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Abstract— A new clustering approach, termed Distributed
Energy Efficient clustering Protocol (DEEP), is proposed
for wireless sensor networks. Using a non-iterative cluster
formation operation, the protocol spends an extremely low
overhead energy compared to the existing protocols and
terminates faster than the energy-expensive iterative pro-
cesses. The distributed head election algorithm guarantees
that the periodically-elected leaders have the highest residual
energy among their members in each data reporting cycle,
effectively balancing the energy consumption among sensors.
The DEEP also accounts for sensor limitations as well as
practical concerns such as wireless collision that has not been
considered by the existing clustering protocols. It intelligently
exploits the overhearing ability of sensors to alleviate the loss
of clustering control packets due to collisions. The proposed
protocol is very effective in forming well-distributed clusters
that ensure the required load balancing, the connectivity of
clusters, and the minimum data communication energy during
the data collection stage. In addition, the DEEP does not make
any advanced assumptions about the required number of
clusters, the network density, the energy consumption pattern
of sensors or their clock synchronization and capabilities. For
a thorough evaluation, we have compared the performance
of DEEP with an existing clustering protocol. The simulation
results show the effectiveness of DEEP in reducing the energy
expenditure besides assuring other desirable features. We have
also examined its performance in prolonging the network
lifetime in the context of a practical routing protocol.

I. INTRODUCTION

Network clustering divides the sensors in the network
field into groups or clusters. Each cluster has a leader and a
number of associated members that use minimum transmis-
sion power to communicate with their head. Clustering is
an effective topology management approach that can reduce
energy consumption and hence prolong the overall network
life span. Since data transmission is an energy expensive
task, clustering allows the majority of sensors (i.e. cluster
members) to communicate data over smaller distances (i.e.
to their nearby leaders), leaving only a few nodes (i.e.
cluster heads) communicate with a distant base station
or a relatively far next-hop cluster head. Thus, clustering
significantly reduces the consumed energy and improves
the network scalability. It also provides a natural avenue for
efficient data aggregation (e.g., to compute the maximum
detected concentration of chemical agents) and faster and
simpler (hierarchical) packet routing. Moreover, clustering
enables spectrum reuse and channel recycle, saving nodes’

energy and time to compete to capture the media in order
to deliver data directly to the base station.

Major design challenges of network clustering protocols
include that the protocol needs to be completely distributed
such that each node makes its decision locally based on its
exchanged information with neighbors that are within its
radio range. Also, the clustering process must terminate
very fast using minimal processing time and minimal
message exchange. In addition, clustering must account for
collision of control messages. Thus, it must be capable of
handling lost heads’ announcements and members’ join
messages. Furthermore, clustering should consider non-
synchronized nodes in the field. Moreover, the protocol
should produce cluster heads that are well-distributed and
connected (for multi-hop clustered networks, where cluster
heads collaborate with each other to deliver their data to
the base station).

Many clustering protocols have been proposed for wire-
less sensor networks with different assumptions and ob-
jectives. For example, in [1], the number of clusters are
assigned a priori using a centralized approach, whereas
the Low Energy Adaptive Hierarchy (LEACH) [2] uses
a distributed approach that limits the number of clusters
based on analytical derivations. Also, some protocols re-
quire time synchronization among sensors, which make
them suitable only for applications using small number of
sensors. Reference [3] assumes non-homogeneous sensors
and considers the power control along with clustering. In
addition, the cluster head election rule is based on the
number of neighbors [4], [5], the node IDs [6], the node
that first sends a packet [7], or a random number, which is
compared with a probability function including the residual
energy [2], [8] . Although the clustering process of the
Hybrid Energy Efficient Distributed clustering (HEED) [8],
and LEACH [2] uses an energy-based probability function,
LEACH [2] expends higher energy compared to HEED [8]
as each node requires the residual energies of all sensors in
the network to make its clustering decision. However, since
HEED [8] selects the final clusters after a number of itera-
tions, each involves exchange of head announcements and
members registration messages, it leads to a high clustering
overhead, and hence consumes considerable energy.

