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ABSTRACT Recently, Light fidelity (LiFi) is proposed as a high-speed wireless communication technology.
A LiFi access point provides the service in an area of a few square meters known as LiFi attocells. Therefore,
by utilizing frequency reuse, LiFi networks provide a high spatial spectral efficiency. Unfortunately,
beside to uplink and mobility problems, the LiFi networks suffer more difficulties with increasing of the
number of mobile devices. As a solution, hybrid LiFi and radio frequency (RF) networks are proposed.
In this article, a hybrid network, that combines LiFi with RF Wireless Gigabit Alliance (WiGig) networks,
is proposed. The WiGig access points will provide gigabit-per-second data rates as a result of the availability
of large bandwidth at the millimeter wave (mmWave) frequency ranges. Such hybrid networks need an
efficient load balancing (LB) scheme. In this article, two modified versions of the separate optimization
algorithm (SOA) are proposed; Assign WiGig First SOA (AWFS) algorithm and Consecutive Assign WiGig
First SOA (CAWES) algorithm. The simulation results show that the two proposed algorithms offer better
achievable data rates and outage probability performances compared with the SOA algorithm.

INDEX TERMS Hybrid network, LiFi communications, mmWave, WiGig network.

I. INTRODUCTION

The expanding number of portable devices with multi-media
and data-demanding applications, considering the restricted
accessibility of the radio frequency (RF) range, implies that
current mobile systems are at their most extreme capacity.
Light fidelity (LiFi) innovation, which utilizes 300 THz
free-licensed and unoccupied optical range, has a consider-
able interest as a solution to the spectrum shortage problem
[1]-[4]. Using LiFi technology, a full small-cell wireless
network that including multi-user, bi-directional and multiple
access communication can be defined. LiFi access point (AP)
covers a few square meters known as LiFi attocells. Small
attocells protect users from receiving severe interference
from nearby LiFi APs. So, by utilizing frequency reuse,
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LiFi networks provide a high spatial spectral efficiency
(SE). Unfortunately, beside to uplink and mobility problems,
the LiFi networks suffer difficulties with increasing of the
number of mobile devices. To solve these problems and
to provide an acceptable level of quality of service (QoS),
a hybrid LiFi/RF network was proposed [5], [6] and [7].

In the same time, Wireless Gigabit Alliance (WiGig) pro-
vided WiFi protocol with the huge transmission capacities
using the millimetre wave (mmWave) band make it a promis-
ing candidate to solve the spectrum shortage problem as a RF
communication framework [8]. WiGig signal cannot break
through walls, instead of that, it reflects from walls, ceil-
ings, floors and objects. WiGig has the ability to track users
via beam steering mechanism getting it applicable for user
mobility scenarios. So, WiGig is suited either for stationary
or mobile users. Unfortunately, if the number of users, that
are served by the WiGig AP, is increased upon a certain value,
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side-lobe levels is increased which cause inter-beam interfer-
ence (IBI). The simulation results in [9] showed that, with
increasing of the number of users, the hybrid beamforming
performance in IEEE 802.11ad increases and then decreases.
Moreover, in [10] it is proved that the number of users is
linearly proportional with the beamforming overhead, and
inversely proportional with the system throughput. In [11],
it is shown that with increasing of the number of users,
the time-elapsed and system complexity are increased and the
throughput gain is decreased. Therefore, it is recommended
for the WiGig network to support only a finite number of
users. The optimum number of users which maximizes the
SE is provided in [12].

Working in totally different electromagnetic ranges prevent
LiFi and WiGig applications from causing interference to
each other [6]. This motivates the creation of hybrid system
that combines both LiFi with WiGig frameworks. On one
hand, WiGig can attain a data rate of 7 Gb/s [5]. On the other
hand, a single light emitting diode (LED) can achieve data
rate of more than 3 Gb/s [7]. Since LiFi does not affect WiGig
range and throughput, the overall throughput of a LiFi/WiGig
hybrid network is always more than that of stand alone
WiGig or LiFi system [6].

