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Dynamic Load Balancing with Handover in Hybrid
Li-FI and Wi-Fi Networks

Yunlu Wang and Harald Haas

Abstract—In this paper, a hybrid network combining light — Wi-Fi protocol provided by Wireless Gigabit Alliance (Wi@i
fidelity (Li-Fi) with a radio frequency (RF) wireless fidelity enables devices to operate in three centre frequencies52.4
(Wi-Fi) network is considered. An additional tier of very small and 60 GHz), and WiGig can achieve a total data rate up
Li-Fi attocells which utilise the visible light spectrum offers a '
significant increase in wireless data throughput in an indoo to7 Gb_/s [4]. On the other ha”‘?'- recent research shows that
environment while at the same time providing room illumination. ~ the achievable data rate of a single LED can be more than
Importantly, there is no interference between Li-Fi and Wi-Fi. 3 Gb/s [5]. A large number of Li-Fi APs can be deployed in
A Li-Fi attocell covers a significantly smaller area than a Wk an indoor scenario and thus a high area spectral efficienty ca
Fi access point (AP). This means that even with moderate user be achieved with a Li-Fi network [6], and the total throughpu

movement a large number of handover between Li-Fi attocells S . .
can occur, and this compromises the system throughput. Dymaic of a Li-Fi/Wi-Fi hybrid system can be considerable. Also,

load balancing (LB) can mitigate this issue so that quasi-stic @ hybrid network can improve the user QoS by ensuring
users are served by Li-Fi attocells while moving users are seed a high throughput at all locations. In general, Wi-Fi can

by a Wi-Fi AP. However, due to user movement, local overload achieve ubiquitous coverage which provides the basic déga r

situations may occur which prevent handover, leading to a lver : e i ;
throughput. This research studies LB in a hybrid Li-Fi/Wi-F i (r:zcg)l:(r:i;nent and Li-Fi can significantly augment the maximum

network by taking into account user mobility and handover L . -
signalling overheads. Furthermore, a dynamic LB scheme is In & hybrid Li-Fi/Wi-Fi network, fair and efficient load bal-

proposed, where the utility function considers system thraghput ancing (LB) can be a challenge due to the small size of Li-Fi
and fairness. In order to better understand the handover eféct gttocells. Most of the recent research focuses on the resour
on the LB, the service areas of different APs are studied, anthe  515cation (RA) problem in static systems where users are
throughput of each AP by employing the proposed LB scheme - . . .
is analysed. assumed to b_e fixed [2], [7] Hov_vever, in prac_tlcal scenarios
some users will be moving. In an indoor scenario, the cowerag
of a Wi-Fi AP is beyond a single room whereas each Li-
Fi cell in a Li-Fi network covers only a few square meters
due to the rectilinear propagation of light. However, there
. INTRODUCTION are many light sources in a room for illumination purposes

The increasing number of multi-media mobile device@nd Li-Fi harnesses significant gains by reusing transonissi

and the extensive use of data-demanding mobile applicatidgSOUrces. As a consequence, when assuming user movement,
means that current mobile networks are at their maximuff€rs may experience many handovers between Li-Fi atsocell
capacity due to the limited availability of the radio freqoy The handover between Li-Fi attocells is termed as horizonta

(RF) spectrum. Li-Fi technology, which uses 300 THz licencd@ndover, and the handover between Li-Fi and Wi-Fi APS is
free and unused optical spectrum for wireless communicsgiot€med as vertical handover. During a handover, the siggall

has recently been regarded as a solution to this problem [formation is exchanged between users and a central unit
One advantage of Li-Fi is that it does not cause interfereni&eV)- This process takes an average time varying from around

to existing RF communication systems, because it uses 3 MS t0 3000 ms depending on the algorithms used [8],
entirely different part of the electromagnetic spectruin This [9] and transmission losses occur in this period. Thus, the

enables the creation of hybrid networks that combine Li-andover overhead must be considered in the design of LB
with RF systems. schemes for such hybrid networks. In conventional mobile

In an indoor situation, a hybrid integration of Wi-Fi andRF networks, handover occurs when users receive a lower

Li-Fi is expected to improve both the system throughput arfignal-to-noise ratio (SNR) from the serving base stat®)(
the users quality of service (QoS) [3]. Since Li-Fi doethan that from other BSs [10]. However, in an indoor hybrid
not affect Wi-Fi coverage and throughput, the total systeﬁ?twork' the stability issues have to be taken into accosnt a
throughput of a Li-Fi/Wi-Fi hybrid network is always greate@ handover may prompt further handovers. For example, if
than that of separate Wi-Fi or Li-Fi networks [2]. On thé USer is transferred from the Li-Fi layer to the Wi-Fi layer,

one hand, according to the IEEE 802.11ad standard, the lafb&Vill increase the load in the respective Wi-Fi cell. Other
users served by this Wi-Fi AP may have to be transferred to

~ The authors are with the University of Edinburgh, Li-Fi R&De@re, neighbouring Wi-Fi APs, or have reduced data rates. Alse, du
Edinburgh, EH9 3JL, UK, (e-mail{yunlu.wang, h.nag@ed.ac.uk) This tg the decrease in the load of the Li-Fi attocell, resources a
publication acknowledges support from the Engineering Bhglsical Sci- freed t h dat tes t isti Thus. rth .
ences Research Council (EPSRC) under Established Carlbewd$tép grant reed up to enhance data rates 1o existing users. us,rne al

EP/K008757/1. is to develop LB schemes that ensure high user throughput,

Index Terms—Li-Fi, Wi-Fi, Hybrid network, Load balancing,
Handover overhead, VLC



reduced handover overhead, fairness and stability in aidhybr
Li-Fi/Wi-Fi system. = ()

