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An Approach towards Balanced
Energy Consumption in Hierarchical
Cluster-based Wireless Sensor Networks
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In this paper we investigate the mechanisms for or-
ganization of the clusters in wireless sensor networks
(WSN). After the short introduction to these systems we
present the communication architecture and the energy
dissipation model, which are used for the hierarchical
cluster-based WSN. In the third section of the paper we
analyze the current widely used process for organization
of the clusters and we outline its main disadvantages.
Later we present an approach for balanced consumption
of the energy by the sensor motes, and then we propose
a modification to this approach. In the next section we
present and analyze the results of a series of simulation
experiments, which we have conductedwith the proposed
approach, and then we compare these results with the
ones obtained from the simulation experiments, which
are conducted with the other presented approaches.
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1. Introduction

The modern wireless sensor networks combine
the ability for sensing the environment, the pos-
sibility for local data processing and transmis-
sion of the information through the wireless
medium. These networks are a powerful tool,
characterized by their many capabilities, and
are suitable for a large variety of applications,
like agricultural and fishery purposes, observa-
tion of animal movement and migration, ve-
hicle tracking, people locomotion and health
monitoring and other. The process of designing
wireless sensor networks requires knowledge of
both their characteristics and the limitations of
the underlying hardware components. Each of
the devices in these networks has to provide a
set of characteristics, which will affect the net-
work that will emerge as they are deployed. At

the same time, these devices have to meet the
requirements for size, cost and power consump-
tion that lay in the very definition of this type of
networks.

A different set of challenges is to develop suit-
able network architecture and energy efficient
data delivery protocols, which will correspond
to the individual device capabilities, require-
ments and actions. The most widely adopted ar-
chitecture for wireless sensor networks is the hi-
erarchical cluster-based architecture. The most
widely used protocols have mainly adopted this
architecture and are developed with the idea for
energy efficiency. These protocols are closely
related in their nature and do not rely on a more
detailed study of the approaches for organiza-
tion of the clusters and their implementation in
the wireless sensor networks.

We believe that a comprehensive study of the
cluster organization processes for wireless sen-
sor networks will support the development of
new protocols, which will provide better energy
efficiency and by that a longer and stable oper-
ational lifetime of the devices in the networks.

2. Communication Architecture and
Radio-energy Dissipation Model
of the Hierarchical Cluster-based WSNs

The communication processes in the wireless
sensor networks are characterized by the huge
consumption of energy [1]. Based on the hierar-
chical approach, for network organization every
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WSN can be presented by a two layered hierar-
chical model in which the communication pro-
cesses at Layer 1 involve the sensor devices and
the motes controlling the clusters – the cluster
heads, while the second layer presents the com-
munication processes between the cluster heads
and the base station (Figure 1).

Figure 1. Two layered architecture of a hierarchical
wireless sensor network with the intra-cluster
communication processes at Layer 1 and the

inter-cluster communication processes at Layer 2.

In order to present the amount of the energy,
which is needed for communication purposes,
we can use the radio-energy dissipation model
from Figure 2. Based on this model, the trans-
mitter will use a combined amount of energy
consisting of the amount of energy needed by
the radio electronics – Eelect and the amount of
energy needed by the radio amplifier – EA. The
receiver will need only energy for powering the
electronic components of its radio interface.

Figure 2. Radio-energy model used for describing the
communication processes in the WSNs.

The amount of energy needed for the reception
(ERX) and the transmission (ETX) of a packet
with size of b bits at the distance of d meters is
equal to:

ERX = bEelect, (1)

ETX = b(Eelect + EAdk), (2)

where k is a coefficient used to present the signal
strength loss [2]. The value of this coefficient
depends on the data propagation model used in
the system. For free space and direct line of
sight k = 2 and for environments with severe
interference k = 4.

If we assume that in the investigated WSNs the
data delivery is performed by the means of di-
rect communication and by using (1) and (2)we
can calculate the amount of energy used for the
communication processes by the sensor motes
and by the cluster heads.

If every cluster in the network consists of j sen-
sor nodes and according to (2), the amount of
energy used for the transmission of a packet
with size of b bits by every sensor mote in the
cluster is equal to:

ETXni = b(Eelect + EAdk
niCH), (3)

where ni is a random sensor mote, with iε[1, j],
and dniCH is the distance between the cluster
head CH and ni.

Similarly by applying (1), the amount of energy,
needed by the cluster head CH for the reception
of the packets, send to it by all sensor motes in
the cluster, will be equal to:

ERXCH = jbEelect. (4)

The total amount of energy used for the com-
munication processes in every cluster Ecc is:

Ecc = En + ECH=

j∑

i=1

Eni + ECH, (5)

where En and ECH are respectively the amount
of energy needed for the communication pro-
cesses by the sensor motes and by the cluster
head. En and ECH can be expressed by (3) and
(4). This can be explained with the fact that
the sensor motes send their packets directly to
the cluster head and do not receive any pack-
ets and since we investigate the communication
processes in the cluster only, then the cluster
head is only receiving packets.

