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Abstract

Due to the resource constraint, in wireless sensor network, the node pro-
cessing ability, wireless bandwidth and battery capacity and other resources
are scarcer. For improving the energy efficient and extend the lifetime of
the network, this paper proposes a novel algorithm with the distributed
and energy-efficient for collecting and aggregating data of wireless sensor
network. In the proposed protocol, nodes can autonomously compete for the
cluster head based on its own residual energy and the signal strength of its
neighbouring nodes. To reduce the energy overhead of cluster head nodes,
with a multi-hop way among cluster heads, the collected data from cluster
heads is sent to a designated cluster head so as to further send these data to
a base station. For improving the performance of the proposed protocol, a
new cluster coverage method is proposed to fit the proposed protocol so that
when the node density increases, network lifetime can be increased linearly
as the number of nodes is increased. Simulations experiments show that
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network lifetime adopting the proposed protocol is sharply increased. And,
the proposed protocol makes all the nodes die (network lifetime is defined as
the death of last one node) in the last 40 rounds so that networks adopting the
proposed protocol have higher reliability than networks adopting compared
protocols.

Keywords: Collecting data, aggregating data, minimum spanning tree,
cluster.

1 Introduction

With the development of new technology in the field of electronics and com-
munications, a micro-wireless sensor with sense, wireless communication
and data processing capability has been used widely. Because of the low-cost
and low-power attributes, these sensors can are organized into wireless sensor
networks (WSN) to monitor and sense a variety of environmental information
(such as temperature, humidity, etc.). Today, WSN with a lot of micro-
sensor and efficient-antenna nodes has become an important calculating
platform [1–5].

Unlike the wireless mobile ad hoc networks (MANET), WSN typically
has greater node’s density and weaker node’s mobility (generally, the nodes
are no longer moved after being deployed) [6–8]. And due to the cost
and size constraints, the sensor node processing ability, wireless bandwidth
and battery capacity and other resources are scarcer. In particular, in many
applications, because the deployment environment constraints, the node’s
energy cannot be added, which makes how to extend the lifetime of the sensor
network has become one of the key factors to be considered in the design
of WSN. There have been a lot of research works to extend the lifetime
of WSN [9–16] from different aspects. For the aspect of communication
protocols, this paper presents a data collection and aggregation protocol with
the efficient energy.

2 Related Work

The main task of WSN is to send the collected data from a general node
to a base station (BS or The Sink). The simplest way to achieve this task
is to send directly [17–21], that is, every node in network directly sends its
collected data to BS. But, for those sensor nodes away from the base station,
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the energy overhead using for sending the data is very high so as to cause the
sensor nodes to die soon. To solve this problem, some of the energy-saving
algorithms have been proposed [22–26].

The reference [22] presented famous LEACH algorithm. It is a distributed
and self-organized protocol. Its core idea is to reduce the number of nodes
directly communicating with a base station to achieve the purpose of saving
energy. The protocol uses rounds as a unit, each round is divided into two
phases: cluster setup phase and stabilization phase. In the setup phase, with
self-organized way, the cluster heads(CHs) are served by the nodes which
are randomly selected. Then the selected cluster heads randomly broadcast,
and the ordinary nodes join into the nearest cluster head according to the
strength of the received signal to construct a cluster. In the stabilization phase,
all members in the same cluster send the collected data to their CH so as
to further aggregate and send them to BS. Since the cluster head must is
randomly selected in each round, this algorithm can ensure that the energy
overhead is uniformly distributed to all the nodes By data aggregation and
the reduced number of nodes directly communicating with BS, compared with
the others with the direct communication protocols, LEACH can extend the
sensor network lifetime (the first node death) by 8 times. However, LEACH
does not take into account the following: (1) The optimization of the number
of CHs. In a sensor network, if the probability of a node becoming a CH in
any round is p, then the number of cluster heads will increases proportionally
with the number of nodes. (2) the way that CH communicates directly to BS
can lead to higher energy overhead of the CHs away from BS; (3) The way of
randomly selecting CHs causes the algorithm to not control the distribution of
CHs in the network, while the distribution of CHs can determine the energy
overhead of network in the current round.

