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A Simulation Model for Industrial Multi-Channel
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Abstract—The use of Wireless Sensor Networks (WSN)
in industrial environments is subject to problems, such as
shadowing and fading. In addition, the wireless channel in
many industrial environments is non-stationary for a long term,
which can cause abrupt changes in the characteristics of the
channel over time. A way to deal with those problems is
the use of multi-channel protocols. However, it is difficult to
evaluate, and compare different approaches because there is
no reliable simulation model for industrial environments. This
paper presents experimental results that characterize the wireless
channel in industrial environments, and proposes a simulation
model that captures the effects of fading, shadowing, and the
non-stationary characteristics of the channel. It also considers
the differences in the behavior of the different channels, and the
asymmetry of the links. The model was integrated into the open
source simulator Castalia. After the integration, two simulation
studies were performed with the proposed model. In the first one,
the Tree-based Multi-Channel Protocol was implemented and
evaluated, and a comparison was made with the default model
from Castalia. In the second case, CSMA/CA protocol, as defined
in IEEE 802.15.4 standard, was compared to a protocol based on
Time-Slotted Channel Hopping (TSCH) mode of IEEE 802.15.4e
standard. The results showed that the use of TDMA and channel
hopping is an alternative to deal with the problems of wireless
channels in industrial environments.

Index  Terms—Industrial Wireless Sensor Networks,
Multi-Channel Protocols, Simulation.
I. INTRODUCTION
Sensor Networks (WSN) to

HE use of Wireless
Timplement systems for monitoring and control in
industrial environments presents some advantages, when
compared to the use of wired networks, such as low cost
and high flexibility. However, it is necessary to deal with
interference problems, possibly caused by other wireless
networks, and with the large and small-scale fading, due to the
presence of many objects and obstructions in the environment
(usually made with metallic materials) [1].
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In industrial environments, differences on the characteristics
of the channels may be observed, related to the multipath
profile of the environment, since the channels are uncorrelated
in frequency, and the impact of multipath is different for
different channels [2]. In addition, changes in the topology of
the environment (e.g., movement of a large metal structure)
and reflections may cause changes in channel characteristics
over time, which may lead to differences in the mean value of
the received power and in the variance, even for static nodes.
Thus, when the wireless channel is analyzed in the long run,
it is possible to observe abrupt changes in its profile at certain
times [3].

The development of multi-channel protocols is an alternative
to deal with the variations that occur in the quality of the
channels over time. These protocols allow a better channel
utilization, increasing the overall throughput of the network
through simultaneous transmissions. It is also possible to deal
with the spatial variations in channel quality for different
segments of the network. Some solutions use multiple channels
simultaneously, with multiple transceivers in the sensor nodes,
or using different channels in different segments of the
network [4]. Other approaches use frequency hopping, such as
Medium Access Control (MAC) protocols of WirelessHART,
ISA100.11a, and IEEE 802.15.4e standards [5] [6]. Some
works focus on dynamic channel allocation mechanisms [7]
[8], in which the WSN changes the channel when its quality
decreases.

To simulate or emulate the characteristics of multiple
channels simultaneously, in order to compare different
multi-channel protocols, it is recommended the use of a
common testbed and simulators that are more accurate.
Some papers describe simulation studies of Industrial WSN
IWSN) [9] [10] [11] [12], but they consider neither the
non-stationary characteristics of the wireless channel for a long
term, nor the uncorrelation between different channels.

This paper describes a simple and reliable model to simulate
multi-channel protocols for IWSN that captures the effects of
fading, shadowing, and the non-stationary characteristics of the
channel. It also considers the differences in the characteristics
of the different channels, and the asymmetry of the links.
This model was first described in the conference paper [13],
and was also used to evaluate link quality estimators for an
IWSN in [14]. Some experimental results, that demonstrate
the characteristics of the wireless channel, are also presented
in this paper. The experiments were conducted using IEEE
802.15.4 radios in industrial environments.

The model described in [13] is extended to support the
simulation of multi-channel protocols, and to capture the
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asymmetry of the links. It was integrated into the open
source simulator Castalia [15], and two simulation studies
were performed to evaluate the performance of multi-channel
protocols in industrial environments. In the first one, the
Tree-based Multi-Channel Protocol (TMCP) was implemented
and evaluated. In TMCP, the network is statically divided into
disjoint subtrees to reduce collisions, and different channels
are allocated to each sub-tree. A comparison study was
made using both the proposed model and the default one of
the simulator. In the second one, the single-channel Carrier
Sense Multiple Access with Collision Avoidance (CSMA/CA)
protocol, as defined in IEEE 802.15.4 standard, is compared to
a protocol based on Time-Slotted Channel Hopping (TSCH)
mode of IEEE 802.15.4e standard, which uses Time Division
Multiple Access (TDMA) and frequency hopping.

The results showed that static protocols are not adequate to
implement IWSN, since they are not capable to deal with the
variations that occur in the quality of the channels over time.
The use of TDMA and channel hopping is an alternative to
deal with the problems that affect the quality of the channels
in industrial environments, and to reduce the number of
collisions. However, some challenges need to be addressed,
such as the time synchronization. Different approaches can be
evaluated using the simulation model proposed in this paper,
to support the development of novel protocols appropriate for
IWSN.

