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Abstract. Wireless Sensor Networks (WSNs) draw the attention of researchers
due to the diversity of applications that use them. Basically, a WSN comprises
many sensor nodes that are supplied with power by means of a small battery
installed in the node itself; the node can also be self-charged by a solar cell.
Sometimes it is impossible to change the power supply of battery-operated
nodes. This dictates that sensor nodes must utilize the energy they have in an
optimal manner. Data communication is the main cause of energy dissipation. In
this context, designing protocols for WSNs demands more attention to the design
of energy-efficient routing protocols that allow communications between sensor
nodes and their base station (BS) with the least cost. LEACH is a prominent
hierarchical cluster-based routing protocol. It groups sensor nodes into clusters to
reduce energy dissipation. On the other hand, LEACH-C is a protocol based on
LEACH that claims to improve energy dissipation over LEACH. In this paper, a
successful attempt was made to compare these two protocols using MATLAB.
The results show that LEACH-C has better performance than LEACH in terms
of power dissipation.

Keywords: energy-efficient protocols; LEACH; LEACH-C; protocol comparison;
routing protocols; wireless sensor networks.

1 Introduction

A wireless sensor network (WSN) comprises sensors that are spatially
distributed [1] and deployed in an area called the sensor field [2]. Each sensor
collects data and sends it to a central aggregation unit known as the base station
(BS) or sink [3]. WSNs have a wide spectrum of applications, including
environmental monitoring, target tracking, healthcare monitoring, and machine
automation [1, 4, 5].

Sensor nodes are low-cost electronic devices equipped with sensors,
microprocessors, memory, wireless transceivers, batteries, and low-power GPS
devices [6]. The basic components of a sensor node are shown in Figure 1. The
sensors are limited in power, storage, and range [3]. They can perform: (1)
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computation, (2) communication, and (3) sensing [1]. Basically, they connect to
each other via a wireless medium and collaborate to perform a certain task [7].
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Figure 1 Basic components of a sensor node [8].

Mainly, sensors are not equipped with energy backup, which makes them one-
time-use sensors [9]. In addition, WSNs have limited battery life, which makes
energy-efficiency the most important factor [10] to consider when planning to
extend network lifetime [11]. Depending on the type of application, WSNs are
either operated for a given operation time, or they can be put into service until
their sensor nodes totally die [12].

Low-energy adaptive clustering hierarchy (LEACH) is the most fundamental,
energy-efficient cluster-based protocol for WSNs and is used to reduce power
consumption [13,14]. Meanwhile, LEACH-C is a centralized cluster-based
routing protocol [14].

In this paper, we consider some parameters to compare the LEACH and
LEACH-C protocols. We used MATLAB to simulate two WSNSs, one that uses
LEACH and one that uses LEACH-C as their routing protocols. Based on the
results obtained by running the simulation, a comparison was made. The
remainder of this paper is organized as follows: in Section 2 related work is
reviewed. Then the methodology used in this study is shown in Section 3. Some
necessary background is presented in Section 4. Our work is presented in
Section 5, which contains the experimental settings and results. Finally, the
paper is concluded in Section 6.

2 Related Work

Nayak & Shree [13] used NetSim simulator to compare LEACH and LEACH-C
to verify the properties of both. They used several performance metrics, such as
total number of data signals delivered at the BS over time, average energy
dissipation over time, location of BS vs average energy dissipation, and location
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of the BS vs lifetime of network. According to the results they obtained, they
concluded that LEACH-C performed better than LEACH.

Geetha, et al. compared the LEACH and LEACH-C protocols using NS-2 [14].
They chose different scenarios and measured several performance metrics; their
main concern was latency and network lifetime. They concluded that LEACH-C
provides increased network lifetime and the desired number of clusters.

In a similar work conducted by Xinhua & Sheng [15], the authors compared the
performance of the LEACH and LEACH-C protocols using the NS-2 simulator.
Their main concern was to find a method to find out the effective factor in the
comparison between the two protocols. They focused on the location of the sink
and tested whether location affects the performance of the protocols or not.
According to the results obtained, the authors concluded that neither protocol is
superior to the other and it is not possible to recommend one protocol for a
specific scenario or application. Additionally, a proper selection between both
protocols is key to extending WSN life.