In this article, we propose an ultra-high capacity indoor
WLAN network based on integrating between the LiFi, using
the visible light band, and the WiGig, using the mmWave
band, instead of traditional WiFi. In the previous hybrid
LiFi/RF network, the WiFi network provides the desired QoS
to the users with low-level optical signals [5], [6] and [7].
In the proposed work, and because of the WiGig limited
number of users, only the N,,,, users with minimum LiFi data
rate are assigned to the WiGig AP, while the others will be
assigned to the LiFi APs. To design the LiFi/WiGig WLAN,
efficient algorithms for LiFi/WiGig vertical handover should
be addressed. In the hybrid network, each user should be
assigned to only one AP, LiFi or WiGig. So, load balanc-
ing (LB) scheme should be utilized. Due to both the limited
size of LiFi attocells and limited number of users in WiGig
AP, fair and efficient LB in a hybrid LiFi/WiGig network
can be a challenge. This work aims to develop LB scheme
that guarantee high user throughput, fairness and stability.
According to [13], system LB composed of two main pro-
cesses; access point assignment (APA) and resource alloca-
tion (RA). In [14], [15], joint load balancing (LB) and power
allocation (PA) algorithms for hybrid RF/VLC networks were
proposed. An iterative algorithm was proposed to maximize
the total system capacity and enhance the system fairness
based on the exact or approximate interference information
for all users. In [16], a dynamic cell formation method jointly
with a load balancing strategy for hybrid VLC/RF networks
was proposed. The centralized and decentralized load bal-
ancing algorithms taking into consideration the topology of
the hybrid VLC/RF networks to manage the transmission
resources. A comparison between many types of LB schemes
like Optimization based scheme (OBS) as Joint optimization
algorithm (JOA) and Separate optimization algorithm (SOA),

222430

Fuzzy logic-based scheme (FBS) [17] and Evolutionary game
theory-based scheme (EBS) [18] [19] is given in [20]. In [20]
the simulation results show that beside the ability to approach
global optimum, JOA outperforms SOA significantly in terms
of user data rate. On the other hand, computational com-
plexity of SOA is much lower than JOA. In this article, two
modified versions of the SOA algorithms are proposed where
only the N4, users with minimum LiFi data rate are chosen
to be assigned to the WiGig AP, while the others will be
assigned to the LiFi APs; each user will be assigned to the
LiFi AP which will provide the maximum available date rate.

The rest of the paper is organised as follows: The
hybrid system model, LiFi and WiGig channel models and
review about the SOA algorithm is introduced in Section II.
A detailed description of the proposed LB schemes are
explained in Section III. The performance evaluation
and throughput analysis are simulated and discussed in
Section IV. Finally, the conclusions are drawn in Section V.

Il. SYSTEM MODEL AND SOA ALGORITHM

A. SYSTEM SETUP

As shown in Fig. 1, the proposed system composed of only
one WiGig AP and Nyr LiFi APs which are distributed
on the ceil of the room. It is assumed that the set of N,
users, indicated as U = {/Li}i\i‘l, is distributed over the
room area. A central unit (CU) is connected using error free
links to all APs. In the LiFi network, the AP is consisting
of several light emitting diodes (LEDs), while the mobile
receivers have perpendicular photo detectors (PDs). There-
fore, the angles of irradiance and incidence are supposed
to be equal. Based on the spectrum reuse between all LiFi
APs, the LiFi system provides high spatial SE [21]. However,
the users staying in the overlapping cell edges may have

’ N, ’ N,
/ 0V o I
& o™ L
s = I = I
\ 0 N\ J
N o ; /0N /
/'_-—-— (\. ] -f\

, * WiGig AP N
/ q N/ o \

SC | & & ‘
\ A\ ]
a B0 o
= _ . - _
.{ } Optical Attocell 9/ LiFi AP

FIGURE 1. System model.
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a heavy inter-carrier-interference (ICI) which significantly
degrades the user data rate [6], [22]. To solve this problem,
the system is boosted by an WiGig AP. For downlink com-
munications, each user is allocated to a LiFi AP or the WiGig
AP. Therefore, the network load balancing (LB) scheme that
addresses the tasks of access point assignment (APA) and
time slot resource allocation (RA) is needed. In the dynamic
indoor environments with varying channels CSI, APA and RA
should be updated each a quasi-static state 7},, where 7 is the
states sequence number [22].

