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Abstract
Time slotted channel hopping (TSCH) is one of the techniques defined in the IEEE802.15.4e standard. TSCH operates

based on a time-division scheme and uses 16 separate channels for each communication, ensuring high reliability. Since

the entire network operates synchronously, the network participation process is indispensable. However, due to the chan-

nel change technique of TSCH, the network participation time of a new node that wants to participate in the network

becomes longer. In the previous research, channels for beaconing were chosen randomly to reduce network formation

time. However, this approach is effective in networks with a smaller number of nodes, e.g., congestion occurs due to col-

lisions of beacon messages in networks with approximately more than 20, which increases the network participation

time. In addition, since channels are selected stochastically, beacons can’t be broadcast evenly throughout the network.

To solve this problem, this paper proposes a collision-minimizing scheduling scheme. The strategy allocates a separate

timeslot for each node, eliminating the possibility of beacon message collisions. In this experiment, the average network

join time decreased by 15%. The technique applied to this technique can reduce the network formation time without net-

work congestion in a dense industrial environment.

Category: Network and Communications
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I. INTRODUCTION

Today, the Internet of Things (IoT) has become common.

Especially, a lot of large-scale dense IoT networks in

which numbers of sensors form clusters are emerging

from small sensor networks in the past. The smart factory

is a use case of large dense networks. Sensors are attached

to facilities and help to determine the next action by

uploading information. In addition, facility managers can

monitor the status of the facility and products being

manufactured in real-time by connecting to the factory

network. In order to meet these demands, there is growing

interest in low-power wireless sensor networks that can

reduce wiring costs for connecting the sensors and be

installed in a mobility device such as a robot.

IEEE 802.15.4e [1] TSCH MAC and RPL routing

technology are typical technologies for low-power wireless

sensor networks. Time slotted channel hopping (TSCH)

medium access control (MAC) is a technology for low-

power sensor networks. It has multi-channel and channel

hopping, which is highly reliable in congested situations

and well-received in industrial environments requiring

stringent standards. IPv6 routing protocol for low-power

lossy networks (RPL) [2] is created for low-power sensor

networks. Sensors use control messages to maintain the

network. It is specialized in a low-power IoT environment
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because it can flexibly generate a path with low overhead.

In this paper, we focus on the formation of the TSCH

networks. It is a process to inform outside about the

network periodically and a starting point for new nodes to

join the network. Nodes in the network broadcast

enhanced beacon (EB) to neighbor nodes. Nodes not

joined yet select one of the 16 channels according to the

standard, turn on the radio, and wait for the EB reception.

The EB contains information about the network. So,

nodes can join the network based on the information.

However, since the radio must be turned on before

receiving the EB, energy consumption increases in

proportion to the waiting time of the EB. It can be a fatal

problem for devices with small battery capacity. That is,

differences in the network join time can affect

performance in terms of network lifetime.

The main contributions of this paper are as follows:

● We solved the uncertainty of the maximum network

participation time of the random-based technique.
● We proposed a technique to minimize network

congestion by minimizing data collision during

network formation.
● EB scheduling was attempted in the TX slot rather

than the existing ADV slot, allowing the EB to

broadcast throughout the slotframe.
● We implemented our scheme using the OpenMote-

CC2538 [3] ported to the OpenWSN [4] project

based on 802.15.4e TSCH.

The rest of the paper proceeds as follows: Section II

explains the background knowledge for this paper and

discusses the features and problems of previous papers.

In Section III, we describe the mechanism of EB

transmission in a congested environment. In Section IV,

we compare and analyze the results with previous strategies.

Section V presents conclusions and future work.

A. Background

This paper describes a scheme for shortening the

synchronization time of the TSCH network based on the

information obtained from the RPL. In this section, we

describe IEEE802.15.4e TSCH, TSCH network formation,

how to build destination-oriented directed acyclic graph

(DODAG) of RPL protocol and DIO (DODAG information

object) and DAO (destination advertisement object)

message exchange method to maintain it.

1) IEEE 802.15.4e TSCH

The 802.15.4e standard is a revision of the previous

802.15.4 standard to use in an industrial environment.

This standard supports three MAC behavior modes.