An improved version of both LEACH and LEACH-C protocols was introduced
by Zhao, et al. [16]. The new protocol not only improves the selection process
of the cluster heads in response to the change of the amount of node energy. The
proposed protocol also assigns a vice cluster head for each cluster in an attempt
to reduce the energy consumed and extend WSN lifetime. A simulation of the
proposed protocol was conducted using NS-2, comparing it to LEACH and
LEACH-C using the following three parameters: (1) number of nodes alive over
the time of the experiment, (2) amount of energy consumed over the time of the
experiment, and (3) amount of messages created by each protocol. According to
the authors, the proposed protocols, i.e. the improved protocols, showed better
performance than both LEACH and LEACH-C in terms of energy consumption,
which results in longer WSN lifetime.

In a more comprehensive work, Omari & Fateh [17] compared six protocols,
three of them based on the LEACH protocol and the other three based on the
HEED protocol. Using MATLAB, the protocols were implemented and
evaluated based on the following parameters: (1) number of control packets, (2)
number of rounds, (3) live nodes, (4) data delivery to the base station, and (5)
the residual energy in each round. The authors concluded that the LEACH
family of protocols offers better performance than the HEED family of
protocols.
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3 Methodology

The LEACH and LEACH-C algorithms were implemented in MATLAB. At the
beginning of the simulation, some parameters were we set. Both protocols
require a number of rounds; after the desired number of rounds is finished, the
results are collected and analyzed. Charts are depicted according to the results
and then illustrations and explanations of the results are made. Finally, our
results were compared to some similar work in the literature.

4 Background

41 LEACH and LEACH-C

Nodes that are within the transmission range of each other can communicate
directly without the need for a routing protocol. On the other hand, nodes that
are not within the range of each other, e.g. nodes A and C in Figure 2, need to
send data to an intermediate node, e.g. B in Figure 2, which will forward packet
forward and backward since it overlaps the transmission ranges of both nodes A
and C.

Figure 2 A number of nodes and their ranges in a WSN [18].

Direct communication between nodes can take place when: (1) the nodes are
neighbors, and (2) when the nodes have large enough transmission power.
Nevertheless, this could be a drawback because of the large amount of energy
required to establish high transmission power [12]. Routing protocols can be
classified into: (1) flat protocols in which there are no master or referential
nodes, and (2) hierarchical protocols in which some nodes are assigned some
superior tasks over others [19]. Figure 3 shows a cluster-based hierarchical
model of a WSN. This network comprises several clusters, also known as
clumps, where each has its own cluster head (CH), which is responsible for data
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transmission to all sensors in that cluster [13]. Nodes that are not cluster heads
are called cluster members (CMs) [2]. Intra-cluster and inter-cluster
coordination are the responsibility of CHs [21]. By intra-cluster coordination we
mean the coordination between nodes within the same cluster and the
aggregation of their data. On the other hand, inter-cluster coordination is the
communication between CHs themselves or communications between CHs and
BSs [21]. In other words, CHs carry out communication between CMs, while
BSs carry out communications between CHs [2].
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Figure 3 Cluster-based hierarchical model [20].

The number of CHs has an influence on the energy consumption. If a WSN
contains many CHs, the energy consumption generated by communications
between the CHs and the BS will be increased. Also, if the WSN contains a
small number of CHs, the energy consumption generated by data aggregation
and communication between CMs and CHs will be increased [22]. Low energy
adaptive clustering hierarchy (LEACH) is the most fundamental hierarchical
protocol (cluster-based protocol), which is the base of most of the existing
energy efficient protocols [23]. Clustering in LEACH is illustrated in Figure 3
[20]. LEACH performs a number of rounds, each consisting of two phases, the
set-up phase and the steady-state phase [22, 23] as follows:

1. Set-up phase: in this phase, CHs are randomly selected to collect and
aggregate data from sensors in clusters and eventually transmit results to
BSs [22]. A node becomes a CH by randomly selecting a number between 0
and 1 [23]. If this number is smaller than a predefined threshold, then this
node becomes a CH for the current round. Afterwards, the CH is
determined and advertises its status. Then, the remaining nodes select their
CHs by sending join-request messages depending on the strength of the
received signal of the advertisement signals [20,22]. Then, the selected CH
applies a time division multiple access (TDMA) schedule to the cluster
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group members to organize the sending of the messages to the CH and then
to the base station [24]. Figure 4 illustrates this phase using a flowchart.
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Figure 4 Flowchart of the set-up phase of the LEACH protocol [24].