II. THE WIRELESS CHANNEL IN INDUSTRIAL
ENVIRONMENTS

The industrial environments usually contain metallic and
mobile objects, such as robots, cars and people, which
influence both the large-scale path loss and the multipath
fading. In [1], experiments were conducted to analyze the path
loss and shadowing in an industrial environment in frequencies
of 900 MHz, 2400 MHz, and 5200 MHz. Equation 1 shows the
path loss in dB at distance d between transmitter and receiver
[16],

L(d) = L(dp) + 10n log(di) + X, (1)
0

in which n is the path loss exponent, and dj is the reference
distance. There is a variation in the received power, depending
on where the measurement is performed. To capture this
variation, a random variable Xo is included in Equation 1,
in which Xo is a Gaussian distribution with zero mean and
standard deviation o, and the two parameters are represented
in dB. Xo is known as log-normal shadowing. In [1],
the values of the aforementioned parameters were obtained
for different scenarios in an industrial environment. Castalia
simulator implements log-normal shadowing model.

Besides large-scale path loss and shadowing, the small-scale
attenuation also needs to be considered, due to rapid
changes in the multipath profile of the environment caused
by the movement of objects around the receiver and
transmitter. Experiments have shown that in industrial
environments the temporal attenuation follows the Rice
distribution [1]. This distribution models the small-scale

fading when there is a dominant stationary signal and
random components overlapping with the main component.
In industrial environments, there are usually several invariant
rays, and just a small portion of multipath profile is affected by
moving objects [1]. The Castalia simulator does not implement
small-scale fading with the Rice distribution, or any other
probability distributions.

The probability density function that describes the envelope
of a signal under Ricean fading is

x _«Xadh [ Ax
Pr(x) = 7€ w2 Iy (ﬁ) ,x >0, 2

in which Iy (e) is the modified Bessel function of the first kind
with order zero, A? is the power of the dominant stationary
signal, and 2b? is the average power of the random multipath
components.

A. Fading in Industrial Environments in Long Term

The wireless channel can be modeled as wide-sense
stationary for a short term. However, the channel properties
can change significantly in a period of a few hours, due
to modifications in the topology of the environment. These
changes are not taken into account by usual probability
distributions that are used to model fading channels.

The characterization of the wireless channel in an industry
was performed for a long period (20 hours) in [3]. The results
showed that Rice distribution only fits the received power
for small periods, in which the mean value of the received
power remains constant. For example, the movement of a
big metallic structure can change the multipath profile related
to a set of rays that remained invariant for a long term,
which causes differences on the mean value of the received
power, although the transmitter and receiver remain static.
Experiments described in [3] showed that abrupt changes
could occur in the link characteristics. In that experiment, the
received power varied around -55 dBm during seven hours,
and after this period, the mean value of the received power
changed abruptly to -46 dBm. An experiment described in [17]
also presented similar behavior.

In experiments performed by the authors of this paper, a
similar behavior was also observed, as can be seen in Figure 1,
that shows the Received Signal Strength Indicator (RSSI)

Received Power (dBm)

0 10 20 30
Time (min)

Fig. 1. Non-stationary behavior of the channel in an industrial environment.
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Fig. 2. Industry where the experiments were performed.

values acquired, during 30 minutes, from an experiment
conducted with two IEEE 802.15.4 radios operating in
2.4 GHz band, in an industrial environment (Figure 2). RSSI
is a metric provided by the transceiver to assess the received
power. An abrupt change in the channel characteristics
occurs at a certain time, which indicates that the channel is
non-stationary in the long run.

Agrawal et al. [18] used a composite distribution to
capture both shadowing, and fading for a long term. The
model is called Nakagami-m/Log-normal. The parameter of
Nakagami-m distribution defines the level of fading, and the
parameters of log-normal distribution define the effects of
shadowing. The validation of the distribution was performed
using a set of values obtained from experiments in industrial
environments, and considering the Cumulative Distribution
Function (CDF) of Rice, Rayleigh, Nakagami-m, log-normal,
and Nakagami-m/Log-normal. The validation was based on
the inferior tail, since this region is responsible for most
transmissions errors. It was shown that the usual distributions
that model fading overestimate the occurrence of deep
fading. Log-normal distribution presented a better fit with the
experimental values, but this distribution underestimates the
occurrence of deep fading. Nakagami-m/Log-normal presented
a better result, since it can capture the effects of shadowing
and fading for a long term.

Wang et al. [19] applied the Bayesian Change Point
Detection (CPD) on Nakagami-m channel model to capture
the abrupt changes in time that occurs in the quality of
the channel for a long term. The CPD identifies when the
probability distribution of a stochastic process changes. To
validate the model, sequences of values using Nakagami-m
model were generated, and a manual division of segments was
performed, in which each segment presents different values
for the distribution parameter. Experiments were performed
and the segments were detected in the trace generated by the
experiment. Then, the parameters for Nakagami-m distribution
in each segment were calculated.

