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data transmission with QoE that may be less than that
of a VLC network.When the VLC channel is resumed,
it is desirable to connect back to the VLC link because
of its substantial benefits. Furthermore, the UE switch-
ing from available to unavailable VLC hotspots will cause
additional signal and delay costs. The immediate vertical
handover (I-VHO) scheme is a traditional algorithm in
which the UE will handover immediately when the opti-
cal channel is blocked. This may not always be the best
method because it can cause possible ping-pong effects
[3]. If the LOS link is regained quickly after a short inter-
ruption, the dwell action can avoid the needless handovers
that drastically decrease the QoE of the UE. On the con-
trary, the dwell vertical handover (D-VHO) scheme sets
the dwelling time as the period of a short interruption
to avoid the ping-pong effect. However, these handover
schemes do not consider QoE which is used to describe
the overall performance of a network from the user•s
perspective.

In this paper, we investigate a QoE-maximization-based
VHO (Q-VHO) scheme in a VLC-indoor environment.
The handover decision is made by evaluating the QoE
profit and delay cost. QoE profit is defined as the increase
in a UE•s QoE when Q-VHO is performed. The delay cost
is evaluated according to the additional delay caused by a
handover decision. A Markov chain is proposed to model
the blocking and non-blocking of the VLC link, and the
arrival and departure rates are modeled as Poisson pro-
cesses. Additionally, a Markov decision process (MDP) is
formulated by maximizing the QoE value and reducing
the handover delay.

The proposed Q-VHO scheme determines whether to
perform a handover, given the UE•s current position and
the transmission mode of UE: whether VLC or RF.

The main contributions of this paper are as follows:

• We propose a Q-VHO scheme for VLC-HetNet that
can maintain continuous data transmission when
UEs move. The handover decisions are made by
optimizing the QoE profit and delay cost; therefore,
the UE’s QoE can be maintained.

• We define the QoE profit and delay cost to evaluate
the QoE reward and the additional handover delay
caused by a handover decision. The scheme aims to
simultaneously maximize UE QoE and minimize the
delay cost when a handover is trigged.

2 Related works
Vertical handover is an essential technique to ensure
continuous transmission in heterogeneous networks.
The VHO techniques implemented in RF heteroge-
neous systems have recently been studied. Liu et al.
[7] proposed a QoE-driven VHO algorithm based on
IEEE 802.21-Media Independent Handover (MIH). The

simulation results showed that the QoE-driven VHO algo-
rithm could maintain better QoE of a multimedia ser-
vice by considering video content and initiated VHO
immediately when the QoE of the multimedia service
became unacceptable. Singhrova et al. [8] proposed
a neuro-fuzzy multi-parameter-based vertical handover
decision algorithm (VHDA). Six parameters (radio signal
strength, velocity of the user, available bandwidth, number
of users, battery level, and coverage area) were considered
in the proposed VHDA. In a simulated environment,
the number of total vertical handovers decreased by
13.3% and 29.8% compared with those of the classic
fuzzy method.

A novel analytical model to improve the modeling of
vertical handover for a combined cellular/WLAN system
was investigated by Kirsal et al. [9]. The model allowed
users to perform a downward vertical handover to the
WLAN and/or an upward vertical handover to the cel-
lular network, where the WLAN system is inside the
hotspot of a cellular network. Bin et al. [10] introduced
a handover decision algorithm based on a multi-attribute
utility function in a vehicle heterogeneous wireless net-
work. Users make vertical handover decisions based on
the access network, traffic, and number of users. An opti-
mized vertical handover algorithm based on a Markov
process is mainly used for the decision-making process.
The algorithm affects the QoS of vehicle terminals. The
mobile node receives the threshold of the received signal
strength (RSS) from network access points or the base
stations as the reference, and makes the handover deci-
sion when the RSS is subjected to certain conditions.
Vegni et al. [11] investigated a soft/hard VHO tech-
nique modeled by means of a multi-dimensional Markov
chain by assuming a probabilistic approach as the han-
dover decision metric. A Markov decision process with
the objective of maximizing the total expected reward
per connection was presented in beyond 3rd generation
(B3G) and 4th generation (4G) heterogeneous wireless
networks [12].

