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Abstract— Clustering provides an effective way for prolonging
the lifetime of a wireless sensor network. Current clustering
algorithms usually utilize two techniques, selecting cluster heads
with more residual energy and rotating cluster heads periodically,
to distribute the energy consumption among nodes in each cluster
and extend the network lifetime. However, they rarely consider
the hot spots problem in multihop wireless sensor networks.
When cluster heads cooperate with each other to forward their
data to the base station, the cluster heads closer to the base station
are burdened with heavy relay traffic and tend to die early,
leaving areas of the network uncovered and causing network
partition. To address the problem, we propose an Energy-
Efficient Unequal Clustering (EEUC) mechanism for periodical
data gathering in wireless sensor networks. It partitions the
nodes into clusters of unequal size, and clusters closer to the
base station have smaller sizes than those farther away from
the base station. Thus cluster heads closer to the base station
can preserve some energy for the inter-cluster data forwarding.
We also propose an energy-aware multihop routing protocol
for the inter-cluster communication. Simulation results show
that our unequal clustering mechanism balances the energy
consumption well among all sensor nodes and achieves an obvious
improvement on the network lifetime.

I. I NTRODUCTION

Rapid technological advances in MEMS and wireless com-
munication have enabled the deployment of large scale wire-
less sensor networks. The potential applications of sensor
networks are highly varied, such as environmental monitoring,
target tracking, and battlefield surveillance [1]. Sensors in
such a network are equipped with sensing, data processing
and radio transmission units. Distinguished from traditional
wireless networks, sensor networks are characterized of severe
power, computation, and memory constraints. Due to the strict
energy constraint, energy resource of sensor networks should
be managed wisely to extend the lifetime of sensors.

In order to achieve high energy efficiency and increase
the network scalability, sensor nodes can be organized into
clusters. The high density of the network may lead to multiple
adjacent sensors generating redundant sensed data, thus data
aggregation can be used to eliminate the data redundancy
and reduce the communication load [2]. In periodical data
gathering applications, both methods promise to efficiently
organize the network since data collection and processing can
be done “in place”.

Among the sources of energy consumption in a sensor
node, wireless data transmission is the most critical. Within
a clustering organization, intra-cluster communication can be
single hop or multihop, as well as inter-cluster communication.
Previous research (e.g., [3]) has shown that multihop com-
munication between a data source and a data sink is usually
more energy efficient than direct transmission because of the
characteristics of wireless channel. However, the hot-spots
problem arises when using the multihop forwarding model in
inter-cluster communication. Because the cluster heads closer
to the data sink are burdened with heavy relay traffic, they will
die much faster than the other cluster heads, reducing sensing
coverage and causing network partitioning. Although many
protocols proposed in the literature reduce energy consumption
on forwarding paths to increase energy efficiency, they do
not necessarily extend network lifetime due to the continuous
many-to-one traffic pattern.

In this paper, we propose and evaluate an Energy-Efficient
Unequal Clustering (EEUC) mechanism for periodical data
gathering applications in wireless sensor networks. It wisely
organizes the network via unequal clustering and multihop
routing. EEUC is a distributed competitive algorithm, where
cluster heads are elected by localized competition, which
is unlike LEACH [4], and with no iteration, which differs
from HEED [5]. The node’s competition range decreases
as its distance to the base station decreasing. The result is
that clusters closer to the base station are expected to have
smaller cluster sizes, thus they will consume lower energy
during the intra-cluster data processing, and can preserve some
more energy for the inter-cluster relay traffic. In the proposed
multihop routing protocol for inter-cluster communication, a
cluster head chooses a relay node from its adjacent cluster
heads according to the node’s residual energy and its distance
to the base station. Simulation results show that EEUC suc-
cessfully balances the energy consumption over the network,
and achieves a remarkable network lifetime improvement.

The rest of this paper is organized as follows: Section II
covers related work in this area; Section III describes the net-
work model and explains the unbalanced energy consumption
problem; Section IV presents the unequal clustering algorithm
and inter-cluster multihop routing protocol in detail; Section
V analyzes some properties of the EEUC algorithm; Section



VI details our simulation efforts and the analysis of the results
obtained; Section VII concludes this paper with directions for
future work.

