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CHAPTER II

LITERATURE REVIEW

2.1 Introduction \q

This chapter centres on the various studies that have been condudAkm the field of

wireless sensor networks (WSN) especially with respect to co@'optimisation. It

outlines and evaluates the progress that has been mad i er to highlight the
strengths and weakness of approaches or techniques t ave or proposed
for energy management, energy loss problem, and ] (MAC)
protocols design in WSNs. The chapter evaluates n appr es that have

been employed for power management ad\ ag e dolOng and algorithms,

e l&és their shortcomings.
N
Furthermore, a review of the concept cov de Qz&;.glem an integral issue of

VS
any WSNs, was carried out. e
y S %T :u‘ls

2.1.1 WSN Coverage @ %
&

The Coverage control m 5" t} fo most fundamental issues in wireless

\
sensor networks, b@; 1sfadg) urY_ the Quality of Service (QoS) in a sensor
V

network (Carde\A’u, 2006). Sen nodes in network are usually equipped with

highlighting the high merits of these @oac

batteries w:t ed power. Therefore, energy conservation operations are critical for

extending ork lifetime (Zhou, Liang, Xu, & Xie, 2012).

Wireless sensor network has emerged as a promising tool for monitoring the
physical world. It utilizes self-organizing networks of battery-powered wireless

scnsors that can sense, process, and communicate (lan F Akyildiz, Su,
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Sankarasubramaniam, & Cayirci, 2002). The optimal set of active nodes selection has
been proved as an NP-complete problem with random WSN network topology (Cardei
& Wu, 2006). Heuristic algorithm is an effective way to solve that problem. PEAS is a
well-known protocol proposed by (F. Ye et al., 2003).They have develop?kEAS, a
distributed and randomized energy-saving protocol for sensor netw%\PEAS let

king"node density

while avoiding the overhead of keeping per neighbour state. dle unpredictable

each node probe its local operating space to maintain desired w.

node failures, PEAS uses a randomized wakeup algorit a%an 'self-adapt to node

failures. PEAS keeps the working node density approxim ¢ nM‘ie%agdem of

N
the node deployment density with roughly the sam%ead. S re&u& EAS can
’ % §

prolong the overall system lifetime proportionallRto t \l‘ota nuger of deployed
node. By the protocol, some nodes will &@ redu nﬁ& that need not be

activated, as long as the other nodes exi@jlhin se\exﬁge sf“(he inactivated nodes.

o S
The centralized and distributed gr algon

H'avt&een proposed based on
randomized algorithm, so that&o&?et c}n

et area as large as possible

1 (5& Georganas, 2003) effectively

coverage uniformity is considered

( Chakrabarty S% .

S
simullaneousl;ﬁiover protocol is proposed by (L. Wang & Kulkarni, n.d.2008), they

present a local protocol, pCover, which provides partial (but high) coverage in

sensor networks. Through pCover, they demonstrate that it is feasible to maintain a
high coverage (_90%) while significantly increasing coverage duration when
compared with protocols that provide full coverage. In particular, they show that are

able to maintain 94% coverage for a duration that is 2.3-7 times the duration for which
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evolutionary-based mechanism with a distributed query sensor cover algorithm for
optimal query execution in self-organized wireless sensor networks (WSN). An
algorithm based on an evolutionary technique is proposed, with problem-specific
genetic operators to improve computing efficiency. Redundancy withi&a.sensor

network can be exploited to reduce the communication cost incurred %cution of

spatial queries. Any reduction in communication cost would result'1n e cfficient use

of battery energy, which is very limited in sensors. The objecgjve ¥ to self-organize

the network, in response to a query, into a topology that i an optlmal subset of

sensors that is sufficient to process the query subject to erage energy

consumption, cover size and communication over nstra nt ‘e&brocessmg
’

must incorporate energy awareness into the sys b \Ped\ n @ total energy

consumption and hence increasing the lifet Ye stusofFovefwhich is beneficial

for large long running queries. Experl have \1\ a @out on networks with
different sensors transmission radi ff yr S, and different network
configurations. Through exte ve e shown that their designed

technique result in substam l energ uJ ensor network. Compared with

e

other techniques, the res ts mo ' a sc;}%f icant improvement of the proposed

’
technique in terms ofgner im tyue gﬁpover with lower communication cost and

lower size. % ¥ ’ \’Ylg\
S

Aut@(ha et al., 2009)optimize network coverage and nodes utilization

snnulta@ by using improved Non-Dominated Sorting Algorithm II(NSGA-II) to

obtain the control of WSN network coverage. That algorithm is based on the structure
of basic genetic algorithm. Some steps, initialization and reproduction are identical.

Moreover, the above discussed multi-objective search techniques, such as non-



17
equilibrium degree by MOFS algorithm to determine the working status of sensor
nodes. Meanwhile, the proposed strategy can adjust weight and coverage threshold to
obtain the optimum allocation of different business requirement and then to improve

the applicability of WSN network. It is obvious that the coverage control strategy has

wide applicability, and the effectiveness of the strategy is verified be&:imulated

results. (Zhou et al., 2012). ‘&

In this case, the search to improve the coverage of wws sensor networks
from the other side to solve this problem in a wi% sof network through
automatic and dynamic techniques high quality in the fulre. flo t'nfyﬁhe fitness

S
function for obtaining optimal coverage area in less eiso net\%o ks and can
N
control the parameters such as energy consumwiwzrai\o\dwj@sers and using

noticeably in applications such as@# s’ ce@itary applications and other

industries. Smart sensors are%ted&

electrical circuits (Tseng,@, lB -H@2004). The combination of smart
K,

S . : .
rs together eacl sensor (Intanagonwiwat, Govindan, & Estrin,

networking thw

2000).W§ d communication approach can be used to enable smart sensors, the

developme™of the wireless ad hoc network, or the use of autonomous wireless
devices connected using radio waves rather than wired or fixed infrastructure has
made a considerable evolvement (Perkins.C.E,2000). The main technology common

to both sensor networks and ad hoc networks is the multi-hop communication.
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Because of the need to be self-reliant, portable devices are generally powered by
batteries. For all applications of portable devices, there is always the question of
power efficiency such that the life of a network can be sustained longer. Numerous
works have been dedicated to power efficiency and maintenance in wireless sensors or
ad hoc networks. For instances, (Huang & Tseng, 2003)examined @)S.of power
control to minimise interference and improve throughput $ addressed in

Furthermore, (Hu, 1993; Slijepcevic & Potkonjak, 2001; V\@fer, Li, Bahl, &

Wang, 2001) studied the topology control approach of nqg tiansmission powers

Others such as(Chang & Tassiulas, 2000)(Ryu & 009)(S<qffffenovic & Lin,
"~
2001) considered Power-aware efficient routing fo netyoms. | ..{"
’ i

