will be optimized in order to jointly keep
the optimum illumination of the coverage area and to
enhance the user throughput at cell edge which is our
main goal.

With regard to our chief goal which attempts to
enhance the throughput of the edge UE under the
optimization operation, since it is suggested that the
same request throughput is assumed to be demanded
by the UEs .In this study, we calculate the average
downlink throughput R3V8p, 5 over the minimum and
the maximum radius of the coverage area under the
assumption that the interference can be omitted due
to FFR plan. Hence the optimization solution can be
formulated as follows:

1 .
maxRps = 3L Ros(p0)™  (22)

Where p, is the optimization parameter that will
be explained below and pyi, is minimum subcarriers to
satisfy ~the requested  throughput.  R,.q  (see
APPENDIX.1) .Let’s determine the average throughput of
AP; which is calculated as follows:

Rp,s(p)*™

Pmin

BD Tmax
= W_f Z log,| 1

Tmin p=1

~4™PminBD

N (ApdApd(m + 1)hmk+1g(¢k,5))2 PDze Nwc
+

41T2(N - Z)VZNO(T'k'(SZ + hkz)m+3

Dmin
BD Tmax I U “‘”ZminBD
_Nln(Z)fr, Z n\pUe ree J=(m
min  p=

+ 3) l?’l('l"k,gz + th)

_ BpTmaxPmin l U W _( +
T NInQ) n\pove m

3) ((ln(rmaxz +ht)—2)+
)|

2
Where py = F;% is the optimization parameter which
D

can be adapted with the system structure requirements for
a minimum given number of subcarriers in each region,
whereas its value is limited 0 < py, <1 and U =
N (ApaApa(m+1Dh™k* g (@) 5))?
4m2(N-2)Y?%N,

average throughput in terms of the optimization
parameter p, and the minimum of the subcarriers to be
allocated to the UEs in different regions of AP;, we

. After determining the
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derive the average throughput RV&p 5 with respect
to pg which was obtained in Eq. (23) in order to find
the optimal value of the p, that maximizes the
throughput of the edge user. In addition, an algorithm
should be used to optimize this parameter which leads
to a variation in the subcarriers power. This means
that unequal power will be shared among the users
contrary to what was assumed in the beginning of the
analysis. The optimum p, can be defined as follows:

aRD,5an _ BpTmaxPmin i >0 (24)

dpo Nin(2) Po

It is worth noting that the optimal value of p,
depends not only on the radius of the cell but also on the
error probability at the instantaneous SNRp s.In this
case , the maximization of the average throughput
which was obtained by calculating the derivation of Eq.
(23) with respect to p, that can be rewritten as follows:

maxRp s = lim R(po)p s X
Po po—1 ’

Pr(z X SNR(po)p,s > SNR(.DO)D,(S) (25)

Where P, = Pr(z X SNR(po)p 5 >
SNR(pO)D,,;) is the error probability under the
AWGN channel and it is conditioned by the channel
variation z.

| Hisl’

JEQ His”

noise-ratio. In addition, the condition written in Eq.
(25) should be kept in order that the error probability
can drop rapidly once the instantaneous
SNR(po)p,s surpasses SNR(po) .The error
probability over the AWGN is thus given:

z= , SNR(po)p sis the average signal —
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P = PT”(Z X SNR(po)p,s > SNR(.DO)D,(S)

= [ p,(x)dx (26)

12
Where p,(x) = ﬁexp (ﬂ) is  the

202
probability density function (PDF) of the Gaussian
distribution.

As stated above , the uplink analysis wasn't taken
into account in this investigation concerning the
feedback rate and the amount of information,
whereas its vital role will be next employed in order
to know the UE state in each region through sending
the full description of the instantaneous channel to
AP. Fig. 15 describes the process of the throughput
enhancement especially in the edge of the AP , in
which the LS regression [32] is employed to find the
estimated requested throughput m relying on the

optimal value of p, and the value of pmin -
Algorithm 1 describes the main steps to evaluate the
behavior of the throughput with respect to the
optimal value of p,.

