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ABSTRACT The hybrid light fidelity (LiFi) and wireless fidelity (WiFi) network (HLWNet) is considered
to be a potential component of the next generation indoor wireless networks. However, due to the susceptible
line-of-sight propagation of optical signal and the ultra-dense deployment of LiFi access points, the handover
problem in the HLWNet becomes challenging and it is hard to design a handover scheme that adapts to
complex indoorworking scenarios. In this paper, we propose a novel handover scheme, inwhich the handover
events in HLWNet are classified into three categories and a particular strategy for each category is applied
to calculate the optimal dwell time in the handover procedure. The proposed handover scheme is adaptive
to different working situations, since the information about multiple attributes, such as channel quality, user
velocity, and arrivals data rate, is gathered to make the handover decision and to calculate the dwell value.
The simulation results show that, compared to the benchmarks, the proposed method is able to increase
the user throughput by around 65%, decrease the handover rate by up to 80%, and reduce the packet delay
by up to 57%. In addition, the proposed method significantly improves the robustness performance of user
throughput and handover rate under different scenarios.

INDEX TERMS Handover, heterogeneous network (HetNet), light fidelity (LiFi), wireless fidelity (WiFi),
visible light communication (VLC).

I. INTRODUCTION
Mobile data traffic is expected to reach 77 exabytes per
month in 2022, when it is predicted that 90% of the
global mobile data will be consumed by smart devices
and 80% of the data activity will occur indoor [1].
To enable this amount of traffic to be carried, there is
an urgent need for an advanced indoor wireless network
with faster connections and greater capacity. Visible light
communication (VLC) technology and its network variant,
light fidelity (LiFi), which use 300THz licence-free and
unused spectrum for wireless communication are regarded as
promising components of the next generation indoor wireless
networks [2].

LiFi has a number of advantages over radio frequency (RF)
networks. Firstly, LiFi is more power-efficient and less
expensive than indoor RF wireless networks, e.g. wireless
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fidelity (WiFi), since it uses inexpensive light emitting
diodes (LEDs) as access points (APs) which provide illumi-
nation and data transmission at the same time. In addition,
LiFi has a higher data rate than WiFi does due to its broader
optical bandwidth and denser deployment of LEDs [3].
Furthermore, the security of the physical layer can be
enhanced as the optical light cannot penetrate through walls
and opaque objects. However, LiFi also has a number of
limitations. A solo LiFi network has a small coverage area
in which user mobility cannot be guaranteed [4]. In addition,
the susceptible line-of-sight (LoS) links between LiFi APs
and users can be easily disrupted by occasional shadowing
and angular misalignments [5]. To enhance user mobility and
signal continuity, the concept of the hybrid LiFi and WiFi
network (HLWNet) has been introduced [6]. This hybrid
network, combining the high-speed data transmission of LiFi
and the ubiquitous coverage of WiFi, has been proven to
achieve greater throughput and better quality of service (QoS)
than a stand-alone LiFi or WiFi network [7]. Despite the
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clear advantages of an HLWNet, the handover issue in it
becomes more challenging due to the LoS optical signal and
ultra-dense deployment of LiFi APs.

Handover is the transfer mechanism between wireless
cells that occurs in a device within a call service [8], [9].
Depending on which network the target base station (BS) or
AP belongs to, the handover is classified as either horizontal
handover (HHO) or vertical handover (VHO). HHO is the
handover between the same kind of access networks, whereas
VHO is between different types [10]. Since the HLWNet
is assumed to be implemented in a medium sized office
or classroom, where WiFi can cover the whole area, VHO
alone is sufficient for a complete handover scheme in
HLWNets [11]. The term handover in this article refers to
VHO unless otherwise stated.

The rules of the handover procedure are given by a
handover algorithm that plays the most important role in a
handover scheme design. There are two basic VHO algo-
rithms, immediate VHO (IVHO) and dwell VHO (DVHO)
in heterogeneous VLC and RF networks [12]. As the name
suggests, the user equipment (UE) implemented with IVHO
will transfer to the RF network immediately once the optical
channel is unavailable. Theoretically, IVHO provides the
highest user throughput because it is always connected to
the AP with the best service. However, this approach causes
ping-pong effects and deteriorates the QoS of users. To avoid
frequent switching between VLC and RF networks, UEs are
designed to wait for a dwell time, during which the handover
process will be terminated if the optical channel resumes. The
length of dwell time, however, should be set properly. On the
one hand, the ping-pong effect cannot be completely solved
if the dwell time is too short. On the other hand, a dwell
time that is too long will accumulate delay, resulting in the
reduction of average throughput. One possible solution is
to design a handover algorithm with dynamic dwell which
can get updated automatically based on different working
scenarios [13].

