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Abstract

Influenced by the environment and nodes status, the quality of link is not always stable in actu-

al wireless sensor networks (WSNs). Poor links result in retransmissions and more energy consump-

tion. So link quality is an important issue in the design of routing protocol which is not considered in

most traditional clustered routing protocols. A based on energy and link quality’ s routing protocol

(EQRP) is proposed to optimize the clustering mechanism which takes into account energy balance

and link quality factors. EQRP takes the advantage of high quality links to increase success rate of

single communication and reduce the cost of communication. Simulation shows that, compared with

traditional clustered protocol, EQRP can perform 40% better, in terms of life cycle of the whole net-

work.
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0 Introduction

Wireless sensor networks ( WSNs) have a wide
variety of applications in recent years. Most of the
WSNs are deployed outdoors for scientific investiga-
tion, environment monitor, military affairs and so on.
The batteries of nodes are finite and are difficult to be
charged in such conditions. So saving energy is impor-
tant in WSNs. There are three parts of consuming ener-
gy of nodes; communication, data processing and mo-
nitoring. Communication is the largest part in consu-
ming energy. In WSNs, influenced by the environment
and nodes status, the quality of link between two nodes
is not always stable . If a node can not transmit data
packets to its next node, it has to retransmit the data
packet again and more energy will be consumed in
communication part. How to improve the success rate
of single transmission and decrease the communication
count is one of the key considerations in routing de-
sign. A clustered routing protocol EQRP is designed
which considers the energy-aware and link-quality in
optimizing the cluster heads in WSNs. EQRP takes the
advantage of high quality link to increase the success
rate of single communication and reduce the cost of
communication.

1 Related work

There are two main types of routing protocols in
WSNs; flat routing protocol and hierarchical routing
protocol. Nodes are equal and have same function in
flat routing protocol such as Flooding, Spin and DD
protocol. These protocols are fit for the networks with
small number nodes. LEACH, TEEN, APTEEN and
HEED are typical hierarchical routing protocols which
divide the nodes into cluster head nodes and common
nodes. The common nodes transmit data packets to
cluster head nodes which then integrate the data and
transmit it to sink node. These protocols show good
performance in large scale networks. Most of WSNs
have large range and hierarchical routing protocols have
more notice than flat protocol. Although some ques-
tions of network performance and data transmission are
solved partly in hierarchical routing protocols, other is-
sues such as energy imbalance, uneven distribution of
cluster head and transmission instability still exist.

Some improved optimization protocols are pro-
posed in recent years. Ref. [1] puts forward a protocol
named LEACH-ED. The main idea is to consider re-
sidual energy and distance between cluster-head
nodes. But it does not limit the node count in clusters.

Ref. [2] introduces LEACH-NOC which clusters the
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network and then chooses cluster head nodes within
clusters by considering residual energy and position of
nodes. LEACH-NOC optimizes the choosing of cluster
head nodes within clusters, but the problem of the uni-
form distribution of the network is not solved. Routing
protocol based on the ant colony algorithm is proposed
in Ref. [3]. EETCA in Ref. [4] tried to avoid partial
nodes evergy dissipation too fast. In Ref. [5], routing
algorithm based on topology optimization control selects
cluster head nodes by the weighted probability method
to achieve energy balance between nodes. Link quality
was considered in Refs[6,7]. A hierarchical routing
protocol named I2PR in Ref. [6] considers the link
quality into routing. In L2PR, nodes can forward data
from multiple paths which can reach the robustness and
balance of network. The drawback is that each node
has to calculate and save the weight of different paths,
since it can take a multi-forwarding mechanism as the
source node.

All these routing protocols are suitable for some
WSNs. No routing protocol can be perfect and be ap-
plied to all applications. Most of proposed algorithms
do not consider the quality of link between nodes which
leads to retransmission and consumption of energy. In
this work, the unreliable link quality and energy saving

in clustered routing protocol are focused.
2 Network model and assumption

2.1 Network model and assumption

Network with following characteristics is assumed.

(1) the network has N sensor nodes and each
node has distinctive identities from 1 to n.

(2) All the nodes with limited energy do not
move in network and have no position sensing capabili-
ty.

(3) Sink node has fixed location and infinite en-
ergy.

(4) The network is sensitive to the incident and
needs to ensure the success rate of the event monito-
ring.

(5) The nodes can collect monitoring data periodi-
cally.

The items from (1) to (3) are common charac-
teristics of most WSNs. (5) indicates the special re-
quirements in success rate of data forwarding.

