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ABSTRACT. Improving the lifetime in wireless sensor networks is important because the
sensor nodes in wireless sensor networks are constrained by limited energy. The way
to improve a WSN lifetime is to develop energy-efficient protocols for reducing energy
consumption. One of the well-known energy-efficient methods is the clustering based
algorithm which is designed for homogeneous wireless sensor networks. The clustering
algorithms were also improved and applied to the heterogeneous wireless sensor networks.
In this paper, an energy-efficient protocol with grouping design is proposed. The proposed
method divides sensor nodes into several groups whose total energies are the same. The
proposed scheme not only extends network lifetime but is also applicable to the multi-level
heterogeneous wireless sensor networks.

Keywords: Wireless sensor networks, Cluster, Energy consumption, Heterogeneous
wireless sensor networks

1. Introduction. The rise of informatics drives the rapid development of network and
wireless communication technologies [1,2]. Wireless Sensor Networks (WSNs) are increas-
ingly useful [3-6] and are applied to many applications, such as smart living, environmental
monitoring, automatic measurement, healthcare, and traffic monitoring. A WSN consists
of a large number of sensor nodes, which include small volume, low-cost, limited compu-
tation and limited power capacity [7]. The sensor node collects the sensed data by the
sensor and transmits the data to an external base station (BS) by wireless communication
components. Once the sensor nodes set up to form a WSN, the network continues carrying
out the data while the node battery power is sufficient. Minimizing energy consumption
for maximizing WSN lifetime becomes a key challenge [8].

In the sensor node, energy is consumed by data sensing, data processing and data
transmission. Since the node spends up to 90% overall energy for communication [9],
this work focuses on the data transmission method. The transmission protocols can be
classified into direct type and indirect type. In the direct type protocol, all the nodes
send the sensed data to the BS directly. The node’s energy consumption depends on the
distance between the node and the BS. The node farther from the BS will die faster [10].
In the indirect type protocol, a node may send the sensed data to another node closer to
the BS. Since the distance from the sending node to the forwarding node is shorter than
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the distance from the sending node to the BS, energy consumption of the sending node
can be reduced.

An important indirect type is the clustering scheme [11,12]. Every node is clustered
and transmits sensed data to the BS through the cluster head. This process is useful and
reduces energy consumption [13-16]. In the clustering approach, the cluster head node
collects the sensed data from the nodes in the same cluster and forwards the collected data
to the BS. The clustering concept is used to aggregate data to reduce data transmission
distance. However, cluster head lifetime is short since the cluster heads are fixed. To
improve lifetime, there two popular protocols, LEACH (Low-Energy Adaptive Clustering
Hierarchy) [17] and PEGASIS (Power Efficient Gathering in Sensor Information Systems)
[18] were proposed.

In the LEACH, cluster heads are not fixed. Each node decides whether it will be
a cluster head or not by probability. All nodes take turns as cluster heads. However,
the probability makes cluster head distribution non-uniform, and the actual cluster head
number may be different from the expected cluster number. The PEGASIS links all nodes
into a chain decided by each node or the BS. Each node receives data from its neighbor
node, then aggregates and forwards it to the next neighbor node. Compared with the
LEACH, the PEGASIS fixes the probability problem and reduces energy expenditure.
Since the PEGASIS requires location information of all nodes for chain construction,
it is not easy to implement. However, LEACH or PEGASIS does not discern energy
discrepancy in the clustering algorithm.

SGCH (Steady Group Clustering Hierarchy) is also a clustering scheme. It considers
the energy discrepancy in the cluster head selection [19]. All nodes are uniformly divided
into groups (the number of groups is equal to the expected number of clusters). Every
group’s total initial energy is the same if initial energies of all nodes are the same. In each
round, the node with the maximum energy remaining in a group is selected as the cluster
head. Observations show that grouping balances the energy consumption and prolongs the
WSNs lifetime. However, SGCH, PEGASIS and LEACH are designed for homogeneous
WSNs, in which each node’s power capacity is the same as that of the others.

In contrast to homogeneous WSNs, heterogeneous WSNs include different types (in
terms of initial energy) of sensor nodes [20]. The study of different types of nodes according
to initial energy has aroused scholarly interest [11-24], such as SEP (Stable Election
Protocol) [25] and DEEC (Distributed Energy-Efficient Clustering) [26]. The SEP is
proposed for the two-level heterogeneous WSNs, composed of advance nodes and normal
nodes according to initial energy. At the beginning, the advance node’s battery is equipped
with more energy than the normal node’s. However, the SEP is not suitable for multi-level
heterogeneous WSNs.

DEEC is designed for multi-level heterogeneous WSNs [26]. The node expends energy
uniformly by rotating the cluster head role among all nodes. DEEC chooses cluster
heads by the residual energy ratio of the node and average network energy. Cluster head
probability is higher if the nodes have more residual energy. DEEC achieves a longer
lifetime than the SEP and is also suitable for multi-level heterogeneous WSNs. However,
the cluster selection is based on probability, and it makes the number of clusters not equal
to expectancy.

