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Abstract—Recently, the IEEE 802.15.4 time-slotted channel
hopping (TSCH) has been considered one of the emerging medium
access control (MAC) protocols for the low-power and highly
reliable wireless powered sensor networks (WPSNs). In TSCH-
based WPSN, the period of data transmission and energy
harvesting is determined depending on the slotframe length. Thus,
the slotframe length may largely affect the performance of TSCH-
based WPSN, especially when the network environment varies.
Accordingly, in the TSCH-based WPSN design, it is considered an
important issue to determine an appropriate slotframe length in
consideration of the network environment. In this paper, we
investigate the impact of slotframe length on the performance of
TSCH-based WPSNs through experimental simulation.
Specifically, we observe the variation of the total amount of
harvested energy, aggregate throughput, and average end-to-end
delay when the network size and traffic load change and discuss
the appropriate slotframe length for different network
environments.

Keywords—energy harvesting, IEEE 802.15.4 TSCH, slotframe
length, WPSN, WPT

I. INTRODUCTION

Over the decades, the wireless sensor network (WSN) has
played a key role in the Internet of Things (IoT) system such as
monitoring, tracking, management, and remote control [1-2]. In
WSNs, a number of low-power and battery-powered sensor
nodes require frequent recharging and replacement of battery
due to the limited battery capacity [3]. Recently, radio frequency
(RF)-based wireless power transfer (WPT) technology is
emerging as a promising solution to the battery problem of
sensor nodes [4-5]. The WPT enables sensor nodes to harvest
energy from adjacent power transmitters. Thus, WSNs applied
RF-based @~ WPT—wireless powered sensor networks
(WPSNs)—are considered one of the key driving forces to
achieve sustainable operation for [oT.

The WPSN consists of hybrid access points (HAPs) serving
as power transmitters and sensor nodes. In general, the HAP
powered by the grid performs WPT and collects data from
sensor nodes. The sensor node performs energy harvesting and
transmits data to the HAP. According to the nature of WPSN
where both WPT and data transmission between HAPs and
sensor nodes, the WPSN forms a cluster-tree network topology
in which HAPs act as cluster heads. Therefore, HAPs need to
supply a sufficient amount of power to sensor nodes in a timely
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manner so that sensor nodes can operate stably without suffering
from energy depletion. To this end, a medium access control
(MAC) protocol should efficiently determine when and how
long the HAPs transfer power, and when and how long the
sensor nodes harvest energy while minimizing the energy
consumption of sensor nodes in the network.

Time-slotted channel hopping (TSCH), the time-division
multiple access (TDMA)-based MAC protocol specified in
IEEE 802.15.4-2015 [6], is designed to provide low-power
consumption of energy-constrained sensor nodes. It allows
sensor nodes to reduce the energy consumption derived by
contention and retransmission through the use of slotframe
structure based on the combination of time-slotted access with
multi-channel and channel hopping. The slotframe is a
collection of cells expressed by timeslot and channel offset and
is repeated over time. In addition, the sensor nodes can save
energy by maintaining the sleep state when they have no
allocated cell at a specific timeslot. In this respect, TSCH can be
considered as a suitable MAC protocol for WPSNs. However,
as the slotframe is periodically repeated, an inappropriate
slotframe length (i.e., the number of timeslots) can result in
degradation in the amount of energy harvested by the sensor
node and network performance. Thus, the slotframe length is
regarded as a key concern to achieve energy-efficient TSCH-
based WPSN.

In this paper, we investigated the impact of slotframe length
on the performance of TSCH-based WPSNs to determine an
appropriate  slotframe length considering the network
environment. For this, the experimental simulation was
conducted using the MATLAB simulator. Then, the
performance in terms of the total amount of harvested energy,
aggregate throughput, and average end-to-end delay was
observed. From the results, we obtained that the slotframe length
that maximizes the total amount of harvested energy and
aggregate throughput highly relies on the number of sensor
nodes and traffic load. We also derived that the longer the
slotframe length, the longer the average end-to-end delay.

