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ABSTRACT

In wireless szensor mefworks, energy efficiency 1s
crucizal to achieve satisfactory network Iifetime. In order
to reduce the energy n:-:rnmr.‘uptl-:rn of a node significantly,
1tz radio needs to be tuned off. Yet, some nodes have to
participate m nmulti-hop packet forwardmg. We tackle
thiz 1zsue by exploiing two degreezs of freedom n
topology mamgemfn:t the path sefup latency and the
network density. First, we propose a new techmque
called Sparse Topology and Energy Management
(STEM), which aggressively puts nodes to sleep. It
provides a method to wake up nodes only when they
need to forward data, where latency 1z traded off for
energy szavings. Second, STEM mtesratez efficiently
with existing approaches that leverage the fact that
nearby nodes can be equivalent for traffic forwarding. In
thiz case, an increazed network densify resultz m more
energy savings. We analvze a hybrd scheme, which
takes advantage of both® setup latency and network
density to increase the nodes™ hifetime. Onur results show
mprovements of nearly twe orders of magnitude
compared to sensor networks without topology
management.

Keywords : Sensor networks, energy efficiency, topology
management.

1. INTRODUCTION

1.1. Sensor Networks

Advances m microelectromc fabncation have
allowed the integrafion of sensing, processmg and
wireless compmmication capabilites mto low-cost and
small form-factor embedded systems called sensor nodes
[1)]2]. The need for unobtrusive and remote mu-mtnnng
15 the mam mofivation for deploving a sensing and
conmmumication network (sensor network) consiztmg of a
large mumber of these batterv-powered nodes. For

example, such syztems could be used either outdeors mn
inhospitable habitats, dizaster areas, or indoors for
imtruzion detechion or equpment monitoring. The nodes
zather vanous sensor readings, process them and forward
the proceszed information o a user or, 1n general a data
zink. Thiz forwarding typically occurs via other nodes
using a flat or clustered nmlh-hop path [3][9]. Thus a
node in the network eszenhially performs two different
tasks: (1) senzing 1tz environment and processing the
information and, (2) forwarding fraffic az an mtermediate
relay in the multthop path.

However, the convenience of autonomous remote
monitoring comes af a price: an exireme design focus

must be placed on energy efficiency as the sensor nodes
operate on a zmall h-atten with limited capacity [1][2][3].
It iz important to view the problem as one of extending

the hifetime of the network, rather than _]usi that of the

individual nodes. Thus, in addiion to mmproving the
efficiency of the nodes, techmques that tackle the

problem on the level of the entire network are necessary.
This is especially true for the traffic forwarding
funchionality of the network, as the mam epergy
consumer In & node 13 the commumication subsystem
[11[3]1[4]. Our paper explores thiz category of network-
wide techniques, more specifically dealing wath topology

management.

1.1. Topology Management

Topology management 13 an important 1ssue because
the only way to save power consumption i the
communication subsystem 15 to completely tum of the
node’s radio, as the idle mode i almost as power hungry
as the fransmit mode [41 However, as soon as a node
powers down itz radio, 1t 1= Essentlallj. disconnected from
the rest of the network topelogy and therefore can no
longer perform packet relaying. For smmplicity, we refer
to this state as the node being asleep, although only its
radio 15 tumed off. The sensors and processor can still be
active, as they are much less power hungry.



The goal of topology management i1z to coordinate
the zleep tranzitions of all the nodes, while ensuring that
data can be forwarded efficiently to the data =mk
Existing topology management schemes, such as the
ones descnibed n references [3] and [6], are based on the
observation that in fypical scenanos, some nodes can be
azlesp without sacnficing sigmficant data forwarding
capacity. As density increases, more nodes can be
zleeping, resulting mn further epergy savings. However,
major zavings would require exiremely dense networks,
as we will illustrate in thiz paper.

