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Abstract—The Internet of Things (IoT) empowers small devices
to sense, react, and communicate, with applications ranging
from smart ordinary household objects to complex industrial
processes. To provide access to an increasing number of IoT
devices, particularly in long-distance communication scenarios, a
robust low-power wide area network (LPWAN) protocol becomes
essential. A widely adopted protocol for this purpose is IPv6
over the time-slotted channel hopping (TSCH) mode of IEEE
802.15.4 (6TiSCH). It introduces TSCH mode as a new medium
access control (MAC) layer operating mode, in conjunction with
IEEE 802.15.4g, which also defines both MAC and physical
layer (PHY) layers and provides IPv6 connectivity for LPWAN.
Notably, 6TiSCH has gained adoption in significant standards
such as Wireless Intelligent Ubiquitous Networks (Wi-SUN). This
study evaluates the scalability of 6TiSCH, with a focus on key
parameters such as queue size, the maximum number of single-
hop retries, and the slotframe length. Computational simulations
were performed using an open-source simulator and obtained the
following results: increasing the transmission queue size, along
with adjusting the number of retries and slotframe length, leads to
a reduction in the packet error rate (PER). Notably, the impact of
the number of retries is particularly pronounced. Furthermore,
the effect on latency varies based on the specific combination of
these parameters as the network scales.

Index Terms—6TiSCH, TSCH, LPWAN, IoT.

I. INTRODUCTION

EMPOWERED by sensing, communication, and comput-
ing capabilities, the Internet of Things (IoT) stands as a

revolutionary technology that seamlessly bridges the physical
and virtual worlds. Projections indicate that by 2030, approx-
imately 80 billion IoT devices will be interconnected [1].
Leveraging advancements in communications, edge comput-
ing, and artificial intelligence, IoT has enabled a multitude of
applications and services, including smart homes, agriculture,
smart cities, and more [2], [3]. Within this context, a reliable
low-power wide-area network (LPWAN) protocol is crucial for
communication over long distances, as seen in scenarios like
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University of Technology - Paraná (UTFPR), Curitiba-PR, Brazil (e-mails:
jamilfarhat@utfpr.edu.br, gbrante@utfpr.edu.br). This work has been partially
supported by Agência Nacional de Energia Elétrica and Celesc Distribuição
S.A. (PD05697-1323/2023).

Submission: 2024-04-25, First decision: 2024-06-17, Acceptance: 2024-10-
09, Publication: 2024-10-21.

Digital Object Identifier: 14209/jcis.2024.18

smart grid solutions [4]. Then, in this variety of application
scenarios, IEEE 802.15.4g stands out as one very promising
protocol stack. It utilizes the upper layers defined by IPv6
over the time-slotted channel hopping (TSCH) mode of IEEE
802.15.4 (6TiSCH), which is supported by the Internet Engi-
neering Task Force (IETF). This long-range mesh protocol has
been considered in various works [5]–[7].

Considering the extensive coverage of LPWA networks,
each node faces the challenge of sharing the communication
spectrum with numerous other communication devices. De-
spite various available strategies to mitigate interference, such
as employing orthogonal configurations of center frequency,
spreading factor (SF), and similar parameters, a limitation
remains regarding the maximum feasible number of nodes
within a designated area. This scalability issue of the 6TiSCH
stack protocol has been investigated in [8], revealing that the
6TiSCH network experiences a significant impact in terms of
packet error rate (PER) as the number of nodes increases. This
impact is due to effects like collisions and full transmit queues
of the IoT devices.

The network performance of IEEE 802.15.4 TSCH and
6TiSCH has been extensively studied in several works [8]–
[14]. In [9], the authors investigate QoS in 6TiSCH networks
within the context of Industrial IoT (IIoT) by the implementa-
tion of a CoAP-based solution for remote network and sched-
ule management. Considering other scheduling schemes, [10]
presents a low-latency autonomous scheme for 6TiSCH IIoT
networks, while a real-time slot allocation scheme is proposed
in [11] for highly dynamic network traffic. Finally, [12]
develops a scheduling function that combines low-latency
and machine-learning techniques to adapt to dynamic traffic
changes.