Although the authors in [18] [19] have described models
to capture the modifications in the channel characteristics
for a long term, the models are adequate only for
analytical evaluation of WSN, since the instantaneous random
values generated following the proposed distributions do not
correspond to the observed in practice, although the CDF of

the model presents a good fit with the CDF of the experimental
data.

B. Coherence Bandwidth

IEEE 802.15.4, which is the usual communication standard
for WSN, defines sixteen channels in 2.4 GHz band, with
2 MHz of bandwidth, and 5 MHz of channel spacing.
However, some standards, such as WirelessHART, uses only
15 channels [20]. Experiments described in [21] showed that
changing the communication channel can lead up to a 30 dB of
difference in the received power inside an office environment.
Varga et al. [22] performed experiments for a short range
in an environment without multipath, and with Line-Of-Sight
(LOS). In that experiment, differences up to 10 dB were
observed for some channels. In the experiments described
in [23], performed in an office environment, even the adjacent
channels were uncorrelated, for distances greater than 6.5
meters. This difference may be larger in channels with high
Root-Mean-Square (RMS) delay spread, as can occur in many
industrial environments.

Another set of experiments was performed by the authors
of the present paper to verify the correlation between the
channels. Figure 3 shows the received power calculated using
RSSI of the received packets for nine different channels.
The values were filtered using an average filter, with a
window of 20 samples, to better analyze the shadowing in
each channel. The node received packets in each channel
during three minutes, with rate of one packet per second. The
transmitter was positioned 23 meters (Figure 4) away from
the receiver without LOS. The nodes used in this experiment
have a MRF24J40MA transceiver, a Printed Circuit Board
(PCB) antenna with 2.09 dBi of gain, and 0 dBm of transmit
power. The nodes were configured remotely using another
node, designed to communicate to each node the information
of the channel to be used in the next replication. This was
done to avoid a change in position of the nodes involved in
the experiment.

The result shows that the multipath profile of the
environment affects differently each channel. For example,
Channels 11 and 13 have shown a difference of about 15 dB
in the mean value of received power.
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Fig. 3. Experiment results with uncorrelated channels.

Another experiment was performed to investigate the Packet
Reception Rate (PRR) for different channels, considering
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Fig. 4. Environment where the experiment was performed.

static nodes, in the industry shown in Figure 4. Two nodes
(transmitter and receiver) were configured to operate using
channel 11, and the transmitter was configured to transmit
packets during 60 seconds. After that, the nodes switched to
the channel 19 and the transmitter sent packets to the receiver
during 60 seconds. The transmitter and the receiver were
positioned 30 m apart without LOS. Figure 5 shows the result
of this experiment. The PRR was 91% when using channel 11,
and 51% when using channel 19. It is possible to notice that,
even in the same environment, distance, and nearly at the same
time, the channels also showed different characteristics for this
experiment.

o — Channel 11 (PRR equal to 91%)
i - Channel 19 (PRR equal to 51%)
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Fig. 5. RSSI values obtained in experiments using different channels in an
industrial environment.

III. MULTI-CHANNEL PROTOCOLS

An alternative to deal with the issues discussed in
Section II is the development of multi-channel protocols. The
use of such protocols allows an increase on the network
transmission capacity, through simultaneous transmissions in
several different channels. It is also possible to deal with the
spatial variations in the quality of the channels [24].

The static Tree-based Multi-Channel Protocol (TMCP) [25]
was chosen to evaluate the model described in this paper.
It has three components: Channel Detection (CD), Channel
Assignment (CA), and Data Communication (DC). The CD
module finds orthogonal channels that can be used. Two nodes

are used to sample the quality of each channel. Among the
channels with good quality, the non-adjacent channels are
prioritized.

The CA module partitions the network into k subtrees
and defines a channel for each one, exploiting the parallel
transmissions among them. The intra-tree interference cannot
be avoided completely, but when the network is partitioned,
the interference between the nodes decreases, improving
the overall Quality of Service (QoS) of the network. After
assigning the channels, the DC module manages the data
collection in each sub-tree. When a node has a packet to
transmit to the sink-node, it uses the routers in its subtree
and the channel allocated for the subtree. This protocol
considers that the sink-node has a network interface for each
channel. This approach works well with a small number
of channels and has a simple transmission scheme, without
the need for synchronization of the nodes, which makes it
suitable for WSN. In order to assess the real benefits of these
multi-channel protocols, and to develop novel protocols for
IWSN, it is necessary to use network simulators with accurate
models, such as the simulation model described in this paper.

Some standards have been proposed in the last years
with focus on industrial applications, such as WirelessHART
and ISA100.11a. Both WirelessHART and ISA100.11a are
based on the physical layer of IEEE 802.15.4, but defines
its own MAC layer. Instead of using CSMA/CA, as defined
by IEEE 802.15.4 standard, they use a MAC layer with
TDMA. By using TDMA, collisions are avoided and the
power consumption can be optimized. They also use frequency
hopping and blacklisting, to mitigate the problems related
to interference and fading. However, without an adequate
management of the blacklist, the communication performance
may be low for these standards [26].

