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ABSTRACT In vehicle-to-infrastructure visible light communication (V2IVLC) systems, the vehicle
receives data from LED street lights that are placed along both sides of a street. At a certain time, a vehicle
communicates with only one group of LEDs. As the vehicle moves, it needs to switch the communication
from the current LED group to the next group. Because of the fast movement of the vehicle and the small
coverage of each LED group, the handover between the LED groups is a difficult problem. This paper
proposes an entire handover procedure for a V2IVLC system. The main point of this procedure is a distance-
based probabilistic algorithm for the determining of the handover switching time. The switching time is
chosen to maximize the signal quality subject to a constraint, so that the missing handover rate is lower than
a predetermined threshold. The proposed algorithm is verified through simulations. The results show that the
proposed handover algorithm can provide a high signal quality of the communication within a reasonable
missing handover rate.

INDEX TERMS Visible light communication, vehicle, infrastructure, handover.

I. INTRODUCTION
In recent years, the intelligent transport system (ITS) has
become a very active area of research [1], [2]. With the devel-
opment of modern communication technologies, vehicles
need to support not only speed and power, but also safety and
comfort. The ITS is a means to fulfill such needs. A key part
of an ITS is the vehicular communication, which includes the
vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I)
communication types. While V2V communication pro-
vides direct communications between vehicles [3]–[5],
V2I communication provides indirect communications with
all of the other vehicles in a street, as well as access to the
Internet [6]–[8]. Therefore, V2I communication is the essen-
tial component of an ITS. There are several techniques that
can be used for V2I communication including radio fre-
quency (RF) and visible light communication (VLC).

Compared to the RF-based approach wich includes cellular
network and WiFi, the several advantages of VLC include
an immunity to electromagnetic interference, a free usabil-
ity, an inherent safety and security, a high reuse factor due
to the high spatial confinement, and a cost-effectiveness.

VLC also suffers less from channel congestion in cases of
high traffic [9]. In VLC, the communication is maintained
through a directional and line of sight (LOS) channel, which
greatly reduces the possibility of collisions, thereby increas-
ing the systemic scalability. However, the requirement of the
directional and LOS channel regarding VLC also underpins
one of the most challenging problems regarding VLC; that
is, handover. Especially in a vehicle-to-infrastructure visible-
light communication (V2IVLC) system, the fast movement of
the vehicles in a street intensifies the handover problem even
more. In recent years, several V2IVLC systems have been
proposed. The basic communications between the vehicle and
the street lights in these systems have been experimentally
proved as practical in the scenario where both the vehicle
and the street lights are static. A work on the management
of the communication maintenance in a V2IVLC system in
the moving-vehicle scenario does not exist in the literature.
The current cellular-network handover algorithms cannot be
used in a V2IVLC system for three reasons.

First and most importantly, the switching time of the han-
dover that needs to be chosen in a V2IVLC system must be
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of a very high precision. In the Global System for Mobile
communication (GSM), the switching-time selection process
is much more tolerant compared with that in V2IVLC. This
is because, in the GSM, the cell coverage is very large, so
a small error in the choosing of the switching time would
result in merely a small degradation of the signal quality.
In V2IVLC, the small size of the cell coverage combined
with the fast movement of the vehicle leads to a small error in
the switching-time result and a great degradation of the sys-
temic performance. More specifically, a slightly late switch-
ing point might result in a missed handover, which causes
communication disruptions. Alternatively, a switching point
that is slightly too soon would result in a high signal bit-error
rate. Therefore, the switching time must be chosen so that the
missing handover rate is lowwhile the signal quality is as high
as possible. This is a difficult task that the handover algorithm
in V2IVLC must be able to perform. Another factor that
makes the handover more difficult in V2IVLC is the major
traffic changes in streets from time to time. When the traffic
is high, the network is unstable, the handover delay is long,
and thus, the switching time must be sooner than that in the
case of low traffic, as this guarantees that the handover will
not be missed. Therefore, the V2IVLC handover algorithm
must consider these dynamic network changes to determine
the most suitable handover switching time.

Second, the GSM switching time is determined based
on the strength of the radio signal, while that in V2IVLC
is determined based on the coordinates of the street lights
on a captured image. Therefore, the handover algorithm in
V2IVLCmust be based on image processing. Third, the entire
handover procedure in GSM including the handover decision,
selection of the target cell, and handover execution must be
modified for its use in V2IVLC because of the differences
between the two systems.