Lindsey and Raghavendra research shows that in a certain distance range,
the node transceiver consumes more energy than the node amplifying con-
sumes. Based on it, they proposed PEGASIS protocol in the reference [23] so
as to reduce the energy overhead of nodes. Its idea is to use greedy algorithm
for all nodes in the network to construct one chain with the length sum of all
edges close to the minimum, and each edge in the chain just receives or sends
data once. Namely, in each round, a node receives data from a neighbour
node located in the chain and aggregates these data with the existing data
of the node so as to send them to another neighbour node in the chain. This
sending and aggregating starts at the end node of the chain, along the chain,
to the specified node, and then the specified node sends the final aggregated
data to BS. Compared with LEACH protocol, PEGASIS has fewer the nodes
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Figure 1 Illustration of PEGASIS protocol.

to communicate directly to BS and has the stronger ability for aggregating
data, which obviously reduces the energy overhead in each round. Especially
when BS is far away from the monitored area, the effect is more obvious.
However, for PEGASIS protocol, the network lifetime extending is under the
condition that all nodes knew the global information of network, so it exists
the following problems: (1) Due to the large scale of the sensor network and
the node resource limitation, it is very difficult to save the globe information
to a single node; (2) The reasons leading to the node failure is complex and
varied, so maintaining global information requires a high cost; 3) PEGASIS
protocol organizes all nodes in the network into one chain. If a node in the
chain is dead, all data from the chain end node to this node is lost, so its fault-
tolerant is poor (as shown in Figure 1, the node 4 is dead); (4) The length of
the chain depends on the number of nodes, so there is a significant delay in
the procedure of collecting data for a large WSN.

PEDAP protocol proposed in the reference [24] further developed PEGA-
SIS protocol, the core idea of which is to construct all nodes of the sensor
network into a minimum spanning tree. PEDAP protocol assumes that all
nodes are isomorphic and the base station knows the location information of
them in the network. Moreover, the base station can predict the remaining
energy of any node in the network according to the node energy overhead
which is certain in the radio communication model in each round. After
a certain number of rounds, PEDAP protocol requires the base station to
recalculate the routing information to exclude the dead nodes. When the
calculation is complete, the base station sends its desired message, such as the
father node of the node in the spanning tree and the time slot using for sending
the data to its father node in each round, to each node. By this way, in the
setup phase of PEDAP protocol, all nodes just need to receive messages from
the base station, so the energy overhead in this phase is minimal compared
with LEACH and PEGASIS protocols. However, when the reasons that the
nodes is failure are not lack of energy (as shown in Figure 2, the node 4 is
dead), PEDAP protocol is difficult to exclude the death nodes in time.
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Figure 2 Illustration of PEDAP protocol.

As can be seen from the above analysis, if the algorithms based on the
global or centralized scheme want to exclude the accidental death nodes,
each node needs to periodically broadcast their own state, leading to the poor
elasticity and a lot of energy overhead. The routing algorithm based on the
cluster has good scalability and fault tolerance because of the property of
the distributed and self-organization. The proposed protocol (ECAP) in this
paper is just a data collection and aggregation protocol based on the cluster.

3 System Model and Problem Description

In line with the algorithms proposed in the reference [22–25], ECAP pro-
tocol is based on the cluster and uses round as unit. Each round consists
of three stages: cluster generation, collection tree creation and data collec-
tion. They are respectively represented with Tcluster generation, Ttree creation
and Tdata collection. Where Tdata collection means the network monitoring
stage in which the data from nodes is sent to BS to process. In order to
ensure the effective working time, the algorithm must meet the formula
Tcluster generation, + Ttree creation << Tdata collection.

3.1 The Network Model

In this paper, the sensor network with N nodes randomly and uniformly
deploying in a rectangle area A abides by the following rules:

(1) Once deployed, all nodes are no longer moved. And the network does
not require man-made maintenance.

(2) The location of BS that is outside the A is fixed, and BS is unique.
(3) All the nodes have similar ability (the processing / the communication)

and are equal in status.
(4) The nodes are not equipped with GPS and cannot know its location by

measuring.
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(5) The nodes can adjust the transmit power according to the distance, that
is, the wireless transmit power is controllable.

(6) The energy overhead of node in each round is not uniform.

The first three rules are typical settings in general sensor network. The
fourth rule shows that ECAP protocol needn’t to use the location information
of node. We think that when the system scale is increased, the number of
exchanged message will be sharply grew, and the method determining the
node location by exchanging message will lead the network efficiency to
decrease. Furthermore, the energy overhead for exchanging message can also
reduce the network lifetime. The fifth property mainly shows that from the
aspect of the energy-saving, using different energy levels to send the mes-
sages from the intra-cluster communication and inter-cluster communication
can significantly reduce the energy overhead of the nodes so as to extend
the network lifetime. The sixth property shows that because the node energy
overheads are different, ECAP must ensure that the energy overheads are
uniformly shared by all the nodes.