We propose a different approach to topology
management, which exploits the fime dimension rather
than the denzity dimension Sinetly speakang. nodes only
need to be awake when there is data to forward. We refer
to thiz situation as the network being in the ‘transfer
state’, and 1n many practical scenanos, this 1z a rather
mnfrequent event. Most of the time, the senzor network 1=
cnly monitoring its environment, waiting for an event to
hzppen, znd nodes can be aszleep. For a large subset of
sen.su:ur netmﬁpllcaliqm, no data needs to be forwarded to

in thiz ‘monitoring state’ Conzider for
example a zensor network that 13 designed to detect brush
fires. It has to reman operaticnal for months o yvears,
while only sensing if a fire has started. Once a fire 13
detected, thiz information zhould be forwarded to the
uzer quickly. Even when we want to track how the fire
spreads, 1t probably suffices for the network to remain up
only for an additional week or so. Sinmlar observations
hold for applications such as surveillance of battlefields.
machine failures, room occupancy, or other reactive
scenarios, where the user needs to be mformed once a
condition 15 satisfied.

In the monttoring state. no commumication capacity 13
needed, in principle at least. As there iz no datz to
forward, the commumication energy could be completely

elmimated, by simply turning off the radios of all nodes.
If the need for data forwarding is very rare, the Energy
savings could be phenomenal However, there iz a
crucial caveat if a nudedetectsanﬂeni it cannot
forward the data to the user zince zll the nodes on the
mulii-hop path are asleep. If a node has tumned off s
radio, 1t will stay completely oblivicus of the efforts of
other nodes to communicate with it. This is the main
dilemma m fopology management for sensor nets: a
noede’s radie should be turned off to save energy, vet be
left cn so the node can kmow when other nodes need it to
forward their fraffic. Our topology manapement scheme,
called STEM (Sparse Topology and Enm‘gt
Management), sclves thiz 13sue and trades off energy
consumption versus latency of switching back to the
transfer state.

bt

Furthermore, we would hke to develop a topology
management scheme hat marmes the benefits of both
clazses dizcussed previously, namely those that exploit
network density and those that exploit setup latency.
Ideally, this |:ﬁ.b1'll:| solution combines the savings in both
dimension: ﬁ.llh such that a ten-fold energy reduction m
both schemes sepa.mteh would result in a combined
hundred-fold reduction. This bamically requires these
base schemes to be orthogonal in using the independent
dimensions of latency and densmty. We proposze such a
very effective hyvbrid scheme in this paper. by combining
STEM with techmq_ues that leverage the network density.

2. RELATED WORK

For routing m sensor networks, two altemative
approaches have been considered: flat mwlt-hop and
clustermg. Although STEM iz applicable to both of
them we mainly focus on flat multi-hop routing [3]0[S].
For clustered approaches [9], which are possibly
hierarchical, our scheme can be used to reduce the
energy of the cluster heads. althouph the gainz are
E;xpe-:tad to be less dramatic here.

Fecently, topology management techniques, called
SPAN [3] and GAF [6], have been proposed for flat
multi-hop routing. They cperate on the assumption that
the network capacity needs to be preserved. As a result,
the energy consumption 13 approximately the same
whether the network 1z in the transfer or momtonng
state, as no disincton 13 made between them Both
techniques trade off nefwork density for enerpy savings.

The performance of STEM 15 mndependent of network

density. It operates in an orthogonal dimenszion, that of
sefup lateum Our bybrid scheme, which we describe in

section 6, 1-E:1ETEI.EEE both network density and latency.

With SPAN [5], a limited =zet of nodes forms a mults
hop forwarding backbone that fries to preserve the
original capacity of the underlving ad-hoc network
Other nodes transition to sleep statez more frequently, as
they no longer carry the burden of forwarding data of
other nodes. To balance out energy consumption the
backbone fimchonality 13 rotated between nodes, and as
such, there 15 a strong interaction with the routing laver.

Gecpraphic Adaptive Fidelity (GAF) [6] exploits the
fact that nearby nodes can perfecﬂw and franzparently
replace each other in the routing topology. The sensor
network 15 subdivided mto small gnds, such that nodes m
the same prid are equivalent from a routing perspective.
At each point in fime, only one node m each gnd 1z
active, while the others are m the energysaving sleep
mode Substanhial energy gams are, however, only
achieved in very dense networks. We will discuss this



1zzue further on in this paper. when we mtegrate STEM
with GAF.