Recently, the IEEE 802.15.4e standard was released,
with the goal of proposing solutions for applications that
require high reliability, such as industrial applications [6].
Five modes of operation are defined, that is: Time-Slotted
Channel Hopping (TSCH), Deterministic and Synchronous
Multi-Channel Extension (DSME), Low Latency Deterministic
Network (LLDN), Asynchronous Multi-Channel Adaptation
(AMCA), and Radio Frequency Identification Blink (BLINK).
However, only TSCH, DSME, and LLDN modes have been
explored in the literature until recently. In general, the modes
of IEEE 802.15.4e are based on TDMA or frequency hopping
to reduce collisions and mitigate the effects of interference
and fading, and to satisfy the requirements of industrial
applications in terms of reliability and determinism.

One of the main differences between the new standard
IEEE 802.15.4e in comparison to the previous IEEE 802.15.4
standard is the use of multiple channels. Besides using TDMA,
TSCH mode employs channel hopping. When using this
mechanism, the nodes usually switch to a new channel before
each transmission, which makes the network more robust
against problems that affect only a subset of the channels.

IV. NON-STATIONARY SIMULATION MODEL FOR IWSN

Castalia is a discrete-event simulator developed in C++,
based on the open-source simulation framework OMNeT++.
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Its radio module is based on real radios for embedded
low-power devices, including support to the transceivers
CC2420 and CC1000, and log-normal shadowing model,
which provides precise estimates for the average path loss.
Castalia is also more specific for low-rate networks than other
simulators, such as Network Simulator 3 (NS3) and OPNET,
which focus on general networks.

To allow the simulation of multi-channel protocols for
IWSN, it is necessary to use a model that allows capturing
the characteristics of the channels for a long term and
the simulation of multiple channels simultaneously. Thus,
the non-stationary behavior of wireless channel, and the
uncorrelation of different channels need to be considered, as
explained in Section II.

The fading effect on the channel, in the long run, that is
proposed in this paper, can be modeled as a two-state Markov
chain, illustrated in Figure 6.

p

AT T

R

1

Fig. 6. Markov chain with two states.

While the Markov chain remains in the P state, the channel
characteristics remain unchanged. The received power values
for a certain link between two nodes are generated considering
a signal under Ricean fading. The large-scale path loss is
modeled using log-normal shadowing model.

The transition to the state 7 occurs with probability p. When
this occurs, the parameters of the channel model are modified,
and therefore an abrupt change occurs in the quality of the
channels. After changing the parameters of the models, the
Markov chain returns to the state P with probability one.

A mean time of change (7,.), in minutes, is defined for
the model, which is used to define the value of p. In the
implementation of the model, the rate of change of the Markov
chain was set to one minute, thus p = % With this parameter,
it is possible to simulate environments that remain unchanged
for a long term, and environments that present frequent
changes in the topology. The simulation results obtained
using the model is compatible with results from experiments
performed in industrial environments [2] [17] [18]. In this
paper, Rice distribution was used to model fading, but other
distributions could be used, such as Nakagami-m distribution.
The integration of other distributions will be implemented in
the future.

The first step to redefine the parameters of the channel,
when the Markov chain reaches the state 7, is the definition
of the mean power of reception (Pr(d,t)qm) for a distance
d and time ¢, according to

Pr(d,t)¢m = Pr — L(d), 3)

in which Pr is the power transmission and L(d) is calculated
using Equation 1. Considering the same distance between
transmitter and receiver, Pgr(d,f)¢sm presents a random
variation regarding X, which can increase or decrease the
average value of the received power.

The instantaneous value of reception power is obtained
by adding the value of Pgr(d,f)qsm to the fading value,
which is obtained by simulation of a channel under Ricean
fading. Experiments described in [1] validated the use of Rice
distribution as the model for temporal attenuation, for fixed
location in industrial environments. In [1], experiments were
conducted to determine the Ricean factor (K) for different
scenarios. These values were used as parameters for the
simulations described in this paper.

The Ricean factor, in dB, is defined as

AZ

in which K is the ratio of the power in the LOS component
(A?) to the power in the other (non-LOS) components
(2b%) [27].

To generate the random values following Rice distribution,
a C++ library called IT++! was used, which is a library that
can be used to simulate communication systems. This library
implements the distribution to simulate the transmission of
signals under Ricean fading.

To model the variations in the level of small-scale fading, it
is also possible to configure a value for the standard deviation
of K factor (K, ). Thus, every time a change in the channel
characteristics occurs, a new value of K is defined, using a
normal distribution with the mean value of K and the standard
deviation K, as parameters. In experiments performed by the
authors, and in other articles [18], it was observed that the
severity of the multipath fading can also change abruptly,
together with a modification in the mean value of the received
power.

As the channels are uncorrelated in frequency, to simulate
protocols that use multiple channels, all the channels need to
be simulated simultaneously with their own parameters. In this
scenario, switching the channel may improve the QoS of the
network when the channel in use presents low quality. More
specifically, for each link between two nodes, it is necessary to
store 32 values of Pr(d,t)¢sm and K, which are the parameters
of shadowing and fading for the two directions of the link in
each of the 16 available channels. Every time a new packet
is transmitted in the network, the value of received power is
generated considering the parameters stored for the link and
channel used in the transmission. This allows capturing the
characteristics of uncorrelated channels and the asymmetry of
the links. The parameters of the wireless channel are defined
as indicated in Table I in the simulation script of Castalia.