VLC usually has a high signal-to-noise ratio (SNR) that
is much larger than the traditional RF links and provides
high throughput while maintaining indoor illumination.
VLC can largely offload the data traffic from the indoor
RF network and potentially solve the spectrum shortage
crisis. However, handover in VLC is substantially differ-
ent from that in RF networks because the directivity of the
optical channel is higher than that in RF, which results in
a limited coverage area of one VLC hotspot. To solve this
problem, researchers have studied the handover schemes
in VLC-HetNet. A hybrid VLC-LTE system was proposed
in [13]. VHO algorithm through prediction (PVHO) was
deployed to address the problem. A mobile terminal
(MT) recorded the key parameters in real time and then
processed them to offer guidance for proper handover
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decisions. Analysis of the numeric results indicates that
the performance of PVHO is superior under various
circumstances.

Wan et al. [14] studied the downlink resource allocation
(RA) problem for a hybrid VLC and Wi-Fi system.
A resource allocation algorithm combined with optical
power dynamic allocation was proposed by maximizing
the best effort (BE) service users• aggregate throughput
and users• proportional fairness under the premise of
guaranteeing the minimum rate requirement of delay-
constrained (DC) service users. Basnayaka et al. [15]
focused on improving the per user average and outage
throughput in a VLC and RF heterogeneous network.
The VLC system resources were assumed to be fixed,
and the spectrum and power requirements for the RF
system were quantified. The simulation results showed
that the network can achieve better per user rate perfor-
mance. In [16], the authors presented a novel hard-link
switching scheme for VLC networks using pre-scanning
based on received signal strength (RSS) prediction. The
proposed system achieves both hard-link switching and
soft-link switching reward without exchanging device
hardware and the IEEE 802.15.7 medium access con-
trol (MAC) protocol. Because the hard handover may
result in lost data connection, a soft handover scheme
was presented in [17] by using orthogonal frequency
division multiple access (OFDMA) under mobility.
Wang et al. [4] investigated a Markov decision pro-
cess problem and implemented a dynamic method to
obtain a trade-off between the cost of switching and the
delay requirement. They proposed a scheme to determine
whether to perform VHO given the queue length and
the condition of the optical channel. A novel VLC-
HetNet protocol was proposed in [5, 6] that combined
access, horizontal, and vertical handover mechanisms
for a mobile terminal (MT) to resolve user mobility
among different hotspots and an OFDMA system. The
simulation results showed improvements in the capacity
performance of the VLC-HetNet compared to that of the
RF system.

3 System model
The VLC-HetNet network is composed of an RF access
point (AP), a number of overlapping VLC hotspots, UE,
and a control center that are connected to an external net-
work as shown in Fig.1. Some UE can receive both VLC
and RF signals; the other UE have only RF transceivers
and are called RF-UE. UE can access the VLC-HetNet
by sending request packets via RF links only. The VLC
hotspots and RF AP are linked to the control center in a
bus topology. The RF link is used for UE uplink connec-
tion or downlink transmission when the optical channel
is blocked. We assume that the RF AP has a queue for
processing the uplink packets of the UE with a buffer

size and a downlink queue for transmitting data pack-
ets. An UE can download data via a VLC hotspot or RF
AP, depending on the condition of the VLC link and UE•s
transmission mode. The RF links are assumed to cover
the whole room. An overlap region is an interference area
among two or more VLC hotspots. The overlap region
is also termed the interference region. This happens as
a result of two waves of the same frequency adding up
to form an amplitude that will either be larger or smaller
than the individual waves, depending on whether or not
their peaks and troughs match up [18]. This causes a seri-
ous degradation of the UE•s QoE when the user is found
in this region. When UE moves around, vertical han-
dover to switch transmission from the VLC to RF network
or from the RF to VLC network should be considered
to ensure continuous data links. Handover can be trig-
gered when the VLC link is blocked or unblocked. The UE
measures its QoE from the APs of the VLC and the RF
through the control center. When the VLC link is blocked,
the UE•s QoE degrades drastically. In order to prevent a
complete degradation which could result in breakdown
in communication, a vertical handover is triggered. The
control center handles the handover process by receiving
requests, processing them, and executing handover. Han-
dover requests are sent through the RF AP. Since a UE
moves in a random manner, the duration of time spent
in and out of the VLC hotspot is a random variable. The
movements of UE can be described by their directionsd
(radians), velocitiesv (m/s), time durationst (s), and pause
time pt (s).