Among them, we focus on the TSCH mode. TSCH is

intended for industrial environment automation and is a

time-division access technology supporting multi-channel

and multi-hop communication. The characteristics of the

TSCH are that it is divided into 16 channels, and that the

channel is changed by changing the frequency periodically.

In the TSCH, all the nodes participating in the network

are synchronized to the continuously repeated slot frame.

Slot frame consists of an Nslot timeslot of a certain length.

Each timeslot has enough length for each node to send

and receive data packets and acknowledgments. 

Fig. 1 shows a slot frame consisting of four timeslots.

Another feature of the TSCH explicitly divides the

channel into 16 channels. Also, it changes periodically

and communicates. The channel Nch used for changing

the channel is composed of 16 or smaller. The physical

frequency ƒ used for actual communication in the channel

change is determined by the channel offset set in the

timeslot. Eq. (1) is for determining the actual frequency. 

frequency = F[ASN + channelOffset) mod Nc] (1)

In Eq. (1), the absolute slot number (ASN) is the total

number of timeslots that have flowed from the beginning

of the network to the present. This value is shared by all

the nodes and synchronized to the network. F is implemented

as a lookup table, which contains information about the

channel sequence. In the TSCH, each link communicates

in one slot offset and channel offset, and is called as

TSCH cell on {slotOffset, channelOffset} tuple. Because

the ASN is changing, physical channel ƒ determined by

Eq. (1) is continuously changed. 

Fig. 2 shows a simple network configuration and

available link scheduling for that network. Four timeslots

are assembled into one slot frame, and four-channel

offsets are available.

Fig. 1. The TSCH slotframe structure.

Fig. 2. (a) TSCH network topology and (b) link schedule
example.
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2) Routing Protocol: RPL

RPL is designed for a network with low-power and

very noisy sensors. The RPL is designed to support

many-to-one, one-to-many, and one-to-one traffic. The

basic idea for the RPL is that nodes joining in the

network create DODAGs toward a central root node.

These DODAGs are managed with a unique identification.

The RPL can configure the DODAG for various purposes

such as energy consumption, latency, network lifetime,

etc. It is represented by objective function (OF). The OF

is an equation including metrics to achieve the goal. The

OF may be selected by the network administrator. Each

node calculates the RANK value using the OF. An

advantage of the RPL is that each device can flexibly

determine the uplink path with the RANK value through

simple OF operation.

The RPL creates and maintains the upward routing

path through the DIO message. The DIO message contains

RPL INSTANCE, DODAGID, RANK, and DODAGVersion

numbers. Each node collects DIO messages from neighbor

nodes before joining the DODAG. Then, according to the

policy of the OF, the highest priority neighbor is selected

as the parent. Then, it computes its RANK value based on

the RANK value received from the parent.

Fig. 3 shows the RPL routing protocol. When each

node enters the network from the start node specified as

root, it acquires neighbor information through the DIO

messages. Among them, the node that best matches the

OF strategy is selected as the parent node, and its RANK

value is calculated based on the RANK value of the

parent node. In the case of node G in Fig. 3, the DIO

message is received from node C and node D, but the

parent node is selected as node C. The DAO message is

delivered through the node selected as the parent node,

and finally, the routing path for G is stored in the root. If

you want to transfer data from H to G, communication is

done by routing the data you want to transfer to the root,

then receiving the routing information and moving the

data to G.

II. RELATED WORK

The EB broadcasting is an advertisement process to

announce the existence of the network. In low-power

wireless networks, it is common to prevent collisions

between the EB transmissions to improve energy efficiency.

However, in case of frequent re-joining due to dynamic

network environment or mobility device, EB broadcasting

strategy is needed to improve the EB reception success

rate of the device. Therefore, this paper focuses on the

EB broadcasting strategy and looks for related studies to

reduce network participation time (or synchronization

time).

De Guglielmo et al. [5] proposed a simple random-

based EB broadcasting strategy. The authors of that paper

first considered the EB collision as a factor affecting

network participation rate. They therefore proposed a

mechanism to reduce the EB collision by controlling the

number of EBs broadcasted in a timeslot. 

To complement the random-based strategy, Vogli et al.

[6] proposed a concept of the multi-slot frame extending

slot frame and a random vertical (RV) filling and random

horizontal (RH) filling mechanism using multiple channels.

