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Abstract—In the development of various large-scale sensor
systems, a particularly challenging problem is how to dy-
namically organize the sensors into a wireless communication
network and route sensed information from the field sensors to
a remote base station. This paper presents a new energy-efficient
dynamic clustering technique for large-scale sensor networks.
By monitoring the received signal power from its neighboring
nodes, each node estimates the number of active nodes in real-
time and computes its optimal probability of becoming a cluster
head, so that the amount of energy spent in both intra- and
inter-cluster communications can be minimized. Based on the
clustered architecture, this paper also proposes a simple multihop
routing algorithm that is designed to be both energy-efficient
and power-aware, so as to prolong the network lifetime. The
new clustering and routing algorithms scale well and converge
fast for large-scale dynamic sensor networks, as shown by our
extensive simulation results.

Index Terms— Dynamic clustering, energy efficient, power
aware, Sensor network.

I. INTRODUCTION

ECENTLY, various sensor networks have been devel-

oped for a variety of applications, such as surveillance,
environmental monitoring, and telemedicine [1]. A large-scale
sensor network consists of a large number of small, relatively
inexpensive and low-power sensors that are connected as a
wireless network, through which the data extracted from the
sensor nodes is sent to a remote base station (BS). The
networking protocols must scale well to a large number of
nodes, adapt to a dynamic network environment, be energy-
efficient as well as power-aware. By energy-efficient, we mean
that the energy spent on delivering packets from a source to
a destination is minimized. By power-aware, we mean that
a route with nodes currently having higher remaining battery
power should be selected, although it may not be the shortest
one.

It is well-known that a cluster architecture enables better
resource allocation and helps to improve power control. It
also scales well to different network sizes and node densities
under energy constraints [2]. In a typical two-tier architecture,
individual sensor nodes forward information to their respective
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cluster heads (CHs). At the CH the information is aggregated
and then sent to a BS by the CH. The CHs and the BS usually
form a multihop network, for which energy-efficient routing
protocols need to be applied [3].

II. RELATED WORK

The extensive work related to this paper can be categorized
into energy-efficient clustering methods and multihop routing
protocols.

A. Related Work in Clustering Methods

The clustering methods in sensor networks can be catego-
rized into static and dynamic ones.

The static clustering methods aim at minimizing the total
energy spent during the formation of the clusters for a set of
given network parameters, such as the number of nodes in the
network [2]. A problem that is closely related to the static
clustering is the localized topology control, which maintains
an energy-efficient network connectivity by controlling the
transmission power at each node [4], or selecting a small
subset of the local links of a node [5]. One way is to minimize
the total power levels in all nodes and search for a connected
topology [6]. Another way is to select a minimum set of
sensors that form a connected communication graph to cover
the entire network region, by iteratively searching for one path
at a time and adding the nodes of the path to a set of already
selected sensors [7].

The dynamic clustering methods deal with the same energy
efficiency problem as the static ones but target for a set of
changing network parameters, such as the number of active
nodes or the available energy levels in a network [8]. In
LEACH (low-energy adaptive clustering hierarchy) [3], the
position of a CH was rotated among the nodes within a
cluster depending on their remaining energy levels. It was
assumed that the number of active nodes in the network and
the optimal number of clusters to be formed were parameters
that could be programmed into the nodes a priori. In [9], a
genetic algorithm was proposed to form clusters in terms of
a few fitness parameters such as the sum of all the distances
from each sensor to the BS. In HEED (hybrid energy efficient
distributed) clustering [10], a CH was selected based on the
ratio of the node’s residual energy to a reference maximum
energy. But the optimal selection of CHs were not guaranteed
in terms of energy consumption without knowing the number
of active nodes in a network.
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B. Related Work in Routing Protocols

Once the network architecture has been established by clus-
tering, ad hoc routing protocols can be applied to improve the
energy efficiency. For example, on-demand routing protocols,
such as ADOV [11], can be used to eliminate most of the
overhead associated with routing table updates. However, they
have high energy cost during route setup.

Generally, an energy-efficient routing problem can be for-
mulated as a classical optimal routing problem with energy
constraints [12], if the energy expenditure in each stage of
routing can be obtained. The objective is to maximize the
network lifetime, which can be the time until the first node
dies out due to its energy depletion [13], or the number of
successful data deliveries until a connectivity or coverage is
lost [14]. The problem can be solved as a linear programming
problem, for which gradient algorithms, heuristic algorithms,
or other searching algorithms can be used to find optimal
routes [15], [16].

It is worth pointing out that the routing metrics used in
the energy-efficient routing play a major role in optimizing
the network performance. In [17], two different power metrics
were proposed: minimum energy per packet and minimum cost
per packet. In [18], a more general link cost was proposed,
which included the energy expenditure in a transmission and
receiving, the initial and the residual battery power of a node.
The routing metrics used in the minimum total energy (MTE)
routing [3] and the maximum residual energy (MRE) routing
[18] can be expressed as special cases of the link cost function.
But how to select good exponents for the energy expenditure
and battery power is unknown.

In this paper, we propose to directly estimate the number
of active nodes in a network [19], [20]. Based on the estima-
tion, we develop an energy-efficient and dynamic clustering
(EEDC) technique by minimizing the total energy consump-
tions in the network. We also propose a simple routing metric
that is composed of the energy expenditure and battery power
of a node. Based on the metric, we develop a routing algorithm
that is energy-efficient and power-aware (EEPA).

The remainder of this paper is organized as follows. Sec-
tion III describes the algorithm to estimate the number of
active nodes and the dynamic clustering technique. Section IV
presents the multihop routing algorithm. The simulation re-
sults are presented in Section V. We conclude this paper in
Section VI.

