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Parallel Transmission LiFi

Xiping Wu

Abstract—Light fidelity (LiFi) is a relatively new wireless
communication technology that exploits the optical spectrum.
Compared to wireless fidelity (WiFi), LiFi is densely deployed
with each access point (AP) covering an area only a few meters
in diameter. Also, LiFi users are susceptible to intermittent light-
path blockages. Meanwhile, the user is served by a single AP in
conventional LiFi systems. This would cause frequent handovers
for LiFi users, resulting in a degradation in quality of service.
In this paper, parallel transmission is investigated for LiFi, which
is named PT-LiFi. With a delicate design of the transmitter and
the receiver, PT-LiFi enables multiple LiFi APs to serve the user
simultaneously. Particularly, data transmission continues without
interruption when the user is losing connectivity to some of the
connected APs. Resource allocation is studied for the PT-LiFi
system, and a novel load balancing method is proposed to jointly
allocate resource across the APs. Results show PT-LiFi can make
efficient use of the densely deployed LiFi APs and provide a
flexible way of load balancing. Compared with a conventional
LiFi system, the proposed method can increase user throughput
by up to 150% and improve user fairness by up to 15%.

Index Terms—Light fidelity (LiFi), parallel transmission,
resource allocation, load balancing, user mobility, light-path
blockage, handover.

I. INTRODUCTION

IGHT fidelity (LiFi) is a short-range wireless com-
munication technology that uses light wave as signal
bearers [1]. In contrast to the scarce and regulated radio
frequency (RF) spectrum, the visible light spectrum is huge
(about 300 THz) and unregulated. Other advantages that
LiFi offers over wireless fidelity (WiFi) include: i) provision
of illumination, ii) availability in RF-restricted areas, and
iii) secure communication since light does not penetrate
opaque structures [2]. More importantly, LiFi can provide
high-speed data transmission to help fulfil the rapidly increas-
ing demand for wireless communications. Recent research
shows that with a single light-emitting diode (LED), LiFi is

able to achieve peak data rates above 10 Gbps [3].
Compared to WiFi, LiFi supports a relatively small coverage
area from a single access point (AP), typically an area 2-3 m
in diameter [4]. This enables LiFi APs to be densely deployed.
As a result, LiFi can offer very high area spectral efficiency,
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up to 1000 times as much as an RF femtocell [5]. However,
frequent handovers may occur since users can quickly traverse
the coverage area of a LiFi AP, even with a moderate speed.
As frequent handovers would compromise user throughput,
user mobility is non-negligible in access point selection (APS)
and resource allocation (RA). Relevant research has been
studied for LiFi and for hybrid LiFi and RF networks. In [6],
a handover skipping scheme is reported, which enables the
user to be transferred between two non-adjacent APs. Using
the college admission model, a mobility-aware load balancing
approach is developed for hybrid LiFi and long term evolu-
tion (LTE) networks in [7]. Another load balancing method
based on fuzzy logic is proposed for hybrid LiFi and WiFi
networks in [8]. In essence, these methods compromise the
instantaneous data rate for a reduced handover rate.

Apart from user mobility, two other factors also influence
the APS and RA process in LiFi. One factor is the receiver
orientation. Due to a restricted field of view, the tilt of LiFi
receivers would affect received signal strength (RSS). The
closest AP might no longer provide the highest RSS. The
randomness of LiFi receiver orientation is modelled in [9],
and the corresponding impact on the handover rate is analysed
in [10]. The other factor is the light-path blockage, which
would result in a complete loss of connectivity [11]. In this
case, the user needs to be transferred to another available AP
until the light-path blockage ends. In [12], the APS issue in a
hybrid LiFi and WiFi network is handled by measuring the
handover cost caused by both user mobility and light-path
blockages. Similar to [6]-[8], [12] also provides a trade-off
between the instantaneous date rate and the handover rate.