II. RELATED WORK

Many clustering algorithms have been proposed for wireless
sensor networks in recent years. We review some of the most
relevant papers [4]–[7], [9], [10].

In LEACH [4], each node has a certain probability of
becoming a cluster head per round, and the task of being a
cluster head is rotated between nodes. In the data transmission
phase, each cluster head sends an aggregated packet to the base
station by single hop. In PEGASIS [6], further improvement
on energy-conservation is suggested by connecting the sensors
into a chain. To reduce the workload of cluster heads, a
two-phase clustering (TPC) scheme for delay-adaptive data
gathering is proposed in [7]. Each cluster member searches
for a neighbor closer than the cluster head within the cluster
to set up an energy-saving and delay-adaptive data relay link.
HEED [5] extends LEACH by incorporating communication
range limits and intra-cluster communication cost information.
The initial probability for each node to become a tentative
cluster head depends on its residual energy, and final heads
are selected according to the cost. In the implementation
of HEED [8], multihop routing is used when cluster heads
deliver the data to the data sink. All these methods require
re-clustering after a period of time because of cluster heads’
higher workload.

However, few work has considered the hot spots problem
when multihop forwarding model is adopted during cluster
heads transmitting their data to the base station. In [9], an
unequal clustering model is first investigated to balance the
energy consumption of cluster heads in multihop wireless
sensor networks. The work focuses on a heterogeneous net-
work where cluster heads (super nodes) are deterministically
deployed at some precomputed locations, thus it’s easy to
control the actual sizes of clusters. Through both theoretical
and experimental analyses, the authors show that unequal clus-
tering could be beneficial, especially for heavy traffic applica-
tions. A similar problem of unbalanced energy consumption
among cluster heads also exists in single hop wireless sensor
networks. Cluster heads farther away from the base station
have to transmit packets over longer distances than those of
heads closer to the base station. As a result, they will consume
more energy. In EECS [10], a distance-based cluster formation
method is proposed to produce clusters of unequal size in
single hop networks. A weighted function is introduced to let
clusters farther away from the base station have smaller sizes,
thus some energy could be preserved for long-distance data
transmission to the base station.

Many energy-aware multihop routing protocols have also
been proposed for wireless sensor networks. According to dif-
ferent application requirements, those protocols have different
goals and characteristics. In [11], the directed diffusion data
dissemination paradigm is proposed. It is based on data-centric
routing where the data sink broadcasts the interest. When the

sensor has data for the interest, it sends the data along the
aggregation tree to the sink. In [12], Gradient-Based Routing
(GBR) is proposed as a variant of directed diffusion. Three
different data dissemination techniques (stochastic, energy-
based, and stream-based schemes) are presented to obtain
a uniform distribution of the traffic throughout the whole
network. However, these multihop routing protocols may not
be applied to applications that require continuous data delivery
to the data sink.

In [13], the authors investigate an optimization problem
of transmission range distribution ,i.e., whether nodes can
vary their transmission range as a function of their distance
to the data sink and optimally distribute their traffic so that
network lifetime is maximized. Simulation results show that
energy balance can only be achieved at the expense of using
the energy resources of some nodes inefficiently. This work
reveals the upper bound of the lifetime of a flat sensor network
and gives some valuable guidelines for designing multihop
routing protocols for wireless sensor networks.

III. PRELIMINARIES

A. System Model

Let us consider a sensor network consisting ofN sensor
nodes uniformly deployed over a vast field to continuously
monitor the environment. We denote thei-th sensor bysi

and the corresponding sensor node setS = {s1, s2, . . . , sN},
where|S| = N . We make some assumptions about the sensor
nodes and the underlying network model:

1) There is a base station (i.e., data sink) located far away
from the square sensing field. Sensors and the base
station are all stationary after deployment.

2) All nodes are homogeneous and have the same capabil-
ities. Each node is assigned a unique identifier (ID).

