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a b s t r a c t

Wireless Sensor Networks (WSNs) are one of the most promising solutions for smart grid applications
due to advantages, such as their low-cost, different functionalities, and successful adoption to smart grid
environments. However, providing quality of service (QoS) requirements of smart grid applications with
WSNs is difficult because of the power constraints of sensor nodes and harsh smart grid channel con-
ditions, such as RF interference, noise, multi-path fading and node contentions. To address these com-
munication challenges, in this paper link-quality-aware routing algorithm (LQ-CMST) as well as the
priority and channel-aware multi-channel (PCA-MC) scheduling algorithm have been proposed for smart
grid applications. Furthermore, the effect of different modulation and encoding schemes on the per-
formance of the proposed algorithms has been evaluated under harsh smart grid channel conditions.
Comparative performance evaluations through extensive simulations show that the proposed algorithms
significantly reduce communication delay and the choice of encoding and modulation schemes is critical
to meet the requirements of envisioned smart grid applications.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The smart grid, the modernization of the power grid, utilizes
advanced electrical power components, information and commu-
nication technologies to collect and process the power grid's op-
erational information (Shah et al., 2013). Smart grids provide bi-
directional communications and use advanced control capabilities
to generate, distribute and consume the electricity more effi-
ciently, unlike the existing power grid (Saputro et al., 2012). Reli-
able and timely data transmission from suppliers to consumers is
critical in smart grid applications. To this end, wireless sensor
networks (WSNs) are one of the most promising communication
solutions that can meet the delay and reliability requirements of
smart grid applications. However, recent field tests show that the
smart grid infrastructure has harsh and complex environmental
.tr (M. Yigit),
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a (N. Akkari),
conditions, noise, interference, connectivity and multi-path fading
problems during low-power wireless communications (Gungor
et al., 2010). In these field tests, the average noise level was
measured as �93 dBm in outdoor 500 kV substation environment.
Note that this noise level is much higher than that of outdoor
noise levels, which is measured as �105 dBm. In addition, smart
grid has some specific system challenges (Bari et al., 2014). One
such challenge is interoperability, since the smart grid is a large-
scale system in which there are many interconnected power
components, generating an enormous amount of data to be
transmitted and analyzed. Therefore, interoperability issues need
to be investigated while developing new protocols and standards.
The second challenge of the smart grid is the security, which is
required to realize remote power management in the smart grid.
Since energy is a valuable resource, providing security against
malicious activities is an important concern in smart grid. The
third challenge of the smart grid is optimization and control of the
grid. Analyzing the data collected by sensors and controlling the
peak loads are difficult for the smart grid. Therefore, optimization
algorithms are needed to optimize the power grid's operation.

Furthermore, network traffic loads and data types exchanged in
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the smart grid communication infrastructure keep changing and
increase exponentially. Collected smart grid data are usually time-
critical. However, conventional communication techniques only
provide a best-effort service and do not guarantee quality-of-ser-
vice (QoS) (Yaghmaee et al., 2013). Therefore, the smart grid re-
quires a reliable and efficient communication framework to pro-
vide QoS requirements of the envisioned smart grid applications.
Moreover, the different types of traffic need to be prioritized based
on application-specific delay requirements. Importantly, to im-
prove network performance in smart grid environments, multi-
channel communication can be utilized to overcome the impact of
RF interference and achieve simultaneous transmissions over
multiple channels. With the parallel transmissions, network per-
formance can be improved in terms of delay. Note that although
the effect of RF interference might be mitigated with multi-
channel communications, recent studies show that network ca-
pacity of sensor networks is also constrained by network topology
(Yigit et al., 2014; Incel et al., 2012). Hence, it is imperative to
construct reliable routing topologies in such environments to take
advantage of multi-channel communications.

In the related literature, there have been some QoS-aware
communication protocols proposed for wireless sensor networks
as shown in Table 1. However, none of these protocols does not
meet the application-specific smart grid requirements. To address
these challenges, in this paper, link-quality-aware routing algo-
rithm (Link-Quality-Aware Capacitated Minimum Hop Spanning
Tree (LQ-CMST)) as well as the priority and channel-aware multi-
channel (PCA-MC) scheduling algorithm have been proposed for
smart grid applications. Performance evaluations through ex-
tensive simulations show that the proposed algorithms sig-
nificantly reduce communication delay in smart grid environ-
ments. Overall, our main contribution is to investigate the per-
formance of multi-channel WSNs for smart grid and to quantify
how priority and channel-aware communication will perform
under different network traffic loads and the harsh smart grid
channel conditions. We expect that the proposed algorithms and
performance evaluations shown in this paper will provide valuable
understanding of multi-channel scheduling and topology con-
struction for WSNs in harsh smart grid environments. We also
expect that the proposed routing and scheduling algorithms are
applicable for other applications, such as smart cities, health-care
applications and industrial WSNs.