However, the present APS and RA schemes for LiFi mostly
consider that the user connects a single AP. This is restricted
by the conventional transmission control protocol (TCP).
Though these methods can improve the network performance
of LiFi to some extent, they have two major limitations:
i) a complete loss of throughput during handovers; and
ii) a limited ability to balance traffic loads because each
user can only acquire a portion of the resource of one AP.
In contrast, multipath TCP (MPTCP) [14] enables the user to
be served by multiple APs at the same time. This transmission
mode is referred to as parallel transmission, with which data
transmission can continue without interruption when the user
is transferred between two APs. Studies have been carried
out to investigate WiFi in an MPTCP context [15], [16].
In [15], an approach was proposed to cope with the issue
that achievable throughput might reduce due to excessive
connections over APs. This approach allows the user to freely
use resources on its best WiFi path, while suppressing the use
of other paths when congestion occurs. In [16], the impact
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TABLE I
DISTINCT POINTS

CoMP-based LiFi [13]

e LED panels reuse the same wavelengths of light

e CoMP is used to mitigate interference at cell borders
e LED panels jointly serve one user at a time

e LED panels transmit the same information to one user

Parallel Transmission LiFi

e Neighbouring LED panels use different wavelengths of light

e Frequency reuse is used to mitigate interference at cell borders
e LED panels serve their users individually

o LED panels transmit different information to one user

of controllable network parameters, e.g. the retransmission
limit and buffer size, on the performance of MPTCP was
analysed for joint WiFi and cellular network access. However,
to the best knowledge of the authors, no research has so
far been conducted to study parallel transmission for LiFi.
When applying parallel transmission, LiFi differs from WiFi
in two main points: i) due to the dense deployment, LiFi can
provide more simultaneous connections than WiFi; and ii) LiFi
is more susceptible to frequent handovers than WiFi. These
points impose a two-sided impact on implementing parallel
transmission for LiFi. On the one hand, LiFi could benefit
from parallel transmission to a greater extent than WiFi. On the
other hand, resource allocation becomes more challenging.
Though load balancing in MPTCP has been widely discussed
for wired networks [17], few studies have been done for
wireless networks, of which the channel quality is varying. The
work aforementioned in [15] addresses this issue for WiFi, but
the method would fail in LiFi as its best path is not always
available.

The main contribution of this paper is two-fold: i) a frame-
work of parallel transmission is conceived for LiFi, including
a delicate design of the transmitter and the receiver; and
ii) a novel RA method is proposed to allocate the resource
of LiFi APs in the parallel transmission system. Compared
to the studies on applying coordinated multi-point (CoMP)
transmission for LiFi, such as [13], the distinct points of our
work are summarised in Table I. Performance simulations
have been conducted for the proposed system with different
numbers of connected APs. Results show that even with only
two connected APs, parallel transmission can greatly improve
the achievable throughput of LiFi over a single connected
AP. It is also found that the proposed RA approach can
significantly outperform the conventional method, especially
when the user is served by more APs. The remainder of
this paper is organised as follows. A framework of parallel
transmission LiFi is demonstrated in Section II, including
the transmitter, the receiver and the system model used for
the investigation. The conventional RA method is introduced
in Section III, while the novel RA method is proposed in
Section IV. Simulation results are given in Section V. Finally,
conclusions are drawn in Section VI.

II. FRAMEWORK OF PARALLEL TRANSMISSION LIFI

The parallel transmission LiFi (PT-LiFi) system considers
an indoor wireless network that contains a number of LiFi
APs. These APs are integrated into LED ceiling lamps facing
downwards perpendicularly. They are arranged in a square

LNBCE AP 20 AP 23
AP 16

AP 15
AP7 AP 8

450 nm

500 nm

Fig. 1. The frequency reuse pattern used for the PT-LiFi system.

lattice topology to model a regular lighting placement in an
indoor scenario, e.g. an office. The APs reuse optical frequency
bands and interfering signals are treated as noise. To fit
for illumination purpose, each AP is composed of multiple
LEDs with different wavelengths. The transmitter structure
is provided in Section II-A. The receiver structure, which
needs to separately receive data from different wavelengths,
is introduced in Section II-B. The LiFi channel model is given
in II-C, whereas the models of user mobility and light-path
blockage are introduced in Section II-D and II-E. In PT-LiFi,
the user is simultaneously served by multiple APs, and each
pair of user and AP is called a subflow. The choice of subflows
is discussed in Section II-F.