An approach that 15 closely related to STEM is the
uze of a separate paging channel to wake up nodes that
have tumed off their mam radic [10]. However, the
paging channel radic cannot be put in the sleep mode for
obvicus reasons. This approach thus cntically assumes
that the pagmg radio 1z much lower power than the one

uzed for regular data communications. It 13 vet unclear 1f
such radio can be designed. STEM basically emulates the
behavior of 2 paging channel, by hai.mgﬂradm with a
low duty cycle radio, mstead of 2 radio with low pOWEr

consumption.

The wortk of MeGlyon ef o [14] descnmbes an
algorithm that resemblez STEM. However, it 1z designed

to discover the neighbors of all the nodes some time after
the network deployment. The goal 13 fo let the network
be dormant during -:Ie:plmment and once the discovery

phase starts, leamn the complete topology with a hlgh
probability. In principle, thiz algonthm could alsc be

uzed to set up a path like STEM. However, it is less
aggreszive, and would result m much larger setup
latency, az a node only sends out setup request
pruhﬂblhshcalh Furthﬂmn-re_ it does not guarantee
discovery of a lmk

3. SPARSE TOPOLOGY MANAGEMENT

3.1. Basic Concept

In the applicafion scenarios we consider in thiz paper,
the szensor network 1z in the monitoring state the vast
majorty of itz hietme. Ideally, we would like to only
turn on the sensors and some preprocessing circuitry.
When a possible event 13 detected, the main processor 13
woken up to analyze the data in more detail. The radio,
which iz normally turned off, 13 only woken up if the
processcr decides that the mformation needz to be
forwarded to the data sink Of course, different parts of
the network could be in monttoring or transfer state, so,
sirictly speakimg. the “state’ 13 more a property of the
locality of node, rather than the enfire network.

Now, the problem 13 that the radio of the next hop in
the path to the data zink iz shll tumed off, if 1t did not
detect that zame event Az a solution, each node
penodically turns on its radio for a short time to listen if
zomeone wants to communicate with it. The node that
wantz to commumecate, the ‘Tmifiafor node’, zends out

beacons with the ID of the node 1t 13 trying tﬂ- wake u tEe
called the ‘targef node’. In fact, this can be viewed as

mitiator node attempting to activate the link between
1tzelf and the target node. As soon as the target node
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receives this beacon, 1t to the mrtiator node and
both keep their radic on at this point. If the packet needs
to be relayed further, the tarpet node will become the
mitiator n-udeﬁ:urﬂlenexthnpamitheprmess 13

repeated.

3.1. Dual Frequency Setup

Once both nodes that make up a link have their radio
on, the Imk 13 active, and can be used for subsequent
packets. In order for actual data transmiszions not to
interfere with the wakeup protocol, we propose to send
them mm different frequency bands using a separate radio
in each band. Sensor nodes developed by Sensoria
Corporation [11], for example, are already eqmpped with
two radios. We will discuss the benefits of this dual radic
sefup in more detail in the next subsechion.

Figure 1 shows the proposed radic setup. The wakeup
messages, which were dizcusszed in subsection 3.1, are
transmitted by the radio operating in frequency band f.
We refer to these communications as occurnng in the
‘wakeup plane”. Once the imhiator node has successfully
notified the target node, both nodes turn on their radio

that operates in frequency band f. The actnal data
packets are transmitted in thiz band, or what we call the
‘data plane”.

Wakeup plane: f;

ﬂﬂﬂtﬂplﬂﬂe:.ﬁ ,ﬂ

Figure 1 - Radio setup of a sensor node

3.3. STEM Operation

Figure 2 prezents an example of typical radic mode
tranzitions for one particular node in the network. Some
reprezentative power numbers for the different radio
modes are summanized m Table I These numbers
correspond to the TRI00) radio from EF Monohithics
[153] where the fransmit range 15 set to approxumately 20
meters [4]. This low-power radic has a data rate of 2.4
Ebpz and usez OOK modulation.

Table 1. Radio power characterization

Fadio mode Power consumption (mW)
[ Transmut (1,) 14,88
Fecerve (K. 1250
Idle 1236
Sleep 0.016