There has been considerable research investigating the
VHO mechanisms in heterogeneous RF and VLC networks.
Reference [14] presents a handover scheme that calculates
the dynamic dwell time by using the measured information
about channel quality and user movement. However, it only
considers the signal interruptions caused by user movement;
interruptions caused by light-path blockages and device
orientation are not taken into account. Reference [15] reports
a Q-learning based handover scheme to maximize the
average throughput in an office building. In this scheme,
an optimized time-to-trigger (TTT) value table is obtained by
pre-training and the most appropriate TTT is then distributed
to each UE in different time slots. The TTT, which can
be regarded as the dwell time, is fixed in a certain time
slot in this scheme and is not adaptive to different working
environments. To improve the dynamic performance of
HLWNets, especially to reduce the handover rate for mobile
users, a handover skipping technology using reference signal
received power (RSRP) is introduced in [16]. Using this

skipping technology, reference [17] proposes a handover
method that can reduce the handover rate and also increase the
throughput for roaming users with different velocities. How-
ever, this method does not taken into account the interruptions
caused by light-path blockages and device orientation.
To handle the interruptions caused by both UE mobility
and optical channel blockages, reference [18] presents a
fuzzy logic (FL) based VHO scheme, which uses the
instantaneous/average signal-to-interference-plus-noise ratio
(SINR), user velocity, and the information about required data
rates to make a handover decision. It shows that the UEs
implemented with the FL based handover scheme are able
to achieve higher user throughput than those with traditional
methods do.

From the previous studies, there appear to be at least
three categories of VHO events from LiFi to WiFi in
HLWNets: Type I, VHOs caused by the optical signal
instability due to the user’s movement; Type II, VHOs caused
by sudden signal termination due to random shadowing or
UE orientation; Type III, active handovers that occur when
both WiFi and LiFi signals exist but the WiFi is found
to offer better QoS. Among these three types of VHOs,
Type I and Type II do not exist in conventional heterogeneous
RF networks. Most previous studies such as [14], [15],
and [17] can only handle one or two types of VHOs.
Reference [18], on the other hand, attempts to handle all
types of VHOs holistically; however, it takes long processing
time, since its handover process, which contains fuzzification
and defuzzification etc., is very complex. In addition, the
single FL based handover strategy cannot achieve global
optimization as different categories of VHOs have different
characteristics.

To obtain optimal overall performance with low com-
plexity, we divide the handover problem in the HLWNet
into three subproblems by different categories of VHOs
and design a particular handover strategy for each type of
VHO event.

In this study, we propose a novel handover scheme that
firstly determines the type of the VHO event by the gathered
information about channel qualities, user movement, and the
arrival data rate. It then calculates the optimal dwell time with
a specific strategy for this type of VHOs. The simulation
results show that, compared with conventional handover
methods and the FL based handover scheme from [18], the
proposed scheme is able to increase the transmission rate
by around 65%, decrease the handover rate by up to 80%,
and reduce the packet delay by up to 57%. In addition, the
proposed method is adaptive to different scenarios and shows
great robustness performance.

The rest of the paper is organised as follows. Section II
introduces the channel model of HLWNets. Section III
presents the proposed handover scheme, in which VHOs
are divided into three categories, and specific strategies
are designed for each category to calculate adaptive dwell
time. The simulation results are presented and discussed in
Section IV and conclusions are drawn in Section V.
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FIGURE 1. A SDN-enabled HLWNet architecture.