A. Transmitter Structure

Due to the nature of the square lattice deployment, the user
is surrounded by four first-tier APs. Further APs are unlikely
to provide a usable channel. Therefore, a frequency reuse (FR)
factor of 4 is chosen, as shown in Fig. 1. Each AP is comprised
by four colour LEDs RGBY (red, green, blue and yellow) [18]
to meet the illumination requirement but uses only one of them
for data transmission. Time-division multiple access (TDMA)
is used for one AP to serve multiple users. Each user can
be connected to a number of APs, between 1 and 4. The
users of the room will see white light from each AP, and the
illuminance will be set by the DC current fed to each LED.
The communications will be achieved by modulating either
R, G, B, Y at a level such that the average is correct so the
overall illumination from the LED light is white. According to
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TABLE 11
PARAMETERS OF DIFFERENT WAVELENGTHS

Wavelength (nm) 450 500 600 650
Luminous efficacy Leg (Im/W) 27 205 340 68

PD responsivity Rpq (A/W) 0.15 | 0.23 | 0.37 | 0.44
Intensity percentage & 10% | 55% | 20% | 15%

Optical output power FPour (W) 9.3 6.7 1.5 55
Modulated optical power Ppog (W) | 3.6 2.3 1.5 1.2

Incident light signal

Guided converted light

Packet aggregation

o LR

Fig. 2. The receiver structure with multilayer fluorescent concentrators.

the sRGB colour space,1 3:6:1 RGB and 4:5:1 YGB are
adopted. The resulting intensity percentage of each modulated
wavelength (which is denoted by &) is given in Table II.
The luminous efficacy? (i.e. the ratio of luminous intensity to
emitted optical power) and the photodiode (PD) responsivity
are related to wavelength. These parameters are also listed
in Table II.

Now we calculate the optical output power of each wave-
length to meet illumination requirements. Let liymp and Legr
denote the lamp’s illumination intensity and luminous efficacy,
respectively. Assuming a 2.5 m separation between the two
nearest APs, each AP covers an area of 6.25 m2. To guarantee
an illumination intensity of 400 lux, each lamp needs to
provide fizmp = 400 lux x 6.25 m? = 2500 Im. The optical
output power of each modulated wavelength can be computed
by Poy = %ﬁ“{" To guarantee a non-negative optical signal,
we have Pmodeg Py for each wavelength. Yellow LEDs have
the smallest RpqFPoy = 0.54 A. This value is chosen for all
wavelengths to achieve the same signal-to-interference-plus-
noise ratio (SINR) level for an equivalent RGBY channel. The
modulated optical power can obtained by Prnoa = 0.54/Rpq,
which is shown in Table II.

B. Receiver Structure

At the receiver, signals carried by different wavelengths can
be distinguished by placing optical filters in front of the PD.
However, this approach requires a reception area proportional
to the number of PDs. Alternatively, fluorescent concentra-
tors [19] can be used, as shown in Fig. 2. Each concentrator

IThe international commission on illumination (CIE) 1931 xy chromaticity
diagram.

From the response of a typical human eye to light that is standardised by
the CIE in 1924.

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 19, NO. 10, OCTOBER 2020

Ceiling

Wall

Fig. 3. The LoS and first-order NLoS paths of the LiFi channel.

converts the light of one wavelength to another and guides the
converted light to a PD. By choice of concentrator material,
it is possible to make the concentrator sensitive to a particular
wavelength range. Since fluorescent concentrators are plain,
they can be stacked to remain the same reception area. The
concentrator gain g. is formulated as [20, eq. (8)]:

2

———, 0< ;0 < Whax
sin? (Wpmax ) =¥ i (1)

07 wi,u > \Ilmax

where n is the refractive index, W, is the semi-angle of the
field of view (FoV) of the PD, and v; , denotes the angle of
incidence, which is the angle between the incident light and
the receiver’s orientation. This orientation can be determined
by the azimuthal angle w,, which is uniformly distributed
between 0 and 27, and the polar angle 6,, which follows a
Laplace distribution with a mean of 6 [9].

9e =

C. Channel Model

A LiFi channel is comprised of two components: line-of-
sight (LoS) and non line-of-sight (NLoS) paths, as shown in
Fig. 3. The Euclidean distance of the LoS path between AP i
and user u is denoted by d; ,, with the same height assumed
for all users. The LoS channel gain is denoted by H-°5, which
is given by [20, eq. (10)]: ’

m+1)Ay .
Hp o = # 08" (¢i,u)grge COS(Yiu), 2)
’ 27rd7;7u
where m = —1In2/In(cos ®,/2) represents the Lambertian

emission order, and @/, is the angle of half intensity; Ayq is
the physical area of the PD; ¢;, denotes the angles of
irradiance; and gy is the optical filter gain.