T N

Devi . \ X

evices with IEEE 802.11 or Bluet% re d‘no to@ppon low-power
4(

modes (Haartsen & Mattisson, 2000) aN oesner, echhlager, & Wolisz,

\ AN
1998). (Tseng, Hsu, & Hsieh, 2002) %ed&%'ale&f low-power modes on
Q-
P

L]
802.11-based multi-hop networks m L
it t.plpo%y control in an ad hoc sensor

considers minimising proble jated
gp "Gﬂj; ks (f}’

network. Granted that top Nn ad-ho etw& are not necessarily static because
N

changes in the transmi@w ers b&sﬁr&ffecl changes in the topology, thereby
O
resulting in a dynamhc temp /-

nsié‘é’d in the particular research

>

A\ 5
The st M)nsidered a scena}o where a set of hosts forms a wireless ad hoc
=

I'energy of each host, and the traffic ratio of each host and how best

.

network,
to determin€The best transmission power of each host based on the network topology
configurations such as 1-edge-, 1-vertex-, 2-edge-, or 2-vertex-connected. From the
approach present, the main goal in this instance is to maximize the lifetime of the

network. By prolonging the lifetime of the network the amount of time when all hosts
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remain active is the focus. The work considered two variations of the problem. The
first instance is when the powers at each hosts can be fixed while the other instance is
when the power is not fixed but rather changing. namely, In the study, they claimed

that optimal lifetimes for the mobile nodes is obtainable using an approagh of simple

minimum spanning tree construction under the fixed power assumptnox(.\

'

Other closely related work include that of (Ramanat Rosales-hain,
2000). He employed topologies control algorithms to model tthtex and 2-vertex-

connected graphs where they regard all the hosts to poss eqt'al initial energies.

This is considered a special case of the model. Furth®Wnmor, i amgpathan &
, é\ 0%

{55
Rosales-hain, 2000)the approach employed wa$ ensyrd  tfat éﬂe maximal

transmission power of each host in the netw@:‘\\mun}g}}g a minimum

spanning tree construction yielding an opthult althg)th, @gﬁnal spanning tree

\ *
graph may not necessarily always b@*eﬂa%xe L their work.. Therefore,
']
in 1

5 2 :
toﬁﬁ’enwronment where hosts’
N

initial energies are not necessa% al. , [ Q
.‘v) s
N NUl(oy
The work of (TSEI& I l)04 lai the first to attempt an approach that

N oS O . .
study the topology cont%( blgm dh "r?etwork evaluating the remnant energies
N
at the hosts. They LupsPhteda jhm@equate for creating 1-edge-, 1-vertex-, 2-

>
edge-, and 2-v nnected netwOss. Given a fixed power scenario, optimality of

the modef‘%achieved, though it is also based on a minimum spanning tree

o reduce individual hosts’ powers, an approach reffered to as the

4

this work is an extension of that re

—

construc

PerNode Minimize. This technique can remove some side-effect links, but the network
lifetime cannot be improved. The result can be applied to our work under the variable

power model since side-effect links may potentially become critical links in the future.
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Distributed topology control was also discussed in (Ramanathan & Rosales-hain,
2000). In spite of its desirability, it may not be appropriate to extend the schemes to
obtain distributed ones. This is because global information are needed to determine a
graph’s connectivity. It is often difficult or impossible to recharge orﬁglace the

batteries usually used to power hosts in wireless networks when @d byClsT

Cheng, & Wu, 2005) the energy consumption becomes a great con&n cases where

the system is life threatening. This is particularly critical for s@ems such as the

military where once the power is exhausted during duegit¥hay not be possible to

pause in order to change the battery for another. TheWaetim Wtwork can be

5y
regarded as the longest time that the network is fi nect r’th{?eployment
’ X
without disconnecting any host. Any host that est i \p,g oy iQ\-dlereby lose its
communication capability, and hence, dls\‘la ted e ork. This therefore

signifies the end of such commumcatl%onnec Wf 'é’ In a situation where

other hosts may still have much e@ﬁ%}iﬁér @e’would likely be a waste.
Therefore, it is of critical nec Rﬂﬁt thg re nergy at each host should be
efficiently utilised in order @ni méé’of a network. Previous approach
such as the topology co@u '

u@etwork to sustain a desired topological

power at each host } th co

é "m)

property while %same t e:sa\’nymg other requirements such as lifetime,
\

throughput mamtammg the topology of a network, a dynamic approach is

employ@ is required in order to obtain the global connectivity where there

exists a path between each ordered pair of nodes the work focused on the network

0 ’i%’ manage and adjust the transmission

1

connectivity by attempting to propose an energy-efficient approach to maximize the
lifetime of a network. The work used total energy consumption as an important metric

whei evaluating routing algorithms. Some cases were seen where low total energy
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consumption which should signify energy-efficiency, however, a minimum total
energy does not always produce a prolonged lifetime of a network. The field of
wireless sensor networks (WSNs) has witnessed growing interest in recent time,
especially in the area of research and commercial development. Wiggless sensor
networks have seen a remarkable deployment in the monitoring @tmem or
changes in the environment. Specifically, they have been deploy*r surveillance
considerably in military, indoor environmental, research andwscidntific applications
and so on. However, a crucial issue for consideration fomth ep]oyment of wireless

sensor networks is that of coverage. “Coverage in wiré sen orks 1s usually

defined as a measure of how well and for how lon nsor ar, ’e.ﬁQG?)bserve the

physical space. T Y'
N ‘;{\

In a given wireless sensor netwo tare are um@ of wireless sensor

with limited energy usually supp

nodes. Nodes essentially are small 51§ eg th 'Sng capability equipped
b

ryé‘%mmumcatmg via built-in
antennae over radio frequenc@ ignal 1 6 WSBS system are often employed to
-‘ &

observe area of interest trus‘o - Ove@t, changes such as temperature,
&

humidity, precipitation ’ | O
i
3
The cover 0 WSf\J 1ch$l be regarded as how well and lasting a
sensor networ 1ently momtor ﬁeld of interest, is the most active research
fields in sensor networks. The coverage of WNSs can be thought of as a
measurg lity of service. The measurement or bench marking of coverage which
could be done in several forms is application dependent. Very closely related to

coverage is the crucial need for a WSN to provide and sufficiently sustain

connectivity. Connectivity defined as the capacity of the nodes to sustain link to the
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data sink, can be impacted when no available route from a sensor node to the data sink
is maintained leading to the failure to process the data received by the nodes. For a
given node, there is a communication range which encompasses the area that nodes
that can receive data be located. Any nodes beyond the communication e are not
likely to receive data. There is also the sensing range designates the@ node can
observe. Often times sensing range is not equal to communicatioxﬁe but may be

equal in some cases. Vz

2.1.2 Current challenges & Issues in WSNs Coverage z |

\d

®
Many factors are to be considered in developing s to gnsur. 'o_v\ésgée. These

factors as mentioned above are dependent on the i atio@ side;'tion. Another

Y-
factor is the consideration for the capabilitie@l sen‘;‘)r es‘t‘ e used. There are
two approaches previously adopted — tE%e lo lta;noodel as well as many
dely

types of deployment. The single dep@nt o 7

many types of deployment.