The QoE of a UE is defined according to three types
of services: audio, video, and data transfer. Basically, UE•s
QoE can be obtained from the mean opinion score (MOS)
of data traffic [19]. The MOS has five values from 1 to 5
indicating users satisfactory degrees: •Bad,Ž •Poor,Ž •Fair,Ž
•Good,Ž and •Excellent,Ž respectively [20]. In video traffic,
the MOS primarily depends only on the loss of a slice of
frame from the video stream [21]. The MOS can be simpli-
fied as a function of the peak signal…to-noise ratio(PSNR)

with some transformation [22]. The QoE functionQvideo
is given as

Qvideo(Psnr) = 4.5− 3.5
1 + exp(b1(Psnr − b2))

(1)

whereb1 andb2 are the parameters determining the shape
of the function andPsnr is the experiencedPSNR. Traffic
such as file transfer and web browsing in non-real-time are
called elastic traffic. The corresponding QoE is defined as
an increasing function of throughputθ :

Qelastic(θ) = b3log(b4θ) (2)

whereb3 andb4 are determined by the required maximal
and minimal throughputs [23]. For audio traffic, the QoE
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Fig. 1 System model diagram

function Qaudio is defined by a nonlinear mapping of theR
factor:

Qaudio(Rf ) = 1 + 0.035Rf + 7 × 10−6×
Rf (Rf − 60)(100− Rf )

(3)

where Rf is the R factor defined by ITU to reflect the
audio quality impairment from different aspects [24, 25].
In order to translate end-to-end (E2E) QoE parameters,
such as delay(D), data rate(R) and packet loss ratio(Pl),
into QoE values, the following models can be applied
according to service types:

QoEaudio = 1 + 0.0335Rf + 7 × 10−6×
Rf (Rf − 60)(100− Rf ) (4)

QoEvideo = 4.5− 3.5
1 + exp(0.5× (PSNR − 30))

(5)

QoEdata = 2.1× log10[ 0.3× R × (1 − Pl)] (6)

Please refer to [21,26] for more details about these expres-
sions. In this work, we assume the service type in Eq. (2)
whereb3 and b4 are determined by the required minimal
and maximal throughputs, which are assumed to be 1 and
10 Mbps, respectively. The resulting parameters are set as
b3 = 0.6021 andb4 = 31.228.

We suppose that the arrival and departure processes
of the packets in the uplink and downlink queue fol-
low a Poisson distribution [4]. λ (packets/s),μV (pack-
ets/s), andμRF (packets/s) represent the arrival rate of the
packets and the VLC and RF serving rates respectively.
Intermittent interruption of the VLC link is described
by an ON-OFF model, whereby ON means the VLC is
not blocked and OFF means the VLC is blocked. The
blockage of the VLC link follows an exponential random
process.γ1 and γ2 are the mean duration of the VLC
channel when not blocked and blocked, respectively. The
rate of change of the VLC channel from non-blocked to
blocked is denoted as 1/γ1 (s−1) while 1/γ2 (s−1) repre-
sents the rate of change of the VLC link from blocked to
non-blocked. Using the above definitions, we formulate
a Markov decision process to select the optimal decision
whenever UE transitions from the VLC hotspot to the RF
or vice versa.

The UE•s QoE varies according to the type of coverage
region it is found in, the duration of time in that coverage
region, the transmission mode, and the handover delay.
Vertical handover from VLC to RF or from RF to VLC
affects UE•s QoE. For instance, if the UE has a higher QoE
in VLC but has to handover to the RF network which pro-
vides a lower QoE, there will be a negative effect on the
UE•s QoE. The extent of this effect depends on how long
the UE remains outside of VLC coverage. Additionally, if
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the UE moves outside of the VLC hotspot and does not
handover to the RF network, the QoE degradation may
be worse. By contrast, if the UE moves to the VLC cov-
erage area and makes the handover to VLC, there will
be a significant improvement in QoE. The longer the UE
remains in VLC, the better the improvement. Sometimes
UE can move in and out of the VLC region frequently
within a short period of time. If handover is done immedi-
ately for every transition, it will lead to the accumulation
of significant handover delay and signaling cost and may
even result in the ping-pong effect [27], thereby reducing
QoE. Therefore, ping-pong effect can be regarded as QoE
penalty. When a handover decision is made, there can be
a benefit, as measured by QoE, and also a penalty, as mea-
sured by QoE and handover delay. An optimum decision
must therefore be made to obtain the maximum reward.

4 QoE-maximization-based vertical handover
scheme

To optimize the vertical handover decision making, the
problem is formulated as a Markov decision process
(MDP). In order to apply MDP, we must first define
the state spaces and derive the transition probabilities
between states from the Markov chain. Furthermore, we
need to define the action space and the decision epochs
when an action should be chosen.