The first four parameters are used to calculate the path
loss and shadowing, and the parameters K and K, are
used to calculate the small-scale fading. The parameter
meanTimeChange defines the mean time of change in
the channel characteristics, in minutes. The parameter seed

Uhttp://itpp.sourceforge.net/4.3.1/ - Access in 21/12/2016.
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TABLE I
THE PARAMETERS OF THE WIRELESS CHANNEL IN THE SIMULATION
SCRIPT OF CASTALIA.

SN.wirelessChannel.pathLossExponent = 1.69
SN.wirelessChannel.PLd0O = 80.48
SN.wirelessChannel.d0 = 15
SN.wirelessChannel.sigma = 6.62
SN.wirelessChannel K = 12.3
SN.wirelessChannel. K_sigma = 5.4
SN.wirelessChannel.meanTimeChange = 85
SN.wirelessChannel.seed = 0

defines the seed used to generate the random values of received
power during the simulation. If the value of seed is set to 0
a different seed is defined for each simulation, otherwise the
same sequence of values is generated for different simulations.
The use of a fixed seed is useful to compare different
approaches with the same channel condition.

V. RESULTS

The model was integrated into Castalia simulator. At
physical layer, it uses real parameters of IEEE 802.15.4
radios, and a model based on log-normal shadowing. The
simulator also allows temporal variation in the received power
using predefined samples that simulate the behavior of a
channel subject to multipath fading. However, by default
the model implemented by the simulator considers that the
channel is stationary, i.e., its characteristics remain unchanged
during all the time. To perform the integration with Castalia,
modifications were made in the WirelessChannel class, to
capture the variations in the channel characteristics over the
long run. After the integration, a simulation was performed,
considering one transmitter and one receiver. The simulation
parameters are detailed in Table II. The adopted mean time of
change seemed to be consistent with the experimental results
of [3] [18] [19], in which the channel remains stationary for
some hours.

For log-normal shadowing and Rice models, values obtained
from experiments in an industrial environment described in [1]
were used, considering a scenario without LOS between
transmitter and receiver. A transmission power of 0 dBm was
used, since it is the transmission power of the radios used
in the experiments described in Sections II-A and II-B. The
packet transmission rate of 0.2 packets/s is enough for some
applications, such as temperature monitoring.

Figure 7 shows the reception power at the receiver (obtained
from received data packets) and at the transmitter (obtained
from received acknowledgment packets - ACK) during the first
four hours of simulation. It is possible to notice the abrupt
changes that occur in the channel quality over time, and the
asymmetry between the two directions of the link. This type
of behavior is realistic in dynamic environments, as is the case
of industrial environments. The results obtained by the model
are consistent with results from experiments performed in an
industrial environment by the authors, and other experimental
results described in papers that analyzed the channel behavior
for a long period [3] [18] [19], as demonstrated in Section II-A.

Channel 11 was used to obtain the plot shown in
Figure 7. Seven additional replications of the simulation were

TABLE 11
PARAMETERS USED IN THE SIMULATION.
Distance between the nodes 20 m
Physical and MAC layer IEEE 802.15.4 - CSMA/CA
(without retransmission)
Simulation Time 18000 s (5 h)
Transmission power 0 dBm
Packet transmission rate 0.2 packets/s
Mean time of change 85 min
Path loss exponent (7) 1.69
Reference distance for path loss (d) 15 m
Path loss in the reference distance (L(dp)) | 80.48 dB
Standard deviation of shadowing (X4 ) 8.13 dB
Ricean factor (K) 12.3 dB
Ricean factor standard deviation (K ) 54 dB

Power at the transmitter
Power at the receiver

Power (dBm)
4
N

0 1 2 3 4
Time (hours)

Fig. 7. Asymmetry in the link and temporal variations in the received power.

performed, using different channels, and with the same seed.
Figure 8 shows the received power at the receiver for the eight
different channels considered. The first 100 samples obtained
from each replication were used to plot the chart. The values
were filtered using an average filter to better analyze the
shadowing in each channel, and to allow a better comparison
to the experimental result described in Section II. The results
shown in Figures 7 and 8 are similar to the experimental results
shown in Figures 1 and 3.

Ch 11 Ch 12/Ch 13 Ch 14 Ch 15/ Ch 16 Ch 17 Ch 18

Power (dBm)

-100

0 100 200 300 400 500
Samples

600 700 800

Fig. 8. Received power for different channels.
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A. Evaluation of TMCP Protocol

TMCP protocol was evaluated to verify how it operates
in the presence of dynamic variations in the channels
characteristics in the long run. Three different scenarios (A, B
and C) were created in the simulator, as shown in Table III. An
area of 200x200 square meters was used, and the end-nodes
were randomly placed inside this area. When an end-node
cannot reach the sink-node directly, it can use intermediate
routers. For example, in Scenario C, routers were assigned by
TMCP to the Nodes 12, 22, and 24.

