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Abstract: Power consumption 1s an important issue in energy-constrained sensor networks. Many scheduling
schemes have been proposed for sensor networks with high node density, to extend their lifetime by making
only some nodes active while allowing others to go to sleep with negligible power consumption. However, most
scheduling schemes do not take into account that the directional and uneven data traffic moving towards a data
sink results i some areas runming out of energy more rapidly than others, which may disconnect the network
and the data sink, thereby wasting residual energy in other areas. This study proposes to balance the power
consumption throughout the network for homogeneous sensor networks with high node density. The sensor
network is partitioned into rectangular grids. Only one node is scheduled to be active in each grid at any time,
to momnitor that grid and to relay the data from other grids. To make energy stored in a grid proportional to the
total power consumption of that grid, the lifetime of all mndividual grids 1s equalized. The simulation results show
that the proposed algorithm not only extends the lifetime but it also improves the performance of sensor
networks by preventing some areas from being out of monitoring earlier than other areas when the connectivity
of the network 1s lost.
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INTRODUCTION

A semsor network 13 a self-orgamizing multi-hop
system without pre-existing infrastructure. Each sensor
node in this network can act as a router to relay packets
for others to the data sink by using multi-hop routes.
Sensor networks usually have many sensor nodes and
they are often implemented in hostile environments,
making energy recharge infeasible. Energy efficiency
therefore becomes important.

Many scheduling schemes have been proposed for
sensor networks with high node density to improve their
energy efficiency. Scheduling schemes save energy by
scheduling some nodes into active state to generate the
data and to keep the connectivity of the network, while
putting others mto sleep state with negligible power
consumption.

Figure 1 shows a sensor network with high node
density. Because of the lugh node density, an area that
could be monitored by only one node may m fact have
several sensor nodes. If all of these nodes in this area are
active, i.e, are generating and relaying data, (1) the

duplicate data in this area will waste network resources,
such as energy and bandwidth; (2) the large number of
nodes participating in relaying data will make the
topology complicated, thereby increasing delay in route
discovery 1n reactive routing protocol or increasing
routing table overhead in proactive routing protocol and
(3) the ligh-density data traffic will increase the
probability of data congestion thereby increasing the
packet loss rate.

The active nodes should generate, transmit and relay
data; because of this, they will run out of energy rapidly.
Therefore, the roles of active nodes are rotated. Using a
scheduling algorithm to rotate the roles of active nodes
can thus balance the power consumption among the
nodes. However, most scheduling algorithms do not take
mto account the directional and uneven data traffic in
sensor networks, which usually results in the nodes near
the data sink munning out of energy more rapidly than the
others. The connectivity between the data sink and the
network may therefore be lost due to the transmission
range limitation of the sensor nodes thereby wasting the
residual energy in other areas. The earlier mnning out of
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Fig. 1: The colored area covered in duplicate by 5 nodes

energy in these areas that results in theses areas out of
monitoring will furthermore affect the performance of the
network.

This study proposes to prolong the lifetime of the
network by addressing the uneven data traffic issue for
homogeneous sensor networks with high node density,
so that the connectivity of the network will not be lost
before almost every node has run out of energy. In
addition, the nodes in this algorithm need not initiate an
ommni-directional flooding to find a route, but they will
direct route requests towards the data sink so that the
flooding m reactive route discovery is reduced, saving
further energy.

RELATED WORK

Power consumption is important in ad hoc sensor
networks. Many technologies have been proposed to
extend the lifetime of sensor networks such as:

Scheduling active and non-active nodes in ad hoc
sensor networks with high node density;

Selecting the route with the least mumber of hops or
with the minimum needed energy to forward the data;
Balancing the power consumption among the nodes
participating in routing the data;

Compressing the data that needs to be relayed;
Using directional antennas to reduce flooding in
route discovery, etc.

This study imvestigates the scheduling schemes,
which save energy by scheduling only some nodes to be
active and are usually applied in sensor networks with
high node density. The existing schemes are classified
mto two major categories: The Medium Access Control
(MAC) schemes and the routng and topology
management schemes.