The RV mechanism allows nodes that can broadcast the

EBs to randomly select one of the available channels to

broadcast in the first slot frame of the multi-slot frame.

On the other hand, the RH mechanism fixes the EBs

broadcasting channel to one and randomly selects a slot

frame to broadcast the EBs.

Vallati et al. [7] investigated the performance of the

6TiSCH network formation with the 6TiSCH minimal

configuration and proposed a scheme that allocates/

deallocates timeslots dynamically. They showed that

transmissions of the EBs and RPL control messages

could affect the network formation performance.

Duy et al. [8] divided slot frames into advertisement

planes and communication planes to avoid the EB

collisions in congested situations. They proposed an

algorithm that broadcasts the EBs simultaneously on

multiple channels while controlling the number of EB

messages using fuzzy logic according to the number of

neighbor nodes in the advertisement plane consisting of

five timeslots. It reduces the congestion of EB messages

by adjusting the number of EBs according to changes in

the network environment. 

Karalis [9] proposed the ATP, which divides an

advertisement slot into multiple sub slots. It is possible

because the size of the EB is smaller than 40 bytes, and

link-layer broadcast is not acknowledged. 

III. COLLISION-MINIMIZING BEACON 
SCHEDULING

We describe a scheme to minimize collision beacon

scheduling in this section. In order to apply this technology,

we have also been able to broadcast EBs on the Tx slot.

In order to prevent the EB collision of nodes, the time

slot to broadcast EB is determined by using the result of

Fig. 3. An example of the RPL.
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the formula consisting of the combination of RANK and

random value of the parent node. The information of the

time slot determined at each node is transmitted to the

root through the DAO message to ensure the independence

of the network. In this process, nodes that select the same

timeslot are assigned different timeslots. Next, the channel

is moved to broadcast EB.

A. Expansion of Slot for Sending EB to
General Tx Slot

In the IEEE 802.15.4e TSCH standard, the types of

time slots are divided into the following four types: TX

slot, RX slot, ADV slot, and sleep slot. Typical TX and

RX slots are used for data exchange and are allocated

according to a scheduling policy. The ADV slot is used to

broadcast the EB and is pre-allocated. The sleep slot is

allocated when no data exchange occurs. In standard and

previous studies, EB was broadcast only in the ADV slot.

Therefore, the ADV slot for broadcasting the EB is preset

in the slot frame. As a result, the EB was broadcast in the

designated ADV slot, and it was difficult to apply the

change to the situation of the network. When the number

of nodes is equal to or smaller than the number of channels,

the number of collisions of the EB does not increase

because of the channel division technique, which is a

characteristic of the TSCH. However, when the number

of nodes is larger than the number of channels, the

number of collisions increases in proportion to the number

of nodes broadcasting EB within the communication

coverage range. This is fatal for nodes that want to join

the network. As the number of collisions increases, the

number of EBs that can be received decreases. Therefore,

the waiting time of the EB on the node increases. An

increase in latency increases the energy consumption of

the node, thus shortening the lifetime.

We changed the EB to broadcast in the TX slot.

Therefore, EB broadcasts are not guaranteed to be broadcast

more than once in a slot frame, unlike broadcasts in an

ADV slot. To overcome this problem, we propose a

method in which each node in the network allocates a

specific time slot among the entire slot frame and

broadcasts the EB there. Here, the node must select a slot

according to a certain criterion. The timeslot used for

general data exchange changes frequently depending on

the type of data and the network conditions. In this case,

it is advantageous to schedule the channel offset and

timeslot to dynamically change because the receiving and

transmitting nodes are certain. However, in the case of

EB scheduling, it is impossible to know the existence of a

node that wants to participate in the network. That is, the

sender must transmit the EB without knowing the

existence of the sender. So, it is almost impossible to

dynamically distribute the scheduling of EBs. Therefore,

the proposed scheduling method allocates one Timeslot

for each node by using a RANK value and a random

value. This mechanism is able to prevent network

congestion due to EB collision because it is assigned a

timeslot different from neighboring nodes in the network.

In addition, since the channel movement is performed in

accordance with the increase of the ASN, a node joining

the network can join the network at a maximum number

of 16 or smaller, regardless of which channel the node is

listening to. It is possible to calculate the maximum

network join time differently from other randomly based

dissertation techniques.