4.1 State and action spaces
The state space of a user equipment as it receives data is
given as

s = {(v, li, tx),v ∈ V , li ∈ Li, tx ∈ Tx} (7)

where V = {ON ,OFF} represents the condition of the
VLC link, Li indicates the number of packets in the down-
link of the ith user andTx = {0, 1} stands for the current
transmission mode. WhenV = ON , the VLC link is avail-
able to the user. IfV = OFF, the VLC link is blocked
or unavailable. The RF channel is assumed to always be
available. For each UE, packets in the downlink can be
transmitted over the RF or VLC channel.Tx = 0 indi-
cates transmission over the RF channel;Tx = 1 represents
transmission over the VLC channel. We defineA = {0, 1}
as the action space of theith UE. Depending on the
current state of the optical channel, the downlink queue
length of a particular UE and its transmission mode, an
action a(s) is taken to handover UE from one system to
another or not. The condition of the VLC link can switch
from ON to OFF and vice versa. In addition, the downlink
queue length changes according to the arrival and serving
rates and the condition of the VLC channel. The channel
serving rate depends on the UE transmission mode and
the channel gain. If a UE is downloading data through an
RF AP when the VLC link suddenly becomes available, a

decision must be made to handover to VLC or not. On the
other hand, a UE may be transmitting on VLC when the
link becomes blocked abruptly. A decision of whether to
switch transmission mode to RF must be made when the
VLC link is blocked.

4.2 Markov chain and transition probability
The transition probabilities between states can be derived
from the two-dimensional Markov chain shown in Fig.2
[4]. The transmission mode of the UE and the action are
not included in the Markov chain because they are partly
random and partly under the influence of the decision-
making process. ForV = ON , the transition probability is
given by

Pa(s)
s→s′ =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

λ
λ+ η

γ1
+μON

, if s′ =[ ON ,Li + 1,a(s)]
η
γ1

λ+ η
γ1

+μON
, if s′ =[ OFF,Li,a(s)]

μ

λ+ η
γ1

+μON
, if s′ =[ ON ,Li − 1,a(s)]

(8)

whereμON = cμV + (1− c)μRF , η is the weighting factor
with unit of packets,λ + (η/γ1) + μON is the sum of the
weighted transition rates, andc = |tx − a(s)|. For V =
OFF, the transition probability is given by

Pa(s)
s→s′ =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

λ
λ+ η

γ2
+μOFF

, if s′ =[ OFF,Li + 1,a(s)]
η
γ2

λ+ η
γ2

+μOFF
, if s′ =[ ON ,Li,a(s)]

μ

λ+ η
γ2

+μOFF
, if s′ =[ OFF,Li − 1,a(s)]

(9)

whereμOFF = (1−c)μRF , andλ+(η/γ2)+μOFF is the sum
of the weighted transition rates. The solution of the MDP
is the optimal actiona(s) to be taken for a given system
states.

4.3 Reward model
When a VLC channel is blocked or recovered, a decision
must be made to either change or maintain the current
transmission mode. The selected action for a given system
state has an associated expected benefit and penalty. In
our case, the benefit is in the form of QoE profit, and the
penalty is described as the handover cost. The net effect of
the QoE profit and handover cost represents the expected
reward. The goal of an MDP is to choose the action
that maximizes the cumulative function of the random
rewards. In our handover scheme, the goal is to maximize
the QoE profit of the UE and minimize handover cost.
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Fig. 2 Illustration of the transition rates for 0< li < Li

4.3.1 QoE profit-based benefit function
The QoE profit (Qp) of a UE is defined as

Qp = Q ∗ D
T

(10)

whereQ is the value of the UE•s QoE,D denotes the dura-
tion of a certain QoE value, andT is the time duration of
the downlink. TheQ andT are inversely proportional. For
a given state,s = {v, li, tx} and actiona(s), the expected
QoE profit for a UE is given as

Qp(s,a(s)) =
QVγ1c +

[
QRF

li−μV γ1
μRF

]
(1 − c)

γ1 + γ2 + (li − μVγ1)/μRF
(11)

where QV is the QoE value for VLC,QRF is the QoE
value when the UE transmits data via the RF link and
c = |tx − a(s)|.QV = b3log(b4θ1) andQRF = b3log(b4θ2),
whereθ1 andθ2 are the expected throughputs for VLC and
RF channels, respectively. b3 and b4 are obtained accord-
ing to Eq. (2). Equation (11) shows that the QoE profit of
the UE in VLC depends largely on the mean non-blocking
time γ1 and QoE valueQV . Furthermore, the QoE profit
of the UE in the RF link is affected by the queue length
li, the RF serving rateμRF , the VLC serving rateμV , the
mean non-blocking timeγ1, and the QoE value in RFQRF .
By definition, if the UE spends more time in VLC, it will
spend less time in RF. Therefore, the more time the UE

remains in VLC, the higher the QoE profit it derives and
the lower the QoE profit from the RF links.