In this paper, we present a new distributed clustering
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approach known as Distributed Energy Efficient cluster-
ing Protocol (DEEP), which differs from the existing
approaches in three aspects: First, it guarantees that the
elected leader has the highest residual energy among its
members based on its actual residual energy level rather
than a non-guaranteed probability function. Second, it ac-
counts for some practical concerns in the wireless media
such as collisions that are usually ignored in most of the
existing clustering protocols. Third, it does not make any
advanced assumptions about the target number of clusters,
the network density, the energy consumption pattern of the
sensors or their synchronization and capabilities.

The rest of the paper is organized as follows. Section II
presents the operations of the DEEP protocol. Section III
evaluates and compares DEEP with another clustering
protocol through simulations. Finally, Section IV concludes
this paper.

II. THE DEEP PROTOCOL

Load balancing is one of the primary elements to prolong
the network lifetime. Thus, the clustering process must be
triggered periodically to select a different set of high energy
leaders every cycle.

At the beginning, each node exchanges its ID and
residual energy with its local neighbors that are within
its communication range R. Once all sensors get the
required energy information about their close neighbors,
each node compares its current remaining energy level with
the residual energies of its neighbors. The nodes that have
the highest energy levels among their neighbors announce
that they are the heads for that neighborhood. To avoid the
collisions of two advertising heads located at neighboring
clusters, each cluster head backs off for a period of time
that is inversely proportional to its residual energy before its
announcement. In other words, the head that has the highest
energy waits for shorter period compared to another head
with relatively lower energy. Next, heads wait for a time
of Tw to receive the registration (join) messages from its
potential members. The nodes with lower residual energies
in each neighborhood wait for time Tw to receive all
head advertisements. Once they receive the announcements,
they must also back off to avoid collisions, and then
send registration messages to the heads that are closest to
them. Note that if the nodes are not aware of the location
information, they can measure the signal strength of the
received advertisements to select the nearest head. If the
time has elapsed without hearing from any surrounding
cluster head due to packet collisions or lack of heads
around, the node then listens to the join messages sent
by neighbors, and join the head that is selected by its
nearest neighbor. If such information is still not available,
then there is a possibility that there are two nodes in the
neighborhood having the same remaining energy (highest)
and neither has advertised. If both nodes become heads, the
resulting cluster heads at the end will not be distributed
properly (fairly) in the field, besides possible collisions

caused by their simultaneous announcements. Therefore,
to limit the number of advertisements made by such heads
(having same energies) and ensure that each cluster range
has only one head, the node that has the highest ID number
among the two becomes a head whereas the other waits
to join it. If a node still didn’t hear announcements or
registration messages, it declares itself a head. This means
that this node is isolated with no neighbors around 1.

In order to minimize clusters with only a single node
(clusters with head only and no members), each head
checks its registered members, if no one has joined its
cluster and it has a nearby head (within a range of 2R)
with higher residual energy, it joins that head. Otherwise,
it remains a single node cluster. For load balancing, the
clustering process must be triggered periodically to select
a different set of high energy leaders every cycle. It is worth
noting that the protocol is capable of handling the expected
collisions of both types of packets: the advertisement packet
as well as the join packet. In spite of the use of a back-off
scheme, collision may occur with a very low probability.
If the advertisement packet is lost on its way to one of the
members, such member can either join another cluster head
if it is within the range R of other clusters and has received
their announcements, or find its way back to this cluster
head by listening to the join packets sent by neighboring
nodes. Similarly, if the registration packet is lost on its way
to a head that has already received other join messages in
the neighborhood, then the head will come to know about
this member at the data collection phase. However, if this
head didn’t receive any registration message, it might form
a single node cluster or join another head. Thus, in the
former case, the member will send its data to the head
and form a non-single cluster, whereas in the latter case,
the member will overhear the join message of its head to
another cluster. In this case, the member can choose to join
the new selected cluster if it is within its range, join another
cluster, or choose to form a single node cluster based on
the available information.