2.2 Energy consumption model

In wireless sensor network , energy consumption is
relatively small in addition to the energy consumed by
the transmitting and receiving packets[x’gi. So most of

the routing protocols only consider the energy consump-

tion of the node transmitting packets ( £,y ) and receiv-
ing packets (E,y). When one node transmits £ bit data
to another node with distance d, E,y and E are calcu-

lated by

2
E,(k,d) = {k(Eelec +Ey) + ke d”, d < d,
k(E(‘lcc + EDA) + kgmpd4 ’ d 2 d()

(1)

ERX(k) = ERX—clpc(k) = kEclc(' (2)

where d, is the threshold of distance. E  denotes ener-

gy consumption in receiving and transmitting 1bit data.

elec

g, and g, denote the power amplification factor in two
energy consumptions modtively. FE,, denotes unit data
fusion energy consumption. d, can be computed by

dO = ‘9/5/81711)‘

The energy consumption of node i is

E = E(k,d) + Ep (k) (3)

2.3 Clustering mechanism in LEACH

LEACH") protocol is a typical clustering routing
protocol , for which common nodes send data packets to
their cluster head nodes, and then the cluster head
nodes forward it to the sink node. The basic idea of the
algorithm is to select the cluster head nodes randomly
in the rounds. The energy load of the whole network is
assigned to each sensor node, so as to reduce the net-
work energy consumption and improve overall survival
time. Every node generates a random number between
0 and 1. If the random number is greater than thresh-
old T(n), the node will be cluster head. T(n) is cal-
culated by

%; neG
T(n) = l—p(rmod;) (4)

0: otherwise

where p denotes the percentage of the cluster head
nodes in total number of nodes, ris the round number
of reselecting the cluster head nodes, G denotes the
node set which have not been cluster head in recent
1/p rounds. The probability of the nodes becoming
cluster head is related to the number of nodes, the pro-
portion of the cluster head and the number of rounds.

The design of T(n) can ensure that each node can
be a cluster head in a continuous 1/p round which
leads to balancing the energy consumption. In the be-
ginning of every round, the cluster head nodes broad-
cast message. Each common node may receive messa-
ges from many cluster head nodes. Then it chooses the
nearest cluster head nodes and joins them into its clus-
ter. This mechanism has the advantages of simple cal-
culation, less interactive information and balanced en-
ergy consumption.
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3 EQRP design

EQRP algorithm is the optimized enhanced algo-
rithm based on the LEACH protocol. In LEACH,
nodes become the cluster head randomly without con-
sideration of their status. When a node with low energy
and poor link quality becomes a cluster head, it will
consume much energy and lead to faster death. EQRP
algorithm takes into account the status of the nodes,
depending on the integrated assessment of residual en-
ergy and link quality to optimize clustering of the
nodes, balance the survival period of each node and
greatly improve the life of the entire network.

3.1 Computation of the link quality factor

In actual wireless networks, nodes may not trans-
mit data successfully at first time influenced by the en-
Failure of the data

transmission leads to retransmission which consumes

vironment and working status.

more energy. If the nodes with stable link quality have
more chance to be cluster head, more energy is saved
by less retransmission''""'?).

The communication work of cluster head nodes is
divided into two parts. one is responsible for communi-
cating with common nodes within the cluster. The bet-
ter link quality the cluster-head has, the less energy
the cluster consumes. The second part is communica-
tion with sink nodes. Because the cluster head is re-
sponsible for forwarding all the data packets from nodes
within the cluster, the amount of data transmitted is far
greater than that within the cluster. So the link quality

between sink nodes and cluster head is much greater

than the impact of the link between the cluster head
and the nodes within cluster. In practical applications,
it is needed to make a weight of the link quality of ev-
ery node to sink node, and then calculate the average
link quality.

Let p; denote the link quality between node i and
node j and p; = p;. The expected transmission count
(ETX) can be calculated as follows:

ETX,; = 1/p; (5)

The link quality factor can be calculated as fol-

lows :

m

zpni +)\ Xpns

i=0

L= 6
m+ A (6)

where p, is the average link quality factor of node n, p,,

Pn =

is the link quality between node n to alive node i, and
P, is link quality between node n and sink node. A is
the weight of link quality to sink node. The value of A
depends on the number of cluster members and the de-
gree of data fusion. Without data fusion effects, cluster
heads will forward all the data packets received from
cluster members to sink node. A can be determined as
the average number of members in the clusters. By in-
troducing the average link quality of node n as the
weight factor, the probability of a good link quality
node becomes larger and the probability of data trans-
mission is reduced. The data transmission of the whole
network is reduced and the energy of the whole network
is saved.