MAC schemes: This study mvestigates contention based
MAC schemes and non-contention based MAC schemes.
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Early MAC schemes for sensor networks are usually
contention based, such as (IEEE standards Department,
1997). Nodes that are ready to send data in some
contention based MAC schemes sense the activity of the
channel. Tf no activity is detected, they send a Request to
Send (RTS) to their destinations from which they can
receive a Clear to Send (CTS) message. The first
successful pair of nodes to RTS and ACK has the right to
use the channel. During the data transmission, all other
nodes are required to keep quiet. When the transmission
15 completed, the destination will send an
Acknowledgment (ACK) back to the source node. The
PAMAS (Raghavendra and Singh, 1998) modifies IEEE
802.11 into the architecture with two channels. The nodes
m PAMAS can sleep when other nodes are transmaitting
their transmission would imterfere with the
transmissions of neighbors. However, PAMAS does not
take into account the issue of idle listening. S-MAC
(Ye et al, 2002) 15 a single-channel protocol. The frame in
S-MAC 13 separated into active part and sleep part. The
messages can only be sent out during the active part
thereby reducing the idle listing issue compared to
PAMAS. However the nodes in S-MAC need some
synchromzation of sleep schedules with surrounding
neighbors, which is realized by periodically broadcasting
their schedule increasing flooding. Several schemes have
been proposed based on S-MAC, such as T-MAC (Dam
and Langendoen, 2003), which extends S-MAC by
adjusting the length of time that sensors are awake

or

between sleep intervals based on communication of
neighbors. Most recently, Chowdhury et al (2006)
proposes a CMAC scheme. This scheme assumes a multi-
channel scenaric and in-band signaling. Tt allows for
listening and replying to controlling messages even when
the reception of a data packet 1s in progress at a sensor
node, thus taking a step towards solving the deafness
problem in sensor networlks.

The contention based MAC schemes allow the node
go mto sleep state to save energy. However, the power
consumption in these schemes by collision, overhearing
and idle listening is still significant so that people
propose the non-contention based MAC schemes, such
as preamble-based TDMA, to mmprove the energy
efficiency of sensor networks. Preamble-based TDMA
MAC schemes are collision-free by scheduling each node
when it should be active and when it can go to sleep.

The TDMA MAC protocol by Katayoun and Pottie
(1999) schedules each node a timeslot to communicate its
known neighboring nodes. TRAMA (Rajendran ez al.,
2003) employs a traffic adaptive and distributed election
scheme to allocate timeslots among nodes. The nodes 1n
TRAMA periodically awake to exchange broadcasts and
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Fig. 4: Connectivity of the network 1s lost

First, the existing scheduling schemes are analyzed
and then the proposed algorithm is presented in detail

Analysis of existing schemes: In most sensor networks,
the analysis capability of the nodes is not conclusive. The
sensors can only generate or relay data. Therefore, a data
sink is required to gather all data for further analysis. The
data sink thus becomes the same destination for all sensor
nodes, resulting in directional data traffic, as shown in
Fig. 3. The directional traffic makes the traffic density of
the network different according to their distance from the
data sink. The nodes near the data sink will usually
encounter higher traffic and will therefore run out of
energy more rapidly. If the area width that exhausts
energy exceeds the transmission range of the sensor
nodes, the data sink will be 1solated and the connectivity
between the data sink and the network will be lost, as
shown in Fig. 4. The residual energy in other areas will
then be wasted. Therefore, if the power consumption can
be balanced throughout the network, some areas runmng
out of energy and thereby out of monitoring sooner than
others can be prevented and the lifetime of the network
can be extended.