3.2 Wireless Communication Model

In the past of years, there were many researches on low-energy wireless
communication. ECAP uses the same wireless communication model as the
reference [27]. In wireless communication model, a given threshold is d0

that is a constant depending on the environment. When the distance between
the sending node and the receiving node is less than d0, the energy using
for transmitting data is in proportion to the square of this distance, or it
is in proportion to the fourth power of this distance. And they correspond
respectively to free space model and multipath fading models. Thereby,
based on the distance between the sending node and the receiving node, the
sending node may use different energy overhead models to get the energy for
transmitting the data. Assuming that node a sends k bytes of data to node
b outside distance d, then the energy overhead can be calculated using the
following formula:

Etr(k, d) = Eelec(k) + Eamp(k, d) =

{
kEelec(k) + kε−fsd

2

kEelec + kε−mpd
4 (1)

When b gets data from a, the energy overhead using for the wireless
receiving device is as following:

ERx(k) = kEelec (2)
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Where the Eelec denotes the energy overhead for the transceiver and the
Eamp denotes the energy overhead for the amplifier and its number depends
on the distance between the sending node and the receiving node and the tol-
erable bit-error rate. Moreover, the most protocols and algorithms used data
aggregating technologies to decrease the amount of sending and receiving
data so as to save energy. ECAP protocol uses data aggregation technologies
to reduce the energy overhead too. In line with PEGASIS protocol, ECAP
assumes that the ability of data aggregation is ANK = K, where A is an
aggregating coefficient, N is the number of all nodes in the network and K
is the packet size. The energy overhead for aggregating data is indicated in
E aggr. In addition, this paper assumes that the wireless channel is symmetric,
that is, whether from the a to the b or from the b to the a, the energy overhead
transmitting the message m is same.

3.3 Problem Description

Essentially, in the sensor network, in the case of minimizing the energy
overhead of the system, the methods which use round as unit to extend the
network lifetime can distribute the energy overhead uniformly to each node.
For the cluster-based algorithm, the structure of the cluster will determine
the energy overhead of system. Assuming that area A is randomly deployed
with N nodes, this paper think that in order to decrease the energy overhead
of system in each round and ensure that the energy overhead is uniformly
distributed to each node, the cluster algorithm needs to meet the following
requirements:

(1) The algorithm should be fully distributed and self-organization. And the
node determines independently the self-state only according to the local
information. Each node must determine whether to be a cluster head or
a cluster member before the Tcluster ends.

(2) The energy overhead for communicating between the nodes should be
as much as possible to meet the free space model, that is, the intra-
cluster communication and inter-cluster communication need to meet
the free space model. Since LEACH algorithm cannot ensure that the
distribution of the cluster heads is ideal in the network, when the cluster
head distribution is bad, the intra-cluster communication does not meet
the free space model, leading to a large energy overhead as shown in
Figure 3.

(3) The energy levels used for the inter-cluster communication and intra-
cluster communication is different. In the case that the node density
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Figure 3 Illustration of the cluster distribution in LEACH protocol.

Figure 4 Illustration of the cluster distribution in ECAP protocol.

is sufficient, the coverage radius for communicating of the energy for
the inter-cluster communication must is at least two times more than
the cluster radius, and the network composed of all the CHs should be
connectable.

(4) Optimizing the CH distribution. When the communication between the
CHs meets the free space model, it is necessary to ensure that the interval
between any two CHs is greater than the cluster radius rc. In this paper,
the rc represents the size of cluster, that is, only those nodes with the
distance away from a cluster head which is less than rc can be allowed to
join the cluster constructed by this CH. On account of the interference of
the wireless channel, when the interval between the two CHs is less than
rc, it will aggravate the interference of the intra-cluster communication
each other, leading to the unnecessary message retransmission so as to
bring the extra energy overhead.