III. PERFORMANCE EVALUATION

A. Simulation Model

A set of 100 sensors are deployed randomly in 100m×
100m square area. Sensors are provided with an energy
of 200Joules within a standard deviation of 2%. They
have the ability to adjust their transmission power to
reach different distances. The performance of DEEP is
evaluated through 100 simulation experiments. In each
experiment, sensors are assigned different locations and
residual energies. The communication range (cluster range
R) is limited to 30m, and this is how far heads can send
clustering advertisements in a single-hop communication.
We compare DEEP to HEED [8], which is one of the latest
and efficient clustering protocols for sensor networks in
terms of energy and number of iterations to form a cluster.

1This case is very rare in a dense sensor network.
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TABLE I

SIMULATION PARAMETERS

Parameter Value

Radio electronics energy Eelec 50nJ/bit
Transmit amplifier energy (free space) εfs 10pJ/bit/m2

Transmit amplifier energy (two ray)ε2r 0.0013pJ/bit/m4

Broadcast packet size 25bytes
Data packet header 25bytes
Data packet size 100bytes
Combine energy Ec 5nJ/bit/signal
Threshold distance dth 75m
Base station at (50, 175)m

HEED nodes generate a random number between 0 and 1.
If the generated number is less or equal to the probability
CHprob, which is a function of the residual energy of the
node, then the node becomes a tentative cluster head and
sends an announcement message to its neighbors within
its cluster range R along with the calculated cost. HEED
selects cluster heads based on a primary parameter, which
is the residual energy and a secondary parameter that
represents the communication cost. Variations of HEED
arise from different secondary parameters. First, a node
may join the cluster head that has the minimum node
degree cost (minimum number of members) if the goal is
to distribute the cluster head load. Second, a node may
choose to join the leader with maximum degree to create
dense clusters. Third, a node may select the cluster that
has the Average Minimum Reach ability Power (AMRP) to
create cluster heads that consume minimum communication
energy. AMRP is defined by HEED as the mean of the
minimum power levels required by all M nodes within
the cluster range to reach the cluster head, i.e. AMRP =∑M

i=1
MinPwri

M . Since the results of all HEED versions are
identical as shown in [8] at the selected cluster range R of
30m, we only simulate the minimum degree cost.

We use an energy model similar to the energy model
used by HEED [8] to facilitate the comparison. Since nodes
executing the DEEP protocol require the residual energy
information of their neighbors that are within their cluster
range R, the dissipated energy in such exchanged messages
is included in the clustering energy consumption for a
fair comparison with HEED. Note that nodes running the
HEED protocol do not need the residual energies of their
neighbors. The simulation parameters are listed in Table I.

We use a simple routing protocol that follows the cluster-
ing phase in each cycle (round). Each cluster head collects
a data packet from each member, combines them, and
then forwards the aggregated messages to the base station
(single-hop communication). This process is repeated by
heads five times in each round. Once a new round starts,
new cluster heads are elected (head role is rotational).

B. Performance Analysis

In the radio model used by [8], the energy consumed by
a transmit amplifier is proportional to the square distance
between the transmitter and the receiver, d2, whereas the
energy consumed in a data transmission across longer

distances (such as from a cluster head to the base station)
is proportional to d4. Using this model, the energy spent in
transmitting an l-bit message across a long distance, d, is

ETx = lEelec + lε2rd
4, (1)

where Eelec is the radio electronics energy and ε2r is the
transmit amplifier energy for the two-ray model. Likewise,
the energy expended in sending an l-bit message across a
short distance is given by:

ETx = lEelec + lεfsd
2, (2)

where εfs is the transmit amplifier energy for the free-space
model. The energy consumed in receiving an l-bit message
is:

ERx = lEelec. (3)
During the data transmission phase, member nodes transmit
the data messages to their head, and each cluster head
transmits a single aggregated message to a remote base
station in each TDMA frame. Assuming uniform energy
consumption, the energy dissipated by a cluster head is