We had previously addressed the above problem and
the need to consider the lifetime of the entire network
mstead of just saving energy for individual nodes
(Wei et al., 2005). The concept of extending the lifetime of
the network by balancing the node energy consumption
is also explained (Du et al, 2006). However, their
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Table 1: Parameters and their meanings

Parameters Meaning of the parameter

PT power consumption in transmitting data
PR Power consumption in receiving data

[ Radio dissipation of the transmitter circuit
4 Radio dissipation of the receiver circuit
Tramp Transmit amplifier

d Transmission range

Power attenuation (2<n<4)
Data amount

scheme, which uses a chessboard configuration with a
heterogeneous sensor network, is different from this
algorithm, which balances the power consumption in a
homogenecus sensor network with high node density by
adjusting the sizes of the rectangular grids, each of which
has only one active node.

Balancing power consumption: GAF (Xu et al., 2001)
partitions the networle into equal squares with only one
node active at any time in each square. As analyzed,
however, the areas near the data sink m GAF will run out
of energy sooner, thereby shortening the network lifetime
and affecting the network performance. Therefore, energy
efficiency and network performance can be further
improved by Dbalancing the power consumption
throughout the network. However, this improvement will
usually require squares of different sizes if the nodes are
uniformly or randomly distributed in the network.
Unfortunately, to partition the entire network into squares
of different sizes to balance the power consumption is
infeasible. This algorithm therefore partitions the netwark
mto rectangular grids. But, each grid will also have only
one active node to monitor that grid and to relay the data
for others.

In this algorithm, it is assumed that if the active
nodes are not transmitting or receiving data, they will be
put into sleep state automatically with negligible power
consumption. The simplified equation of the power
consumption of one node (1) can then be achieved with
the definition of each parameter shown in Table 1 in
which e, and e, have the same value.

P=PT+PR
=(e, + e, d")xa+e xa

{ A xa ifd<d

The power attenuation n depends on the distance
between the transmitter and receiver. That is, for short
distances the propagation loss 1s modeled as inversely
proportional to d° while for long distances this loss is
modeled as mversely proportional to d* (Heinzelman,
2000; Liu and Lin, 2005).

(1

B 2o, xat e, .

Ze, ><a+eTX,ampd4 xa ifd=d
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Fig. 6: Example of how to balance the power consumption

In addition, for the transmit amplifier to give a
reasonable Signal to Noise Ratio (SNR) at least 30 dB with
distance d=<d_ (=87 m), ey, ... = 10 pIl/bit/m?* while for
a distance dzd = 0.0013pJ/bim’* (Liu and
Lin, 2003).

The sensors i this algorithm are in general 1dentical,
so that they all start with the same initial energy E. ;..
Therefore, if there are m nodes m one grid, as shown in
Fig. 5, the total initial energy stored in that grid is m>F,..
Y P,andy P, are, respectively used to express the power
consumption on receiving and transmitting data of the
active node. The total power consumption of the grid 1s
then the sum of ¥ P, and ¥ P, Dividing the total initial
energy stored in the grid by its total power consumption
1s then the lifetime of that grid (2). If the lifetime of each
grid 15 almost the same, the power consumption 1s then
balanced among the grids and therefore the entire
network.

crossovers & X-amp

mx B

NP+ > P, @

= lifetime

Figure 6 15 used as an example to explam the algorithm
in detail. Suppose all active nodes generate a amount of
data and which is sent to the data sink by multi-hop
routes. The node transmission range 1s limited within the
neighboring grid. That 1s, when the active node n grid I
is sending the packets, only the active node in grid I-1 can
receive it. Assume that the power consumption on
transmitting a amount of data 18 P, and on receiving a
amount of data it 1s P, the power consumption of each
active node in different grids can then be achieved as
shown in Table 2.

831

Transmitting 4a amount data to data sink: 4*(Py)

The main purpose of this design is to equalize the
lifetime of all grids. Therefore, in this example (3) must be
observed, in which m, means the total number of the
nodes 1n that grid.

m,xE
P

tra

m,xE
P

rea

initial ~ initial ~

+2xP,,
~ ml > Emmal
3xP,, +4xB,

3)

mZ i Emmal
Z2x P, +3xP,

Route discovery: Because the data sink is the same
destination of all sensor nodes, the ommni-directional
floeding 1n traditional reactive routing protocol 15 thus
unnecessary. This algorithm directs route requests
towards the data sink so that the flooding in route
discovery is reduced, thereby saving further energy.