(5) The choice of the cluster head should take the residual energy of node
into account. Unlike LEACH protocol, ECAP protocol does not assume
that the energy overhead of cluster head is same in each round, so it is
required to ensure that the energy overhead is uniformly distributed to
each node so as to avoid the premature death of some nodes.
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4 Protocol Description

ECAP protocol uses round as unit and is divided into three phases:
Tcluster generation, Ttree creation and Tdata collection. In Tcluster generation,
Once selected, the cluster head receives the messages from all the nodes
which will join in the cluster constructed by this cluster head. And this cluster
head creates a TDMA slot schedule and broadcasts the TDMA schedule
to its member nodes. In order to further save energy, in Ttree creation after
Tcluster generation, CH is selected from all CHs as the unique node CHb which
can communicate with BS. And then the CHb and the other cluster heads
are respectively serve as the root node and the offspring nodes to create an
approximate minimum spanning tree. In Tdata collection, phase, the member
nodes send the data to the cluster head according to the allocated time slot.
After receiving the messages from all the offspring nodes in the spanning
tree, the cluster head aggregates these data and sends them to its parent node.
The above steps are repeated until the root node. And finally, the root node
sends the aggregated data to the base station.

4.1 Cluster Generation Algorithm

In ECAP algorithm, the size of the cluster is fixed, and its radius rc <d0/2.
In order to ensure the connectivity between the cluster heads, ECAP defines
that the communication radius Rch of cluster head must meet the formula
Rch > 2rc, and the distance d between two neighboring cluster heads must
meet the formula rc < d ≤ Rch. By these formula, the cluster heads in the
sensor network will have an ideal distribution as shown in Figure 4. Since
the size of the cluster is fixed and the relation among the clusters needs to
meet the above constraints, in the monitored area A with the known size,
the number of clusters required to cover A is directly depended on the size
of A and the clusters. The reference [28] gives the formula to compute
the minimum number of nodes required to cover A. In the formula (3), n
represents the minimum number of nodes required to cover A.

nπr2

Aarea
= 2π

√
27 (3)

Based on the formula (3), in order to restrict the number of the initial CHs,
ECAP protocol defines the initial probability that any node Si (1 < i < N) is
to become a cluster head is as following.

pinit =
2Aarea√
27Nr2c

(4)
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Obviously, the final number of cluster heads: Nc = Npinit. When ECAP
protocol runs, in order to distribute uniformly the energy overhead to all the
nodes, the probability pch that a node becomes CH is related to its energy.

pch=pinit×
Ecurrent
Emax

(5)

Where Ecurrent is the current energy of node, and Emax is the initial
energy of node. When the energy of node is less than a threshold Emin, it
will no longer compete for CH. The lost energy using for sending, receiving
and aggregating data can be predicted, so Emin can be calculated depending
on the formula (6).

Emin = cycle× (Cdegree × (Eelec + EDA) + l × EDA + l × εfs × d20)
(6)

Where the “cycle” represents the number of times for collecting data in
each round, and the “Cdegree” is the average number of members in a cluster,
and the “l” is the size of packets.

For any node Si, in each round, the Tcluster generation must run the cluster
generation algorithm. The main body of algorithm is some cycle codes, and
the number of times for cycle depends on the Ecurrent of node. The time of
one cycle is t, the t should be sufficient to ensure that the Si can receive the
messages from all the nodes in a circular with the centre Si and the radius
rc. Also, in order to extend the lifetime of the sensor network, when the
node compete for CH, the energy is not the only factor to be considered.
Before the start of cycle, Si broadcasts within the scope of rc and receives the
data from the nodes within the same range. And then based on the received

wireless signal intensity, let PRI =
∑m

n−1RadioStr

m , where the m represents
the quantity of neighbouring nodes in a circular with the radius rc and the
center Si. The higher the PRI, the smaller the energy overhead of cluster
with the cluster head Si. So the PRI can be acted as a priority for node
competing for CH. Since the node death (energy depletion) is predictable in
the static sensor network, if the node has a small failure rate, the change of the
neighbour set of each is little. Moreover, since ECAP protocol can distribute
uniformly the energy overhead to each node so as to extend all nodes’ life
in the network, it further increases the steady of the set of the neighboring
nodes. It can be seen from the third line to the sixth line in the Algorithm 1
that in ECAP protocol, all nodes broadcast every count rounds to calculate
the PRI, where the value of the count depends on the failure rate of node in
the network.
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At the beginning of each cycle, Si first determines whether there is the
broadcasts from a new cluster head, and if so, it adds the new cluster head to
the candidate temporary cluster head set CH Set. If the CH Set is not empty
and does not contain Si, then Si loses the opportunity as a cluster head. But
if there is no the candidate cluster heads in the CH Set announcing itself as
a cluster head when a cycle is ended, then Si doesn’t considers it is in any
cluster and announces itself as a cluster head. If Si is a candidate cluster head
(Si ?CH Set), when a cycle is ended and the priority of Si is also highest, then
Si announces itself as a cluster head. Otherwise, when a cycle is ended, if
there is the other candidate cluster head announcing to be a CH, then Si joins
into the cluster constructed by this CH. If the CH Set is still empty when a
cycle is ended, that is, Si doesn’t belong any cluster, then Si announces to be
CH. It is important that in the procedure competing for CHs, the broadcast
radius of node is rc. The specific algorithm is shown in Algorithm 1.