In the considered system, the set of LiFi APs and the WiGig
AP are denoted by C = {c|c € [0,Nrr],c € Z}, where
(¢ = 0) € Cp refers to the WiGig AP and C; = {c}]leF refer
to the LiFi APs and Z is the set of integer numbers.

B. THE MODEL OF THE LiFi CHANNEL

In indoor scenarios, the gain of the optical channel consists
of two different components; the line of sight (LoS) and the
reflection components. According to [23], the LoS compo-
nent is represented as:

H,u,ot
(m+ DApg(0)T(0)
_ @ 1 D) cos"(¢) cos(6), 0<0<0f
0, 0 < Op
(1)
where m = —1/log,(cos(6;,2) is the Lambertian index with

half-intensity radiation angle 01 2; A, is the PD physical area;
z is the horizontal distance from the optical receiver of the
w™ user to the o LiFi AP; w is the room height; ¢ and 6
are the irradiation and incidence angles, respectively; OF is
the half angle of filed-of-view (FOV) of the receivers; T(0)
is the optical filter gain; and the concentrator gain g(6) can be
expressed as follows:

XZ

sin?(OF)
0, 0 < Op

, 00 <0fr

8(0) = (@)

where yx is the refractive index.

According to [22], if the LiFi baseband modulation band-
width B is less than 25 MHz, the reflection component
could be neglected. Moreover, it was reported in [24], [25]
that, more than 95% of the total energy collected by LiFi
photo-detector in indoor scenarios produces from the direct or
line-of-sight (LoS) component. Hence in this article the band-
width B is assumed to be 20 MHz, the reflection component
is not considered in the model of the LiFi channel. Based on
[26], the intensity modulation (IM) baseband communication
and direct detection (DD) are used in LiFi systems. The LiFi
positive and real signals are transmitted in the optical power
form. The conversion between the average electric power
of signals P and the average DC optical power P, is
represented as [27]:

L= Popt/\/ Pelec 3)
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The signal-to-interference-plus-noise ratio (SINR) at the
user ;& which is allocated to o AP is:

(kPoptHyo)?
2NoB + (kPopr)2 Y H?

W, else

SINR, « = 4
where « is the optical to electric conversion efficiency at
the receivers; No[A?/Hz] is the noise power spectral density;
H,, o is the channel gain between the 1" user and the o™ LiFi
AP; and Hy .15 is the channel gain between the ,u’h user and
the interfering LiFi APs Eq. (1).

To calculate the achievable data rate between user w and
LiFi AP «, Shannon capacity is used. The achievable data
rate is represented as follows:

R, = Blog,(1 + SINRY),), (5)

C. THE MODEL OF THE WiGig CHANNEL
Assume a WiGig wireless communication network with
WiGig AP, with Npg antennas and Ngr RF chains, communi-
cates with N, mobile users; each with Nyss antennas. Assume
that the AP is connected with each user p through only
one stream. Furthermore, the maximum number of simulta-
neously users served by the WiGig AP N,,,, is calculated
depending on [12].

In the downlink, a U x U baseband precoder Fpp =
BB, £PB, .- fBE] then an Ngg x U RF precoder, Fgp =

IRF, ZRF, . ,flI}F], are applied by the BS [28], where U is
the number of mobile users. The transmitted signal can be
expressed as;

x = FrrFgps, (6)

where the U x 1 transmitted symbols vector s =
[s1, 82, -+ ,sylT with E[ss*] = (P/U)Iy, and P is the
average total transmitted power.