III. DYNAMIC CLUSTERING BASED ON MEASUREMENT
A. Network Model

The architecture of our sensor network is shown in Fig. 1, in
which a two-tier hierarchy is adopted. The area of the network
is |A| = 4a®. All the sensors in the network area are clustered
into different clusters. In the phase of cluster formation, each
node tries to become a CH with a certain probability by
wining a competition with its neighbors. In the phase of data
collection, each cluster member (CM) communicates to its
CH directly by using a MAC layer protocol, such as the p-
persistent CSMA in the IEEE 802.11 standard. In the phase of
data delivery, the CH in the hot-spot area aggregates the data
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Fig. 1. The architecture of a clustered sensor network.

received from its CMs and then delivers the aggregated data
hop-by-hop to the BS by using a multihop routing protocol.

With the two-tier clustering architecture, the cost during
route setup is improved because routing is only limited to the
CHs or tier-2 network, which has a much smaller size than
the flat structured network.

We assume that each sensor node can detect the signal
strength within its radio range. Here, we only consider the
active nodes, which are those that have enough energy to join
or form a cluster. We assume that the sensors in the network
are distributed according to a homogeneous spatial Poisson
process, with an intensity of \. The average number of sensors
in the network is

n = \Al. (1)

The probability of a node becoming a CH during clustering
is denoted as g. On average, there are ng nodes that become
CHs, the rest n(1 — ¢) nodes become CMs. Let’s denote k
the average number of CHs in the network and m the average
number of CMs within a cluster. Thus,

k= nq, 2)
n/k—1=1/q— 1. 3)

m =

As nodes may join or leave the network (become inactive due
to energy depletion), n in Eqn. (2) is a changing number,
although its initial value may be given at the time the sensors
are deployed. Therefore, we need to estimate n in real-time.
Also, the value of g has to be determined in terms of the
estimation of n and requirements on the energy efficiency.

B. Intra-Cluster: Formation of A Single Cluster

A widely used measurement-based radio propagation model
is the path-loss model with log-normal shadowing [21]:

> (dB) = 10logyg & — 10ylogg — + dup, (@)
St To

where s; and s, are random variables that describe the
powers of a signal a sensor node has transmitted and received
at distance r, respectively; x is a dimensionless constant
which depends on the antenna characteristics and average
attenuation from blockage, while rg is a reference distance
from the antenna far-field; v is the path-loss exponent; Y45



YU et al.: A DYNAMIC CLUSTERING AND ENERGY EFFICIENT ROUTING TECHNIQUE FOR SENSOR NETWORKS

is a Gaussian-distributed random variable with zero mean and
variance o, which can be also measured.

We assume that the parameters in Eqn. (4) are given
for specific sensors and measured for specific application
environment. By taking means on the random variables in Eqn.
(4), we have

&(dB) = 10log; & — 1071ogyo L7 (%)
St To
where S, and S; are the mean values of s, and s;, respectively.

To simplify the notation, in stead of using dB as unit, we

rewrite the model as:

Sy =e€/r7, 1o <1 <R, (6)

where €9 = kr]S;, which represents all the dependencies
on the transmission power, antenna characteristics, and radio
propagation environment. R is the radio range of the trans-
ceiver of the sensor. We also assume that S,. = Sy for r < g,
i.e., no attenuation within the distance of rg.

During the formation of a cluster in a region (or a part)
of a network, we can choose a particular node in the region
as a CH and all other nodes as the CMs, if all these CMs
are closer to the CH than to any other nodes in the region.
In mathematics, the topologically discrete set of these CM
nodes in Euclidean space is the interior of a convex polygon
in two dimensions (or polyhedron in three dimensions), which
is called the Voronoi cell (or Dirichlet domain) of the CH.

In this section, we model the clustering by using the
Voronoi cell, which is energy-efficient due to the fact that
the formation of a Voronoi cell is based on the closeness of
the CMs to the CH. Our goal is to ensure that there is a very
high probability that all the CMs associated with a CH are
within the radio range of the CH. In this way, most nodes
are able to communicate to the CH directly for intra-cluster
communications.

In terms of the results on Voronoi cell [22], the probability
that the radius of a cluster, 7, is greater than a certain value,
T4, has an upper bound:

Prov{r > e} <1—[1—exp(—pgXr2)]’, (D)

where p1 = 2(Z + sin 75 + cos 5%), and ¢ is the equivalent
intensity for the point process that describes the CH of a
cluster. Eqn. (7) can be simplified:

prob{r > ra} < 7exp(—,qur3). ®)

We define a parameter, called degree of isolation (DOI),
denoted as o:
o = Texp(—pghry), ©)

where o takes small value, such as 0.001, as shown in the
simulation, which can be specified as a clustering requirement.
A higher value of o means that more nodes, up to a percentage
of o among the total number of nodes, will not be covered by
any clusters, and thus have to stay alone. Thus,

—In(c/7)

) 10)
HgA (

Tq =

which is the minimal radius for the cluster that can cover most
of its CMs for a specific DOL.
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Note that A = n/|A|. The above equation can be rewritten

as
Ta = c1/y/14, (11)
where
¢ =/ =In(o/T)[Al/p, (12)
is a constant for a given DOIL.
By combining Eqns. (6) and (11), we have
Sa = €oc; " (ng)"/?, (13)

where S, is the signal power a node received at a distance of
rq. From the viewpoint of a CH, S, is the minimum signal
power it has received from its CMs, if we choose r, as its
radio range.

If the value of S, is measurable, then we can estimate the
number of clusters, in terms of Eqns. (2) and (13):

k= c282/7, (14)
where
_ In(o/7
=g = My 1s)
€ 1

is also a constant for a given DOL. In terms of Eqn. (2), we
have ¢ = k/n, i.e., clusters can be formed only if n has been
estimated, although k can be estimated by Eqn. (14).