2.1.3 Coverage Types
INEY
As mentioned in the @in %
b 4

factor that is of hi% rior"\t wifert dgying a wireless sensor network. In WSNss,

N
m&@ommon compared to the

S
o,
L%
C@ (/4,

plication in consideration is the first

the goal is to mﬂkr an entire area,@’ of targets, or intrusion into an environment or
breaking l@ barrier. The coverage of a whole area is usually referred to as full
or blarMgy cgVerage. This is intended to mean that every single point within the field
of interest is within the sensing range of at least one sensor node. Ideally you would
like to deploy the minimum number of sensor nodes within a field in order to achieve

blanket coverage.
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There is also the target coverage that is meant to observe a fixed number of
targets. Target coverage is very applicable in military applications (Arora. A, P. Dutta,
et. AI(2004).It may be required in this type of coverage to monitor targets, as well as
classify and track them. Maintaining energy in target coverage is a cruagabgssue. A

comparative analysis of full and target coverage for energy efﬁciencg@arried out

by Cardei. M, M. Thai, et al(2005), Cardei. M and D. Du(2005), CardeM, J. Wu, M.

Lu, and M. Pervaiz (2005),Zhang. H, H. Wang, and H. Feng@ and Zhang. H

(2009).Another type of coverage is the barrier coverage, WicXis ulsed to refers to the

‘era‘%g is also

N\

. I&e%‘awnfar, M.
X

detection of movement across a barrier of sensors. bTie
9

referred to as the maximal breach path Megu@an.
4

Potkonjak, and M. Srivastava (2001). Various aMori

fob]
A
A
(@]
&
o
gQ
[¢]
=
oo
&

been studies Chen. A, S. Kumar, and T.-H 07).

\ *
Other forms of coverage inclu %epﬂ i quly@&ei. M and J. Wu (2006)
U]
| S |
and Osmani.A, M. Dehghan, H. Pour T md,@, (2009). Sweep coverage is

w

problem. & Q
2.1.4 Deployment (} / i o (:'9
& A S

4
Another importan &r in WSNs 1s &gyaeploymem approach adopted. There are two
A N

basic approacé deployment - a dense deployment or a spars deployment.

a variant of the barrier cove%zd u" |
N
|

A dens@wmem, as the name suggests is a deployment that contains a relatively

high number of sensor nodes in an area of interest. It is often the deployment of choice
when it is very important for every movement or event in an area of interest to be

detected. It may also be applicable to a situation where it is imperative to have
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multiple sensors cover an area of interest. A sparse deployment on the other hand is
used when there are relatively fewer nodes. The sparse coverage approach is often
adopted when there is consideration for cost of sensors. That is where it is too
expensive to have several sensors to achieve a dense deployment. It is alsv.lly the
case when you intend using sensors with long range coverage chieve

maximum coverage of the target area with minimum number of § ens S, rather than

several sensors. V

Traditional sensors are stationary and most previo rk pdopt static model
for sensors whereby the sensors are assumed to be a fy 'Po ton after
deployment. Some of the recent sensors have the caMwpility Jooe ghob Th]S means

that they have the ability to relocate after they @)

are regarded as mobile sensors. Works suc ao ard.

Sukhatme (2002) have sought to pr 93 i Jn le sensors capable of

a Q-
determining the location to which a IENM nnﬁgcould relocate to in order

to ensure maximum coverage. %c pre 1ou; lt

h sensor movements as mentioned

] methods were introduced to

Y :
lﬂusaérformance in the above arrangement

O

uarantees an exce verage pfoXiddsthere are limited amounts of movement.
g jﬁ A

T
The approach amas another dra\w@!fck. The algorithm for the set up was very

complex alg@thereby placing critical strain on the sensor nodes. Other authors
have alsqydenynstrated the design of three separate deployment protocols that provide
a high level of coverage with minimal movement in a short time(Wang. G, G. Cao,

and T. La Porta (2004). The simulations show that the protocols hold up with a limited
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amount of sensors but there are questions about how scalable the protocols are with

larger numbers of sensors.

Sensor network nodes can be deployed in a target area in predetermined
configuration or in random fashion. A coverage scheme that adopts @ninistic
placement of sensor nodes is often easier than that of random plac@Despite this
edge, it is however impractical or impossible to adopt a detewﬁstic scheme for

sensor nodes” distribution in prevailing deployments. Figur% 3 describe the two

aforementioned placements. Previous works that expldeW d tlrmi istic schemes

include Howard. A, et al (2002) and Bai. X, Z. Yda D. Xufin, ® a‘ie)&'d W. Jia
A

(2008). The work in Bai. X, Z. Yun et al (200 lsa\.ﬂ' nd@?ﬁem Voronoi

Y—
polygon. The approach was reported to ESME‘/M ull «Qverage four way

connectivity given that the ratio of the chm tio
not less than or equal to the square rooéaogy : ,

A -
N ¥ K
Most deployments that arVd 0!;‘? m d@loymems of sensor nodes are

S
O{E‘Junsor nodes are added to achieve

usually dense deployments. This)' bec{
N |

better coverage for statio en of mobile sensors, are often initially

%

algorithm to achigV optima
V
S S
% k. il @ o
W EeEs s o)
G €I s <55 )
oD

Figure 2. Sensor nodes’ placements (a) Deterministic Placement (b) Figure R.

Random Placement [p]
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2.1.5 Node Types

Predominantly, there are two groups of nodes in a given WSN, namely, homogeneous
or heterogeneous nodes. In a homogenous group of nodes, all nodes within the group

are of the same types and capabilities.

s AER /\,/ ‘\\\\
/ / \
/ th
1 ) H‘i | /
X XX Yo
Sl e \—///>
Y, :
— 2ed \\' — /// 4
(a) \E

‘é
us @Qn/sors (b) Heterogeneous Sensors
2 9
©
a@' consists of nodes that are of different
Y

Figure 3: Node tyE a)Ho
Heterogeneous gr%% t}? bolﬂ’r

capabilities. In %geneous nodes,\(%ére is often the presence of a smaller group of

more powe@es usually referred to as the cluster heads responsible for gathering

data fi tIC remaining less powerful nodes. Examples of homogeneous and

heterogeneous nodes are given in 3, (a) and (b).
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2.1.6 Constraints

Any algorithm that will work for a heterogeneous network will also work with a
homogeneous network. Several papers attempt to prove their theories first with a
homogeneous deployment then show that the findings will ho@. for a
heterogeneous deployment Kar. K, S. Banerjee(2003), Chen. A, (Q@O\Wrd. Aet
al(2002), X. Bai, Z. Yun et al(2008), Y-X. Li, P.-J. Wan, and OY’!der (2002) and
Carbunar. B, A. Grama, J. Vitek, O. Carbunar (2006). A \{ms in Kar. K, S.
Banerjee (2003) and Bai. X, Z. Yun (2008) employ homo u@ nodes where

the nodes are placed at a precise distance in relatiox%fch othgr th ,s aa’ﬁﬁdem on
A

be fAn’ reftang®ar design of
N

oﬂ‘ers esig ch as Voronoi

the sensing ranges of every node being identicgl

homogeneous sensors by Chen. A, et al (2

diagram Céarbunar. B, et al (2006) weighted

(—, ? N
5N
2.2 WSN Energy Loss and Mac Pr esign 7 “« Qs
ly on ‘fﬁ
s

Wireless sensor networks (W$Ns

sensor application deploy&&jare i ctiv, ‘Qd sustain a longer lifetime with

minimal maintenance. f \c@requires an approach that extent the

s
1 cit%'ughput and latency requirements. One of

. ’ w

the common effeﬁ&pproach adop @l.s to ensure selective sensor nodes be placed
N

in an availab%\rgy-saving approach usually utilizing the sleep period duration and

the cun@

Using the WSN MAC protocols design, the network lifetimes can be extended

lifetime and balance

of the radio as the criteria.

by limiting the activity of the radio, since it is the highest energy-demanding

component of the WSN. For effective design of power management system, a good
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understanding of how energy in the WSN is depleted is vital. Energy is often depleted
in the form of idle listening, frame collisions, protocol overhead, and message

overhearing. These key sources of energy loss are discussed below.