This paper designs a balanced energy-efficient grouping (BEEG) protocol for multi-
level heterogeneous WSNs. The proposed method is based on the SGCH that makes the
number of clusters equal to expectancy. The method divides all nodes into several groups
based on initial energy in place of the number of nodes. The proposed method extends
network lifetime and fits the multi-level heterogeneous WSNs. This work compares the
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proposed method with LEACH, SEP and DEEC in simulations, showing that the proposed
method prolongs the stability period (the time interval before the first node dies).

2. The BEEG Protocol. This study divides the BEEG protocol into the grouping
stage and the data transmission stage (see Figure 1). During the grouping stage, this
work divides the nodes into several groups. Data transmission operation is broken up
into rounds. Each round begins with a cluster setup phase followed by a steady-state
phase. The clusters and cluster heads are formed in the cluster setup phase. The data are

transmitted to the BS in the steady-state phase. The following summarizes the details of
the BEEG protocol.

Data transmission stage

Grouping stage )
Cluster setup phase Steady-state phase

F1GURE 1. The stages of the BEEG protocol

2.1. Grouping stage. The grouping stage assumes that the number of clusters is k£, and
the group number is set equal to the clusters number. The WSN contains m nodes and
the nodes are denoted as Ny, Ns, ..., N,,. Figure 2 shows the process flow of the grouping
stage. At the beginning, the BS broadcasts a group head request (GHR) message to all
nodes. Each node sends back an acknowledgement (ACK) message when it receives the
GHR. The ACK message includes the node’s ID and initial energy information.

The BS computes the total energy while receiving all ACKs. The average energy of
each group is the total energy divided by k. The BS selects a node with the latest reply
to be the first group head (denoted as GH;). In Figure 2, the N,, node is GHy. The
BS sends a group head (GH) message to GH;. The GH message includes the group ID,
number of groups (k) and the average energy of each group.

When a node receives the GH message with the group ID (i), it becomes a group head
(denoted as GH;) of the ith group. The GH; has to find the group members. The GH;
broadcasts a group request (GR) message. The GR message includes the group ID and
the group head ID. When the node receives a GR message, it sends an ACK message to
GH; if it does not belong to any group. The ACK message includes the node’s ID and its
initial energy.

On receiving the ACK message from each node, GH; accumulates the initial energy of
nodes in sequence according to the order of reception. When the sum of accumulated
energy is equal to or bigger than the group average energy, the nodes with accumulated
energy are set to be the group members and the node of next ACK reception is set to be
the group head of the next group. The GH; sends the group agreement (GA) message to
the group member nodes. GH; also adds 1 into i (the group ID) and sends a GH message
to GH;+1 (the node that is the group head of the next group).

When there is a node set to be GHy, (the IV, node in Figure 2), the nodes which do
not belong to any group are members of the kth group. The GHj node broadcasts the
last group (LG) message. The LG message includes group ID and group head ID. When
a node receives the LG message, it responds with an ACK message to GHy, if it does not
belong to any group. The ACK message includes the node’s ID and its initial energy.
When the BS receives the LG message, it sends a message to all nodes for the start time
of the data transmission stage.
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FIGURE 2. The process of the grouping stage

2.2. Data transmission stage. The main objective in the cluster setup phase is to select
cluster heads and clusters. At the beginning, the node waits to broadcast a declaration
(DEC) message (declaring it to be a cluster head). The waiting time is the reciprocal
of the node’s residual energy. The node with higher residual energy waits for a shorter
time interval to broadcast the declaration. The DEC message includes its node ID and
the group ID. The node will abort the DEC message if it receives a DEC message whose
group ID is the same as its own. In a group, the node with maximum residual energy
sends the DEC to become a cluster, while all other nodes abort their attempt to become
the cluster head. In other words, a group elects a node with the maximum residual energy
in the group to be the cluster head. After the node receives k¥ DEC messages, it sends the
join request (JR) message to the cluster head that receives the strongest signal strength.

In the steady-state phase, nodes send data to the cluster head during allocated time
slots. The data contains node ID and the sensed information. Each cluster head aggre-
gates received data and forwards it to the BS.

3. Network Model. This paper assumes 100 immobile sensor nodes, uniformly deployed
in a 100m x 100m square region. Three kinds of sensor nodes include the high advanced
node, middle advanced node and normal node with the initial energy of 2J, 1.5J and 0.5J,
respectively. The BS is fixed and located (at the position of 50m, 175m). The node senses
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at a fixed rate and always has data to transmit to the BS. The number of clusters (or the
groups) is five [6].