II. CHANNEL MODEL
To achieve a flexible access selection and handover process,
a software-defined networking (SDN) based network archi-
tecture is adopted in our study, as illustrated in Fig. 1 [19],
[20] [21]. In this architecture, LiFi and WiFi APs are
connected to an SDN-enabled switch via SDN agents and
the data packet flow is controlled by the SDN controller. The
SDN controller, an application in the SDN architecture, uses
protocols to direct switches to send packets. Due to numerous
challenges to build an optical uplink, an asymmetrical scheme
using both LiFi and WiFi as downlinks and only WiFi as
the uplink is applied. Additionally, the two-dimensional (2D)
lattice deployment is used. As depicted in Fig. 2, NA LiFi
APs are deployed on the office ceiling in a lattice topology.
Meanwhile, a single WiFi AP, which is assumed to cover
the whole room, is fixed in the centre among LiFi APs.
The sets of UEs (including stationary and roaming ones)
and APs are denoted by {u | u ∈ [1,NU ]} and {a |
a ∈ [0,NA]} respectively, where NU is the number of
UEs being served and a = 0 means WiFi AP is being
connected. In addition, carrier-sense multiple access with
collision avoidance (CSMA/CA) and time division multiple
access (TDMA) are respectively implemented in WiFi and
LiFi systems for multiple access [22].

A. LiFi CHANNEL MODEL
If the transmitted power from LED a (a 6= 0) is Pt,a, the
received power Pr,u at UE u can be expressed as,

Pr,u = Hu,a × Pt,a, (1)

where Hu,a is the channel gain between LiFi AP a and
UE u. In the intensity modulation direct detection (IM/DD)
method, photons gathered from photodetectors (PDs) will be
converted to electric current, expressed as:

Iu,a = RpdHu,aPt,a, (2)

where Rpd is the detector responsivity of the receiver. Since
light path propagation delay is negligible in indoor scenarios,
the optical channel gain Hu,a can be defined as,

Hu,a = HLoS
u,a + H

NLoS
u,a + Hn, (3)

where HLoS
u,a and HNLoS

u,a represent the LoS and non
LoS (NLoS) channel gain between u and a respectively; Hn
is the addictive white Gaussian noise (AWGN).

FIGURE 2. Sample AP deployment with 16 LiFi APs, 1 WiFi AP and 6 users.

The LoS channel gain is formulated as [23]:

HLoS
u,a =

Apdcos(ψu,a)(m+ 1)
2πd2u,a

cosm(φu,a)gf gc(ψu,a) (4)

where φu,a is the irradiance angle and ψu,a is the incidence
angle which is the angle between the incident light and the
normal vector npd , as shown in Fig. 3. The direction of npd
can be described by the polar angle θ and the azimuth angle
ω as [22], [24]:

npd = [sin(θ )cos(ω), sin(θ )sin(ω), cos(θ )]T . (5)

Apd is the detector area of the receiver and Apdcos(ψu,a)
is the effective collection area of the receiver; du,a is the
distance between the LED and the PD; m is the Lambertian
emission order, which can be expressed as a function of
semi angle of half power φ1/2, m = −ln2/ln(cosφ1/2);
gf is the gain of the optical filter; gc(ψu,a) is the optical
gain of a non-imaging concentrator, expressed as g(ψ) =
n2i /sin

29max , where ni is the refractive index, and 9max is
the field of view of the PD. In [25], the authors show that the
high-order NLoS channel gain is negligible to the downlink
performance of VLC, so only the first order reflections are
considered in this study. The first-order NLoS channel gain
is given by Eq. 6, where ρw is the reflectivity ratio of the
reflection surfaces; Aw is the total reflection area; ψw,a and
ψu,w are the incidence angles at the point w and UE u
respectively [26].

Thus, the SINR for user u and LiFi AP a can be expressed
as,

γu,a =
(RpdHu,aPt,a)2

ι2NLiFiBLiFi +
∑NA

i 6=a,i>0(RpdHu,iPt,i)
2
, (7)

where BLiFi is the bandwidth for each LiFi AP; NLiFi is the
power spectral density (PSD) of noise, which is dominated by
shot noise [27]. ι is the optical to electric power conversion
coefficient.
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FIGURE 3. The LoS and the first-order reflection NLoS propagation.

