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Abstract

Visible light communication (VLC) is gaining increasing attention and is considered as a promising technology for

future wireless indoor communications. Because movable users expect a seamless connectivity experience when

switching among transmitters (i.e., VLC access points) in the VLC system, fast link switching operations must be

supported by the networks. This paper presents a novel hard link switching scheme for VLC networks with the use

of pre-scanning and received signal strength (RSS) prediction. Our proposed scheme achieves the advantages of

both conventional hard and soft link switching schemes without changing device hardware or the IEEE 802.15.7

medium access control (MAC) protocol. To help compare our proposed scheme with conventional hard and soft

link switching schemes, the signal-to-interference-plus-noise ratio (SINR), the outage probability regarding the link

switching situation, and the queuing models for link switching schemes are taken into account. Simulation and

numerical results validate that our proposed scheme outperforms conventional hard and soft link switching schemes.
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1. Introduction
Because the requirements for wireless data communication

continually increase, the radio frequency spectrum is

becoming congested. Hence, quests for alternative commu-

nication technologies have been carried out increasingly

around the world. In recent years, visible light communi-

cation (VLC) has attracted the attention of researchers

and has been considered as a promising technology for

future wireless communications, especially indoor commu-

nications. VLC refers to short-range optical wireless com-

munication using the visible light spectrum from 380 to

780 nm [1]. Compared to radio frequency (RF) tech-

nologies, VLC has many advantageous features such as

high-speed transmission, visibility, high security, harmless-

ness to the human body, high tolerance to humidity,

ubiquity, and an unlicensed frequency spectrum [2-4]. In

2011, VLC technology was standardized by the IEEE

organization in the IEEE 802.15.7 specification [5].

Link switching, commonly known as handover in other

wireless communication technologies, is an essential issue

that deals with the mobility of end users (the term ‘link

switching’ is used in the IEEE 802.15.7 standard instead

of ‘handover’). It guarantees seamless connectivity or

improves the quality of service (QoS). In first-generation

cellular systems, such as the Advanced Mobile Phone

System (AMPS) [6], or second-generation systems such

as the Global System for Mobile Communication (GSM)

[7] and Personal Access Communications System (PACS)

[8], a hard handover is deployed. In the hard handover,

the old radio link is broken before a new radio link is

established, and a user device only connects to one base

station at any given time. In third-generation systems,

which are mainly based on code-division multiple-access

(CDMA) technology, the soft handover concept is intro-

duced [9]. In a soft handover, a user device can communi-

cate with the system using multiple radio links through

different base stations simultaneously. Compared to the

conventional hard handover, a soft handover produces a

smoother transmission and reduces the so-called ‘ping-

pong’ effect [10-12], but it has the disadvantages of imple-

mentation complexity and extra resource consumption.
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Handover is a classic research topic. A larger number

of papers have been presented to cope with problems in

handover. Some popular problems include the handover

delay [13-16], the ping-pong effect, the handover procedure

in heterogeneous networks [17-20], and the handover

failure rate [21-24]. However, as far as we know, there

are not many papers studying link switching in VLC

networks. In [25], a handover mechanism between Wi-Fi

and VLC is proposed to dynamically distribute resources

to optimize system throughput and to avoid service dis-

connections. The work in [26] investigates how handover

techniques can be applied in VLC networks in which user

connectivity switches from one lighting cell to another. In

[27], based on minimum QoS requirements of traffic, a

flexible resource allocation scheme is proposed to support

link switching in VLC networks.

In this paper, we propose a novel hard link switching

scheme for VLC networks, using a pre-scanning method

and a received signal strength (RSS) prediction scheme,

to overcome some drawbacks of conventional hard and soft

link switching schemes. Our proposed scheme efficiently

reduces the link switching delay compared to conventional

hard link switching scheme as well as reduces the unneces-

sary the link switching ratio and the outage probability

compared to conventional hard and soft link switching

schemes. To utilize our proposed scheme, there is no need

to change the hardware of user devices as in the case of a

conventional soft link switching scheme. Through queuing

analysis, our proposed scheme exhibits lower link switching

call dropping probability and new call blocking probability

compared to a conventional soft link switching scheme.

The main contributions of the work in this paper are the

following:

1) A novel pre-scanning method, which suits the IEEE

802.15.7 medium access control (MAC) operation, is

proposed to eliminate the impact of the scanning

process on the link switching delay.

2) A new serving transmitter selection method,

using an RSS prediction method, in the link

switching decision phase is proposed. This

approach can help reduce the unnecessary link

switching ratio.

3) An in-depth study of the signal-to-interference-

plus-noise ratio (SINR) and outage probability

regarding the link switching situation in a VLC

environment.

The rest of this paper is organized as follows: Section

2 describes the system model of VLC networks including

the optical channel model, IEEE 802.15.7 MAC, and link

switching fundamentals. Section 3 presents our proposed

fast link switching scheme with a theoretical analysis

of SINR, the outage probability, and a queuing model.

Section 4 evaluates the performance of our proposed

schemes in terms of several important metrics and in

comparison with conventional hard and soft link switch-

ing schemes. Finally, Section 5 concludes our work.

2. VLC system model
In the IEEE 802.15.7 standard, there are three basic devices:

a user device, a transmitter, and a single central controller

called the coordinator. User devices and transmitters use

visible light links to transmit or receive data. Transmitters

of a VLC network are managed by a coordinator [5]. The

IEEE 802.15.7 architecture is defined in terms of the

number of layers and sublayers in order to simplify the

standard. A VLC device is composed of a PHY layer,

which contains the light transceiver along with its low-

level control mechanism, and a MAC sublayer that pro-

vides access to the physical channel for all types of trans-

fers. In this section, we represent the optical channel

model, the IEEE 802.15.7 MAC protocol, and the link

switching fundamentals.

2.1. Optical channel model

There are two types of links that can be used in a VLC

system: line-of-sight (LOS) and non-line-of-sight (NLOS),

as shown in Figure 1. To achieve a high data rate as

well as to minimize path loss and to maximize the

power efficiency, LOS links should be used. The optical

channel gain is expressed as

Pr ¼ H 0ð ÞPt ; ð1Þ

where Pt is the transmitted power, Pr is the received power,

and H(0) is the channel DC gain.