The remainder of this paper is organized as follows. Section
II describes an overview of TSCH. Section III presents a system
model for TSCH-based WPSN. We provide the simulation
configuration and results in Section IV. Finally, Section V
concludes this paper.
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II. BACKGROUND

This section provides an overview of TSCH. TSCH is a
MAC protocol for low-power and lossy networks standardized
in the IEEE 802.15.4-2015 [6], which provides highly reliable
communications and deterministic delay between nodes based
on time-slotted access with multi-channel and channel hopping
mechanism. TSCH uses a slotframe structure composed of
multiple cells as shown in Fig. 1. A cell is identified by a pair of
timeslot and channel offset within the slotframe and is long
enough to exchange a single frame and an acknowledgment
(Ack). It is typically 10 ms long and can be scheduled as a
dedicated cell or a shared cell. In the dedicated cell, only a pair
of nodes can transmit a frame without contention. In contrast,
multiple nodes can access the same channel at the same time in
the shared cell.

For channel hopping, the channel of each cell is determined
as follows:

Channel = [(ASN +offset,, )%nch] @)

where f [] is a channel hopping sequence list (CHSL) which is

a set of channels to be hopped over. ASN is the absolute slot
number (ASN) which is the total number of timeslots that has
elapsed since the start of the network. offset.; is the channel
offset. n, is the number of channels in the CHSL.

All nodes operating in the TSCH network are globally time-
synchronized through the enhanced beacon (EB) broadcasted
periodically by coordinator. The EB includes ASN, CHSL,
initial link information, etc. After the network configuration and
formation is completed, nodes perform cell allocation for
transmitting data packets to their parents according to the TSCH
scheduling scheme. However, the TSCH scheduling scheme is
not specified in the IEEE 802.15.4-2015 standard. IETF
6TiSCH working group defined 6TiSCH operational sublayer
(6top) which provides management interfaces for cell
scheduling between nodes [7]. It also defined 6top protocol (6P)
which allows nodes to add/delete/relocate cells to their schedule
through 6P transaction triggered by the scheduling function. The
6P transaction consists of either two or three steps (i.e., two-step
6P transaction and three-step 6P transaction), depending on
which of the nodes transmitting or receiving 6P Request
messages can select cells to be allocated.

Fig. 2. illustrates an example of two-step 6P transaction.
Node A transmits a 6P ADD request message including the
number of cells (i.e., NumCells) and the list of candidate cells
(i.e., CellList) to Node B. Node B selects the number of
available cells corresponding to NumCells from CellList by
referring to its schedule and transmits 6P Response message
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Fig. 1. TSCH slotframe structure and network topology.

Node A

6P ADD Request
Tvpe = REQUEST
Code = ADD
SeqNum = 123
NumCells = 3
CellList = [ (L. 3).(9.2). (11.4). (13.5) ]

Node B

L2 ACK

6P Response
Tvpe = RESPONSE
Code = RC_SUCCESS
SeqNum = 123
CellList = [ (1. 3).(9.2).(13.3) ]

L2ACK

Fig. 2. Example of two-step 6P transaction.

including CellList to Node A. After the 6P transaction is
completed, Nodes A and B allocate the selected cells to their
schedules.

III. SYSTEM MODEL

Fig. 3. illustrates a system architecture of TSCH-based
WPSN, which is considered a cluster-tree network topology
consisting of HAPs and sensor nodes. In the network, a cluster
is composed of one HAP and sensor nodes, where the HAP and
the sensor node act as a cluster head and a cluster member,
respectively. Only HAP can serve as the cluster head and be
selected as a parent node of HAP and sensor node. The HAP
supplies power to sensor nodes (i.e., cluster members) by using
energy beamforming and transmits data received from sensor
nodes to the neighboring HAP (i.e., parent) towards the root. It
is equipped with a directional antenna for WPT and an
omnidirectional antenna for data communication. The sensor
node harvests energy from the HAP (i.e., cluster head) and
transmits data to the HAP. It is battery-powered and is equipped
with an omnidirectional antenna.