Second-order reflections typically contribute little [20].
Thus, only first-order reflections are considered. A first-order
reflection consists of two segments: a) from the AP to a small
area w on the wall, and b) from w to the user. The Euclidean
distances of these segments are denoted by d; ., and d 4.
The angles of radiance and incidence with respect to the first
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segment are ¢; ,, and 1J; ,,, and for the second segment they are
Y, and 1, . Let A,, denote the area of w. Let p,, denote
the wall reflectivity. The channel gain of NLoS is denoted by
Hgb"s, which is given by (3), shown at the bottom of this
page, [6, eq. (3)].

The total gain of the LiFi channel is H; ., = H; %> + H,\\.°5.

The SINR of the link between AP i and user u can be
expressed as follows:

o (}%de{i,u]Dmod)2
NurBur + Y. (RpaHj,uPmod)?’
JEL,j#i
where Npir denotes the power spectral density (PSD) of
noise, which is assumed to be signal independent; Byip; is
the bandwidth of the LiFi AP; Z denotes the set of APs that
use the same optical spectrum as AP q.

Yiyu “)

D. Mobility Model

There are a few studies investigating user mobility models
for indoor scenarios, e.g. [21]. However, these studies are
usually based on a specific floor plan that consists of com-
partments and corridors. In this paper, it is assumed that there
are no compartments or corridors and users can move freely.
To simulate the freely-moving users, the random waypoint
(RWP) is adopted, which is a commonly used synthetic model
for mobility [22]. Specifically, users move along a zigzag line
from one waypoint to the next, with the waypoints being
randomly distributed. With the original RWP model [23],
the user moves around in a large outdoor area, e.g. a 1000 m
by 1000 m region, and changes its speed when arriving at
each waypoint. To suit an indoor scenario where the distance
between two waypoints is relatively short, the user’s speed
is considered constant for a short period of time. The user’s
movement during such a period is called an excursion. When
the current excursion finishes, the user chooses a new speed
and continues moving. The user’s speed is assumed to be
uniformly distributed between 0 and 2v, where v denotes the
average speed.

E. Light-Path Blockage Model

There are two factors that affect the performance of a LiFi
link when it is blocked: 1) how often the blockage occurs; and
ii) how long the blockage lasts. The first factor determines
the handover rate caused by blockages, while the second
influences the average user throughput. Accordingly, two
parameters are used to characterise light-path blockages: the
occurrence rate and occupation rate [12]. The occurrence rate,
denoted by A, is defined as the average number of blockages
occurring in a time unit. This rate is assumed to follow
the Poisson point process (PPP), which is usually used to
model random events such as the arrival of packets at a
switch [24]. The occupation rate, denoted by 7, is defined
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as the proportion of time during which the user experiences
blockages. We assume independent blockages among different
APs. In practice, signals from different APs might be blocked
due to a common obstacle. This can be reflected in the situ-
ation of a high occupation rate, where signals from multiple
APs are likely to be blocked at the same time.

F. Choice of Subflows

A fixed number of subflows are considered, which are
selected by following the rule of signal strength strategy (SSS),
i.e. each user chooses a number of APs that provide the
highest levels of SINR. A subflow could fail due to two
situations: i) loss of connectivity and ii) traffic congestion.
In the first situation, a handover can be implemented to let a
new subflow join the current connection to ensure connectivity.
In the second situation, two options are available. One option is
replacing the congested subflow with another one. However,
this might affect the APS results of other users and cause
a chain reaction [25]. The other option is not to use the
congested subflow and shift the traffic load to other subflows.
This option is adopted in this work, since the congestion
situations are comparable among APs under the assumption
of uniformly distributed users.