2.2.1 Idle listening \Y~

The phenomenon of idle listening is used to describe a situation in ﬂ*; a node in the
WSN system listens to an inactive medium. The idle listening %EZCauses power loss

in WSN when there are scarce traffic and limited sleep gycN\g~The ideal thing is to

have nodes switch into sleep mode when all net tra Ws have been

L ]
completed during a specific time frame until the nex@miss 0 r]o&‘o\Y.
s b3

2.2.2 Frame collision \’ g
G 17 <
In WSN, frame collision refers to Nati%\? e.ines send messages
(o)

simultaneously leading to collision. :QDAQ)‘%&

N
m}a given node are sent at
&

Yy
S or o\erlaps in time with another

the same time with another node M y e\

message. When collision occ%; inte;’gr.%’r!‘&&ge of the colliding packet may

times sufficiently neutrali'erecelvin ode<§fgnal, thereby corrupting the data at
N

the receiving end. In @t?no r'elt (rédio possesses a single channel, such
O

collision cannot b@edﬁ cedlt 1S q@y possible to either be in the transmit mode

or receiving mﬂ&l one time. Th way to ensure a successful transmission or a

&

collision is eipt of a message acknowledgement (ACK) from the receiver or its

failureo

Factors that leads to frame collisions include finite radio receive to transmit

7

'y

transition times, otherwise referred to as the capture effect often ranging between 250

ps - 500 ps after sensing a clear channel; propagation delays between distant stations;
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and hidden nodes which are out of range of the sender, but within range of the
receiver. Frame collisions may require resending messages which in turn requires the

sending and receiving node to further expend additional energy.

To resolve the problem caused by frame collisions, protoco ﬁg;rs may
adopt one of the following approaches: the IEEE 802.11 exponenh’% tention back
off, transmission scheduling with TDMA protocols and four-Wequest to send
(RTS) - clear to send (CTS) — data —acknowledgement (AC]Vundshaking to reserve

the medium before sending data?

Both the RTS and CTS messages contain @on fipl h’ch&‘avemses to

all surrounding nodes the length of the transmlss a‘}{g all nodes set
their Network Allocation Vector (NAV cq he duration of the
exchange, a WSN protocol can mgmﬁ@ red %n /@H]smns after the initial
R / @
&

RTS-CTS exchange has seized the @ : ;

2.2.3 Protocol Overhead ( §
o‘v.) g
\ NUe
Protocol overhead in v& 0 co@mes both energy and bandwidth.

Networks serve as eglated w to transfer data between distributed

\
application layer@' fnbu&am ing a network and providing reliable data

delivery requéade offs in ef@tlve throughput and energy efficiency. For

example data message headers and 2-to-1 Manchester encoding to the RF
MonolQRlOOlMonolithics. RF (2005) transceiver reduces the 115.2 kbps
physical transmission rate to an effective 46 kbps (Langendoen and Halkes, 2004).
This 60% reduction does not yet include the additional network control overhead

required to configure the network using neighbour discovery, synchronization time,
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and available message route determination. Protocol designers must minimize the
protocol overhead while maintaining energy efficiency, latency and throughput

requirements.

2.2.4 Message overhearing \z

Message overhearing is receiving and discarding messages inten&&r other nodes
and is tolerable in networks not constrained by energy. Recei c | messages is an
efficient method to increase throughput and decrease lat cy ut 11 also causes all of
the receiving nodes to expend energy. In many W radlo receive
mode actually expends more energy than the tr (&smg is an
energy-efficient technique to reduce message ove ' ay request to
send (RTS) - clear to send (CTS) - da@w en&g ;K) handshake to
reserve the medium before sending datc. Eoth t ar S messages contain a
0 N
duration field which advertises to aj nding nydes @F’?ength of the transmission
N A
n

exchange. Nodes set their networY‘Mcat* c or @V) countdown timers for the

duration of the exchange. Messa pas{ 1@: a means for nodes to schedule a

NAYV sleep period after @1 -CE%handshake sequence by extracting the
message duration @d lch ifig (a (j?\IAV table interrupt Sing. S, and C.
Raghavendra (1 egu e &é\ablhty of costly retransmissions and added
latency, mes &passmg also uses{;TS-CTS exchanges to gain medium access and
then tra Q burst of fragments of the larger message. As shown in Figure. (4)The

receiver responds with an acknowledgement (ACK) message after each successful

fragment transmission.
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Gy
DIFS
sender
RTS Fragment Fragment

— — -~ — —

receiver SIFS SIFS SIFS SIFS SIFS
CTS ACK ACK
nelghbors NAV (RTS) ]

| i J\Y.

Figure 4. Message passing timing and signalling Ye et al. (¢ &3

2.3 WSN Sensor MAC Protocols i

Y

Sensor MAC (SMAC) is a WSN MAC protocol which re ezs tl]e baseline energy-

efficient protocol designed to extend WSN network li

b . ’
and D. Estrin,(2002) . SMAC divides a time fram%isten n ]e%pfp?riods. The
4 \!Y'

0‘ y &unce their sleep
schedules to correct network time dril(ajj sync\nhg?e @ sleep times to form
&

(]
virtual clusters of nodes with the s@iv jste a‘fl&(&ép periods. By creating a
small active duty cycle, node, ist cz,’n b¥'s g@amt]y extended with bounded
'] ’ .
throughput and latency trad&ffs. e bss\t t bo@r two synchronized clusters have

i{

R,
/ 4L
4%

@

3

fob]

5

5

/f

the option of choosing o

active state

sleep stale

smac ] ] HREE

U,
1=
J

Figure 5 .SMAC static and TMAC dynamic duty cycles Van Dam and Langendoen,

(2003)
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The bi-directional traffic in Figure(5). represented by arrows illustrates how
creating a slotted starting time for all network traffic and concentrating the traffic into
a smaller active time frame reduces idle listening, trading off latency and throughput.
To minimize collisions, nodes use the IEEE 802.11 standard exponentia?ﬂlention

backoff for all channel access attempts. Furthermore, SMAC als (egces energy

consumption using the message passing techniques employ?@;r overhearing

avoidance. V
2.3.1 Timeout MAC (4
N3

Timeout MAC (TMAC) is a WSN MAC protocol t@rease i liltﬁiﬁg in WSN
L 4

networks by establishing a dynamic sleep cycl n

(2003). TMAC nodes vary their active me s@ha
traffic conditions. C \? ’é
% o; Y &

']
Unlike the SMAC static d&

and%'. Langendoan

10d_depending on current

cle, MACVYdynamic duty cycle uses

N

adaptive listening to attain 'zant eler ta@ and accommodate various
s &

network traffic loads exp;a@d dl'r S

\ lifetime. TMAC nodes also form
virtual clusters and an@wjly.