Another advantage of this mechanism is that as the

number of nodes capable of communicating in the network

range increases, the network join time of the node that

wants new joining of that part decreases. Fig. 4(a) shows

three nodes participating in the network with overlapping

communication ranges. Fig. 4(b) shows the timeslots

assigned by nodes A, B, and C based on RANK. Since

each node broadcasts EB at different timeslots, there is

no possibility of collision between EBs. In Fig. 4(a), the

broadcasted EB of node A is broadcast within the range

of 4, 2, 6, and 7, respectively. In the same way, the node

B emits EBs in zones 1, 4, 5, and 7, and the node C

broadcasts EBs in zones 5, 3, and 6. Here, zone 2, zone 3,

and zone 1 are ranges in which EBs of each node are

broadcast one by one. Therefore, the maximum network

participation time in this area is the time to join after

traveling through all 16 channels. Next, for zone 4, zone

6, and zone 5, the EBs of the two nodes overlap.

Therefore, a total of 2 EBs are transmitted per channel,

and the maximum network join time is less than the

maximum network lead time mentioned above. Finally,

in the case of zone 7, all the EBs of nodes A, B, and C are

broadcasted. Therefore, the maximum network time is

further shortened.

B. Rank-based Timeslot Duplicate Prevention
Mechanism

This section describes how each node selects its own

timeslot using the RANK used in the RPL protocol. In

order to recycle the limited slot frame, we first discuss the

Fig. 4. An example of increasing the number of EB broadcast
frequencies according to node density. (a) Three nodes participating
in the network with overlapping communication ranges. (b) The
timeslots assigned by nodes A, B, and C based on.
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strategy of partitioning. This method uses the Ndepth_total

value indicating how many nodes on the RPL can

communicate with based on the root node. Eq. (2) is to

find the number of timeslots per section. Eq. (3) represents

an expression for obtaining the starting point of a section

by using the number of timeslots per section obtained by

Eq. (2). This starting point serves as the basis for the

section for timeslot recycling.

(2)

(3)

The node joining the network uses  and

 contained in EB to obtain . Based on

this, we select timeslot by itself using Algorithm 1.

 indicates whether the current node is connected

via a certain node from the root node. This value is

incremented by 1 based on the parent node. The RANK

value of the node is obtained as a result of the Object

Function (OF) calculation. OFFSET specifies the position

in the section by dividing the R(N) value obtained in the

second line by . Next, select the section on

line 4. If you put  in the K function, it prints the

value of the start timeslot that matches the section. Add it

to OFFSET to determine the final Timeslot because the

section varies depending on the  of the node, the

section can be recycled every . This is useful when

applied to large networks.

C. Timeslot Duplication Prevention Mechanism
using RPL’s DAO and DAO ACK

The previously proposed RANK-based time slot

selection technique is a mechanism in which the node

itself determines its own time slot using the parent’s

RANK value. However, the preceding mechanism is

problematic in two cases. First, the number of nodes to be

allocated is larger than the size of the timeslot per

section. The second problem arises when the values of

OFFSET are the same and are assigned to the same

timeslot, and the timeslot selected by the node itself is

duplicated. These two problems occur when nodes join

the network frequently. Therefore, this section discusses

the mechanisms that complement these two problems.

The RANK-based timeslot mechanism discussed above

uses the RPL technology to form a network. We transmit

the timeslot allocation information of the nodes in the

network to the Root node using the DAO message, which

is the control message used for network formation.

Algorithm 2 shows the node-pointed Timeslot duplication

prevention mechanism. After setting the timeslot using

the method shown in the previous section, send timeslot

and  to DAO message to

complete the network configuration. Then, the DAO

ACK is received by the root node. If it is the same as the

previously selected timeslot, EB is broadcast at that

location. If it is different, EB is broadcast in the changed

timeslot. Line 1 sets timeslot with the RANK-based

timeslot selection algorithm discussed earlier. Lines 2

and 3 contain the timeslot and the depth number to which

it belongs in the DAO, sent to the root node, and waiting

for the ACK of DAO message. Line 4–5 receives the

ACK and changes to the new timeslot sent by the root

node if the timeslot does not overlap with the one

calculated by itself. If the duplicated timeslot comes, it

confirms the timeslot that was set first and broadcast EB.