For simplicity, a narrowband block-fading channel model,
[11], [12], [28]-[30], [31] and [32], is adopted where the
received signal at the u’h user is;

U
ry = HMZFRanBBsn +ny @)
n=1
where the Nys x Npg matrix; H,, is the mmWave channel
between the WiGig AP and the ,ufh user, and n,, ~ N (0, o?I)
is the Gaussian noise corrupting the received signal.
At the u™ user, the received signal r,, is addressed by the
RF combiner w,:

U
Yu = WiHL Y FrefPsn + whiny, ®)

n=1
In [28], to integrate the expected limited scattering in
the mmWave channel [33], a geometric channel model
with L, scatterers for the channel of user u was adopted.
Each scatterer was assumed to represent a separate prop-
agation path from the BS to the user u. The conventional
approaches for scattering channel modelling represent one of
the two extremes: idealized statistical models representing a
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rich scattering environment [34] and parametrized physical
models that describe realistic scattering environments via
the angles and gains associated with different propagation
paths [35]. In [36], the intermediate virtual channel represen-
tation that captures the essence of physical modelling without
its complexity and provides a simple geometric interpreta-
tion of the scattering environment was proposed. Under this
model, the channel H;, can be expressed as;

NisNass <

BSNus

Hy= | = == puiays@unais@u). )
mo=1

where p,, ; is " path complex gain, with E[|p,, /|?] = p. The

I'" path’s angles of arrival and departure (AoAs/AoDs) are

0., and ¢, ; € [0, 2], respectively. Finally, aps(6,,/) and
apg(¢y.1) are the antenna array response vectors of the AP
and ;" user respectively. Then, the achievable rate of user
is

P BB|2
R, = log, (1 + o ﬁ|WMHMFRFfMBB| _ 2) . (10)
T 2ongn WHHWFRefPP 12 + 0
The sum-rate of the system is then:
Ninax
Rsum = ZR;p (11)
n=1

D. SEPARATE OPTIMIZATION ALGORITHM (SOA)
According to [20], in SOA algorithm, APA and RA processes
are sequentially optimized. Based on the high spatial SE of
LiFi network, the APA is realized where users with LiFi data
rates more than a certain threshold y, will be assigned to
LiFi APs and the others would be allocated to the RF APs.
Furthermore, the maximal effective throughput criterion is
applied. For each user u and given that

R, &, eC Eq. 5
Fpe =4 weCEmL M (12)
Ry, ceCr Eq.10
The chosen maximal link data rate LiFi AP is:
Ti,u = argmaxry,j, (13)

jeCr
where 7, ; is the LiFi data rate. Under assumption of equally

shared time resource by all users in the attocell, the potential
data rate of each user is:

h = 1 /My, (14)

where Mz, , is the number of users assigned to the LiFi AP
71, The users with A, < y will be assigned to RF APs based
on the following criterion;
T, = argmaxry j,
jeCr

According to Egs. (13, 15), in SOA, the APA result is:

Ay <. (15)

Ay =z

S0A) = Ay <v (16)

T,
1, o= i
g[.l,,Ol 7:2, 123
0, Otherwise
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In the RA step, each AP allocates the time resources
to the connected users independently. The generalized
B-proportional fairness function Wg(x), that takes into
account both user fairness and sum-rate [37] and can be
formulated as a utility maximisation problem, where;

log(x), B=1
Ypx) =1 x!-# a7
— 5 p=0,8#1

where f is the fairness coefficient and x is the achievable
data rate. After APA step, the RA step can be formulated as
follows:
1
$-1
£(SOA) _ T,
n,o - %_1
Zieua ri,ot

Algorithm 1 summarizes the SOA steps.

B >0). (18)

Algorithm 1: SOA Algorithm

Initialisation: r,, , and y;

for each user j1; where i = 1 to N, do

the CU calculates 77 , and the optical data rate A,
based on Egs. (13, 14), respectively;

if 1, > y then
| the user will assigned to LiFi AP 71 ,;

else
the user will assigned to RF AP 1; ,, using

Eq. (15);
end

end
In RA step, each AP determines the resource portion for
its allocated users, using Eq. (18).