Since the base station is assumed to be energy
independent, the energy needed for inter-cluster
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communication is equal to the sum of the en-
ergy needed by every cluster head. If we have
a total of G clusters in the network, then:

Eicc =
G∑

i=1

ECHi (6)

If we assume that every wireless sensor network
can be presented as N sensor nodes, divided
equally in G clusters, such that for every cluster
the number of nodes is nj = N/G, then the en-
ergy needed for communication in the network
can be given by:

Ecomm =
G∑

i=1

Ecci + Eicc (7)

where Ecc and Eicc are respectively the amount
of energy needed for intra-cluster and inter-
cluster communication.

3. Current State of the Cluster
Organization Process and
Problem Definition

Currently one of the biggest problems in the
WSNs is the fact that the sensor devices are bat-
tery powered. This means that the motes are
in possession of a limited amount of energy,
and, by that, their lifespan is also limited. In
order to minimize the amount of energy, which
is needed for communication processes, many
protocols for WSNs are using a distance-based
organization approach. As seen in Section 2 of
this paper and by analyzing (2), we can clearly
see that the amount of energy needed for the
transmission of a packet is related to the size
of the data and the distance the packets must
travel (Eelect and EA are assumed constants and
depend on the type of hardware used for the
sensor devices). In this sense, minimizing the
amount of energy, which is needed for trans-
mission can be achieved by either decreasing
the size of the transmitted data or by decreas-
ing the distance it must travel. Some WSNs
are information dependant and the data cannot
be aggregated and/or compressed, so for these
networks the only possible option remains the
decrease of the distance between the source of
the data and the sink. Currently, there are sev-
eral widely known protocols which are being

used in the hierarchical WSNs [1, 2], but they
are all using the distance-based approach for
cluster organization, which can be described by
the following pseudo code:

Pseudo code of the distance-based approach for
organization of the clusters in the WSN

for i=1 to N
CHi =0; Dist to CHi =infinity;

if ni ==CH
associate niwith the Base station
else
for g=1 to N

if ng ==CH
calculate Dist to ng
if Dist to ng <Dist to CHi
Dist to CHi =Dist to ng; CHi = ng;
end;
end;

g = g+1;
end;
end;

i = i+1;
end.

As seen by the pseudo code above, the sensor
nodes will connect to the closest cluster head in
their vicinity.

Figure 3. Unbalanced energy consumption as a
consequence of the various distances between the motes
and the CH. The red sensor motes have exhausted their

energy and are unable to detect the occurring event.

This approach will result in significant increase
of the overall lifetime of the devices in the net-
works due to the more efficient consumption
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of the energy for the communication processes.
This is the main reason for the wide usage of this
approach. Nevertheless, distance-based cluster
organization protocols will also lead to the un-
equal consumption of the energy by the devices
in the network. This is a consequence of the
variable distances between the nodes and the
cluster heads, and can lead to some problems,
especially in networks with low sensor redun-
dancy or in networks, which have to provide
high level of confidence of the measured read-
ings (Figure 3).

4. An Approach for Organization of the
Clusters with Balanced Energy
Consumption

The amount of the energy and the balanced
energy consumption are the two main factors,
which have to be considered when designing
communication protocols for wireless sensor
network. The amount of energy is a parameter,
which depends entirely on the characteristics of
the batteries of the devices and corresponds to
the device lifetime. The balanced energy con-
sumption is a characteristic, which is connected
to the amount of energy, necessary for the nor-
mal operation of the devices in the cluster for
a given period of time and is responsible for
the higher reliability of the network. Only one
of these factors is not enough for the determi-
nation of the best possible cluster head. This
is the major disadvantage of the distance-based
approach for cluster organization in the WSNs.

If all sensor motes implement a complex pa-
rameter for evaluation of the cluster heads, and
if this parameter is a function of the amount
of energy needed for the communication pro-
cesses and the available amount of energy, then
this will lead to the election of a cluster head,
such that a fairly balanced consumption of the
energy can be achieved. By implementing this
approach, the complex parameter for evaluation
of the routes between every two sensor motes
na and nb can be defined as:

W(na, nb) =
Ecom(na, nb)

Ena

(8)

where Ecom is a function, which is defining the
amount of energy needed for the transmission
of the data between both nodes, and Ena is the

amount of energy in the battery of node na at the
beginning of the cluster organization process.

Pseudo code of the presented approach can be
given as:

Pseudo code of the approach for balanced
energy consumption in the WSN

for i=1 to N
CHi =0; W CHi =infinity;

if ni ==CH
associate niwith the Base station
else
for g=1 to N

if ng ==CH
calculate W ng according to (8)
if W ng <W CHi
W CHi =W ng; CHi = ng;
end;
end;

g = g+1;
end;
end;

i = i+1;
end.