350
Table 1. System settings
Parameter Symbol Value
Vertical distance between the UE hy 2.15m
and AP
Coverage area radius T 3m
Number of subcarriers N 64
Downlink Bandwidth Bg SMHz
Transmitted optical power Ppo 4W
“Downlink”
Area of the detector Apd 1cm?
Fitted coefficients of the LED w, 15.5 Mrad
/s
PD responsivity Aya 0.1 A/W
The noise power spectral density N, 1072142
/Hz
The LED half intensity viewing U1/2 60°
angle of the AP
The receiver FOV T8 90°

Algorithm 1-Throughput enhancement based on optimal
solution

1. Input: N,Bg, Pp,p;
. Initialization: ry = 0;
3. for 0<p<N/2-1

Throughput calculation using Eq. (22)

4. updatery =1+ 0.1
if SNRpsp < SNRy

n;aXRD,S = })ilgl(R(po)D,ﬁ) Pr(z X SNRp 5(po) > SNRp 5(po)
0 0
E|Se RanD'S == RD,S

End if
End for

4.2 Simulations  results and
discussion of the proposed method

performance

The optical wireless network parameters that are
employed in this study are enumerated below in
Table. 1as default parameters. A large empty room is
typically designed to be a work space with a size of
10x10x3m. According to the results shown in Fig.
5,a Y/, 0f 60° is chosen to be the adequate value for
lightning performance. The UE is elevated 0.85m
from the earth's surface while the vertical distance
between the UE and the AP is determined at 2.15m.
Apq of 1cm? is the reasonable value in the optical
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attocell network. As shown in Fig. 7 a good tradeoff
between the modulation bandwidth and the other
bandwidth is provided by the chosen LED. Due to
using the blue filter at the UE, the PD responsivity of
0.1A/W is chosen to be the suitable value to obtain a
better response of the PD According to Eq. (19), Fig.
16 presents the results of the SINR likelihood based
on the two APs , the first for the area coverage ( AP;)
and the second for the interference (AP,), whereas
differences exist in the distribution of the SINR. Let’s
analyze the system performance with different values
of A. Firstly, with 4=/ the -9.8 dB exhibits the worst
value of the SINR owing to the fact that edge users
employ the same channels which increase by
VA .Secondly, the SINR is shifted to the right by 5dB
when 4=2 is employed. Finally, the system shows
enhancements in terms of SINR boost SINR=6.8dB
through using 4=3.

It is worth clarifying the method followed in Fig.
15 Dbefore explaining the results of the proposed
method. In doing so, the AP determines a threshold
for all UEs in different regions while each UE
compares its SNR to this threshold. The value of the
threshold is chosen to be e = —15 dB as a minimum
value of the SNR. In this case, when the SNR is
inferior to the threshold , the UE sends information
concerning the received optical power in terms of the
SNR .Thus applying algorithm 1.In other words, Fig.
17 depicts the comparison between the enhanced
throughput of the AP, in the four different values of
the p, by using Eqg. (25). As we have shown above,
the UEs were uniformly distributed in each region.
However, we will only focus on certain radius
r; 1=0m, r, 1=1m, r3 ;=3m where the UEs will be set
up .Obviously, we notice an enhancement in terms of
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Figure. 17 The enhanced throughput based on the power-
bandwidth trade-off

the throughput owing to the values change of the
po-It can also be noticed from these results that the
maximum throughput R(po)ps = 70Mbips at
r; 1=0m corresponds to an optimal value p,=0.9
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Figure. 19 Behavior of error probability versus SNR of a
po changement

along with the minimum throughput
R(po)p,s=65Mbps at r3 ; =3m. However, the other
values of the p, show better improvements at the
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throughput compared with the throughput without
optimization (w/o optimization). Fig. 18 illustrates
the minimum number of subcarriers needed to be
allocated in each region while keeping the optimum
value of py,=0.9 fixed. We can clearly notice that
when the requested throughout is increased
(R(po)p,s =100Mbps ), the minimum number of
subcarriers is increased ( pmin=27) . With regard to
the targeted value which is R(py)p s=70Mbps, the
minimum subcarriers at ry; =0m are pp;, =19,
whereas at ry; =3m pp;, =22. Finally, Fig. 19
represents the curves performance in terms of
minimum and maximum value of p,. We can also
observe that SNR(py = 0.1)ps =-4dB is the
minimum value where the curve starts falling to
achieve a minimum error probability (P, = 10™%),
whereas the SNR(p, = 0.9)p s=8db shows a better
result (P, = 10~%) compared with the other curves.
Nevertheless, the error probability (w/o optimization)
noticeably shows better performance at the expense
of -3.54dB reduction in SNR(py)p s as revealed in
Fig. 19 .We further observe that the combination
(Po» Pmin) Seeks to improve the performance of the
UE at the different values of the AP radius.
Subsequently, the simulations results show that the
lower p, underestimates both the throughput and
system performance in terms of SNR (py ) p, s, Whereas
the higher value of p, improves the system
performance. Subsequently, the simulations results
show that the lower p, underestimates both the
enhanced throughput and system performance in
terms of SNR, whereas the higher value of p,
improves the system performance.

