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Abstract. Wireless industrial applications require high level of Quality
of Service (QoS) such as low-delay and jitter performances, low-power
operations as well as end-to-end reliability close to 100%. However, con-
sidering the large number of wireless networks operating in 2.4GHz, the
radio technologies are more prone to the external interference, which
eventually may negatively affect the reliability, the delay and the good-
put performance due to collisions and retransmissions. To tackle the pre-
viously detailed issues, Time-Slotted Channel Hopping (TSCH) Medium
Access Control (MAC) protocol emerged with IEEE 802.15.4-2015 as
an alternative to the industrial standards such as WirelessHART and
ISA100.11a. TSCH is based on frequency hopping to avoid the interfer-
ence, while the medium access is based on a scheduler (i.e., slotframe)
that repeats periodically to avoid the collisions. Yet, the majority of the
proposed TSCH schedulers are based on traditional collision detection
and retransmission in the following slotframe, which essentially increases
the end-to-end delay performance. In this poster, we consider allocating
consecutive timeslots for a single data transmission, to allow thus, to re-
transmit the data packet within the slotframe in case of losses. We study
the potential trade-offs, reliability and delay versus energy consumption,
when considering the over-allocation approach.

Keywords: Internet of Things · IEEE 802.15.4 · Time-Slotted Channel
Hopping · 6TiSCH · Industrial Networks · Scheduling · Over-allocation.

1 Introduction

Industrial automation networks require end-to-end reliability above 99.9% and
guaranteed worst case delay [7]. In 2016, IEEE 802.15.4-2015 standard [1] was
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published to provide Quality of Service guarantees. Among the Medium Access
Control (MAC) protocols defined in the standard, Time-Slotted Channel Hop-
ping (TSCH) is the scheme that is especially designed for the Internet of Things
(IoT). A TSCH-based schedule is a matrix that consists of timeslots and channel
offsets, where each square (i.e., cell) is an transmission opportunity.

TSCH has attracted significant attention from the industrial and research
community as it may provide low-power and low-delay operation, as well as
reliable and predictable wireless communication. Indeed, TSCH has been imple-
mented in several IoT-based Operating Systems (OSs)4,5 and it has been already
employed in number of real-world use cases, e.g. [3]. Furthermore, 6TiSCH Work-
ing Group (WG) was established in 2013 at the Internet Engineering Task Force
(IETF) to enable IPv6 over the TSCH mode of IEEE 802.15.46.

A number of TSCH-based schedulers have been proposed to improve the
network performance, i.e., minimize the latency or to reduce the energy con-
sumption [8]. Indeed, to further improve reliability, some works consider cell
over-provisioning [5], when it is observed that the reliability between a pair of
nodes drops a certain threshold, then the schedule may over-allocate extra cells
to transmit the frames [10]. In that case, over-provisioning allows to improve the
network reliability, and bound the end-to-end delay by allocating more cells to
each radio link, but has a negative impact on both the energy efficiency and the
network capacity.

In this work, we study the impact of introducing cell over-provisioning, i.e.,
multiple consecutive opportunities to transmit a single data packet. To that aim,
we study a TSCH-based wireless network over various link qualities, to identify
the minimum required number of cells per use-case. Our simulation results show
that there is trade-off between the number of allocated slots and performance
metrics, such as network reliability, delay and energy consumption. Since, the
number of allocated cells in a static TSCH schedule affects the networks per-
formance: under low link qualities, multiple retransmissions are necessary to
transmit per data packet, which eventually impacts the energy consumption.

2 Background and Motivation

2.1 IEEE 802.15.4-TSCH

TSCH is based on Time Division Multiple Access (TDMA) and Frequency Hop-
ping Spread Spectrum (FHSS) schemes. Indeed, it forms a schedule that is a
matrix of timeslots (χ axis) and channel offsets (ψ axis) to achieve high level
of reliability by mitigating, through channel hopping, the impact of the external
interference. The standard comes with 101 timeslots, which is one slotframe,
and 16 channel offsets, thus, the maximum throughput is 1616 transmissions. In
Fig. 1, a TSCH instant is illustrated. Similarly to TDMA, in TSCH the time

4 https://github.com/contiki-ng/contiki-ng/wiki
5 https://openwsn.atlassian.net/wiki/spaces/OW/overview
6 https://datatracker.ietf.org/wg/6tisch/about/
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Fig. 1: An example of TSCH scheduling for node D. A→D stands for ‘A
transmits to D’. EB cells are used for broadcast and advertisement frames.

is slotted into timeslots of equal length, typically 10 ms. At each timeslot, a
node may transmit a frame and receive an acknowledgement. To achieve such
communication, nodes’ clocks should be constantly synchronized. A group of
timeslots consists a slotframe that repeats perpetually. Each timeslot curries an
Absolute Sequence Number (ASN), an integer value that counts the number of
timeslots since the beginning of the TSCH network. Finally, the channel offset
is translated into a physical radio channel through a Frequency Hopping Spread
Spectrum (FHSS) algorithm.