C. Inter-Cluster: Formation of A Clustered Network

In the network level, the requirement on clustering is to
have as less number of clusters as possible. As we see in the
formation of a single cluster, another requirement is to have
the CMs within a cluster as close to their CH as possible.
Thus, we design a combined cost function, with weighting
coefficients of £; and €2, to measure the cost incurred by the
two requirements, respectively:

k
_ 1D | Da|
C(q) = Elk?l + €2 ;m?z,

where D; is the average distance from a CH to the BS; Dy
is the average distance from a CM to its CH; and H; and Hy
are the hop distance of the CH and CM, respectively. The cost
function can be rewritten as:

k
C(q) = e1k|D1] + ez Zm\DzL

j=1

(16)

where e; = e1/H; and e = €1/ Hs.

The physical meaning of the cost function defined in Eqn.
(16) can be explained as follows. We assume that the network
needs to collect the information sensed by the nodes in the
network and deliver it to the BS. First, there are k¥ CHs in
the network. For each of them, the major energy consumption
is caused by delivering the information via |D;|/H; hops to
the BS. For per hop and per unit of information (e. g., one
packet), the energy consumption is ;. Second, there are km
CMs in the network. Similarly, €2 can be used to represent the
average energy spent by a CM in delivering the information
per packet per hop. Based on the interpretation, C'(¢) in Eqn.
(16) represents the total energy spent by the network to collect
one unit of information and deliver it to the BS.
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Fig. 2. Demonstration for calculating D1 and D>.

The calculations of D; and D, are shown in Fig. 2. For
D1, we have

1
D, = /r—rdrd@
' a4
a ™ 2a
2 & [ Coso 2 [Sing
- W[// 9r2drd9—|—/2/ "1 2drdo)]
o Jo a Jo
= dpa, a7

where r and 6 are variables of the integral, « = arctan 2; and
do =2 + L2+ V5) — 2In(¥5-1) = 1.1865.

Let’s denote (2 the radio coverage area of a CH, with a
radius of r, from the CH to its furthest nodes. For D5, we
have

1 27 Ta 1 9 2
Dy = | r—rdrdd = —r“drdf = =r,. (18)
o 1€ 0 o Ty 3

a

Note that r, in the above equation depends on k, which in turn
depends on g, as in Eqn. (2). The reason is that the coverage
area of a cluster on average becomes smaller if there are more
clusters in the network area.

By substituting Eqns. (2), (3), (17) and (18) into (16), we
have

1 2
C(q) = exdoang + 62?161(5 - 1)3%- (19)
By substituting Eqn. (11) into Eqn. (19), we have
261 1
C(q) = exdpang + eg?w/nq(a —1). (20)

To find an optimal ¢ value that minimizes the cost C(q), let
dC(q)/dq = 0, and define a constant:

3d0a €1 3d0 1% €1
€ c1 ey 2 —1In(a/7) ex’ @
we have
csv/ng®? —q—1=0, (22)

which is the same equation that was found in [2] with a
different coefficient v/2 + In+/2 4 1. The solution depends
on the number of nodes and other parameters, including the
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TABLE I
SIMULATION PARAMETERS AND VALUES

[ Parameters || Values | Comments
dip 75 m threshold
Vs 2 for d < dip
Ymp 4 for d > dip
€fs 10 pJ/bit/m? for d < dip
€mp 0.0013 pJ/bit/m* | for d > dy,
FEelee 50 nJ/bit energy for receiving
Efusion 5 nJ/bit/signal energy for fusion
DPktg;.e 100 bytes data packet
BPktg; e 25 bytes broadcast packet
Pktpgr 25 bytes packet header
Teiuster 5 TDMA frame clustering cycle
Epattery 2 J/battery initial energy

DO, and the ratio of the two energy coefficients, i.e., e; and
€9.
By substituting Eqn. (2) for n into Eqn. (22), we have

1
§g=—F—, (23)
03\/2 -1
where R X
k= cy8%7, (24)

which is Eqn. (14) with S, replaced by S, the measurement
of S,. Thus,
i =k/q, (25)

where IE:, q, and n are the estimated values for k, ¢, and n,
respectively. Clearly, clustering can be conducted based on the
measured S, value.

The values of e; and e; can be chosen as follows.

Assume that the average energy consumption in network
layer for a CH to receive and transmit a unit of data (e. g.,
a packet) over a hop distance of H; = H is E,1 and FE,q,
respectively. Note that an intermediate forwarding is counted
as one receiving plus one transmission.

e1 = (Eq+ En)/H, (26)

where E,1 = F.jec; Eejee is the energy spent in electrical
device for receiving a unit of data; and Eyi = Eejec + €0H,
€o and y take different values in free space (e.g., €7, and 7)
and multipath models (e.g., €, and 7,,;), depending on the
values of H (e.g., d), as defined in Table L

Note that in Eqn. (26), 41 is not related to distance. There
are two reasons to do so. First, optimizing E;; does not result
in much saving over one hop distance. Second, we want to
isolate the design issues in MAC and network layers so as to
simplify the design.

The average energy spent in MAC layer for a CM to deliver
a unit of data to its CH can be calculated as follows. In one
virtual transmission time (VTT), which is defined as the time
interval between two successful transmissions [23], the CM
spends an amount of time on one successful transmission,
some time on collision, and some time on idle. The lengths of
the three times, denoted as ws, w,, and w;, can be computed
in terms of the number of nodes participating in a MAC
competition, i.e., m, and the probability that a node transmits
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a packet at the beginning of an empty slot, i.e., py,. As an
example, the computations of these parameters for the IEEE
802.11 MAC are given in detail in [24].

Assume that the average energy consumption in MAC layer
for a CM is E,. for receiving data per time unit (e. g., a time
slot); B4 for transmitting data per time unit; E. for a collision
that lasts for one time unit; and E; for an idle that lasts for one
time unit. Note that F,o and E;» can be computed similarly
to E,1 and E4q, respectively; while E. and E; are obtained
by measurements as E.;... Then, we can choose

es = [ws (Er2 + EtQ) +w, E; + chc}/E% (27)

where we choose Hy = D5 for our network model, in which
most CMs communicate to their CHs directly because they are
within one hop distance of their CHs. Note that D5 is averaged
over all the CMs within a cluster, while D5 is further averaged
over time, which can be calculated based on the average value
of k by using Eqns. (18) and (11).