The rest of the paper is organised as follows: The hybrid = ‘ Wik AP
system model with mobile devices is introduced in Section Il ] A A A LiFi AP
A detailed description of the proposed dynamic LB scheme | = o
is given in Section IIl. The throughput analysis is carried o = () - Optical
in Section IV. The performance evaluation is presented and l == Attocell
discussed in Section V. Conclusions are given in Section VI. o )

g] Mobile
A L:J] A [mﬂ User

Il. SYSTEM MODEL = ] 0 Fixed User
I— -

A. System setup

—  Route

As shown in Fig. 1, a Li-Fi/Wi-Fi hybrid downlink system
model is considered. This hybrid network covers an indoor
area byN, Li-Fi APs and a single Wi-Fi AP. In the scenariofi9- 1. System model
users are uniformly distributed and move randomly. All o th
APs are connected to a CU through error free inter-connectio o
links. Each Li-Fi AP is a large light emitting diode (LED)TNne LOS channel gain is expressed as [11]:
lamp which contains many low power LEDs, and each user { (m+1)A, g(O)T,(0) cos™($) cos(0), 6 < Op

has a photo detector (PD). It is assumed that all of the PBE, , = { 2*(i.ath?) ,
are oriented perpendicular to the floor. This means that the 0, 0 <OF
angle of irradiation is equal to the angle of incidence. The 1)

field of view (FoV) of the LEDs and PDs can be designefihere m is the Lambertian index which is a function

so that the transmission can be contained within a Certqu the half-intensity radiation angI691/2 expressed as
space. Also, the walls of a room block light completely which, — _j /1og, (cos(6) »)); A4, is the physical area of the
means that there is no co-channel interference betweenstoopa eiver photo-diode,, , is the horizontal distance between

Thus, each Li-Fi AP in this model covers a confined arei_ri AP « to usery; h is the height of the rooms is the

regarded as an attocell. In each attocell, the Li-Fi APs Ug@gie of irradiationd is the angle of incidence® is the half
the same modulation bandwidth. Users that reside in _tﬁﬁgle of the receiver's FoV[,(6) is the gain of the optical

overlapping area of Li-Fi attocells and are served by th&iLi-fijter: and ¢(6) is the concentrator gain, which can be written
APs would experience co-channel interference (CCl), whigly.

is treated as additional noise in this study. The Wi-Fi AP is

assumed to cover the entire indoor area. Each user is either () = { — 0<0<0OFp
connected to a Li-Fi AP or the Wi-Fi AP for downlink wireless 0, 0>0p ’
communications. ) o .

In this hybrid network, due to the fluctuating channel staf@,‘he_rex is the refra(_:tlve '”Fje_x- According to _[1_2]' the re-
information (CSI) of mobile users, the network load balagci flection component Is r_1egl|g|ble when the Li-Fi _baseband
should be undertaken in regular intervals. It is assumettiea Modulation bandwidth5 is less than 25 MHz. In this study,
CSl in both Li-Fi and RF systems remains constant for a shdr{S @ssumed thal = 20 MHz and the reflection component
period which is defined as a state, and changes to a new v4fu8°t considered in the Li-Fi channel model. o
in the next state. The interval time between two neighbaurin In. Li-Fi systems, the baseb_and commgnlcatlon _W'th In-
states is denoted byf),. In each state, the load balancind€Sity modulation (IM) and direct detection (DD) is used
configuration is assumed to be fixed and users receive canstiil- The Li-Fi signals are transmitted in the form of optica

data rates. The natural numbedenotes the sequence numbg?@Wer, which should be positive and real. In this study, the
of the states. direct current biased optical orthogonal frequency dorisi

In the modelC = {c| ¢ € [0, N,], ¢ € Z} is denoted as the mu!tiplexing (DCO—OFDM) method is employed_ [13]. The DC
set of Li-Fi APs and the Wi-Fi AP, where = 0 represents optical power |s_denoted bopi, and the DC, bias added K_),
the Wi-Fi AP andl < ¢ < N, represents the Li-Fi APs. Thethe modula_ted signals ensures the output signals a_re\pfosm
set of USers is denBte(j_ﬁy. A full buffer traffic model is Moreover, in order to guarantee the real-valued signals, al

considered so that the maximum achievable data rate can ethPTt. symbols otn_ OFDdI\/thubt(;]arngrs ?rei deS|g.rt1te(; 10 tﬁe
evaluated for each user at all times. ermitian symmetric, and thus the signals transmitted &

time domain are converted to real numbers. In this case, only

half of the bandwidth is used for data transmission. In &olaljt

the LED lamps would operate in the linear region where

the output optical power is proportional to the modulated
The optical channel gain in indoor scenarios consists of tirgut voltage. This region henceforth is termed as the finea

line of sight (LoS) component and the reflection componentorking region of the LED. The signals outside this region

)

B. Li-Fi channel model



TABLE |

WI-FI THROUGHPUT Algorithm 1 Dynamic algorithm executed by the central unit.

1: Initialisation: % n«—1;

Protocol Carrier Bandwidth | Spatial . .
Name Frequency (GHz) (MHz) Stream Throughput 2: while n < N, do
802.11 n 5 40 1 600 Mb/s . find o (n—1 )
802.11 ac 5 80 4 1 Gbls 4 Ind " = arg,ec Gua = 15
802.11 ac 5 160 4 2.4 Gbls 5: for all eacha € C do
802.11 ac 5 160 8 6.7 Gbls 6: Calculate the handover efficiengy ;
7 Calculater”) betweeny anda;
. o _ 8: end for
are clipped before transmission. The conversion between th,. o4 for

average electric power of signals and the average optieatpo (n) (n) (n) .
obeys the following relationship [13]: 10: Calculateg,,» andk, s based onr, 4 by using load

balancing algorithm;
t = Popt/\/ Pelec, (3 1 ne—n+1,

. . : ) 2: end while
where Pyjec is the electric power of the signals. An increase o%

¢ results in a decrease of the probability of the Li-Fi signals
being outside the LED linear working region. In genera¥ 3
can guarantee that less than 1% of the signals are clipped
this case, the clipping noise can be considered negligible.