5. Conclusion

In this study, we sought to strike a balance
between power and bandwidth within the framework
of enhancing the throughput of the edge UEs in the
optical attocell network, whereas the throughput was
maximized with py =0.9 (R(po)ps =70Mbps) at
r; 1=0m.In addition, the throughput of the edge UEs
knew noticeable improvement, while the system
performance in terms of the throughput reaches at
r; 1 =0m to R(py)p,s =65Mbps compared with the
throughput without optimization Rp 5=52Mbps.The
AP, on the one hand, jointly optimized the power and
bandwidth in order to achieve the QoS satisfaction in
terms of the lower error probability and, on the other
hand, maximized the system throughput as
mentioned earlier . A deep theoretical analysis was
firstly considered to be the policy towards extracting
the closed expressions. Geometrical solution and
FFR scheme were the key enabling elements to
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mitigate the ICI issue while three regions were
defined in each AP along with priority regions. It was
also shown that the optimization with different values
of py (po =0.1,0.3,0.3) led to better downlink
throughput (R(po)p,s= 58Mbps,60Mbps, 63Mbps)
compared with the throughput without optimization.
Our future studies will be directed to analyzing the
overall throughput system (downlink- uplink) even if
the uplink wasn’t robustly taken into account in this
study but it served the AP to know the state channel.

Appendix. 1

Regarding Eq. (22) and Fig. 11, three UEs are
located at different values of the radius (ry 1,151,131) ,
whereas the radius at the illumination center is ry ;=0.
The AP dynamically allocates p,,;, subcarriers to the
UE to match its QoS in terms of the downlink
throughput, thus Rp 5(ri)= Ryeq.We have:

~4mPminBD

pUe Nw¢

p=1 (Tr,62 + hy.

2)m+3

_ PminBp log < pU )
- 2
N (rk,az + hkz)m+3

Pmin

47 (Bp\?
- W_C (WD) 1092 (e) z Pmin
p=1

_ PminBp log < pU )
N 2
N (rk,az + hkz)m+3

21 (Bp\?
- (W) log, () Pmin (Pmin

Wc¢
+1)

[ oo (i)

:pminz‘l'l 1-

| Pmin

2 (%2) toga(e) /
n Rreq
2 ()7 1o g, (e)

we \ N

=0

After obtaining the above quadratic equation, the
solutions of p,,;, can be found as follows:
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Where X = log, (L)

(Tks2+h>)m+3
21 (Bp
Y = Vc<ﬁ) log,(e)
Bp

Z—Zn( )zl (e) dX>>1
_Wc N 0g,(e)an %

The binomial approximation (1 + x)™ = 1 + nxfor
small x is employed in order to obtain the
approximate number of subcarriers .Hence, this latter
can be rewritten as follows:

I(2)NRyeq
Bp In(pU) —m + 3 In(ry 6% + h”)

Pmin =

Notation list

K-th: number of the APs.

§-th: number of the UE or receiver.

p-th: number of the subcarriers.

po: Optimized parameter.

P, the error probability.

Rp,s: throughput of UE in downlink sid.

Rp, 59 the average throughput of the UE in downlink
side.

R(po)p,s=the enhanced throughput.

SNRp s: is the average signal-noise-ratio of the UE
in the downlink side.

SNRp s: is the average signal —noise-ratio.
SNR(po)p,s- Is the average signal —noise-ratio with
the optimized parameter of the UE in the downlink
side.
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