Algorithm 3 shows the Timeslot redundancy correction

Algorithm 1. Timeslot selection algorithm

Nsection_timeslot

Nslotframe

Ndepth_total

-------------------=

Nsection_start_timeslot i( )
Nsection_number i( )

Nsection_timeslot

-------------------------------=

Ndepth_total

Nslotframe Nsection_timeslot

Ndepth

Nsection_timeslot

Ndepth

Ndepth

Ndepth

Algorithm 2. Timeslot duplicate correction algorithm

(Node perspective)

Algorithm 3. Timeslot duplicate correction algorithm

(Root perspective)

M tionsec N tionsec Ndepth%Ndepth_total=( )
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algorithm from the root node viewpoint. Root node

receives DAO and sends DAO ACK.

The root node receives a DAO message from each

node in the network. And the root node checks the depth of

the node assigned to the timeslot from the existing

network information. If there is no node assigned to the

transmitted timeslot, the value of the timeslot is sent as it

is. If there is an assigned node, selects an empty timeslot

and sends it to the message. The first line receives a DAO

message from the node. Line 2 is the process of verifying

that there is a duplicate timeslot node in the network

using the timeslot and section information in the DAO.

Lines 3–8 indicate the process of determining if a

timeslot is used, if it is used. Line 5 compares the depth

of the node using the existing timeslot using timeslot to

the depth of the node that is currently using it. If it is the

same depth, another timeslot is assigned. If it is not the

same depth, it is regarded as timeslot reuse and put the

default message in the DAO as shown on line 8. Line 10

indicates that an existing message is sent in a DAO when

timeslot is not used. Finally, the DAO ACK is sent to the

node that sent the DAO. Here, the method for determining

the new timeslot in line 6 can be made through various

strategies.

Fig. 5 shows the flow diagram of the previous two

algorithms: the node view for network participation and

the root node view. In Fig. 5(a), the flow diagram starts

when the node belonging to the network receives the

broadcast EB. We compute timeslot with the algorithm

described above, create a DAO message, and wait for

ACK after sending it to the root node. If the timeslot in

the ACK from the root node matches the timeslot

calculated by the ACK, it starts EB broadcasting as it is,

changes its timeslot, and starts broadcasting. In Fig. 5(b),

it is always ready to receive the DAO. When a DAO is

received, it compares the specified timeslot of the entire

network node of the root with the timeslot received from

any node. If you do not use any node on the network, it

will send the value back to ACK and, if you are using it,

send the specified timeslot information to ACK using a

different strategy.

Figs. 6 and 7 show examples of RANK-based time slot

selection mechanism and redundancy prevention mechanism.

The depth is divided into four depths, and the beginning

of each depth consists of 0, 5, 10, and 15 values. The

length of the slot frame is 20. For the first depth, the

timeslot starts at 5. Nodes A and B receive the EB

message from the root and join the network. One higher

depth is determined than the upper depth value. Using the

formula, as discussed earlier, we calculated the timeslot.

The calculation result is added to 5, the starting point of

section 1, and its own timeslot is confirmed. The determined

value is stored in the DAO message, sent to the root, and

broadcasted at that location after the timeslot confirm

operation is completed. Next, since C, D, and E belong to

depth 2, the timeslot starts at 10 and is calculated based

on the parent node’s RANK value. The following

sections apply in the same way. When a new node of F, G,

H, or I is entered, the section changes back to zero. In this

case, you can use channel 0, which is used by root. That

is, a node having a sufficient distance and outside the

communication, distance can reuse the time slot.

IV. EXPERIMENTS

All experiments conducted in this study were prepared

on an OpenWSN [4] stack, and all the experiments were

implemented using OpenMote [3].

Fig. 8 shows the experimental network configuration.

Fig. 7. RANK-based Timeslot selection mechanism timeslot
example.

Fig. 5. Timeslot duplicate correction algorithm flow diagram: (a)
node and (b) root.

Fig. 6. RANK-based Timeslot selection mechanism example
network diagram.
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A total of 30 OpenMote [3] experiments were conducted.

All 30 nodes are within communication range and

maintain the DODAG according to the RPL protocol.