4.2 Approximate Minimum Spanning Tree

It can be seen from the first line to second line in the Algorithm 1 that BS
will broadcast to the entire network when the network starts to work. Each
node uses the received signal strength BS str as a parameter competing for the
CHb. After ending the construction of cluster, each CH starts to compete for
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the CHb, and ECAP protocol defines the probability that each CH becomes a
candidate CHbas following.

pb =
(BS str × Ecurrent)
(BS strmax × Emax)

(7)

Where BS str is the signal strength received by CH from BS and
BS strmax is the maximum signal strength in A from BS. Since the shortest
distance between BS and A is known, BS strmax can be calculated by Formula
(1). Obviously, if the closer CH is to BS and the greater the energy, the greater
the probability this CH becoming the candidate CHb is. This CH takes a
random value p from the domain (0, 1). And if there is p ≤ pb, then this CH
becomes the candidate CHb and broadcasts the message with its identity and
pb to all neighbour CHs within the range of radius Rch. And all neighbour
CHs receive the message and forward it until all CHs receive the message.
Finally, the candidate CHb with the largest pb becomes the CHb. It is noted
that if there are the pbs of the multiple candidate CHbs to be equal, then the
node with the largest ID becomes the CHb. If the CH does not become a
candidate CHb and does not receive the message that the other CH becomes
the candidate CHb within the predetermined time, let p = p/2 and repeat
the above process until p ≤ pb, then announces itself as a candidate CHb.
At the end of the network lifetime, due to the death of the large number of
nodes resulting in the node density in A not to ensure the connectivity among
CHs, if CH cannot receive the message from the candidate CHb within the
scheduled time, then this CH automatically becomes CHb so as to ensure that
the survival nodes can send their collecting data to BS.

Once CHb is selected, the routing tree with the CHb as root can be
constructed. First, the CHb broadcasts the message with itself ID to all
neighbour CHs within the range of Rch. Once received the message, the
neighbour CH adds the path information between it and the CHb to the
message and forwards it. This process is repeatedly executed until all cluster
heads get their own routing information of reaching the CHb. In order to
reduce the exchanging complexity of the message and to save the limited
storage space of nodes, CH only save the routing information with the
least route-hops among all received routing information, and then selects the
nearest upstream node as the parent node (based on the strength of received
signal) to transmit the CHILD message. For example, Figure 5(a) denotes the
neighboring relationship among the cluster heads. Where M is the selected
cluster head node CHb. M launches a broadcast, R and S broadcast the paths
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(a) (b) (c) 
Figure 5 The algorithm for generating approximation minimum spanning tree.

{M,R} and {M,S} to all cluster heads within the range of radius Rch when
they received the broadcast from M. Because the path {M,R} is longer than
the path {M}, the path {M,R}will be discarded by S. For the same reason, the
path {M,S} will be discarded by R. For node N, the length of the path {M,R}
obtaining from R and the path {M,S} obtaining from S is same, they will be
saved. Figure 5(b) shows the paths saved by every node after the broadcast.
Here, R and S are upstream nodes of N. If the signal intensity received from S
by N is larger than R, D send the information CHILD to S. The final collection
tree is shown in Figure 5(c).