For scenarios that used two channels, two sink-nodes
were located in the center of the area, representing a single
sink-node with two network interfaces, each one using a
different channel (Castalia does not implement nodes with
multiple network interfaces). For scenarios with four and
eight channels, four and eight sink-nodes were located in the
center of the area, respectively. The communication range of
the nodes was defined as 70 m in the execution of TMCP
algorithm for the simulations described in this paper. As
in [9], the interference range was defined as 1.5 times the
communication range (105 m). This is close to the theoretical
communication range of IEEE 802.15.4 radios with 0 dBm of
output power.

TABLE III
SCENARIOS FOR SIMULATION.
Area Scenario Number of | Total Number of Number of
Channels Nodes Sink Nodes
A 2 21 2
200%x200 m B 4 23 4
C 8 27 8

Simulations were performed for the three different scenarios
using the proposed non-stationary model, and the default
stationary model of Castalia. The parameters defined in
Table II were also used in these simulations, except the
distance between the nodes. Five replications were performed
for each scenario.

Figure 9 shows the mean value of PRR considering all nodes
connected with each sink-node, for all scenarios. To calculate
the mean values, the average PRR was sampled every 10
minutes of simulation, and considering five replications. The
confidence level was 99%.

When evaluating the network performance with the
stationary model, it is possible to notice that, on average, the
performance of the network increases when more channels
are used. The overall PRR of the network when using the
stationary model was 30.15%, 40.8%, and 47.49%, for the
scenarios with two, four, and eight channels, respectively.
This is explained by the reduction in the collisions between
neighbor nodes when more channels are used.

When using the non-stationary model, the overall PRR
of the network was 30.34%, 31.63%, and 30.66%, for the
scenarios with two, four, and eight channels, respectively.
Thus, the overall performance remains almost constant for
all scenarios when using the non-stationary model, although
for some nodes the performance increased in scenarios with
more channels. This is a result of the variations that occur
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Fig. 9. Averaged values of PRR for each sink-node in all scenarios.

in the channel quality for different links. Even the subtrees
have almost the same number of end-nodes, the distances
between the end-nodes and the sink-nodes can vary in different
sub-trees, and the characteristics of different channels are
different for the non-stationary model. Thus, the stationary
model may overestimate the network performance.

The most important difference between the two models can
be seen in the values of variance. When using the stationary
model, the PRR for all sink-nodes presents low values of the
variance during five hours of simulation, and even considering
five replications, since the nodes are placed in fixed positions.
When using the non-stationary model, a higher variance can
be observed due to the variation in the channels characteristics
over time. The variance is higher when using eight channels.
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This occurs because there are fewer nodes per sub-tree in
this scenario. Thus, there is a higher heterogeneity in the
characteristics of the sub-trees.

In the scenario that uses two channels, for example, half
of the nodes are allocated to a channel and the other half to
the other channel. Thus, the variations of a given link can be
canceled by an opposite variation in another link inside the
sub-tree, which decreases the variation of the average value
of PRR considering the whole sub-tree.

In the scenario with eight channels, the PRR for the sub-tree
that used channel 4 was nearly zero when using the stationary
model. This occurred because the shadowing calculated in the
beginning of the simulation by the stationary model remained
the same during all time. When considering the non-stationary
model, due to the variations in channel quality over time
(which can increase or decrease channel quality), the average
PRR was higher, and with a higher variance.

Although the averaged values of PRR provide a general
assessment of the network performance, it is important to
verify the performance of the individual links. For example,
for some applications, a minimum PRR needs to be ensured
during all time for a specific link. Using the communication
between the node/[14] and the node[5] (sink-node) as example,
the reception power and PRR are illustrated in Figure 10, for
the stationary model in (a) and (b), and the non-stationary
model in (c) and (d).

To plot the charts in Figure 10, the reception power of the
lost packets was fixed at -100 dBm. In Figure 10(c), it is
possible to see the abrupt changes that occurred in the channel
characteristics over time, and the corresponding differences
in the PRR (Figure 10(d)), when using the non-stationary
model. For the same scenario, and using the stationary
channel model of Castalia, there is no change in the channel
characteristics during the five hours of simulation, as can
be seen in Figure 10(a), and the mean value of PRR also
remained constant during all the simulation, as can be seen in
Figure 10(b).

The distribution of errors over time was very different
for the two models. When using the stationary model, the
PRR remained concentrated around 70% during all simulation.
For the non-stationary model, the PRR presented a higher
variation, including periods with a very high PRR, and periods
with a very low PRR. Figure 11 shows the CDF of the PRR
values during all simulation for the two channel models. When
using the stationary model, the PRR was greater than 40% in
almost all the simulation. On the other hand, when using the
non-stationary model, the PRR remained below 40% during
20% of the time.

When the PRR is very low many packets are lost, even
with the use of packet retransmission. Besides, the delay
and power consumption increase when many retransmission
attempts are made. Thus, when considering a non-stationary
environment, a static protocol, such as TMCP, is not capable
to deal with the variations in the quality of the channels over
time, which encourages the development of dynamic channel
allocation mechanisms. In the next sub-section, a dynamic
protocol, based on TSCH mode of IEEE 802.15.4e standard, is
evaluated. Other approaches will be also investigated in future
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Fig. 10. Received Power (a), and PRR (b) during 5 hours for the link between
node[14] and node[5] with the stationary model. Received Power (c), and
PRR (d) during the same time and same nodes with the non-stationary model.

works of this research.