The participating node selects one of the 16 channels for

network entry at the network center and awaits an EB

reception. The timeslot length is 15 ms, and the slot

frame consists of 101 timeslots. A multi-slot frame

consists of 10 slot frames. The network participation time

is measured by calculating the minimum network joining

time after the power of the node for network participation

is turned on, and the ASN value is converted into

seconds. The average network join time represents an

average of 100 values, and the maximum network join

time represents the maximum value among the 100 times

measurements. 

A. Comparison of Average Network Join Time

Fig. 9 shows the average network joining time of RV,

which is a kind of random-based beacon scheduling. The

vertical axis represents the average network engagement

time, and the horizontal axis represents the nodes

participating in the network. As the number of nodes

participating in the network ranges from 1 to 13, as the

number of nodes increases, the number of EBs broadcast

on the channel increases, so the average network

engagement time decreases naturally. However, when the

number of network participating nodes is more than 14,

the engagement time of the network is gradually

increasing. This is because the nodes participating in the

network randomly select channels to broadcast EBs.

When the number of nodes increases, the number of

conflicts between EBs increases because the number of

nodes selected for the overlapping channels increases. 

Fig. 9 shows the average network joining time of our

proposed collision-minimizing beacon scheduling (CMBS).

The results are shown in Fig. 9. The average network

joining time decreases steadily as the number of nodes

increases. We applied the strategy of broadcasting the EB

by separating timeslot. As a result, there is almost no

collision between EBs, and the number of EB

transmissions per slot frame increases proportionally to

the number of nodes in the network. The average network

participating time of the nodes that want to join the

network has steadily decreased. Especially, from the point

where the number of nodes where channel saturation

occurs is more than 17, it is different from Fig. 9. We can

expect this trend to continue until the slot frame is

saturated. In this case, if we use the section reuse scheme

through slot frame partitioning, we can use the collision

minimization beacon scheduling method regardless of the

slot frame length. 

Also, Fig. 9 shows a graph of the average network

joining time of the conventional random-based beacon

scheduling scheme and the scheduling scheme presented

in this paper. In the case of RV, the average network

engagement time is steadily decreased to 12 nodes, and it

decreases to 34 seconds maximum. However, the network

engagement time tends to increase slightly from 12 or

more. The reason for this is that EBs are randomly

selected from among 16 channels, and EBs collide. In the

case of RH, the engagement time was continuously

decreased to 12, and the time was reduced to 50 seconds.

The reason why RH takes network engagement time

longer than RV is that RH has more than 10 randomly

selectable slots, which means more conflicts and a longer

average engagement time. In the case of the Rapid

technique, the average network participation time is the

shortest in 2–10. This is because, between 1 and 2 EBs,

three EBs are broadcast between 5 and 3 and 6, and one

EB is broadcast continuously. Therefore, it can be said

that the engagement time is faster because one node emits

several EBs. However, since the number of EBs

broadcasting one EB per node is decreasing, the number

of network engagement time is gradually increasing due

to collision between EBs and RVs after the 12th. In the

case of CMBS proposed in this paper, we can see that theFig. 9. Average network joining time.

Fig. 8. Experimental network configuration.
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average network participation time decreases continuously

as the number of nodes increases. Experimental results

show that the number of nodes is more than 25–27

seconds faster than the average network participation

time of other techniques. The gap becomes more different

as the number of nodes increases. This difference occurs

because the nodes participating in the network broadcast

the EB by dividing the timeslot, so there is no conflict

with EB. It can be expected that the scheduling technique

presented in the paper shows a better effect in a factory

environment where electronic devices and equipment are

concentrated. 

B. Comparison of Maximum Network 
Participation Time

Fig. 10 is a graph showing the result of measuring the

maximum value of the CMBS network participation time

that we proposed. Since each timeslot is assigned to a

node, the maximum network participation time decreases

as the number of nodes in the network increases. The

special point is that when the number of channel nodes is

16 or more, the value is not changed anymore but is

changed between 30 and 50 seconds. This is because the

value no longer shrinks due to the saturation of one

section. Fig. 10 compares the maximum value of the

network participation time between the conventional

random channel selection-based technique and the

proposed paper technique. Conventional random channel

selection-based techniques change the maximum value

without special tendency because the channel is selected

at random. This can serve as a variable in terms of

network design. Since it is possible to measure the

joining time only through experiments, it is necessary to

obtain the value through multiple measurements each

time. However, because of the random selection of the

nodes belonging to the network instantaneously, we cannot

trust the value through the measurement. However, in the

case of the CMBS proposed by us, the maximum network

participation time tends to decrease when the number of

nodes increases and the average joining join time

between 30 and 50 seconds can be predicted. This can

contribute significantly to the stability of the network

design. 

