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Figure 17. Total throughput with EAD and simpliÞed-AODV, pulse-rate of
1 packets/sec.
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Figure 18. Number of nodes alive with EAD and simpliÞed-AODV, pulse-
rate of 1 packets/sec.

(i.e., the total number of packets delivered to the sink) achieved
by the EAD forwarding-to-parent scheme and a simpliÞed-
AODV protocol while Þgure 18 displays the number of nodes
alive during the execution of the simulation. As we can see, the
throughput of EAD is signiÞcantly higher when compared to
asimpliÞed-AODV. Our belief is that once a spanning tree us-
ing the EAD protocol is constructed, each node knows where
to send its packets since there is no mobility in the network.
The dead nodes are eliminated from the backbone formation
phase in the next round, therefore a dead node can only cause
link to break at most for the duration of EAD refresh inter-
val. As stated earlier, EAD is especially powerful in an event
driven sensor network model. At Þrst, it seems that the energy
efÞciency (in terms of alive nodes) is better when one uses a
simpliÞed-AODV protocol. However, due to its control mes-
sage overhead and its energy-unaware paths, key nodes around
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Figure 19. Total throughput with EAD and simpliÞed-AODV, pulse-rate of
0.1 packets/sec.

the base station die much earlier than expected, thereby cutting
off the base stations from the rest of the network. Figure 19
displays the throughput results for a reduced event creation
rate of 0.1 packets/sec.

5.2.3. Performance evaluation of EAD vs LEACH:
A comparison

In this section, we wish to evaluate EAD protocol when
compared to a Low-Energy Adaptive Clustering Hierarchy
(LEACH) protocol [10]. Before we proceed further, we shall
describe brießy the LEACH scheme.

(a) LEACH: A low-energy adaptive clustering hierarchy
protocol

LEACH is a cluster-based, energy-aware routing protocol
speciÞcally designed for sensor networks [10]. This proto-
col makes use of inherent properties of sensor networks. It
assumes that the data to be transmitted in a sensor network
is locally correlated. Therefore, if the data is processed and
aggregated at local centers, or cluster heads, before being
sent to the base station (BS), the energy spent in the whole
network will be reduced, and, thereby increasing the sys-
tem lifetime. The identiÞcation and the maintenance of the
cluster head is an energy-consuming task, since data com-
ing from other clusters are Þrst aggregated (i.e., data pro-
cessing), and then sent to the base stations via the clus-
ter heads. At each round, the cluster head randomly rotates
between the cluster members which guarantee the close-to-
uniform distribution of energy. Cluster head selection and
cluster formation can be done in a distributed or centralized
manner.

In both the centralized (LEACH-C) and the decentralized
LEACH model, the cluster heads remain cluster heads within
the interval which is identiÞed asround. The operation of
LEACH is designed within these rounds. The main stepsin a
LEACH round can be summarized as follows:
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� Set-up phase (also known as a cluster head selection): At
the current round, each node generates a random number
between 0 and 1, and compares it with a threshold that is a
function of the expected percentage of cluster heads for the
network and the total number of times the node has been a
cluster head so far. If the random number is less than the
threshold, the node becomes a cluster head.

� Set-up phase: cluster formation: Each cluster head broad-
casts a message announcing itself as the cluster head for
this round. A non-cluster node receiving multiple cluster
head announcements chooses the cluster head that requires
less energy to communicate with. Then, non-cluster nodes
inform their cluster heads about their selection. The cluster
head node then sets up a TDMA schedule and broadcasts
this schedule to its members. After each node learns the
TDMA schedule of their cluster, set-up phase ends.

� Steady-state phase: At the steady-state phase, each node
transmits data to the cluster head during its allocated slot.
At the end of each frame when the cluster head has received
data from all associated sensor nodes, it aggregates the data
and sends it to the base station. The cluster heads send this
data to base station using CSMA. To save energy, non-
cluster nodes can turn off their power until their allocated
time slot in the TDMA cycle.

(b) EAD vs. LEACH: A comparison

In this section, we will report on the results we have ob-
tained to evaluate the performance of EAD protocol when
compared to the LEACH protocol. Both LEACH and EAD
offer methods for selecting higher energy nodes for intense
use, and methods of changing the overly used node when its
energy level is lower than that of its neighbors. LEACH-like
algorithms make use of the correlated nature of data (or a max-
min kind of selection) and send less packets to the sink using,
cooperatively chosen, higher-energy cluster-head nodes. If the
data is correlated, it is obvious that, this scheme is advanta-
geous over no aggregation algorithms in which nodes send,
whatever they get, to the data collection node. EAD has an
advantage, when compared to LEACH, independently from
the correlated nature of data. If the data is correlated, then
less data will be sent over the backbone nodes. LEACH offers
a star-like subnet creation inside a cluster and introduces a
power on and off scheme during a TDMA cycle. Basically, a
non-cluster head node is allowed to go to sleep until it reaches
its turn in the TDMA cycle. Implementing very short on-off
cycles (in the scale of TDMA duration) may not be feasible.
EAD uses longer (in the scale of EAD interval) on-off cycles
to save energy. EAD implements a tree-like coverage structure
and multihop transmission of aggregated data over this tree. In
LEACH, aggregated data is transferred to the base station in a
single-hop transmission which assumes that each node in the
subnet is able to reach the base station. Furthermore, LEACH
is suitable for continuous sensing jobs where every node has
data to send at regular intervals. It is not suitable for event-
driven models, since a node has to wake up and transmit in
short intervals, therefore spend energy regardless of whether

or not it has detected an event. EAD is more suitable in event
driven environments. During an EAD round, EAD puts a large
number of nodes into sleep, as long as they do not detect any-
thing while maintaining connectivity with the non-leaf nodes.
In EAD, nodes do not have to wake up and send if there is no
detection. Therefore, if EAD is used in an event driven model,
a contention based channel access (like CSMA) is likely to
be more efÞcient because of the light trafÞc an event driven
model produces. In this implementation, we have used 802.11
CSMA/CA MAC for data transfer as a result of sensing events.