&
based upon an ada ' eoy
4

1 e initiation of a cluster sleep cycle
'

communication, ts period repre&ﬁs' the worst case delay a CTS response packet
\

could unde@ore being transmitted. Equation (1) highlights the parameters used

to calc@ TA period:

TA S ] 5 g (’.\'I/"S + ’('”' max 3 ,R'Il\' ) (])

mééénism. To provide for multi-hop network
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where g, is the duration of a short in terframe spacing, 'c# mex is the duration of the

longest contention window backoff, and s is the duration of a RTS packet.
Simulations indicated a need to scale this TA period by 50% for effecti message
exchange. Figure 5 illustrates how TMAC effectively condenses the E} ount of

traffic as SMAC into a smaller dynamic time window to save energy®reducing idle

listening at the expense of increased message delay. Vz

2.4 Radio Power Management z '

2.4.1 Existing Power Management Standards in Wiless Segsor ?tw
The 802.15.4 (IEEE802.15.4) wireless nelworl\m ow ow data rate,
low power communication that is ideal fo\ sehsQr twgung applications. It

g a @odlcally wakes nodes
" S

up and puts them to sleep in orde %«:ww.&&' difference between this
standard and the others is in tEe Ivmnc ity wh N

w g%]odes wake up, and the data
rate (and correspondingly the req e ssf@power) with which they transmit

l
l <
data. A low power prot ck Zi ) has been developed on top of the

l

s
802.15.4 l (,
3

MAC lax 5 ;! der to prov1d&°*k§:r power solutions for WSNs. Many products

for WSNS g developed in industry with "Zigbee" compatibility as a very

too is based on a synchronous sleep scl‘d%in

J_:j;;

strong ark NIZ point.
2.4.2 Current Research Efforts

In addition to the standards that have been developed for low power communication in

wireless networks, on-going research continues to provide innovative solutions to this



34
problem. This section discusses some of the more recent advances and provides
references to some of the older ones. Since it is impossible to list every single power

management protocol that has ever been developed for warless networking, only the

g
N

Backbone based protocols such as ASCENT (Cerpa. A & D. E@:d SPAN (Chen

B, et al,.2002), utilize local rules to assess a node's conne 'vi& with its neighbors and

most representative ones have been provided here.

2.4.3 Power Aware Routing

decide whether the node should stay active to join a cOMgunicpti kbone These
protocols focus on maintaining network connectiv@d arefb SL,na&’for ad-hoc
f
multihop networks running at high data rates. ? Y'
In a wireless sensor network se odes noOJst concerned with

communicating with one another, but $ an% er sensing coverage. A
eless

number of hybrid based protocols r@&orks that achieve this goal

have been explored most rece EAS lYe bk@: 003).
" %

\ O

2.4.4 Sleep Scheduling & 5
\ ol &

@100015 exist, each with their own set of

A number of differ sl slhe :
advantages and dvanta cs f%Y'dlfferent types of wireless networking

S
systems/ap@ns While both 80 .11 PSM[leee802.11-PSM] and S-MAC (Ye. W
et al,.2 & synchronous sleep scheduling policies, they are targeted towards two

very dlstmct wireless networking domains. 802.11 PSM targets high data rate wireless
devices existing in an infrastructure based WLAN, while S-MAC targets very low
data rate wireless sensing devices existing in a wireless sensor network. As stated

before, however, even with these types of policies available, users tend to prefer
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higher throughput to the power savings they can achieve. One solution known as
PAMAS (Power Aware Multi-Access Signaling) has proven to be very effective in
reducing the power consumed in both types of networks (Singh. S et al, .1998). Using
PAMAS, nodes are able to detect when a packet on the channel is w.ed for
someone else and put themselves to sleep. PAMA Scan is combinc&%some of the

other sleep scheduling protocols discussed below to producvgn more power
savings. V
An asynchronous sleep scheduling protocol k L@wer Listening

(LPL) ( Polastre. J et al,.2005) is quickly becomindge de ficto t?ni@),x'for sleep

opeﬁés just as any
Yv

di{f‘ﬂ‘;?nce. When LPL

’Ségioes so very quickly
(and reliably) so as to go back to slee%aioﬁly oss@ The time between each

—
c
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—
7]
—
=
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o
=
o
o
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o
o
=
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o
-
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=
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o
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7 s
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&
of these checks is known as a ¢ Mte : @ achieves significant power
savings if many check inte e al weJ ‘acl)‘ﬁs before a packet is actually
NN @)

detected on the channel. @&nakls 15 id or the low data rate environment

N
pertinent in wireless s@etr)%’l (j)b
N S

While th ols (ﬂ:%&d&!@ve only scratch the surface on the number of
S
sleep schedu 'Nroloco]s that havh)een developed to date, they do provide a good

referenc e different domains in which different types of sleep scheduling

protocols ¥ most applicable.
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2.4.5 Energy Harvesting

Traditionally, energy has been harvested through the use of solar panels attached to
the periphery of a wireless device. These solar panels are made up of photovoltaic
cells that convert sunlight directly into electrical current (Brown Chapp&zo%). The
primary disadvantage of solar panels, however, is that they are m d that they
require sunlight in order to work. In most wireless networking siWns (but not all),
it is not practical to be limited by such constraints. Lapto 1d not have bulky
solar panels attached to them and only be operational o, llile des deployed
for a wireless sensor network to take wind measurdgents in fthe a?ﬁ;&sen may
A
welcome such a technology. 4 \’Y'
Y- N <
Most recently, advances have bee@it °‘te Oléqy involving the use
of piezoelectric materials. Piezoelectricie is the%‘) @e an electric current by

suppressing certain types of crystal %}\a gal %s.@e primary advantages that

piezoelectric materials have ovef?ﬁr elsgs ths‘.@ﬂey are small, do not require
‘ : (

access to direct sunlight, and the Op%vj‘ﬁéut a 70% mechanical to electrical
i >

transduction efﬁCie“C)’\&ar el achct;@e only about 16-18% efficiency
|
¢
(Brown.Chappell,.20Q0Y l s "

&
4& gty &
While thas nce behind solar energy harvesting and piezoelectric

\
materials haéx well understood for quite some time, their potential in the wireless

networkingYgmain are just now being realized
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2.5. Wireless Sensor Networking: (Power Management Techniques)

2.5.1 Introduction

This section discusses the various power management techniques usgd by these
standards for reducing the power consumed wireless networks.c%h of the
techniques explained are used in common practice to reduce the p& of devices in
both WLANs and WPANs. These techniques exist from the @on layer all the

way down to the physical layer of a traditional networkin Wol stack. Techniques

l

specific to a particular type of network are annotated a ropr'aw
L

f S
4 | 2 X
/ Wide Area Network (V
[ O N

, 802.16e 802.20
Nomadic Mobile

At the application layer a number of different techniques can be used to reduce the
power consumed by a wireless device. A technique known as load partitioning allows

an application to have all of its power intensive computation performed at its base
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station rather than locally (Jones.C. E et al ,.2001). The wireless device simply sends
the request for the computation to be performed, and then waits for the result. Another
technique uses proxies in order to inform an application to changes in battery power.

