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Abstract—Industrial applications of Internet of Things (IoT) demand high reliability, deterministic latency, and high scalability with

energy efficiency to the communication and networking protocols. 6TiSCH is a time slotted channel hopping (TSCH) medium access

control (MAC) protocol running under the IPv6 enabled higher layer protocols for industrial IoT (IIoT). In this paper, we theoretically

analyze the network formation protocol in 6TiSCH network. Analysis reveals that the performance of the 6TiSCH network degrades

when a pledge (new node) joins as it increases channel congestion by allowing to transmit beacon message. On the other hand,

beacon transmission is essential to expand or reorganize the present network topology. To overcome this performance tradeoff, a

channel condition based dynamic beacon interval (C2DBI) scheme is proposed in which beacon transmission interval varies with

channel congestion status during network formation. Channel congestion status is estimated by each joined node in distributed

manner, and subsequently changes its beacon generation interval to best fit with present condition. Finally the performance of C2DBI is

compared with the minimal configuration standard and few other benchmark protocols. Analytical, simulation and real testbed results

show that the proposed scheme outperforms the state of the art protocols in terms of joining time and energy consumption during

network formation.

Index Terms—Industrial IoT, 6TiSCH, network formation, channel estimation
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1 INTRODUCTION

THE Industrial Internet of Things (IIoT) aims to provide
better efficiency, higher scalability, time and cost savings

for different industrial applications [1], [2]. It tries to reshape
the current industrial sector by placing resource constrained
sensors and actuators in the physical environment for real-
time process monitoring and controlling operations. Effi-
ciently collected and processed sensory data help in finding
counterproductive output or predictive maintenance of an
industry. In short, IIoT brings people, smart machines, reli-
able communications, and advanced analytics all together
for monitoring, collecting, exchanging, and analyzing infor-
mation. The IIoT demands that wireless communication pro-
tocols should provide high reliability, bounded latency,
energy efficiency, and scalability. However, the most widely
used protocols (e.g., IEEE 802.15.4 [3]) for resource con-
strained wireless networks miserably fail to provide such
urgent requirements in IIoT. Therefore, IEEE 802.15.4e [4]
has been proposed in which five new Medium Access Con-
trol (MAC) protocols (calledMAC behavior modes) are men-
tioned to support different application wise requirements of
IIoT. One of the modes is Time Slotted Channel Hopping
(TSCH). TSCH uses time division multiple access with chan-
nel hopping and allows several parallel communications at a
time. It can achieve low power consumption, high reliability,
and data delivery in bounded latency.

To connect the resource constrained TSCH enable devices,
used in industry, into Internet, Internet Engineering Task Force
(IETF) created a 6TiSCHWorking Group (WG). The main aim
of this group is to establish interoperability between TSCH
and IPv6 [5]. It provides an open communication stack to con-
nect industrial multihop and lossy 802.15.4e TSCH networks
to existing IPv6 networks. TSCH is limited in establishing
global synchronization among the participated constrained
devices. The 6TiSCH layer is necessary to fill the gap between
the IETF low-power IPv6 communication stack (such as
6LoWPAN, RPL, CoAP) [6] and TSCH. Apart from the inter-
operability, the most important task is network bootstrapping
by which pledges (new nodes) join into existing networks.
During network bootstrapping, several requirements are
essential to consider, such as less joining time, low energy
consumption, and less resource allocation. For this purpose,
6TiSCH-WG defined a new bootstrapping protocol called
6TiSCH Minimal Configuration (6TiSCH-MC) [7]. This stan-
dard defines the minimum allocation of resources for control
packets. According to the standard, only one shared slot in a
slotframe (or multi-slotframe) is used for the communication
of all types of control packets generated in a network. In
6TiSCH-MC, the allocation of resources is static; i.e., it does
not vary with network condition. All the nodes (i.e., already
joined nodes and pledges) present in a network should trans-
mit/exchange their bootstrapping traffic and other control
packets in the shared slots only. For transmitting/exchanging
information in a shared slot, a node needs to contend for the
channel using the random channel access protocol such as car-
rier sense multiple access with collision avoidance (CSMA/
CA). During network formation, several control packets such
as Enhanced Beacon (EB) frames are sent by already joined
nodes, and then DIO packets [8] are sent by the same nodes to
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construct Destination Oriented Directed Acyclic Graph
(DODAG) topology following the routing protocol-Routing
over Low Power and Lossy Networks (RPL) [8]. Further, for
secure enrollment of nodes, a pledge and its parent (joined)
node exchange join request (JRQ) and join response (JRS)
frames [9] [10]. Exchanging of these frames to ensure secure
joining are also done in shared slot. Therefore, the rate of trans-
mitting these frames/packets in limited number of shared
slots plays a significant role in network formation process of a
6TiSCHbased IIoT network.

Several researchers (e.g., [11], [12], [13], [14], [15]) consid-
ered that only EB frame is transmitted during network for-
mation process. The key focus of those works was to transmit
as many EB as possible for faster formation of single hop
TSCH network. This intension results in allocation of more
bandwidth (i.e., shared slots). In a recent work, Vallati et al.
[16] have proposed a multihop 6TiSCH network formation
scheme considering both the EB frame andDIO control pack-
ets during network formation. They proposed a dynamic
resource allocation scheme to provide enough resources (i.e.,
shared slots) to the nodes for transmitting their control pack-
ets. Earlier, Vucinic et al. [17] considered EB, DIO, and other
control packets for secure joining in their network formation
analysis. From the results of the analysis, they suggested that
the beacon transmission probability should be 0.1 irrespec-
tive of the number of nodes present in the network for faster
network formation. However, it is observed that allocation of
several shared slots costs in higher energy consumption. We
also notice that the performance of a 6TiSCH network forma-
tion degrades when a pledge joins in the network.

In this paper, the main target is to achieve an energy effi-
cient scheme for faster association of pledges into the exist-
ing 6TiSCH network. At the outset, a Markov chain based
analytical model is designed for estimating node joining
time and energy consumption in a 6TiSCH network which
follows a fixed beacon interval by default. Analytical results
show that, due to the use of fixed beacon intervals, perfor-
mance of network formation protocol degrades in terms of
joining time and energy consumption. Subsequently, a chan-
nel condition based dynamic beacon interval (C2DBI) scheme is
proposed for energy efficient faster joining in 6TiSCH net-
work. In the proposed scheme, beacon generation interval
of a joined node is varied based on the channel congestion
status around the node in a network. A theoretical analysis
is done for the proposed scheme to show the advantages of
dynamic beacon interval over fixed beacon interval. Finally,
the proposed method is validated by both the simulation on
Cooja network simulator and the real testbed experiment on
FIT IoT-LAB [18]. Note that this work is the extended ver-
sion of our previous work [19]. In this version, an analytical
model is added for computing node joining time and energy
consumption of all nodes (i.e., pledge and joined) present in
a multihop 6TiSCH network. It is also considered that the
nodes have different number of neighbor nodes, i.e., all
nodes can not hear from each other. More numerical results
on node joining time and energy consumption are included
to show the effect of fixed beacon interval. In our previous
work, we noticed that the beacon interval of a joined node is
less affected by the minimum value of network congestion
around the node. Therefore, in this work, we update the
procedure for calculating the beacon interval of a joined

node. Furthermore, we include the theoretical analysis of
the proposed scheme and compare the various results
obtained from it with the fixed interval based 6TiSCH-MC
scheme. More simulation results are added on node joining
time using different slotframe lengths such as 33, 67, 101
timeslots and using realistic Multipath Ray-tracer Medium
(MRM) channel model compared to our previous work to
show the insight of dynamic beacon interval on node join-
ing time and energy consumption. Apart from simulations,
comparison based real testbed experiment results are also
added for validating the proposed approach.