In the case of LOS links, the channel DC gain is

defined as

HLOS 0ð Þ ¼
mþ 1ð ÞA
2πd2

cosm φð ÞT s ψð Þg ψð Þ cos ψð Þ
0

0 ≤ψ ≤ψc

elsewhere
;

(

ð2Þ

where m is the order of the Lambertian emission, A is

the photodetector area, d is the distance between the

transmitter and user device, φ is the angle of irradiance,

ψ is the angle of incidence, Ts(ψ) is the signal transmis-

sion coefficient of an optical filter, g(ψ) is the gain of an

optical concentrator, and ψc is the receiver field of view

(FOV).

The order of the Lambertian emission, m, is found

from the following equation:

m ¼ −
ln2

ln cosϕ1=2

� � ; ð3Þ

where ϕ1/2 is the transmitter semi-angle at half power.
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The gain of an optical concentrator, g(ψ), is found

from the following equation:

g ψð Þ ¼
α2

sin2 ψcð Þ
0

0 ≤ψ ≤ψc

elsewhere

;

8

<

:

ð4Þ

where α is the refractive index of the optical concentrator.

In the case of NLOS links, the channel DC gain on the

first reflection is

HNLOS 0ð Þ ¼

mþ 1ð ÞA
2πd2

1d
2
2

ΛAwall cos
m φð Þcos α1ð Þcos α2ð ÞT s ψð Þg ψð Þ cos ψð Þ

0

0 ≤ψ ≤ψc

elsewhere
;

8

>

>

>

>

<

>

>

>

>

:

ð5Þ

where Λ is the reflectance factor, Awall is the reflective

area of a small region, α1 is the angle of irradiance to a

reflective point, α2 is the angle of irradiance to the

receiver, d1 is the distance between the transmitter

and the reflective point, and d2 is the distance between

the reflective point and the user device.

In this paper, in order to simplify the theoretical analysis

as well as the simulation, we assume that the channels of

the VLC system are Rician channels in which LOS links

are the strong dominant components.

2.2. IEEE 802.15.7 MAC protocol

The IEEE 802.15.7 MAC protocol [5], as well as the

IEEE 802.15.4 MAC protocol [28], supports both beacon-

enabled mode and non-beacon-enabled mode. In the

non-beacon-enabled mode, it is a simple unslotted random

access mechanism, with or without carrier sense multiple-

access with collision avoidance (CSMA/CA). Because most

of the unique features of IEEE 802.15.7 are in the beacon-

enabled mode, we will focus on describing it.

Figure 2 shows the superframe structure adopted by

the IEEE 802.15.7 beacon-enabled mode. A superframe

is bounded by the transmission of beacon frames and

can have an active portion and an inactive portion. The

duration of a superframe, also called the beacon interval

(BI), is described as

BI ¼ aBaseSuperframeDuration� 2BO; 0 ≤BO ≤ 14;

ð6Þ

where BO is the value of macBeaconOrder that describes

the interval in which the coordinator will transmit its

beacon frame and aBaseSuperframeDuration describes the

number of optical clocks forming a superframe when the

superframe order is equal to 0. If BO = 15, the coordinator

will not transmit beacon frames except when it is requested

to do so.

During the inactive portion, a VLC device may enter a

low-power mode, such as idle mode or sleep mode, to

save power. The active portion is divided into 16 equal

time slots, as in the IEEE 802.15.7 standard, and is com-

posed of three parts: a beacon, a contention access period

(CAP), and a contention free period (CFP). If a user device

is allocated to a specific time slot, it can use the whole

channel within that time slot duration. The beacon is

transmitted, without the use of any random access, at the

start of slot 0. The CAP starts immediately following the

beacon and completes before the beginning of the CFP on

1/2
NLOS link

LOS link

Transmitter

#1

d

User device

Transmitter

#2

Data server

IP Network

Coordinator

d2

d1

1

2

Figure 1 Transmission model with LOS and NLOS links.
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a superframe slot boundary. The duration of the active

portion, denoted as SD, is described as

SD ¼ aBaseSuperframeDuration� 2SO; 0 ≤ SO ≤ 14;

ð7Þ

where SO is the value of macSuperframeOrder that

describes the length of the active portion of a superframe.

If SO = 15, the superframe will not remain after the beacon.

In CAP, devices use a slotted CSMA/CA mechanism

to access the channel. The CFP is dedicated to support

time-critical data transfers generated by the applications

that require specific data bandwidth or low latency. In

CFP, data are transmitted in guaranteed time slots (GTS).

A GTS can be allocated to an integer number of time

slots, and GTSs are allocated on a first-come-first-served

(FCFS) basis. Each GTS is reallocated when it is no longer

required, or when it has not been used for a specified

duration.

2.3. Link switching fundamentals

To support the mobility of user devices, the IEEE 802.15.7

standard presents the usage of cell design and PHY switch

[5]. These procedures may be efficiently applicable within

a VLC network where user devices do not need to change

the network information, such as network ID, and the

MAC operation during their movements in order to main-

tain the data transmission. Besides, in using these proce-

dures, outage may happen because there is no guarantee

on the quality of signals (for example, these procedures do

not cope with the situation that the RSS of a user device

may drop seriously when the user device moves to/move

out of the boundary area of a cell). Generally, to support

the mobility of user devices within a VLC network as well

as among VLC networks, link switching (i.e., handover) is

a comprehensive solution.

Link switching refers to the process of transferring an

ongoing data session (messages, voice calls, video calls,

etc.) of a device from one transmitter to another. Link

switching is a significant issue in terms of maintaining

seamless connectivity or improving QoS. In a homoge-

neous system, a link switching technique can be divided

into two types: hard link switching and soft link switching.

Figure 3 shows the basic call flow of a conventional hard

link switching technique with the VLC system depicted in

Figure 1. When the received signal strength is under a

threshold level, the user device sends the measurement

report to its current serving transmitter, i.e., Transmitter #1

(steps 1 and 2). After that, the user device starts scanning

neighboring transmitters, by switching among all channels,

to find the best one based on some criteria, such as RSS,

resource availability, and others (steps 3 and 4). The

scanning time of a user device on a channel, denoted as

Tchann_scan, is defined as

T channscan ¼ aBaseSuperframeDuration� 2n þ 1ð Þ
ð8Þ

where n is the value of the ScanDuration parameter

(0 ≤ n ≤ 14).