The remainder of the paper is organized as follows. The net-
work model and the proposed algorithms are explained in Section
2. Application scenarios and simulation models are introduced in
Section 3. In Section 4, performance evaluations are discussed.
Finally, the paper is concluded in Section 5.
Table 1
Comparison of existing QoS-aware routing algorithms for WSNs.

Protocol Delay Throughput Reliability

RTLD (Ahmed and Fisal, 2008) No Yes Yes
Energy-aware QoS routing algorithm (Ak-
kaya and Younis, 2005)

Yes Yes Yes

SPEED (He et al., 2003) Yes No No
MMSPEED (Felemban et al., 2006) Yes Yes Yes
RRR (Gelenbe and Ngai, 2008) Yes Yes Yes
OQAP (Lee and Younis,) No No No
MRL-CC (Liang et al., 2010) No No No
DARA (Razzaque et al., 2008) Yes No Yes
OMCR (Li and Zhang, 2010) Yes No No
2. Network model and proposed algorithms

In this study, the Log-Normal Shadowing model is used to
model the real channel conditions in smart grid environments. In
the related literature, it has been shown that this model is used to
model radio propagation environments with obstructions, e.g.,
smart grid environments (Gungor et al., 2010). The parameters of
this model are shown in Table 2. In this model, the path loss at a
distance d from the transmitter is given by Gungor et al. (2010)
and Yigit et al. (2014):

η= ( ) + +
( )

σ→
⎛
⎝⎜

⎞
⎠⎟PL PL d

d
d

X10 log
1

d d 0 10
0

0

where

� →PLd d0 is the path loss in dBm at a distance d from the
transmitter,

� ( )PL d0 is the path loss at a reference distance d0,
� η is the path loss exponent, and
� Xs is a zero mean Gaussian random variable with standard de-

viation (s).

Furthermore, the Modified Receiver-Based Channel Assignment
(RBCA) algorithm (Incel et al., 2012) is used as a multi-channel
MAC protocol. The main motivation of using the RBCA algorithm is
that it performs well for WSNs, since it assigns channels statisti-
cally to the nodes while considering RF interference. Specifically,
the RBCA algorithm schedules the transmissions over multiple
branches of the routing tree and uses a TDMA time slot assign-
ment algorithm to avoid packet collisions. In this paper, we also
make some modifications to the RBCA's time slot assignment al-
gorithm and scheduled the transmissions in parallel throughout
multiple branches while considering data prioritization. Here, it is
important to note that although the effect of interference might be
mitigated with multi-channel communications, recent studies
show that network capacity of sensor networks is also constrained
by network topology (Yigit et al., 2014; Incel et al., 2012). Hence, it
is imperative to construct reliable routing topologies in smart grid
environments to take advantage of multi-channel communica-
tions. To address this challenge, in this study the link-quality-
aware routing algorithm (Link-Quality-Aware Capacitated Mini-
mum Hop Spanning Tree (LQ-CMST)) has been proposed. In this
algorithm, variable link qualities are considered while construct-
ing the network tree, whose root is the sink node. Specifically, the
LQ-CMST algorithm obtains a minimum-hop spanning tree in the
network so that the cost of each subtree connected to the sink
node does not exceed a predefined capacity. The LQ-CMST algo-
rithm is based on the greedy scheme (Yigit et al., 2014; Incel et al.,
2012), in which constructed subtrees are connected to the sink
node, if the link-quality of the routing tree exceeds a predefined
threshold. In addition, to achieve further performance improve-
ment, the priority and channel-aware multi-channel (PCA-MC)
scheduling algorithm has been proposed. In Fig. 1, the flow chart of
the proposed PCA-MC scheduling algorithm has been shown. The
proposed scheduling algorithm is based on the calculation of the
minimum schedule lengths by using a TDMA-based multi-channel
Table 2
Log-Normal Shadowing channel parameters of smart grid environments (Gungor
et al., 2010).