4.3.2 Handover penalty function
When the UE leaves the VLC region or moves into the
VLC coverage area, the decision of whether to handover
will introduce some cost or penalty. The handover cost
in our scheme is composed of two parts: an expected
cost of change in QoE and a delay cost. For a given state
s = {v, li, tx} and actiona(s), the expected handover cost,
g(s,a(s)), is given by

g(s,a(s)) = max{0,�Q(a(s))} + τ(a(s)) (12)

where max{0,�Q(a(s))} is the expected cost of change
in QoE, τ(a(s)) is the delay cost, and�Q(a(s)) =
Q(before decision) − Q(after decision).

When the UE is associated with the RF link and then
transfers from RF to VLC, the QoE before the decision
to handover to VLC may be less than the QoE after the
decision. This is consistent with the theory and practical
experience where VLC often offers a faster transmission
rate than that provided by an RF network. Under this con-
dition (�Q(a(s)) < 0), the handover decision is beneficial
to the UE; hence, the handover cost is determined only
by the handover delay cost. The variation in QoE cost is
denoted as

�Q(a(s)) = a(s)γ1�fRF→VLC (13)
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where �fRF→VLC is the variation in UE•s QoE from the
RF channel to VLC channel (QRF − QV ). Therefore, the
handover cost can be represented as

g(s,a(s)) = τ(a(s)) (14)

Next, we consider the case when the UE is connected
to VLC and leaves the VLC coverage area. Clearly, the
QoE value before the decision will be more than the QoE
value after the decision, irrespective of the action taken.
The variation in the QoE value after handover can be
described as

�Q(a(s)) = a(s)γ2�fVLC→RF+
(1 − a(s))γ2�fVLC→BLOCK

(15)

where �Q(s,a(s)) > 0. �fVLC→RF is the change in
UE•s QoE from the VLC channel to the RF channel, and
�fVLC→BLOCK is the change in QoE from the VLC channel
to blocked. Clearly,�fVLC→RF < �fVLC→BLOCK . When a
handover from VLC to the RF link is executed(a(s) = 1),
the expected handover cost is

g(s,a(s)) = γ2�fVLC→RF + τ(a(s)) (16)

In this instance, the handover cost is determined largely by
the mean blocking timeγ2 and handover delay. However,
when handover is not executed(a(s) = 0), the expected
cost is represented as

g(s,a(s)) = γ2�fVLC→BLOCK (17)

The handover delay cost is determined by the handover
delay, which is the waiting time in the uplink and down-
link queue plus the packet processing time. For example, if
the UE triggers a handover from the VLC to RF network, it
first sends an access request via the RF uplink queue. After
the uplink access request packets have been processed,
the handover succeeds when the downlink data packets
depart from the downlink queue successfully. If we let the
maximum handover delayhmax correspond to the max-
imum delay cost and the minimum handover delayhmin
correspond to the minimum delay cost, we obtain the fol-
lowing expression for the delay cost as a function ofa(s):

τ(a(s)) = βh − βhmin
hmax − hmin

(18)

whereh is the handover delay in seconds andβ is normal-
ization constant. We setβ = 2.5 ,hmax = 1 s,hmin = 0.1 s,
h = {0.1, 0.2,· · · , 1}.

4.4 Optimization problem and Q-VHO algorithm
The goal of our VHO scheme is to give the UE the max-
imum possible QoE profit with the minimum handover
cost for any given state. In our VHO algorithm, we use a
discounted model. That is, the reward of the current stage
and the discounted reward of future stages are maximized.

Using the Bellman equation [28], the average discounted
sum of rewards can be expressed as

V (s) = max
a(s)

∑

s′ ∈S
Pa(s)

s→s′
[
Qp

(
s, s

′
,a(s)

)

−g
(
s, s

′
,a(s)

)
+ αV (s

′
)
]

(19)

whereQp(s, s
′
,a(s)) is the expected QoE profit obtained by

moving from states to state s′ under the actiona(s), and
g(s, s′ ,a(s)) is the expected cost of handover for a given
states and actiona(s) resulting in a new states′ . V (s′) is
the optimal reward obtained by moving into states′ , and
α is the discount factor.