III. CONVENTIONAL RESOURCE ALLOCATION

The conventional RA method for LiFi copes with a single
connected AP [26]. Applying this method to PT-LiFi is in
fact to implement RA separately across APs. This method is
hence referred to as autonomous resource allocation (ARA).
A proportional fairness scheduler is considered, which is given
by [27, eq. (9)]:

max Z log(Riw), (5)

uel;

where R;, is the data rate that user u achieves from AP ¢
(¢ and u denote the index of APs and the index of users
throughput the paper), and U, denotes the set of users served
by AP i. The purpose of log(R;,) is to reduce rewards
for high data rates, while increasing penalties for low data
rates. When R; , = 0, log(R;.) would be negative infinity,
invalidating the scheduler. Also, 1?; ,, = 0 would void the cor-
responding link between AP ¢ and user u. Therefore, R2; , = 0
is excluded from the possible solutions. Unlike conventional
load balancing methods such as [28], ARA does not need to
select the APs. Therefore, RR;,, can be expressed as:

Ri,u = Pi,uTiu, (6)

where p; ., € (0,1] denotes the proportion of time resource;
and 7; ,, is the capacity of a LiFi link. The parameter +; ,, is an
electrical SINR for non-negative signals, for which a tighter
capacity bound can be found [29, eq. (37)]:

B iFi e
Tiu = % 1Og2 (1 + %’Y’L’,u) . @)

1HA
HZI‘HZOS _ / 2(m +1) pd2 Puw €08 (D5 w) gt Ge COS(Vu ) COS(W 1) COS(Dp ) d A - 3)
A

(Wdi,w dw,u)

w
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The sum of p; ,, must not exceed 1. Thus, the ARA problem
can be formulated as follows:

max Z log(piutiu)

Piu
o uel;

st. 0<piuw<1 VuelU;
Z pin < 1. (®)

uel;

The problem in (8) can be readily solved by the Lagrangian
multiplier method. Denoting the Lagrange multiplier by A,
the Lagrange function is written as:

L= log(piuriu) — A (Z Pivu — 1) )

u€el; u€el;
The solution of ARA is obtained by:
1
Ny,’

i

Piu = (10)
where Ny, is the number of users that are served by AP <.

In addition to time resource, power can also be dynami-
cally allocated among different users, with the average power
being maintained to accommodate the illumination constraint.
Relevant research has been studied in the current literature,
e.g. [30] for VLC and [31] for a hybrid VLC and RF network.
However, both studies consider a single VLC AP, without
addressing co-channel interference (CCI). In this paper, multi-
ple APs and the resulting CCI are taken into account, leading
to enormous difficulties in optimising a joint time and power
allocation. Moreover, this work is focused on investigating
the benefits of parallel transmission to a LiFi system, against
serial transmission. For these reasons, power allocation is not
considered in this paper, and how power allocation can benefit
PT-LiFi requires further research.

IV. PROPOSED RESOURCE ALLOCATION

In this section, a novel RA method is proposed for PT-LiFi.
First, allocating resource across APs is formulated as a joint
optimisation problem, namely joint resource allocation (JRA).
Second, an iterative algorithm is proposed to reduce the
computational complexity required for solving JRA. Finally,
the optimality of the proposed algorithm is evaluated.

A. Joint Resource Allocation

Despite having multiple subflows, a user might still
encounter poor link performance when light-path blockages
occur to some subflows, especially those used to offer high-
quality channels. This type of user needs more resource from
the remaining subflows. This is however not supported by the
ARA method. In order to realise proportional fairness for the
users’ overall data rates, the resource of APs needs to be jointly
managed. The overall data rate of user wis > p; .74, Where

€1y,
I, denotes the set of APs that serve the user. Let U denote
the set of all users that are connected to the LiFi network.
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The JRA problem can then be formulated as:

max Z log <Z pi,uri,u>

Piv v icl,
st 0<pi <1 WVi,u;

Y piu<l Vi

ueU;

Y

This is a nonlinear programming problem which can be
solved by the OPTI toolbox [32]. However, this solution
requires excessive computational complexity. A piece-wise
linear approximation of the logarithmic function can be used to
reformulate the problem as a linear programming [33]. Based
on this, the authors in [34] proposed an iterative algorithm
to solve network routing. However, as stated in Section III,
an optimal solution of p;, can be readily obtained with a
single AP. Upon this, we propose an iterative algorithm to
reduce computational complexity, without requiring a linear
approximation of the logarithmic function.