The signal-to-interference-plus-noise ratio (SINR) feeu
1 and AP« can be written as:

(<Poply ) 4 Due to th I f Li-Fi attocells, th
ZNoB + 5 (r PoptHy ood)? ue to the small coverage area of Li-Fi attocells, the
_ _ _ ) o movement of users can probably prompt handover. When
wherex is the optical to electric conversion efficiency at thgne serving AP of a user is switched in two neighbouring
receivers; No [A®/Hz] is the noise power spectral densitystates, a handover occurs. In general, the handover owkrhea
Hy,q is the channel gain between ugerand Li-Fi AP; and in an indoor scenario is in the order of milliseconds, whigh i
Hyeise is the channel gain between ugernd the interfering assumed to be lower than the state intefjal According to
Li-Fi APs, according to (1). Shannon capacity is used fqg), the overhead time can be modelled as a Poisson random

calculating the achievable data rate between ysand Li- process [15], and the probability mass function (PMF) of the
Fi AP a. Since only half of the bandwidth can be used fogyerhead is given by:

data transmission in DCO-OFDM system, the achievable data
rate is expressed as:

R(" = Blogy(1+ SINR)). (5)

oyerhead taken into consideration. Following that, a load
baqancing algorithm used in each state is given, includifig A
assignment and time resource allocation.

A. Dynamic algorithm executed by the CU

SINR, , =

Ciﬂﬂje—ﬁj

z!

Pr(t;; =) = , x=0,1,2...(mg (6)

where(;; = E[t;;] is the mean of the handover overhead from

_ AP i to AP j. The overhead incurs a certain decrease in the

C. W-Fi Throughput average data rate of users that experience handover. In this
The Wi-Fi physical layer protocol has been enhanced dwgtudy, the handover efficiency between two adjacent states i

ing last ten years, including IEEE 802.11 a/g, 802.11n amkkfined as:

802.11ac. According to [14], the current IEEE 802.11 protoc 1+
can guarantee a constant maximum throughput for users which _ [ — %} Vi FE ] ijec @
are located within 12 m from the transmitter, which is shown 7 ] Pl iy ’ ' ’

in Table. I. In general, the small scale fading in the radio
frequency (RF) wireless communication systems results inndaeret;; is the overhead of AP switch from APto AP j;
fluctuation of the data rates. In order to simplify the anialysand[.]" is the maximum operatomax( . ,0).

complexity, the small scale fading of RF channels is not The link data rate between A and user: in staten with
considered in this study. This assumption is also used hiandover efficiency can be expressed as:

[2] which considers the LB problem in Li-Fi/Wi-Fi network.

Therefore here, the distance between users and Wi-Fi AP is rim, = {
set to be within 12 m, and the Wi-Fi throughput is assumed

to be constant and equal to the maximum throughput ShoWﬁereR(”) is the Li-Fi data rate according to (5)! is the
in Table. I, which is denoted by,. e

AP allocated to uset in the staten — 1; 1./, is the handover
efficiency from AP«a’ to AP «, according to (7); and?y is
[1l. DYNAMIC LOAD BALANCING SCHEME the Wi-Fi throughput.
In this section, a dynamic load balancing scheme for theln each state, the system load balancing, which consists of
hybrid Li-Fi/Wi-Fi network is proposed. Firstly, a dynamicthe AP assignment and communication resource allocason, i
algorithm executed by the CU is proposed with the handovendertaken by the CU. Two variables, .

na/aROa a=70

8
na/aRffgc, o = 1,2...NC ’ ( )

) andk("), are used



to represent the load balancing results in these two aspegts, is optimised. With a givery, .., the objective function
respectively. Variableg(”) is a binary number which equalsfor AP « in (10) can be expressed as:
s Lo :
1 when useru is served by APx, and equals 0 when is
not the serving AP of this user. Variablé'’) is proportion F(kuo) = > 1og(kuarua)

of the resource that user is able to use for communication. HEUa

The time division multiple access (TDMA) method is applied e

in each cell, andk,(]f?! is considered as the probability that x 1 Z 1og(kp.a) = log H Ko

each time resource block is allocated jio Thus,k,% is a Ma HEU ' pell,

fractional number between 0 and 1 vv_iﬁu kf]@ =1 for _ Fio+ koot oo+ Eara

each AP«. The number of states considered in this study is < log ( i ) , (12)

denoted byN,. The dynamic algorithm executed by the CU
is summarised in Algorithm 1. The load balancing algorithiwherels,, is the set of the users allocated to the &FPand M,
used in each state is given in Section III-B. represents its cardinality. According to the rule of indigya
the maximum in (11) is achieved only when:

B. Load balancing algorithm in each state 1

In this section, the load balancing algorithm used in each k.o = M. Vi € Ua (12)
state is shown, and the supersc(ip} is omitted for simplicity. :
When considering load balancing, it is important to apply
appropriate utility function. In [7], a generalised utilifunc-
tion considering both sum-rate and user fairness is pr(nboséﬂa

ccording to (12), all of the users allocated to a specific AP
share an equal proportion of the time resource. By replacing
« with M,,, the problem in (10) can be re-written as:

log(z), =1 Ne Fuo
)= 18 : 9 max Z Z Gu,a log <—) (13)
e =5 B0B#1 © el ietia= Mo
Nc
whereg is a proportion coefficient. Specifically, wheh= 0, st Z Gpo =1 Yu e U; (14)
a linear utility function is realised and the maximal system =
throughput is achieved; wheh = 1, the proportional fairness .y v .
. . . . i o =M, eC; 15
is achieved; and whe® — oo, the max-min fairness is Z I, @ (15)

peu

obtained.
Oua €1{0,1},  Ypel,YaeC;

However, according to [16], using a linear utility function
for throughput maximisation results in a trivial solutiavhere

. X ... The Lagrangian multiplier method is used to solve this prob-
each AP serves only its strongest link user. When the ut|I|F¥

m. The two Lagrangian multipliers, andw, correspond

function for max-min fairness is used, each user achieves % the constraints of (14) and (15), respectively. Therethe
same data rate, but very low sum-throughput. Thus, both "il_rggrangian function can be expressed as:

not satisfactory solutions to balance throughput and émisn
In this study, a logarithmic utility function with3 = 1 is