3) Nodes needn’t to be equipped with GPS-capable unit to
get precise location information.

4) Nodes can use power control to vary the amount of
transmission power which depends on the distance to
the receiver.

5) Links are symmetric. A node can compute the approx-
imate distance to another node based on the received
signal strength, if the transmitting power is given.

We use a simplified model shown in [4] for the radio
hardware energy dissipation. Both the free space (d2 power
loss) and the multi-path fading (d4 power loss) channel models
are used in the model, depending on the distance between the
transmitter and receiver. The energy spent for transmission of
a l-bit packet over distanced is:

ETx(l, d) =

{
lEelec + lεfsd

2, d < do

lEelec + lεmpd
4, d ≥ do.

(1)

and to receive this message, the radio expends energy:

ERx(l) = lEelec. (2)

A sensor node also consumesEDA (nJ/bit/signal) amount of
energy for data aggregation. It’s also assumed that the sensed



information is highly correlated, thus the cluster head can
always aggregate the data gathered from its members into a
single length-fixed packet.

B. The Problem of Unbalanced Energy Consumption

In this paper, cluster heads closer to the base station act
as routers of heads farther away from the base station during
delivering data to the base station. The reason is that multihop
communication is more realistic because nodes may not be
able to communicate directly with the base station due to
the limited transmission range. And even if a node can use
power control to send data to a farther receiver, previous
research (e.g., [3]) has shown that it is obviously a waste of
energy. However, the hot spots problem may arise in multihop
wireless sensor networks. In a clustered sensor network, each
cluster head spends its energy on intra-cluster and inter-cluster
processing. The energy consumed in intra-cluster processing
varies proportionally to the number of nodes within the cluster.
Proposed clustering algorithms usually produce clusters of
even size, thus the cluster heads tend to consume even amount
of energy during the intra-cluster data processing phase. How-
ever, the heads closer to the base station consume much more
energy during a data gathering circle because they have a
higher load of relay traffic as compared to other heads. Thus,
they will die much faster than the other cluster heads (i.e., the
hot spots problem), possibly reducing sensing coverage and
leading to network partitioning.

A fundamental problem in wireless sensor networks is to
maximize the network lifetime under given energy constraints.
To achieve the goal, energy consumption must be well bal-
anced among nodes. In homogeneous networks, the role of
cluster head is usually periodically rotated among nodes to
balance the energy dissipation. However, the hot spots problem
cannot be completely avoided. The mainly goal of rotation
is to balance the energy consumption among cluster heads
and member nodes, thus it could hardly balance the energy
consumption among cluster heads in the inter-cluster multihop
routing scenario. We also argue that using node’s residual
energy as the only criterion when selecting cluster heads is not
sufficient to balance energy consumption across the network.
Selecting cluster heads with more residual energy can only
be helpful to balance energy consumption among nodes in a
localized area in the long term. It is ineffective to balance loads
among different cluster heads to avoid the hot spots problem,
if the cluster heads are uniformly distributed over the network
like that in HEED. Because nodes closer to the base station
still die faster, it cannot make efficient use of all nodes’ energy.

Therefore, the primary objective of this paper is trying to
wisely design the clustering and multihop routing scheme to
extend the network lifetime. We adopt both the rotation of
cluster heads and choosing cluster heads with more residual
energy. Furthermore, we introduce a novel unequal clustering
mechanism which is an effective method to deal with the hot
spots problem. It can prevent the premature creation of energy
holes in wireless sensor networks.

IV. T HE EEUC MECHANISM

In the network deployment stage, the base station broadcasts
a “hello” message to all nodes at a certain power level. By this
way each node can compute the approximate distance to the
base station based on the received signal strength. It not only
helps nodes to select the proper power level to communicate
with the base station, but also helps us to produce clusters of
unequal size. Detailed descriptions of the unequal clustering
algorithm and intra-cluster multihop routing protocol are in the
following two subsections. Figure 1 gives an overview of the
EEUC mechanism, where the circles of unequal size represent
our clusters of unequal size and the traffic among cluster heads
illustrates our multihop forwarding method.