ECH = ldataEelec(
N

K
−1) + ldataEc(

N

K
−1) (4)

+ ldataEelec+ldataε2rd
4
B ,

where N is the total number of nodes, K is the number
of cluster heads, ldata is the number of bits in one data
packet, Ec is the data aggregation energy, and dB is the
separating distance between the cluster head and the base
station. This assumes that each cluster has the same number
of members. The energy consumed by each member in a
cluster is estimated by

Enon−CH = ldataEelec + ldataεfsd
2
C , (5)

where dC is the distance from the member node to the
cluster head. In an area of A × A, and assuming uniform
distribution of clusters, each cluster occupies approximately
A2

K or πR2 with a node distribution of ρ(x, y). Using
similar derivation as [2], the average squared distance from
the nodes to their cluster head, which is assumed to be
located at the center of this area, is given by:

E[d2
C ] =

∫∫
(x2 + y2)ρ(x, y)dxdy =

∫∫
r2ρ(r, θ)rdrdθ.

(6)
Assuming that the area is a circle with radius R and ρ(r, θ)
is constant for r and θ, the above equation becomes

E[d2
C ] = ρ

∫ 2π

θ=0

∫ R

r=0

r3drdθ =
ρπR4

2
. (7)

For a uniform density of nodes in a cluster area, ρ = 1
πR2 ,

the average distance is simplified to

E[d2
C ] =

R2

2
, (8)

Using the relation A2

K
= πR2. (9)

The average distance between member nodes and their
cluster head is related to the number of clusters K by the
following:

E[d2
C ] =

A2

2πK
. (10)

Therefore, the average energy consumed by a member node
in a cluster is
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Enon−CH = ldataEelec + ldataεfs
R2

2
. (11)

The energy dissipated in a single cluster during one TDMA
frame is:

Ecluster = ECH + (
N

K
− 1)Enon−CH (12)

and the total energy consumed per frame is:
Etotal = KEcluster

= Nldata(2Eelec+Ec+εfs
R2

2
)

+ Kldata(ε2rd
4
B−Ec−Eelec−εfs

R2

2
). (13)

Note that the total energy dissipated per frame increases
with the number of clusters, the radius of clusters, and the
distance to the base station. In order to find the optimal
number of clusters that corresponds to the minimum dis-
sipated energy in each frame, the equation (9) is used to
substitute the cluster range R. Thus, the above equation
becomes

Etotal = KEcluster

= Nldata(2Eelec+Ec+εfs
A2

2πK
)

+ Kldata(ε2rd
4
B−Ec−Eelec−εfs

A2

2πK
). (14)

Then, the derivative of the total energy consumed, Etotal,
with respect to K is set to zero. So, the optimal number of
clusters is

Koptimal =

√
Nεfs

A2

2π

d4
Bε2r − Ec − Eelec

(15)

A 3-D plot of equation (14) in Fig. 1 shows that the
energy consumed per TDMA frame decreases with the
decreasing cluster heads and their communication distance
with the base station. For N = 100 nodes, A = 100m,
and using the parameters in Table I, the optimal number
of clusters ranges from 1 to 40 clusters for cluster head
distances to the base station between 75m and 185m.
However, the result obtained in this analysis assumes a
uniform energy consumption of nodes in the network field
as well as a uniform cluster size. Practically, and in our
simulation, sensors are deployed randomly, and hence the
average distances between nodes are not known a priori.
Therefore, the number of members in a cluster varies
from one cluster to another, and the distances between the
periodically elected cluster heads and the base station may
also vary. Hence, the energy consumption of cluster heads
is not uniform.