D. Measurement-Based Dynamic Clustering

1) Estimation of the Number of Active Nodes: In the previ-
ous section, the dynamic clustering of a node is based on the
measurement of the signal power received from the boundary
of the node’s radio range, which is sensitive to measurement
errors. In this section, we develop a new algorithm to estimate
n in terms of the total power a node has received from all the
neighboring nodes within its radio range.

Let’s denote @, the total signal power a node has received
from all the neighboring nodes within its radio range. In terms
of n = A|AJ, we can see that a change in n is due to a change
in A. Let’s denote variable intensity as A\;. We have

(I)t = / Atpm.Srdw
Q

27 Ta
= )\tﬂ'rgsopm + / / )\tpme—ordﬁdr
0 0 77

= Atpmq)(h (28)
where
5 Tlf'y_rlf'y
Dy = mrgSo + 27r6007f1“, for v > 2; (29)
7rédSo + 2meo In(ry /10), for v = 2;

and p,, is the probability that a sensor transmits a packet at
the beginning of an empty slot in MAC layer, as we mentioned
in choosing ey. Thus,

®
No= —
Pm®Po
It can be seen that the intensity changes proportionally to the
total power a node has received for a specific radio range. In

this way, by measuring the total power, a node can find the
total number of active nodes in the network:

4]

PmPo

(30)

A CM that has not been selected as a CH during its previous
round can also monitor the total signal power it has received.
In the next round of cluster updating, the node can join the

competition and may become a CH by wining the competition.
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Assume that during the j-th cluster updating cycle, and the
measurement of ®; is denoted as ®;(j). In terms of Eqn. (31),
we can find

A .
() = o),

(32)

where 7(j) is the calculated value of n in the j-th cluster
updating cycle. During the (j + 1)-th cluster updating cycle,
n 1s used to obtain an estimation of n, which is denoted as
n. To obtain smooth estimations, we use a moving averaging
model:

a(j+1) = pad) + (1 =B +1),

where 0 < § < 1 is a smoothing factor used to adjust the
estimation speed and accuracy. In our simulation, we find
that 3 = 0.9 is a good compromise between the speed and
accuracy.

By substituting the value of # for n in Eqn. (22), and
defining a coefficient:

(33)

cn = 1/(c3n), (34)

then the cubic equation can be solved:

q=cn/3+ §/U+ U?—V3+§/U—\/U2—V3, (35)

where

U =
V =

(36)
(37)

(2¢2 +18c¢,, + 27)c, /54,
(cn +6)cn /9.

Note that U? > V3, therefore, Eqn. (35) is the only real root
of Eqn. (22).

Then, the values for k£ and r, can be easily calculated in
terms of Eqns. (2) and (11), respectively.

In summary, each node does not need to know the number
of active nodes a prior, nor rely on counting broadcasted
"hello" messages from other nodes. The parameters n and k
are estimated in real-time by each node in a distributed way.
It makes completely autonomous decision about whether to
form or join a cluster.

2) The Dynamic Clustering Algorithm: After obtaining the
values of n and ¢, the process of cluster formation, and thus
updating, is the same as in LEACH by using advertisement
and join-request messages. More details can be found in
Section III-B in [3]. Here, we focus on the activation of the
dynamic clustering process.

The dynamic clustering algorithm can be outlined as fol-
lows:

1. Specify the value of o, such as ¢ = 0.001. The initial
value n(0) does not have to be given. Initially, each node can
be assigned with an initial value ¢(0), which can be computed
for all the nodes for a chosen value n(0). Set j = 1.

2. Each node measures the total signal power it has received
from all the neighbors within its radio range.

3. Each node computes its estimation of the number of
active nodes in the network by using Eqns. (32) and (33).

4. Each node can decide whether or not to activate an
updating process by checking the inequality:

7(G) =G = DI <6, (38)
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where § is a predefined constant that determines the allowable
changes in n. If Eqn. (38) holds, go to step 2, to monitor the
network status. Otherwise, go to step 5.

5. If the time since last cluster updating is longer than a
predefined constant, activate the cluster updating process.

6. Each node computes its optimal probability of becoming
CH in terms of Eqn. (35). Each node adopts the optimal
probability and tries to become a CH with this new probability.

7. Let j =3+ 1, go to step 2.

In this algorithm, both the number of clusters and the
CHs are adjusted dynamically. By dynamically choosing CHs
among all the nodes in the network, the energy dissipation is
evenly distributed among all these nodes, thus the network
lifetime is prolonged. Note that the cluster updating is a
distributed process. Each node makes completely autonomous
decisions on the activation of the cluster updating. For exam-
ple, if in an area of the network some nodes die out due to
power exhaustion, the remaining nodes in the area will see the
decrease in n and thus activate the cluster updating process. In
order to maintain the same DOI, the remaining nodes increase
their operational radio range and thus the number of clusters
is reduced, i.e., some clusters in the area may be merged into
a larger cluster.

IV. MULTIHOP ROUTING

We assume that a node knows the power level used in
transmitting a packet. The radio transceiver of the node is
capable of estimating the received signal power level. We also
assume that the node is powered by battery, for which the
function that describes its lifetime is not known.

A. Routing Metrics

To be energy-efficient, the routing protocol needs to con-
sider the energy consumed in communications among the
nodes that participate in the routing, which are CHs.

Let’s denote F;; the path loss for a wireless link I;; that
goes from node ¢ to j, with a distance of d;;. In terms of the
propagation model in Eqn. (5), we can find

Eij = 61/d;yj7 (39)

where €; = m‘g . If 7 has the location information about j,
the pass loss can be directly calculated in terms of Eqn. (39).
Otherwise, we can either use localization schemes such as the
positioning technique in [25], [26] to estimate the distance
between ¢ and 7, or simply embed the value of ¢’s transmitting
power into the payload of a packet sent from ¢ to j. The path
loss is simply the difference between the transmitting power
used by 7 and the signal power received by j.