N, N¢
Tu,a
used, which achieves proportional fairness [7]. By using th L = Z Z Gy, log (]\“4—) + Z Au (1 - Z gu,a>
« a=0

logarithmic utility function, the load balancing problenarc peU a=0 neu
be formulated as a utility maximisation problem, which can N.
be expressed as: + Z wa | Mo — Z G | - (16)
N, a=0 neu
g IE,&}CXQ Z Zg"’“log(k“’“r"’a) (10) Due to >’ Ju.a = M,, the Lagrangian function can be
ool €U a=0 L CneU Tl
. re-written as:
NC
st. > Gua =1 Y € U; L =L1(gpas Miywa) + Lo(Ma, Aywa), (A7)
a=0
Zgu,akp,a <1 Va € C; where
pnec N.
Gua €10,1}, kua €1[0,1], Yu €U, YaeC; L= guallogrua — Ay — wa), (18)

. . . . . . cu a=0
wherer,, , is the communication link data rate given in (8), pese

which is a positive_number. The optirr_wuma_is shown to be Ly = i Ma(w
greater than zero in (12) so thiai(0) is avoided. =

This is a problem of mixed integer and non-linear pro-
gramming. A decomposition-based approach can be usedridhis case, the problem of (13) can be decomposed into two
solve the problem by decomposing the original problem ingub-problems which are to maximide, and L. using the
solvable sub-problems according to [17]. Initially, theighle proper Lagrangian multipliers.

o —log Ma) + 3 A, (19)
neu



Firstly, \, andw, are assumed to be fixed;; can be Algorithm 2 : Load balancing algorithm in each state.
maximised when the following expression is achieved: 1: Initialisation: A, (i) = wa (i) =0, i« 1 andd « +oo;
2: while § > 67 do
« | 1l,a=argmaxaec(logrya — Ay — wa) 3: forall eachu €U do
gu,a - . (20)

0, otherwise 4: a* = argmaxaec(log by — Au(i) — wa(7));
* 13 a=a* .
Based on (15)_ and (20_), the number_ of users allocated to AP Jpa = 0, otherwise
a can be obtained, which can be written as: 6. end for
M, = Z g 21) 7:  CalculateM, ; = Zueu Gpiar Y €C;
=y . 8: for all eacha € C do
o: M} = exp(wa (i) — 1);
In Qddmor?, given the Lagrang_lan mult|pI|e_rs, _the maximumo: wa(i +1) = wa (i) — ea(MZ =32 1y 950
L, is obtained when the following expression is achieved: 11: end for
oL 12 Calculated = ) o [Ma,1 — M|,
5)]Vfi =0 = M} =exp(ws —1). (22) 13 z‘<—z'-—|— 1
14: end while

Then, a variablé is introduced to represent the differences. Calculateg, o = g%, andk, o = 1/M?;
between),, ; and M, which can be expressed as: : o :

6= Mo — M7 23
o;Cl ! ol (23) A. Non-CCl case
o o ~In the non-CClI case, users served by Li-Fi APs do not
The optimisation problem to maximise the Lagrangiafeceive any optical signals from other Li-Fi APs. It is assim
function in (16) is solved iteratively by using the gradienghat each Li-Fi AP covers the same size of attocell. In order
projection method [18], where\, and w, are updated in to eliminate the optical interference, the distance betwarey

the opposite direction to the gradieWtZ(\,) and VL(w,). two Li-Fi APs should be greater than the diameter of Li-Fi
The i-th iteration of the gradient projection algorithm can bgttocells.

expressed as: According to the assumption in Section II-A that the angle
_ . i} of irradiation is equal to the angle of incidence for eachruse
Auli+1) = N (i) —er(1 = g ) (24)  the following expression can be achieved:
aeC
h
wa (i 4+ 1) = wa(i) — ea(M* — Z o) (25) cos(¢) = cos(f) = N (26)
pneu Zu,a

where ¢; and e, are the Sufﬁcienﬂy small step sizes reWhereZH,a is the horizontal distance between Li-Fi APand
quired for guaranteeing convergence. According to (20)$€ru; /v is the height of the roomy is the angle of irradiation;
Sacc Ui = 1 is always satisfied in each iteration, and@nd? is the angle of |nc!denc_e. The channel model in (1) can
the expression in (24) is re-written as,(i + 1) = A, (i). b_e e_xpressed as a function Wﬁp_,of, and the data rate between
Therefore, the Lagrangian multiplier, can be set to 0, and Li-Fi AP o and user. can be written as:

only w, should be updated in the iteration. An appropriate

threshold o is defined and the variables converge to the Pal2u.a) = Blogy(1+ SNR(z.0)) 2 0, (27)
optimum when < d7 is achieved. The threshodg- should be where

small enough but it does not necessarily have to be a paaticul

value. A smaller value af7 will make the convergence slower. SNR(zy.a) =

The iterative algorithm is shown in Algorithm 2. [(m 4+ 1)kP,Apg(0)Ts(0)h" ]2

(Zz,a + h2)7m73'
(28)

It can be seen that, (z, ) is @ monotonic decreasing function
with respect toz, 4.

In order to gain an understanding of the load balancing in Lémma 1. It is assumed that users are optimally allocated
a hybrid network, it is important to study the service are® APS by using the proposed load balancing scheme. For any
of each AP. In this section, the AP service area is identifidd-Fi AP «, it can be obtained that:
with a given Wi-Fi throughput, and the throughput of each Li- < Vi .

