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Abstract—Time Slotted Channel Hopping (TSCH) is a Medium
Access Control (MAC) protocol widely adopted in Industrial
Internet of Things (IIoT) deployments due to its high reliability in
the presence of noise and interference. However, TSCH becomes
suboptimal in mobile scenarios, where nodes frequently move in
and out of coverage. This paper introduces a compact, mobility-
aware framework based on an enhanced TSCH joining process,
by embedding topology information into beacons to reduce
mobility-related downtime. In a previous work, we examined
basic functions of this framework, this paper presents new
results on re-joining performance, power consumption, channel-
set behavior, and drift-mitigation. The approach achieves up to
an 8× power reduction during re-join, 30–40%, and a tenfold
increase in de-synchronization time through intentional time-
shifting.

Index Terms—Internet of Things, TSCH, Reliability, Depend-
able IoT

I. INTRODUCTION

Internet of Things (IoT) technology has been widely used in
the last decade in numerous applications such as smart home
[1], smart health [2], industry 4.0 [3], and smart agriculture
[4]. Especially in industry and agriculture, the IoT has a
great potential to automate production through massive data
collection and management to monitor the entire production
cycle and ultimately boost productivity and profit.

Medium Access Control (MAC) protocols are an essential
part of the IoT since they have an impact on various per-
formance aspects such as the lifetime of the network, the
reliability and robustness of the application, and a number
of delays which can occur at different levels. Time Slotted
Channel Hopping (TSCH) [5] is a MAC protocol that has
received a lot of attention, especially for applications in
Industrial Internet of Things (IIoT) [6]–[8]. It is able to provide
reliability and robustness in low power, through a channel
hopping function which mitigates the impact of interference
and multi-path fading. All the nodes are synchronized because
they have to follow a schedule which dictates a predefined
channel offset, and a time offset for each node, to avoid
collisions between them and any source of interference.

The popularity of TSCH led researchers to start using it
outside of the IIoT context, where mobile nodes might be
part of the network. For instance, Elsts et al. utilize TSCH
on wearable sensors for healthcare applications, which require
high reliability in heterogeneous environments with the pres-
ence of external interference [9]. Thus, they introduce a new

TSCH schedule and an adaptive channel selection mechanism
to increase the performance of TSCH for this application.
Yet, the application assumes that the mobile nodes are always
within the TSCH network.

One major challenge for TSCH, is to maintain high level
of reliability even for mobile scenarios where the nodes may
be moving in and out of coverage. The mobility patterns
that nodes follow in mobile applications within IoT domain
are heterogeneous, and in a previous work we demonstrated
that TSCH, even with different scheduling schemes, cannot
operate reliably in such cases [10]. The main reason for the
low performance is that the mobile nodes might go out of
coverage and disconnect from the TSCH network. Then, if
the node moves within coverage again, the process to join the
TSCH network includes a beaconing procedure which can add
significant overhead. TSCH is also common to be organized
as a tree data structure, and if a mobile node changes parent
frequently, the corresponding schedule to serve this node will
be outdated most of the time.

In this paper we present an approach to improve TSCH
mobility by enhancing the process of joining and re-joining
a TSCH network. The proposed framework makes this pro-
cess quicker, more efficient, and overall more reliable. This
is achieved by introducing a mechanism that encapsulates
topology data within the TSCH beacons to decrease the joining
time. Early results on these contributions have appeared in a
conference publication [11]. The current paper extends further
the approach with the following contributions:

• We examine the impact of the length of the channel
hopping sequence for TSCH joining mechanism.

• We quantify the benefits of the enhanced joining mecha-
nism for TSCH in terms of average power consumption.

• We introduce a drift mitigation mechanism that improves
the time a node can take advantage of the benefits of fast
re-joining by an order of magnitude.

The paper is organized as follows: Section II presents
background information and the system design, Section III
discusses the state of the art, Section IV goes through the
evaluation, and Section V concludes the paper.

II. BACKGROUND & SYSTEM DESIGN

This section provides an overview of the operational mech-
anisms of TSCH and the system design.



A. TSCH Overview

The TSCH protocol, part of the IEEE 802.15.4 [12] standard
and amended in IEEE 802.15.4e-2015 [13], operates at the link
layer and features frequency hopping and node synchroniza-
tion. The nodes follow a duty cycle dictated by a schedule,
allowing them to sleep, transmit, or receive packets to conserve
power. To prevent collisions, simultaneous transmissions on
the same channel are prohibited. The schedule is structured
in a two-dimensional table called the slotframe, with time
offset on the x-axis and channel offset on the y-axis. Each
cell, or timeslot, typically lasts 10 ms, sufficient to send an
IEEE 802.15.4 packet and receive an acknowledgment.