Let’s denote FE, the energy consumed in receiving the
signal. The total amount of energy needed to be consumed
in order to send a packet over the one-hop distance is:

E; = Ey + E,. (40)

Note that a source node only needs to transmit, while a
destination node only needs to receive.

To be power-aware, the routing protocol needs to consider
the battery power of the nodes that participate in the routing.
Let’s denote By; the new battery power of a node i. The
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accumulated power consumption of the node is denoted as B,;,
which can be recorded by the node itself. Thus, the remaining
battery power of the node is By; — B.;. To incorporate the
remaining battery power into link cost, we define a dimen-
sionless coefficient:

Bci

b
- Bci

Bo; 41

w; =

where it can be seen that less remaining battery results in a
much bigger value for the coefficient.

To be both energy-efficient and power-aware, the routing
protocol can use the following link cost function:

where w; is used as a weighting factor for the link’s energy
consumption F;; and D; has the dimension of energy. A bigger
value of D; means a higher cost for the link to be selected,
which is due to either the higher energy consumption of the
link or the lower remaining battery power in the node, or both.
Consider a path p € Ps,ps, Where Pg,_ps is the set
of paths that go from a source node sn to a destination bs,
i.e., Psn—ps = {all the paths from sn to bs}. The cost for the
path is:
D(p) =Y wiEi, p € Panps. 43)
i€EP
Note that the cost is additive. Suppose that a link /;; is on
the path, i.e., [;; € p. Let’s denote p; the path from sn to ¢
and p; the path from sn to j. Then, we have

B,
D(pj) = D(pi) + 5——5—F;, forlj; €ep. (44
BOj — Bcj
Now the optimal routing problem can be stated as:
i D(p), p € Psnobs, 45
min Y D(p), p b (45)
and subject to the constraints:
BOi - Bci Z Bref(t) Z BnLin7 1€ P, (46)

where B,..s(t) is a reference value for the remaining battery
power that is required by the base station for any node to be
allowed to join current route selection; B,,;,, is the minimum
battery power required for a node to be considered as active.

Many algorithms in distributed routing can be used to find
a global optimal solution to Eqns. (45) and (46), e. g., the
Dijkstra algorithm and the distributed asynchronous Bellman-
Ford algorithm [12]. To find a global optimal solution by
solving the Eqns. (45) and (46), a source node, which can
be possibly any one of the CHs, needs to communicate to all
other CHs and conduct intensive computations.

B. Routing Algorithm

We develop a routing algorithm to avoid the intensive
computations and communications in order for a sensor node
to make its optimal routing decisions.

The heuristic algorithm can be summarized as follows.

1. During the topology discovery phase, a source node sends
out a route request packet, which is flooded to the BS. Each
node along a path also embeds its transmitting power and the
cost of the path from the source into the packet sent to its
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next hop. The receiving node then updates its cost in terms of
Eqn. (44).

2. Upon receiving multiple copies of the route request
packet, the BS computes a total cost for each of the paths
originated from the source node. It then selects multiple routes
as candidates and sends back a route reply message over the
candidates. The message contains the total cost of the path
and a reference value B, (t). If the current battery power of
a node does not meet Eqn. (46), the node will not be allowed
to join the current routing and the candidacy of its route is
removed.

3. Upon receiving the multiple copies of the route reply
message, the source finds out a few routes to reach the BS
and the associated cost for each route. Therefore, the source
is able to choose the one with minimum cost and confirm the
route, which is both energy-efficient and power-aware, if it
exists. If none of the candidates meet the battery requirement,
then the BS is informed to lower the value of B,../(t) and the
procedure repeats.

4. Once the route is established, the source starts to send
data to the BS.

Remarks on the algorithm:

« By using the reference, the selected routes are more
evenly distributed over the entire the network so that the
network lifetime can be prolonged.

« The BS does not choose a final route because it does not
know the battery status of the nodes.

o The value of B,.s(t) can be chosen by the BS in terms
of the estimation of the average power consumption per
node at the current time, which can be computed based
on the observed total energy consumption of the network.
The BS is assumed to have enough computation capabil-
ity and power to accumulate all the energy consumption
information within the network.

Note that the above procedures cannot be carried out by
simply flooding the route request packet because the nodes
do not know the current reference, unless the BS periodically
floods the reference value, which costs more energies.

The proposed routing algorithm has been simulated by using
NS-2, with route discovery and path setup procedures modified
from AODV.

V. SIMULATION STUDIES

The network architecture is shown in Fig. 1. The parameters
are the same as in [2], a = 50m, and o = 0.001, except that
the BS is at the middle of the right side of the area. The
radio propagation model is Eqn. (6), with coefficient ¢y = 1,
for simplicity. The intensity of the spatial Poisson process is
A =n/|A|, where n = 100 ~ 2500.

The simulations have two parts and are conducted to verify
the proposed dynamic clustering and routing algorithms, re-
spectively. The first part uses MATLAB version 6.5 while the
second uses NS-2 simulator [27].

A. Simulations on Dynamic Clustering

To verify the correctness of the proposed real-time estima-
tion algorithm, we assume that the measurement error can be
described by a white Gaussian noise. Initially, each sensor
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Fig. 3. Estimating the number of active nodes (n) by using the minimum
signal power (Sg) that has been received by a CH within its cluster (for
n = 1600).

randomly selects its ¢ value and tries to become a CH if
q > qo, where gp is an initial value for ¢q. For example,
we choose gg = 0.1. During a clustering cycle, each sensor
collects the minimum signal power it has received so far within
its radio range. By using Eqn. (24) to estimate the k value,
and then using Eqn. (23) to compute the ¢ value, each sensor
can estimate the 7 value in terms of Eqn. (25). The procedure
repeats until it sees no obvious change in its estimated 7 value.