B. WiFi CHANNEL MODEL
A 2.4GHzWiFi AP is adopted in our study. The channel gain
between the antenna to user u is modelled as:

Hu,0 = LWiFi × hWiFi, (8)

where LWiFi is the path loss caused by large scale obstructions,
which is formulated as [28]:

LdB(d)

=

{
LFS (du,0)+ SF, du ≤ dBP
LFS (dBP)+ 25log10(

du,0
dBP

)+ SF, du > dBP.
(9)

It should be noted that the above equations are written in
decibels (dB), which means that LdB = 10log10(LWiFi);
LFS is the free space path loss in dB, expressed as LFS =
20log10(du,0)+20log10(f )−147.5, where f equals to 2.4GHz;
du,0 is the distance from WiFi antenna to UE u; and the
shadow fading, SF , follows a log-normal distribution with
zero mean and standard deviation, σSF . Because an office
with the size (18×18)m2 is chosen as the simulation scenario,
the maximum distance from the antenna to the UE is longer
than 10m. Thus, the path lossmodelD in [28] is chosen for the
simulation, where breakpoint dBP is equivalent to 10m, and
σSF equals to 3dB and 5dB before and after dBP, respectively.
hWiFi is the channel gain from NLoS components, which is

formulated as:

hWiFi = (

√
K

K + 1
ejφ0 +

√
1

K + 1
X ), (10)

where the random variable X follows complex Gaussian
distribution with zero mean and unit variance; φ0 is the
arrival/departure angle of the LoS component; and K is the
Ricean K -factor, which equals to 2 when du,0 < dBP and
0 otherwise.

If the transmitted power from WiFi is Pt,0, the received
signal power at u is:

Pr,u = |Hu,0|2Pt,0. (11)

Since interference does not exist in WiFi channel, its SINR,
equivalent to signal-to-noise ratio (SNR), is given as:

γu,0 =
|Hu,0|2Pt,0
NWiFiBWiFi

, (12)

where NWiFi and BWiFi are the noise PSD and bandwidth of
the WiFi channel.

C. ACHIEVABLE DATA RATE
Shannon capacity is employed to estimate the data rate
provided by the WiFi AP; whilst the lower bound capacity of
LiFi channel, derived in [29], is applied to estimate the data
rate served by a LiFi AP. Therefore, the the achievable data
rate provided by AP a to user u can be expressed as follows:

ru,a =

{
ρu,a

Ba
2 log2(1+

e
2π γu,a), a 6= 0,LiFi

ρu,a
Ba
2 log2(1+ γu,a), a = 0,WiFi,

(13)

where ρu,a is the proportion of frequency/time resource of
AP a used by user u; e is Euler’s number. For simplicity, the
resource is assumed to be equally shared by all users in AP
a [Eq. 10, [30]]. The bandwidth provided by AP a is denoted
by Ba.

D. USER BEHAVIOUR MODELING
The most advanced orientation random waypoint (ORWP)
is applied to model indoor user behaviours in this study
[24], [31]. In this model, the user’s dynamic information at
any time point n can be denoted as a tuple, (Pn, vn, θn), n ∈
N, where Pn = (xn, yn) is user’s position; vn and θn
are the velocity and the polar angle of the mobile device
respectively. The time period between two samples, Ts,
is not longer than the quasi-static period, during which the
channel state information (CSI) of LiFi and WiFi channels
is assumed to be constant [32]. To simulate the varying
speed behavior of indoor users, the velocity direction, vn

‖vn‖
,

and magnitude, ‖vn‖, are periodically updated based on
certain distributions. As for θ , an experimental measurement
based model for device orientation shows that the probability
density function (PDF) of the polar angle of a moving
user follows a Gaussian distribution with the mean of
E[θ ] = 29.67◦ and standard deviation of σθ = 7.78◦ [24].
The random process θn can be generated by a first order
autoregressive model:

θn = c0 + c1θn−1 + wn, (14)

where, wn is a white noise process with the variance σ 2
w. The

factors c0, c1, and σ 2
w can be calculated as follows:

c0 = (1− c1)E[θ ], c1 = 0.05
Ts
Tc , σ 2

w = (1− c21)σ
2
θ ,

(15)

where Tc set as 130ms, is the coherence time of the random
process θ [31]; Ts is the sampling time, which is chosen to be
equal to Tc in this paper.
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E. LIGHT-PATH BLOCKAGE
Due to the directional propagation of visible light, optical
shadowing is another unique phenomenon in LiFi networks.
ON-OFF model is used to simulate the light-path blockage
in this paper [11], [12] [13]. Assuming that the blockage of
the light-path is totally random and that there is no relation
between two different blockages, the occurrences of the
optical interruptions and resumptions can be described as a
Poisson process. In other words, the interruption/resumption
occurrences obey a Poisson distribution and its duration
is exponentially distributed [33]. If the interruption and
recovery rates of the LoS link are ξ1 and ξ2, the duration of
the VLC availability and unavailability will be exponentially
distributed with mean values equal to 1

ξ1
and 1

ξ2
, respec-

tively [13]. For simplicity, the optical received signal strength
of the UE is equal to 0 during the blockage and resumes
immediately once the optical channel recovers.