We summarize the contributions of this paper as follows,

� A Markov chain model is provided for analyzing the
node joining process in a multihop 6TiSCH network.

� Analytical results show the demerits of fixed beacon
interval scheme during network formation with
respect to node joining time and energy consumption.

� A channel condition based dynamic beacon interval (C2DBI)
scheme is proposed for efficient joining of nodes in
6TiSCHnetwork based on channel congestion status.

� Theoretical analysis of the proposed scheme is pro-
vided to compute node joining time and energy
consumption.

� Comparison based simulations on Cooja simulator
and real testbed experiments on FIT IoT-LAB testbed
are conducted to validate the proposed scheme.

The rest of the paper is organized as follows. Section 2
describes the background of 6TiSCH network and its forma-
tion process. Section 3 summarizes the existing works related
to network formation in 6TiSCH network. In Section 4, an
analytical model for network formation is provided to show
the demerits of fixed beacon interval. Section 5 presents our
proposed channel condition based dynamic beacon interval
scheme. Sections 6 and 7 present the performance evaluation
of the proposed scheme using simulation and real testbed,
respectively. Finally, this paper is concluded in Section 8.

2 NETWORK FORMATION IN 6TISCH

IETF 6TiSCH is an open communication stack used to connect
lowpower 802.15.4e TSCH enable devices into IPv6 networks.
It is a low power wireless technology used in IIoT to provide
seamless internet connection among the tiny low power devi-
ces. TSCH is limited to global synchronization and does not
deal with the scheduling of communication slots. Therefore,
6TiSCHprovides scheduling of both the dedicated and shared
slots among the nodes, adapting a sublayer called 6top [20].
6TiSCH also deals with resource allocation during network
bootstrap. It defines how a pledge securely joins into an exist-
ing 6TiSCHnetwork. For basic interoperability and bootstrap-
ping, 6TiSCH defines Minimal Configuration (6TiSCH-MC)
protocol. The 6TiSCH-MC deals with resource allocation dur-
ing network bootstrap. 6TiSCH-MC suggests to have only a
single shared slot in each slotframe or multiple-slotframe.
Again, for secure enrollment of nodes, JRQ and JRS frames
are exchanged between a pledge and its parent node in shared
slot. Therefore, including all the bootstrapping traffics, other
control packets are also transmitted in shared slot.

At first, a 6TiSCH network formation is initiated by a Per-
sonal Area Network coordinator (PC). The PC periodically
broadcasts enhanced beacon (EB) frames for advertising the

KALITA AND KHATUA: CHANNELCONDITION BASED DYNAMIC BEACON INTERVAL FOR FASTER FORMATION OF 6TISCH NETWORK 2327

Authorized licensed use limited to: Singapore University of Technology & Design. Downloaded on April 29,2024 at 06:53:54 UTC from IEEE Xplore.  Restrictions apply. 



availability of a network. Each beacon contains all the neces-
sary information required for a pledge to join into the net-
work. A pledge passively scans all the available channels
(at most 16 channels according to 6TiSCH-MC) to receive an
EB. This scanning is required as a pledge does not know in
which channel transmission of EB will occur. Therefore, a
pledge starts scanning a random channel and changes into
another channel after a specified interval if it does not
receive any valid EB in the current channel. This scanning
process is repeated over time until a pledge gets a valid
EB from the PC or an already joined node, i.e., parent. Once
a pledge receives a valid EB, it gets synchronized into the
network. That means it gets all the information such as
timeslot duration, channel hopping sequence, slotframe/
multi-slotframe size, etc., that are currently being used for
communication in the network. To save its energy, a pledge
sets its wake up schedule to get/send other information
rather than remaining active for the entire slotframe dura-
tion once it gets a valid EB frame. After getting synchro-
nized with the network, a pledge sends join request (JRQ)
frame to its parent in shared slot for secure enrollment with
the network. As a response, the parent node sends join
response (JRS) frame. Once the pledge gets a valid JRS
frame, it is considered as a securely enrolled node. In this
stage, although a pledge is securely admitted in the network
but not allowed to send its own beacon for further expan-
sion of the network. It is allowed to do so only after getting
at least one routing information packet i.e., DODAG Infor-
mation Object (DIO) packet from its currently assigned par-
ent node. A DIO packet contains all the necessary routing
configuration parameters required for a node to reach the
RPL root (i.e., PC). The rates of sending EB frames and DIO
packets are independent of each other as both of them are
handled by different layers in the protocol stack. Generally,
the EB generation rate depends on the network administra-
tor/joined node, and the DIO generation rate is governed
by the trickle algorithm [21] in the network layer. The trickle
algorithm generates a DIO packet within a DIO interval.
The DIO generation interval varies with network condition
and time. Initially, the interval starts with a minimum dura-
tion Dmin. In a stable network, this interval doubles at the
end of each interval until it reaches the maximum value
Dmax. For any kind of inconsistency in the network, it resets
to minimum value Dmin. This way every pledge becomes a

joined node, and then, is eligible to send its own beacon. Net-
work formation endswhen all the pledges join the network.

An example of network formation process of a small net-
work is presented in Fig. 1. In state A, pledges get EB frame
from the PC. From the received EB frame, pledges adapt the
underlying TSCH network information. In state B, pledges
discard the received DIO packet as secure enrollments of
the pledges are not done yet. In the next shared slots, both
the pledges continuously try to send their JRQ frames to the
PC. In state C, one of the pledges sends its JRQ frame, and
in a later shared slot, it receives a valid JRS frame from its
parent. Thus, the pledge successfully joins the secure TSCH
network and waits for a DIO packet to complete its network
admission process. In state E, the pledge receives a fresh
valid routing information packet (i.e., RPL DIO packet)
from the RPL root (i.e., PC). Now, the pledge becomes a
joined node and eligible to send its own beacon by encapsu-
lating various information in its beacon. In the next state F,
the newly joined node sends its own beacon frames for fur-
ther expansion of the network. In state G, one more pledge
sends its JRQ frame to the newly joined node and receives
JRS frame. This pledge will become a joined node once it
receives a valid routing information packet from its parent
node which is shown in state H. In this way, every pledge
in a network joins into the network one by one and com-
pletes the network formation process.

3 LITERATURE REVIEW

At the very beginning, researchers considered only EB frame
for single hop TSCH network construction. A node is said to
be a joined node if it successfully receives an EB frame from
an already joined node. The researcher did not consider the
selection of a routing path to reach the RPL root for the com-
pletion of joining process. Recently, many works started con-
sidering multihop network formation where both the EB and
DIO control packets are used for network formation. DIO con-
trol packet is used for the construction of the path to reach the
RPL root in multihop fashion. Therefore, depending on the
previous work of different authors, we divide our literature
review into twoparts. In the first part, only theworks that con-
sidered EB frame for network formation are included. In the
second part, theworks considering both the EB andDIOpack-
ets for network formation are included.