Ill. PROPOSED LOAD BALANCING ALGORITHMS

In this article, we propose an ultra-high capacity indoor
WLAN network based on integrating between the LiFi and
the WiGig using the mmWave band instead of traditional
WiFi. In the previous work, hybrid LiFi/RF network based
on WiFi technology was proposed [5], [6] and [7]. In this
work, we propose to use WiGig technology instead of WiFi.
Due to the limited number of users could be simultaneously
served by the WiGig AP [9]-[11], only the N, users with
minimum LiFi data rate are assigned to the WiGig AP, while
the others will be assigned to the LiFi APs. To implement
the LiFi/WiGig WLAN, efficient algorithms for LiFi/WiGig
vertical handover should be addressed. For downlink commu-
nications in a hybrid network, each user can be served by only
one AP; LiFi or WiGig, so LB should be addressed. In this
work, two modified versions of SOA algorithm are proposed.
In the proposed algorithms, the N, users with minimum
LiFi data rate is assigned to the WiGig AP, while the others
will be assigned to the LiFi APs; each user will be assigned to
the LiFi AP which will provide the maximum available date
rate.
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A. ASSIGN WiGig FIRST SOA (AWFS) LB ALGORITHM

In the assign WiGig first SOA (AWES) LB algorithm, a set
Cg contains the N, users with minimum LiFi rates is con-
structed. Then, all users belong to the set Cg will be assigned
to the the WiGig AP, while other users will assigned to
the LiFi AP. The proposed APA of the AWFS algorithm is
expressed as follows:

1 o = Tl’ﬂ’ o ¢ CR
gAWES) — WiGig AP, nwecCg (19)

0, Otherwise

Algorithm 2: AWFS Algorithm

Initialisation: r,, o and y;

For all users, 71, and A, are calculated based on
Eqgs. (13, 14), respectively;

Construct the vector R = {A ,L}Z/le ; where users are
arranged ascendantly according to data rate, and the
indices of the N,,,, users with the lowest data rates are
added to the vector I,,,.

for each user j1; where i = 1to N, do

if i € I,,, then

‘ the user will assigned to the WiGig AP;
else

| the user will assigned to LiFi AP 77
end

end

B. CONSECUTIVE ASSIGN WiGig FIRST SOA (CAWFS) LB
ALGORITHM

Due to the random distribution of the mobile users, some LiFi
APs may be crowded by mobile users i.e. the number of users
assigned to a certain LiFi AP M7, , may be quite large. Taking
into account the resource limitation of these APs, the potential
data rate A, in Eq. (14) will be very low. So, with high
probability all users of this AP will have data rate less the
threshold y in SOA, or will be in the Cr in the proposed
AWES algorithm. So, all of these users will assigned to the
WiGig access point and leave the LiFi AP unused, which
mean underutilization of network resources. Further more,
if the threshold y in SOA algorithm is chosen very low, none
or a very small number of users will assigned to the WiGig
AP, which is another form of resources underutilization.

In the second proposed CAWES algorithm, the N,,,, users
are assigned to the WiGig AP one-by-one in consecutive
steps. In the beginning, a set M, contains all users are con-
structed and all users are assigned to LiFi APs using Eq. (13).
In each step, the user with minimum potential LiFi rate i,
calculated using Eq. (14), is assigned the the WiGig AP,
removed from M, and the other users, in M = M — ppin,
are redistributed among the LiFi APs using Eq. (13) and the
new potential y,, is recalculated. This process is repeated until
the number of users, which are assigned WiGig AP, reaches
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the maximum allowable number N,,,,. The APA result of the
CAWES algorithm could be represented as:
o = rl,[l,a /’L € M

| WiGig AP,  w¢M (20
0, Otherwise

cawrs) _ | 1
oo =

Algorithm 3: CAWFS Algorithm
Initialisation: r, o, Nyay, the LiFi users set M which
contains all users and count = 0;
while count < N4 do
Calculates 71, and Aj;
Assign the user with the minimum data rate, [y,
to WiGig AP;
Update; M = M — i, count = count + 1;
end
In RA step, each AP determines the resource portion for
its allocated users, according to Eq. (18).