The solution of the optimality equation corresponds
to the maximum expected total rewardV (s) and the
MDP optimal policya(s), which represents the decision of
whether to handover at a given state. Various algorithms
can be used to solve the optimization problem given
in Eq. (19). With the value iteration algorithm, we can
obtain the VHO solution that is shown in Eq. (19). In the
algorithm, Qk [ s,a(s)] is the average reward for each state
of iteration k under action a(s). V ∗

k (s) is the optimal
average reward for each state of iterationk. Using the
knowledge ofV ∗

k−1(s), the optimal actiona∗
k(s) is selected

to maximize Qk [ s,a(s)], and the corresponding optimal
reward V ∗

k (s) is obtained. The iteration continues until
||Vk − Vk−1|| ≤ ε. The following MDP-based Q-VHO
algorithm determines the expected total reward and cor-
responding stationary deterministic optimal policy.

Algorithm 1 MDP-Based Q-VHO Algorithm

1: Input: S,A,α, transition probability Pa(s)s→s′ , QoE profit
and handover cost functions and convergence crite-
rion ε;

2: Output: Action a(s);
3: for each s∈ S,do
4: Vo(s) = 0;
5: end for
6: � = inf;
7: while � > ε do
8: for eachs ∈ S, do
9: for eacha(s) ∈ A, do

10: Qk [ s,a(s)] = ∑

s′ ∈S
Pa(s)

s→s′ [ Qp(s, s′,a(s))

−g(s, s′,a(s)) + αVk−1(s′)];
11: end for
12: a∗

k(s) = arg max
a(s)

Qk [ s,a(s)];

13: V ∗
k (s) = Qk(s,a∗

k(s));
14: end for
15: � = ||Vk − Vk−1||;
16: end while
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5 Simulation
Using MATLAB, simulation is carried out to compare
the performance of the Q-VHO scheme with that of the
benchmarks (I-VHO and D-VHO schemes). We use the
average QoE, handover failure probability, and average
number of vertical handovers as performance metrics.

The simulation scenario is set up in a room with 9 over-
lapping VLC hotspots and an RF AP. Each VLC hotspot
has a coverage radius of 1.5 m. The overlap areas of VLC
hotspots are regarded as out-of-VLC coverage due to the
interference of existing optical signals. The locations of
the 9 VLC APs are as follows: (1.5, 1.5, 5), (4, 1.5, 5),
(6.5, 1.5, 5), (1.5, 4, 5), (4, 4, 5), (6.5, 4, 5), (1.5, 6.5, 5),
(4, 6.5, 5), and (6.5, 6.5, 5). The RF AP can be accessed
anywhere in the room. We assume that the uplink and
downlink queues of the RF AP are M/M/1/K systems
with maximum lengths of 10 packets [29]. Initially, a UE
is connected to a VLC hotspot. The UE undergoes ran-
dom movement in a uniform random direction within
0 and 2π radians. The velocity of UE is defined as the
speed of movement in a particular direction. The range of
UE•s velocity is from 0.3 to 0.7 m/s, which is somewhere
between a slow walk and a quick stroll [30]. The period
of time for UE to move to a new position is referred to
as the movement time duration. The pause time is the
period of time an UE remains at a new position. The ran-
dom movement continues until the total simulation time
(1 h) elapses. The random movement of the UE leads to
the blocking and unblocking of the VLC link. When the
UE moves out of or into VLC coverage, the mean dura-
tion of blocking and non-blocking of VLC channel are
updated. The Q-VHO algorithm utilizes this information
for handover decision making.

Our vertical handover scheme is compared with the
immediate and dwell-based vertical handover schemes
[4]. In I-VHO, the controller performs VHO whenever
the UE transitions from VLC coverage to RF coverage
and vice versa. However, in Dwell-VHO, the controller
waits for a period of timet0 before VHO decision. We set
t0 = 0.5 s and 1 s. When the dwell time expires, the con-
troller switches the transmission mode to RF if the optical
link is still blocked; otherwise, the transmission mode
remains VLC. When the VLC link is recovered, the con-
troller immediately switches from RF mode to VLC mode
in both the I-VHO and D-VHO schemes. The simulation
parameters are summarized in Table1.