After finding the best neighboring transmitter, the user

device needs to disconnect from its current serving trans-

mitter (steps 5 to 7). To disconnect the user device from its

serving transmitter, the coordinator releases the resources

of Transmitter #1 that are used for the user device. The

user device starts connecting to the selected neighboring

transmitter by sending a link switching request (step 8).

The coordinator performs call admission control and radio

resource control to check if the call is accepted or not

(step 9). After that, the coordinator responses to the link

switching request of the user device (step 10). Then, the

user device starts, one by one, the association process and

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Inactive

CAP CFP

GTS GTS GTS

Beacon Beacon

SD = aBaseSuperframeDuration*2SO optical clocks

BI = aBaseSuperframeDuration*2BO optical clocks

Figure 2 IEEE 802.15.7 superframe structure.
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synchronization process with the selected neighboring

transmitter, i.e., Transmitter #2 (steps 11 to 14). The user

device and the selected neighboring transmitter exchange

information such as the network ID, beacon interval, the

addresses of the devices, and the channel identification.

Finally, the data are sent to the user device through

Transmitter #2.

During a hard link switching procedure, user devices

cannot receive the signal from the serving transmitter,

which leads to a data interruption problem and then QoS

degradation. Thus, the process duration of a hard link

switching scheme (i.e., link switching delay), which mainly

originates from the scanning period, is an important prob-

lem in terms of guaranteeing a seamless data transmission.

This problem can be solved effectively in soft link switch-

ing. In soft link switching, a user device can simultaneously

communicate with two or more transmitters, including

its current serving transmitter. The link between the

User device
Transmitter

#1
Coordinator

1. Received signal

is going down

3. Scan neighbor transmitters

to find out the best one

Transmitter

#2

6a. Accept device’s request

6b. Release resource used for the device

4. Decide the next serving

transmitter

2. Measurement report

5. Link disconnection

request

request

5. Link disconnection

7. Link disconnection

response7. Link disconnection

response

8. Link switching request

8. Link switching request

9. Call admission control and

radio resource control for

Transmitter #2

10. Link switching response

10. Link switching response

11. Association request

11. Association request

12. Association response

12. Association response

13. Synchronization request

13. Synchronization request

14. Synchronization response

14. Synchronization response

Data
Data

Figure 3 Conventional hard link switching call flow.
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user device and its current serving transmitter is discon-

nected only after it has successfully connected to the target

transmitter.

The main advantage of soft link switching over hard

link switching is a better guarantee in data transmission,

which originates from the significantly smaller link

switching delay. However, to utilize soft link switching,

the hardware of user devices must be more complex

and expensive compared to that of hard link switching

to be able to receive signals from many transmitters

simultaneously. Another problem of the soft link switching

technique is the use of several channels to only support a

single user device, which results in a waste of resources,

an increase in the volume of data traffic, and an increase

in downlink interference.

A link switching may be interrupted in case the user

device or the transmitter does not receive the link

switching-related signals due to certain factors (such as

interference) or the available resources of the selected

neighboring transmitter are not enough to be allocated to

the user device. To solve these problems, the IEEE

802.15.7 standard presents the fast link recovery and

multiple-channel resource assignment procedures [5].

The details of these procedures are beyond the scope

of this paper.

3. Proposed hard link switching scheme
In this section, we represent our proposed link switching

scheme for a VLC system exploiting the operation of the

IEEE 802.15.7 MAC protocol. By using our scheme, we

can eliminate the scanning period, which has the largest

impact on the link switching delay, in a link switching

procedure. Additionally, our proposed scheme does not

require a change in IEEE 802.15.7 MAC operation and

the hardware of user devices as in the case of a soft link

switching technique. The theoretical analysis of the pro-

posed scheme is also presented in this Section.

3.1. Proposed link switching scheme

As mentioned before, in the IEEE 802.15.7 MAC protocol,

during the inactive portion, VLC devices may enter a

low-power mode, such as idle or sleep mode. Our pro-

posed scheme utilizes this period for user devices to

scan channels, associate, and synchronize with a target

transmitter, respectively.

The main steps of our proposed scheme are depicted

in Figure 4. During its operation in a VLC system, after

having received a signal from its current serving transmit-

ter, a user device measures the received signal strength,

denoted as Pr,curr. The value of Pr,curr is compared to three

thresholds, denoted as Scan_thr, Assoc_thr, and LS_thr

(Scan_thr > Assoc_thr > LS_thr), to determine the next

process precisely. These three thresholds divide the

proposed link switching procedure into three periods

called pre-scanning, pre-association, and the final link

switching decision.

3.1.1. Pre-scanning period

A user device initiates the pre-scanning process if the

following criterion is met:

Assoc thr ≤Pr;curr < Scan thr ð9Þ

In the pre-scanning period, firstly, the user device scans

all the channels, using either active scanning or passive

scanning, to find the neighboring transmitters. To achieve

this task and in order not to interrupt data reception from

the current serving transmitter of the user device, the

scanning time of all channels should be shorter than

the duration of the inactive portion of the superframe.

To fulfill this requirement, based on Equations (6) to

(8), the value of the ScanDuration parameter, n, needs

to satisfy the following equation:

2BO− 2SO > k 2n þ 1ð Þ; ð10Þ

where k is the number of channels in a VLC system. In

the IEEE 802.15.7 standard, the value of k is 7.

After the scanning process, the user device saves all

the values of the RSSs measured from the signals of

neighboring transmitters. Finally, the user device returns to

receive data following the IEEE 802.15.7 MAC superframe

operation.

The pre-scanning procedure may be initiated if the

current RSS of the user device satisfies Equation (9).

This work has two purposes:

– All the saved values of RSSs from the signals of

neighboring transmitters will be used in the pre-association

process for determining the best neighboring transmitter.

The detailed steps are explained in the next section.