Fig. 1. An overview of the EEUC mechanism

A. Unequal Clustering Algorithm

Clustering a wireless sensor network means partitioning its
nodes into clusters, each one with a cluster head and some
ordinary nodes as its members. The task of being a cluster
head is rotated among sensors in each data gathering round to
distribute the energy consumption across the network. EEUC
is a distributed cluster heads competitive algorithm, where
cluster head selection is primarily based on the residual energy
of each node. The pseudocode for an arbitrary nodesi is given
in Figure 3.

First, several tentative cluster heads are selected to compete
for final cluster heads. Every node become a tentative cluster
head with the same probabilityT which is a predefined thresh-
old. Other nodes keep sleeping until the cluster head selection
stage ends. Supposesi becomes a tentative cluster head.si has
a competition rangeRcomp, which is a function of its distance
to the base station that we will explain later. Our goal is that if
si becomes a cluster head at the end of the competition, there
will not be another cluster headsj within si’s competition
diameter. Figure 2 illustrates a topology of tentative cluster
heads, where the circles represent different competition ranges
of tentative cluster heads. In Figure 2s1 and s2 can both be
cluster heads, buts3 ands4 can not. Therefor the distribution
of cluster heads can be controlled over the network. And the
cluster heads closer to the base station should support smaller
cluster sizes because of higher energy consumption during the
inter-cluster multihop forwarding communication. Thus more
clusters should be produced closer to the base station. That
is to say, the node’s competition radius should decrease as its



distance to the base station decreases. We need to control the
range of competition radius in the network. SupposeR0

comp is
the maximum competition radius which is predefined. We set
Rcomp of si as a function of its distance to the base station:

si.Rcomp = (1− c
dmax − d(si, BS)

dmax − dmin
)R0

comp (3)

where dmax and dmin denote the maximum and minimum
distance between sensor nodes and the base station,d(si, BS)
is the distance betweensi and the base station,c is a constant
coefficient between 0 and 1. According to equation 3, the
competition radius varies from(1 − c)R0

comp to R0
comp. As

an example, ifc is set to 1/3,si.Rcomp varies from 2
3R0

comp

to R0
comp according to its distance to the base station.

Fig. 2. The competition among tentative cluster heads

Each tentative cluster head maintains a setSCH of its
“adjacent” tentative cluster heads. Tentative headsj is an
“adjacent” node ofsi if sj is in si’s competition diameter or
si is in sj ’s competition diameter. Whether a tentative cluster
headsi will become a final cluster head depends on the nodes
in si.SCH only, i.e., the algorithm is distributed.

In the cluster head selecting algorithm, the broadcast radius
of every control message isR0

comp, thus si can hear all
messages from node in itsSCH . In lines 5-6 of Figure 3,
each tentative cluster head broadcasts aCOMPETEHEADMSG
which contains its competition radius and residual energy.
After the construction ofSCH has been finished in lines 10-
13, each tentative cluster head checks itsSCH and makes a
decision whether it can act as a cluster head in lines 14-26.
Before deciding what its role is going to be,si needs to know
what each nodex in its SCH such thatx.RE > si.RE has
decided for itself. In case of a tie, the smaller node ID is
chosen. In lines 15-17, oncesi finds that its residual energy is
more than all the nodes in itsSCH , it will win the competition
and broadcast aFINAL HEADMSGto inform its adjacent
tentative cluster heads. In lines 18-21, ifsj is in si’s SCH

andsi receives aFINAL HEADMSGfrom sj , si will give up
the competition immediately, and inform all nodes in itsSCH

by broadcasting aQUIT ELECTION MSG. In lines 22-25, if
si receives aQUIT ELECTION MSGform sj andsj belongs
to si.SCH , si will remove sj from its SCH .

After cluster heads have been selected, sleeping nodes now
wake up and each cluster head broadcasts aCHADVMSG
across the network area. Each ordinary node joins its closest
cluster head with the largest received signal strength and then
informs the cluster head by sending aJOIN CLUSTERMSG.