To solve the previously mentioned V2IVLC handover
problem, this paper provides three contributions. First, the
entire handover procedure for the visible light in V2IVLC
is presented. Second, an image-processing technique that
estimates the distance between a vehicle and a street light is
proposed. Third, based on the estimated distance and other
parameters, a probabilistic handover algorithm is proposed to
determine a switching time that maximizes the signal quality
within a guaranteed missing handover rate. The proposed
handover algorithm also takes into account dynamic sys-
temic changes to find the correct switching time for different
situations. Matlab simulations are conducted to verify the
performance of the proposed algorithm.

II. FUNDAMENTALS OF THE SYSTEM
A. LED STREET-LIGHT CELL AND THE HIERARCHICAL
STRUCTURE OF THE SYSTEM
The hierarchical structure of the system is described
in Fig. 1. A number of LED street lights are grouped into one
cell. All of the LEDs in a cell transmit the exact same signal.
A number of consecutive LED cells are under the control of

FIGURE 1. Overall system architecture.

FIGURE 2. Links in the system.

an LED service center (LEDSC), and then a vehicle service
center (VSC) controls several consecutive LEDSCs.

B. LINKS IN THE SYSTEM
Different types of systemic communication are described in
Fig. 2. The vehicle and the LED street lights communicate
with each other using the camera-based VLC links. Both the
street light and the vehicle are equipped with a camera for
the receipt of the light signals that are emitted by each. The
LED street lights are connected with wired connections.

C. COMMUNICATION BETWEEN THE VEHICLE AND THE
LED STREET LIGHTS, AND TWO TYPES OF HANDOVER
Basically, the reason for the LED grouping is the enlargement
of the communication coverage between the vehicle and the
LED street lights. A vehicle communicates with only one
LED in one cell at a time. During the time that the vehicle
is moving in the street, the vehicle will keep switching the
communication from the current LED to the next LED, and
from the current LED cell to the next LED cell. Therefore,
two types of handover are required for the vehicle to maintain
its communicative functionality while it is moving.

Since all of the LEDs in a cell transmit the same signal, the
vehicle can choose to receive the signal from any LED among
these LEDs when moving inside a cell. However, because
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the signal from the closest LED should be the strongest, the
vehicle will always receive signals from only the closest LED.
When this closest LED moves beyond the view of the vehi-
cle, the vehicle will immediately receive the signal from
the next LED, which then becomes the closest LED to the
vehicle. This type of handover is called intra-cell handover
and it helps the vehicle to maintain the communication when
it is moving inside an LED cell. Since all of the LEDs in a cell
transmit the same signal and they are simultaneously present
in the image, intra-cell handover can always be performed
without any disruption, so it will not be addressed in this
paper.

The second type of handover is intra-cell handover, and this
occurs when the vehicle is moving out of the coverage of the
current cell. This handover type is addressed in the present
paper

III. HANDOVER PROCEDURE
A. TWO PHASES OF THE V2IVLC HANDOVER PROCEDURE
In a cellular network, the handover procedure includes the
following three phases: handover decision, target-cell selec-
tion, and handover execution. Handover decision is the phase
wherein the mobile device decides to switch the communi-
cation from the current cell to another cell. This decision
is made based on the strength of the received signal of the
mobile device. When the received signal becomes weak, the
mobile device decides upon the switching time to switch to
another cell. Since several cell candidates are available, the
mobile device needs to choose one of them as the target cell
to which the mobile device will switch. Once the target cell
is determined, the handover-execution process takes place.
Messages will be exchanged between the mobile device and
the cells, as well as the mobile switching center, to transfer
the communication from the current cell to the target cell.

In V2IVLC, the handover procedure includes only two
of the phases, as follows: handover decision and handover
execution. The purpose of these two phases in V2IVLC is
similar to that in the cellular network. There is no stage for
the choosing of the target cell because this task is very simple
and straightforward in V2IVLC. In the cellular network, the
mobile device is surrounded by numerous cells, so the deter-
mination of the cell that is the best to switch to is influenced
by many factors. In V2IVLC, only one target cell needs to be
chosen, which is the cell that is adjacent to the current cell, as
described in Fig. 3.

B. HANDOVER DECISION
The primary goal of this phase is the determination of the time
to switch to the next cell. There are many existing algorithms
in the cellular network for this task. However, the selections
of the switching time in V2IVLC and the cellular network are
very different. First, as mentioned earlier, the switching time
in V2IVLC is determined based on the images of the street
lights, not the radio-signal strength that is used in the cellular
network.

FIGURE 3. Choosing the target cell in V2IVLC.

FIGURE 4. Changing pattern of the signal strength in the cellular network
and V2IVLC. (a) Changing pattern of the signal strength in the cellular
network. (b) Changing pattern of the signal strength in V2IVLC.