B. Proposed Iterative Algorithm

With knowledge of the users’ data rates that are provided by
other APs, each AP can carry out resource allocation subse-
quently. The corresponding optimisation problem is written as:

max > log [ piuriut D piuTiu
o j€Ly,ji

ueU;
st. 0<piw <1l VueU;

Z Piu S 1

uel;

(12)

Let R; ,, denote the user’s data rate that is provided by all
APs except AP i, ie. R;,, = >, pjurju. The Lagrange

J€Ly,jF#i
function for solving the above problem is expressed as:

L= Z log (piuTiu + Riw) — A (Z P — 1) (13)

uel; ueU;

ri,'u/

A variable §; ,, is introduced to indicate the gap between the
new p;,, and its previous value p;u ie. 0iy = |piu — p;u|
The set of all d;, is denoted by d. The iterations will stop
if all elements of § are smaller than a preset target Girget, i.€.
min(d) < drger. The pseudocode of the iterative algorithm is
given in Algorithm 1. As can be observed from (14), the JRA

method adapts to the instantaneous channel state, which affects
channel capacity and thus the resource allocation results.

The optimal solution is obtained by:

1

Ri,u
Piu = m 1- —_—

( (14)
i uw' eU;,u’#u Tiu

C. Optimality and Complexity Analysis

Due to the nature of the iterative algorithm, it is difficult
to theoretically analyse its optimality. Alternatively, we exper-
imentally study the optimality of the iterative algorithm by
comparing it with the solutions provided by the OPTI toolbox.
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Algorithm 1 Proposed Iterative Algorithm for JRA
Input: I, U;, 7, Vi € L, u € Uy, dtarges
Output: p; ,;
Initialisation: I?; , < 0;
while max(d) > darper do
for each AP 7 do
for each user u € U; do

/ . X .
pi,u = Pius
. 1 1 R?,u, R?.u’ .
Piw = Ng |1 T > e T )
i i,u PR
u' eU;,u'#u
_ Y .
Oiu = |Piu = P50 ls
end for
end for
end while
return p;, Viecl,,uecU;
Npp =4, Ny=4,N,=2
2007 : : . . .
1505 ,
1 2 3 4 5 6 7 8 9 10
Nyp=4,N,=8 N,=2
@ SR
o 100F 1
= -
= eoF 1
3 L L L L L L L L
Q
s 1 2 3 4 5 6 7 8 9 10
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=] . . . . . . . .
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L N ———— =
1201 T
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Fig. 4. User throughput versus the number of iterations (solid line: the

proposed iterative algorithm; dashed line: the optimal solution provided by
the OPTTI toolbox).

Since JRA provides an RA solution for a given time instant,
user mobility and light-path blockages are not considered here.
See the detailed setup in Section V. Let Nap, Ny and Ny
denote the number of APs, the number of users and the number
of subflows, respectively. For different Nap, Ny and Ny, Fig. 4
shows the achieved throughput of the iterative algorithm as
a function of the number of iterations in solid lines. The
solutions provided by the OPTI toolbox are represented by
dashed lines. As shown, the proposed algorithm reaches a
steady state within 4 iterations and achieves a near-optimal
throughput, within 2%.

For each iteration, the proposed algorithm calculates p; ,,
for each subflow. The order of complexity is the total number
of subflows, which is Ny/Ny. Using 4 iterations, the proposed
algorithm has an order of complexity of 4NyN;. As for the
optimal solutions for JRA, the computational complexity can
be estimated by discretizing the time resource of each AP into
N, portions. Each portion is allocated to one of the subflows
associated to the AP. Since there are NyNy subflows in total,

each AP has Nﬁgf in average. Thus, the optimal solution has
NyNy

an order of complexity of (NapN;) Var . Taking Nap = 8,

6273

TABLE III
SIMULATION PARAMETERS

Parameter Value

Room size (length by width by height) | 10 m X 10 m X 3 m

Physical area of the PD, Apq 1 cm?
Gain of the optical filter, g7 1
Refractive index, n 1.5
Half-intensity radiation angle, ® /5 60°
FoV semi-angle of the receiver, Wmax 90°

See Table II

See Table II

20 MHz

10721 A%/Hz [35]

Modulated optical power, Fopt
Detector responsivity, Rpd
Bandwidth per LiFi AP, Byif
PSD of noise in LiFi, Npg

A N —A—PT-LiFi with ARA (N, = 2)
~

\: g - —s7— PT-LiFi with ARA (N, = 3)

12 N —4— PT-LiFi with ARA (N, = 4)

— ~ v -
g;’lﬁo N T T =¥~ |{= A=PT-LiFi with JRA (N, = 2)
=3 N ~ 7 - PT-LiFi with JRA (N, = 3)
Ei 100 |- & -PT-LiFiwith JRA (N, = 4)
= @ ST-LiFi
o 90
£
o 80
(%]
>
00 O
ol e
ol T,
0 1 2 3 4 5
Average speed [m/s]
Fig. 5. User throughput versus the user’s average speed (§ = 0° , A = 0

/min, and Ny = 10).