. . . . . i, = 2 a0 Euaa Z/{ou 29
Fi attocell is analysed. Firstly, a special case withoufoabt “, “ ! i¢ (29)
CCI is considered, which is termed as the ‘Non-CCl' caswherell,, is the set of users allocated to Li-Fi AR,
Following that, a generic case with CCl is considered, which  Proof: Firstly, when userj is served by a different Li-Fi
is termed as the ‘Optical CCI’ case. AP from AP q, this user should reside in the corresponding

47212 Ny B

IV. ANALYSIS OF AP SERVICE AREA AND SYSTEM
THROUGHPUT



Li-Fi attocell. Since the Li-Fi attocells are not overlappéhe because all of the Li-Fi attocells are inside the considered
inequality z; o < z; . is satisfied. scenario. According to the proposed load balancing scheme,
When userj is served by the Wi-Fi AP, the method ofthe radius of handover circles can be calculated by solNieg t

proof by contradiction is applied to prove this lemma. It i®ptimisation problem in (13), which can be written as:
assumed that the optimal load balancing is achieved by using

the proposed scheme, and the inequality below is achieved: max G1(va) + Ga(va) (36)
Zia > Zjas Vi €Ua,j & Ua, (30) s.t. 0 <vay < Za (37)
. - . where
where useli is served by Li-Fi AP« and userj is served by N
rse' Wi-Fi AP. The objective function in (13) can be erttenGl(Va) _ <5Y B Z EW%) log < nj%oN )
' ( ) a=1 ey — Za 1 ‘ ET‘—V(%
Pal\Zi,a RO
F =1 ' 1 —
o) e (1) .
N, G2(Vy) = 27e Z / 1og< — )xdx. (39)
+ Z Zgu,y log <7py§5[#y)> ) (31) a=1 70 FMVa
Y

neU—{i,j} y=0 The first order derivatives of7;(v,) and Gz(v,) can be

whereM,, andM, are the number of the users served by Li-Fexpressed as:
AP « and the Wi-Fi AP, respectively. Now, the APs allocated _
6G1 77R0
—27ev, |log -1, (40)
cemv?

to useri andj are exchanged. The values &, and M, stay 5. = s
the same, and the objective function can be re-written as: Va ey =3 aT1
; G _ ﬁpa(Va)
Fy =log <&> + log (%) B 2TeV,, {log (W — 1. (41)

My o
N. (2s) The derivative of the objective function in (36) can therefo
Py(Zp, .
+ Z Zgﬂvy log (yT;;y) . (32) be expressed as:

peU—{i,j} y=0 AG1+Gy) _, 1 Pa(Va) (Y = 0N m2)
Due to the monotonic decrease®f(z,,.), it can be obtained vy, T mEre 08 2Ry '
that: (42)
Pa(zia) < pa(zja) (33) Due toy, >0, a(c’:;fff” can be equal to 0 only when
As a consequencéy, > Fj is achieved. This means that the Do = F7H1) >0, (43)

AP allocation for useri and j is not optimal, leading to a
contradiction. The assumption in (30) must be false and th\/@ere
lemma is proved. [ | w(Va) (Y = 3207 Ne 2

Lemma 1 indicates that users served by Li-Fi APare F(va) = palva)l sz]:{gfl )v (44)
closer to this AP than the users served by other APs. The _ “ .
service area of a Li-Fi AP in the non-CCl case is a circuldfNere £'(va) > 0 with 0 < v, < Z, due to the conditions
region, and handover only occurs when users go through the(27) @nd (35). It can be seen that the functibiv.) is
boundary of the circular regions. In this study, the boupdgr MOnotonic decreasing with respectutg. _
termed as the ‘handover circle’, and the centre of the hasdov WheNn0 < 7a < Z, is satisfied, it can be obtained that:

F~1is the inverse function of'(v, ), which is

circle is the location of a Li-Fi AP. Users that are outside al 9*(G1 + G2) (45)
of the handover circles are served by the Wi-Fi AP. ov? —

The radius of the handover circles is analysed as follows. o .
It is assumed that users are uniformly distributed in th&ent — o7¢ log(F (Va)) + V_f* M <0, (46)
scenario. The area of the scenario is denotell bthe density F(va)  Ova Vo =Va

of users is denoted by, the radius of the attocell covered by here 2£02) — (1 due to monotonic decrease proberty. As
Li-Fi AP « is denoted byZ,,; the radius of the handover circle"” o, <~ oad ) ' property.

of Li-Fi AP « is denoted byv,; and the average handove cons:equence/,(_! is the op_tlmum for _the problem n (36).

efficiency is denoted ag, wheren — E[n;;] and,, is given heno, > Z,, sinceF (v, ) is monotonically decreasing, the

in (7). The number of users served by each AP can be Writtggtggggge%q;:_ls t0Z. The radius of handover circles can

as:
_ Z Vo > Z
_ a=N,. 2 _ * AO” A o « ) 47
MQ(V(M) = EYa:J\ga:12 e 706 ) (34) Vo { Vo, Vo < Za (47)
Yooz Cemvp, a=1,2.N, . )
The sum throughput achieved by APcan be written as:
h
V> Z T‘—V‘i’ 0< Va < Za’ (35) stme (1/3)2 fol’a pa(x)l' de, o = 1,2Nc ' ( )



According to (27) and (44), the Li-Fi APs with the same «(A»))

transmit power and modulation bandwidth have the same E Wi-Fi Cell
radius of the handover circles and throughput. -
Since all of the users served by an AP share the equal time Q Li-Fi Cell

resource, the resource proportion can be expressed as:
©)  wi-FiAP

- o = 0; *
ko= 8(Y Yaciemws)?)’ ’ ) 49 o
I3 { 877(1/*)27 o = 1’ 2---Nc ( ) Li-Fi AP
*
According to (44) and (47), it can be obtained that: H*(‘:';f;’l‘;”
Fwr)>1 (50) 5  Userserved
p (V*) R() by Wi-Fi
= ol > (51) U 5
* a= NC ser serve
em(va)® T (Y = YaTy w(vs)?) by Li-Fi
o (V5 R
— LV“) > —07 a=1,2...N, (52) (®)
kua ku,0

where the equality in (52) is achieved whep < Z,,. This Fig- 2. Handover Circle lllustration
inequality indicates that the users served by Li-Fi APs echi
data rates higher than or equal to those served by the Wiéﬂ

AP. " . . . , lower than that of Wi-Fi. Accordingly, users in such multi-
_In. addition, sm.cepa(ua) 1S monotomca”y decreasmg,. theoverlap areas are assumed to have no Li-Fi access, and this

Li-Fi throughput Increases with a reduct|o_n of the rad|u§ |3Japer mainly focuses on the load balancing analysis for the

handover circles. According to (44), an increase of Wi- dverlap areas of two Li-Fi attocells.

throughput results in a decrease f, thus leading to an —_—

improvement of Li-Fi throughput. This means that the Wi-Fi Lemma 2: For each Li-Fi APa,

throughput has a significant effect on the Li-Fi throughput i SINR; o« > SINR; o, Vi €Uy,j ¢ Ua, (54)

the hybrid network even though they work on different rangeshereua is the set of users allocated to Li-Fi AP
of electromagnetic spectrum.