As an example, for n = 1600, the actual and estimated
n values are shown in Fig. 3 for three CHs. It can be seen
that the estimated value is getting closer to the actual value as
the measured signal power is getting smaller. Although CH2
finds the 7 value at the 6-th iteration with an error about 10%,
CH1 and CH3 do not find the right value up to 25 iterations.
Clearly, missing any one signal power measurement that is
smaller than its existing one results in a large error on the n
value.

In contrast, each sensor collects the total signal power it has
received within its radio range and then estimates the value
of n by using Eqns. (32) and (33). The result is shown is
shown in Fig. 4 for a CH. It can be seen that the smoothed
estimation of n gets close to the actual value within about 5
iterations, although an individual estimation may have large
error. Clearly, missing any single measurement of the signal
power has no significant impact on the estimation of n value.
Therefore, the real-time estimation algorithm outperforms the
existing ones [19], [20].

Based on the estimated 7 value, each sensor node computes
its optimal probability of becoming CH in terms of Eqn. (35).
As an example, by applying the proposed dynamic clustering
algorithm, a clustered network of n = 200 is shown in Fig. 5.

To verify the energy efficiency of the dynamic clustering
technique, and also compare it to LEACH and HEED, the
values for the energy related parameters are the same as in
[3], [10], as shown in Table I. The network is shown in Fig. 2,
in which ¢ = 50m and the BS is 75m to the middle of the
right side of the network. The energy consumption per bit
for transmission and receiving are Egje. + € X d” and Egjec,
respectively; where v and e take different values depending
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on d. For a CH, the energy spent in aggregating the data from
its CMs is Efysion, as defined in [3].

The energy efficiency of clustering is measured by the
ratio of the energy spent in clustering to the total energy
spent in both clustering and one-hop transmission, where it
is assumed that the CHs can directly communicate to the
BS for the purpose of comparison. The ratios for different
clustering methods are plotted in Fig. 6, where the results for
LEACH and HEED are extended from n = 300 ~ 700 to
n = 100 ~ 2500 for comparison. It can be seen that the
proposed dynamic clustering method (labeled as EEDC in the
figure) is the most efficient for large-scale sensor network.
For example, for n = 2000, EEDC consumes only half of
the energy as HEED and only one third of energy as LEACH.
The reason is that the energy efficiency is roughly proportional
to m/k. As n increases, m/k increases accordingly if k is
fixed, as in current static clustering. With EEDC, the optimal
k increases faster than m. Thus, m/k decreases as n increases.
Note that HEED chose an initial ¢ value that was very close
to the optimal ¢ value, although the energy efficiency was not
optimized in HEED, as the authors pointed out.
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B. Simulations on EEPA Routing

The tier-two network is assumed to have an area of 100m
x 100m, as shown in Fig. 1. The number of nodes (CHs)
is 10 ~ 50, which corresponds to n = 200 ~ 2500 without
clustering. The radio range is 25m. The other parameters are
defined in Table I, except the initial battery power Epqitery =
50.J per battery, and the transition time = 0.005s. The total
simulation time is 20000s.

We define the lifetime of the network is the time until the
first node dies out due to its energy depletion, denoted as
T4 [18]. The lifetime of a specific method is denoted by a
superscript, for example, TAPPY and TEFPA are the lifetime
achieved by AODV and EEPA, respectively. Similarly, the
lifetime can be also defined as the time when 50% of nodes
die out, denoted as Thgp.

To compare the lifetime of the proposed EEPA routing to
that of AODV, we define a relative increase in the lifetime as

ATy = (TP =T{PPY) /TP, @)
ATso, = (Tgg, " = Ty ")/ Ty 7 (48)

Similarly, we can define the increase in the lifetime as com-
pared to MTE and MRE.

Compared to AODV, the simulation results are plotted in
Fig. 7. It can be seen that the increase in T} is about 13 ~
22% for a tier-two network of size 10 ~ 50. The increase
in T50p, is about 22 ~ 32%, which is significantly high as
it means that the network would operate about 45 ~ 60%
more time if the lifetime of all the nodes is considered. The
total energy consumption is reduced by half. As the number of
nodes increases, the increase in the lifetime is more significant.

Compared to MTE, EEPA increases 11, and T, by per-
centages up to 16% and 23%, respectively, as shown in Fig. 8.
Also plotted in Fig. 8 is the comparison of EEPA to MRE in
network lifetime. Clearly, EEPA consistently outperforms both
MTE and MRE in network lifetime because it considers both
requirements of energy-efficiency and power-awareness.

It is worth pointing out that the gain in lifetime is achieved
by the increase in the routing overhead, which is defined as the
number of data packets delivered by per routing packet. For
the network sizes of n = 25 and 50, the overheads of EEPA
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and AODV are plotted in Fig. 9, respectively. The overhead
of EEPA is higher than that of AODV because EEPA waits
for multiple requests (or replies) at the destination (or source)
in order to choose an EEPA route. Note that if we define the
overhead as per bit of data delivered by per bit of routing
information, then the routing overhead would be much lower.
Because in our simulations, the size of the data packets is
512 bytes while the size of control packets is only 44 bytes.
It can be also seen in the figure that the difference in the
overhead between AODV and EEPA decreases as the number
of connections increases. The reason is that AODV has to
perform more frequent route discovery due to the death of
nodes as compared to EEPA.

To investigate the performance of EEPA, we measure the
end-to-end delay in the simulations. The results are shown in
Fig. 10. As can be seen that the end-to-end delay curve for
EEPA is very close and similar to the one for AODV, which
is @ minimum hopcount routing that ideally should have the
shortest delay. In fact as the number of nodes increases, EEPA
tries to emulate AODV and uses shortest paths because there
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are more choices among the nodes that have high residual
energy. It toggles between nodes with higher residual energy
so as not to drain the nodes as in AODV. This is also verified
by the average hopcount for different numbers of nodes, as
shown in Fig. 11. It can be seen that EEPA has higher than
but very close to the hopcount of AODV. As compared to
AODV, EEPA favors paths with less path loss and thereby
slightly increases the hopcount to ensure the required energy-
efficiency.