Ny =8, Ny =4 and Ny = 20 for an example, the proposed
algorithm can reduce computational complexity in an order of
magnitude of 7 against the optimal solution.

V. SIMULATION RESULTS

In this section, results are reported from Monte Carlo simu-
lations carried out to evaluate the performance of PT-LiFi. The
JRA method is implemented through the iterative algorithm
with 5 iterations. The baseline is a conventional LiFi system
which uses a single connected AP. Such a system is referred
to as ST-LiFi. We consider 16 APs, with a 2.5m separation
between the two nearest APs. The handover overhead is set to
be 200 ms [36], and no data transmission is available during
the handover process. Other parameters are listed in Table III.
The simulations measure the achievable data rate of the LiFi
network through the capacity bound in (7). For each situation
1000 simulations are run, with each simulation lasting a
period of 100s.

A. Effects of User Mobility

Fig. 5 shows user throughput as a function of the user’s
speed, with perpendicular receiver orientations and no light-
path blockages. As shown, PT-LiFi with just 2 subflows can
greatly outperform ST-LiFi. In the extreme case of stationary
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Fig. 6.  User throughput versus the average polar angle (v =
A = 0 /min, and Ny = 10).

0 m/s,

users, ARA and JRA with Ny = 2 obtain user throughputs
of 115 Mbps and 121 Mbps, which are 28% and 34% higher
than the 90 Mbps obtained by ST-LiFi. It is also found
that the throughput of JRA monotonically increases with Ny,
whereas the throughput of ARA does not. This is because JRA
can balance traffic loads across subflows and more subflows
provide a higher flexibility of load balancing. As for ARA,
the reason for the trend is two-fold. On the one hand, adding
a subflow of poor channel to one user would harm the interests
of other users that are served by the same AP. On the other
hand, more subflows can compensate the throughput loss due
to frequent handovers caused by fast-moving users. Hence,
for ARA, Ny = 4 performs worse than Ny = 2 when
v = 0 m/s, but otherwise when v = 5 m/s. This makes
JRA outperform ARA more significantly when N increases,
by up to 33%. Furthermore, PT-LiFi surpasses ST-LiFi more
greatly when the users move faster. Taking Ny = 4 as an
example, the throughput gap between JRA and ST-LiFi is
49 Mbps for v = 0 m/s. This gap increases to 67 Mbps when
v =5 m/s, 133% higher than ST-LiFi. This is because when
one subflow is being transferred between APs, PT-LiFi can
use the remaining subflows for data transmission.

B. Effects of Receiver Orientation

Fig. 6 presents the impact of receiver orientation with differ-
ent values of the average polar angle 6. The users are stationary
with no light-path blockages. As 6 increases, the user through-
put increases slightly until § = 40° and then decreases rapidly.
The slight increase is because a moderate f can mitigate
interference to some extent, whereas the rapid decrease is due
to the difficulty in receiving lights with a large 6. PT-LiFi
noticeably outperforms ST-LiFi, with an almost stable gap
between them for different §. For instance, ARA with Ny = 2
achieves 30% more throughput than ST-LiFi when 6 = 0°, and
33% when 6 = 90°. As Ny increases, the user throughput
of ARA decreases for the reasons explained above. In con-
trast, JRA provides a substantial benefit when N increases.
When 6 = 90°, for example, JRA achieves 89 Mbps with
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Ny =2 and 98 Mbps with Ny = 3, which are 39% and 53%
more than ST-LiFi, respectively.