– During the scanning process, because of several factors,

such as interference, noise, channel access failure, transmis-

sion speed, and short scanning time on channels, a user

device may not receive beacon signals from a (or some)

neighboring transmitter(s). Thus, multiple pre-scannings

help a user device to eliminate this problem; since then,

the scanning result is improved.

In reality, the movement of user devices is random. This

problem results in the random variation of the RSS. In

some cases, after a duration in which the value of Pr,curr is

below the Scan_thr threshold, Pr,curr then becomes higher

than Scan_thr, and is maintained for a sufficiently long

duration (for example, when a user device first arrives in

the boundary area of its current serving transmitter and

then returns towards the current serving transmitter, its

Pr,curr value may change from a weak value to a strong

value). In these cases, the saved RSS values from the

signals of neighboring transmitters are not valuable now.
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Thus, to reduce the size of the RSS database, all the saved

RSS values are removed if the following criterion is met:

T r > τ; ð11Þ

where Tr is the duration, in the number of superframes,

in which the value of Pr,curr is higher than the value of

Scan_thr. τ is a predefined integer threshold (τ > 0).

Additionally, a user device may stay in a certain location,

where its value of Pr,curr satisfies Equation (9), for a long

time, or its movement speed is slow resulting in its RSS

value not varying significantly. In these cases, the user

device may unnecessarily initiate the scanning process

continuously. To avoid this problem, the user device

only starts the next scanning process if its current RSS

value differs from its previous RSS value by a hysteresis

margin Ψscan:

Pr;curr − Pr;prev

�

�

�

�≥Ψ scan: ð12Þ

3.1.2. Pre-association period

The second period of our proposed link switching

scheme is the pre-association period. A user device

starts the pre-association process if the following criterion

is met:

LS thr ≤Pr;curr < Assoc thr: ð13Þ

In the pre-association period, first, the user device starts

scanning and then saving RSS values of the signals of

neighboring transmitters to obtain their most recent

values. After that, the user device needs to determine the

best neighboring transmitter, which has the strongest

future-predicted signal strength. To achieve the future

RSS values of the signals of neighboring transmitters, we

use the saved RSS values and apply a prediction method

described in [29]. This prediction scheme is validated

to achieve a small prediction error and indicate the

possibility of implementation. The raw predictive RSS

value of neighboring transmitter j in the nth process

(n can be understood as the order in the saved RSS data

sequence), denoted as Pr,raw(j, tn), is measured by

Pr;raw j; tnð Þ ¼ a0t
0
n þ a1t

1
n þ a2t

2
n þ a3t

3
n þ…þ azt

z
n;

ð14Þ

where ai is an unknown coefficient (0 ≤ i ≤ z, z ∈ Z+).

Figure 4 Flowchart of the proposed link switching scheme.
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The values of the coefficients are obtained from the

following polynomials:

where Pr(j, tn) is the saved RSS value in the nth process.

If we consider coefficients as variables, by applying the

Gauss elimination method [30] to Equation (15), we

calculate all the coefficients as

ai ¼
1

Ai;i
bi−
X

z

j¼iþ1

Ai;iaj

 !

; ð16Þ

where Ai,i and bi are elements of the augmented coeffi-

cient matrix that is generated after several steps of Gauss

elimination.

The final predictive RSS value in the (n + 1)th process,

which is used for determining the best neighboring

transmitter, is denoted as Pr,pred(j, tn+1) and is calculated as

Pr;pred j; tnþ1ð Þ ¼ Pr;raw j; tnþ1ð Þ−
X

n

j¼1

Pr j; tj
� �

ð17Þ

After obtaining the predictive RSS values (i.e., Pr,pred
(j, tn+1)) of all neighboring transmitters, the user device

starts association and synchronization with the best

neighboring transmitter that satisfies the three following

criteria:

a) The user device is moving closer to this neighboring

transmitter, which is expressed by the following

equation:

Pr;pred j; tnþ1ð Þ−Pr j; tnð Þ > 0 ð18Þ

b) The value of Pr,pred(j, tn+1) of this neighboring

transmitter is higher than the value of LS_thr.

c) Among neighboring transmitters that satisfy criteria

(a) and (b), the best neighboring transmitter is the

one whose predictive RSS value is highest.

Finally, the user device returns to receive data following

the IEEE 802.15.7 MAC superframe operation.

The pre-association procedure may happen several times

because the value of Pr,curr of a user device may be in the

range of [LS_thr;Assoc_thr) in some superframe periods.

Thus, to reduce the necessity of performing association and

synchronization processes with the same neighboring trans-

mitter, before starting these two processes, if a user device

is already associated with the selected neighboring trans-

mitter, it will skip these processes and return to receive data

from its current transmitter in the next superframe.

The difference between our proposed scheme and

a soft link switching scheme is that, after the pre-

association procedure, a user device does not transmit

and receive data with the selected neighboring transmit-

ter. It only keeps pieces of information related to that

neighboring transmitter, such as the address, beacon

interval, channel identification, and network identifica-

tion, which are used to connect to that transmitter in

the final phase of our proposed link switching scheme.

This work helps avoid the waste of resources caused by

using several channels to support just a single user

device.

3.1.3. Final link switching decision

The final period of our proposed scheme is started when

the value of Pr,curr of a user device is smaller than the

LS_thr threshold. At this time, first, the user device

disassociates with its current serving transmitter and

deletes all the information related to it. Because the

user device has already used the resources of this trans-

mitter, it cannot disassociate itself as we explained above.

In this case, the user device needs to send a disassociation

message to its current serving transmitter so that this

transmitter can release resources allocated for the user

device to avoid the waste of resources.

Finally, by using information gained in the pre-associ-

ation period, the user device switches to the channel of

the neighboring transmitter, which was selected in the

pre-association period, and follows the superframe oper-

ation of this transmitter. Now, the selected neighboring

transmitter becomes the new serving transmitter of the

user device.

a0
X

n

i¼1

t0i

 !

þ a1
X

n

i¼1

t1i

 !

þ a2
X

n

i¼1

t2i

 !

þ a3
X

n

i¼1

t3i

 !

þ…þ az
X

n

i¼1

tzi

 !

¼
X

n

i¼1

t0i Pr j; tnð Þ

a0
X

n

i¼1

t1i

 !