Algorithm 1: Cluster head Selection

1: µ ← RAND(0, 1)
2: if µ < T then
3: beTentativeHead ← TRUE
4: end if
5: if beTentativeHead = TRUE then
6: CompeteHeadMsg(ID,Rcomp, RE)
7: else
8: EXIT
9: end if

10: On receiving aCOMPETEHEADMSGform nodesj

11: if d(si, sj) < sj .Rcomp OR d(si, sj) < si.Rcomp

then
12: Add sj to si.SCH

13: end if
14: while beTentativeHead = TRUE do
15: if si.RE > sj .RE, ∀sj ∈ si.SCH then
16: FinalHeadMsg(ID) and then EXIT
17: end if
18: On receiving aFINAL HEADMSGform nodesj

19: if sj ∈ si.SCH then
20: QuitElectionMsg(ID) and then EXIT
21: end if
22: On receiving aQUIT ELECTION MSGform node

sj

23: if sj ∈ si.SCH then
24: Removesj from si.SCH

25: end if
26: end while

Fig. 3. Cluster head selection pseudocode

A Voronoi diagram of sensor nodes is then constructed. Figure
4 shows an example of the clusters of unequal size, in which
the base station is located at (100, 250). It is obvious that the
cluster region closer to the base station is smaller than that
farther from the base station.

The organization of intra-cluster data transmission is identi-
cal with LEACH after clusters have been formed, so we omit
it in this paper.

B. Inter-cluster Multihop Routing

When cluster heads deliver their data to the base station,
each cluster head first aggregates the data from its cluster
members, and then sends the packet to the base station via
multihop communication. In some proposed algorithms like
PEGASIS, relay nodes can aggregate the incoming packets
from other clusters together with its own packets. This as-
sumption is unpractical because the degree of sensed data
correlation between different clusters is comparatively low. In
this paper, relay nodes don’t aggregate the incoming packets.
The routing problem here differs substantially from that of
traditional ad-hoc wireless networks because of the many-to-
one traffic pattern. On the other hand, neither query-driven
nor event-driven routing protocols for wireless sensor networks
can be applied to the cluster heads overlay. Thus we design an



Fig. 4. Clusters formed as Voronoi cells around the selected cluster heads

energy-aware multi-hop routing protocol for the inter-cluster
communication.

We introduce a threshold TDMAX into our multihop
forwarding model. If a node’s distance to the base station
is smaller than TDMAX, it transmits its data to the base
station directly; otherwise it should find a relay node which
can forward its data to the base station. At the beginning of
this process each cluster head broadcasts a message across
the network at a certain power which consists of its node ID,
residual energy, and distance to the base station. The concrete
scheme of choosing the best relay node is explained as follows.

Cluster headsi chooses a node to forwarding its data from
its candidate setRCH , which is defined as

si.RCH = {sj |d(si, sj) ≤ ksi.Rcomp, d(sj , BS) < (si, BS)}.
k is the minimum integer that letsi.RCH contains at least one
item ( if there doesn’t exist such ak, definesi.RCH as a null
set, andsi will send its own data together with forwarding
data directly to the base station).

To reduce wireless channel interference, it’s better to choose
a adjacent node as the relay node. Thus we define the candidate
setRCH as the node’s adjacent node closer to the base station.
On the other hand, choosing a relay node with more resid-
ual energy helps balance the energy consumption to extend
the network lifetime. However, only considering the residual
energy may lead to a waste of network energy. Supposesi

choosessj as its relay node. For simplicity, we assume a free
space propagation channel model andsj communicates with
the base station directly. To deliver al-length packet to the
base station, the energy consumed bysi andsj is

E2−hop = ETx(l, d(si, sj)) + ERx(l) + ETx(l, d(sj , BS))

= l(Eelec + εfsd
2(si, sj))

+ lEelec + l(Eelec + εfsd
2(sj , BS))

= 3lEelec + lεfs(d2(si, sj) + d2(sj , BS)) (4)

according to equation 1 and 2. Thus we define

d2
relay = d2(si, sj) + d2(sj , BS) (5)

as the energy cost of the link. The bigger thed2
relay is, the

more energy will be consumed in the relay process. Intuitively,
when the nodesj is located straight along the way fromsi to
the base station, it could save the network energy.