2.2 Related Work

In 6TiSCH WG, the 6TiSCH Experimental Scheduling Function (SFX) [2] con-
siders an over-provisioning algorithm to estimate the number of cells to be al-
located. However, the term “over-provisioning” in SFX means to allocate addi-
tional cells for extra traffic, and not as conditional retransmission in consecutive
timeslots of the same data packet.

In [5], the authors propose Adaptive Static Scheduling to allow, in a fully
distributed manner, each pair of nodes to control their active timeslots in order
to improve the energy efficiency of TSCH networks. A static scheduler is build
at compilation time with excessive timeslot overallocation; yet, the nodes can
dynamically activate or deactivate their a priori allocated timeslots, according
to the traffic requirements. However, the authors did not consider the cost of
blind over-provisioning in terms of delay performance.

In [10], the authors investigate the radio channel blacklisting issues. They
consider an over-provisioning scheme to allocate additional timeslots per link to
bound the end-to-end delay and to improve the network reliability in the case
of losses. However, they did not study the impact of over-provisioning in terms
of energy consumption.

In this work, we investigate the cost of cell over-provisioning depending on
the link quality. Indeed, we highlight the potential trade-offs between network
reliability and latency versus energy consumption.
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3 Performance Evaluation

To evaluate the impact of the cells over-allocation in a TSCH networks, we em-
ploy an open-source numerical TSCH Simulator [4]. This tools simulates star-
based TSCH networks with arbitrary TSCH schedules. For each radio link, the
simulator allows to configure parameters, such as the maximum number of re-
transmissions per frame, the queue size, and the link-layer packet reception prob-
ability. The simulator supports both contention-free (dedicated) timeslots and
contention-based (shared) slots. In this study, we employ the contention-free
timeslots only. The simulation parameters are provided in Table 1. For evaluat-
ing the energy consumption, we use the measurements on the GINA mote [6],
presented in [9].

Table 1: Simulation Parameters
Parameter Value

Frame Size 100 slots

Duration of Simulation 100 frames

Max. Retransmissions 8

Max. Queue Size 8

No. of Sender Nodes 4

Traffic Rate 2-4 ppf

Packet Reception Rate (PRR) 0.5-0.9

Energy Efficiency Exponent 1.2

The TSCH Simulator provides results on Packet Delivery Rates (PDR), en-
ergy consumption, and energy efficiency defined as the energy required per suc-
cessfully delivered packet. The latency is evaluated analytically as follows. We
denote as k the level of overallocation. Each transmission is modeled as a inde-
pendent Bernoulli trial with the same probability of success, p (i.e. PRR), for
each trial. For simplicity, we assume infinite retransmissions. The probability
that a packet will be successfully delivered after i failed attempts is given by:

qi = (1− p)ip . (1)

Focusing on the worst case scenario, we consider the N -th node and assume that
the packet is generated at beginning of the frame. If the transmission occurs on
the i-th attempt, the delay is given by the following equation:

di = kN
⌊ i
k

⌋
+ i mod k + k(N − 1) . (2)

where k(N − 1) corresponds to the delay due to timeslots allocated to the other

N − 1 nodes in the first slotframe, kN
⌊

i
k

⌋
corresponds to the delay of whole

slotframes (when i ≥ k), and i mod k corresponds to the delay due to failed
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Fig. 2: TSCH Performance for various link qualities.

attempts in the last slotframe. The average delay is calculated as the probability-
based weighted sum of di, and it is given by:

D =

∞∑
i=0

qidi . (3)

Fig. 2 plots the the reliability (PDR), delay and average energy consumed
per packet of the TSCH network, respectively, for various numbers of active slots
per sender per frame.

As it can be observed from the graphs, a trend shift strongly depends on
PRR. Indeed, the lower is the PRR value the more active timeslots are neces-
sary to achieve 100% of network reliability (i.e., Fig. 2(a)), which in turn affects
the delay performance due to retransmissions (i.e., Fig. 2(b)) and increases the
energy consumption, see Fig. 2(c). Furthermore, in Fig 2(d), we plot the en-
ergy per reliably delivered packets, which is a metric that combines reliability
and energy consumption. It is observed that increasing the level of cell over-
provisioning, has a positive effect on PDR, yet has a negative effect on both
delay, due to the other nodes’ overprovisioned cells, and energy consumption,



6 X. Fafoutis and G. Z. Papadopoulos

due to the increased amount of idle listening. It is also observed that there is
an optimization point for the energy per reliably delivered bit, demonstrating a
trade-off between reliability and energy consumption.

4 Conclusions

TSCH employs frequency hopping to combat the potential external interference,
however it is still insufficient. Therefore, to further improve the network relia-
bility, TSCH schedules rely on overallocation to allow multiple retransmissions
within the slotframe. The level of cell overallocation in TSCH-based schedules,
however, affects the network performance. Indeed, we observe a strong trade-
off between reliability and delay versus energy consumption. In this poster, we
investigate the costs of allocating additional timeslots per data packet.
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