The second difference, which makes it much more difficult
to determine the switching time in V2IVLC compared to the
cellular network, is the pattern of the changes of the signal
strength of the two systems. As shown in Fig. 4 (a), in the
cellular network, the radio-signal strength from the current
cell would gradually decrease to zero, while that from the tar-
get cell would gradually increase as the mobile device moves
toward the target cell. The contrasting signal changes from the
two cells make it easy to determine the switching time, as the
mobile device can perform the switch immediately after the
transition point, which is the point in time when the current
cell is weaker than the target cell.

In V2IVLC, both the image signals from the current cell
and the target cell would increase as the vehicle moves toward
the target cell, as shown in Fig. 4 (b). Therefore, a clear
indication for the selection of the switching time is not evi-
dent. More importantly, in V2IVLC, the image signal from
the current cell would suddenly drop as the final street light
in the current cell disappears from the view of the vehicle.
The sudden drop of the signal from the current cell requires
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FIGURE 5. Handover execution in V2IVLC.

the switching time to be determined more precisely, because
if the handover procedure is not finished on time, the han-
dover will be missed and the communication will be inter-
rupted. In the cellular network, since the signal from the cur-
rent cell only gradually decreases, a late handover only results
in a degradation of the signal quality, not an interruption of
the communication.

Another difference between the cellular network and
V2IVLC is the cell size, which is mentioned previously.
Typically, cellular networks have cell sizes ranging from
1 to 20 km and the mobile device has plenty of time before
it needs to move out of the current cell. In V2IVLC, each
cell only includes a few consecutive street lights where the
interdistance is a few tens of meters, and thus the maximum
cell size is only several hundreds of meters. Due to the fast
movement speed, the vehicle only has a small amount of
time before it needs to move out of the current cell, so
the possibility of a missed handover would be much higher
compared to the cellular network.

Because of those reasons, an algorithm that can precisely
determine the switching time for the handover in V2IVLC is
an important tool, and one will be proposed in the subsequent
sections of this paper.

C. HANDOVER EXECUTION
The handover-execution phase is described in Fig. 5. Exactly
at the switching time, which is determined in the previous
phase, the vehicle sends a handover (HO) request to the last
street light in the current group. Then, the street light will send
theHO request to the LEDSC. The LEDSC checks the request
and then sends the HO response to the street light. Then, the
street light sends the confirmation to the vehicle that the next
cell is ready for the vehicle to communicate with it. From that
point onward, the vehicle can communicate with the new cell.

IV. DISTANCE BASED PROBABILISTIC HANDOVER
DECISION ALGORITHM
A. TWO STEPS OF THE DETERMINATION OF THE
SWITCHING TIME
There can be many means to determine the switching time
in V2IVLC. The signal strength can be defined as the size of
the street lights in the captured image. The closer the light
is, the larger the image of the light is, and the stronger that

the signal is. As the vehicle moves in the street, the size of
the light image also changes, and thus it can be used as an
indication to determine the switching time. However, the size
of the light is dependent on numerous parameters including
the focal length of the lens, the size of the sensor, and the
physical size of the street light. Furthermore, as the vehicle
moves toward the target cell, the size of the light in the current
cell will become larger and suddenly disappear. Therefore,
the signal strength in terms of the light size is not a proper
parameter for the determination of the switching time.

To answer the question regarding the identification of the
parameters that are the decisive parameters for the deter-
mination of the switching time, one needs to look at the
primary handover target. Of course, the primary target is
the achievement of a seamless connection as the vehicle is
moving between the cells. The two requirements that enable
the handover algorithm to achieve this target are as follows:
First, the missing handover rate must be as low as possible,
and there are usually noticeable degradations in the signal
quality after the vehicle switches to the next cell; therefore,
the second requirement for the handover algorithm is the
easing of the signal-quality degradation after the completion
of the handover.

Regarding the first requirement, the handover tends to be
missed when the remaining distance, which is the distance
between the vehicle and the last LED in the current cell at the
switching time, is short, whereas the handover delay, which
is the time for the entire handover-execution process, is long.
This is because, when the remaining distance is short, the
dwell time, which is the time that is left for the vehicle to
communicate with the current cell, would be brief, so the time
to complete the handover-execution process might be insuf-
ficient. Regarding the second requirement, the signal quality
immediately after the handover occurrence would be low if
the vehicle switches to the next cell too quickly, which also
means an excessive handover distance. Therefore, the two
decisive parameters for the deciding of the switching time are
the remaining distance and the handover delay. Consequently,
the first step in the determining of the switching time is the
attainment of these two parameters.