Fig. 1. 6TiSCH network formation.
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3.1 TSCH Network Formation

In TSCH network formation, different schemes were proposed
for transmitting the EB frames efficiently to form the network
rapidly. Guglielmo et al. [12] analyzes the TSCH network for-
mation using a simple Random-based Advertisement (RA)
algorithm for sending EBs. In RA, joined nodes send their bea-
cons in the random advertisement slots assigned by their
parents.Here, the possibility of EB collision is reduced by vary-
ing transmission probabilities of EB frames. Vogli et al. [11] pro-
posed two algorithms for TSCH synchronization – Random
Vertical filling (RV) and Random Horizontal filling (RH). In
RV, PC is allowed to send EB using channel offset 0, while the
other joined nodes use any random channel offsets. All the PC
and other joined nodes send their EB at the first timeslot of the
first slotframe of amulti-slotframe. EachPC/joinednode sends
a single EB in a multi-slotframe. Whereas in RH, including the
PC, all the joined nodes send their EBs using channel offset 0.
The PC is allowed to send EB at the first time slot of the first
slotframe, whereas the other joined nodes randomly send at
the first timeslot of any slotframe in a multi-slotframe. Again,
Vogli et al. [13] proposed the enhanced version of RV and RH,
namely Enhanced Coordinated Vertical filling (ECV) and
Enhanced Coordinated Horizontal filling (ECH) algorithms,
respectively, for faster TSCH synchronization. Assuming that
PC has enough energy resources, they proposed to increase
the number of beacons send in ECV and ECH. PC sends EB
frame in every slotframe of a multi-slotframe using channel
offset 0 in both the approaches. The other joined nodes send
beacon either by selecting available slot offset or channel offset.
Thus, by sending more beacons, they have tried to reduce the
node synchronization time. Guglielmo et al. [14] mentioned a
Model-based Beacon Scheduling (MBS) algorithm. Here, PC
assigns links to all joined nodes to transmit their EBs by solving
an optimization problem. They also mentioned that equal
spaced shared slots in amulti-slotframe helps in faster network
formation. Khoufi et al. [22] mentioned that beacon interval
period and slotframe size have effects in the selection of a phys-
ical channel for transmitting beacons. They proposed to use
fixed advertising slot instead of selecting any slot as an adver-
tising slot. To obtain this, they proposed a Deterministic Bea-
con Advertising (DBA) algorithm for transmitting beacons
over all the available frequencieswithout any collision.

3.2 6TiSCH Network Formation

Only a few works have been done for network formation in
6TiSCH network. Vallati et al. [16] mentioned that a pledge
should receive both the EB frame and DIO packet in order
to completely join into a 6TiSCH network. They also analyti-
cally proved that the 6TiSCH-MC does not provide enough
resources to send control packets generated during network
bootstrap. To overcome the problem of unavailability of suf-
ficient resources (i.e., shared slots), the authors allocate
more number of shared slots to transmit more control pack-
ets in less time. The allocation of extra shared slots costs in
higher energy consumption and also hampers in data
packet transmission. Further, it does not follow the 6TiSCH-
MC standard in terms of the use of number of shared slots
in each slotframe/multi-slotframe. Further, the authors did
not consider resource usage by the nondeterministic join
traffic for secure enrollment. Vucinic et al. [17] considered
the join traffic for secure enrollment along with the EB and

DIO packets in 6TiSCH network formation. Consequently,
they proposed that the beacon transmission probability
should be 0.1 irrespective of the number of nodes present in
the network for faster network formation.

Apart from this TSCH synchronization and 6TiSCH net-
work formation, the authors of [23] proposed an asynchro-
nous distributed scheduling algorithm where a node
autonomously schedules its EB, DIO, and other data packets
during network formation. However, they did not consider
the network formation task. Further, the authors evaluated
their proposed method in a static network.

It is observed that the performance of a 6TiSCH-MC
based network degrades when the number of joined nodes
increases. It is because of the static allocation of resources
by 6TiSCH-MC. Again, increasing amount of resource allo-
cation for bootstrapping traffic or control packet transmis-
sion hampers the flows of sensory data packets, and also
consumes more resources. Therefore, in this paper, we pro-
pose a dynamic beacon interval allocation scheme in which
the beacon interval varies with network congestion in the
network. In Table 1, we have tabulated the important fea-
tures of existing works related to 6TiSCH network forma-
tion and compared them with the proposed scheme C2DBI.

4 NETWORK FORMATION ANALYSIS

In this section, 6TiSCH network formation procedure is ana-
lyzed considering the similar resource allocation scheme as
mentioned in 6TiSCH-MC. In this analysis, secure enrollment
of nodes during network formation is also considered. Hence,
transmissions of all bootstrapping control traffic such as EB,
DIO, JRS, and JRQ happen in shared slots during network for-
mation. We model the node’s joining time and energy con-
sumption during network formation. Finally, it is shown that
the existing 6TiSCH-MC method for 6TiSCH network forma-
tion contributes to higher join time and energy consumption
during network formation. At the outset, the symbols in the
analytical model, and their corresponding meaning are tabu-
lated in Table 2.

4.1 Analytical Model for Joining Time

We model the behavior of a pledge during network forma-
tion using Markov chain. During network formation, each
node passes through four states. Fig. 2 shows the different

TABLE 1
Existing Works in 6TiSCH Network Formation

Procedure

Control packets
considered Shared

slots
DCC � DBI*

EB DIO Join

RA [12] @ x x > 1 @ x
RV & RH [11] @ x x > 1 x x
MBS [14] @ x x > 1 x x
DBA [22] @ x x > 1 x x
ECV, ECH [13] @ x x > 1 x x
Orchestra [23] @ @ x > 1 x x
6TiSCH-MC [7] @ @ @ 1 x x
DRA [16] @ @ x > 1 @ x
BS [17] @ @ @ 1 x x
This paper @ @ @ 1 @ @

� DCC: Dynamic congestion control.
*DBI: Dynamic Beacon Interval.
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states of the Markov model. The absorbing state at the end
indicates that a pledge has joined with the existing network
successfully. That means a pledge has become a joined
node, and now, it can send its own beacon for further
expansion of the network.

At the initial state, a pledge waits for an EB from the PC or
any already joined node. Once a pledge receives a valid EB
framewith probabilityPEBS

, it moves to second state. The sec-
ond state represents that a pledge gets synchronized with the
TSCH network and waiting to complete its secure enrollment
to the network. For secure enrollment, a pledge sends JRQ
frame andwaits for the corresponding JRS frame.After finish-
ing the secure enrollment process with probability Pjoin, a
pledge moves to the third state. In the third state, a pledge
waits for routing protocol information. Once it receives at least
one fresh/recent DIO packet from its preferred parent, the
pledge moves to its final absorbing state. In the absorbing
state, a pledge successfully joins the TSCH network. Again, if
we consider that the probability of receiving aDIOpacket suc-
cessfully is PDIOS

, then the transition probability matrix of the
Markovmodel can bewritten as follows,

M ¼
1� PEBS

PEBS
0 0

0 1� Pjoin Pjoin 0
0 0 1� PDIOS

PDIOS

0 0 0 1

2
664

3
775:

Using the Markov model, the average number of slotframes
(ASF) requires to reach the final absorbing state can be com-
puted as follows,

ASF ¼ 1

PEBS

þ 1

Pjoin
þ 1

PDIOS

¼ 1

PEBS

þ 1

PJRSS

þ 1

PJRQS

� �
þ 1

PDIOS

:

(1)

Now, to get the actual value of ASF, we need to calculate the
values of PEBS

, PDIOS
, PJRSS , and PJRQS

. Let us consider a
multihop networkmodel as shown in Fig. 3, where each node
has a different number of neighbors. Let Peb, Pdio, Pjrq, Pjrs are
the transmission probabilities of EB, DIO, JRQ and JRS
frame/packets in a slotframe, respectively. Ploss is the packet
loss probability, and Nc is the total number of channels used
in the network. The probability of receiving an EB frame suc-
cessfully by a pledge in a shared slot is computed as,

PEBS
¼

PM�n
n nPebð1� PebÞn�1ð1� PdioÞn�1

ð1� PjrsÞn�1ð1� PjrqÞM�nð1� PlossÞP ðN ¼ nÞ;
Nc

(2)

where, n is the number of joined neighbor nodes, andM is the
total neighbors of a pledge. The values of n andM can be dif-
ferent for every node present in a network. The above equa-
tion follows that the ðM � nÞ pledges join a network one by
one, and the P ðN ¼ nÞ denotes the probability that, at an
instant, total number of joined neighbors is n. Again, when a
joined node sends its own EB frame, the remaining (n� 1)
joined nodes should not send their EB frames, DIO packets,
and JRS frames. The probability of this condition equals to
(Pebð1� PebÞn�1ð1� PdioÞn�1ð1� PjrsÞn�1). Additionally, the
neighbors but pledges also should not send any JRQ frames,
which is defined by the probability equals to (ð1� PjrqÞM�n).
Further, the transmitted frame should not be lost in the chan-
nel, which is computed by probability (1� Ploss). Finally, a
pledge is not synchronized with its coordinator’s channel
hopping sequence at the beginning. Therefore, it searches in
all the availableNc number of channels, which reduces the EB
success probability byNc times. Further, the EB frames can be
transmitted by any of the n joined neighbor nodes, which
result in multiplying the computed probability by n. Note
that a pledge can send JRQ frame only after receiving a valid
EB frame, and a joined node sends JRS frame only after receiv-
ing a valid JRQ frame. So,Pjrq ¼ PEBS

andPjrs ¼ PJRQS
.