Proof: Initially, if j is allocated to the Wi-Fi AP, this
_ lemma is proved by using the method shown in the proof of
B. Optical CCl case Lemma 1.

In this case, the Li-Fi attocells overlap with each othed an Then, the case that usgris served by another Li-Fi AP
the optical CCl is considered. When Li-Fi APs are positioned is considered, and the method of proof by contradiction is
very closely, the achievable spectral efficiency in the Li-Fapplied to prove this lemma. It is assumed that:
systems would be significantly affected by the CCI. In order . .
to avoid high level of CCI, the distance between Li-Fi APs SINRio < SINRja, Vi € Ua,j € Uar, (55)
is set to be greater than the radius of an attocell. In thehere U, is the set of the users allocated to Li-Fi AP
case that the distance is less than or equal to the radius, ¢he According to the assumption in (55), the expression
technology fractional frequency reuse (FFR) [19] and spatiSINR; .+ < SINR; . is achieved. Particularly, if uséror j is
division multiple access (SDMA) [20] can be used to mitigateutside the overlap area and cannot served by one of the APs
the strong interference, which is outside the scope of thidys betweena and«’, the corresponding SINR is O.

own in [21]. In this case, the Li-Fi link data rate is much

and is not discussed here. The objective function in (13) can be written as:
Acco_rding to Lemma 1 users served by Li-Fi APs ml_Jst B pa(SINR; ) pa(SINR; o)
reside in the handover circles. Thus, when a handover circle £3 = lo L 1 L

does not overlap with other attocells, users allocated & th N,

corresponding Li-Fi AP do not experience optical CCI, as 4 Z Zg log <Py(SINRH7y)) (56)
shown in Fig. 2(a). In this case, the condition (29) in Lemma 1 oy M, ’

is satisfied in this Li-Fi attocell. However, when a handover
circle overlaps with other Li-Fi attocells, shown in Fighp( WhereM, and M, represent the number of users served by

some of the users served by this Li-Fi AP would be affectddFi AP a anda’, respectively. _
by optical CCI. Now, the allocated APs of usérandj are exchanged. The

yalues ofM,, andM, stay the same. In this way, the objective
function can be written as:

ned—{i,j} y=0

In the case of optical CCl, the communication link data ra
between Li-Fi AP« and usern: can be expressed as:

B P (SINR; o) o (SINR; o)
pa(SINR,, ) = Blog,(1 + SINR(2,.4)), (53) Fy = log (T + log L

where SINR, . is given in (4). In general, when a user py(SINR,
experiences interference from more than one Li-Fi AP, the + Z Zgu,ylog( - ”U) . (57)
achievable SINR performance would be less than 0 dB, as neU—{i,j} y=0



According to (55), it can be derived thdt, > F3. This
means that the allocation of APs for these two users in| |,
this assumption is not optimal, leading to a contradiction. | { A i A
Consequently, the assumption in the proof must be false so
that this lemma is proved. !

n ’

According to Lemma 2, all of the users served by a Li-Fi AP 1 A ¥ A LS
achieve higher SINR than that of other users. The distaiputi 3 J S
of SINR, ,, is closely related to the distance between the user| | ™. .~ ~._ |
and the serving AP, and between the user and the interfering 16 m > ~— B6n——
AP. In general, a high SINR, is achieved when a user is Case 1 Case 2
close to the serving AP and far away from the interference
AP. The boundary of the service area of Li-Fi APs is shown in T o
Fig. 2(b). However, the specific shape of the Li-Fi serviasar Cx;:;‘ge A AIt“tl;f;“
in the optical CCI case is significantly affected by the lalyou M 4
of the Li-Fi APs. The analysis of the deployment optimisatio
of Li-Fi APs is outside the scope of this study. Hence thlg 3. Simulation S ,
numerical estimation is used to analyse the service areas gp > Simuiation Scenario
Li-Fi APs and the Li-Fi system throughput, and this is given TABLE Il
in Section V. SIMULATION PARAMETERS
C. Limitation of the Wi-Fi model Name of Parameters value

Radius of a Li-Fi cell 4m

In the practical scenario, the Wi-Fi throughput cannot be Height of the room _ 23 m
uniformly distributed in space due to small scale fadinghis E:Z‘r:]ts”r;itpg‘gt?éatlop%&':ﬂ)gro"li’flr:iczrgjfrs'O“' io w
hybrid network, due to the fluctuating CSI of moving usere, th  paseband bandwidth for LED lam 20 MHz
network load balancing procedure is undertaken in each.stat  Physical area of a PD4, 1 cn?

If the coherence time of the channel in Wi-Fi is larger tham th (Hsztalr;tl‘egsggarlaf?lltz?? 5‘9’;9'991/2 ioode@

duration of the state, the system would be stable. Otheywise Receiver Eov semi-angl 60 deg.

the average CSI of users in each state can be used for load Refractive indexx 15

balancing in order to guarantee the stability of the system. Optical to electric conversion efficiency, 0.53 AW
Noise power spectral densityyo 10719 A2/Hz

Therefore, in each state, users would achieve differenEiVi-
throughputsk, in (8) based on their CSI, and the proposed
load balancing scheme can still be effective in this prattic

scenario. In fact, the data rate performance in both Li-F an . .
- . : attocell is 4 m, and all of the optical attocells reuse theesam