Propagation environment: 500 kv Substation Line-of-Sight (LOS)
Path loss (η): 2.42
Shadowing deviation (Xs): 3.12



Fig. 1. Flow chart of the proposed priority and channel-aware multi-channel (PCA-MC) scheduling algorithm.
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scheduling algorithm. Specifically, after constructing the routing
tree, the channel assignment is made by considering RF inter-
ference between the nodes. In other words, if the Signal to Inter-
ference Noise Ratio (SINR) value between the nodes exceeds the
predefined threshold, the same channel can be assigned to these
nodes. Otherwise, the same channel cannot be assigned to these
nodes. Moreover, the Modified Receiver Based Channel Assign-
ment (RBCA) algorithm is used for assigning a minimum number
of frequencies to the receivers. The RBCA algorithm is preferred in
this study because according to Incel et al. (2012), if the trans-
missions are scheduled on different channels, the effects of in-
terference can be mitigated. As illustrated in Algorithm 1, inter-
fering links are found based on the SINR values of the nodes.
Specifically, if there is an available channel, the parent, which has
maximum interfering degree, has been assigned a channel. If no
available channel exists, the parent node is marked as the inter-
fering node, which is resolved in the time slot assignment phase.
As a result, Algorithm 1 iteratively assigns the channels to the
parent nodes and gives the channel assignment matrix as an
output. Furthermore, time slot assignment is done after the
channels are assigned to the parent nodes. To this end, Algorithm 3
takes active nodes with packets in transmission mode and creates
a list, including the nodes that are sorted in ascending order ac-
cording to their distance to the sink node, and the parent is set as
an input. It also gives an output list of time slots assigned to the
nodes. Here, this algorithm first controls the existence of the
conflict in the same time slot by considering three cases: Conflict
occurs (1) if the current node is addressed by any other nodes,
(2) if the parent of current node makes transmission, (3) if the
other nodes send packets to the current node's parent. Further-
more, Algorithm 3 also checks channels of other nodes and if the
same time slot and channel are used by the other nodes, the time
slot is assigned to current active node. Otherwise, the time slot
cannot be assigned to the node. This process continues until the
nodes in the sorted list finish.

Algorithm 1. Channel assignment.
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Algorithm 2. Time slot assignment.
2.1. Data collection model

In this section, we introduce our delay-aware data collection
model used in our performance evaluations. This model realizes
service differentiation and sends the packets according to their traffic
classes as shown in Table 3. Delay-sensitive packets, such as emer-
gency response packets, are marked with high priority, non-real time
packets, including periodic control packets, are marked with medium
Table 4
Simulation parameters.

Number of nodes 120
Size of the topology 200�200 m2

Radio propagation model Log-Normal Shadowing Model
Algorithms LQ-CMST, PCA-MC
Distance between the nodes Randomly distributed
Modulation Non-Coherent Frequency Shift Keying (NCFSK)
Encoding Manchester
Output power 4.0 dBm
Noise floor �93.0 dBm
Topology Random

Table 3
Applied traffic loads.

Types RT (Pkt/s) NRT & BE
(Pkt/s)

Average created traffic
(Pkt/s)

Low traffic load – Type
I

2 12 260

High traffic load –

Type II
12 2 1560
priority and the remaining packets are marked with low priority.
Although multiple priority assignments can be done, we only con-
sider three priority assignments, such as real-time (RT), non-real-
time (NRT) or best effort (BE) traffic, for simplicity. Specifically, Al-
gorithm 3 takes the parent set, active nodes, Packet Reception Rate
(PRR) values of the nodes, total round and hop count as an input and
gives delays of RT, NRT and BE traffic as an output. Based on this
algorithm, if the transmission of the RT packets is finished, the NRT
and BE packets are sent, respectively. When the sink node receives
the packets, the number of delivered packets is increased and the
packet transmission time is set for all packet types. Otherwise, the
number of packets of the parent node is increased and the number of
packets of the active node is decreased. This process continues until
the total round ends. In this way, the RT packets are transmitted
more rapidly than other types of packets and delay-aware data
transmission is achieved by using service prioritization. Also note
that there are some studies about weighted fair scheduling schemes
(Huang and Bi, 2015; Rezaee et al., 2013; Monowar et al., 2008).
These studies propose different scheduling algorithms to provide
network fairness. On the other hand, the main objective of this study
is to prioritize emergency situations requiring delay-sensitive com-
munication in smart grid environments and then allocate the rest of
network capacity for the NRT and BE traffic. Therefore, fairness is the
second priority for our study. Future work includes integrating the
proposed protocol with weighted fair scheduling schemes to achieve
fairness in different smart grid application scenarios.