2. Steady-state phase: this is the phase in which the WSN performs its
intended tasks by aggregating data and transferring them to the BS (sink)
[12,20]. When the clusters are established and the TDMA schedule is
announced, the process of data transmission can be started. Each non-
cluster-head node that has data to transfer, sends its data to the CH during
its allocated transmission time. To save energy in the non-cluster-head
nodes, their radio is turned off until their allocated transmission time starts.
On the other hand, the CH must keep its receiver on to be always ready to
receive any data from the cluster nodes. When CH receives all data, it
executes signal processing functions to create a composite single signal and
sends it to the base station [24]. The steady-state phase is illustrated in
Figure 5.

However, in order not to drain the battery of some nodes, especially those that
are selected as CHs, LEACH randomly rotates CH positions and thus extends
their lifetime [25]. LEACH-Centralized (LEACH-C) uses a centralized
clustering algorithm to select CHs in the set-up phase. Instead of randomly
selecting CHs, all nodes of WSN send their information, which are their current
locations and energy levels, to the BS. After that, the BS computes the average
level of the energy of all nodes. Any node that has energy more than the
calculated average will have a chance to be a cluster head. When the BS
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receives the information sent by the nodes and calculates the average energy, it
decides which nodes will be CHs and advertises that to the whole WSN [27,28].
Figure 6 shows the flowchart of the LEACH-C set-up phase.
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Figure 5 Flowchart of the steady-state phase of the LEACH protocol [26].
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Figure 6 Flowchart of the set-up phase of the LEACH-C protocol.
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The steady-state phase is performed the same way as in the LEACH protocol.
This modification of LEACH represented by the LEACH-C protocol is intended
to prolong WSN lifetime and lower energy dissipation [13].The BS receives the
location data from the nodes, decides which nodes to select as CHs, and
advertises that to the whole WSN [27]. In LEACH-C, nodes with an energy
level greater than a predetermined threshold, i.e. the average energy level
calculated by the BS, are selected to be CH by the BS [29,14]. This
modification of LEACH represented by the LEACH-C protocol prolongs WSN
lifetime and lowers energy dissipation [13].

Unlike in LEACH, where each node has the chance to become a CH in different
rounds, not all the nodes in LEACH-C will have the same chance [29]. One of
the major drawbacks of LEACH-C when compared to LEACH is that it suffers
increased energy dissipation during the set-up phase due to the initial
communication between the BS and the nodes, which results in more data
reception at the BS [13,27].

4.2  The Energy Model

Figure 7 shows the energy dissipated in each component of the sensor node.

Receiver antenna Transmitter antenna
Eg. Epa Eg, E (T
Receiver

r | Data Transmitter Transmit
electronics processor electronics amplifier

Micro
sensor [] Power supply

Figure 7 The energy cost associated with each component of the sensor node
[29].

In Figure 7, only components that are incorporated in the communication
process are shown. The communication device component of the sensor node
shown in Figure 1 is further divided into receiver, transmitter, and amplifier to
show the cost of energy incurred at each component. Eg, is the per-bit energy
dissipated in reception and Er, is the per-bit energy dissipated in transmission
[29]. The data aggregation energy, which is defined as the energy dissipated in
data processing (aggregation) is denoted by Ep 4 [29, 30]. The amplifier energy
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Eamp(r) is the energy required by the transmit amplifier to maintain an
acceptable signal-to-noise ratio in order to transfer data messages reliably [29].

For a message of length k bits, to travel from source to destination passing a
distance d, the following two equations hold [29]:

ET(k' d) =k X (Ery + Eamp(d)) (1)
Er(k) =k X Egy (2)

Such that E;(k, d) is the total energy dissipated in the transmitter of the source
node to transmit a message of length k bits over a distance d, and Ex (k) is the
total energy dissipated in the receiver of the destination node to receive a
message of length k bits [29].

Amplification is calculated based on the channel model: a threshold value d,, is
calculated; if the distance is less than the threshold value then the free-space
model is used, otherwise the multipath-fading model is used [26]. The amplifier
incorporates the free space and multipath fading channel models each with a
parameter, i.e. &5 and &,,;, respectively [26,29]. Based on these two parameters,

d, can be calculated as follows: d, = \/&fs/&m, [23]. Accordingly, Egp, (d) is
given by Eq. (3) [26]:

grsd?, d <d,
Empd?, d>d,

Eamp (d) = { (3)

4.3 Simulation Tool

Many tools are available to simulate WSNs, each with different features,
limitations, environments, and written in different programming languages.
Some well-known tools are: (1) Network Simulator 2 (NS-2) [31], (2) Network
Simulator 3 (NS-3) [32], (3) Matrix Laboratory (MATLAB) [33], and (4)
Objective Modular Network Testbed in C++ (OMNeT++) [34].