5. Modification of the Approach for
Organization of the Clusters with
Balanced Energy Consumption

The approach for organization of the clusters
with balanced energy consumption can guaran-
tee at a certain level that the lifetime of every
device in the network will be the same. Never-
theless, due to the fact that the abovementioned
approach does not consider the amount of the
energy in the receiving device, the total life-
time of the network is severely decreased. The
modification of the approach for organization
of the clusters for the purpose of longer total
lifetime, while at the same time having a fairly
distributed consumption of the energy by all
devices in the network, will lead to an overall
increase of the performance of the wireless sen-
sor network. This mechanism can be improved
by using the amount of the energy in the sinks
as well. This will guarantee a fairer distribu-
tion of the network traffic and, by that, a fairer
distribution of the consumption of the energy as
well.

Analyzing any WSN, then for every three sen-
sor motes na, nb and nc, such that na is a sensor
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mote and nb and nc are cluster heads, we can
say that na will associate with nb if and only
if W(na, nb) < W(na, nc), where W(na, nb) can
be defined as:

W(na, nb) =
Ecom(na, nb)

Ena

ERX

Enb

(9)

Introduction of the ratio between the amount of
energy needed for the reception of the data by
the sink and the available amount of energy in
this device will guarantee the selection of the
most appropriate cluster head, which will lead
to the effective consumption of the energy for
communication and, at the same time, the traf-
fic will be fairly distributed among the motes.
Despite the fact that the selected cluster head
will possibly not guarantee the most effective
energy consumption, it will guarantee the fair
distribution of the traffic and, by that, the fair
consumption of the energy by all devices in the
network, thus providing a longer overall lifetime
of the network devices. The pseudo code of the
modified approach is the same like the pseudo
code of the approach for balanced consumption
of the energy, with the difference that the coef-
ficient W ng is calculated using (9) instead of
(8).

6. Simulation Evaluation and Comparison
of the Approaches for Organization
of the Clusters in Hierarchical
Cluster-based WSNs

For the comparative analysis between the ap-
proaches for organization of the clusters we
denote with M1 the standard mechanism from
Section 3, with M2 the approach for organiza-
tion of the clusters with balanced consumption
of the energy from Section 4 and with M3 the
modified approach for organization of the clus-
ters with balanced consumption of the energy
from Section 5. The simulation studies are per-
formed using MatLABmodels of the approaches
which are applied to a wireless sensor network,
placed on a field of 100 × 100 square meters.
We have conducted two series of experiments –
with 25 and 100 sensor motes per cluster. For
all simulations we assume that the base station
is placed at X = 100m, Y = 100m (on the
edge of the cluster). The amount of the energy
in the sensor motes, which is presented in the

figures, is an average of 100 simulation runs and
is measured during the 300-th communication
round. For the simulations we assume size of
the packets b = 512 bits. In order to evaluate
the mechanisms for organization of the clusters,
we use the energy model from Section 2, where
the energy needed for the function of the radio
amplifier is EA = 10 pJ/bit/m2 when k = 2
and EA = 13.10−4 pJ/bit/m2 when k = 4 and
the amount of the energy needed for the radio
electronics is Eelect = 50 nJ/bit.

a)

b)

c)

Figure 4. Average amount of energy per sensor mote
when M1 (a), M2 (b) and M3 (c) are used and there are

25 motes per cluster.
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As it can be seen in Figure 5, M1 is providing
the longest operational time of the network, but
some of the sensor motes start to deplete their
energy much earlier than the systems where M2
and M3 are being used. On the other hand, the
two approaches for balanced consumption of the
energy provide stable operations of all nodes for
a longer time, but at the cost of smaller overall
lifetime of the cluster and the network respec-
tively.

Figure 5. Average number of active sensor motes per
cluster per communication round.

Comparing the results from Figure 4 and Fig-
ure 7 it is clearly seen that the overall amount
of energy when M1 is used is larger than the
amounts of energy when M2 and M3 are being
used, but the energy is not equally distributed
among the sensors and this causes to some of
the nodes to consume their energy much earlier
than the rest. Comparing the results for the M2

Figure 6. Average number of active sensor motes per
cluster per communication round with 100 motes per

cluster.

and the M3 approaches, we can state that the
modified approach (M3) performs slightly bet-
ter. Proofs for this are the results from Figure 5
and Figure 6.

a)

b)

c)

Figure 7. Average amount of energy per sensor mote
when M1 (a), M2 (b) and M3 (c) are used and there are

100 motes per cluster.

7. Conclusions

Based on the results from the conducted sim-
ulation experiments, we can state that the ap-
proaches for organization of the clusters with
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balanced consumption of the energy are most
appropriate for implementation in the systems
where a higher level of data reliability and ac-
curacy are required. The M3 approach outper-
forms slightly M2 and provides longer average
lifetime for the sensor devices, due to the fact
that this approach takes into consideration the
amount of the energy in the sink.
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