This study also assumes a simple radio model as discussed in [13]. The transmitter
consumes energy to run the radio electronics and the power amplifier. The receiver
consumes energy to run the radio electronics. When the node transmits a message with
[ bits through a distance d, the node expends Er,(l,d) energy and

. lEelec + l6fsd2, d< do
ET:v(la d) - { lEelec + lgmpd4) d Z dU (1)
When the node receives this message, it expends Ep, () energy and
ERQ?(Z) = lEeleca (2)

where Egp. and efd? (or &,,d*) are the electronics energy and the amplifier energy,
respectively. Table 1 shows the energy parameters in this paper.

TABLE 1. Parameters of the radio model

Parameter Value
Feee 50 nJ/bit
£ps 10 pJ/bit/m?
Emp 0.0013 pJ/bit/m*
Epa(for data aggregation) 5 nJ/bit/signal
Data size 4000 bits
Message size 100 bits

4. Simulations Results. The simulation uses MATLAB to evaluate performance of the
BEEG, the DEEC, the SEP and the LEACH. Each method is simulated in two-level,
three-level and multi-level heterogeneous WSNs. The following summarizes simulations
and results.

In the two-level simulation, this work deploys ten high advance nodes and ninety normal
nodes in the network. Ten network topologies are generated at random. Figure 3(a) shows
a example of the network topologies, where the high advance node is denoted as a cross
and the normal node is denoted as a circle. Figure 3(b) shows grouping result of Figure
3(a) by the BEEG. The current study applied the four methods to the ten generated
networks. Figure 4 shows the results. Figure 4(a) shows the average number of nodes
alive over simulation rounds. We can see that the stability time (the time interval before
the first node dies) of the BEEG is the longest. Figure 4(b) shows the average number of
messages received in the BS. The proposed method is obviously more efficient than the
others.

To show that the number of high energy nodes affects network lifetime, this work deploys
10, 20, 30, ...,90 high advance nodes with 90,80, 70,...,10 normal nodes, respectively.
Figure 5 shows the average number of rounds when the first node dies. The DEEC
stability period is longer than that of SEP and LEACH with the same results as in [22].
Findings also show that the BEEG obtains 29.8% more rounds than DEEC in the case of
ninety high advanced nodes.

In the three-level simulation, we deploy thirty high advance nodes, thirty middle ad-
vance nodes and forty normal nodes in the network. We also generate ten topologies at
random. Figure 6(a) shows a example of the network topologies, where the high advance
node, the middle advance node and the normal node are denoted as a cross, a triangle and
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FIGURE 4. The results of the two-level simulation: (a) the number of nodes
alive over round and (b) the number of messages received in the BS

a circle, respectively. Figure 6(b) shows the BEEG grouping results. Figure 7 shows the
results of four methods, demonstrating that the BEEG is better than the other methods.

To discover the node dying distribution over simulation rounds, this study records the
rounds at the moment when the node died, showing the results in 3-D diagrams (see
Figure 8). According to the results, the node dying distributions of LEACH and SEP
are not uniform. This is because the LEACH does not discern energy discrepancy and
the SEP is not suitable for three-level heterogeneous WSNs. In the DEEC and BEEG
results, the node dying distributions are uniform. The BEEG obtains a better average
node lifetime. The BEEG allocates energy efficiently and performs well in the three-level
heterogeneous WSNs.

To show the simulation results of multi-level heterogeneous WSNs, the initial energy of
nodes is randomly distributed in [Ey, 4Ey], where FEj is the initial energy of the normal
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node. Figures 9(a) and 9(b) show the results of the number of nodes alive over rounds
and the number of messages received in the BS. Figure 10 also shows the round where
the node died. The average lifetimes (rounds) of nodes with LEACH, SEP, DEEC, and
BEEG are 3015, 3119, 3176 and 3283, respectively. The performance of the proposed
method is better than those of LEACH, SEP and DEEC.

According to the results of the average node dying distribution, even though the node
dying distributions of BEEG is the best, we think the performance can be improved in the
future work. For example, since the energy consumption is depended on the transmission
distance, the distances between the groups to BS should be considered in the Grouping
stage (compute the total energy of each group).
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5. Conclusions. WSNs are increasingly useful and have been widely applied in many
critical applications. Since the sensor nodes are constrained by limited energy, one of
the most important issues in the WSNs is to reduce energy consumption. The LEACH
is a popular protocol for reducing energy consumption and is designed for homogeneous
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WSNs. This paper proposes the BEEG for multi-level heterogeneous WSNs. The pro-
posed method is based on the SGCH that makes the number of clusters equal to ex-
pectancy. All nodes are divided into several groups based on the initial energy that
extends lifetime and fits for the multi-level heterogeneous WSNs. We compare the BEEG
with the LEACH, the SEP and the DEEC in simulations. This study also uses two-level,
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three-level and multi-level WSNs to show that the BEEG prolongs stability time. Perfor-

mance of the BEEG is better than that of LEACH, SEP and DEEC. In the future work,
we will consider the transmission distance (the distances between the groups to BS) to
improve the performance.
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