In TSCH-based WPSN, the amount of energy harvested by
the sensor node per second can be affected by the transmission
power of the HAP, the antenna gain of transmitter and receiver,
and the distance between the HAP and the sensor node,
calculated as follows:

7\’ 2
p-rac (L) ®
4n
where P. is the received power of the sensor node and P, is the
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Fig. 3. System architecture of TSCH-based WPSN.
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transmission power of the HAP. G, and G, are the antenna gain
of the HAP and the sensor node, respectively. A is the
wavelength, d is the distance between the HAP and the sensor
node, and o is the path loss exponent. Thus, the amount of
energy harvested by the sensor node during a timeslot can be
calculated as follows:

PRx = nPrLrimeslot (3)

where 1 is the energy harvesting efficiency factor and L

timeslot

is the length of timeslot.

In addition, the amount of energy consumed by the sensor
node in each state (i.e., transmission (Tx), reception (Rx), idle,
and sleep) during a timeslot (i.e., £, , E;, , E, , and Eg,, )

can be calculated as follows:

ETx = sleepLTsTxQﬁSet + Eﬁdeatu +EidleLTS‘RxAckDelay + ErxLAL‘k (4)
ER.r = ErleepLﬂvaO_/fvet + Erdeata + EidleLﬂvTxAckDelay + EL‘(LAck (5)
Eldle = Eid[eLtimeslol (6)
ESIeep = Es[eethimeslat (7)

where £, , E,, E, , and E,_ are the amount of energy

consumed by the sensor node in sleep, Tx, idle, and Rx states
during a timeslot, respectively. Ly on, and Ly uni, are the

time durations the sensor node waits to transmit the data packet
and receive the acknowledgment (Ack), respectively. Ly o

and Ly yupa, are the time durations the sensor node waits to

receive the data packet and transmit the Ack, respectively.

The sensor node calculates the number of cells required for
energy harvesting (i.e., EH cells) based on the amount of energy
harvested and consumed itself. After that, it performs cell
allocation by transmitting a 6P ADD Request message including
the number of cells required for data transmission (i.e., data cells)
and EH cells, and then completes the 6P transaction.

IV. SIMULATION

A. Simulation Configuratoin

The experimental simulation was performed to investigate
the impact of the slotframe length on the total amount of energy
harvested by sensor nodes, aggregate throughput, and average
end-to-end delay under the IEEE 802.15.4 TSCH network using
MATLAB simulator. In the simulation, a cluster-tree network
topology consisting of five HAPs and sensor nodes is considered.
The number of sensor nodes varies from 4 to 40. Each HAP is
randomly deployed within the coverage area of one of the
neighboring HAPs. An equal number of sensor nodes are
randomly deployed within a distance of 2 m from HAPs except
the root HAP. The slotframe length was set to 50, 100, 150, and
200 timeslots. The number of data packets generated by each
sensor node per second (i.e., traffic load) was set to 1 and 4.
Table I shows the simulation parameters in detail.

TABLE L SIMULATION PARAMETERS
Parameter Value Parameter Value
PHY/MAC IEEE 802.15.4 P 100 mW
Number of 4-40 E, 20.98 mA
sensor nodes ’
Packet size 127 bytes Ep, 17.96 mA
Number of
Data packets 1,4 Eua. 0.001 mA
Timeslot 10 ms Eq., 0.001 mA
length
Slotframe 50, 100, 150, a 97
length 200 timeslots '
d 0-2m n 0.65