Considering that EB frame has higher priority over DIO
packet, the probability of sending a DIO packet successfully
in a shared slot is computed as,

PDIOS
¼

PM�n
n nPdioð1� PdioÞn�1ð1� PjrsÞn�1

ð1� PebÞn�1ð1� PjrqÞM�nð1� PlossÞP ðN ¼ nÞ : (3)

Note that, in the above equation, Nc is not used because a
node knows its coordinator’s channel hopping sequence after
getting an EB frame. Likewise, the probabilities of sending a
JRQ frame and receiving a JRS frame successfully in a shared
slot are also computed as,

TABLE 2
List of Frequently Used Symbols

Symbol Meaning

Nc Number of available channels
L Slotframe length
Ieb Beacon generation interval
Imin
eb Minimum beacon interval
Imax
eb Maximum beacon interval
Peb Transmission probability of EB in shared slot
Pdio Transmission probability of DIO in shared slot
Pjrq Transmission probability of JRQ in shared slot
Pjrs Transmission probability of JRS in shared slot
Ploss Packet loss probability
PEBS

Successful transmission probability of EB
PDIOS

Successful transmission probability of DIO
PJRQS

Successful transmission probability of JRQ
PJRSS Successful transmission probability of JRS
Pjns Probability of transmission in shared slot by a joined node
Pnns Probability of transmission in shared slot by a new node
Pts Probability of transmission in shared slot
Pempty Probability of no transmission in shared slot
W Time interval for CBR calculation
Ti Timeslot duration of ith slot
CBR Channel busy ratio
ERxData Energy require to receive a data packet
ETxData Energy require to transmit a data packet

Fig. 2. Markov Chain model of node joining process.
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PJRQS
¼

PM�n
n ðM � nÞPjrqð1� PjrqÞM�n�1ð1� PebÞn
ð1� PdioÞnð1� PjrsÞnð1� PlossÞP ðN ¼ nÞ (4)

PJRSS ¼
PM�n

n nPjrsð1� PjrsÞn�1ð1� PebÞn
ð1� PdioÞnð1� PjrqÞM�nð1� PlossÞP ðN ¼ nÞ : (5)

Now, to compute the Equations (2), (3), (4), and (5), we
should know the transmission probabilities of EB and DIO
in a shared slot. The probability Peb can be calculated as,

Peb ¼ L

Ieb
; (6)

where, L is the slotframe length and Ieb is the beacon inter-
val. We compute the probability Pdio following the proce-
dure described in [16] as follows,

Pdio ¼ ð1� PebÞ

2NDð1� PrÞNDminð L
2NDDmin

; 1Þ
þPND�1

i¼0 Pr2
ið1� PrÞiminð L

2iDmin
; 1Þ

Pr þ 2NDð1� PrÞND

þPND�1
j¼1 Pr2

jð1� PrÞj
; (7)

where, Dmin is the initial DIO interval, Pr is the trickle
algorithm reset probability and ND represents the total
number of trickle algorithm states. Finally, we compute the
average joining time (AJT) of a pledge as follows,

AJT ¼ PJT þASF � L; (8)

where, PJT is the average joining time of the parent node of
a pledge in multihop network. For example, in Fig. 3, join-
ing time of node JN2 is the summation of its own joining
process time and its parent node’s joining time (joining time
of JN1 orX whichever JN2 selects as its parent).

Likewise, joining time of each pledge in a network can be
calculated, which is dependent on its parent’s joining time
and the number of neighbors. Finally, the formation time of
the entire network is the joining time of the node added last
in the network.

4.2 Analytical Model for Energy Consumption

During network formation process, two different types of
nodes are present in the network. One is joined node, i.e., the
nodes which have already joined in the network, and the other
is pledge (new node) whowants to join in the network. During
network formation, these types of node consume different
amount of energy because of their different activities. This is
because a joined node needs to broadcast or receive control

packet once in each slotframe or multi-slotframe, whereas a
pledge needs to remain active until it receives a valid EB.

In this analytical model, we do not consider the micro-
controller states of a node to keep the analytical model as
simple as possible. Only the radio state of a node during
network formation is considered. The following subsections
briefly describe the computation method of EnewNode and
EjoinedNode respectively.

4.2.1 Energy Consumption by a Pledge

Referring to the Markov Chain model shown in Fig. 2, the
average number of slotframes (ASF) required to receive an EB
frame successfully can be calculated as, ASFEB ¼ 1=PEBS

During these (1=PEBS
) slotframes, a pledge needs to keep

active its radio to get a valid EB frame. Therefore, the average
time a pledge needs to keep active its radio is,

Average TimeEB ¼ PJT þ L=PEBS
: (9)

Note that in the above equation parent node joining time is
also added. It is because the parent node can send EB frame
only after finishing its joining process. Converting this time
duration into number of timeslots, we get,

Average SlotEB ¼ Average TimeEB
timeslot duration

: (10)

Therefore, average energy consumption by a pledge for suc-
cessfully getting an EB frame is computed as,

Average EnergyEB ¼ PJT � PEBS
þ L

T � PEBS

ðERxDataÞ; (11)

where, ERxData is the energy consumption for receiving a
frame or packet in a timeslot, and T is the duration of each
timeslot. Similarly, average energy consumption for suc-
cessfully receiving a DIO packet is,

Average EnergyDIO ¼ 1

PDIOS

ðERxDataÞ: (12)

Note that the variables L and T are not used in Equation (12)
because a pledge is already synchronized with the network
after getting a valid EB. Likewise, the average energy con-
sumption by a pledge to send a JRQ and to receive its corre-
sponding JRS frame successfully can be calculated as,

Average EnergyJRQ ¼ 1

PJRQS

ðETxDataÞ (13)

Average EnergyJRS ¼ 1

PJRSS

ðERxDataÞ; (14)

where, ETxData is the amount of energy consumed to trans-
mit a packet. Finally, the average energy consumption by a
pledge during its network admission process is,

EnewNode ¼Average EnergyEB þ Average EnergyDIO

þAverage EnergyJRQ þAverage EnergyJRS:
(15)

4.2.2 Energy Consumption by a Joined Node

Average energy consumption by a joined node is the summa-
tion of energy consumption when it was a pledge and after

Fig. 3. An example of multihop network topology used in this work.
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becoming a joined node. A joined node needs to transmit dif-
ferent control packets for forming the rest of the network. For
example, in Fig. 3, JN2 needs to broadcast different control
packets (e.g., EB, DIO, JRQ, JRS) so that JN3 can join the net-
work. The number of such control packets transmitted by any
joined node can be estimated as follows,

CEB ¼ ASFmultihop

EB transmitting interval
¼ ASFmultihop � Peb (16)

CDIO ¼ ASFmultihop � Pdio; (17)

where, ASFmultihop denotes the average number of slot-
frames required to form the rest of the network, which can
be calculated by summing all hop-by-hop ASF values.
Again, the total number of JRQ frames received by a joined
node can be calculated as,

CJRQ ¼ ASFmultihop

JRQ transmitting interval
�No of new nodes

¼ ASFmultihop � PJRQS
�K;

(18)

where,K is the number of pledges to be admitted in the net-
work. As a response to JRQ frames, same number of JRS
frames also need to be transmitted. Therefore, CJRS ¼ CJRQ,
where, CJRS is the total number of JRS frames. Now, we
compute the total energy consumption by a joined node or
PC as follows,

EjoinedNode ¼ EnewNode þ ðCEBÞETxData þ ðCDIOÞETxData

þ ðCJRQÞERxData þ ðCJRSÞETxData

(19)

where, ETxData and ERxData are the amount of energy con-
sumed by a joined node during transmission and reception
of a packet in a slotframe, respectively. For the PC, the value
of EnewNode is 0, and for the other joined nodes, EnewNode

depends on their joining times.