Wi-Fi stand-alone network fluctuates in space. By using the . . ! S .
dulation bandwidth. According to the analysis in Section

proposed scheme, each user is allocated to a better AP lretw ) A : :
the best Li-Ei AP and the Wi-Ei AP in terms of data ra,[eslr%,gtwo different Li-Fi AP deployments are considered in the

and thus the hybrid network can achieve the diversity gaﬁﬁmu?(t:'?n’ the ?ﬁn'qu C?is a_nddthe optical .C(.:I iﬁ‘?ﬂén the
of two-tier networks. When the Wi-Fi throughput is constan on- case, the size or the Incoor scenano 1S

users inside the handover circles are served by Li-Fi APL; shown in Fig. 3 (Case 1). The distance between any two

This is because Li-Fi offers higher data rate for these us(%]r%lghbourmg Li-Fi APs is 8 m and there is no optical CCI.

than Wi-Fi. When considering the spatial fluctuation of wi-" optical CClI case, thg size of the indoor scenario 1s 13.6 m
Fi throughput, the boundary of the handover circle would be 13.6 m, _shown n F|g_. 3 (Casg 2). The distance b(_atween
irregularly fluctuating instead of strictly circular shapgéso, any two _ne|ghb0ur|ng L'.'F' APs IS 5.6 m, and users n _the
if some users inside the handover circles achieve better C%/frlappmg areas e;gierlence optical CCI'. The user desity
with Wi-Fi than with Li-Fi, they would be allocated to the Wi- ¢ ©© P€ 0.2 person/fiin these two scenarios, which follows

Fi AP. Therefore, the serving area of Li-Fi APs cannot be tge normal user density in indoor office scenarios. Users are
connécted region, in the practical Li-Fi/Wi-Fi hybrid neto uniformly distributed and moving randomly in the considkre

In this study, in order to reduce the analysis complexity enario, and the random way point model is applied [22].

- . ecifically, each user selects a random destination in the
the system throughput, a constant Wi-Fi throughput in spa ) L .
. : . scenario and moves towards the destination with a random
is considered. In future research, the load balancing probl

with a more practical Wi-Fi model will be studied. speed b_etwgen 0 and 1 m_etre_ per second. After reaching
the destination, a new destination is selected and the user
keeps moving. The average handover efficiency is defined
) _ asn = Eln;], wheren,;; is according to (7). The Wi-Fi
A. Smulation setup throughput used in the simulation is based on Table. I. The
In the simulation, the hybrid network constituted by a Wi-Fother parameters are summarised in Table I, which are based
AP and four Li-Fi APs is considered. The radius of each Li-Fin the published research [2], [21], [23].

Resource allocation interval of central uril, =~ 500 ms

V. PERFORMANCEEVALUATION
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Fig. 4. Simulated location of users served by different ARam-CCl case. 5q6. (Wi-Fi sum-throughput 120 Mb/s)

(Wi-Fi sum-throughput 120 Mb/s)
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E;%es The analysed and simulated radius of handover siidenon-CCl - iy 7 Simulated location of users served by different ARjtical CCI

case. (Wi-Fi sum-throughput 1 Gb/s)

B. Sudy of Li-Fi service arees Fi throughput increases, the radius of the handover region

In order to study the Li-Fi service area, a static system decreases because the Wi-Fi AP provides a larger capacity
considered where all of the users are fixed. In the non-C@l serve more users. Since the users closer to Li-Fi APs
case, according to the analysis in Section IV-A, users servean achieve higher data rates, the sum-throughput of Li-Fi
by a Li-Fi AP must reside in the corresponding handovémncreases when the Li-Fi serving area decreases.
circle. As shown in Fig. 4, users served by 4 Li-Fi APs Inthe optical CCl case, the service areas of the 4 Li-Fi APs
and the Wi-Fi AP are marked with different signs. Therand the Wi-Fi AP with optical CCI is shown in Fig. 6 and
are clear boundaries between the service areas of differBig. 7, and the Wi-Fi throughputs are 120 Mb/s and 1 Gb/s,
APs, and all of the users served by Li-Fi APs are locatedspectively. It can be seen that the service area of eaéh Li-
inside the region with a circular shape. Since each Li-Fi ARP is a connected region but does not have a circular shape.
uses the same configuration for wireless communicatioes, thSimilar to the non-CCI case, the serving areas of Li-Fi APs
handover circles have the same radius. decrease with an increase of Wi-Fi throughput. Due to optica

In Fig. 5, the simulated and theoretical results of the radi€Cl, users in the overlap area of Li-Fi attocells are moreljik
of handover circle are shown. It can be seen that the siroulatto select the Wi-Fi AP when the Wi-Fi throughput increases.
results match the theoretical results very well. When the WAs shown in Fig. 7, all of the users in the overlap area are
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Fig. 9. CDF of the user data rati® jri /Rwiri in non-CCl and optical
Fig. 8. Evaluation of Li-Fi throughput with different setupf Wi-Fi  CCl case. The user density is set to be 0.2 persdnyvhich is normal in the

throughputs in non-CCl and optical CCl caseg.={ 1) indoor office scenario.n(= 1)
- —_— 1
served by Wi-Fi when Wi-Fi throughput reaches 1 Gb/s.
0.9
0.8r
0.7r
C. Sudy of user data rates
0.6r

In Fig. 8, the relationship between the Li-Fi throughput %
@)

and the Wi-Fi throughput is shown. In the non-CCI case,
the theoretical Li-Fi throughput corresponding to the Wi- 0.4
Fi throughput is evaluated, which matches the simulation 0.3l
results very well. In the optical CCI case, the performance
of Li-Fi throughput is lower than that of the non-CClI case.
The difference decreases with an increase of Wi-Fi throughp 0.1
This is because in the optical CCl case the overlap aree
between the serving region of each Li-Fi AP and the attocells
of other interfering Li-Fi APs becomes smaller when the Wi-

Fi throughput increases. Thus, the optical CCIl case tends_to

. R . Fig. 10. CDF of the distance between the Li-Fi APs and the taerd
the non-CCl case if Wi-Fi throughput is large enough. |02aﬁ0n in non-CCl case.