While the handover delay can be easily obtained as his-
torical statistical information, the remaining distance can be
estimated using the proposed algorithm that is presented in
this section. Once the handover delay and the remaining dis-
tance have been obtained, the second step in the determining
of the switching time is the application of an algorithm that
takes into account these two parameters to determine the
most suitable switching time. Such an algorithm will also be
presented in this section.

B. PROPOSED ALGORITHM FOR THE ESTIMATION
OF THE REMAINING DISTANCE
1) PRINCIPLE AND HARDWARE REQUIREMENTS
OF THE ALGORITHM
The principle of the proposed distance-estimation algorithm
is described in Fig. 6. The camera is attached inside the
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FIGURE 6. Architecture of the proposed distance estimation algorithm.

FIGURE 7. Proposed distance estimation algorithm.

vehicle to capture pictures of the LED street lights. An inertial
sensor is attached to the camera to obtain the information
that is relevant to the camera orientation. After the street-
light image is taken, the image is processed to determine the
distance between the vehicle and the street light.

2) DISTANCE ESTIMATION IN THE STANDARD
POSE OF CAMERA
Basically, the distance from the vehicle to the street light
is determined based on the geometric relationship between
the position of the street light in the real world and that
of the street light in the image. This geometric relationship
is derived from the pinhole-camera model, as illustrated in
Fig. 7. Assume that the camera sensor plane is perpendicular
to the axis of the street and the wide edge of the sensor
is parallel to the surface of the street. Two street lights
of the same height need to be in the view of the camera.
Let W denote the distance between the two lights in the real
world and w denote the distance between them in the image.
Let f denote the focal length of the lens, and the distance
from the vehicle to the two street lights, denoted as D, can

be determined as follows:

D =
f
w
W . (1)

3) DISTANCE ESTIMATION IN CASE OF ARBITRARY
POSE OF CAMERA
In Eq. (1), for the attainment of W , it is given that the real-
world coordinates of the two street lights can be obtained
through the signals that are transmitted from these lights. The
focal length, f , is also known. The distance between the two
lights in the image, w, is obtained through image process-
ing. Therefore, the distance, D, can be determined by using
Eq. (1), as long as the camera has the pose that is described
in Fig. 7.

In the case where the camera pose is different, the inertial
sensor that is attached to the camera is used to obtain the
camera-pose information. From this information, the cap-
tured image is transformed into an image as if it had been
captured by the camera at the standard pose. The ability to
perform this transformation is owing to the pinhole-camera
model.

In the pinhole-camera model, two types of coordinate sys-
tems are used, as follows: 3D world-coordinate system and
2D image-coordinate system [10]. Suppose that a point on
the scene has the 3D world coordinates X = (X ,Y ,Z )T , its
2D image coordinates x = (x, y)T are then defined as

x = C × R× T × X, (2)

where C is the camera intrinsic matrix, R is the 3×3 rotation
matrix, and T is the 3× 3 translation matrix.

The camera intrinsic matrix C can be obtained if it is
given that the intrinsic parameters of the camera such as
the focal length and the sensor size are known. The camera
rotation matrix R can be calculated due to the camera-pose
information from the inertial sensor. Then, the image can
be transformed into the standard captured image through the
application of the following transformation to every point in
the image:

x′ = C × R−1 × C−1 × x, (3)

where x′ is the image coordinate corresponding to x in the
standard captured image.

Once the transformed image is obtained, the distance from
the vehicle to the street light can be determined using Eq. (1)
according to the same process.

C. PROPOSED ALGORITHM TO DETERMINE THE
SWITCHING TIME FROM THE HANDOVER
DELAY AND THE DISTANCE
After the attainment of the handover delay and the remaining
distance, an algorithm is required to determine the switching
time based on these two parameters. The two approaches for
this algorithm are deterministic and probabilistic.
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FIGURE 8. Deterministic approach for determining switching time.

1) DETERMINISTIC APPROACH TO DETERMINE THE
SWITCHING TIME
In terms of the handover, the most concerning problem is
themissed handover. Accordingly, the deterministic approach
tries to choose the switching time that minimizes the missing
handover rate. To do this, the switching time is chosen so that
the dwell time of the vehicle must be longer than the handover
delay. The dwell time, which is derived from the remaining
distance and the vehicular speed, might be determined with
some errors. The handover delay also randomly changes with
some variances. Therefore, to ensure that the handover will
not be missed, the switching time can be determined as
follows:

Switchingtime = Min(Dwelltime)−Max(HOdelay).