4.3 Cluster Coverage

In the reference [29], the random deployment, the rule deployment and the
planned deployment were discussed. In the random deployment, the nodes
in a monitored area meet uniform distribution. In the rule deployment, the
nodes are placed according to a regular geometric topology, such as the grids.
In the planned deployment, the node density of key section in a monitoring
area is higher than that of the general areas. This paper only focuses on the
random deployment and the planned deployment. In the planned deployment,
for the entire monitored area, although the deployment of nodes does not
conform to the random uniform distribution, the deployment of nodes is
close to be random in the small range. So the following analysis results for
the random deployment are also applicable to the planned deployment. It
is impossible to ensure that the nodes to be deployed cover the entire area
in a random deployment, so this paper attempts to address the following
issues: In the monitored area C with the radius R, in the case of the random
deployment, how many nodes with the sensing radius rs are required to ensure
that the covered area in the entire area can achieve the desired value. For the
convenience of description, it makes the center coordinate of C be (0, 0) and
defines as follows:
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Definition 1 The neighbour area. For ∀(x, y) ∈ C, the definition of its
neighbour areas is as follows:

ℵ(x, y) = {∀(x′ − x)2 + (y′ − y)2 ≤ r2s |(x′, y′) ∈ C} (8)

Definition 2: The area C ′. For the area C ′, there is C ′ ⊂ C. And for any
point (x, y) ∈ C ′, ∀(x, y) ∈ C ′, the following relation is required:

x2 + y2 ≤ (R− rs)2 (9)

For ∀(x, y) ∈ C, if one node at least is contained by its neighbour area,
then the point (x, y) is covered. Since the deployment of nodes in C conforms
to the uniformly distribution, the probability that the nodes may be placed in
the neighbour area of the point (x, y) is p =

ℵ(x,y)area
Carea

. It is assumed that m
nodes are deployed in C, the probability of the point (x, y) being covered by
these nodes is as following.

pcoverage = C1
mp(1− p)

m−1 + C2
m(1− p)

m−2 + · · ·+ Cmmp
m

=
m∑
n=1

Cnmp
n(1− p)m−n (10)

For ∀(x, y) ∈ C ′, the size of its neighbour area is ℵ(x, y)area = πr2s , so
the probability that a single node may being placed in the neighbour area is

p =
ℵ(x,y)area
Carea

= πr2s
πR2 . For ∀(x, y) ∈ C ′, if there are m nodes with random

deployment in C, based on the formula (9), the probability of this point being
covered by these nodes is as following.

pcover =

m∑
n−1

Cnm

(rs
R

)2n(
1− rs

R2

)m−n
(11)

In the case where the node density is sufficient, the cluster constructed
in each Tcluster phase can cover the entire monitored area A. Although the
theoretical size of a cluster is πr2c , but in order to cover the monitored area
A, there is an overlap between the neighbour clusters, that is, the actual range
of the cluster is less than πr2c . Therefore, the number m of required nodes to
achieve the covering value can be worked out approximately by the formula
(11) according to the pcover designed by the specific application. In order to
save energy, CH randomly select m nodes from its own cluster members as
data collection nodes of the current round, and let the other members go into
the sleep during the current round. The cluster head can dispatch its members
by the intra-cluster broadcast TDMA.
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5 Performance Analysis

5.1 Parameter Setting

ECAP protocol uses GlomoSim as the platform for simulation experiments,
the experiment parameters are in Table 1. In the experiments, the network
lifetime includes three different meanings: the death of the first node, the
death of a half of the nodes and the death of the last node. In addition, in
the simulation experiments, it is assumed that the perceived radius rs of each
node is 12 m. And when the node energy is less than the Emin (0.002 J), the
node is considered dead.

In order to compare the four protocols of DIRECT, LEACH, PEGASIS
and ECAP, this paper simulated respectively the influence of the changes of
the size of the monitored area, the changes of BS’s location and the number
change of nodes on their performance. The results and analysis are shown
in Section 4.3. In the simulation experiments, ECAP protocol is further

Table 1 Simulation parameter
Parameter Value

Network size (100×100), (150 × 150), (200 × 200), (250 × 250),
(300 × 300), (350 × 350)

Sink Position (50,175), (50,200), (20,215), (50,230), (50,245), (50,260),
(50,275), (50,300), (50,400)

Node number 100,150,200,250,300,350,400450,500,1000

Threshold distance(d0) 75 m

Cluster radius(rc) 30 m

Coverage radius(rs) 12 m

Eelec 50 nJ/bit

e fs 13 pJ/bit/m2

e mp 0.0013 pJ/bit/m4

E fusion 5 nJ/bit

Data Packet size 500 bytes

Broad packet size 25 bytes

Packet header size 25 bytes

round 5 TDMA frames

Initial energy 2 J
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divided into and ECAP-2 adopting the cluster coverage algorithm and general
ECAP-1.