To reduce inefficiencies of energy consumption, a tradeoff
should be made between the two criteria of residual energy
and link costd2

relay. In our mechanism,si choosessj with
more residual energy from the two smallestd2

relay nodes (if
there exist) insi.RCH as its relay node.

After each cluster head has chosen a relay node or decided
to transmit its data to the the base station directly, a tree rooted
at the base station is constructed.

V. PROTOCOLANALYSIS

This section presents the analysis of the unequal cluster-
ing algorithm. According to Algorithm 1, the cluster head
selection process is message driven, thus we first discuss its
message complexity.

Lemma 1:The message complexity of the cluster formation
algorithm isO(N) in the network.

Proof: At the beginning of the cluster head selection
phase,N×T tentative cluster heads are produced and each of
them broadcasts aCOMPETEHEADMSG. Then each of them
makes a decision by broadcasting aFINAL HEADMSGto act
as a final cluster head, or aQUIT ELECTION MSGto act as
an ordinary node. Supposek cluster heads are selected, they
send outk CHADVMSGs, and then (N − k) ordinary nodes
transmit (N − k) JOIN CLUSTERMSGs. Thus the messages
add up to2N × T + k + N − k = (2T + 1)N in the cluster
formation stage per round,i.e., O(N).

Lemma 1 shows the message overhead of EEUC is small. In
HEED, the upper-bound of message complexity isNiter ×N
where Niter is the number of iterations. Because we have
avoided message iteration in the cluster head selection algo-
rithm, the control message overhead in EEUC is much lower
than that in HEED.

As described before, the thresholdT determines the number
of tentative cluster heads. Enough tentative cluster heads
guarantee good head selection in terms of energy. On the other
hand, too many tentative cluster heads cause a large message
overhead. Thus proper value ofT should be chosen in order to
guarantee the quality of head selection and reduce the message
overhead. In our previous work [10], the impact ofT on the
network lifetime is drawn via simulations.

Lemma 2:There is no chance that two nodes are both
cluster heads if one is in the other’s competition range.

Proof: Supposesj andsk are both tentative cluster heads,
andsk is located within the circle ofsj ’s competition range.
According to Algorithm 1, each node belongs to the other
node’s SCH . If sj first becomes a head node, then it will
notice sk its state, sosk quits the competition and becomes
an ordinary node; vice versa.

we simply analyze the impact of protocol parametersR0
comp

and c on the network lifetime. According to equation 3,c
dominates the unequal extent of the cluster sizes. The bigger
c is, the bigger the range of competition radius is, and the



greater difference the cluster sizes exhibit. Whenc is set 0,
EEUC just performs as an equal clustering algorithm and
cannot well balance the energy consumption among cluster
heads. The number of clusters constructed in each round is
determined by bothR0

comp andc. Intuitively, it decreases with
the increase ofR0

comp when c is fixed, and it increase with
the increase ofc whenR0

comp is fixed. In order to balance the
energy consumption well,R0

comp and c should be properly
set. Formulating the parameters for maximizing the network
lifetime is left for future work.

Fig. 5. A monotonic energy chain of five nodes

In order to decide whether it is going to be a cluster head
or an ordinary node in Algorithm 1, each tentative nodesi

waits for the decision of each nodex in its SCH such that
x.RE > si.RE. Let’s refer to Figure 5 to gain an insight into
the problem of waiting time. Supposes1.RE < s2.RE <
s3.RE < s4.RE < s5.RE, i.e., they form an incremental
energy chain. The following events will happen one after
another: firsts5 claims that it is a final cluster head, sos4

quits the competition, thens3 announces that it wins the
competition too, sos2 decides to be a ordinary node, and
at lasts1 becomes a cluster head. It takes four message steps
for s1 to make its decision in such a chain of five nodes. The
example shows the waiting time depends on the the longest
monotone energy chain. However, because the residual energy
of tentative cluster heads is distributed randomly, the longer
a monotone energy chain is, the smaller the probability is.
In [14], the author analyzes a similar problem and points out
that the waiting time depends on the energy topology of the
network rather than on the number of nodes in the network.