(4)

The reason underpinning Eq. (4) can be explained using
Fig. 8. While this approach is very simple, it has many
drawbacks. To ensure the maximum handover-delay value,
a considerable number of historical handover-delay values
must be compared. The problem here is that the variation of
the handover delay might change over time, and an unusually
large handover delay, the cause of which is some kind of
rare severe accident, would be meaningless to the possible
handover delay in the current time period. By taking into
account these unusual handover delays, the maximum han-
dover delay would be very large. Similarly, the dwell time is
determined by the distance-estimation algorithm. By consid-
ering the maximum distance-estimation error, the minimum
dwell time might be much smaller than the actual dwell time.
Therefore, with the deterministic approach, the switching
time is typically determined much sooner than necessary;
while this would guarantee that the handover would not be
missed, the sacrificed signal quality might be unnecessarily
excessive.

The second problem of the deterministic approach is that
it does not provide an alternative choice for the switching
time. As the signal quality must be sacrificed for the lower
possibility of the missed handover, the designer of the sys-
tem might wish to choose the extent of the sacrificed sig-
nal quality that needs to be traded for the desired missing
handover ratio. However, the deterministic approach always
results in a switching time that effectively minimizes the
missing handover probability while the signal quality is not
considered.

FIGURE 9. Trade-off between too-soon and too-late switching time.

FIGURE 10. Algorithm to determine switching time.

2) PROBABILISTIC APPROACH TO DETERMINE THE
SWITCHING TIME
a: IDEA OF THE PROBABILISTIC APPROACH
Since the deterministic approach does not consider the sig-
nal quality in the selection of the switching time, another
algorithm that takes into account both the missing handover
rate and the signal quality needs to be proposed. However,
because of the tradeoff between the missing handover rate
and the signal quality, it is difficult to determine a proper
switching time. To be more specific, while a switching time
that is too late would increase the probability of a missed
handover, a switching time that is too soon would degrade
the signal quality, as described in Fig. 9.

The idea of the proposed probabilistic approach in the
solving of this dilemma is presented in Fig. 10. First,
a threshold Pthr for the missing handover rate is set before-
hand. This threshold is solely determined based on the desire
of the system designer. Then, as the vehicle is moving in
the street, it will constantly collect the information about the
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remaining distance and the handover delay to estimate the
probability of a missed handover PHOmiss. At the time that is
too soon, this probability would be nearly zero and the vehicle
would know that the switching time has not occurred yet.
When the probability is close to the predetermined threshold
within some predeterminedmargins ε, the vehicle will choose
that as the time to switch to the next cell. If the switching time
is chosen in this way, it would ensure that the switching point
is as close to the next cell as possible, thereby making the
signal quality as high as possible; meanwhile, it is guaranteed
that the missing handover rate will be lower than the desired
level.

Since the proposed probabilistic approach for the determi-
nation of the switching time relies on the missing handover
probability, the main point of this approach is the method for
the estimation of the missing handover probability.

b: PROPOSED METHOD FOR THE CALCULATION OF THE
MISSING HANDOVER PROBABILITY
The missing handover probability of the vehicle at a specific
position can be determined given three kinds of information.
First, the information regarding the distribution of the esti-
mated remaining distance that corresponds to a specific posi-
tion of the vehicle is used. The second set of information is the
distribution of themeasured-speed errors of the vehicle. From
these two sets of information, the distribution of the dwell
times of the vehicle can be obtained. The third information
set is the distribution of the historical handover-delay data.
From the distributions of the dwell times and the handover
delays, the missing handover probability can be obtained and
the switching time can be determined, as described in Fig. 11.

In Fig. 11, let Y and Z denote the probability density
functions of the dwell time and the handover delay, respec-
tively. Let X denote the distance from the vehicle to the last
light in the current cell. The missing handover probability is
calculated as the probability that the dwell time of the vehicle
at a given position is smaller than the handover delay. That
is, the missing handover probability PHOmiss is calculated as
follows [APPENDIX]:

PHOmiss =

∞∫
y=0

∞∫
z=y

YX=x(y)× ZX=x(z)∂z∂y (5)

In Eq. (5), YX=x(y) is the probability that the dwell time
equals y when the distance between the vehicle and the street
light is x, and ZX=x(z) is the probability that the handover
delay equals z when the distance between the vehicle and
the street light is z. While ZX=x(z) is determined by the
network performance of the recent history, YX=x(y) is largely
dependent on the distance between the vehicle and the street
light x since the error of the distance estimation algorithm is
largely dependent on this parameter.

As the vehicle is moving toward the next cell, the missing
handover probability is constantly estimated. Assuming that
Pthr is the threshold for the missing handover probability and
ε is a small margin that is set by the system designer, the

FIGURE 11. Probabilistic approach for the determination of the switching
time.