B. Simulation Results

Figs. 4(a) and (b) show the total amount of harvested energy
when the traffic load is 1 and 4, respectively. In Fig. 4(a), when
the number of sensor nodes is less than 32, the shorter the
slotframe length, the higher the total amount of harvested energy.
This is because a shorter slotframe enables the sensor nodes that
have successfully allocated EH cells in the slotframe (i.e.,
successful nodes) to harvest energy more frequently. The total
amount of harvested energy increases as the number of
successful nodes increases. However, after a sensor node that
fails to allocate EH cells in the slotframe (i.c., failed node)
occurs, the total amount of harvested energy is maintained at a
similar point regardless of the number of sensor nodes and the
slotframe length. Therefore, in Fig 4(a), the total amount of
harvested energy for slotframe lengths 50 and 100 is
approximately equal when the number of sensor nodes is greater
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Fig. 4. Total amount of harvested energy: (a) traffic load of 1; (b) traffic load
of 4.
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than 28. In the case that the traffic load increases from 1 to 4, the
number of EH cells allocated by sensor nodes increases.
Therefore, the total amount of harvested energy in Fig. 4(b) is
greater than that of Fig. 4(a). In this case, the total amount of
harvested energy is saturated at a less number of sensor nodes
compared to the other case. This is because the number of cells
available for allocation in the slotframe further decreases
whenever the number of sensor nodes increases.

Figs. 5(a) and (b) show the aggregate throughput when the
traffic load is 1 and 4, respectively. In Fig. 5(a), as the number
of sensor nodes increases, the aggregate throughput increases
and then remains constant. This is because the number of data
packets transmitted to the root HAP increases as the number of
successful nodes increases. However, the number of cells
allocated within the slotframe is limited due to the fixed
slotframe length. Thus, if there are not enough available cells in
the slotframe, the aggregate throughput does not increase. When
the number of sensor nodes is less than 12, slotframes with
lengths 50 and 100 achieve the highest aggregate throughput.
This is because the slotframes are frequently repeated compared
to other slotframes while sufficiently accommodating data
packets within the network. However, when the number of
sensor nodes is greater than 8, slotframes with length 100 or 150
achieve the highest aggregate throughput. This is because they
allow more sensor nodes to successfully allocate data cells in the
slotframe. This leads to an increase in the number of data packets
arriving at the root HAP. Fig. 5(b) illustrates that the aggregate
throughput is rapidly saturated than that of Fig. 5(a) in terms of
the change in traffic load. This is because, when the traffic load
increases from 1 to 4, even if only a small number of sensor
nodes perform cell allocation, the number of allocated data cells
reaches the number of data cells that the slotframe can
accommodate.
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Fig. 5. Aggregate throughput: (a) traffic load of 1; (b) traffic load of 4.
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Fig. 6. Average end-to-end delay: (a) traffic load of 1; (b) traffic load of 4.

Figs. 6(a) and (b) show the average end-to-end delay when
the traffic load is 1 and 4, respectively. Overall, the shorter the
slotframe length, the shorter the average end-to-end delay,
regardless of the traffic load. This is because the period of data
transmission of the sensor node is proportional to the slotframe
length. In TSCH-based WPSN, the average end-to-end delay
tends to remain constant and then increase as the number of
sensor nodes increases. Until the number of sensor nodes
reaches a certain number, the average end-to-end delay is
maintained constant as a result of transmission delay due to cell
allocation of HAPs and sensor nodes. However, when the
number of sensor nodes exceeds a certain number, the average
end-to-end delay increases because HAPs receive more data
packets than the number of packets that can be transmitted in
one slotframe. In this respect, the average end-to-end delay is
shorter when the traffic load is 1 compared to 4.

V. CONCLUSION

This paper presents the impact of slotframe length on the
performance of TSCH-based WPSN. The simulation was
performed under environments in which the network size and
traffic load varies in order to analyze the network performance
according to the change of slotframe length. The simulation
results showed that the slotframe length that maximizes the total
amount of harvested energy and aggregate throughput depends
on the number of sensor nodes and data packets transmitted by
the sensor nodes in the network. In addition, the long slotframe
length causes the long average end-to-end delay. Consequently,
in order to achieve better TSCH-based WPSN performance, the
slotframe length needs to be set as short as possible considering
the network size and traffic load.
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