VI. CONCLUSION

In this paper, we develop a dynamic clustering technique for
large-scale sensor networks. Based on the clustered network
architecture, we also propose an energy-efficient and power-
aware routing algorithm for the tier-two network that consists
of the cluster heads. The simulation results have demonstrated
that the proposed clustering technique and routing algorithms
adapt to changes in node power levels, scale well to large-scale
networks, and are energy-efficient.

Our future work would be further investigating the ap-
plicability of the proposed clustering technique and routing
algorithm to more general wireless sensor networks.



3078

Average Hopcount

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 6, NO. 8, AUGUST 2007

3 T T T T T T

| -+- AODV
291 .| == EEPA |
2UBI

21f 1
2 A A A A A A A
10 15 20 25 30 35 40 45 50
Number of Nodes
Fig. 11. The average hopcount for EEPA and AODV.

ACKNOWLEDGMENT

The authors would like to thank the editors and the review-
ers for their time and effort made to improve the quality of
this paper. The first author would also like to thank Dr. Wendy
Heinzelman for her constructional comments and suggestions.

(1]

[2]

3]

[4]

[51

[6]

(71

(8]

[91

(10]

(11]

[12]

[13]

REFERENCES

F. Hu, Y. Wang, and H. Wu, “Mobile telemedicine sensor networks
with low-energy data query and network lifetime considerations,” IEEE
Trans. Mobile Computing, vol. 5, no. 4, pp. 404-417, Apr. 2006.

S. Bandyopadhyay and E. J. Coyle, “Minimizing communication costs
in hierarchically-clustered networks of wireless sensors,” Computer
Networks, vol. 44, no. 1, pp. 1-16, Jan. 2004.

W. Heinzelman, A. Chandrakasan, and H. Balakrishnan, “An
application-specific protocol architecture for wireless microsensor net-
works,” IEEE Trans. Wireless Commun., vol. 1, no. 4, pp. 660-670, Oct.
2002.

L. Li, J. Y. Halpern, P. Bahl, Y.-M. Wang, and R. Wattenhofer, “A
cone-based distributed topology-control algorithm for wireless multi-
hop networks,” IEEE/ACM Trans. Networking, vol. 13, no. 1, pp. 147-
159, Feb. 2005.

X.-Y. Li, W.-Z. Song, and Y. Wang, “Localized topology control for
heterogenous wireless sensor networks,” ACM Trans. Sensor Networks,
vol. 2, no. 1, pp. 129-153, Feb. 2006.

M. Cardei, J. Wu, and S. Yang, “Topology control in ad hoc wireless
networks using cooperative communication,” IEEE Trans. Mobile Com-
puting, vol. 5, no. 6, pp. 711-724, June 2006.

H. Gupta, Z. Zhou, S. R. Das, and Q. Gu, “Connected sensor cover:
Self-organization of sensor networks for efficient query execution,”
IEEE/ACM Trans. Networking, vol. 14, no. 1, pp. 55-67, Feb. 2006.
Y. Ma and J. H. Aylor, “System lifetime optimization for heterogeneous
sensor networks with a hub-spoke topology,” IEEE Trans. Mobile
Computing, vol. 3, no. 3, pp. 286-294, July-Sep. 2004.

S. Hussain, A. W. Matin, and O. Islam, “Genetic algorithm
for energy efficient clusters in wireless sensor networks,”
4th Int. Conf. IT: New Generations, Apr. 2007, [Online].

Available: http://cs.acadiau.ca/$\sim$shussain/wsn/
publications/07-itng-hussain-ga.pdf

O. Younis and S. Fahmy, “HEED: A hybrid, energy-efficient, distributed
clustering approach for ad hoc sensor networks,” IEEE Trans. Mobile
Computing, vol. 3, no. 4, pp. 366-379, Oct.-Dec., 2004.

C. E. Perkins and E. M. Royer, “Ad hoc on-demand distance vector rout-
ing,” in Proc. 2nd IEEE Workshop Mobile Computing Syst. Applicat.,
Feb. 1999, pp. 90-100.

D. Bertsekas and R. Gallager, Data Networks, 2nd ed. Englewood Cliffs,
NIJ: Prentice Hall, 1992, chap. 5.

R. Madan and S. Lall, “Distributed algorithms for maximum lifetime
routing in wireless sensor networks,” IEEE Trans. Wireless Commun.,
vol. 5, no. 8, pp. 2185-2193, Aug. 2006.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

V. P. Mhatre, C. Rosenberg, D. Kofman, R. Mazumdar, and N. Shroff, “A
minimum cost heterogeneous sensor network with a lifetime constraint,”
IEEE Trans. Mobile Computing, vol. 4, no. 1, pp. 4-15, Jan.-Feb. 2005.
V. Srinivasan, C.- F. Chiasserini, P. S. Nuggehalli, and R. R. Rao, “Op-
timal rate allocation for energy-efficient multipath routing in wireless
ad hoc networks,” IEEE Trans. Wireless Commun., vol. 3, no. 3, pp.
891-899, May 2004.

L. Blazevic, J.-Y. Le Boudec, and S. Giordano, “A location-based
routing method for mobile ad hoc networks,” IEEE Trans. Mobile
Computing, vol. 4, no. 2, pp. 97-110, Mar.-Apr. 2005.

S. Singh, M. Woo, and C. S. Raghavendra, “Power-aware routing in
mobile ad hoc networks,” in Proc. 4th ACM/IEEE Int. Conf. Mobile
Computing Networking, Oct. 1998, pp. 181-190.