þ a1
X

n

i¼1

t2i

 !

þ a2
X

n

i¼1

t3i

 !

þ a3
X

n

i¼1

t4i

 !

þ…þ az
X

n

i¼1

tzþ1
i

 !

¼
X

n

i¼1

t1i Pr j; tnð Þ

⋮ ⋮ ⋮ ⋮ ⋮ ⋮

a0
X

n

i¼1

tzi

 !

þ a1
X

n

i¼1

tzþ1
i

 !

þ a2
X

n

i¼1

tzþ2
i

 !

þ a3
X

n

i¼1

tzþ3
i

 !

þ…þ az
X

n

i¼1

t2zi

 !

¼
X

n

i¼1

tziPr j; tnð Þ

;

8

>

>

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

>

>

:

ð15Þ
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3.2. Theoretical analysis

The outage probability is an important metric in wireless

communication systems. To maintain the QoS, the RSS,

or the SINR needs to be maintained above a certain

threshold. In this paper, we focus on analyzing the out-

age probability with respect to three link switching

schemes, which are conventional hard link switching,

conventional soft link switching, and our proposed link

switching.

3.2.1. SINR calculation

We assume that all transmitters have the same transmitted

power. Thus, the inter-cell interference to the connection

between a user device and transmitter i at location x,

denoted as ICIx,i, is given by

ICIx;i ¼
X

N t

j¼1

βPtH x; jð Þ; ð19Þ

where Nt is the total number of neighboring transmitters,

H(x, j) is the channel DC gain at location x with respect to

transmitter j, and β is the detector responsivity.

Let SNRx,i denote the signal-to-noise ratio of the signal

received from transmitter i when the user device is at

location x. The value of SNRx,i is calculated as [31].

SNRx;i ¼
βPr x; ið Þð Þ2
σ2total

; ð20Þ

where Pr(x, i) is the received power at location x with

respect to transmitter i, and σ2total is the total variance of

the Gaussian noise, which is the sum of contributions

from the shot noise and thermal noise:

σ2total ¼ σ2shot þ σ2thermal ð21Þ

Consequently, we have

SNRx;i ¼
βPr x; ið Þð Þ2

σ2
shot þ σ2thermal

¼ βPtH x; ið Þð Þ2
σ2shot þ σ2thermal

ð22Þ

The value of SINRx,i is expressed as

SINRx;i ¼
βPtH x; ið Þð Þ2

ICI2x;i þ σ2
shot þ σ2thermal

ð23Þ

In a VLC network, at a certain time, there is only one

user device using the channel of a transmitter. Thus, intra-

cell interference does not occur, and we do not take into

account intra-cell interference in this paper.

3.2.2. Outage probability

The outage probability at a location is defined as the

probability that the SINR value at that location is less

than a specified threshold Out_thr. It is calculated as

Rout;x ið Þ ¼ R SINRx;i < Out thr
� �

¼
Z

∞

−∞

R
�

SINRx;i < Out thrjGσ ¼ Go�:R Gσ ¼ Go½ �dGo

¼
Z

∞

−∞

R
�

SINRx;i < Out thrjGσ ¼ Go�:
1
ffiffiffiffiffiffi

2π
p

σ
e−

G2o
2σ2dGo

ð24Þ

where Rout,x(i) is the outage probability at location x with

respect to transmitter i.

Substituting Equation (23) into Equation (24), we have

Rout;x ið Þ ¼
Z

∞

−∞

R

"

βPtH x; ið Þð Þ2

ICI2x;i þ σ2
shot þ σ2

thermal

< Out thrjGσ ¼ Go

#

� 1
ffiffiffiffiffiffi

2π
p

σ
e−

G2o
2σ2dGo

¼
Z

∞

−∞

R

"

H x; ið Þ

<

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Out thr ICI2x;i þ σ2
shot þ σ2

thermal

� �

r

βPt
jGσ ¼ Go

#

� 1
ffiffiffiffiffiffi

2π
p

σ
e−

G2o
2σ2dGo

ð25Þ

The path loss model of the VLC system is given as [32]

N x; ið Þ ¼ 10 log
Pt

E dref x; ið Þ
� �

A0

 !

−10 log
A

A0


 �

þ 10p log
d x; ið Þ
dref x; ið Þ


 �

þ Gσ ;

ð26Þ

where N(x, i) is the path loss at location x with respect

to transmitter i, d(x,i) is the distance between the user

device and transmitter i at location x, dref(x, i) is the

reference distance, E(dref (x,i)) is the irradiance at the

reference distance dref(x, i), A0 is the reference photo-

detector area, Gσ is a zero-mean Gaussian distributed

random variable with standard deviation σ, and p is the

path loss exponent.

Because N(x, i) is a random variable with a normal

distribution, so is the received power Pr(x, j). From

Equation (1), the channel DC gain can be stated as a
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random variable with a normal distribution (in dB) about

the distance-dependent mean. Thus, the value of Rout,x(i)

is calculated using the Q-function:

Q αð Þ ¼ 1
ffiffiffiffiffiffi

2π
p

Z

∞

α

e−
x2

2 dx ð27Þ

Therefore, we write

Rout;x ið Þ ¼
Z

∞

−∞

Q
�H x; ið Þ−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Out thr ICI2x;iþσ2
shot

þσ2
thermalð Þ

p

βPt

σ

0

B

@

1

C

A
:

1
ffiffiffiffiffiffi

2π
p

σ
e−

G2o
2σ2dGo;

ð28Þ

where �H x; ið Þ is the average value of the channel DC

gain when the user device is at location x.

The probability that the user device, whose current

serving transmitter is transmitter i, does not need to

utilize link switching at location x is defined as the

probability that its received signal strength is not less

than the LS_thr threshold. This probability, denoted as

Rnls,x(i), is calculated as

Rnls;x ið Þ ¼ R Pr x; ið Þ ≥ LS thrð Þ ¼ R H x; ið Þ ≥ LS thr

Pt


 �

¼
Z

∞

−∞

Q
LS thr

Pt
− �H x; ið Þ
σ

 !