In terms of performance evaluation, [13] assesses a
standard-compliant 6TiSCH solution from the end-user per-
spective, providing indicators to determine its suitability. To
enhance communication reliability, [14] proposes an optimiza-
tion approach aimed at improving the successful delivery of
emergency flows. Furthermore, [8] conduct an analysis of the
scalability of 6TiSCH and LoRaWAN for LPWAN.

In this work, differently from [8], in which a comparison
between LoRaWAN and 6TiSCH is performed, we investigate
the impact of queue size, maximum single-hop retries, and
slotframe length focusing on the scalability of the 6TiSCH
stack protocol. To the best of our knowledge, this is the first
work that explores such important parameters from a scala-
bility perspective, which constitutes the novelty of this work
and can help system designers to correctly project 6TiSCH
networks for a particular set of scalability requirements. To



JOURNAL OF COMMUNICATION AND INFORMATION SYSTEMS, VOL. 39, NO.1, 2024. 174

obtain such results, the open source 6TiSCH Simulator [15]
is employed to analyze the network. The results show that
increasing the maximum number of single-hop transmission
attempts exerts substantially more influence on system scala-
bility than enlarging the transmission queue size. Additionally,
we observe that increasing the transmission queue size can
reduce both latency and PER when the slotframe is expanded.

II. SYSTEM MODEL

We consider N nodes uniformly and randomly distributed
in a square area of D × D km2 that transmit messages to a
root node at the center of the square, as shown in Fig. 1. All
nodes operate in the license-free 915 MHz industrial scientific
and medical (ISM) band to enable long-range transmissions
and avoid frequency-related fees. The channel spacing is S =
200 kHz, which is a common parameter for 802.15.4g using
operating mode 1 for the US ISM (902-928 MHz) frequency
band [16], which indicates a transmit rate of 50 kbps and
filtered 2-Frequency-Shift Keying (FSK) modulation [16].

Fig. 1. System model with N nodes uniformly distributed in a square area
of D ×D km2 with a root node at the center.

A 6TiSCH network is simulated using the 6TiSCH Sim-
ulator, similar to that performed in [8]. 6TiSCH networks
enhance reliability and reduce interference through TSCH,
which schedules communication times and channels and uses
channel hopping to enhance robustness against interference
and multipath fading. Each timeslot must be sufficiently long
to accommodate both the frame and its subsequent acknowl-
edgment. A sequence of T timeslots, referred to as a slotframe,
is repeated cyclically.

The network also utilizes the Routing Protocol for Low
Power and Lossy Networks (RPL), which adapts to topology
changes by recalculating routes as needed and employing the
default Objective Function Zero (OF0) implementation within
the 6TiSCH Simulator to optimize multipoint-to-point routes.
Finally, we use the minimum scheduling function to optimize
the allocation of communication resources, efficiency, and
reliability while also mitigating the interference within the
network. The packet transmission rate per node follows a
Poisson distribution, with an average rate of one packet every
t = 1 minute. This configuration is similar to that described
in [17] and mirrors scenarios observed in WirelessHART
networks.

The received power, Pr, in dBm is defined as [18]

Pr = 10 log10

(
PtGλ2

(4πd)
2

)
, (1)

employing the Friis model, where d is the link distance in
meters, Pt = 14 dBm is the transmitted power1, λ is the
wavelength in meters, and G = GtGr

L is the gain associated
with transmitting antenna (Gt), receiving antenna (Gr) and loss
factor (L), which are all assumed to be unitary in this work.

We employ the Pister-Hack propagation model to account
for long-term variations in transmission. In this model, the
Received Signal Strength Indicator (RSSI) levels are fine-tuned
to match with empirical results [20]. Specifically, we subtract
a uniformly distributed variable ranging from 0 to 40 dB from
the expression in (1). As a result, for a received power level
of Pr = −80 dBm, the final RSSI spans from −80 dBm to
−120 dBm. Interfering signals are treated as noise, and the
RSSI is converted to the Packet Error Rate (PER) using [8,
Table 1] to assess the success of the transmission. This RSSI-
to-PER conversion follows the methodology described in [8],
where a sensitivity level of −106.37 dBm corresponds to a
PER of 1.0, with the PER decreasing as the RSSI exceeds
this sensitivity threshold.