5.2 Number and Distribution of Cluster Head

In order to verify that ECAP protocol can construct the clusters with the good
distribution, the experiments randomly take 200 samples of the number of
cluster heads and the distribution of cluster heads from two scenarios with
100 m × 100 m and 200 m × 200 m. The minimum number of cluster heads
required to cover the monitored area A is Nopti, according to the formula (3),
then there is Nopti = d2Aarea√

27r2c
e. The experiments show that after running

ECAP protocol in each round, the number of the samples that the number of
generated cluster heads is no more than d2.5×Noptie accounts for 98% of all
the samples, where, in the worst case, the number of generated cluster heads
is Nwc = d3 × Noptie. The experiment results illustrate that the number of
generated cluster heads in each round is connected with rc and the size of
A. And the constructed clusters in A have good distribution. Figure 6 is the
distribution graph of the nodes in a scenario with 100m× 100m and the node
number of 300. Figure 7 shows the cluster head distribution in the network at

Figure 6 The distribution of nodes.

Figure 7 The distribution of cluster heads at 420th round.
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420th round. It can be seen from these two figures that the distance between
any two cluster heads is greater than rc, and the clusters constructed by these
cluster heads have fully covered all nodes in the network.

5.3 Experimental Results and Analysis

When the base station location is at (50, 245), the size of monitored area A
is 100 m × 100 m and the number of nodes is 100, Figure 8 showed the
relationship of the number of dead nodes with the working time of network
(the number of rounds). It can be seen that the curve of ECAP protocol
in Figure 8 is almost a straight line parallel to the X axis. Because ECAP
protocol can distribute uniformly the energy overhead to each node in the
sensor network, the time that the first node and the last node die is very
close, usually within 40 rounds. As can be seen from Figure 8, compared
with LEACH protocol and PEGASIS protocol, ECAP protocol extends the
network lifetime by 310% and 55% (the death the first node) respectively.
Moreover, since the node density in the A is small, ECAP-2 protocol with the
cluster covering algorithm cannot significantly extend the network lifetime,
its performance slightly better than ECAP-1protoco.

From Figure 9, they respectively describe the relationship between the
base station location and the three kinds of network lifetime that the death of
the first node (FDN), the death of a half of nodes (HDN) and the death of the
last node (LDN). Figure 8(a) shows that when the network lifetime is defined
as FND, the reducing speed of network lifetime of ECAP protocol is slowest
as the distance between the A and the base station increases. The experiments
show that when the coordinate of BS is changed from (50,175) to (50,300),
the network lifetime is reduced from 892 rounds to 732 rounds. Although
the reduction is less than 18%, it is much better than that of PEGASIS and

Figure 8 The time of node death in a network with the size 100 m × 100 m.
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Figure 9(a) The relationship of the distance between network and BS with network lifetime
(FDN).

Figure 9(b) The relationship of the distance between network and BS with network lifetime
(HDN).

Figure 9(c) The relationship of the distance between network and BS with network lifetime
(LDN).

LEACH protocols. At the same time, it can be seen that the curve change
of ECAP protocol in the three protocols is smallest, which means that in the
sensor network running ECAP protocol, the difference of time among three
kinds of network lifetime is very small.
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The experiments consider the effect of the size of the A on the perfor-
mance of three protocols. As can be seen from Figure 10, ECAP protocol can
still maintain good performance as the size of A grows. The reasons are that
there is a rational distribution of clusters in ECAP protocol, and the data is

Figure 10(a) The relationship of the size of network with network lifetime (FDN).

Figure 10(b) The relationship of the size of network with network lifetime (HDN).

Figure 10(c) The relationship of the size of network with network lifetime (LDN).
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Figure 11 Network lifetime as the number of nodes increases (FDN).

sent to BS by the multi-hop method to reduce the energy overhead of CHs so
as to ensure that the performance of ECAP protocol is superior to LEACH
protocol and PEGASIS protocol under the same conditions.