:
1
ffiffiffiffiffiffi

2π
p

σ
e−

G2o
2σ2dGo

ð29Þ

In the case that the user device needs to utilize link

switching at location x and time tn+1, the probability, de-

noted as Rx(i, j), that it chooses the neighboring trans-

mitter j as the next serving transmitter is expressed as

Rx i; jð Þ ¼ R
�

Pr;pred j; tnþ1ð Þ≥LS thr
� �

& Pr;pred j; tnþ1ð Þ > Pr;pred k; tnþ1ð Þ
� �

& Pr;pred j; tnþ1ð Þ‐Pr j; tnð Þ > 0
� ��

ð30Þ

subject to j ≠ k, ∀ j, k ∈ Nt.

Equation (30) is derived as

Rx i; jð Þ ¼ R Pr;pred j; tnþ1ð Þ≥LS thr
� �

�
Y

k≠j;∀k;j∈N t

R Pr;pred j; tnþ1ð Þ > Pr;pred k; tnþ1ð Þ
� �

�R Pr;pred j; tnþ1ð Þ‐Pr j; tnð Þ > 0
� �

ð31Þ

To simplify the analysis, we assume that

R Pr;pred j; tnþ1ð Þ‐Pr j; tnð Þ > 0
� �

¼ 1 ð32Þ

and

Pr;pred j; tnþ1ð Þ ¼ γPr x; jð Þ; ð33Þ

where γ is the ratio that represents the mean relative ac-

curacy of the prediction scheme (γ > 0). The value of γ is

calculated as

γ ¼ 1−
1

M

X Pr;pred−Pr

�

�

�

�

Pr
; ð34Þ

where M is the total number of prediction samples.

Substituting Equations (32) and (33) into Equation (31),

we have

Rx i; jð Þ ¼
Z

∞

−∞

R γPr x; jð Þ≥LS thrjGσ ¼ Go½ �

�
Y

k≠j;∀k;j∈N t

R Pr x; jð Þ > Pr x; kð ÞjGσ ¼ Go½ �:R Gσ ¼ Go½ �dGo

¼
Z

∞

−∞

Q

 

LS thr
γPt

− �H x; jð Þ
σ

!

:
Y

k≠j;∀k;j∈N

Q
H x; kð Þ− �H x; jð Þ

σ


 �

� 1
ffiffiffiffiffiffi

2π
p

σ
e−

G2o
2σ2dGo

ð35Þ

Equation (28) represents the outage probability of the

user device, whose location and current serving transmitter

are x and i, respectively, regardless of the link switching

situation. If we consider the link switching situation, the

outage probability of a conventional hard link switching

scheme, denoted as Rh
out;x ið Þ, is expressed as

Rh
out;x ið Þ ¼ Rnlsw;x ið ÞRout;x ið Þ þ 1−Rnls;x ið Þ

� �

� 1−Rh
D

� �

Rx i; jð ÞRout;x jð Þ þ Rh
DRx i; jð ÞRout;x ið Þ

� �

;

ð36Þ

where Rh
D is the call dropping probability of a conventional

hard link switching scheme.

To calculate the outage probability of a conventional

soft link switching scheme, we need to take into account

two connection links of the user device. This outage

probability is calculated as

Rs
out;x ið Þ ¼ Rnlsw;x ið ÞRout;x ið Þ þ 1−Rnls;x ið Þ

� �

�
�

1−Rs
D

� �

Rx i; jð ÞRout;x ið ÞRout;x jð Þ
þRs

DRx i; jð ÞRout;x ið Þ�

ð37Þ

where Rs
out;x ið Þ and Rs

D are the outage probability and the

call dropping probability of a conventional soft link

switching scheme, respectively.

Similar to the case of conventional soft link switching

scheme, the outage probability of our proposed scheme

represents the connections of the user device with its
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current serving transmitter and the selected neighboring

transmitter:

R
prop
out;x ið Þ ¼ Rnlsw;x ið ÞRout;x ið Þ þ 1−Rnls;x ið Þ

� �

�
�

1−R
prop
Dð ÞRx i; jð ÞRout;x ið ÞRout;x jð Þ

þR
prop
D Rx i; jð ÞRout;x ið Þ�;

ð38Þ

where R
prop
out;x ið Þ and R

prop
D are the outage probability and

the call dropping probability of our proposed scheme,

respectively.

3.2.3. Queuing analysis

To calculate the link switching call dropping probability,

we use an M/M/K/K queuing model. We assume that the

arrival and departure are Poisson processes. The states of

this M/M/K/K queue represent the number of calls in the

system. Let S and Sreq be the total number of time slots in

the system and the average number of required time slots

for a call. We respectively denote λn and λh as the arrival

rates of new calls and link switching calls. The relation

between λn and λh is expressed by

λh ¼
Rh 1−RBð Þ

1−Rh 1−RDð Þ½ � λn; ð39Þ

where Rh, RB, and RD are the link switching probability

of a call, the new call blocking probability, and the link

switching call dropping probability, respectively.

The link switching probability of a call depends on

two factors: the average channel dwell time (1/η) and

the average call duration (1/μ). Both the call duration

and the cell dwell time are assumed to be exponential.

Rh is calculated as

Rh ¼
η

ηþ μ
ð40Þ

Additionally, the time slot release rate is calculated as

μr ¼ ηþ μ ð41Þ

The average channel dwell time depends on the time a

user device stays in the non-overlay area of transmitter i

(1/χ) and the time the user device stays in the overlay

area between transmitter i and neighboring transmitter

i + 1 (1/p). In the cases of the hard link switching

scheme and our proposed scheme, this relation is

expressed as

1

ηh
¼ 1

ηprop
¼ 1

χ
þ 1

ρ
¼ χ þ ρ

χρ
ð42Þ

In terms of the queuing model, there is no difference

between our proposed scheme and the conventional

hard link switching scheme. Figure 5 shows the Markov

chain of the conventional hard link switching scheme

and our proposed scheme. The maximum number of states

in the system, denoted as N, is calculated as

N ¼ S

Sreq
ð43Þ

By using the Erlang-B formula, the new call blocking

probability and the link switching call dropping probability

are calculated as

Rh
D ¼ R

prop
D ¼ Rh

B ¼ R
prop
B ¼ λn þ λhð ÞN

N ! μrð ÞN
X

N

i¼0

λn þ λhð Þi

i! μrð Þi

" #−1

ð44Þ

To support a soft link switching call, the system needs to

use multiple channels simultaneously. Thus, the queuing

model of the conventional soft link switching scheme is

different from those of our proposed scheme and the

conventional hard link switching scheme. Figure 6 shows

the Markov chain of the conventional soft link switching

scheme. We assume that a user device can connect with

up to two transmitters during the soft link switching

procedure. The average channel dwell time in this case

is calculated as

1

ηs
¼ 1

χ
þ 1

ρ
þ 1

ρ
¼ 2χ þ ρ

χρ
ð45Þ

When the system is in state k (0 ≤ k ≤N), the system

resources (i.e., time slots) are released with rate k(μ + ηs).