TrafÞc characterization is an important issue. In order to
create arealistic phenomena cloud, we usedmobile and sta-
tionary event creating nodes that emanate phenomenon pack-
ets at a different channel. Sensor nodes have interface at both
data and phenomenon channels. One can always raise objec-
tions to the way event sources are created. We decided that this
kind of event creation logic are closer to the real life events for
which sensor networks designed. Basically we are creating an
event cloud instead of using only stationary event sources.

Let us now turn to our results. Figures 20Ð24 show the
number of nodes alive plotted against simulation time and a
network size of 50, 75, 100, 150 and 200 nodes respectively.

 0

 10

 20

 30

 40

 50

 60

 0  50  100  150  200  250  300  350

T
ot

al
 n

od
es

 a
liv

e

time (seconds)

LEACH
EAD

Figure 20. LEACH vs. EAD (50 Nodes).
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Figure 21. LEACH vs. EAD (75 Nodes).
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Figure 22. LEACH vs. EAD (100 Nodes).
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Figure 23. LEACH vs. EAD (150 Nodes).
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Figure 24. LEACH vs. EAD (200 Nodes).

The amount of energy per node is 2 Joules at the beginning.
As we can see from the Þgures, the number of nodes alive
decreases after some simulation time. As non-leaf nodes fail,
the loads on the remaining nodes increase and more nodes
are woken up and recruited in the tree. The failures increase
rapidly after a critical point in simulation. In Þgure 24 the node

failures increase rapidly for the EAD curve after 200 seconds.
Similarly for the rest of the curves the node failures increase
rapidly towards the end of the simulations. Both EAD and
LEACH behave in a similar way in this respect. It can be seen
that EAD performs better than LEACH in the Þgures in terms
of the node failure rate. EAD routes the data packets to the sink
by multihop routing as opposed to LEACH where the cluster-
heads have to transmit the data directly to the base station.
The energy dissipated is lower in the case of EAD because the
backbone node transmits only to a neighboring node one level
up from it.

Figures 25Ð29 portray the total energy dissipated vs sim-
ulation time for the same set of network topologies. There is
a limited energy supply and the amount of energy per node
is 2 Joules. For this particular simulation the sleep energy
have been set to zero. In actual sensor networks PSleep is a
negligible quantity which can be safely ignored in a simulated
environment like this. Energy dissipated is a measure of the
power awareness of our algorithm, which attempts to extend
network lifetime by forming a routing tree rooted at the sink,
and recruiting only a minimum number of non-leaf nodes.
The non leaf nodes are the only nodes that have to stay awake
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Figure 25. LEACH vs. EAD (50 Nodes).
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Figure 26. LEACH vs. EAD (75 Nodes).
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Figure 32. LEACH vs. EAD (100 Nodes).
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Figure 33. LEACH vs. EAD (150 Nodes).
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Figure 34. LEACH vs. EAD (200 Nodes).

As outlined in our set of simulation experiments, our results
indicate some gain of EAD over LEACH, due to the effective
coverage area and structure introduced in EAD with the in-
novative idea of creating a broadcast tree rooted at the sink.
Though, not speciÞc to EAD, this kind ofcoverage paradigm

is more effective if there are overlapping sensor coverage ar-
eas. This means that with a selection algorithm, if we could
decrease the number of powered-on nodes, we can save en-
ergy without compromising the well functioning of the nodes
and their sensing task. However, as shown in our experimental
simulations, EAD is quite effective even in the worst case con-
ditions, where nodes do not have overlapping coverage. Note
that even in the worst case settings, the probability of an event
going undetected is very low since EAD covers the subnet area
with a low number of nodes participating in it. As mentioned
earlier, after the EAD execution phase, all sleeping nodes are,
at the most, one hop away from a backbone node, and an event,
occurring at a close proximity of a sleeping node, has a high
likelihood of being detected by a backbone node.

6. Conclusion and future work

Recent innovative wireless technologies, and the evolution of
smart devices and smart sensors have played a major factor in
the development of future wireless sensor systems. However,
before these systems become a common place, many chal-
lenging issues need to be resolved. In this paper, we focus
upon the energy consumption related problems, and we pro-
pose a data-centric routing mechanism based on a broadcast
tree routed at the sink node with a maximum number of leaves.
We have presented our EAD protocol, and we have reported
on its performance evaluation using an extensive set of simu-
lation experiments. Our results indicate that EAD extends the
overall network lifetime by turning off the transceivers of all
leaf nodes in the broadcast tree, leaving only non-leaf nodes
in charge of data aggregation and trafÞc relaying.

As a future work, we intend to study analytically the per-
formance of our scheme, and deÞne an analytical function that
determines the optimal value of the EAD refresh interval. We
also plan to investigate how our algorithm would behave in
real world scenarios [2,3,18].
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