III. METHODOLOGY
As mentioned in Section I, since VHOs may be triggered
by different events and different types of VHOs have
distinguishing characteristics, the authors propose a novel
handover scheme, which calculate the optimal dwell time
for different categories of VHOs with different strategies.
After the review of previous works, we conclude that
there exist at least three categories of VHOs from LiFi
to WiFi in HLWNets: Type I, the VHOs triggered by
high velocity; Type II, the VHOs caused by unpredictable
shadowing or device orientation; and Type III, WiFi found
to provide better service. Type III VHOs are probably
triggered by user movement, the fluctuation of arrival data
rate, or arrival/departure of new users in LiFi/WiFi APs.
To avoid conflicts when two types of VHOs are triggered
simultaneously, the priority of different VHO categories from
high to low is set as: Type I> Type II> Type III. The dynamic
dwell calculation for each type of VHOs will be introduced
in the following subsections.

A. TYPE I
This type of VHOs are the most understandable ones. Once
user velocity is reported exceeding a certain threshold τ ,
the LiFi network is no longer preferable since the fast
movement leads to optical signal instability and frequent
VHOs. At this moment, the Type I VHO will be activated
and the dwell value will be set as 0, which means to execute
the handover to WiFi immediately. Therefore, our first task
is to find the the threshold τ that achieves the optimal overall
performance for Type I handovers. When the light-path and
device orientation are not involved, we run the simulation
with the same parameters as in Section IV. The plot of
average achievable throughput and average handover rate

FIGURE 4. Average throughput and handover rate versus τ.

against different choices of τ is shown in Fig. 4. We can
find that under our simulation scenario, the optimal velocity
threshold for Type I handovers are around 1.0−1.4m/s, where
the average user throughput remains high and the handover
rate maintains at a low level. In the following sections,
we choose τ = 1.1m/s as the optimal threshold for Type I
handovers. It should be noted that the choice of the optimal
threshold depends on the room size, the deployment of the
LiFi APs, and the other parameters. Therefore, preliminary
experiments are needed to check the τ value in real life.

B. TYPE II
If the average SINR for the pastM samples of the UE is stable
but the instantaneous SINR suddenly drops to a very low
value, the optical channel can be assumed to be blocked and
a similar SINR value is expected to be obtained after the LiFi
channel resumes. Since the optical channel is unavailable in
this situation, the goal of the Type II strategy is to calculate
the optimal dwell time to minimize the delay caused by the
interruption, which then will increase the overall throughput.

When the optical channel is disrupted, if IVHO is
performed, the delay of UE u will be,

δu,IVHO = Texe +
5

ru,0(γu,0)
, (16)

where Texe is the execution time of a handover process; ru,0
is the data rate provided by WiFi, which is a function of the
SINR of WiFi channel. γ is the average SINR of past M
samples; 5 represents the size of delayed packets in buffer
during the interruption. Assuming that the buffer queue is
long enough, 5 has the same magnitude as the arrival data
rate [12], [34]. On the other hand, if DVHO is performed, the

HNLoS
u,a =

∫
Aw

Apd (m+ 1)ρw
2πd2w,ad2u,w

cosm(φw,a)gf gc(ψu,w)cos(ψw,a)cos(ψu,w) dAw (6)
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delay will be,

δu,DVHO =

Texe + Tdw +
5

ru,0(γu,0)
, Tdw ≤ Tint

Tint + 5

ru,a(γu,a)
, Tdw > Tint ,

(17)

where Tdw is the length of dwell time; Tint is the interruption
duration; ru,a is the data rate provided by LiFi AP a, which
is a function of γu,a. Comparing Eq. 16 and 17, DVHO is
meaningful only if

Tint +
5

ru,a(γu,a)
< Texe +

5

ru,0(γu,0)
, (18)

i.e. Tint < Texe + 5

ru,0(γu,0)
−

5

ru,a(γu,a)
. Furthermore, to avoid

ping-pong effects in this scenario, Tdw > Tint should be
satisfied. Thus the optimal dwell time for Type II handovers
can be set as,

Tdw = max{Texe +
5

ru,0(γu,0)
−

5

ru,a(γu,a)
, 0}, (19)

which can reduce latency as well as avoid unnecessary
handovers. Average SINR of both LiFi and WiFi networks
and the delayed packets in the buffer are utilised to estimate
the optimal dwell time when the optical channel is blocked,
so this dwell time is adaptive to different working situations.
In addition, the statistical information of past interruptions
is not used, due to the unpredictability of optical channel
shadowing.