When the system is in state N + j (0 ≤ j <∞), all resources

are used, and j link switching calls are looking for sec-

ond links. If a new call arrives at state N+ j, it is blocked

immediately. Among all allocated calls, a completed call

releases its resources with rate N(μ + ηs ). For those j soft

link switching calls, the calls leave the system if the

user device leaves the overlay area (with rate ρ) or it

is completed (with rate μ). Thus, the probability that

the system is in state i (0 ≤ i <∞) is expressed as

R ið Þ ¼

λn þ λhð Þi

i! μþ ηs
� �i

R 0ð Þ

λn þ λhð ÞN λhð Þi−N

N ! μþ ηs
� �N

Y

i−N

j¼1

N μþ ηs
� �

þ j μþ ρð Þ
� �

R 0ð Þ

0 < i≤N

N þ 1 ≤ i < ∞;

8

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

:

ð46Þ

where R(0) is calculated from the normalizing condition
X

∞

n¼0

Rn
¼ 1:

R 0ð Þ ¼
X

N

i¼0

λn þ λhð Þi

i! μþ ηs
� �i

þ
X

∞

i¼Nþ1

λn þ λhð ÞN λhð Þi−N

N ! μþ ηs
� �N

Y

i−N

j¼1

N μþ ηs
� �

þ j μþ ρð Þ
� �

2

6

6

6

6

4

3

7

7

7

7

5

−1

ð47Þ
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A new call is blocked if the system is in state i (N ≤ i <∞).

Thus, the new call blocking probability of the soft link

switching scheme is expressed as

Rs
B ¼

X

∞

i¼N

R ið Þ

¼
X

∞

i¼N

λn þ λhð ÞN λhð Þi−N

N−1ð Þ! μþ ηs
� �N−1

Y

i−N

j¼0

N μþ ηs
� �

þ j μþ ρð Þ
� �

R 0ð Þ

ð48Þ

A soft link switching call l is dropped in case that the

system is in state i (N ≤ i <∞), all existing link switching

calls and at least one allocated call do not leave the system

before call l leaves the overlay area. The soft link switching

call dropping probability is calculated as

Rs
D ¼

X

∞

j¼0

(

1−
μþ ρ

N μþ ηs
� �

þ μþ ρ

 !

�
Y

jþ1

n¼1

1−
μþ ρ

N μþ ηs
� �

þ μþ ρ

 !

1

2


 �n
" #)

R N þ jð Þ

ð49Þ

4. Performance evaluation
In this section, we evaluate the performance of our

proposed link switching scheme by comparing it to con-

ventional hard and soft link switching schemes. Several

performance metrics are used for the comparison, including

the link switching delay, unnecessary link switching ratio,

new call blocking probability, link switching call dropping

probability, and outage probability. We obtain both the

simulated and numerical results to evaluate three link

switching schemes. Table 1 shows the list of assumed

parameters for the performance evaluation.

Regarding the simulation, we focused on building and

analyzing the VLC MAC operation with a superframe

structure, the conventional and proposed link switch-

ing procedures, and the channel path loss model that is

shown in Equation (26). The transmitters we arranged in a

room whose dimensions were fixed during the simulation.

The distance between two adjacent transmitters was

initially set to 3 m and was decreased when the number of

transmitters used in the simulation was increased. In

addition, in our simulation, the velocities of the user

devices were equal and kept constant. To obtain objective

results, the trajectories of the user devices were randomly

arranged into various configurations, such as zigzag, arc

line, straight line, etc.

Figure 7 shows a comparison of the average link switching

delay among three schemes used in the simulation. In this

experiment, the conventional hard link switching scheme

has the worst performance. During the conventional soft

link switching procedure, the connections between user

devices and their serving transmitters are maintained, so

the conventional soft link switching delay is zero regardless

of the number of transmitters. By eliminating the scanning

period, which is the main cause of the link switching delay,

our proposed scheme effectively reduces the data transmis-

sion interruption. The link switching delay of our proposed

scheme only suffers from a disassociation process between

user devices and their current serving transmitters.

Figures 8 and 9 show the numerical results of the link

switching call dropping probability and new call blocking

Figure 5 Markov chain of the conventional hard and proposed link switching schemes.

Figure 6 Markov chain of the conventional soft link switching scheme.
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probability under various new call arrival rates. Our pro-

posed scheme and the conventional hard link switching

scheme achieve the same performance, whereas the con-

ventional soft link switching scheme achieves the worst

results among the three schemes. This result can be

explained by the fact that because the conventional

soft link switching scheme allocates more resources to

a call (multiple transmitters serve a link switching call

simultaneously), the system runs out of free resources

faster than in the case of the two other schemes. Add-

itionally, when the new call arrival rate increases, the

link switching call dropping probability and the new call

blocking probability also increases.

In the hard link switching case, the link switching delay

is increased along with the increase in the number of

transmitters in the system. The number of transmitters

also affects the unnecessary link switching ratio, as shown

in Figure 10. The unnecessary link switching ratio is a par-

ameter used to assess the performance of a link switching

scheme in terms of coping with the ping-pong effect. The

conventional hard and soft link switching schemes only

choose the next serving transmitters for user devices

based on the RSS values of neighboring transmitters at the

selection time, so their unnecessary link switching ratios

are equal. The simulation results shown in Figure 10 help

in validating this assessment. Utilizing the knowledge of

previous RSS values of neighboring transmitters combined

with the RSS prediction scheme, our proposed scheme

helps in choosing the next serving transmitters for user

devices more precisely, so the unnecessary link switching

ratio is decreased as well.