The TSCH coordinator sets up the network, defining the
network ID, slotframe size, and Frequency Hopping Sequence
(FHS), and initializes the Absolute Slot Number (ASN) to
0, which increments with each new timeslot. Nodes join
the network by receiving an Enhanced Beacon (EB) packet
from existing nodes, which contains essential synchronization
information.

B. Mobility-Focused TSCH Joining Mechanism

The key idea of the approach is that once a joining node
has obtained basic network parameters, it can predict when
and on which channel the next EB will be transmitted. This
prediction relies on knowledge of the network’s ASN, the
channel hopping sequence, channel offset, and the TSCH
schedule. With this information, the node can limit its radio
activity to only the expected time slots and channels of EB
transmissions, thereby significantly reducing idle listening and
scanning overhead.

To enable this mechanism, the approach extends EB frames
to include lightweight topology information, such as node
identifiers, parent-child relationships, channel offset, ASN,
and link status. This information is embedded using vendor-
specific information elements and is disseminated through
normal EB transmissions, avoiding the need for additional
control slots or protocol changes. Each node maintains a local
topology dataset that is periodically updated based on received
EB information, allowing the network structure to be tracked
and updated over time.

A key supporting mechanism is the local ASN tracking.
Instead of relying on continuous synchronization from the
network, a joining node estimates the ASN using timestamps
derived from received EBs and a local real-time clock, com-
pensating for processing and transmission delays. This enables
the node to maintain a sufficiently accurate view of network
timing for EB prediction. Using this timing information, the
node can further reduce energy consumption by disabling its
radio during periods where no EB is expected.

The proposed mechanism extends EB with Essential Syn-
chronization Information (ESI), including the current ASN,
channel offset, and compact topology metadata required for
EB prediction. Assuming an IEEE 802.15.4 PHY operating at

250 kbps, adding LESI bytes increases the transmission time
by only

TOH =
8LESI

250× 103
,

which corresponds to approximately 32 µs per additional
byte. Since EBs are transmitted infrequently (typically once
every advertisement interval), the resulting increase in chan-
nel occupancy is negligible compared to regular data traffic
and does not alter the TSCH schedule or require additional
communication cells.

At the network level, the overhead scales linearly with the
number of advertising nodes. If N nodes transmit one EB
every TEB seconds, the aggregate synchronization overhead
introduced by ESI is

ROH =
8NLESI

TEB
bits/s,

which remains a small fraction of the available IEEE 802.15.4
bandwidth for practical network sizes. Consequently, the ad-
ditional airtime and radio-on time introduced are negligible
across the network and are outweighed by the reduction in
join and re-join latency, as fewer random channel scans are
required and newly joining nodes synchronize substantially
faster.

Overall, this method improves both initial network asso-
ciation and re-joining performance, particularly for mobile
nodes that may frequently disconnect and re-connect. By
combining EB-based topology dissemination with local time
synchronization, the approach enables more efficient discovery
of potential parent nodes while reducing radio-on time during
the joining process.

III. RELATED WORK

This section provides an overview of the state of the art
including several attempts to add mobility features to the
TSCH protocol. Beacon advertising is a typical method to
advertise the network to a new node. There are numerous
techniques that connection-based MAC protocols like TSCH
utilize for network advertising.

Al-Nidawi et al., in [14] evaluate the performance of TSCH
for mobile scenarios, and quantify the delay and energy over-
head caused by disconnecting and re-joining TCSH network.
An approach for improvement is to select appropriate slot
frame size and scheduling scheme. Moreover, if adequate
number of nodes are available to provide sufficient network
coverage, the energy consumption is not increased. In an
attempt to provide a solution, the same authors introduce a
design in [15], based on the ACK packets which behave like
beacon packets to advertise the TSCH network on a fixed chan-
nel in order to decrease the delay and the energy consumption.
Mobile6TiSCH is based on the Single-hop Multiple Gateway
(SHMG) architecture for enabling mobility in TSCH networks
[16]. The authors present a tool that can configure TSCH for
application scenarios involving several mobile nodes and bor-
der routers. The border routers, which act as gateways between
the TSCH network and other networks, are used alongside