C. TYPE III
When both LiFi and WiFi are available and user velocity
is below the threshold, UEs are preferred to access the AP
that can provide the highest average data rate. Different from
pure RF networks, where data rates provided by different
APs can be compared directly, it is not obvious which AP
is the ‘‘better’’ choice in HLWNets. Therefore, we introduce
a satisfaction index, ζu,a(∈ [0, 1]), to quantitatively evaluate
the QoS of LiFi and WiFi networks. To reduce the algorithm
complexity, the set of reachable APs only contains two
elements, the LiFi APwith the highest SINR and theWiFi AP,
i.e. a ∈ {0, α}, where a = 0 still represents the WiFi AP; and
α = argmaxa∈[1,NA]∩N γu,a. Since user velocity and data rate
are two parallel conditions to trigger the handover process,
which means either of them can trigger the VHO process, the
index ζu,a is defined as the product of the normalization of
these two metrics, i.e.

ζu,a = Na,v(vu)×Nr (ru,a). (20)

As we have explained, the LiFi network access is sensitive
to user velocity; therefore, the normalization functionNa,v(·)
can be chosen as:

Na,v(v) =

{
1

UBa,v
(UBa,v − v) v ≤ UBa,v

0 v > UBa,v,
(21)

where the upper bound, UBa,v, equals to the optimal
threshold τ from Section III-A. Since WiFi has much higher
tolerance to human velocity, its normalization value is always

equivalent to 1 for indoor users. Nr (·) is the data rate
normalization function, expressed as,

Nr (ru,a) =

{
1

UBr
ru,a ru,a ≤ UBr

1 ru,a > UBr ,
(22)

where UBr equals to the arrival data rate, which is a dynamic
parameter.

Therefore, ζu,a ranges from 0 to 1, and the greater it is, the
better the network quality is. The Type III handover process
will be triggered if the satisfaction index of the target AP is
greater than the current one. To avoid the ping-pong effect,
we extend the concept of ‘‘stability period’’ from [35] and
rewrite [Eq. 3, [35]] as follows.

Tdw = Texe +
Texe
Z − 1

(23)

This is the dynamic dwell time defined for Type III VHOs,
where Z = ζu,tgt

ζu,crt
is the ratio of the satisfaction indices of target

and current APs. The handover process will be immediately
terminated once Z ≤ 1.

D. SUMMARY
A complete handover scheme contains three modules,
as shown in Fig. 5, including information gathering, decision
making, and handover execution modules. The information
gathering module (IGM), also known as handover initiation
or system discovery module, is used to collect all the
information required for the handover decision [36]. In our
proposed scheme, this module is implemented in the mobile
node to monitor SINR values of LiFi/WiFi channel, user
velocity, and arrival data rate [15], [21]. Once the handover
trigger conditions have been fulfilled, the IGM passes the
type of the handover event and the related information to
the decision making module (DMM). The DMM firstly cal-
culates the optimal dwell time with the algorithm described
in Section III-A,B, and C, and then passes the dwell time
to its dwell timer. During the dwell time period, the IGM
keeps monitoring the conditions of the UE, and reports the
new event to the DMM if a higher-order VHO is found or
the current channel resumes. The DMM then recalculates the
dwell time and updates the dwell timer. If no higher-order
interruptions are found or the current channel does not resume
during the dwell period, the UE sends a handover request
message to the handover execution module (HEM) that
resides in the network controller. Considering the network
structure based on SDN platforms, the DMM can either
resides in the UE or the network controller. The handover
strategy is called mobile-controlled handover (MCHO) if
the DMM resides in the mobile node while it is called
mobile-assisted handover (MAHO) if the DMM locates in
the network controller [37]. In the MAHO strategy, the
information gathered needs to be reported to the DMM in
the controller periodically via the uplink. This strategy is
adopted in the handover scheme in [15]; however, it is not
suitable for our handover scheme, since our adaptive dwell
based algorithm utilises multiple attributes that would occupy
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FIGURE 5. The proposed handover scheme with mobile-controlled handover (MCHO)
strategy.