To deeply evaluate the performance of our proposed

scheme compared to the conventional hard and soft link

switching schemes, we apply a hysteresis margin-based

method to the three schemes. In the hysteresis margin-

based method, the best neighboring transmitter is chosen

to be the next serving transmitter of a user device if its

RSS value is larger than the RSS value of the current serv-

ing transmitter of the user device by a hysteresis margin.

Using the hysteresis margin-based method, the values

of the Rnls,x(i) and Rx(i,j) probabilities are respectively

modified as

R
hyst
nls;x ið Þ ¼ R Pr x; ið Þ≥ LS thrð Þð j j Pr;pred j; tnþ1ð Þ−Pr x; ið Þ < Hys thr

� ��

¼
Z

∞

−∞

Q

LS thr

Pt
− �H x; ið Þ

σ

0

B

B

@

1

C

C

A

:
1
ffiffiffiffiffiffi

2π
p

σ
e−

G2o
2σ2dGo

þ
Z

∞

−∞

Q

�H x; jð Þ−Hys thr þ Pr x; ið Þ
γPt

σ

0

B

B

@

1

C

C

A

:
1
ffiffiffiffiffiffi

2π
p

σ
e−

G2o
2σ2dGo

ð50Þ

and

Rhyst
x i; jð Þ ¼ R½ Pr;pred j; tnþ1ð Þ‐Pr x; ið Þ ≥Hys thr

� �

& Pr;pred j; tnþ1ð Þ > Pr;pred k; tnþ1ð Þ
� �

& Pr;pred j; tnþ1ð Þ‐Pr j; tnð Þ > 0
� �

�

¼
Z

∞

−∞

Q

Hys thr þ Pr x; ið Þ
γPt

− �H x; jð Þ

σ

0

B

B

@

1

C

C

A

�
Y

k≠j;∀k;j∈N t

Q
H x; kð Þ− �H x; jð Þ

σ


 �

:
1
ffiffiffiffiffiffi

2π
p

σ
e−

G2o
2σ2dGo

ð51Þ

where Hys_thr is a predefined value of the hysteresis

margin.

Table 1 Parameter assumptions

Parameter Value

Photodetector area, A 0.9 cm2

Signal transmission coefficient of optical filter, TS(ψ) 1.0

Receiver FOV, ΨC 60°

Transmitter semi-angle at half power, ϕ1/2 15°

Refractive index of optical concentrator, α 1.78

Transmitted power, Pt 30 mW

MacBeaconOrder, BO 9

MacSuperframeOrder, SO 8

ScanDuration, n 5

Number of channels, k 7

Path loss exponent, p 3

Scanning threshold, Scan_thr −67 dBm

Association threshold, Assoc_thr −80 dBm

Link switching threshold, LS_thr −86 dBm

τ 3

Detector responsivity, β 0.53 A/W

Shot noise, σ2shot 0.031 × 10−18 A2

Thermal noise, σ2thermal 8.2 × 10−16 A2

SINR threshold, Out_thr −92 dBm

Average non-overlay-staying time, 1/χ 10

Average overlay-staying time, 1/ρ 3

Average call duration, 1/μ 80 s

Number of time slots, S 160

Average number of time slots required by a call, Sreq 1

Velocity of user devices 0.5 m/s

Number of user devices 10

Room dimensions 25 × 25 m2

Initial distance between two adjacent transmitters 3 m

MAC bit rate 10 Mbps
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The hysteresis margin method can help reduce the

unnecessary link switching ratio that is validated by

the simulation results shown in Figure 10 (the value of

Hys_thr is set to 4 dB in our experiments). However,

the use of a hysteresis margin results in an increase in

the outage probability, which is made evident by the

numerical results shown in Figures 11 and 12. In Figure 11,

the outage probabilities of the three schemes according

to the normalized distance are represented. In this ex-

periment, the new call arrival rate is set to 1 call/s. In

the region near the transmitters, where the normalized

distance is less than or equal to 0.2, the outage prob-

abilities of three schemes are almost equal to zero. The

outage probability of our proposed scheme is lower than

those of the two other schemes, even in the boundary

area. In the cases of both using as well as not using the
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Figure 8 Numerical results of the link switching call dropping probability under various new call arrival rates.
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Figure 7 Simulation results of the link switching delay versus number of transmitters.
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hysteresis margin method, the conventional hard link

switching scheme achieves the highest outage prob-

ability when the normalized distance is less than or

equal to 0.8.

The new call arrival rate affects the link switching call

dropping probability, so the outage probability is af-

fected as well. Figure 12 shows the impact of the new

call arrival rate on the outage probability when the

normalized distance is equal to 0.5. The new call ar-

rival rate affects the conventional soft link switching

scheme more seriously than those two schemes. In

the case when the hysteresis margin method is not

used, when the new call arrival rate is less than or

equal to 3 calls/s, the conventional hard link switch-

ing achieves the highest outage probability. However,

when the new call arrival rate is higher than 3 calls/s,
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Figure 10 Comparison of the unnecessary link switching ratio using simulation results.
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Figure 9 Numerical results of the new call blocking probability under various new call arrival rates.
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the outage probability of the conventional soft link switch-

ing scheme becomes the highest.

5. Conclusions
This paper has presented a novel hard link switching

scheme, which overcomes the drawbacks of conventional

hard and soft link switching schemes, for VLC networks.

The proposed scheme uses pre-scanning and predictive

RSS methods to reduce the link switching delay and the

unnecessary link switching ratio. In addition, the SINR

and the outage probability are analyzed with respect to

the link switching situation in a VLC environment. The

proposed scheme achieves a lower outage probability

compared to the conventional hard and soft link switch-

ing schemes. To utilize our proposed scheme, there is

no need to change the hardware of the user devices and
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Figure 12 Numerical results of the outage probability under various new call arrival rates.
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the IEEE 802.15.7 MAC operation. Therefore, the proposed

scheme is expected to be a possible approach for a practical

link switching implementation. In the future, we will

work on handling the increase in the overhead caused

by multiple pre-scannings in our proposed scheme.
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