IV. PERFORMANCE EVALUATION

A. SIMULATION SETUP

In our simulation, the same system setup and simulation
parameters given in [13], [17], [19], [22] are used here.
Whereas we consider a hybrid network composed of only one
WiGig AP and 9 LiFi APs. All LiFi attocells reuse the same
frequency band in a circle with 4 m radius under assumption
of no optical ICI. The indoor area dimensions are 24 m x 24 m.
The distance between each two neighbouring LiFi APs is 8 m.
Users are uniformly distributed and moving randomly using
the random way point model [38], [39]. With this mobility
model, each node selects a target location (i.e., waypoint) to
move at a speed selected from a uniformly distributed interval
[Vinin = 0.3 m/sec, Vipax = 0.7 m/sec]. Once the target is
reached, the node pauses for a random time and then selects
another target with another speed to move again. Each node
continues this behaviour, alternately pausing and moving to
a new location, for the duration of the simulation. The other
parameters are summarised in Table 1.

In this study, for downlink communications, the compari-
son between the traditional SOA and the two proposed algo-
rithms is based on measuring of the achievable data rates and
the outage probability. The user data rate in state n for all
algorithms is expressed as:

1

R = S @
R aec

where gﬁ)a is given in Eq. (16), Eq. (19) and Eq. (20) for

SOA, AWFS and CAWFS algorithm, respectively.

B. ACCESS POINT ALLOCATION (APA) TECHNIQUES
In this part, the APA of all algorithms are discussed. In this

simulation, N, = 15 mobile users are allocated to 4 LiFi
APs and 1 WiGig AP. In AWFS and CAWES allocation
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TABLE 1. Parameters of simulation.

Name of Parameters Value
LiFi APs parameters
The LiFi cell radius 4m
The room height 23m
The conversion of electric to optical power, ¢ 1
The LiFi AP transmit optical power, Pt 10w
Baseband bandwidth for LED lamp, B 20 MHz
The PD physical area , A, 1 em?
Half-intensity radiation angle, 60, /5 60 deg
Gain of optical filter, T (6) 1.0
Receiver FoV semi-angle, O 60 deg
Refractive index, x 1.5
Optical to electric conversion efficiency, x 0.53 A/W
Noise power spectral density, Ng 1071942 /H 2
The interval for resource allocation, T, 500 ms
WiGig APs parameters
Number of base station antennas, Ngg 25
Number of mobile user antennas, N g 9
Maximum number of users for WiGig AP, Ny ax 8
Channel SNR, 0dB
Number of paths, [ 1
All Users Using CAWFS algorithm
® ©e e © ® © ®
% °% o % ¥ ° %
0 °. % °
5 % o A 5 % o
-5 0 5 -5 0 5

Using AWFS algorithm Using SOA algorithm

5® ° © 5 * *
¥ o

0 - 0

5 @ﬂé@ 5 *@ *

-5 0 5 -5 0 5
‘ o MU % LiFiAP ‘

FIGURE 2. APA with hight SOA threshold y.

algorithms, Ny, = 5. In Figs. 2 and 3, the APA are shown
with SOA threshold y is very high and very low, respectively.
In Fig. 2, for SOA algorithm, 13 mobile users have potential
data rates A, < y, so, they will be allocated to the WiGi AP,
and left three out of four LiFi APs unused. In the same time
increase the number of users with the WiGig AP, which leads
to performance degradation. In Fig. 3, for SOA algorithm,
14 out of 15 mobile users have A, > y, so, only one user
will be allocated to the WiGi AP. In the same time 14 users
will be allocated to LiFi APs, which leads to performance
degradation too. In the other hand, both AWFS and CAWFS
allocation algorithms keep the same number of users in each
AP type. Comparing between the AWFS and CAWES allo-
cation algorithms, it is shown that the CAWFS algorithm
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All Users Using CAWFS algorithm
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FIGURE 3. APA with low SOA threshold y.
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FIGURE 4. Steps in the CAWFS algorithm.

is better because it keeps the different between the number
of users allocated to each LiFi AP is as small as possible.
Furthermore, in each step, it removes the mobile user with
the minimum data rate.

In Fig. 4, using CAWEFS algorithm, N;, = 10 mobile users
are allocated to 4 LiFi APs and 1 WiGig AP N4 = 5. The
figure shows the steps of mobile users allocation. In each
step, the mobile users with longest distance to its LiFi AP
is allocated to WiGig AP.