To estimate the average QoE, we determine the trans-
mission mode of UE, i.e., whether it is transmitting via
VLC or RF. In addition, we obtain the time duration
of being connected to VLC or RF. The average QoE is
calculated by

AQe =
∑Ni

r=1
∑Nc(r)

c=1 [Qe(c, r) × Tc(r)]…dc
∑Ni

r=1Ti(r)
(20)

Table 1 Simulation parameters

Parameter Value

Room dimensions 8 m x 8 m x 5 m

Number of VLCAPs 9

Radius ofAPs 1.5 m

Velocity of UEv 0.3…0.7 m/s

Movement time durationt 1…10 s

Pause timept 2…10 s

Directiond 0…2π radians

Throughput for RFθ2 1 Mbps

Throughput for VLCθ1 10 Mbps

Packet arrival rateλ 0.1…1 packets/s

Packet departure rate of VLCμV 2 packets/s

Packet departure rate of RFμRF 1.1 packets/s

Downlink queue length ofith UE Li 20 packets

The maximum queue length of the uplink

and downlink 10 packets

Number of RF-UE accessing the uplink 1…10 UEs

Weighting factorη 1 packet

Dwell timet0 1, 0.5 s

Simulation time 3600 s

Number of iterations 1000

where AQe is the average QoE for a particular VHO
scheme,Qe(c, r) is the QoE during thecth connection of
iteration r, dc is the delay cost of a VHO to establish the
cth connection.Tc(r) is the time duration of thecth con-
nection in iteration r, Nc(r) is the number of connections
in iteration r,Ti(r) is the total time duration of iteration r,
and Ni is the number of iterations. The handover failure
probability which is the likelihood that a VHO request will
not be processed is calculated by

FVHO =
∑Ni

r=1
p(r)B−p(r)B+1

1−p(r)B+1

Ni
(21)

whereFVHO is the handover failure probability for a par-
ticular VHO scheme, p(r) is the utilization of the RF
uplink server for iterationr, andB is the maximum queue
length of the RF uplink. The average number of VHOs is
calculated by

AVHO =
∑Ni

r=1NVHO(r)
Ni

(22)

where AVHO is the average number of VHOs for a
particular VHO scheme andNVHO (r) is the number of
VHOs for iteration r.
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6 Results and discussion
Simulation results are presented and discussed in this
section. The performance of the Q-VHO scheme is mea-
sured against that of I-VHO and D-VHO schemes in terms
of average QoE, handover failure probability, and average
number of vertical handovers (VHOs).

6.1 Average QoE comparison
We evaluate the impact of the uplink arrival rate ofλ with
10 RF-UE on the average QoE, which is demonstrated in
Fig. 3a. When λ (packets/second) increases, the average
QoE of all the schemes decreases because UE can only
send access and handover requests via the RF links. How-
ever, an increase in the RF-UE arrival rate fills the uplink
queue of the RF AP and substantially increases the han-
dover delay, which leads to a decrease in the QoE perfor-
mance. By contrast, for our proposed Q-VHO scheme, if
a handover request cannot yield the necessary QoE profit,
the handover is not executed. In this situation, the scheme
will latch onto its preferred network to enhance system
performance and results in better QoE. The impacts of the
movement time durationt and UE velocityv on the aver-
age QoE are shown in Figs.3b, and c, respectively. Initially,
the UE connects to the VLC hotspot for a large QoE. As
t or v increase, the UE starts to move in and out of the
VLC coverage frequently, and the VLC link is occasion-
ally blocked, leading to frequent handovers which have a
negative impact on the UE•s QoE. I-VHO has the worst
QoE performance because immediate handover occurs

when the VLC link is blocked, potentially resulting in
the ping-pong effect. However, the proposed Q-VHO has
fewer number of handovers than the I-VHO and D-VHO
schemes because we maximize the sum of the handover
rewards and infer that the handover cost dominates the
handover benefit. Therefore, the UE tends to continue
with the RF link to guarantee continuous service, despite
the reduced QoE. In addition, we analyze the impact of
the pause timept (the time it takes the UE to stop momen-
tarily in a coverage area) on the average QoE of the UE,
as shown in Fig.3d. When pt increases from 2 to 10 s,
the average QoE increases for all the schemes because
the UE tends to remain in the preferred network and
not perform handover often. Therefore, the QoE profit
tends to be larger, according to Eq. (10). As thept of the
UE increases, there are fewer vertical handovers in our
Q-VHO scheme, which helps to reduce the handover cost.
As a consequence of the UE being connected to better
and secured coverage for a long time, the QoE of the UE
increases to enhance performance.