III. RESULTS

In this section, we evaluate the performance of 6TiSCH
under various network parameters. We focus on how the
maximum retries, queue size, and slotframe length affect
the PER and latency 2. We consider two slotframe lengths:
T = 101 timeslots, with a slot duration of 0.04 s, which is
the default in 6TiSCH [21], resulting in a slotframe of 4.04 s;
and T = 606 timeslots, with a slot duration of 0.04 s, resulting
in a slotframe of 24.24 s. Consequently, the slotframes repeat
approximately every 4 s and 24 s, respectively, for T = 101
and T = 606. Additionally, we assume that D = 2 km,
and that C = 8 channels are available, following the same
assumption as Barros et al. [8].

Figs. 2 and 3 depict the PER as a function of the number of
nodes (N ) for various combinations of slotframe length (T )
and queue size (Q), while considering different values for the
maximum number of retries, denoted as R. As we observe,
increasing both N and T results in a reduction in PER, leading
to improved performance in both figures. Notably, from the
results shown in Fig. 2 (with R = 2), it is evident that
increasing the slotframe length has a more pronounced impact
on reducing PER compared to increasing the transmission
queue. In addition, increasing the queue size 200 times, from
Q = 10 to Q = 2000, resulted in a reduction of up to
1.52 times for T = 101 and up to 12 times for T = 606.

1Pt = 14 dBm is the maximum transmit power for many LPWAN
microcontrollers [19], while also being the maximum output power allowed
by the European Telecommunications Standards Institute (ETSI).

2The proposed system model is designed to optimize the 6TiSCH network,
which implies a mesh communication. In contrast, other LPWA network
alternatives, such as LoRaWAN, utilize a star topology for message trans-
mission [8]. The parameters examined in this study are specific to the mesh
network scenario. Consequently, the performed analysis does not apply to
networks with different topologies, which are beyond the scope of this paper.
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Fig. 2. PER as a function of N with D = 2 km and different values of Q,
T and R = 2.

Meanwhile, a sixfold increase in the slotframe length, from
101 to 606, led to a PER reduction of up to 21 times for
Q = 10 and up to 55 times for Q = 2000. In general, a
longer slotframe allows for a more extended scheduling period,
which reduces the likelihood of overlapping transmissions
and decreases contention among nodes. This results in fewer
collisions and a lower PER. In contrast, increasing the queue
size impacts the buffer capacity, allowing more packets to be
queued and transmitted but not directly addressing collision
issues.

Fig. 3 reveals that, with R = 200, the queue size has a
more pronounced impact on PER reduction than the slotframe
length. This shift can be explained by the increased ability
to handle more transmission attempts. An increased number
of retries provides additional opportunities for successful
packet retransmission, while a larger queue size eases more
effective management of these retransmissions. Consequently,
the impact of queue size on reducing PER becomes more
pronounced. Specifically, increasing the queue size 200 times,
from Q = 10 to Q = 2000, reduced the PER by up to
1.85 times for T = 101 and up to 3.47 times for T = 606.
Furthermore, a six-unit increase in the length of the slotframe,
from 101 to 606, resulted in a reduction of up to 1.18
times for Q = 10 and up to 2.34 times for Q = 2000
in PER. Additionally, similar to Fig 2, we verify that an
increase in node density leads to higher PER values due to
the increased probability of concurrent transmission among
multiple devices. This demonstrates the paramount importance
of appropriately choosing T , Q and R. Finally, comparing
Figs. 2 and 3, we observe that increasing the number of
retransmissions yields a more significant PER decrease. A
higher retry count allows for additional chances to successfully
transmit packets that may have failed initially due to collisions
or any other issues, consequently contributing to a more
considerable overall reduction in PER.