Algorithm 3. Delay-aware data collection algorithm.



Table 5
The parameters and notations.

Parameter Description Values

Radio SNR Signal to noise ratio ( ( ) ( )) )ψ = −10 rssi i j noise floor j, /10

Q( � ) Standard Gaussian error function
∫
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FSK
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ASK
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Encoding scheme NRZ )* *= (( − ) )*(( − )) ( − )PRR Pb Pb1 1nrz
pL fL pL8 8

SECDED ))* *= (( − ) *( − ) ) + ( * *(( − )) )
( − ) )

PRR Pb Pb Pb Pb1 1 8 1secded
pL fL pL8 8 7 3

Pt Output power 4 dB
Pn Noise floor �93 dB

fL Frame size 400 Bits

pL Preamble length 16 Bits
BN Noise bandwidth of Mica 2's transceiver chip 30 kHz
R Data rate of Mica2 19.2 kbps
N No of chips per bit 16 chips/bit

Topology #nodes Number of nodes 120
DX Terrain dimension: X 200 m
DY Terrain dimension: Y 200 m

Topology Topology Random topology

Fig. 2. Comparison of average delay of the two routing algorithms when number of
channel increases in 500 kv Substation Smart Grid Environment. (a) Low traffic
load, (b) high traffic load.
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3. Simulation model

3.1. Application scenario

In general, smart grid applications, including emergency re-
sponse, periodic power grid monitoring, and wireless meter
reading, have different communication delay requirements. For
instance, emergency response is one of the time-critical smart grid
applications to predict the problems in the power grid before they
occur. To this end, the operational power grid problems can be
minimized through timely transmission of emergency packets.
Therefore, we classify and prioritize data packets into three classes
based on their delay requirements. To this end, emergency packets
(named as real-time (RT) traffic) will be given the highest priority.
The packets, including the temperature, pressure, consumption
statistics, are given the second priority (named as non-real time
(NRT)). The third class is the control packets (named as best effort
(BE)). In this study, three main scenarios are considered by clas-
sifying traffic flows based on their priority:

� In the first scenario, traffic flows are classified based on their
priority and multi-channel scheduling that is employed.

� In the second scenario, all traffic has been treated in a best-
effort manner and all the packets are transmitted without any
prioritization.

� In the third scenario, performance evaluations have been con-
ducted under low and high network traffic loads.

3.2. Simulation parameters of the experiments

In this paper, to evaluate the proposed approaches, the MA-
TLAB-based network simulator has been used. Simulations have



Fig. 3. Average delay of LQ-CMST routing algorithmwith and without prioritization
by increasing number of channel in 500 kv Substation Smart Grid Environment.
(a) Low traffic load, (b) high traffic load.

Fig. 4. Average delay of MHST routing algorithmwith and without prioritization by
increasing number of channel in 500 kv Substation Smart Grid Environment.
(a) Low traffic load, (b) high traffic load.
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been performed 100 times with different seeds. We have a
200�200 m2 deployment area and a single sink node for gath-
ering information. The number of nodes in the network is 120
unless otherwise is specified. Different numbers of channels, in-
cluding 1, 8 and 16 channels, have been studied to evaluate the
performance of the proposed algorithms. The Log-Normal Sha-
dowing propagation model is also used to realize the real channel
conditions in our simulations by using the smart grid path loss and
shadowing deviation parameters shown in Table 2. Low and high
network traffic loads presented in Table 3 are offered to the net-
work to assess the delay performance of the proposed protocols
(Yigitel et al., 2011). All the simulation parameters used in this
paper are shown in Table 4.
4. Performance evaluations

The radio parameters, modulation and encoding schemes used
in our performance evaluations are listed in Table 5. Note that
comparative performance evaluations of the proposed protocols
have been conducted based on smart grid channel parameters and
modulation and encoding schemes of the existing wireless sensor
network platforms. To better evaluate the advantages of the pro-
posed LQ-CMST algorithm, the proposed routing algorithm has
been compared to the Minimum Hop Spanning Tree (MHST) al-
gorithm (Incel et al., 2012). Specifically, the MHST algorithm aims
to reduce the number of hops to transmit data packets towards the
sink and constructs the minimum hop spanning trees in the
network.
4.1. Analyzing the effect of number of channels on delay performance