In our work, we chose MATLAB to simulate the protocols under comparison
depending on our review of the literature. For example, in [35] a survey was
conducted to show the popularity of the tools mentioned above. The metric for
the popularity of these tools was the number of papers published in international
conferences and journals that used these tools. The results showed that NS-2
was the most used, followed by MATLAB. The advantages of MATLAB listed
in [36] overcame those of NS-2. Besides, [37] points out the main drawbacks of
NS-2 as a simulator of WSNs. One of them is the lack of a sensing model. Also,
the used parameters of simulating the nodes in WSN as energy model, packet
formats, and MAC protocols are totally different as they are used in real-world



228 Ala’a Al-Shaikh, et al.

sensor network scenarios. On the other hand, MATLAB is considered the base
language for several simulators, such as PROWLER [38]. In addition, it is
required for other tools to be installed such as PiccSIM [39]. Moreover,
MATLAB is included as a toolbox in other simulators, for example LabVIEW
[40]. Regarding the features of MATLAB, some of the most significant ones are
the ease of programming capability and its possession of an easy platform that
attracts users to develop their own functions. Furthermore, MATLAB has
numerous toolboxes, such as Control System Design, Aerospace, Fuzzy Logic,
Statistics, Symbolic Computations, Communication and several others, which
encouraged us to use it in our work [36].

5 Experimental Settings and Results

5.1 Experimental Settings

In this paper, an attempt was done to compare between the aforementioned two
hierarchical cluster-based protocols, LEACH and LEACH-C. MATLAB 7.6
R2008 A was used in the experiments. Table 1 summarizes the experimental
settings used in this paper. These values were selected based on some tuning
that was done until values were reached that could be read, recorded, and
analyzed.

We assume a number of 100 nodes distributed in a 100x100 meters sensor area.
Nodes were placed at random points, each had (x, y) coordinates. The BS (sink)
was located at the center of the sensor field, i.e. at (50, 50).

Table 1 Summary of parameter settings.

Parameter Value
Number of nodes (N) 100 +1BS
Sensor field area 100x100
Node distribution Random
Number of rounds (R,,4x) 500
Channel type Wireless
Communication channel Bidirectional
BS coordinates (50, 50)
Initial node energy (E,) 0.2J
CH probability (p) 0.1
Energy dissipation in reception (Eg,) 50 nJ/bit
Energy dissipation in transmission (E7,) 50 nJ/bit
Radio propagation model Free Space and Multipath
Free-space amplifier parameter (gf) 10 pJ/bit/m?
Multipath amplifier parameter (&,,,,) 0.0013 pJ/bit/m*

Data aggregation energy (Ep4) 5 nJ/bit/message
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Basic operation of both protocols assumes having CHs and CMs; these are
sometimes referred to as advanced and normal nodes respectively. The total
number of nodes in the WSN is equal to the number of sensor nodes plus one
sink (BS); this equals 101 nodes. The initial energy in each node was 0.2 J. As
basic operation of LEACH selects a node to be CH based on a value between 0
and 1, this value was set to 0.1 in the experiment.

Furthermore, for the purposes of the experiment the following values were set:
Ery = Egy = 50n]/bit, &5 = 10 pJ/bit/m?, &y, = 0.0013 p]/bit/
m* and Ep, = 5nj/bit/message. The simulation ran for 500 rounds
(Rmax = 500).

It should be noted that although the number of rounds in the simulation was
500, only the first 30 rounds were included in most of the charts so they can be
easily read and analyzed.

5.2 Results and Discussion

We start our discussions with the number of data packets delivered to the BS.
Actually, this is a very important metric that can be used as evidence that
supports our discussions of the lifetime of the WSN using both protocols.
Figure 8 shows the number of data packets sent to the BS in the first 30 rounds.

Number of packets delivered to BS per round
for the first 30 rounds
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Figure 8 Number of data packets sent to the BS.

Figure 9 shows the total number of data packets delivered to the BS for both the
LEACH and LEACH-C protocols. It is obvious from Figure 9 that the LEACH-
C protocol could deliver more data packets to the BS compared to LEACH.
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Total number of data packets delivered to BS
4900

4780

4760

LEACH LEACH-C

Figure 9 Summary of the total number of data packets delivered to the BS.