VI. SIMULATION RESULTS

In this section,we evaluate the performance of the EEUC
mechanism via simulations. First we study the cluster head
characteristics of the unequal clustering algorithm, then we
investigate how EEUC balances the energy consumption of
the cluster heads and thus prolongs the network lifetime. For
simplicity, an ideal MAC layer and error-free communication
links are assumed. We calculate each node’s energy consump-
tion from data transmission and aggregation per round. We
compare EEUC with LEACH and HEED. In our implementa-
tion of HEED, multihop routing is used during cluster heads
delivering the data to the base station according to [8]. We also
run extensive experiments to determine the optimal number of
clusters to use in LEACH, and the optimal cluster radius to
use in HEED. The simulation parameters are given in Table 1,
in which the parameters of radio model are the same as those

in [4]. Unless otherwise specified, we setT to 0.4,R0
comp to

90m, c to 0.5 in equation 3, and TDMAX to 150m.

TABLE I

SIMULATION PARAMETERS

Parameter Value

Network coverage (0,0)∼(200,200)m

Base station location (100,250)m

N 400

Initial energy 0.5 J

Eelec 50 nJ/bit

εfs 10 pJ/bit/m2

εmp 0.0013 pJ/bit/m4

do 87 m

EDA 5 nJ/bit/signal

Data packet size 4000 bits

A. Cluster Head Characteristics
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Fig. 6. The number of clusters generated by EEUC (c is fixed)

As we have explained in the previous section, the number of
selected cluster heads varies according to the specifiedR0

comp

and c. Figure 6 shows the average number of cluster heads
selected by EEUC. It testifies our analysis,i.e., the smaller the
competition radius, the larger the required number of cluster
heads to cover the network. Notice that whenr0

comp is fixed
andc increases, the competition radius decreases accordingly,
thus EEUC generates more clusters whenc is set to 0.5 as
shown in the figure. Since each cluster head is responsible for
aggregating the data from its cluster members into a single
length-fixed packet, only one data packet needs to be delivered
to the base station out of a cluster. Thus the more clusters are
present, the more messages need to be delivered to the base
station, resulting in overall energy consumption increases. In
[4], the authors give an estimation of the optimum number of
clusters in single hop networks. However, it cannot be applied
in the unequal clustering mechanism proposed in this paper.
Deriving some best values ofR0

comp andc for optimizing the
network lifetime is left for future work.

We also examine the stability of our clustering algorithm.
Figure 7 shows the distribution of the number of clusters
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Fig. 7. Distribution of the number of clusters in each round

in EEUC, HEED, and LEACH, which is calculated from
randomly selected 100 rounds of the simulation. It’s apparent
that the number of clusters in EEUC and HEED is more steady
than that in LEACH. LEACH uses a fully random approach
to produce cluster heads, thus it results in a fairly variable
number of clusters, although the expected number of cluster
heads per round is deterministic. In EEUC, a certain proportion
of nodes voluntarily join the competition of cluster heads, thus
the number of selected cluster heads won’t be too small. On
the other hand, according to Lemma 2 the number of selected
heads won’t be too large. As a matter of fact, the number
of clusters using EEUC depends on the competition range of
tentative cluster heads. Thus EEUC achieves a steady number
of clusters. HEED also uses a number of iterations to produce a
steady number of clusters. It is worth mentioning that EEUC
generates more clusters than LEACH and HEED because it
employs extra cluster heads to afford the multihop forwarding
traffic in the area closer to the base station.