different mobility patterns to gather insights and statistics on
network performance. In our previous work [10], we evaluated
existing TSCH scheduling approaches under heterogeneous
mobility scenarios and showed that network performance
deteriorates primarily because mobile nodes repeatedly lose
synchronization and require expensive re-association. The
present work builds upon these observations by addressing
one of the identified bottlenecks, namely the TSCH joining
and re-joining procedure. In [17], we presented the Active
Connectivity framework which is able to provide a solution
for mobile nodes to regulate characteristics like the speed,
the direction of the mobile nodes to preserve connectivity in
TSCH networks. This effort generates an impact towards the
application, the time to move within a certain distance might
be increased which in turn might affect the overall cost. The
average joining time is modeled by means of a Discrete Time
Markov chain, and then it is treated as an optimization problem
in [18]. Based on the derived model an optimal TSCH schedule
is calculated which minimizes the joining time. In a similar
spirit to improve the TSCH joining process a random-based
advertisement mechanism is presented in [19]. Based on the
network conditions and the number of available channels, the
algorithm determines in which order the nodes should transmit
their beacon messages. In [20] the authors propose random
TSCH advertisement algorithms. They propose two algorithms
where the first broadcasts all the beacon messages in a single
timeslot to take advantage of all the available channels. The
second one broadcasts all beacons in every timeslot but in
a single channel. Both algorithms have an enhanced version
which is more complex and more energy demanding, assuming
a node with more resources available. Algora et al. introduce a
rendezvous-based algorithm [21] designed to reduce the TSCH
joining time. More specifically the nodes that are more than
one hop away from the coordinator can exchange information
while their predecessors along the path to the coordinator are
trying to associate.

Overall, existing approaches primarily improve mobility by
modifying the advertisement mechanism, adapting the routing
protocol, or relying on mobility-aware scheduling. While these
methods improve connectivity or reliability, they typically
require additional control traffic, dedicated protocol modifi-
cations, or assumptions about node mobility. In contrast, our
approach leverages the existing EB dissemination mechanism
to provide synchronization information that enables faster
joining and re-joining with minimal protocol changes.

IV. EVALUATION

This section presents and discusses the results obtained
by comparing the Enhanced TSCH joining mechanism we
implemented with the Original one. To compare the perfor-
mance of the two approaches, we used the Cooja simulator
[22]. We observed and quantified how a new node scans and
joins an existing TSCH network. We also evaluated a mobile
node that temporarily disconnects and later re-connects with
the network. For all experiments, the Minimal Scheduling
Function [23] was used, and each simulation was executed

for 10 minutes. The Zolertia Z1 [24] mote was selected as the
simulation platform within Cooja. Each test case described
in this section was executed 15 times using different random
seeds to minimize statistical bias.

We assume a scenario where a node attempts to join an
existing TSCH network via EB reception and select the most
appropriate parent. An important aspect to investigate is how
the size of the channel hopping sequence can impact the
reception of EBs and discovery of potential parents. The
channel hopping sequences we evaluate the Enhanced and
Original TSCH versions are: 4, 8, 12, 16 channels. As the goal
of this test is to evaluate the performance of parent discovery,
both TSCH versions were configured to scan for an unlimited
amount of distinct parents and with a scanning timeout of 16 s,
which was determined as the optimal number for previous
experiments in [11]. Fig. 1 shows the results and illustrate
for various network densities, how many distinct parents were
discovered on average. A trend we see for the Original version
is that as we increase the number of channels, the number of
discovered parents decreases since the probability for a node to
receive an EB when it is randomly scanning decreases as well.
On the contrary the performance of the Enhanced version is
not affected when we increase the number of channels because
the EB prediction mechanism is not dependent on the number
of channels once the first EB has been received. For the rest
of the evaluation the channel hopping sequence length is 16.

Next we quantify the power it takes a single node to join
to an existing TSCH network for a set of topologies with
different amount of nodes. To do so, we first quantify the
time it takes for that. The scenario is therefore set up such that
the joining node is out of range of all other nodes, while the
network forms. Once all other network nodes have associated
to the network, the joining node is moved within range of all
nodes in the network – for this reason the test is performed on
networks consisting of various amount of nodes. Then, from
this moment the time required for the joining node to associate
to the network is measured. For the scan timeout we used 16 s
for the Enhanced version, and 180 s for the Original, as it is
recommended by IETF. After receiving the first EB, a node
may continue scanning for up to the duration defined by the
scan timeout, or until it has received EBs from a maximum
number of distinct neighbors. The value for the amount of
distinct neighbors is 2 for both TSCH versions and is also
recommended by IETF. Then, consulting the datasheet of the
platform we use in Cooja (Zolertia Z1 [24]) we computed the
power consumed based on the time it took for this process.
Therefore in Fig. 2 we see that the Enhanced version consumes
almost half of the power compared to the Original version,
which is expected as it is analogous to the join time. The
only difference which is not easily observable in the figure,
is that in the Enhanced version the power consumption is not
completely analogous to the join time due to a modification
we made to deactivate its radio and conserve energy after it
has received the first EB and know the next available time slot
in which an EB may be broadcast.