FIGURE 6. An example of a handover procedure from a LiFi AP to the WiFi AP.

too much WiFi channel resource to be sent to the controller.
Therefore, the MCHO strategy is adopted and the DMM
resides in mobile nodes in our study. TheMCHO strategy can
significantly reduce the handover reaction time and increase
the efficiency of WiFi channel utilisation [37].

An example of a handover procedure from a LiFi AP to the
WiFi AP is illustrated in Fig. 6. If the UE is at first connected
to a LiFi AP, the dwell timer is initialized with a large enough
value, inf. If Type III trigger conditions are satisfied, the IGM
reports this to the DMM for dwell time calculation and timer
setup. During the dwell time period, the IGM finds out that
the optical channel is blocked, i.e. a Type II handover event
occurs. It then sends this to the DMM again for the dwell
time update. This handover process is terminated and the
data transmission resumes when the LiFi channel is found to
have recovered during the dwell period. After that, the Type I
condition is satisfied and the dwell time is set as 0, which
means to perform the handover immediately. The UE then
sends a handover request message to the network controller
via the WiFi uplink, and the handover is executed once the
controller sends a handover acknowledgement message back
to the UE. The UE is then transferred to the WiFi link
after the execution delay, during which the buffer content is
forwarded to the WiFi AP from the LiFi AP. The procedure
of the handover from WiFi to LiFi is similar to that from
LiFi to WiFi, except that there are only Type III VHOs in
this situation, since WiFi is immune to user velocity, device
rotation, or shadowing.

TABLE 1. LiFi Simulation Parameters.

IV. SIMULATION RESULTS
An asymmetric HLWNet system, as presented in Section II,
has been built to compare the performance of the proposed
adaptive handover algorithm and benchmarks. We choose
three different handover schemes as benchmarks: the tradi-
tional IVHO and DVHO, and the FL based scheme [18].
We firstly implement the ORWP to gather indoor users’
dynamic information. In the simulation, we assume that
users keep stationary for 30% of the total simulation time,
and move randomly in the rest of time; their velocity and
movement direction for each step are uniformly distributed
from 0 − 3m/s and 0 − 2π , respectively. The arrival
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TABLE 2. WiFi Simulation Parameters.

FIGURE 7. CDF plots of user throughput when the light-path interruption
rate ξ1 equals to (a) 0.05s−1 and (b) 0.1s−1.

data rate follows a Poisson distribution with a mean value
equivalent to 300Mbps [18] and the fixed packet length is
1K [38]. In addition, the delay of the VHO execution is
approximated as a normal distribution with an expected value

FIGURE 8. CDF plots of average handover rate when the light-path
interruption rate ξ1 equals to (a) 0.05s−1 and (b) 0.1s−1.

of 400ms [12]. Additionally, NU ,0 and NU ,a users, following
Poisson distributions, are assumed to be connected to WiFi
and the target LiFi AP at each time. 300 users are evaluated
and each of them has a simulation time of 300s. Other
simulation parameters are summarised in Table 1 and 2. All
simulations were done inMatlab. In this section, the proposed
handover algorithm, adaptive dwell based VHO (AVHO),
is compared with IVHO, DVHO, and FL benchmarks in
four aspects: user throughput, handover rate, robustness, and
delay.

A. THROUGHPUT
Fig. 7 shows the cumulative distribution function (CDF) plots
of user throughput under different channel conditions. The
light-path blockage rate ξ1 is set as 0.05s−1 and 0.1s−1 in
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FIGURE 9. The proportion of different categories of VHOs when ξ1 equals
to (a) 0.05s−1, (b) 0.1s−1.

Fig. 7a and 7b respectively, whereas the light-path recovery
rate varies from 0.2 to 0.4s−1. The performance of each
algorithm under different channel conditions varies slightly;
however, the performance is significantly different among
different algorithms. The average user throughput provided
by the AVHO method is always the highest and that of the
FL method is the second highest. The UEs implemented with
AVHO can achieve around 23− 28% higher throughput than
those with FL scheme do. The throughput performance of
IVHO and DVHO are quite similar and their throughput is the
lowest. The user throughput of the proposedAVHO is roughly
65− 73% higher than that of DVHO.