Applications use this information to limit their functionality and oan de their

most essential features. This technique : Cﬂ)

rPower Consumption
& Complexity

WLAN

802.15.1
Bluetooth

802,154

Data Rate'

Figure 7: P@Qo !lm n in@E 802 based networks
might be used to supgss'c Yﬁ?‘ CC@TY" visual effects that accompany a
( :

AV T
\ - //’ “'\ ‘.\" \

( 5Jl

0 R \'\\ : ' i
NN Ealp N
. 9@ @

p //- /_/
» /-’A

Figure 8: Backbone based routing



30

While these techniques may be adapted to work with any application that
wishes to support them, a number of techniques also exist for specific classes of
applications. Some applications are so common that it is worth exploring techniques
that specifically deal with reducing the power consumed while running @wo of
the most common such applications include database operations and.@processing
(Jones. C. E et al,.2001). For database systems, techniques are ew that are able
to reduce the power consumed during data retrieval, indexing Nag well as querying

operations. In all three cases, energy is conserved b cmF the number of

transmissions needed to perform these operations. Foy vi \Qﬁp\&watlons

energy can be conserved using compression technéto rsd oe r@ﬂber of bits
\ N

transmitted over the wireless medium. Since %rf u%ﬁ 1on itself may

consume a lot of power, however, other ues th ]0\@6 video quality to

become slightly degraded have been re mg &educe the power even
t.,
004

7l
further. Please refer to (Negri .L el\

) norgSmplete list of application
specific power management s mg ? I 0
, $ s
NN éo

2.5.3. Transport Layer ’&\ | ==
&

m—

The various techniqu to/cons Ve e(jgy at the transport layer all try to reduce
the number of r ssmﬁ qpssa@ue to packet losses from a faulty wireless
link (lones al,.2001). In a t\fc?ltlonal (wired) network, packet losses are used
to signi estion and require back off mechanisms to account for this. In a
\mrelegork however, losses can occur sporadically and should not immediately

be interpreted as the onset of congestion. The TCP-Probing (Tsaoussidis .V& H.
Badr,.2000) and Wave and Wait Protocols (Zhang. C& V.Tsaoussidis,.2001) have

been developed with this knowledge in mind. They are meant as replacements for
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traditional TCP, and are able to guarantee end-to-end data delivery with high

throughput and low power consumption.

2.5.4 Network Layer

Power management techniques existing at the network layer ari %emed with
performing power efficient routing through a multi-hop netwovgones.c. E et al
2001) & (Manoj. B. S & Siva Ram Murthy,.2004)&(Kar].M,QOOB). They are

typically backbone based, topology control based, or X’d (if them both. In a

backbone based protocol (sometimes also referred to h gekbdd %gstering),
N\
some nodes are chosen to remain active at all tin@ckbo e de’s O)hile others
s

are allowed to sleep periodically. The backboneqode \ewsed Vs\’tablish a path

between all source and destination node, icﬂ}ﬁet 0‘ néode in the network
must therefore be within one hop of at%t one \k'b?n @e, including backbone
J Y S

nodes themselves. % GAQ%
o et &
Energy savings are%% by all wln@]
P 4

on-backbone nodes to sleep

vt
periodically, as well as 'bériodicla \hang%&vhich nodes in fact make up the
0
backbone.Figure8: Ba e bgse; 13g O
'
S

Figure 8 s%gowp W@ be routed from node 3 to node 4 and from

N

node 1 to no@ing the backb(mb

backbone% while numbered nodes signify non-backbone nodes. Solid lines

that has been established. Black nodes signify

indic atys along which a packet may travel, while dashed ones show paths that
will not be followed. Given this backbone structure, packets traveling from node 3 to

node 4 will have to travel through 4 different backbone nodes before reaching their
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destination. If node 5 had been chosen as a backbone node as well, packets would

only have had to traverse through 2.

Topology based routing protocols achieve energy savings in a different way.
Their goal is to reduce the transmission power of all nodes in a netwo hat the
network remains connected, but all nodes operate with the lowest mTssion power
possible. In a homogeneous network, this means that the transmi\ion powers of all

nodes are adjusted so that they are just within range of their one-hop neighbor.

I

In heterogeneous networks (i.e. networks with n of iw type, power
4

- i g
limitations, etc.) the transmission powers may be d acqorgy g'tq_{ﬂz needs of

that network. A summary of the different types cWol cols that exist
can be seen in Figure 9. As seen in the fi u@am °‘:a bs@ topology control

protocols attempt to use the topology f th %l?t v1de the most energy

efficient communication path p0551 ese?)rot uce a sort of "Localized

A

Power-Aware Routing" mechan r t},e ork. @q some cases, providing this
I

|

path means taking a larger numbe}) of K %‘}he network than would otherwise

be taken when transmm@ct@ one@e to another. While this may seem
1 O

) @ .
counterintuitive at ﬁ%x\ viakes afls (T? the amount of energy expended in

N3
transmitting to a ery fav) 1@11ﬁcant]y greater than the energy expended

when tlansm etween a largeﬁ&?mbers of nodes that are within closer range of

d in ( Bao. Lichun, & J.J.Garcia-Luna-Aceves , .2003).

one ano ratlonale behind the other topology based protocols found in Figure.
9 can

Transmission power control schemes are combined with backbone based ones
to produce a hybrid of them both. Using hybrid based protocols, the benefits of both

backbone based and topology based routing protocols can be achieved simultaneously.
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Section 5.1 explores a number of different power efficient routing protocols that use

the ideas presented in this section.

2.5.5. Data Link Layer

The two most common techniques used to conserve energy at the ]!@r involve

reducing the transmission overhead during the Automatic Repeat Requ&®st (ARQ) and
Forward Error Correction (FEC) schemes. Both of these sch s gire used to reduce
the number of packet errors at a receiving node. By enab REQ' a router is able to

automatically request the retransmission of a packet 1 f] Murce without

first requiring the receiver node to detect that a pac ITor has oc r!da-\

Results have shown that sometimes it g m e fﬁc o transmit at a
Jower transmission power and have to S@lhlple @1 to send at a high
transmission power and achieve better hg ya he use of FEC codes to

reduce the number of retransmissi

%

e

cessa eﬁ&/er transmission power can

*‘1

result in even more energy sging® Powe m t techniques exist that exploit
s J'(J

these observations (Jones. et al, %
&
Other power r@m nt*t Ir!lu&!)emstmg at the link layer are based on

| S .
some sort of pac dulgn obg’\lghamdl. M.I et al, .2005). By scheduling
v
multiple pack smission to ocu@ﬁck to back (i.e. in a burst), it may be possible
to reduce %&rhead associated with sending each packet individually. Preamble

bytes @ed to be sent for the first packet in order to announce it presence on the

radio channel, and all subsequent packets essentially "piggyback" this announcement.
Packet scheduling algorithms may also reduce the number of retransmissions

necessary if a packet is only scheduled to be sent during a time when its destination is
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known to be able to receive packets. By reducing the number of retransmissions

necessary, the overall power consumption is consequently reduced as well.