Eachnode in this algorithm has an TD number, which
increases according to its distance to the data sink. That
15, a node with a longer distance to the data sink will have
a higher ID number than a node which 15 closer to the
data sink.

It is assumed that the node has the function of
Received Signal Strength Indication (RSST) so that it can
estimate and compare the distances between the nodes,
that 1s, when the strength is strong, the distance is short,
otherwise 1t 13 long. With thus RSSI the exact required
power for each hop can be estimated and assigned to
individual nodes. All sensor nodes have a maximum
transmission range. Because all sensors are identical, this
maximum transmission range is a constant.

Figure 7 helps to explam how a node m this network
finds a route by using reactive routing protocel. Suppose
the active node in grid & is ready to send data and needs
to find a route. It sends a route request to its neighboring
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Rounds, as shown in Fig. 10 and 11, respectively. From
this definition, BPC extends lifetime by 67.7% compared to
GAF. When the first node runs out of energy, there are
totally 22.57] and 4.29] energy left m GAF and BPC,
respectively. Because the total initial energy of the
network is 40I, the energy usage rate of GAF is only
43.6% whereas 1t 13 89.3% i BPC.

Because the role of the active node 1s rotated, the
nodes in the same grid will almost run out of energy
simultaneously. That is, the first node rumning out of
energy means the whole grid runs out of energy. The
comnectivity of the network 1s still maintained when one
grid uses up its energy. However, the whole grid out of
monitoring will definitely affect the performance of the
entire network. The grids size m BPC may be quite
different because of the different data traffic density. The
frequent rotation as an active node in that grid, however,
will almost not affect the performance of the network.

The sunulation is continued to measure the number of
Rounds until the connectivity of the network 1s lost. The
results are shown in Fig. 12. GAF loses its connectivity at
1886 Rounds whereas BPC loses it at 2620 Rounds. From
thus defimition, BPC extends the lifetime of the network by
38.9% compared to GAF. And as explained, the
performance of the network is furthermore improved by
BPC because it prevents some areas from running out of
energy sooner than others.
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Fig. 10: Average residual energy in the grids of GAF
when the first node in grid 1 runs out of energy at
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Fig. 11: Average residual energy in the grids of BPC when
first node in grid 5 runs out of energy at 2363
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Fig. 12: Lifetime of the network

Figure 12 also provides information on how many
nodes still have residual energy when the connectivity of
the network is lost. GAF has 30 nodes whereas BPC only
has 10 nodes. When the connectivity of the network 1s
lost, the total residual energy in GAF is 14.997 whereas in
BPC itis only 1.15]. So, the energy usage rate of GAF and
BPC is 625 and 97.1%, respectively, when the
connectivity of the network 13 lost.

CONCLUSIONS

Power consumption 1s crucial for energy constrained
sensor networks. Many scheduling algorithms have been
proposed to improve the energy efficiency for sensor
networks with high node density. Yet the nodes near the
data sink mn most scheduling algorithms will run out of
energy sooner due to the uneven data traffic, resulting in
wasting the residual energy in other areas and affecting
the performance of the entire network.

This study proposes to balance the power
consumption throughout the sensor network with high
node density, so that no area will run out of energy earlier
than other areas. The network is partitioned into
rectangular grids. Only one node m each grid i1s
scheduled into active state at any time. By making the
mitial energy store 1 each grid proportional to its power
consumption, each grid will have almost the same lifetime.
In addition, by directing the route requests towards the
data sink results in further energy saving.

Simulation results show that the proposed algorithm
extends lifetime by 67.7% based on when the first node
runs out of energy and by 38.9% based on when the
connectivity of the network is lost compared to GAF,
respectively. The results also show that tlus algorithm
ummproves the energy usage rate of the network by 104.8
and by 55.4% compared to GAF when the first node runs
out of energy and when the connectivity of the network
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is lost, respectively. This means that it can be used to
improve energy efficiency and performance for sensor
networks with high node density.
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