4.3 Analytical Results

In this section, we graphically present the above analysis and
show the limitations of existing 6TiSCH network formation
procedure. Let us consider a networkwith the following given
values: NC ¼ 16, Ieb ¼ 4 � L, Ploss ¼ 0:2, Dmin ¼ 8 ms,
L ¼ 101 timeslots, Ti ¼ 10 ms, ND ¼ 16 and Pr ¼ 0:2. We
compute the average joining time (AJT) and energy consump-
tion of nodes during node joining process using the above ana-
lytical models. The received results are plotted in Fig. 4. Fig. 4a
depicts that, for a fixed beacon interval, the joining time of a
pledge increases gradually with the increased of number
nodes after a certain threshold. In other words, the perfor-
mance of the network degrades once it allows to join a pledge
with it. It can be seen that, initially, increasing value of nodes
helps the pledges to join in less time, because more number of
EB frames are transmitted by several joined nodes. But when
the number of nodes increases further, due to the limited num-
ber of shared slots, contention among the participating nodes
also increases. This, in turn, results in higher joining time.
Fig. 4b shows the results of variable beacon interval with fixed
number of nodes, i.e., 8 nodes. The figure shows that joining
time is high in case of low beacon intervals as well as at high
beacon intervals. In low beacon intervals, contention among
the joined nodes increases as all the joined nodes want to send
their beacons frequently. This, in turn, increases the time

period to get a valid EB by a pledge. In high beacon intervals, a
pledge has to wait for long time to get a beacon. Therefore,
once again the joining time increases with the increase in bea-
con interval. Fig. 4c shows the change in success probabilities
of EB, DIO packets with the varied number of nodes. Because
of the increasing number of joined nodes, congestion also
increases, which results in low success probabilities. For calcu-
lating the energy consumption of the joined nodes and
pledges, two different types of wireless motes, GINA and
OM-STM32 [24], are considered. These two types of nodes are
considered to show the effect of fixed beacon interval scheme
in energy consumption. Both theGINA andOM-STM32motes
consume 69.6 and 119.2 micro coulombs, respectively, for
transmitting a packets. Again, the same motes consume 72.1
and 154.8micro coulombs for receiving a packet, respectively.

Considering this energy consumption data, we plot the
average energy consumption graph of a joined node and a
pledge by varying the number of nodes and beacon intervals
in Fig. 4d, 4e, and 4f, respectively. It can be observed in
Fig. 4d that the energy consumption by a joined node almost
remains unchanged with respect to varying number of nodes.
This is because the sending rate of control packets by a joined
node is not significantly changed when a pledge joins into the
network in fixed beacon interval scheme. On the other hand,
energy consumption by a pledge increases with the increased
number of nodes. It is because the contention in shared slots
increaseswith the increased number of joined nodes. A pledge
needs to wait for a long time to get a valid EB. Again, it can be
seen that a joined node consumes less energy than a pledge.

Fig. 4. Numerical results on average joining time and energy consump-
tion of nodes during 6TiSCH network formation with increasing values of
joined node and beacon interval.
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This is because a pledge has to actively scan entire slotframes
duration to get a valid EB, whereas a joined node sends/
receives only in a single timeslot in a slotframe/multi-slot-
frame. Fig. 4e shows the energy consumption of a joined node
with varying beacon interval. It can be observed that energy
consumption by a joined node almost remains same with the
increase in beacon interval. Whereas a different scenario is
observed for the pledges as shown in Fig. 4f. Here, energy con-
sumption increases with the increase of beacon interval. Dur-
ing high beacon interval, though the congestion in shared slot
is reducedbut a pledge has towait for a long time to get a valid
EB. During this entire time period the pledge needs to keep
active its radio all the time which consumes more energy, and
thus, energy consumption increases again.

From these analytical results, it can be established that
the performance of a network decreases with the increased
number of joined nodes, i.e., when a pledge joins in the net-
work. Further, it is also important to keep beacon interval in
optimal range to maintain the joining time and energy con-
sumption as low as possible.

5 PROPOSED METHODOLOGY

From the previous analysis, it can be seen that joining time
of a pledge increases with the increasing number of nodes
in a network that follows fixed beacon interval scheme. The
number of nodes has a significant impact on the energy con-
sumption of a pledge. To reduce both the joining time and
energy consumption during network formation, we propose
a dynamic beacon interval scheme.

5.1 Dynamic Beacon Interval

As the congestion in shared slot increases with the increasing
number of joined nodes, it is important to reduce congestion
in shared slots while the pledges are joining one by one. For
this purpose, we propose a scheme to dynamically adjust the
beacon interval depending upon the congestion status in
shared slots. When congestion is increased in the shared slots,
the proposed method increases the beacon interval so that the
number of beacons generated by joined nodes decreases. This
decreasing rate of beacon generation reduces the congestion,
and thus gives opportunities to other control packets to be
transmitted in the network. On the other hand, when the con-
gestion is low in the shared slots, the beacon interval is
reduced so that a pledge can quickly get a valid beacon. This
in turn reduces the energy consumption of a pledge as the
pledge needs to keep active its radio until it synchronizes with
the TSCH network. Now the congestion estimation can be
done using different methods considering many parameters
such as number of neighboring nodes, packet loss, queue
length, and channel load. In this work, channel busyness ratio
(CBR) [25] is used for congestion estimation as it gives better
results in both the static anddynamic networks. Static network
means when the nodes are in fixed position, but the nodes are
mobile in dynamic network. The CBR is measured for a fixed
interval, and based on the measured CBR value, the beacon
interval of a joined node is calculated and assigned. The
assigned beacon interval will be used in the next time period.
The CBR for a particular period of time is calculated as,

CBR ¼ Busy shared slots

Busy shared slotsþEmpty shared slots
: (20)

A shared slot is considered to be busy if the measured signal
strength in that slot is higher than the clear channel assess-
ment (CCA). Otherwise, a shared slot is considered as an
empty slot. Note that the CCA based channel quality esti-
mation is less affected by the overcrowded 2.4 GHz fre-
quency band technologies as CCA is performed in different
physical channel in every shared slot according to channel
hopping feature of TSCH. After computing the CBR for a
particular time interval, a joined node computes its own
beacon interval for the next time as follows,

Ieb ¼ Imin
eb if CBR = 0

Imin
eb þ ðImax

eb � Imin
eb ÞCBR otherwise

�
: (21)

Using the above equation, a joined node always choose its
beacon interval in between the minimum beacon interval Imin

eb

and maximum beacon interval Imax
eb as the values of CBR

varies between 0 to 1. Algorithm 1 describes the method of
adjusting beacon interval dynamically based on present chan-
nel congestion status.