In the sequel, Fig. 4 analyzes the PER as a function of N ,
with special focus on errors caused by the maximum number
of retries being reached considering R = 2. We notice that a
slotframe length of T = 101 exhibits a higher PER for the
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Fig. 3. PER as a function of N with D = 2 km and different values of Q,
T and R = 200.

maximum number of retries. This is because, for T = 606,
there is a lower number of collisions, decreasing both the
need for retransmission and the number of packets failing
due to the retries limit. Additionally, it is noteworthy that
this result indicates the potential occurrence of more losses
related to transmission queues. Regarding the increase in the
message queue from Q = 10 to Q = 2000, simulation results
demonstrate a lower PER. This confirms that increasing the
message queue influences transmission success in scenarios
with an extended slotframe length.

Next, Fig. 5 analyzes the PER as a function of N , with
a specific focus on errors caused due to the full queue with
Q = 10. Notably, a lower full queue error rate is achieved
with reduced T values. This behavior can be attributed to
the fact that, with T = 101, the frequency of errors due
to reaching the maximum number of retries is higher than
with T = 606. However, as previously observed in Fig. 4,
the increase in T contributes to a more efficient allocation
and distribution of slots compared to T = 101. Consequently,
timely message transmission is facilitated by reducing errors
due to the maximum number of retransmissions at T = 606,
albeit resulting in an accumulation of errors due to the full
message queue. In a scenario with T = 606, an increase in
R, as expected, reduces the error rate due to a full queue
for both T = 101 and T = 606. Specifically, simulations
with R = 200 and T = 606 exhibit a decrease of up to
19% in the full queue error rate compared to R = 2 and
T = 606, which can be attributed to the additional number
of retransmission attempts. Similarly, for simulations with
R = 200 and T = 101, a reduction of up to 50% in the full
queue error rate is observed compared to R = 2 and T = 101,
further justified by the higher number of transmission attempts.

Finally, the results depicted in Fig. 6 illustrate the latency
variation versus N when T = 101. The figure reveals that
an increase in R leads to a slight elevation in latency. This
increase is due to the fact that, while allowing a greater number
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Fig. 4. PER due to maximum retries as a function of N with D = 2 km
and R = 2.
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Fig. 5. PER due to full queue as a function of N with D = 2 km and
Q = 10.

of single-hop retries diminishes the PER, it also means it may
take longer to complete the multi-hop transmission. Specif-
ically regarding N , a lower node density with an enlarged
queue size prevents unnecessary packet retransmissions while
facilitating efficient slot allocation. However, as N increases,
this efficient allocation diminishes, resulting in higher-latency
packet delivery. It is worth mentioning that, nonetheless, the
impact of a slightly increased latency depends on the appli-
cation of the network. For instance, for systems with milder
latency requirements, the increase in Q is usually beneficial
since it reduces the PER. Furthermore, the variation in latency
as a function of N when T = 606 can be observed in Fig. 7.
As depicted in Fig. 6, increasing R results in higher latency
in Fig. 7, primarily due to the multiple-hop retransmissions
inherent in the mesh topology. However, contrary to Fig. 6,
latency decreases with increasing Q for all N . This behavior
is attributed to the larger slotframe length, which allows for
more efficient utilization of the increased queue size, thus
reducing latency. A larger slotframe length provides a broader
time window for packet transmission and slot allocation, which
mitigates the delays associated with packet retransmissions.

For T = 101 the maximum tree depth is 4 and 6 for,
respectively, N = 50 and N = 200, and for T = 606 the
maximum tree depth is 6 and 8 for, respectively, N = 50 and
N = 200, which justifies the increasing latency with T .
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Fig. 6. Latency as a function of N for different values of R and Q with
D = 2 km and T = 101.
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Fig. 7. Latency as a function of N for different values of R and Q with
D = 2 km and T = 606.

IV. CONCLUSIONS

In this work, we investigated the influence of 6TiSCH
parameters by varying three key factors: the maximum number
of retries, the transmission queue size, and slotframe length.
The results demonstrate that increasing the transmission queue
size and the maximum number of retries leads to a reduction
in terms of PER. However, it’s worth noting that the impact
of increasing the maximum retries is significantly more pro-
nounced than that of increasing the transmission queue size.
Furthermore, when the slotframe length is greater, increasing
the transmission queue size is more effective in achieving
both latency reduction and PER improvement. In contrast, for
smaller slotframe, although both latency and PER decrease
with fewer nodes, there is an increase in latency as the number
of nodes grows.
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