The data rate performance of each user is evaluated and
shown in Fig. 9. According to the analysis in Section I1I-B, .
all of the users served by a specific AP share an equal tirde Study of handover locations
resource. Thus users served by the Wi-Fi AP achieve an equahn this subsection, the handover location of moving users
data rate due to the spatially uniform distribution of Wi-Fin the hybrid network is studied. In the non-CClI case, the
throughput. The data rate rati) ;.ri / Rwi.ri IS used to evaluate handover occurs only between a Li-Fi AP and the Wi-Fi AP.
the data rate performance of users, whrer represents the The distance between the handover location and the Li-Fi AP
data rate of users served by Li-Fi APs, aRg;.r is the data is used to represent the handover location informationhén t
rate of users served by the Wi-Fi AP. It is shown that theptical CCI case, as well as the handover between Li-Fi and
ratio in both non-CCI and optical CCI case is larger than Wi-Fi, handover also occurs between two Li-Fi APs. In this
This indicates that users served by Li-Fi APs always achiesiuation, the distance between the handover location laad t
higher data rates than those served by the Wi-Fi AP, whighevious serving Li-Fi AP is used for evaluation.
means that the Li-Fi APs can offer a very good quality of The CDF of the distance which represents the handover
service in the hybrid network. The range of the ratio de@gsadocation information in the non-CClI case is given in Fig. 10.
with an increase of Wi-Fi throughput in both the non-CCl andn interesting result is that when < 1, the values of the
the optical CCI case. Also, the non-CClI case outperforms thiestance are mainly in two different ranges. This is because
optical CCI case with different Wi-Fi throughputs becau$e ehe handover overhead results in a handover location offset
the effect of interference. from the handover circles. For example, if there is no hardov

0.5;

—B-n=1,1Gbls
-B-n=0.8,1Gbls
—%—n =1, 120 Mb/s
—%—n = 0.8, 120 Mb/s
5 2 25 3 35 4 45 5
Distance from handover locations to Li—Fi APs (i

0.2
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Fig. 11. CDF of the distance between the Li-Fi APs and the t@d Fig. 12. Spatial throughput in non-CCl case and optical C&ec ( Wi-Fi
location in optical CClI case. throughput 1 Gb/s)

overhead, the handover from Li-Fi to Wi-Fi occurs immediThe spatial throughput reflects the performance of user data
ately when users move outside the handover circles. Howevate with a given user density, which can be expressed as:
with n < 1, the Wi-Fi data rate is not high enough to prompt a

handover due to the loss caused by potential handover. Hence Average user data rate
the handover does not occur on the boundary of handover

circles. When users move further away from the Li-Fi AP, thghe spatial throughputs in both the non-CCl and the optical
decrease of Li-Fi data rates finally results in handover. @ue CC| cases are evaluated and shown in Fig. 12. In the legend,
the handover overhead, the distance of handover from a Lithe proposed dynamic load balancing scheme is termed as
AP to the Wi-Fi AP is larger than the radius of handover circleDS’, and two other load balancing schemes are considered,
Similarly, when the handover is from the Wi-Fi AP to a Li-Fitermed as ‘TS’ and ‘RS’ respectively. In ‘TS’, a threshold
AP, the distance is less than the radius of handover circlgs.used to determine whether a user is allocated to the best
In addition, a smaller handover efficiency leads to a largel-Fi AP or the Wi-Fi AP [23]. In 'RS’, users randomly
offset. The simulation results also indicate that when the Wselect the AP between the best Li-Fi AP and the Wi-Fi AP.
Fi throughput increases, the handover location becomegrcloin both schemes, users served by the same AP share an
to the Li-Fi AP. This is because the radius of handover circlgyual proportion of time resource, and the handover overhea
decreases. is considered. As shown in Fig. 12, the spatial throughput
In the optical CCI case, a handover can occur in both noin- the optical CCl case is higher than that of the non-CCl

overlap areas and overlap areas between Li-Fi attocells. ésse. This indicates that with the same user density, each
shown in Fig. 11, the values of the distance are still mainlyser in the optical CCl case can achieve higher data rate
in two different ranges with) < 1, but around 70% of these despite the interference, resulting from the highly reusie
values lie in the lower range. This is because the Li-Fi $grvi communication bandwidth. The spatial throughput deciease
regions in the optical CCI case are in an irregular shape, awith the handover efficiency due to the effect of overhead.
the Li-Fi AP is closer to the boundary of service regions i@ thThe proposed load balancing scheme always outperforms ‘TS’
overlap area than that in the non-overlap area. Also, sirtdla and 'RS’ with any value of;. The difference is more than 1
the non-CCl case, the distance between handover locatimhs Bb/s/n?. This is because the AP assignment and time resource
Li-Fi APs decreases with an increase of the Wi-Fi throughpullocation in ‘DS’ are jointly designed, which are formudelt

as an optimisation problem shown in (10), while they are

separately designed in ‘TS’ and 'RS’, which are undertaken
E. Proposed scheme vs. other load balancing schemes in sequence [23].

In this subsection, the system throughput of a hybrid Li In addition to the indoor Li-Fi/Wi-Fi scenario, the propdse

iz . ) ; .
Fi/Wi-Fi network is studied. In order to fairly compare th dynamic load balancing scheme can also be used in hybrid

. : RF small cell networks which combine femto-cells and pico-
non-CCl case and the optical CCl case, the spatial thrOLIgheg”S [24]. The pico-cells have a very small coverage which

(throughput per area) is used for evaluation, and is defised R close to Li-Fi attocells (e.g. 60 GHz mmWave). Therefore,

System Throughput handover occurs frequently in these scenarios, and the pro-
. (58) ff ffici d stable load balanci
Area of Indoor Scenario posed scheme can offer an efficient and stable load balancing

Spatial Throughput
User density -

(59)

Spatial Throughput




for the femto/pico hybrid networks.

VI. CONCLUSION

In this study, a dynamic load balancing scheme in

Li-Fi/Wi-Fi hybrid network is proposed, where the handove

overhead is considered. By analysing the service areaseof

Li-Fi APs, the throughput performance of the hybrid systeims]
is theoretically studied. Also, the effects of the handovliI
u

overhead on handover locations and user throughput are si
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