6.2 Handover failure probability and average number of
VHOs• comparison

We investigate the impact ofpt (the time the UE momen-
tarily stops in a given hotspot) on the handover failure
probability, as shown in Fig.4a. As pt increases from
2 to 10 s, I-VHO decreases from 0.05899 to 0.04513,
D-VHO t0 = 0.5 decreases from 0.09786 to 0.08178,
D-VHO t0 = 1 decreases from 0.13136 to 0.12162,

a b

c d

Fig. 3 The impact of thea RF-UE arrival rate,b UE movement time duration,c UE velocity, andd and UE pause time on the average QoE performance
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a b

c d

Fig. 4 The impact of thea pause time,b number of RF-UEs,c movement time duration, andd UE velocity on handover failure probability

and Q-VHO decreases from 0.04986 to 0.032131. Aspt
increases, the UE tends to stay in one coverage area for a
longer period of time and remains connected to the same
network. Accordingly, the number of vertical handover
requests decreases, and the number of handover failures
decreases. Our scheme is adaptive to the UE•s move-
ments and has the lowest probability of handover failure.
I-VHO has the worst performance because it has the
largest handover delay. The handover failure probability

versus number of RF-UE is shown in Fig.4b. The han-
dover delayh increases with increasing number of RF-UE,
and the probability of handover failure increases for all
the schemes. A greater number of handovers leads to a
higher RF arrival rate, which results in a higher uplink
utilization. Unlike the I-VHO and D-VHO schemes, the
proposed MDP-based Q-VHO scheme reduces the num-
ber of handovers as the handover delay cost increases.
Consequently, the impact of the number of RF-UE on

Fig. 5 The impact of the number of RF-UE on the average number of vertical handovers
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the failure probability is the smallest. The number of
unsuccessful handovers tends to be large as more request
packets arrive, causing a long delay at the uplink. This
leads to an increase in the handover failure probability.

The handover failure probability versus movement time
duration t is shown in Fig.4c. For a given number of RF-
UE, more handovers result in an increase in the activity
of the uplink queue which results in a longer handover
delay and hence a higher likelihood of handover failure. In
addition, the rate of blocking and recovery of VLC LOS
links increases with increasing movement time duration.
Since the mean blocking and non-blocking time affect the
decision making in the Q-VHO scheme, there are fewer
handovers when the movement duration is greater than
2 s. The number of VHOs increases betweent = 1 s
and t = 2 s since in the Q-VHO scheme, the bene-
fits of a handover dominate the handover cost. Therefore,
the handover failure probability for the Q-VHO scheme
increases betweent = 1 s and t = 2 s due to the
increase in the utilization of the uplink queue. In all cases,
however, the handover failure probability of the Q-VHO
scheme is the smallest. Additionally, whent increases,
the UE makes more transitions between the VLC and the
RF in the I-VHO and D-VHO schemes. Consequently,
the handover failure probability increases in the I-VHO
and D-VHO schemes. However, for our Q-VHO scheme,
the movement time duration is inversely proportional
to the handover failure probability initially and remains
stable whent > 2 s because the Q-VHO reduces the
number of handover requests when it is connected to
a secured network, where the handover cost is greater
than the handover benefit. As the velocity increases from
0.3 to 0.7 m/s, the frequency of VLC channel fluctuation
increases sharply. Hence, the I-VHO approach triggers
the largest number of VHOs and results in the largest
handover failure probability of the three VHO schemes,
as shown in Fig.4d. For D-VHO, the longer the waiting
time is, the fewer the handovers. For Q-VHO, the num-
ber of handovers decreases as velocity increases because
the cost of a handover outweighs the benefits. Therefore,
the handover failure probability decreases as the veloc-
ity increases. Our scheme outperforms the other schemes
with respect to the failure probability.

An increase in the number of RF-UE may not have
a significant effect on the number of vertical handovers
unless the UE is making handover requests to the uplink
queue. Therefore, the average number of VHOs is strongly
dependent on the number of handover requests not nec-
essarily on the number of UE. As we increase the number
of RF-UE, there is a proportional increase in the number
of RF requests, which results in a higher handover delay
h since the uplink queue length is larger. In contrast to
the I-VHO and D-VHO schemes, the MDP-based Q-VHO
scheme considers the handover delay cost before deciding

to handover. Therefore, the number of VHOs for Q-VHO
is the smallest as indicated in Fig.5.

7 Conclusion
In this article, we investigate a QoE-maximization-based
VHO scheme for VLC-HetNet systems. The aim of
our study is to find a solution to maximize the QoE
and reduce the handover cost to provide continuous
transmission. By modeling the irregular blockage of the
VLC link as an ON/OFF process, we formulate the VHO
decision making as an MDP problem and propose a
QoE optimization method. On the basis of the simula-
tion results and analysis, the proposed scheme is adaptive
to user movement and achieves better performance (i.e.,
average QoE, handover failure probability, and number
of vertical handovers) than that of D-VHO and I-VHO
schemes in terms of reducing the ping-pong effect.
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