In the first scenario, there are three packet types, real-time
(RT), non-real-time (NRT) or best effort (BE) traffic, and different
numbers of channels and traffic loads. Fig. 2 shows the average
latency when the LQ-CMST and the MHST routing algorithms are
used. In this figure, we have observed that the LQ-CMST routing
algorithm decreases the average latency of all traffic classes, i.e.,
the RT, NRT and BE traffics, compared to the MHST routing algo-
rithm. This is because it considers real channel conditions and
link-quality variations, while constructing the data paths. Al-
though the LQ-CMST algorithm leads to lower communication
delay compared to the MHST algorithm, both the routing algo-
rithms have the same service differentiation mechanism that
guarantees that high priority channels, carrying the RT traffic, are
preferred compared to the lower priority channels, carrying NRT
and BE flows. In order to study the performance of the proposed
routing algorithm under different traffic loads, we also run the
simulations by congesting the network with more RT data packets.
As shown in Fig. 2b, while the number of RT packets increases, the
LQ-CMST and MHST algorithms still provide delay requirements of
the RT class, since it has the highest priority. Hence, communica-
tion delay of the NRT and BE packets increases. However, such
increases are not important, since they do not include time-critical
packets. Fig. 2 also demonstrates that the communication delay
increases with large numbers of contenders. This is because when
large numbers of nodes want to access to the network and if there
is only one common channel, network bottleneck occurs.



Fig. 5. Comparison of modulation schemes for 500 kv Substation LOS in terms of
average delay of LQ-CMST routing algorithm vs. number of channel. (a) Low traffic
load, (b) high traffic load.

Fig. 6. Comparison of modulation schemes for 500 kv Substation LOS in terms of
average delay of MHST routing algorithm vs. number of channel. (a) Low traffic
load, (b) high traffic load.
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Additionally, we also show the impact of multi-channel scheduling
on delay performance of routing algorithms. As shown in Fig. 2,
communication delay of all classes decreases when the number of
channels increases, since packets are scheduled on more channels
and therefore, schedule length decreases.

Figs. 3 and 4 illustrate the effect of following priority and delay-
aware multi-channel scheduling on the average communication
delay, when low and high traffic loads are applied with increasing
number of channels. We observe that when the proposed routing
algorithms follow delay-aware scheduling, the average latency of
the RT packets decreases significantly. It is also important to note
that the delay performance of the LQ-CMST algorithm is better
than the MHST algorithm with and without delay-aware sche-
duling, since it considers link qualities while constructing routing
paths in the network.

4.2. Analyzing the effect of modulation and encoding schemes on
delay performance

In this section, the effect of modulation and encoding schemes
on the delay performance of the proposed algorithms is analyzed.
To quantify how the proposed algorithms can perform with dif-
ferent wireless sensor network platforms, such as MicaZ, Mica2,
Mica, we change the modulation schemes to O-QPSK as in MicaZ,
FSK as in Mica2, ASK as in Mica. Figs. 5 and 6 illustrate that the
average delay values of the LQ-CMST and MHST routing algorithms
for different modulation schemes and number of channels,
respectively. Focusing on the results of Figs. 5 and 6, we observe
that the O-QPSK shows the best result for both routing algorithms.
After the O-QPSK, the FSK provides the second best result and
lastly the ASK presents the third best result. We conclude that the
modulation scheme is one of the most important design factors to
provide QoS requirements of smart grid applications.
5. Conclusions and future work

Recent field tests show that the smart grid infrastructure has
harsh and complex environmental conditions, noise, interference,
connectivity, and fading problems during low-power wireless
communications. To address these communication challenges, in
this paper, the link-quality-aware routing algorithm (Link-Quality-
Aware Capacitated Minimum Hop Spanning Tree (LQ-CMST)) and
the priority and channel-aware multi-channel (PCA-MC) schedul-
ing algorithm have been proposed for smart grid applications.
Furthermore, the effect of modulation and encoding schemes on
the performance of the proposed algorithms is analyzed under
harsh smart grid channel conditions. Comparative performance
evaluations through extensive simulations show that the proposed
algorithms significantly reduce communication delay in smart grid
environments. Overall, our main contribution is to investigate the
performance of multi-channel WSNs for the smart grids and to
quantify how priority and channel-aware communication will
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perform under different network traffic loads and harsh channel
conditions of smart grid environments. We expect that the pro-
posed algorithms and performance evaluations shown in this pa-
per provide a valuable understanding about multi-channel sche-
duling and topology construction of WSNs in harsh smart grid
environments. As a future work, we plan to integrate the proposed
protocols with weighted fair scheduling schemes to provide fair-
ness in different smart grid application scenarios.
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