Algorithm 1. Channel Condition Based Dynamic Beacon
Interval Scheme (C2DBI)

Input: Ni : Node i; W : CBR period; Tt : Current time; Tcbr :
Time instant of last CBR calculation

Output: Ieb for the next period
1: for each timeslot Tt do
2: if the current Linktype is Shared then
3: increment totalSharedSlot variable by unity
4: if current CCAstatus is busy then
5: increment busySlot variable by unity
6: end
7: end
8: if the difference between Tt and Tcbr is greater than or equal to

W then
9: CBRðNi;Tcbr;WÞ ¼ busySlot=totalSharedSlot
10: if the CBR is not equal to 0 then
11: Ieb ¼ Imin

eb þ ðImax
eb � Imin

eb ÞCBR

12: else
13: Ieb ¼ Imin

eb

14: end
15: Update Tcbr by Tt

16: Reset busySlot and totalSharedSlot to 0
17: end
18: end

5.2 Theoretical Modeling of DynamicBeacon Interval

Let us consider that Pjns is the probability of an already
joined node transmits a packet in a shared slot and Pnns is
the probability that a pledge transmits a packet in a shared
slot. If Pts denotes that there is a transmission in a shared
slot, then Pts can be written as,

Pts ¼ Pjns þ Pnns: (22)
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Now, an already joined node transmits all the EB, DIO, JRS
control packets. So, we can write Pjns as follows,

Pjns ¼ Peb þ Pdio þ Pjrs; (23)

where, Peb and Pdio are the transmission probabilities of send-
ing an EB frame and a DIO packet in a slotframe, respectively.
And Pjrs is the probability of transmitting JRS frame after get-
ting valid JRQ frame. On the other hand, a pledge only sends
JRQ frames during network formation. Hence, Pnns can be
computed as,

Pnns ¼ Pjrq; (24)

where, Pjrq is the transmission probability of a JRQ frame in
a slotframe. Now, considering both the Pjns and Pnns, the
Equation (22) can be rewritten as,

Pts ¼ Peb þ Pdio þ PJRQS
þ PEBS

; (25)

where,Pjrq =PEBS
as apledge sends JRQ frameonly after receiv-

ing a valid EB frame, andPjrs =PJRQS
as a joinednode sends JRS

frame only after getting a valid JRQ frame fromapledge.
The same multihop network model is considered, as

shown in Fig. 3, for evaluating the proposed scheme. As dif-
ferent joined nodes may have different number of neighbor
nodes, the calculated CBR values of the joined nodes are
also different. Let’s assume that joined node k has nn num-
ber of pledges and jn number of joined nodes in its commu-
nication range. These nodes use the same shared slot for
transmitting their control packets. Sometimes, it is also pos-
sible that there is no transmission in a shared slot. These
types of slots are known as empty slots. The probability of
such an empty shared slot is,

PEmpty ¼ ð1� PtsÞnnþjn (26)

And the probability of having at least one transmission in a
shared slot is,

PT ¼ 1� ð1� PtsÞnnþjn (27)

Now, the CBR at a particular time interval for node k can be
calculated as follows,

CBRk ¼ Busy shared slots

Busy shared slotsþ Empty shared slots

¼ PT

PT þ PEmpty
:

(28)

Note that PT and PEmpty are computed with respect to node
k. This is because a CBR time interval consists of several
shared timeslots. In each timeslot, either a transmission
occurs or there is no transmission. Now, if we consider that
the CBR calculation time interval consists of W shared slots,
then the Equation (28) can be written as follows,

CBRk ¼
PW

i¼0ð1� ð1� PtsÞnnþjnÞ � TiPW
i¼0 1� ð1� PtsÞnnþjn þ ð1� PtsÞnnþjn

� �
� Ti

; (29)

where, Ti denotes the shared slot duration in ith slotframe.
As all the shared slot durations are same, we can simplify
the above equation as follows,

CBRk ¼ 1� ð1� PtsÞnnþjn ¼ PT (30)

Now, the calculated CBR value can be directly used in the
dynamic beacon interval formulation as shown inEquation (21)
to calculate next beacon interval of node k i.e., Ikeb.

When different joined nodes have different number of
neighbors, then their calculated CBR value will also be dif-
ferent. This results in varied beacon interval of each joined
node. Now, with the proposed dynamic beacon interval
approach, the successful EB frame receiving probability can
be calculated as follows,

PEBS
¼

PM�n
n nPk

eb

Qn�1
i¼1;i6¼kð1� Pi

ebÞð1� PdioÞn�1

ð1� PjrsÞn�1ð1� PjrqÞM�nð1� PlossÞP ðN ¼ nÞ;
Nc

(31)

where, Pi
eb denotes the EB frame transmitting probability in

a shared slot by the joined node i, which is calculated by L
Ii
eb

.

Similarly, we can calculate the successful packet transmis-

sion probabilities in a slotframe for other control packets

such as PDIOS
, PJRQS

, PJRSS using varied beacon interval,

i.e., Iieb of each joined node i.

5.3 Analytical Results of Dynamic Beacon Interval

Assigning similar values to the variables as mentioned in
Section 4, few graphs are plotted for the proposedmethod and
compared them with the fixed beacon interval based 6TiSCH-
MC scheme. Fig. 5a depicts the join time with respect to the
number of nodes for the proposedmethod, and also compares
it with the 6TiSCH-MC method. Here, we take Imin

eb ¼
404 milliseconds, which is the same value used in 6TiSCH-
MC scheme. Let Imax

eb ¼ 1010 milliseconds. These values are
taken randomly, however any other value can also be consid-
ered. It is observed in Fig. 5a that the proposed model outper-
forms the 6TiSCH-MC model. Fig. 5b depicts the reason
behind it. This graph shows the probabilities of successfully
transmitting different control packets during network forma-
tion in both the schemes. When the number of joined nodes

Fig. 5. Comparing numerical results of the proposed scheme (C2DBI)
with 6TiSCH-MC.
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increases, congestion in the shared slot also increases. This
increasing congestion reduces the success probabilities of dif-
ferent control packets in 6TiSCH-MC.Whereas, in C2DBI, con-
gestion is reduced by increasing the beacon generation
interval, which in turn improves the success probabilities of
different control packets. The energy consumption graph of
GINA motes for both the 6TiSCH-MC and the proposed
C2DBI schemes is shown in Fig. 5c. The plotted graph shows
how the proposed scheme maintains almost stable energy
consumption during heavy network congestion. It can be
observed in the graph that the PC/joined node consumes
almost same energy in both the approaches. This is because, in
both the approaches, the PC/joined nodes use similar duty
cycles for transmitting their control packets. A small difference
is observed because less number of EB frames are transmitted
when the congestion is high in the proposed scheme. But a sig-
nificant difference in energy consumption can be observed for
the pledges when the number of nodes varies. This can be
explained by the higher congestion in 6TiSCH-MC when the
number of joined nodes increases. Higher congestion forces
the pledges to wait for more amount of time to get a valid EB.
This increasing amount of time causes more energy consump-
tion as the pledges need to keep their radio active. Whereas in
our proposed scheme C2DBI, congestion is reduced by
increasing the beacon intervals of the already joined nodes.
Therefore, almost equal energy consumption can be seen in
our proposed scheme even in the presence of more number of
nodes. Fig. 5d shows the energy consumption and joining
time of a pledge with respect to the number of nodes for both
the schemes usingGINAmotes.

6 PERFORMANCE EVALUATION BY SIMULATION

In this section, the performance of the proposed scheme is
analyzed using the Cooja network simulator on Contiki 4.4
operating system [26]. In our evaluation, the nodes are
deployed in a fixed square (6� 6) size grid area where the
PC (RPL root) is placed at the top left corner. And the con-
sidered grid topology is a multihop topology.