Topology Control

Homogeneous c\

Heterogeneous

(Cnitical Transmitting Range)

Location Based  Direction Base eighbor Based
Minimum Range Energy-Efficient : |
Assignment Communicatio \d
’

2.5.6 MAC Layer c—) :\_
(]

“ &
Nay{ﬁ%onsist primarily of sleep

bUYRep scheduling protocols is that

Power saving techniques existin th

scheduling protocols. The b@ ciple
d

lots of power is wasted i ng o i nel while there is nothing there to

& N

receive. Sleep scheduENe uged t 1'1‘15/ %}t a radio between it’s on and off power

states in order to Qﬂhe e/fec t &

v/s

&

1dle listening. They are used to wake up a

F

radio whenever ects to transr@_"r;};r receive packets and sleep otherwise. Other

power savi%\chniques at this layer include battery aware MAC protocols

(BA yashree. S et al,.2004) in which the decision of who should send next is

based on the battery level of all surrounding nodes in the network.

Battery level information is piggy-backed on each packet that is transmitted, and

individual nodes base their decisions for sending on this information.
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Transmitter:
Awake Awake
P f
Asleep | | } | | Asleep } Asleep

SendT Pzicl[ets Send I’ackets (,}Y.
-
h 4

Receiver:
Awake Awake

T ,l
Asleep f[ i :‘ Asleep é ;
Pl ! [
Receive Packets \d‘
X

V

KA, Langendoen 2003).

N
Synchronous sleep scheduling pollc on'&loc n‘z/c@mzation between nodes

all nodes in a network. As seen % , nd@and receivers are aware of
!

other during those time periods.

asynchronous (Zheng. R et al, 2003) ( a ‘l‘\

7‘

when each other should be on ly S

afe
They go to sleep otherw1s¢K\ l Q‘%
C

’ l (,)
Asynchrono e sch du?'n éénb\a other hand, does not rely on any clock

synchromzahon n no e a@er Nodes can send and receive packets

NG
whenever t &se, according to the MAC protocol in use.
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Transmitter:
Awake Awake

i i
Asleep | | |

i ,f Asleep E Asleep

T T \Y'

Send Packets  Send Packets

Receiver: i’)
Awake Awake Y.
P} ‘g

{
Asleep f i é Asleep | | le
Receive Packets é _
g
(NG
Figure :10 Synchronous slee ed \’Y'
<
Sleep scheduling protocols can be broken t ac origs™synchronous and

asynchronous (Zheng. R et al, .2003 ha \R K‘ Langendoen, 2003).

mzatlon between nodes

%r,

Synchronous sleep scheduling poh / 019 clogkwsy

AN

all nodes in a network. As seen T 1 sen and receivers are aware of

|
when each other should be on%nl 0

ﬁm@nother during those time periods.
N l =
They go to sleep otherW1& &
C
'S

Asynchron@@p sbi . e other hand, does not rely on any clock
s
o

synchronizatlons&en nod h@ever. Nodes can send and receive packets

whenever tl ase, according to the MAC protocol in use.

S
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Transmitter

~ Preamble Data

Receiver Sleep

N
ﬂ Sleep l 'io
P
Check the Check the C e
Channel  Channel and receive h%;el
\d'

Figure 11:Asynchronous sle hedule \3'
IS

g
Figure 11shows how two nodes running async us

ed@&rs are able to
communicate. \CV °'\ 3
\ *
2.5.7. Asynchronous sleep scheduler, A,
.e o S

Nodes wake up and go to sleep perioMcal jy<
sleep scheduling. Since ther%Y:milyyn ‘;(I)ngion, however, there must be a
way to ensure that receh&%odes‘ ar&ypwak hear the transmissions coming in
from other nodes. I lylpne ‘Q s are sent by a packet in order to
synchronize the s@oirf f ;3 nc@éﬁg data stream between the transmitter and
receiver. With&chronous sleep s@éduling, a significant number of extra preamble
N
bytes are %er packet in order to guarantee that a receiver has the chance to
sync izgfYo it at some point. In the worst case, a packet will begin transmitting just

as its receiver goes to sleep, and preamble bytes will have to be sent for a time equal

to the receiver's sleep interval (plus a little more to allow for proper synchronization
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once it wakes up). Once the receiver wakes up, it synchronizes to these preamble

bytes and remains on until it receives the packet.

Unlike the power efficient routing protocols introduced in section 3.3, it
doesn't make sense to have a hybrid sleep scheduling protocol base ih of the
two techniques. The energy savings achieved using each of them »aligs Trom system

to system and application to application. One technique is not "ber" than the other

in this sense, so efforts are being made to define exactl vwveach type should be

used. Section 5.2 explores this concept further. \d
L

¥
2.5.8. Physical Layer ‘é | .f)
4 \’Y'

At the physical layer, techniques can be uswzot s‘n\resegghergy, but also

generate it. Proper hardware design tecN&: allow tc@%crease the level of

parasitic leak currents in an electroni 1Je to%i *(Jacome Francky and
Cattoor, 2003). These smaller leak& rrems 1ate_lxl*r'esult in longer lifetimes for
these devices, as less energy m w le i el @ble clock CPUs, CPU voltage
scaling, flash memory, s‘» n teévhques can also be used to further

reduce the power con at he @(Jones C.Eetal,.2001) &(Manoj. B.
2 t

S &C. Siva Ram haéde known as Remote Access Switch (RAS)

J'

can be used to k pa recelver oply* when it has data destined for it. A low power
~N

radio circu 1% to detect a certain type of activity on the channel. Only when this

activi @ected does the circuit wake up the rest of the system for reception of a

packet. A transmitter has to know what type of activity needs to be sent on the channel

to wake up each of its receivers. (Manoj. B. S & C. Siva Ram Murthy,.2004)
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Energy harvesting techniques allow a device to actually gather energy from its
surrounding environment. Ambient energy is all around in the form of vibration,
strain, inertial forces, heat, light, wind, magnetic forces, etc (Brown.Chappell,.2006).
Energy harvesting techniques allow one to harness this energy and eiﬁg;wert it
directly into usable electric current or store it for later use with@ectrical. In
section 5.3 the latest technological advances in both low powe&eﬁgn and energy

Y,

harvesting techniques will be introduced. Y.