C. Simulation Results

1) Cluster Head Features: Fig. 2 shows that the average
number of cluster heads selected by DEEP is far lower than
the average number of HEED clusters. This is expected
as HEED tends to favor compact cluster sizes through
its iterative clustering process, leading to more clusters in
the network field. However, DEEP algorithm is executed
individually by each node to check its eligibility of being a
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Fig. 1. Energy consumed for varying number of clusters and heads’
distances to base station

leader for a group of members that is included in its circular
area which is bounded by its cluster range. Since DEEP is
not an iteration-based process, each member individually
and independently has only one chance to select the near-
est cluster head without having the knowledge about the
leader’s current size. In a multi-hop cluster network where
cluster heads cooperate with each other to deliver the data
to a remote base station, having few clusters in the field
results in few number of hops to the destination and hence,
faster movement of data. On the other hand, in a single-hop
cluster network where each head communicates directly
with the base station, larger number of clusters means
more competing heads to access the media, causing higher
interference, delay, and collisions compared to smaller
number of leaders (clusters) using CSMA protocol.

It is worth noting that HEED cannot guarantee cluster
heads with high residual energies. This is due to its use of
a secondary parameter to decide the final cluster heads that
satisfy the lowest communication cost. In addition, HEED
uses the residual energies of the nodes to probabilistically
select an initial set of cluster heads. Then, as heads and
members proceed in their iterations, members may select
heads which have lower energies but incur minimum costs
due to cluster density or neighbor proximity. On the other
hand, our DEEP guarantees that the elected leaders have
the highest residual energy in their neighborhood except the
case of isolated nodes (i.e. do not have neighbors), which
seldom exists in dense sensor networks. This property is
desirable as it provides load balancing in a periodic election
of cluster heads.

2) Cluster Features: Fig. 3 represents the standard de-
viation of the total number of nodes in each cluster. The
standard deviation measures the fairness of the distribution
of nodes among all clusters in the network. A Smaller
standard deviation indicates more balanced cluster sizes
and more balanced data gathering load for cluster heads.
As expected, HEED produces more balanced clusters than
our DEEP through the iteration process. However, it is
encouraging to see that DEEP also produces fairly uniform
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cluster sizes even without iterative adjustment.
3) Clustering Energy: Clustering protocols can be used

to construct energy-efficient hierarchies for sensor appli-
cations that run unattended reporting continuously to an
observer. In addition, the clustering approach is essential
for applications that require in-network data aggregation.
Therefore, the most appealing features of clustering pro-
tocols for such applications are the low overhead energy
of the clustering process and the high residual energies
of the elected cluster heads. Such characteristics achieve
the longevity of the network life by minimizing the energy
consumption and distributing the cluster head load equally
among the nodes in the network.

Fig. 4 compares the clustering energy dissipated by both
protocols. The clustering energy is measured as the energy
spent by the network nodes in the clustering process as
a fraction of the total energy consumed in the network,
which involves the data forwarding energy. Although our
DEEP propagates the residual energies in each neighbor-
hood prior to clustering the network, it expends very low
energy compared to HEED. This significant difference in
the clustering overhead energy consumption is attributed to
the energy expensive iteration-based process used by HEED
that causes a large number of exchanged messages among
heads and members.

IV. CONCLUSION

In this paper, we have introduced an energy-efficient
distributed clustering protocol for wireless sensor networks
known as DEEP. This protocol utilizes a different approach
that obviates energy expensive iterations. Thus, it achieves
a great reduction in overhead energy. It also guarantees that
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almost all the periodically elected cluster leaders exhibit the
highest residual energies in their respective neighborhoods
unless they are isolated without neighbors. In addition,
DEEP cleverly exploits the overhearing nature of nodes in
a wireless communication to alleviate the negative impact
of message collisions due to wireless media. Moreover, it
doesn’t make any assumptions about the nodes’ density,
capability, or significance in the field.

Simulation results show that DEEP consumes very low
energy compared to HEED, and produces a reasonable
number of clusters with heads of high residual energies.
DEEP is attractive to dense sensor applications that require
scalability and/or in need of in-network data aggregation.
Moreover, DEEP can be conveniently operated with various
types of sensor routing protocols to prolong the network
lifetime.
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