Figure 11 shows the relationship of the number of nodes with the network
lifetime. A noteworthy phenomenon is that that except ECAP-2, the above
protocols cannot significantly extend the network lifetime as the number of
nodes increases. The reason is that they did not consider the coverage problem
of the nodes. Actually, when the node density is sufficient, a part of the nodes
can cover the entire A. At this time, the other nodes are redundant and can
sleep to reduce the overhead of energy to extend the network lifetime. Thus,
except ECAP-2, all nodes are active in each round of the network running
the other four protocols, so the network lifetime cannot be extended with the
number of nodes increasing. In addition, since the CHs generated by ECAP
protocol are only related to the size of the A and the distribution of nodes,
the number of cluster members in ECAP-1 protocol increases as the number
of nodes increases so as to lead to an increase in the energy overhead of
the CHs, which further leads to advancing the time that the first node is to
die. The figure still shows that when the number of nodes is 100, the time
that the first node is to die is at the 890th round. And when the number of
nodes is increased to 500, the time that the first node is to die is advanced
to the 831st round. Since ECAP-2 protocol uses the cluster coverage method,
when the number of member in a cluster goes beyond the practical application
requirement, the cluster head in this cluster informs the redundant members to
go in sleep. The experiments show that the network lifetime running ECAP-2
protocol increases linearly with the increase of the number of nodes.

For the protocols using rounds as a unit, the number of times that all
active nodes collect the data in one round is consistent (this value is set
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Figure 12 The total number of sensed data from all the nodes (FDN).

to five in this experiments.), so the total number of times that all nodes in
the network collect the environmental data can measure the performance
of the corresponding protocol. According to the distance changes between
the base station and the monitored area A, The sum of times that all nodes
in the four protocols collect respectively the environmental data before the
network failure (at the time of the first node to die) are computed and shown
in Figure 10. It can be seen that the number of times for collecting the
data in ECAP-1 protocol is much larger than that of the other three proto-
cols(DIRECT protocol, LEACH protocol and PEGASIS protocol). And in
the four protocols, as the distance between the base station and the monitored
area A increases, the decreasing speed of the number of times for collecting
the data in ECAP-1 protocol is slowest. This reason is that in ECAP protocol,
the constructed cluster has good distribution in the network, and the data
collected by each cluster is sent to the base station by the multi-hop method
between the cluster heads, which can reduces the energy overhead of CHs
and distribute uniformly the energy overhead to all the nodes. The simulation
experiments show that the death time of the first node in ECAP protocol is
usually within the last 40 rounds (the last node is dead). So the number of
times for collecting the data in ECAP protocol is much larger than that of the
other protocols, and the monitoring quality of ECAP protocol is higher than
the other three protocols.

It can be seen from the experiment results that, except Figure 12, ECAP-
1 and ECAP-2 protocols have similar performance in all graphs. The reason
is that the node density is small and the redundant nodes are few so th at
ECAP-2 protocol using the cluster coverage algorithm cannot also obviously
extend the network lifetime. And when the redundant nodes increases, it can
be seen from Figure 11 that the network lifetime running ECAP-2 protocol
is much better than the other four protocols (DIRECT protocol, LEACH
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protocol, PEGASIS protocol and ECAP-1). However, in the Tcluster phase
of ECAP protocol, all the nodes must be active and participate in the work
constructing the clusters so as to consume energy, so when the number of
redundant nodes reach a certain limit, the network lifetime will be no longer
extended as the number of the nodes increases. In addition, the experiments
show that the energy consumed by ECAP protocol in the Tcluster and Ttree
phases accounts for 0.4% to 0.7% of the total energy, which is comparable to
PEGASIS protocol and greater than LEACH protocol (the energy consumed
by LEACH protocol in the Tcluster phase accounts for 0.05% to 0.07% of the
total energy).

6 Conclusions and Future Work

This paper presents a distributed protocol for efficient data collection and
aggregation of wireless sensor networks. In the proposed protocol, the node
competes for the cluster heads based on the residual energy and the signal
strength of the neighbouring node. Once the cluster head is selected, the
ordinary node will select a nearest cluster head to join so as to construct a
cluster. In order to further save the energy, the CHs far from BS send the
collected data to BS by the multi-hop method. In addition, ECAP protocol
can extend the network lifetime by a simple cluster-covered algorithm when
the node density is increased. The experiments show that ECAP protocol can
extend the network lifetime, and get the death of all nodes to concentrate in
the last 40 rounds, so that the monitoring results based on ECAP protocol are
more accuracy.

WSN are often deployed in the areas where people are difficult to main-
tain. Because of the harsh environmental factors, the sensor node generally
has a high failure rate. So if the cluster head are failure, in the sensor network
running the cluster algorithm with single cluster head, then the collected data
from all members will be lost. For achieving the better fault tolerance, the
future work will improve the reliability in data collection and transmission
on the basis of the proposed protocol.
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