In an attempt to give a more precise interpretation of the operations of the
protocols, the rounds were grouped into chunks of 50 rounds each, as shown in
Figure 10, so that we can gain a better understanding of the operations of the
two protocols in terms of data packets.

Number of data packet delivered to BS grouped in
chunks each of 50 rounds
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Figure 10 Number of data packets sent to the BS grouped into 10 50-round
chunks.

The chart in Figure 11 shows the total number of dead nodes in each round. The
importance of Figure 11 is to illustrate the behavior of the nodes obtained in
Figure 8. In Figure 8, the number of data packets delivered to the BS decreases
over time. Figure 11 illustrates the reason in terms of dead nodes. In other
words, the number of packets decreases due to the increase in the number of
dead nodes, as shown in Figure 11.
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Figure 11 Number of dead nodes grouped in chunks of 50 rounds each.

Starting from the 7" chunk, i.e. between the 301% to the 350" round, nodes in
our configuration started to die. As the simulation makes more rounds, the
number of dead nodes increases proportionally. Furthermore, in networks that
use the LEACH protocol, nodes start dying earlier than the nodes of the
networks that use the LEACH-C protocol, as is obvious from Figure 11. This
supports the theoretical foundation that LEACH-C is an enhancement of the
LEACH protocol to prolong lifetime of WSNs. Eventually, the number of dead
nodes at the end of the 500 rounds was greater when using the LEACH
protocol.

Back to Figure 9, which shows that the LEACH-C protocol could deliver more
data packets to the BS than LEACH. The explanation for this is that using the
LEACH from the 7" group of rounds, i.e. starting from round 350, nodes started
to die due to the dissipation of their energy, as we saw already in Figure 11.
Comparing that to the LEACH-C protocol, also starting from the 7" chunk of
rounds, there were less dying nodes. Another metric we looked at in our results
was the first dead node, which is shown in Figure 12. The first node dying took
place earlier in LEACH than in LEACH-C. This is another important factor that
supports the purpose of LEACH-C, which is designed to extend the lifetime of
the network.

The most important factor any research has to look at in the study of WSN
protocols is energy dissipation. Figure 13 shows the total energy dissipated by
each protocol. Prolonging network lifetime could be done by consuming less
energy at the sensing nodes that used the LEACH-C protocol than the nodes
that used the LEACH protocol, as shown in Figure 13.
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Figure 12 First dead node.
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Figure 13 Total energy dissipated by each protocol.

Looking at Figure 14, it can be seen that starting from the 7" chunk, LEACH-C
shows less energy dissipation than LEACH. Looking back at Figure 12, the first
node died in LEACH in round 347, which is part of the 7" chunk. After more
rounds, more nodes died, as we saw in Figure 11. This can be read in two
directions: the more rounds we have, the more dead nodes we have due to more
energy dissipation. Reversely, it can also be read as: the more rounds we have,
the more energy dissipation we have and thus the more dead nodes exist.

An important observation found in our exploration of the LEACH-C protocol is
that there are some rounds when no nodes are selected to be CHs, i.e. CH count
in a particular round is zero. Based on the operation of LEACH-C, CHs are
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selected by the BS based on a threshold value: candidate nodes must have
energy greater than that predetermined value. As the nodes’ energy dissipates
during rounds of operation, there may be some rounds in which none of the
nodes have remaining energy greater than the threshold value. The threshold
value is adjusted to a level lower than the previous threshold value so that
LEACH-C operation can continue.
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Figure 14  Total energy dissipated grouped in chunks of 50 rounds each.

6 Conclusion

In this paper, an experiment was conducted based on a MATLAB simulation of
a WSN to compare between two prominent energy-efficient protocols, LEACH
and LEACH-C. Several performance metrics were observed. The most
important among them is the energy dissipation metric due to the fact that the
energy dissipation is crucial to the design of WSN protocols. Our findings fully
comply with the theory: it was found that LEACH dissipated more energy than
LEACH-C, which gives LEACH-C an advantage over LEACH in that it
prolongs WSN lifetime. The results obtained in this paper converge with other
results obtained in the literature. This work can be used as a basis to compare
more protocols with the LEACH protocol as long as LEACH is the fundamental
protocol for hierarchical cluster-based WSN protocols.
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