The last part of the evaluation includes a scenario where
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Fig. 1. The average number of parents considered during the scanning process, before a node associates to existing networks for different number of available
parents, given various channel hopping sequences for Original and Enhanced TSCH versions.
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Fig. 2. The average power consumption of the scanning and joining process in
a joining node for both the Original and Enhanced TSCH versions in various
network densities.
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Fig. 3. The average power consumption during the re-joining process for the
Enhanced and Original TSCH versions across varying network densities.

we examine the tolerated drift level. The method to track
the ASN locally can resolve the issues of the time shift
caused by transmission delay but it cannot reduce, or even
determine, if the joining node has a continuous time drift,
which is usually caused by clock drift in the microcontroller.
If a node experiences clock drift its local clock will shift either
positively or negatively, i.e. backwards or forwards in time.

Given that the joining node should be able to re-synchronize
its local ASN-timing to a network node at least once every
16 sec, after receiving the initial EB and given that the guard
time (a time period a receiver wakes up before an expected
transmission) in this implementation is 1.1 ms, the maximum
supported clock drift can be calculated as follows:

Dmax =
Smax

Psync
∗ 106 (1)

where the Dmax is the maximum drift in PPM, the Smax is
the guard time, and the Psync is the interval in which the time
source will be refreshed. The maximum supported clock drift
is 68.75 ppm.

If a significant positive drift is experienced, it is less likely to
cause issues. For instance, if the positive drift of the joining
node is so large that it exceeds the finishing guard time of
the previous timeslot, the joining node may pick up some
data from the previous timeslot, however, it will be discarded
due to link layer safety mechanisms such as the checksum.
Theoretically, as it is mentioned in above, the custom version
should be able to tolerate up to ±68.75 ppm. To investigate
this further we defined a scenario where a joining node is
never associated to the network and instead its node re-
synchronization feature was disabled such that its drift would
not be reset every time an EB is received. The node will
synchronize its ASN only to the first EB received and continue
listening for EBs without associating or re-synchronizing its
ASN timing. The node will do so until it has shifted its
timing so much that it is not able to receive an EB when it
is broadcast. The time between the first and last received EB
was then measured, indicating the duration it would take for
the drift of the joining node to reach such a level that it would
be unable to receive future EBs. As it was mentioned already,
the mechanism is much more tolerant towards positive drift
which is reflected in the results listed in Table I. The same
scenario was repeated with an introduced intentional shift of
6.5 ms, which is half of the duration of a time slot minus the
guard time. This was expected to provide a more balanced
resistance to drift regardless of direction. The overall shift
window size has not increased particularly, however, it has
been balanced such that the mechanism can tolerate negative
and positive drift equally. Given that the drift direction cannot



De-synchronization time
Drift without intentional shift intentional shift

−10 PPM 57 s 711 s
+10 PPM 1271 s 723 s

TABLE I
DE-SYNCHRONIZATION TIME WITHOUT AN intentional shift AND WITH AN

intentional shift OF 6.5 MS.

be predicted, having an equal tolerance on both sides enables
the solution to provide drift tolerance guarantees that are more
than 10 times higher than without intentional shift.

V. CONCLUSION

This paper presented an enhanced TSCH joining framework
designed to address the performance degradation of TSCH
in mobile IoT scenarios. By embedding lightweight topology
information into EBs and enabling local ASN tracking, the
proposed mechanism allows mobile nodes to predict EB
transmissions and minimize unnecessary radio-on time. The
evaluation, conducted with the Cooja simulator across a range
of network densities and channel hopping sequence lengths,
demonstrated that the Enhanced version consistently outper-
forms the Original TSCH joining procedure.

Specifically, the Enhanced mechanism discovers a stable
number of parent nodes regardless of channel hopping se-
quence length, while the Original presents a decreasing trend
as the number of channels increases. In terms of energy
efficiency, the Enhanced version achieves 30–40% reduction in
power consumption during both initial joining and re-joining.
Finally, the introduction of an intentional time-shift of 6.5
ms, equal to half the timeslot duration minus the guard time,
balances tolerance to both positive and negative clock drift,
increasing de-synchronization time by more than an order of
magnitude compared to the unshifted case.

These results suggest that the proposed framework offers a
practical, low-overhead approach to robust TSCH connectivity
for mobile IoT deployments, such as autonomous agricultural
vehicles and smart warehouse robotics, without requiring
modifications to the underlying TSCH schedule or additional
control traffic.
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