C. Effects of Light-Path Blockage

In Fig. 7, the user throughput is shown as a function of
the occurrence rate of light-path blockages. Two occupation
rates, 0.2 and 0.8, are demonstrated. The occurrence rate \
and the occupation rate 1 degrade throughput performance in
separate ways. As shown, the user throughput decreases for all
methods when ) increases, since frequent light-path blockages
result in frequent handovers. Given a particular value of A,
the throughput performance deteriorates much more rapidly
when 1 = 0.8 than 7 = 0.2. The reason lies in the worsened
channel quality during light-path blockages. In an extreme case
of n = 1, all approaches would deliver zero throughput. This
also explains the phenomenon that PT-LiFi only provides a
marginal gain over ST-LiFi when 17 = 0.8. At A = 10 /min with
1n = 0.2, JRA (with Ny = 4) and ST-LiFi achieve 123 Mbps
and 81 Mbps, respectively. When n = 0.8, these throughputs
decrease to 50 Mbps and 40 Mbps, respectively.

D. Effects of the Number of Users

The effects of the number of users in a practical sce-
nario are analysed. The average walking speed of people
is 1.4 m/s, and the average polar angle while walking is
about 30° [9]. Light-path blockages are assumed to occur
once per minute, with an occupation rate of 0.1. The relation
between user throughput and the number of users Ny is
presented in Fig. 8. For all methods, the user throughput
decreases as Ny increases, as expected from the limited system
capacity. However, the throughput of PT-LiFi decreases more
rapidly than that of ST-LiFi, leading to a smaller gain for
a larger Ny. For instance, ARA with Ny = 4 achieves a
throughput about 153% more than ST-LiFi when Ny = 1,
while only 30% when Ny = 10. This indicates that PT-LiFi
can improve network performance more significantly when
serving fewer users. It is also found that JRA acquires a larger
gain over ARA as Ny increases. This is because when Ny
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increases, JRA can implement load balancing more flexibly
than ARA.

E. User Fairness

User fairness is measured in the same scenario as
above. Jain’s fairness index is adopted, which is given by
[37, eq. (14)]:

2

(£7)

L/, (15)
Nu > RZ
u=1

X:

where R, is the achieved throughput of user w.

As shown in Fig. 9, PT-LiFi achieves a much higher user
fairness than ST-LiFi, especially for a large number of users.
This is because PT-LiFi can flexibly allocate resource through
multiple subflows. Taking Ny = 10 as an example, ARA with
Ny = 4 reaches a user fairness of 78%, whereas ST-LiFi only
provides 71%. Meanwhile, JRA is able to elevate the user
fairness to 86%, which is 15% higher than ST-LiFi.
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F. Latency and Packet Loss Ratio

Finally, we study the network performance in terms of
latency and packet loss ratio. The packet size is 1500 bytes,
and the buffer size is set to be 128K bytes. The normalized
buffer size is denoted by Np, which equals the buffer size
divided by the packet size. Based on the measured AP capacity,
the average number of packets queueing in one AP can be

estimated by Little’s law: Ny = —R, where R denotes

the AP capacity and R is the required data rate. Packet
loss occurs when Ny exceeds Np. The latency is obtained
M. As shown in Fig. 10, ST-LiFi can only
min{ R, R}
support 52 Mbps per user when achieving a latency require-
ment below 1 ms. Meanwhile, PT-LiFi with JRA can provide
105 Mbps, which is twice as fast as ST-LiFi. In addition,
ST-LiFi starts losing packets when the the required data rate
reaches 73 Mpbs, while JRA remains a zero packet loss ratio
until 122 Mpbs.

VI. CONCLUSION

In this paper, parallel transmission was investigated for LiFi
and a novel RA method named JRA was proposed. Unlike
ST-LiFi, PT-LiFi enables the user to be served by multiple
APs simultaneously, making an efficient use of the densely-
deployed LiFi APs. Compared with ST-LiFi, PT-LiFi can
improve network performance in two aspects: i) providing
a flexible way of load balancing; and ii) mitigating the
throughput loss caused by handovers. The performance of the
proposed system, in terms of user throughput and fairness,
was comprehensively studied by considering user mobility,
random receiver orientation and light-path blockages. Results
show that even with just 2 subflows, PT-LiFi can greatly
improve network performance against ST-LiFi. In addition,
the proposed JRA achieves a higher throughput as well as
user fairness than ARA, especially for a larger number of
subflows. With 4 subflows, JRA can enable PT-LiFi to increase
user throughput over ST-LiFi by up to about 150%, while
improving user fairness by up to 15%.
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