FIGURE 12. Intuition of the value of missing handover probability.

switching time is determined as the first point in time when

Pthr − ε ≤ PHOmiss ≤ Pthr . (6)

The three switching-time cases of too soon, too late, and right
are illustrated in Fig. 12. Note that the margin of the missing
handover threshold, ε, must be large enough so that, as the
vehicle moves toward the next cell, at least one value of the
estimated missing handover probability will fall within this
margin.

The advantage of the proposed probability-based
switching-time algorithm is that the system designers can
choose the threshold for the missing handover probability.
Then, it would be guaranteed that the achieved missing han-
dover rate would be lower than that threshold, and the level
of the achieved signal quality would be the highest possible
with respect to the constraint regarding the missing handover
rate. Furthermore, the dynamic changes in the system, which
include the changes in the variance of the speed-measurement
error, the variance of the distance-estimation error, and the
variance of the handover delay, are always taken into account
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TABLE 1. Simulation environment.

by the proposed probabilistic algorithm in the determining of
the most precise switching time for the achievement of the
optimal system handover.

V. SIMULATION
A. SIMULATION ENVIRONMENT
Matlab simulations were conducted to examine the perfor-
mance of the proposed algorithm. The settings of the systemic
parameters for the simulations are listed in Table 1. It is
assumed that the system can observe a segment of the street
that is 10-km long. At first, it is assumed that an initial number
of vehicles are present in the street, with each vehicle moving
at a random speed. The speeds of the vehicles will randomly
change over time, and each vehicle has a random travel
distance. After the vehicle travels this distance, it is assumed
that it will disappear from the street. New vehicles can ran-
domly appear at random times in the street. It is assumed that
the vehicle accesses the channel through the Time Division
Multiple Access (TDMA). The street light transmits data to
each vehicle within a number of time slots, of which there is
a total of 1024. Each vehicle is allocated a number of time
slots depending on the request. Transmission failures also
randomly occur depending on the bit-error rate. When the
vehicle is moving in the street, it will constantly estimate
the distance from it to the street light, and then it determines
the switching time. When the switching time arrives, the
vehicle executes the handover process as per the previous
description. Then, the missing handover ratio and the signal
quality will be measured to evaluate the performance of the
proposed algorithm. To measure the handover ratio, the num-
ber of missing handover was counted and divided to the total
number of handovers occurred during the simulation process.

FIGURE 13. LED street lights captured at different distance.

To measure the signal quality, the images of LED street lights
captured at different distances were simulated. Each LED
street light is indeed a panel consisting of 6 × 6 LED chips.
The simulated LED street light images were then processed
to detect every single LED chips in LED street lights. The bit
error rate (BER) of the LED detection was considered to be
the measurement for the signal quality.

B. SIMULATION RESULTS
As mentioned in the previous section, the error of the
distance-estimation algorithm is dependent on the real dis-
tance from the vehicle to the street light. This is because,
similar to all vision-based algorithms, the accuracy of the
proposed distance-estimation algorithm is determined by the
distance between the street lights in the image. When the
distance between the vehicle and the street light is small, the
two street lights that are used to determine the distance would
be far away in the image as shown in Fig. 13, and the achieved
accuracy of the algorithm would be high.

The signal quality is also dependent on the distance. When
the distance is long, the LED street light would be small in the
image and thus causes more errors in detection and increases
the BER. As shown in Fig. 13, the LED street light captured
at the distance of 5m is noticeably larger than that captured
at 10m.

Figure 14 shows the change of the accuracy of the algo-
rithm as the vehicle moves toward the street light. The pat-
tern of the error that repeats after every 50-m length is due
to the fact that the inter-distance between the street lights
is 50 m. Due to the repetitive pattern of the distance-
estimation error, it would be easy to find the variance of the
estimated-distance error that corresponds to a given position
of the vehicle. Consequently, the variance of the dwell time
can be calculated with a higher accuracy, and this is also the
same for the missing handover probability.

The tradeoff between the missing handover rate and the
signal quality is illustrated in Fig. 15. Note that the switching
time in this simulation is not determined by the proposed
algorithm. Instead, each vehicle chooses a random switching
time that corresponds to a remaining distance from 5 to 50 m.
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FIGURE 14. Dependency of distance estimation error versus the actual
distance.

FIGURE 15. Achieved missing handover rate and BER at difference
remaining distance.

The missing handover ratio and the BER of the signal after
the handover are measured to show the tradeoff between
these two systemic-performance aspects. It is evident that
the missing handover ratio increases as the remaining dis-
tance decreases; however, the signal quality increases as the
remaining distance decreases.