The simulation parameters and their corresponding values
are mentioned in Table 3. In 6TiSCH-MC, the considered bea-
con interval is equal to 4 seconds. In the proposed scheme, we
take the same value for minimum beacon interval Imin

eb , and
value of the maximum beacon interval Imax

eb equals to
12 seconds. The CBR calculation interval is considered to be
8 seconds. For DRA [16], the limit of maximum shared slots is

set to 8 timeslots within a slotframe. The slotframe length is
varied from 33 to 101 timeslots in order to obtain different
results with different network configurations. We run each
simulation for 120 minutes using a realistic Multipath Ray-
tracer Medium (MRM) channel model. This model provides
various propagation effects such as multi-path, refraction, and
diffraction. During simulation, keepalive packet is used to
keep the communication between a node and its parent active.
When a node does not hear from its parent for 30s, it initiates a
keepalive packet.

6.1 TSCH Network Formation Time

The performance of TSCH network formation is evaluated
by means of total time required by the nodes to join in the
TSCH network. A pledge scans for EB frame to join the net-
work. So, TSCH network formation time for a pledge is the
time required by the pledge to get a valid EB.

Fig. 6a, 6b, and 6c show the cumulative distribution func-
tion (CDF) of TSCH formation time with different slotframe
lengths such as 33, 67, and 101 timeslots. It can be observed in
all the three figures that DRA takes less amount of time than
our proposed method (C2DBI) and 6TiSCH-MC. The reason
for this is the use of multiple shared slots per slotframe by the
DRA. DRA dynamically increases the number of shared slots
per slotframe when there are more number of control packets
available in the network. However, in the C2DBI and 6TiSCH-
MC, only one shared slot is used, which delayed the transmis-
sion of already generated control packets. Although both the
C2DBI and 6TiSCH-MC use single shared slot in each slot-
frame/multi-slotframe, the C2DBI takes less amount of time

TABLE 3
Simulation Parameters

Parameter Value

Operating System Contiki 4.4
MAC protocol 802.15.4e TSCH
Number of channels 16
Timeslot length 10 ms
Slotframe length 33,67,101 timeslots
RPL version RPL Lite
RPL DIO interval Trickle Algo.
Keep-alive timeout 30 secs
Mote type Cooja Mote
Propagation model MRM
Simulation duration 120 mins

Fig. 6. Simulation results of TSCH and 6TiSCH network formation time
using different schemes for different slotframe size (= 33, 67, 101
timeslots).
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to form a TSCH network compared to that in 6TiSCH-MC
because of the reduction of congestion in the shared slots
using dynamic beacon interval.

6.2 6TiSCH Network Formation Time

To expand the network further, it is necessary for a pledge to
join the network fully. That means the pledge should also get
the routing information of the network along with EB frame to
transmit its own beacon frame. The Fig. 6d, 6e, and 6f show the
time required by a newly joined node to send its first EB after
completely joining the network. Once again, it is observed that
DRA performs better than C2DBI and 6TiSCH-MC. Here also,
the reason is same, i.e., multiple shared slots are allocated
within a slotframe by the nodes in DRA scheme. On the other
hand, dynamic beacon interval reduces congestion in shared
slots, and, thus, it performs better than 6TiSCH-MC. Note that
C2DBI and 6TiSCH-MC use a single shared slot in a slotframe.
Again, it can be observed that, though the pledges join in the
TSCH network quickly, but they take longer time to send their
beacons. This is because of the delay in getting DIO packets
when congestion in shared slot increases due to the limited
available resources. Further, the joining time increases with the
increasing values of slotframe length. This is because, the fre-
quency of the occurring shared slots decreaseswith the increas-
ing slotframe length within a time period. Hence, less number
of control packets are transmitted because of high congestion
in less number of shared slots. However, in DRA, because of
the usages of multiple shared slots in a slotframe, the conges-
tion problem affects less. Hence, DRA gives better results with
respect to joining time but not for energy consumption.

7 TESTBED EXPERIMENTS

The implementation of C2DBI in Contiki-4.4 has been flashed
in a real testbed at FIT IoT-LAB [18]. The IoT-Lab M3 nodes
are deployed in a (5� 5) grid topology and a (2� 12) linear
topology in Lille andGrenoble locations, respectively, for test-
ing our proposed scheme in real testbed. The usedM3 node is
an STM32 (ARM Cortex M3) micro-controller based node
which supports FreeRTOS, Contiki, and RIOT operating sys-
tems. We consider similar configuration as it is used in simu-
lation in terms of beacon interval for all the schemes. Here, the
slotframe length is set to 101 timeslots. The received results
are plotted in Fig. 7. Fig. 7a and 7c show the time required by
a pledge to receive the first EB frame in (5� 5) and (2� 12)
topologies, respectively. Similarly, Fig. 7b and 7d show the
time required by a newly joined node to broadcast its first EB
frame in (5� 5) and (2� 12) topologies, respectively. The
plotted results show that the DRA performs better than the
proposed scheme C2DBI as well as 6TiSCH-MC in terms of
both TSCH joining time and 6TiSCH joining time. This is
because more number of shared slots are used in a single slot-
frame by DRA. On the other hand, the proposed scheme and
6TiSCH-MC use single shared slot in a slotframe. In this
regard, the proposed scheme performs better than the
6TiSCH-MC because of the reduction of congestion in the
shared slot using dynamic beacon interval.

Even though DRA performs better with respect to joining
time, very high duty cycle is observed in DRA as shown in
Fig. 7e and 7f. Results in the Fig. 7e and 7f show the average
duty cycles of all nodes present in the network in their

three different states (CPUactive, Tx, Rx) during the initial
10 minutes of network formation. In this initial 10 minutes of
the network formation, most of the nodes join the network.
After this time interval, there is no such significant change in
average radio duty cycles. Here, the duty cycle of amicro-con-
troller state is the ratio of time spend in the micro-controller
state (e.g., Rx) in every 60 seconds. AsDRAusesmore number
of shared slots, the nodes need to keep their radio active for
more amount of time than the single shared slot based
schemes such as C2DBI and 6TiSCH-MC. Therefore, it results
in higher duty cycle. Again, higher duty cycle increases the
energy consumption of a node. So, the nodes inDRAconsume
more energy than that in C2DBI and 6TiSCH-MC. Thus chan-
nel condition based dynamic beacon interval significantly
improves the network formation performance with respect to
joining time and energy consumption.

8 CONCLUSION

In this paper, a channel condition based dynamic beacon
interval is proposed for faster association of nodes in 6TiSCH
networks. At first, using a Markov chain based analytical
model it is shown that the performance of a network degrades
with the increased number of joined nodes due to fixed bea-
con interval in 6TiSCH-MC. To overcome this problem, we
propose a channel condition based dynamic beacon interval
scheme (C2DBI)whichdynamically adjust the beacon interval
of a joined node depending on its present channel congestion
status measured by the CBR parameter. Theoretical analysis
of the proposed scheme is done to show how the performance
of network formation is improvedwith varied beacon interval

Fig. 7. Testbed results corresponding to different topologies (i.e.,
5� 5; 2� 12) using different formation schemes.
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compared to the fixed beacon interval scheme. Furthermore,
the proposed scheme is also evaluated using simulation in
Cooja simulator and using real testbed experiments in FIT
IoT-LAB. The received results are compared with the existing
benchmark protocols. Though the proposed scheme does not
perform better than the DRA with respect to network forma-
tion time, but from the energy consumption perspective,
C2DBI is better than all the existing works. Further to note
that DRA uses multiple shared slots per slotframe whereas
C2DBI uses only one. It is observed in our simulation that
around 8 percent of the total slotframe of size 101 is used as
shared slots in DRA,whereas our proposedmethod uses only
0.99 percent during network formation. This observation sig-
nifies that sensory data packet transmissions are less affected
by the proposed method C2DBI compared to that in DRA.
From the obtained results, we claim that C2DBI scheme could
bemore suitable for the networks where energy consumption
is an important constraint alongwith network formation time.

REFERENCES

[1] T. Watteyne et al., “Industrial wireless ip-based cyber-physical
systems,” Proc. IEEE, vol. 104, no. 5, pp. 1025–1038, May 2016.