To illustrate p,, let us consider a scenario where
10 nodes are in a cluster with various link quality and

A =10 in Table 1.

Table 1 ~ Average link quality with 10 nodes and A =10

Link Sink  Averaee
. Nodel Node2 Node3 Node4 Node5 Node6 Node7 Node8 Node9 Node 10 link

quality node quality
Node 1 1.00 0.89 0.70 0.70 0.83 0.64 0.97 0.77 0.88 0.83 0.97 0.89
Node 2 0.89 1.00 0.73 0.80 0.92 0.74 0.82 0.67 0.86 0.71 0.96 0.89
Node 3 0.70 0.73 1.00 0.78 0.80 0.94 0.76 0.81 0.84 0.91 0.83 0.83
Node 4 0.70 0.80 0.78 1.00 0.80 0.68 0.67 0.61 0.73 0.73 0.86 0.81
Node 5 0.83 0.92 0.80 0.80 1.00 0.62 0.78 0.65 0.83 0.78 0.92 0.86
Node 6 0.64 0.74 0.94 0.68 0.62 1.00 0.63 0.85 0.77 0.81 0.84 0.80
Node 7 0.97 0.82 0.76 0.67 0.78 0.63 1.00 0.73 0.89 0.78 0.99 0.90
Node 8 0.77 0.67 0.81 0.61 0.65 0.85 0.73 1.00 0.80 0.81 0.86 0.81
Node 9 0.88 0.86 0.84 0.73 0.83 0.77 0.89 0.80 1.00 0.85 0.98 0.91
Node 10 0.83 0.71 0.91 0.73 0.78 0.81 0.78 0.81 0.85 1.00 0.95 0.88
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In this scenario, if the effect of other clustering
factors is excluded and only the link quality is consid-
ered, node 9 whose average link quality is 0. 91 should
be the cluster head. Thus the expected transmission
count ETX, =1/0.91 =1.099. If node 6 with p, =
0.80 becomes the cluster head, ETX, = 1/0. 80 =
1.25. Compared these two choices, percentage of en-
ergy savings is 13.7% ((1.25 -1.099)/1.099 x
100% ) .

3.2 Residual energy factor

In some improved clustering algorithms, the node
residual energy is considered by using the ratio of re-
sidual energy and the initial energy of node as the
weight to influence the clustering algorithm. But this
weight will become smaller and smaller with the residu-
al energy becomes less and less, which leads to the

13,14] .
*. After a certain time,

cluster threshold smaller'
total number of the cluster head nodes in whole network
is not enough, because of too small threshold. In order
to cope with this situation, improvement on the residual

energy factor is made by adding a correction factor as

E 1 E
_ nlLeftEnergy L . nLeftEnergy
E, = SR (rdiv—) - (1 - %)
nlnitEnergy p nlnitEnergy
(7)
where E is the residual energy factor, E .., 15 the

initial energy of node, E is the residual energy

nLeftEnergy
of node, r, denotes the roundsg’in which node n is not
continuously elected as cluster head. Once the node n
is elected, r, is set to O, p is the percentage of the clus-
ter head in total number of nodes. The above equation
illustrates that the more energy one node has, the more
chance it can be cluster head by the ratio of residual

energy and the initial energy.

3.3 Comprehensive algorithm

Based on the analysis of link quality factor and re-
sidual energy factor, the new clustering algorithm,
EQRP is proposed which considers residual energy and
link quality between nodes and their surrounding
nodes. The improved clustering threshold formula is

%an;n e G
T(n) = {1 - p(rmod —) (8)
P

0. otherwise
where w, is the weight to reflect node n becomes cluster
head. It is calculated by follows:

w, = E, xw +p,(1 - o) (9)
where @ is the the proportion of the remaining energy
factor. Weight w is a constant value to balance the re-
sidual energy and link quality with life cycle and stabil-
ity.

4 Evaluation
100 wireless sensor nodes are placed randomly in
a 100m x 100m area. All the parameters are set in Ta-

ble 2.