B. Energy Efficiency

In this part, we investigate the energy efficiency of EEUC.
First, we compare the amount of energy spent by cluster heads
in three algorithms. 15 rounds of simulations are sampled and
the amount of total energy spent by all cluster heads is shown
in Figure 8. The energy consumed by cluster heads per round
in EEUC is much lower than that in LEACH, and is about the
same as that in HEED. Because cluster heads send their pack-
ets to the base station via single hop in LEACH, the energy
consumption is much higher. And because the distribution of
selected cluster heads is uncontrollable in LEACH, there is
a dramatically variation of energy consumption of the cluster
heads. In EEUC and HEED, cluster heads transmit their data
to the base station via multihop, thus a considerable amount of
energy is saved. Due to the stability of cluster heads topology
in the two methods, the amount of energy spent by cluster
heads is almost the same in each round.

Second, we study how well the energy consumption is
balanced among cluster heads in three algorithms. Figure 9
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Fig. 8. The amount of energy spent by cluster heads
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Fig. 9. The variance of amount of energy spent by cluster heads

gives the variance of amount of energy spent by cluster heads
in 15 randomly selected rounds. It shows that EEUC balances
the energy consumption among cluster heads best, and HEED
performs worst. In EEUC, the unequal clustering method
and the energy-aware multihop routing protocol successfully
balance the energy consumption between cluster heads. And
as explained before, the variance of EEUC is very steady due
to the stability of the clustering mechanism. The variance of
HEED is even higher than LEACH, and there are mainly
two reasons. Since there exist clusters with only a single
node (the cluster head), the clusters are not well balanced in
HEED. What’s more, HEED does’t consider the problem of
unbalanced energy consumption among cluster heads caused
by the hot spots problem.

Third, we verify the unequal clustering mechanism indeed
extend the network time. As we explained earlier,c determines
the difference of cluster sizes. Thus we observe the relation
betweenc and the network lifetime via varyingc from 0 to 1.
The result is shown in Figure 10, which justifies our unequal
clustering mechanism. Whenc increases from 0, the effect of
the unequal clustering method becomes distinct. However, the
lifetime decreases whenc is too big; the reason is that too
many clusters will be produced closer to the base station, and
each of them will deliver a data packet to the base station, thus
it causes a waste of energy. Therefore, there exists an optimal
value ofc if other parameters are given, which is about 0.5 in
this experiment as shown in Figure 10.
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Fig. 11. The number of alive sensor nodes over time

Finally, we examine the energy efficiency of three algo-
rithms by examining the network lifetime. Figure 11 shows the
number of sensor nodes still alive over the simulation time.
EEUC clearly improves the network lifetime (both the time
until the first node dies and the time until the last node dies)
over LEACH and HEED. In HEED, tentative cluster heads are
randomly selected based on their residual energy. Therefore,
sensors with low residual energy can still become cluster heads
since it uses the intra-cluster communication cost to select the
final cluster heads. And the energy consumption of cluster
heads is not well balanced as illustrated in Figure 9. Thus
some nodes die too earlier in HEED. This is avoid in EEUC
because energy consumption is well balanced among nodes.
The small interval between the time until the first node dies
and the time until the last node dies implies that EEUC has
successfully solved the hot spots problem.

VII. C ONCLUSIONS ANDFUTURE WORK

In this paper, we have introduced a novel energy-efficient
clustering mechanism for WSNs. The hot spots problem
appears when employing the multihop routing in a clustering
approach. We argue that both the rotation of cluster heads
and the metric of residual energy are not sufficient to balance
the energy consumption across the network. To address the
problem, we first introduce an unequal clustering mechanism
to balance the energy consumption among cluster heads.
Clusters closer to the base station have smaller sizes than

those farther away from the base station, thus cluster heads
closer to the base station can preserve some energy for the
purpose of inter-cluster data forwarding. What’s more, we
propose an energy-aware multihop routing protocol for the
inter-cluster communication. Simulation results show that our
unequal clustering mechanism clearly improves the network
lifetime over LEACH and HEED.

Parameters of our mechanism, such asR0
comp and c in

equation 3, and TDMAX, can be tuned to optimize energy
preservation. We will try to find a solution that could determine
the optimal value of these parameters according to network
scale in our future work.
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