B. Comparison between CSMA/CA and a TSCH-based
protocol

This section describes a simulation study to compare the
single-channel CSMA/CA protocol and a protocol based on
TSCH mode of the IEEE 802.15.4e standard, using the
simulation model proposed in this paper. The later uses TDMA
and channel hopping, and is similar to MAC protocols defined
by WirelessHART and ISA100.11a standards.

In CSMA/CA protocol, when a node has a packet to
transmit, it waits for an initial random period (backoff period)
before it attempts the transmission, which only occurs if the
communication medium is idle. Otherwise, the device waits
for another backoff period before trying to access the channel
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Fig. 11. CDF of the PRR values during all simulation for the link between
the node[14] and node[5].

again [28]. If the channel access fails for a given number of
attempts (three for the implementation used in this paper),
the packet is discarded. In the simulations performed for this
paper, the implementation of CSMA/CA algorithm for Castalia
simulator described in [29] was used, with a little modification,
to allow packet retransmission at MAC layer.

In TSCH, the communication occurs based on a slot-frame
structure. A slot-frame is composed by a set of time-slots,
and each one is dedicated to one or more nodes. It is possible
to have simultaneous transmissions in the same time-slot, in
which each transmitter transmits to a different receiver, and
using a different channel. When a pair of time-slot and channel
is dedicated to only one node, the communication medium can
be accessed directly inside the time-slot, without contention,
otherwise the nodes use a modified CSMA/CA algorithm to
access the channel, to reduce collisions [6]. The slot-frame
automatically repeats, and all nodes have a shared notion of
time. Typically, the slot allocation is configured by a higher
layer when the device joins the network. The nodes hop over
the entire channel space to minimize the negative effects of
multipath fading and interference [30].

Figure 12 shows an example of a slot-frame with eight
time-slots (SO to S7). Each time-slot has 10 ms of duration, and
accommodates one packet transmission and the corresponding
ACK packet. If a given transmitter does not receive the ACK
packet inside the time-slot, it can retransmit that packet in the
next time-slot allocated to it.

ASN = 0

1 2 3 45 6 7 8 9 10 11 12 13 14 15

slotframe n slotframe n+1

Fig. 12. Example of slot-frame with eight time-slots for a TSCH network.

In the implementation built for the experiments, the channel
to be used in a given time-slot is determined using

S0|S1|S2|S3|S4|S5/56|/S7|S0|S1|S2|S3|S4|S5|S6(57 LELEL)

TABLE IV
POSITION OF THE NODES IN THE SIMULATIONS.

Node Coordinates Distance to the
1D X, Y, 7Z) coordinator (node 0)
0 (7.29, -12.59, 2) -

1 (13.07, 16.51, 2) 29.67 meters
2 (-2,30, -13.78, 2) 9.67 meters
3 (-22.65, 15.21, 2) 40.85 meters
4 (21.43, -14.28, 2) 14.23 meters
5 (-19.45, -9.43, 2) 26.93 meters
6 (1.78, 14.85, 2) 27.99 meters
7 (-20.70, -2.61, 2) 29.72 meters
8 (-13.59, 24.31, 2) 42.40 meters
9 (23.79, -9.76, 2) 16.74 meters
10 (2.28, -10.32, 2) 5.50 meters
11 (7.70, -8.66, 2) 3.95 meters
12 (-11,83, -1.79, 2) 21.96 meters
13 (-18.00, -0.60, 2) 27.99 meters
14 (-20.83, 5.62, 2) 33.50 meters
15 (-19.93, -14.05, 2) 27.26 meters
16 (-11.88, -21.59, 2) 21.18 meters

ch = (ASN + |ASN/SFsize| + channelO f fset) mod 16,

in which ASN is the absolute slot number, defined as
the total number of time-slots elapsed since the start of
the network, and SF;;,. is the number of time-slots in a
slot-frame. A different channelO f fset can be defined for
each node in the network. Also, the channelO f fset is equal
to the node ID. Using this formula, the nodes use all the 16
available channels. However, IEEE 802.15.4e standard also
defines the use of blacklisting, in which the list of channels
considered in the channel hopping mechanism can be reduced.
For this simulation study, blacklisting was not considered.

To compare both protocols, the performance of networks in
star topology with eight, and 16 end-nodes were evaluated.
The end-nodes transmit the packets directly to a sink-node
(Node 0). For each configuration, five replications were
made, and the performance for each end-node was analyzed
individually. The same parameters showed in Table II,
regarding the wireless channel, were used. However, for this
simulation study, a packet transmission rate of 1 packet/s was
used.

To perform a fair comparison, for each replication the
same seed was used to evaluate each protocol, and different
seeds were used for different replications. Thus, both protocols
were evaluated considering the nodes placed at the same
position and with the same channel characteristics during the
replications. Table IV shows the positions of the nodes, which
were determined randomly.