[2] A.Willig,K.Matheus, andA.Wolisz, “Wireless technology in indus-
trial networks,” Proc. IEEE, vol. 93, no. 6, pp. 1130–1151, Jun. 2005.

[3] IEEE Standard for Local and Metropolitan area Networks–Part 15.4:
Low-Rate Wireless Personal Area Networks (LR-WPANs), IEEE
Standard 802.15.4–2011, Sep. 2011.

[4] IEEE Standard for Local and Metropolitan Area Networks-Part 15.4:
Low-Rate Wireless Personal Area Networks (LR-WPANs) Amendment
1: MAC sublayer, IEEE Std 802.15.4e-2012 (Amendment to IEEE
Standard 802.15.4–2011), Apr. 2012.

[5] X. Vilajosana, T. Watteyne, T. Chang, M. Vu�ciniS. Duquennoy,
and P. Thubert, “IETF 6TiSCH: A Tutorial,” IEEE Commun.
Surv. Tuts., vol. 22, no. 1, pp. 595–615, First Quarter 2020.

[6] M. R. Palattella et al., “Standardized protocol stack for the Internet
of (important) Things,” IEEE Commun. Surv. Tuts., vol. 15, no. 3,
pp. 1389–1406, Mar. 2013.

[7] X. Vilajosana, K. Pister, and T. Watteyne, “Minimal IPv6 over the
TSCH Mode of IEEE 802.15.4e (6TiSCH) Configuration,” Internet
Eng. Task Force, RFC 8180, May 2017.

[8] T. Winter et al., “RPL: IPv6 routing protocol for low-power and
lossy networks,” Internet Eng. Task Force, RFC 6550, Mar. 2012.

[9] M. Vucinic, J. Simon, K. Pister, and M. Richardson, “Constrained
Join Protocol (CoJP) for 6TiSCH,” Internet Eng. Task Force, Dec.
2019.

[10] M. Richardson, “6TiSCH zero-touch secure join protocol,”
Internet Eng. Task Force, Jul. 2019.

[11] E. Vogli, G. Ribezzo, L. A. Grieco, and G. Boggia, “Fast join and
synchronization schema in the IEEE 802.15.4e MAC,” in Proc.
IEEE Wireless Commun. Netw. Conf. Workshops, 2015, pp. 85–90.

[12] D. D. Guglielmo, A. Seghetti, G. Anastasi, and M. Conti, “A per-
formance analysis of the network formation process in IEEE
802.15.4e TSCH wireless sensor/actuator networks,” in Proc. IEEE
Symp. Comput. Commun., 2014, pp. 1–6.

[13] E. Vogli, G. Ribezzo, L. A. Grieco, and G. Boggia, “Fast network
joining algorithms in industrial IEEE 802.15.4 deployments,” Ad
Hoc Netw., vol. 69, pp. 65–75, 2018.

[14] D. D. Guglielmo, S. Brienza, and G. Anastasi, “A model-based
beacon scheduling algorithm for IEEE 802.15.4e TSCH networks,”
in Proc. IEEE 17th Int. Symp. A World Wireless Mobile Multimedia
Netw., Jun. 2016, pp. 1–9.

[15] T. P. Duy, T. Dinh, and Y. Kim, “A rapid joining scheme based on
fuzzy logic for highly dynamic IEEE 802.15. 4e time-slotted chan-
nel hopping networks,” Int. J. Distrib. Sensor Netw., vol. 12, no. 8,
pp. 1–10, 2016.

[16] C. Vallati, S. Brienza, G. Anastasi, and S. K. Das, “Improving
Network Formation in 6TiSCH Networks,” IEEE Trans. Mobile
Comput., vol. 18, no. 1, pp. 98–110, Jan. 2019.

[17] M. Vucinic, T. Watteyne, and X. Vilajosana, “Broadcasting Strate-
gies in 6TiSCH Networks,” Internet Technol. Lett., Dec. 2017.
[Online]. Available: https://doi.org/10.1002/itl2.15

[18] C. Adjih et al., “FIT IoT-LAB: A large scale open experimental IoT
testbed,” in Proc. IEEE 2nd World Forum Internet Things, 2015,
pp. 459–464.

[19] A. Kalita and M. Khatua, “Faster joining in 6TiSCH network using
dynamic beacon interval,” in Proc. 11th Int. Conf. Commun. Syst.
Netw., 2019, pp. 454–457.

[20] Q. Wang, X. Vilajosana, and T. Watteyne, “6TiSCH operation
sublayer (6top) protocol (6P),” Internet Eng. Task Force, RFC 8480,
Nov. 2018.

[21] P. Levis, T. Clausen, J. Hui, O. Gnawali, and J. Ko, “The trickle
algorithm,” Internet Eng. Task Force, RFC 6206, Mar. 2011.

[22] I. Khoufi, P. Minet, and B. Rmili, “Beacon advertising in an IEEE
802.15.4e TSCH network for space launch vehicles,” in Proc. 7th
Eur. Conf. Aeronaut. Aerosp. Sci., 2017, pp. 1–15.

[23] S. Duquennoy, B. Al Nahas, O. Landsiedel, and T. Watteyne,
“Orchestra: Robust mesh networks through autonomously sched-
uled tsch,” in Proc. 13th ACM Conf. Embedded Netw. Sensor Syst.,
2015, pp. 337–350.

[24] X. Vilajosana, Q. Wang, F. Chraim, T. Watteyne, T. Chang, and
K. S. J. Pister, “A realistic energy consumption model for TSCH
networks,” IEEE Sensors J., vol. 14, no. 2, pp. 482–489, Feb. 2014.

[25] M. Khatua and S. Misra, “D2D: Delay-aware distributed dynamic
adaptation of contention window in wireless networks,” IEEE
Trans. Mobile Comput., vol. 15, no. 2, pp. 322–335, Feb. 2016.

[26] A. Dunkels, B. Gronvall, and T. Voigt, “Contiki - a lightweight and
flexible operating system for tiny networked sensors,” in Proc.
29th Annu. IEEE Int. Conf. Local Comput. Netw., 2004, pp. 455–462.

Alakesh Kalita received the BTech degree in com-
puter science and engineering from Assam Don
Bosco University, India, in 2012, and the MTech
degree in computer science and engineering from
Assam University, India, in 2016. He is currently a
doctoral researcher with the Department of Com-
puter Science and Engineering, Indian Institute of
Technology Guwahati, India, since January 2018.
His research interests include Internet of Things,
Wireless Sensor Network, and CloudComputing.

Manas Khatua (Member, IEEE) received the PhD
degree from the Indian Institute of Technology (IIT)
Kharagpur, India, in 2015. He is currently an assis-
tant professor with the Department of Computer
Science and Engineering, IIT Guwahati, India,
since May 2018. Prior to that, he was an assistant
professor in IIT Jodhpur, from 2016 to 2018, and
was a postdoctoral research fellowat SUTD, Singa-
pore, from 2015 to 2016. He was associated with
Tata Consultancy Services (India) from 2008 to
2010. His research interests include Performance

Evaluation of Communication Protocols, Internet of Things, Wireless
LANs, Sensor Networks, and Network Security. He is an author of many
reputed international journal and conference publications. He is also a
member of ACM.

" For more information on this or any other computing topic,
please visit our Digital Library at www.computer.org/csdl.

KALITA AND KHATUA: CHANNELCONDITION BASED DYNAMIC BEACON INTERVAL FOR FASTER FORMATION OF 6TISCH NETWORK 2337

Authorized licensed use limited to: Singapore University of Technology & Design. Downloaded on April 29,2024 at 06:53:54 UTC from IEEE Xplore.  Restrictions apply. 

https://doi.org/10.1002/itl2.15


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