C. Comparison of the Proportion of EB Slots
in the Total Number of Timeslots

Some of the timeslots that make up the slot frame are

used to send EBs, and the rest are used to exchange data.

As the number of slots used to transmit EBs in the entire

timeslot is smaller, the number of slots to which data can

be transmitted is increased, and the data rate of the entire

network is increased. In this experiment, Rapid [8], a

comparison algorithm, compares our algorithm with the

technique of changing the number of EBs according to

neighbor nodes. The experiment was divided into five

nodes and 20 nodes.

First, the experiment results of the EB slot utilization

when the neighbor nodes are five are shown in Fig. 11.

The horizontal axis of the graph represents the number of

channel offsets, and the vertical axis represents the EB

timeslot utilization rate. This shows the ratio of the EB

slot to the total number of slot frames. In the case of

Rapid, it always uses five ADV slots to transmit EB, with

channel offset × 5 timeslot slot, always keeping a 4.95%

share. Since RV uses one ADV slot as in the standard, it

is used for EB by the number of 1 timeslot × channel offset

regardless of the number of channel offset. Therefore, EB

Timeslot share of 0.99% is always maintained. However,

in the case of CMBS, EB broadcasts in the same slot as

the number of nodes participating in the network.

Therefore, if the channel offset increases and the number

of available timeslots increases, the share of the EB slot

decreases. This shows that the EB slot usage rate is lower

Fig. 10. Comparison of network joining time. Fig. 11. EB slot utilization rate with five network nodes.
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than Rapid in all cases except for one channel offset, and

EB slot usage rate is lower than RV for channel offset of

6 or more.

Fig. 12 shows the usage rate of 20 EB slots of the

entire network node. RV slot utilization and Rapid slot

utilization are still maintained at 0.99% and 4.95%, as in

the previous experiment. However, in the case of CMBS,

the slot is allocated according to the number of nodes, so

it is 20% for one channel offset, and lower than that for

Rapid in the case of 4. In the case of 16, it shows the

same EB slot usage rate as RV. If you use less channel

offset, there is not enough slot for data exchange in

CMBS. This is because one EB slot is assigned to each

node. However, since the number of timeslots increases

with the use of channel offset more, the utilization rate of

the EB slot of CMBS becomes lower as the number of

channel offset increases. In the case of the strategies of

the previous paper, since the EB slot is fixed to the

advance slot in advance, an unnecessary EB slot is

generated. This may waste a slot in a large-scale sensor

network in which data exchange is frequent, so data

exchange may not be performed properly. 

In this experiment, we can see the network in which

CMBS is used efficiently. It is optimized in a large-scale

sensor network environment where more nodes than 16

channels which are standard channels of TSCH, exist in

the network.

One extra time slot is 1/101 × 100% = 0.99% of the

total slot frame, which is less than 1%. Considering that

the length of the timeslot is 15 ms, it can be inferred that

the processing speed decreases by 15 ms × 0.01 = 0.15

ms = 0.00015 s, but this can be considered insignificant.

V. CONCLUSION

In this paper, we propose a beacon scheduling scheme

that minimizes collision in TSCH-based dense IoT

environment. The IEEE 802.15.4e TSCH standard does

not specify how to form a network. To solve this problem,

other papers randomly selected a channel to reduce network

participation time. However, because these methods are

based on randomness, the expected convergence time

cannot be predicted, and network congestion occurs due

to collision between EBs. To solve this problem, we

proposed a method to allocate Timeslot using the RPL

value of RPL, which is commonly used as a routing

protocol in TSCH. To demonstrate the performance of

this technique, a comparison experiment with existing

papers was conducted using OpenMote with the OpenWSN

stack installed. In this paper, we prove that the CMBS

scheme proposed in this paper reduces network join time

and maximum participation time in the dense network

environment. In this paper, the number of nodes is

limited to 30, and the process is in progress. In the future,

we will use simulation to demonstrate that the proposed

method is effective in nodes with more than 50 large-

scale network environments. In addition, since EB is

scheduled to be extended to the entire slot frame, a

method of linking with scheduling for actual data

exchange will also be added.