J. Chang and L. Tassiulas, “Maximum lifetime routing in wireless sensor
networks,” IEEE/ACM Trans. Networking, vol. 12, no. 4, pp. 609-619,
Aug. 2004.

M. Yu and A. Malvankar, “SEERA: Sensor-enabled event routing
architecture in networking environmental monitoring systems,” in Proc.
Int. Conf. Wireless Networks, June 2005, pp. 459-465.

M. Yu, A. Malvankar, and L. Yan, “A new adaptive clustering technique
for large-scale sensor networks,” in Proc. IEEE Int. Conf. Networks,
Nov. 2005, vol. 2, pp. 678-683.

A. Goldsmith, Wireless Communications. Cambridge, UK: Cambridge
University Press, 2005, chap. 2.

S. G. Foss and S. A. Zuyev, “On a Voronoi aggregative process related
to a bivariate Poisson process,” Advances Applied Probability, vol. 28,
no. 4, pp. 965-981, Dec. 1996.

F. Cali, M. Conti, and E. Gregori, “Dynamic tuning of the IEEE 802.11
protocol to achieve a theoretical throughput limit,” IEEE/ACM Trans.
Networking, vol. 8, no. 6, pp. 785-799, Dec. 2000.

M. Yu, H. Luo, and K. Leung, “A dynamic radio resource management
technique for multiple APs in WLANS,” IEEE Trans. Wireless Commun.,
vol. 5, no. 7, pp. 1910-1920, July 2006.

H. Wu, C. Wang, and N.-F. Tzeng, “Novel self-configurable positioning
technique for multi-hop wireless networks,” IEEE/ACM Trans. Network-
ing, vol. 13, no. 3, pp. 609-621, June 2005.

Y. Zhang and L. Cheng, “PLACE: Protocol for location and coordinate
estimation - A wireless sensor network approach,” Computer Networks,
vol. 46, no. 5, pp. 679-693, Dec. 2004.

The Network Simulator ns-2, [Online]. Available: http://www.isi.
edu/nsnam/ns/

Ming Yu (M’97-SM’03) received his Doctor of
Engineering from Tsinghua University, Beijing, in
1994, and Ph.D. from Rutgers University, New
Brunswick, NJ, in 2002, all in Electrical and Com-
puter Engineering.

He joined the Operation Technology Center,
AT&T, Middletown, NJ, in July 1997 as a Senior
Technical Staff Member. Since 1999, he was with
the Dept. of ATM Network Services, AT&T Labs,
Middletown, NJ. From December 2002, he worked
for the Dept. of IP/Data Network Management Sys-

tem Engineering, AT&T Labs. During Sept. 2003 and Aug. 2006, he was
with the Dept. of Electrical and Computer Engineering, State University of
New York at Binghamton, NY. As of Sept. 2006, he joined the Dept. of
Electrical and Computer Engineering, Florida A&M University (FAMU) and
Florida State University (FSU) College of Engineering, Tallahassee, FL, as
an assistant professor.

His research interests are in the areas of routing protocols, MAC, QoS,
security, energy-efficiency, clustering, radio resource management, traffic
engineering, and performance analysis, for both wired and wireless networks.

Dr. Yu is a senior member of the IEEE. He was awarded the IEEE
Millennium Medal on May 2000.



YU et al.: A DYNAMIC CLUSTERING AND ENERGY EFFICIENT ROUTING TECHNIQUE FOR SENSOR NETWORKS

Kin K. Leung (S’78-M’86-SM’93-F’01) received
his B.S. degree from the Chinese University of Hong
Kong in 1980, and his M.S. and Ph.D. degrees in
computer science from University of California, Los
Angeles, in 1982 and 1985, respectively.

He started his career at AT&T Bell Labs in 1986.
Following the Lucent Technologies spin off from
AT&T in 1996, he was with AT&T Labs from 1996
to 2002. In 2002, he re-joined Bell Labs of Lucent
Technologies. Since 2004, he has been the Tanaka
Chair Professor in Internet Technology at Imperial
College in the U.K. His research interests include radio resource allocation,
MAC protocol, TCP/IP protocol, mobility management, network architecture,
real-time applications and teletraffic issues for broadband wireless networks.
He is also interested in a wide variety of wireless technologies, including
802.11, 802.16, and 3G and future generation wireless networks.

He received the Distinguished Member of Technical Staff Award from
AT&T Bell Labs in 1994, and was a co-recipient of the 1997 Lanchester
Prize Honorable Mention Award. He holds the Royal Society Wolfson
Research Merit Award from 2004 to 2009. He is an IEEE fellow. He has
published widely and acquired patents in many areas of communication
networks. He has actively served on conference committees, including as
the committee co-chair for the Multiaccess, Mobility and Teletraffic for

3079

Wireless Communications (MMT’98) and the committee Vice-Chair for
the IEEE ICC 2002. He was a guest editor for the IEEE JOURNAL ON
SELECTED AREAS IN COMMUNICATIONS (JSAC), the MONET journal and
the Wireless Communications and Mobile Computing journal, and an editor
for the JSAC: WIRELESS SERIES. Currently, he is an editor for the IEEE
TRANSACTIONS ON COMMUNICATIONS and the IEEE TRANSACTIONS ON
WIRELESS COMMUNICATIONS.

Aniket Malvankar (S’05) received his B.S. de-
gree in electrical engineering from Bombay Univer-
sity, India, in 2002, and M.S. degree in electrical
and computer engineering from State University of
New York at Binghamton in 2005. Currently, he
is a Ph.D. student in the Dept. of Electrical and
Computer Engineering, Florida A&M University
(FAMU) and Florida State University (FSU) College
of Engineering, Tallahassee, FL.

His research interests are wireless ad hoc net-
working protocols, energy-efficient routing proto-
cols, mobility modeling, radio resource management, and communication
systems. He is a student member of the IEEE.