C. THE OPTIMAL NUMBER OF WiGig USERS

In IEEE 802.11ad, it is shown that, after a certain number of
users, the beamforming performance is inversely proportional
with the number of users [9]. In [11], it is proved that with
the increasing number of users, the time-elapsed and sys-
tem complexity are increased, whereas the throughput gain
is decreased. In [10], it is proved that with the increasing
number of users, beamforming overhead increases linearly,
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whereas the throughput gain increases and then decreases.
Reference [12] provides a guide to calculate the optimum
number of data streams which maximizes the SE. According
to [12], the maximum number of spatial degrees of free-
dom (DoF) is the rank of channel matrix which is equal to
min(Nps, Nys) for the rich scattering channel. Therefore,
we only consider the case that N, does not exceed the
min(Nps, Nys). In this work, it is assumed that Ngg = 25
and Nyis = 9. So, Nyax is chosen to be 8 users. In Fig. 5,
simulation results show that the maximum number of users
could be assigned to WiGig AP N,,,, = 8 users, which agree
with the simulation results in [12]. Given that y = 10 Mbps,
the outage probability is about 2% and average bit rate is
4000 Mbps per user.
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FIGURE 5. Achievable rates and outage probability vs number of users of
WiGig AP at y = 10 Mbps.

D. SOA THRESHOLD (y) EFFECT

In this part, the maximum QoS and average data rate by
all schemes are examined and the effect of the threshold y
in SOA algorithm is evaluated. Fig. 6 shows that the per-
formance of the SOA algorithm is critically dependant on
y value. The best performance of the SOA takes place at
Yopr = 30 Mbps, this threshold will be used in all coming
comparisons.

In the hybrid network, to calculate the outage probability,
aunified minimum data rate provided to the users, ['g, is con-
sidered as the QoS of users. The outage probability of the QoS
for each user is:

@) = Pr(R", < Iy), (22)

The outage probability is calculated using Monte Carlo
simulations as follows:
Y., Number of Users withRZ < Ty

Dy =
¥, Number of Total Users

(23)

Fig. 7 shows the outage probability of all algorithms as a
function of minimum accepted data rate I'g. The simulation
results show that the outage probability using the CAWFS
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FIGURE 7. Outage probability as a function of minimum accepted data
rate Iy with y,,; = 30 Mbps and N, = 30.

proposed algorithm is less than it in the case of using the
AWES algorithm. Furthermore both are better than the per-
formance in the case of using SOA.

E. NUMBER OF WiGig USERS Nmax EFFECT

Simulation results for achievable data rates and outage prob-
ability as functions of number of WiGig users N, are
calculated in Figs 8 and 9, respectively. The results show
that, for Ny, < 8, the performance of the CAWFS proposed
algorithm is better than the AWFS algorithm. Furthermore
both are better than the performance in the case of using SOA.

F. TOTAL NUMBER OF MOBILE USERS N, EFFECT
Simulation results for achievable data rates and outage prob-
ability as functions of total number of users N, are calculated
in Figs 10 and 11, respectively. The results show that the
performance of the CAWFS proposed algorithm is better than
the AWES algorithm. Furthermore both are better than the
performance in the case of using SOA.
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Furthermore, according to simulations in Figs 6 to 11,
the performance of the hybrid algorithms is better the the
performance of the separate LiFi or WiGig algorithm.
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V. CONCLUSION

In this article, Assign WiGig First SOA (AWEFS) and
Consecutive Assign WiGig First SOA (CAWFS) load balanc-
ing schemes in a LiFi/WiGig hybrid network are proposed.
In literature, SOA algorithm was introduced to handle this
issue. The high degradation in the performance of the WiGig
AP with increasing of number of users, more than N, , moti-
vates to find a modified version of the SOA algorithm. The
simulation results show that the performance of the proposed
algorithms, measured in the achievable data rates and the out-
age probability, is completely better than the performance of
the SOA algorithm. At the same time, the proposed CAWFS
algorithm shows better performance and more complexity
when it is compared with the proposed AWFS algorithm.
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