The handover difficulty in V2IVLC is due to the fact that
the handover delay might consume a large portion of the
dwell time of the vehicle, which is the result of the com-
bination of the fast movement of the vehicle and the small
size of each cell. In the case that the network is stable, the
handover delay only takes a small portion of the dwell time,
and hence the vehicle has plenty of time to switch to the next
cell. However, when the network is unstable, the handover
delay might be very long compared to the dwell time and this
could lead to a missed handover. The ratio of the handover
delay to the dwell time of the vehicle in each cell is shown
in Fig. 16. It can be seen that the handover-delay/dwell-time
ratio is dependent on the speed of the vehicle. The average
handover-delay ratio, which is approximately the handover-
delay ratio in the case of a stable network, varied within a
region of a few percent. However, the maximum handover-
delay ratio in the case of an unstable network can rise higher
than 15 % when the vehicle is moving at high speeds.

The effects of vehicle speed on the signal quality are shown
in Fig. 17. In the simulation, the missing handover threshold
in the probabilistic algorithm is set to 10−4 and 10−5. It can
be seen that as the vehicle speed increases, the BER increases

FIGURE 16. Handover delay ratio.

FIGURE 17. Effect of vehicle speed on BER.

FIGURE 18. BER achieved by deterministic and probabilistic handover
algorithm.

regardless the type of handover algorithm. This is because as
the vehicle speed increases, the vehicle need to switch to the
next cell at early time when the remaining distance is still
long, which results in the low BER.

The average BER achieved by the probabilistic-handover
algorithm and its deterministic counterpart is shown in
Fig. 18. It can be seen that the BER of the probabilistic
approach is dependent on the missing handover-rate thresh-
old that is predetermined in the algorithm. More specifi-
cally, the BER achieved by the probabilistic algorithm gets
lower if the threshold is increased. On the other hand, the
BER achieved by the deterministic algorithm has a fixed
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value, which is higher than the BER achieved by the prob-
abilistic algorithm with the missing handover rate threshold
ranging from 10−4% to 1%. The reason for the high BER of
the deterministic algorithm is that the deterministic algorithm
takes into account the maximum values of all parameters.
Therefore, the switching time would be chosen at a point
that is too soon, and this leads to an unnecessarily low signal
quality.

VI. CONCLUSION
Handover is one of the most challenging problems in
V2IVLC systems. This is due to many reasons, including
the small size of each street-light cell, the fast movement of
the vehicle, and the changing pattern of the signals from the
current and the target cells. A work on the solving of the
handover problem in V2IVLC does not exist in the litera-
ture, while the existing handover algorithms for the cellular
network cannot be applied to V2IVLC due to the differences
between the two systems. This paper elucidates the handover
problem in V2IVLC, pointing out that the handover proce-
dure in V2IVLC includes the following two phases: handover
decision and handover execution. Between the two phases,
the handover decision requires an algorithm to determine the
switching time of the handover, which is a very difficult task
since a switching time that is either too soon or too late
negatively affects the systemic performance. While a too-
late switching time is likely to lead to a missed handover,
a too-soon switching time might degrade the signal quality.
Further, a simple deterministic algorithm would only try to
minimize the missing handover rate without any regard for
the degradation of the signal quality.

This paper proposes a distance-based probabilistic algo-
rithm that takes into account both the missing handover rate
and the signal quality for the selection of the switching time.
The result of the proposed algorithm is the highest achievable
signal quality with a guaranteed missing handover rate. The
performance of the proposed algorithm is verified through
simulations, and the results show that the proposed algorithm
can provide a high signal quality within a given missing
handover rate.

APPENDIX
MISSING HANDOVER PROBABILITY CALCULATION
The missing handover probability is calculated as:

PHOmiss = P (Z > Y )

=

∞∫
y=0

P (Y = y)× P (Z > y) ∂y

=

∞∫
y=0

P (Y = y)×

∞∫
z=y

P (Z = z)∂z∂y

=

∞∫
y=0

∞∫
z=y

YX=x(y)× ZX=x(z)∂z∂y

REFERENCES
[1] N. Kumar, N. Lourenço, D. Terra, L. N. Alves, and R. L. Aguiar, ‘‘Visible

light communications in intelligent transportation systems,’’ in Proc. IEEE
Intell. Vehicles Symp. (IV), Jun. 2012, pp. 748–753.

[2] R. M. Mare, C. L. Marte, and C. E. Cugnasca, ‘‘Visible light communi-
cation applied to intelligent transport systems: An overview,’’ IEEE Latin
Amer. Trans., vol. 14, no. 7, pp. 3199–3207, Jul. 2016.