ACKNOWLEDGMENTS

This research was supported by the Ministry of Science

and ICT (MSIT), Korea, under the Grand Information

Technology Research Center support program (No. IITP-

2020-2016-0-00318) supervised by the Institute for

Information & communications Technology Planning &

Evaluation (IITP)

REFERENCES 

1. IEEE Standard for Local and metropolitan area networks –

Part 15.4: Low-rate wireless personal area networks (LR-

WPANs), IEEE 802.15.4-2011, 2011.

2. T. Winter, P. Thubert, A. Brandt, J. W. Hui, R. Kelsey, P.

Levis, K. Pister, R. Struik, J. P. Vasseur, and R. Alexander,

“RPL: IPv6 routing protocol for low-power and lossy networks,”

Internet Engineering Task Force, Fremont, CA, RFC 6550,

2012.

3. OpenMote [Online]. Available: http://openmote.com.

4. Berkeley’s OpenWSN [Online]. Available: https://openwsn.

atlassian.net/wiki/spaces/OW/overview.

5. D. De Guglielmo, A. Seghetti, G. Anastasi, and M. Conti, “A

performance analysis of the network formation process in

IEEE 802.15.4e TSCH wireless sensor/actuator networks,” in

Proceedings of 2014 IEEE Symposium on Computers and

Communications (ISCC), Funchal, Portugal, 2014, pp. 1-6.

6. E. Vogli, G. Ribezzo, L. A. Grieco, and G. Boggia, “Fast join

and synchronization schema in the IEEE 802.15.4e MAC,” in

Proceedings of 2015 IEEE Wireless Communications and

Networking Conference Workshops (WCNCW), New Orleans,

LA, 2015, pp. 85-90.

Fig. 12. EB slot utilization rate with 20 network nodes.



Journal of Computing Science and Engineering, Vol. 15, No. 3, September 2021, pp. 97-106

http://dx.doi.org/10.5626/JCSE.2021.15.3.97 106 Jaeyoung Kim et al.

7. C. Vallati, S. Brienza, G. Anastasi, and S. K. Das, “Improving

network formation in 6TiSCH networks,” IEEE Transactions

on Mobile Computing, vol. 18, no. 1, pp. 98-110, 2019.

8. 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 channel hopping networks,” International Journal

of Distributed Sensor Networks, vol. 12, no. 8, article

no.1550147716659424, 2016.

9. A. Karalis, “ATP: a fast joining technique for IEEE802.15.4-

TSCH networks,” in Proceedings of 2018 IEEE 19th International

Symposium on "A World of Wireless, Mobile and Multimedia

Networks" (WoWMoM), Chania, Greece, 2018, pp. 588-599.

Jaeyoung Kim

Jaeyoung Kim received the B.E. and M.E. degrees in computer engineering from Pusan National University,
Busan, Korea, in 2016 and 2018, respectively. He is currently a researcher with the KEPCO, Naju, Korea. His
research interests include active industrial wireless sensor network, IoT, and future Internet.

Sanghwa Chung https://orcid.org/0000-0003-1329-1188

Sanghwa Chung received the B.S. degree in electrical engineering from Seoul National University, Seoul,
Korea, in 1985, the M.S. degree in computer engineering from Iowa State University, Ames, IA, in 1988, and
the Ph.D. degree in computer engineering from the University of Southern California, Los Angeles, CA, in
1993. He was an assistant professor with the Department of Electrical and Computer Engineering, University
of Central Florida, Orlando, from 1993 to 1994. He is currently a professor with the Department of Computer
Engineering, Pusan National University, Busan, Korea. He is currently the head of Dong-Nam Grand ICT R&D
Center in Busan, Korea. His research interests are in the areas of industrial wireless sensor networks, IoT,
Future Internet, and SDN.

Hyungteak Shin

Hyungteak Shin received the B.S. degree in Chemistry from Pusan National University, Busan, Korea, in 2015.
He joined the College of Computer Science Engineering, Pusan National University in March 2019. He is
currently studying for a master's degree. His research interests include active industrial wireless sensor
network, IoT, and future Internet.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