B. HANDOVER RATE
In Fig. 8, the performance of handover rate is presented. The
simulation is still carried out under different LiFi channel
conditions set as in Section IV-A. It shows that the proposed
algorithm achieves the lowest handover rate globally. Fig. 8a
shows that the UEs implemented with AVHO have around
80% and 58% fewer VHOs than those with IVHO and
DVHO methods. When the optical blockage rate increases
from 0.05s−1 to 0.1s−1, AVHO method still reduces 85%
and 36% more VHOs than IVHO and DVHO methods do.
In addition, the performance of IVHO and FL fluctuates
greatly as ξ1 and ξ2 vary, and that of DVHO also changes
slightly; however, the change of AVHO is the smallest, which
means that the proposed method has the strongest robustness
as compared to the benchmarks. The robustness performance
will be further discussed in the following subsection. The
proportions of different categories of VHOs under different
channel conditions are summarised in Fig. 9. It shows that the
number of Type I VHOs is extremely low, which is because
they are only triggered when the user velocity suddenly
increases and exceeds the upper threshold. The proportions
of Type II and Type III VHOs change slightly from 45%
and 54% to 47% and 53% when ξ1 increases from 0.05s−1

to 0.1s−1.

FIGURE 10. Robustness analysis of average user throughput against
different channel qualities.

FIGURE 11. Robustness analysis of average handover rate against
different channel qualities.

C. ROBUSTNESS
Fig. 10 and Fig. 11 present the average user throughput and
handover rate performance of different handover methods
under different channel qualities, which is determined by
interruption and resumption rates of the LiFi channel. The
interruption rate ξ1 is chosen as 0.05s−1 and 0.1s−1, while
the resumption rate ξ2 ranges from 0.1s−1 to 1s−1. Fig. 10
shows that the average user throughput of the three methods
all decline with the increase of the interruption rate ξ1.
Given a fixed interruption rate ξ1, it is found that: i) the
achievable data rate provided by AVHO is always higher
than the benchmarks; and ii) The proposed method has
the flattest curves, which indicates that our method has
the best robustness. The numerical analysis of average user
throughput is presented in Table 3 by checking the expected
value and standard deviation. Compared to the benchmarks,
our method has the highest mean value and lowest standard
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TABLE 3. Numerical Analysis of Average User Throughput.

TABLE 4. Numerical Analysis of Average User Throughput.

FIGURE 12. The CDF plot of average packet delay of four handover
schemes.

deviation, which means that it is able to provide the
highest data rate whilst maintaining the strongest robustness.
Similarly, Fig. 11 shows that the average handover rate of
AVHO and DVHO are similar and much lower than that of
IVHO. The numerical results of the handover rate of these
three methods are attached in Table 4, which shows that
the proposed AVHO achieves the lowest handover rate and
strongest robustness under different channel conditions.

D. DELAY
Another metric of interest to evaluate a handover scheme
is delay, whose performance is very important for real
time applications. The delay is determined by both the
throughput and the handover rate. Generally speaking, higher
user throughput and lower handover rate lead to less delay.
The CDF plot of the average packet delay is presented in
Fig. 12. Since the proposed AVHO achieves the highest

user throughput and lowest handover rate, as we expected,
it achieves the best delay performance. More specifically,
the UEs implemented with the proposed AVHO handover
scheme are able to reduce packet delay by 33% and 57%
as compared with the FL and IVHO handover schemes. The
delay performance of the DVHO is slightly worse than that
of the FL method.

V. CONCLUSION
In this paper, a novel handover scheme has been proposed
to boost the user throughput and reduce handover rate by
applying optimal dwell time for individual VHO events.
The VHOs in the HLWNet are divided into three categories
and each of them applies a particular strategy to calculate
dwell dime. Information about user velocity, SINR values,
and arrival data rate is gathered by the IGM in the mobile
node to decide if a VHO event has occurred and if so the
type of the VHO. The related information is then sent to
DMM to calculate the optimal dwell time and set up the
dwell timer in it. The UE sends a handover request message
to the HEM residing in the network controller once the
set dwell time expires, and the VHO is executed after the
HEM sends an acknowledge back to the UE. The simulation
results show that the proposed algorithm can achieve global
optimal performance on user throughput, handover rate,
and packet delay as compared with IVHO, DVHO, and
FL benchmarks. In addition, the proposed algorithm shows
superior robustness performance as it can be adaptive to
different working scenarios.
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