[3] I. Takai, T. Harada, M. Andoh, K. Yasutomi, K. Kagawa, and S. Kawahito,
‘‘Optical vehicle-to-vehicle communication system using LED transmit-
ter and camera receiver,’’ IEEE Photon. J., vol. 6, no. 5, pp. 1–14,
Oct. 2014.

[4] N. Kumar, ‘‘Visible light communications in intelligent transportation
systems,’’ Int. J. Future Comput. Commun., vol. 3, no. 1, p. 26, 2014.

[5] P. A. P. Ferraz and I. S. Santos, ‘‘Visible light communication applied
on vehicle-to-vehicle networks,’’ in Proc. Int. Conf. IEEE Mechatronics,
Electron. Autom. Eng. (ICMEAE), Nov. 2015, pp. 231–235.

[6] S. Iwasaki, C. Premachandra, T. Endo, T. Fujii, M. Tanimoto, and
Y. Kimura, ‘‘Visible light road-to-vehicle communication using high-
speed camera,’’ in Proc. IEEE Intell. Vehicles Symp., Jun. 2008,
pp. 13–18.

[7] J.-H. Yoo, J.-S. Jang, J. K. Kwon, H.-C. Kim, D.-W. Song, and S.-Y.
Jung, ‘‘Demonstration of vehicular visible light communication based on
LED headlamp,’’ Int. J. Autom. Technol., vol. 17, no. 2, pp. 347–352,
2016.

[8] K. Cui, G. Chen, Z. Xu, and R. D. Roberts, ‘‘Traffic light to vehicle visible
light communication channel characterization,’’ Appl. Opt., vol. 51, no. 27,
pp. 6594–6605, 2012.

[9] L. U. Khan, ‘‘Visible light communication: Applications, architecture,
standardization and research challenges,’’ Digit. Commun. Netw., vol. 3,
no. 2, pp. 78–88, 2017.

[10] R. Hartley and A. Zisserman,Multiple View Geometry in Computer Vision.
Cambridge, U.K.: Cambridge Univ. Press, 2003.

QUANG-HIEN DANG received the B.S. degree in
information technology from theUniversity of Sci-
ence and Technology in 2004 and the M.S. degree
in information technology from The University of
Da Nang, Vietnam, in 2011. He is currently pursu-
ing the Ph.D. degree with the School of Electronic
Engineering, Soongsil University, South Korea.
His research interests include visible light commu-
nication and computer wireless network.

MYUNGSIK YOO received the B.S. and M.S.
degrees in electrical engineering from Korea Uni-
versity, Seoul, South Korea, in 1989 and 1991,
respectively, and the Ph.D. degree in electri-
cal engineering from The State University of
New York at Buffalo, New York, in 2000. He
was a Senior Research Engineer with the Nokia
Research Center, Burlington, MA. He is cur-
rently a Full Professor with the School of Elec-
tronic Engineering, Soongsil University, Seoul.

His research interests include visible light communications, optical net-
works, sensor networks, and Internet protocols.

VOLUME 5, 2017 26475


	INTRODUCTION
	FUNDAMENTALS OF THE SYSTEM
	LED STREET-LIGHT CELL AND THE HIERARCHICAL STRUCTURE OF THE SYSTEM
	LINKS IN THE SYSTEM
	COMMUNICATION BETWEEN THE VEHICLE AND THE LED STREET LIGHTS, AND TWO TYPES OF HANDOVER

	HANDOVER PROCEDURE
	TWO PHASES OF THE V2IVLC HANDOVER PROCEDURE
	HANDOVER DECISION
	HANDOVER EXECUTION

	DISTANCE BASED PROBABILISTIC HANDOVER DECISION ALGORITHM
	TWO STEPS OF THE DETERMINATION OF THE SWITCHING TIME
	PROPOSED ALGORITHM FOR THE ESTIMATION OF THE REMAINING DISTANCE
	PRINCIPLE AND HARDWARE REQUIREMENTS OF THE ALGORITHM
	DISTANCE ESTIMATION IN THE STANDARD POSE OF CAMERA
	DISTANCE ESTIMATION IN CASE OF ARBITRARY POSE OF CAMERA

	PROPOSED ALGORITHM TO DETERMINE THE SWITCHING TIME FROM THE HANDOVER DELAY AND THE DISTANCE
	DETERMINISTIC APPROACH TO DETERMINE THE SWITCHING TIME
	PROBABILISTIC APPROACH TO DETERMINE THE SWITCHING TIME


	SIMULATION
	SIMULATION ENVIRONMENT
	SIMULATION RESULTS

	CONCLUSION
	REFERENCES
	Biographies
	QUANG-HIEN DANG
	MYUNGSIK YOO