Table 2 Network parameters

Parameters Values
Range of network 100m x 100m
Number of nodes 100

Location of sink node (101m,101m)
E,. 50n)/bit
Efs 10pJ/ (bit x m*)
Eup 0.0013pJ/ (bit x m*)
E nInitEnergy 0.5]
d, 87m
Size of data packet 500byte
Ey Sn)/bit

4.1 Network description

To get accurate result, the same node distribution
graph, the same sensor data sampling values and the
same node link quality are used in every simulation for
EQRP and LEACH. Once a cluster is established, it
will keep stable for 10 hours. In this period, the node
acquires data and sends data with an average interval of
half an hour. The round number is noted in which the
first node dies, 10% nodes die, 50% nodes die and
90% nodes die. The remaining energy of the whole
network and number of alive nodes after each round are
noted too.

4.2 Performance evaluation indicators

(1) Network life cycle

From the beginning of the network runtime to the
death of first node, this stage is known as the stability
of the network runtime. The longer the stability of the
network runtime is, the better performance the routing
protocol has. So the death of first node is used as an
indicator. The time from the deployment of the network
to the failure of the network function caused by N nodes
death is defined as the network life cycle.

The time of network function failure is related to
the specific network. Generally the time of 10% ,
50% , 90% death nodes are as the evaluation indica-
tors.

(2) Network energy consumption

Network energy consumption is defined as the sum
of the energy consumed by the network after a period of
time. The energy consumption will be noted after every
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round to simplify comparison and be calculated as

E(r) = 2E0i<r> (10)

where £, (r) means the total energy consumption in r
rounds. EC,(r) is the energy consumption of node i inr
rounds.

(3) Energy balance

The energy consumption balance of the network is
evaluated by energy variance which is calculated by the
square of difference between the average value of the
network energy and the single node’ s energy. The
smaller energy variance is, the better energy balance of
the network is.

The average value of the network energy is defined
as follows:

in(">
E,(r) ="——— (11)

avg n

where £, (r) is the average network energy after r

avg
rounds. E,(r) is the residual energy of node i after r
rounds.

The energy variance is denoted as £ (r) and can

sqr
be calculated as follows:

n

S E(r) - E, ()72
E, (r) = (12)

sqr
E n

4.3 Simulation and discussion

(1) Network life cycle

Considering the retransmission by poor link quali-
ty, the comparison results of network life cycle are
shown in Fig. 1 and Fig. 2.

Because of the consideration of link quality, the
energy consumption of the whole network is relatively
large due to retransmission, resulting that the occur-
rence time of the first death node is greatly advanced.
It can be seen from Fig. 1, all nodes’ death time is

greatly delayed, and the life cycle of the whole network
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is significantly improved. For example, the first death
node occurs after 81 rounds in LEACH and 121 rounds
in EQRP which has 40 rounds delay.

(2) Network energy consumption

Considering the link quality and comprehensive
clustering algorithm, network energy consumption be-

tween LEACH and EQRP is shown as Fig. 3.
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Fig.3 Comparison of energy consumption

Energy consumption

As can be seen in Fig.3(a), the slope of the
EQRP protocol is significantly less than the slope of the
LEACH protocol, which shows that the energy con-
sumption in EQRP is far slower than the LEACH proto-
col. In Fig.3(b), after 100 rounds of the network,
the total energy consumption of the LEACH protocol is
19.68J) and EQRP protocol is 12.57] which is reduced
by 57% . In the first 400 rounds, the total energy con-
sumption can also be reduced by 15%.

As the death nodes added, the number of survival
nodes in LEACH protocol network is far less than the
number in EQRP network. The advantage is that total
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energy consumption in EQRP protocol in the network is
gradually reduced until the exhaustion of energy con-
sumption of two networks.

(3) Energy balance

Considering the link quality and comprehensive
clustering algorithm, network energy balance between

LEACH and EQRP is shown in Fig. 4.
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0.0251
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0

Number of rounds

Fig.4 Comparison of energy variance

In Fig.4, the horizontal coordinate indicates the
network running time, the vertical axis means the ener-
gy variance value. As can be seen, the slope of the
EQRP protocol is significantly less than that of the
LEACH protocol, which indicates that the energy bal-
ance of the whole network is significantly better than

that of the LEACH protocol.
S Conclusion

This study introduces the clustering routing proto-
col EQPR which integrates link quality and residual
energy factor as key metrics in clustering mechanism.
The link quality factor makes the nodes with good link
quality have more chances to be cluster head and the
residual energy factor brings the energy balance of
whole network. Simulations show that EQRP improves
the life cycle and energy balance of the whole network.
In the future, it is intended to extend this work into
large scale WSNs and implement EQRP on real test-
beds to evaluate its performance.
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