When using CSMA/CA, the end-nodes access the
communication medium in a random and distributed way,
based on their local notion of the channel availability. Even the
end-nodes sense the channel before transmit, packet collisions
can occur due to the hidden terminal problem, in which some
end-nodes are out of range of other end-nodes. When using
TSCH, there are no collisions, since each time-slot is dedicated
for only one end-node. In the implementation built for this
paper, a slot-frame structure equal to the one illustrated in
Figure 12 was used, in which the SFy;;. is equal to the
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Fig. 13. Averaged values of PRR at MAC layer per end-node for the network
with eight end-nodes.
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Fig. 14. Averaged values of PRR at MAC layer per end-node for the network
with 16 end-nodes.

number of end-nodes in the network. Inside a slot-frame, each
end-node has one time-slot dedicated to it. For the scenario
with 16 end-nodes, the use of packet retransmission was
enabled, with one retransmission attempt per packet in TSCH,
and two retransmission attempts in CSMA/CA.

Figures 13, and 14 show the PRR at MAC layer for the
networks with eight, and 16 nodes, respectively. As expected,
there is a positive correlation between the distance from the
end-node to the sink-node, and the PRR for that end-node.
When the number of end-nodes increases, the PRR for some
end-nodes decreases significantly when using CSMA/CA, due
to the higher number of collisions. For example, the PRR of
the End Node 4 was approximately 58%, and 47%, for the
networks with eight and 16 end-nodes, respectively. On the
other hand, when using TSCH, as there are no collisions, the
PRR for the End Node 4 was approximately 91,7%, and 90%,
for the networks with eight and 16 end-nodes, respectively.

Figure 15 shows the PRR at the application layer, for the
network with 16 end-nodes, and using packet retransmission.
In this scenario, the average PRR at the application layer,
considering all end-nodes, was approximately 76% and 97%
when using CSMA/CA, and TSCH, respectively. When using
TSCH, the lowest PRR was equal to 87%, for the End Node 8,
which is the one with the higher distance to the sink-node.
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Fig. 15. Averaged values of PRR at the application layer per end-node for
the network with 16 end-nodes.

Other aspect to be considered is the high variance of the PRR
when using CSMA/CA. When using only one channel, the
end-nodes can remain large periods of time with a very low
PRR, or even with PRR equal to zero, in cases of deep fading.
On the other hand, as in TSCH the end-nodes use all the
available channels, the links are less influenced by problems
that affect only a subset of channels.

VI. CONCLUSIONS

This paper presented a reliable simulation model for
multi-channel WSN in industrial environments. The proposed
model captures the effects of fading, shadowing, and the
non-stationary characteristics of the channels in the long
run. Besides, the model considers the differences in the
characteristics of distinct channels, and the asymmetry of the
links. Some results obtained from experimental studies in
industrial environments were also presented, to analyze the
characteristics of the wireless channel in those environments.

Using the proposed model, the multi-channel protocol
TMCP was evaluated, and a comparison study was made
between the proposed model and the default model
implemented in Castalia simulator. To evaluate the network
performance, the PRR and the reception power at the
sink-node were used as metrics. It was possible to analyze
how the TMCP protocol works in industrial environments.
Experiments were conducted to validate the proposed
model using three different simulation scenarios, with nodes
placed randomly in different positions. The distribution of
transmission errors was very different for the two models
(stationary and non-stationary), which produced a higher
variance for the PRR, when using the non-stationary model.
The proposed model captures the actual behavior of the
wireless channel in industrial environments.

A static protocol, such as TMCP, is not capable to deal
with the variations in the quality of the channels over time.
One way to deal with this problem is the use of dynamic
channel allocation mechanisms, in which the nodes pick good
channels dynamically over time, and not only at the start of
the network operation, as is the case for the TMCP protocol.

A simulation study to compare the single-channel protocol
CSMA/CA and a TSCH-based protocol, using the proposed
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simulation model, was also described. The results showed
that the single-channel CSMA/CA, as proposed in the IEEE
802.15.4 standard, is not adequate to implement the IWSN,
since this protocol is not capable to deal with the variations
that occur in channel quality over time, neither with the spatial
variations in the quality of the channels. Besides, in networks
with a high number of nodes, the number of collisions
increases, and the performance of the network becomes even
worse. Dynamic protocols based on TDMA and frequency
hopping, such as MAC protocols proposed by IEEE 802.15.4e,
WirelessHART, and ISA100.11a standards, are more adequate
for industrial applications, since the number of collisions is
reduced, and the use of channel hopping makes the links more
robust to problems that affect only a subset of channels.

Rice distribution was used in this research, but the choice
of the best distribution to model fading depends on the
type of industrial environment. Other distributions, such as
Nakagami-m, will be integrated in the simulator in the
future. More detailed studies to investigate the performance of
dynamic or semi-dynamic multi-channel protocols for IWSN
will be performed.

The current implementation of the model for the
Castalia simulator, as well as the implementation of TMCP,
CSMA/CA, and TSCH for Castalia, can be downloaded from
https://github.com/ruandg/Castalia-ITWSN.
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