2.5.9. Existing Standards \d
[ ]
g
In the previous section, various techniques were ored’t] t ab{%’}nergy to be
N
conserved at various layers within the Wir@lewzetvg‘\ﬁ‘g prot¥ol stack. Some

techniques were looked at in greater det agpothers, SO <‘techniques existing
. \ A,
at the overall system level were not ussed : égse power management
[} =

2 . “ A .
schemes involve controlling the p0\ ate < he&&ewces such as the display

N
or hard disk on a laptop com tmers‘nd @g through the use of multiple
et
rt e oV

4

batteries on a device in orKo n(l‘ "ér | lifetime of each individual one.
Since these techniques@ eXPiORY exi any single layer within the wireless
o l (,)
| o) ’ . .
networking protoa@c_ itseff, 7e ha{@been left out of this discussion. For more

s
information on g’and oth W{’Rmanagemem techniques not discussed in the
. AN NG . .
previous se please refer to chapter eleven of (Manoj. B. S & C. Siva Ram
Murthy S and its corresponding list of references.

2.5.10. Wireless LANs

The IEEE 802.11 standard specifies how communication is achieved for wireless

nodes existing in a Wireless Local Area Network (WLAN). Part of this standard is
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dedicated to describing a feature known as Power Save Mode (PSM) that is available
for nodes existing in an infrastructure based 802.11 WLAN (IEEE802.11-PSM). PSM
is based on a synchronous sleep scheduling policy, in which wireless nodes (stations)

are able to alternate between an active mode and a sleep mode. As a wiwg station

using PSM first joins an infrastructure based WLAN, it must notifzssaess point

that it has PSM enabled. Y-

The access point then synchronizes with the PSM gtat llowing it to begin

running its synchronous sleep schedule. When packet e ork!\chf these PSM

| ]
stations, the access point buffers them until their ac@iod cgmes rpl@;ain. At

the beginning of each active period, a beacon me?vls 9&( tl1e~$ess point to

each wireless station in order to notify then@se buff

then request these packets and they ar for r &{
Bl &

buffered frames have been receive%

wherever it left off. Whenever

sends its packet, and then res%

Although this f@of

implementing the @ 1 4\
E'trfe

have been don vestiga {’Récts of using PSM and other power saving
A S

techniques éMANS (Simunic.T}OOS)&(Bonom. L et al,.2001) & (Molta D,.2005)

et al, .2001) & (Anastasi. G et al, 2004) & ( Chen. H & Cheng-W. H

pa‘Qs PSM stations

e_g@ess point. Once all
N

atioR, fesu with its sleep schedule

& (Grut

,2004).

They all conclude that the throughput achieved with these techniques is

significantly less than with them disabled. While PSM may significantly reduce the
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energy consumed by a wireless station, many users prefer to sacrifice these power

savings for an increase in performance.

2.5.11. Wireless PANs Y.

The 802.15.1 standard [Bluetooth] provides provisions for poweﬁ‘g@gemem as

well. Wireless nodes in a Bluetooth network are organized ini?mups known as
piconets, with one node dedicated as the master node and all otMs slave nodes. Up
to seven active nodes can exist in a piconet at any given ti th p to 256 potential

| ‘—)

policy in order to exchange data. A beacon me ng systém imx to the one

described in Section 4.1 for 802.11 based '@:‘i to e ange messages
to
1

members (249 inactive). All nodes operate using rogou ep whedu]mg
=

between slave nodes and their master. 0 s are a @"mumcate with all
other nodes within the Piconet, but m b I cﬁnust be sent exclusively
(]
through the master node. &/
\ \A
Bluetooth defines eig ;ent 0 ‘;Exﬁ‘n tes, 3 of which are dedicated to

low power operations. T hre wer%tes are known as Sniff, Hold, and
Park. While in the Sm T oth device simply lowers its duty cycle
and listens to the d \Vhen switching to the Hold state, a device

will shut dow commumcatxo@pabxlmes it has with a piconet, but remain

"active" n%ﬂse that it does not give up its access to one of the seven active slots

availa@ devices within the piconet. Devices in the Park state disable all

communication with the piconet just as in the Hold state, except that they also

relinquish their active node status.
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2.5.12. Existing Power Management Standards in Wireless Sensor Networks.

The 802.15.4 (IEEE802.15.4) wireless networking standard provides low data rate,
low power communication that is ideal for wireless sensor networking apwm'ons. It
too is based on a synchronous sleep scheduling policy that periodic %\kes nodes
up and puts them to sleep in order to exchange data. The dif &cebetween this
standard and the others is in the frequency with which node up, and the data

rate (and correspondingly the required transmission pow x; v,hich they transmit
d

data. A low power protocol stack called (Zigbee) has M gn top of the

N
802.15.4 ,é Q)
’ >

MAC layer in order to provide low po

in section 6, many products for WSNs are Wi

compatibility as a very strong marketh@t,ﬂ >’
o

2.5.13. Current Research Effort \ “ s e
(,J'\’ 'S

In addition to the standards that ha®e elogeyfor low power communication in

wireless networks, ongo@ear lnueé*! provide innovative solutions to this
¢
, : . ’ :
problem. This SCCUQ%UST[SJ e of(the more recent advances and provides
nek

references to soswe olde

management ?ocol that has ever béen developed for warless networking, only the

105t r% ive ones have been provided here.

n
2.5.14. Power Aware Routing

Backbone based protocols such as ASCENT (Cerpa. A& D.Estin) and SPAN (Chen

B et al, .2002), utilize local rules to assess a node's connectivity with its neighbors
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and decide whether the node should stay active to join a communication backbone.

These protocols focus on maintaining network connectivity, and are best suited for ad-

v

In a wireless sensor network setting, nodes are not just (%med with

hoc multihop networks running at high data rates.

communicating with one another, but also in maintaining proper sensi g coverage. A
number of hybrid based protocols for wireless sensor networlw; achieve this goal

have been explored most recently in PEAS (Ye.F.et al, .2 z l
NY.

2.5.15. Sleep Scheduling '“X.
D | FJis
A number of different sleep scheduling protoc?ﬁmst,\é th HQE; own set of

advantages and disadvantages for difew ty,
systems/applications. While both 802.1 %N( E8g\1- ) and S-MAC (Ye.
&
Wet al ,.2002) are synchronous sle ie%"mey are targeted towards
&

two very distinct wireless netwaqgki .

wireless devices existing in a% tr

low data rate wireless sew&g\evic‘s exgpting wireless sensor network. As stated

PSM targets high data rate
before, however, eve \r

thest
higher throughpu%%e p r/}vmg&xey can achieve. One solution known as
Yv
PAMAS (Povavare Multi-Acc@Signaling) has proven to be very effective in

reducing t%\er consumed in both types of networks (Singh. S et al ,.1998). Using

Y-
\Z‘gl\ess networking

&7

gs 0¢‘policies available, users tend to prefer

PAM; ngles are able to detect when a packet on the channel is destined for
someone else and put themselves to sleep. PAMAS can be combined with some of the

other sleep scheduling protocols discussed below to produce even more power

savings.
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An asynchronous sleep scheduling protocol known as Low Power Listening

(LPL) (Polastre.J et al, .2005) is quickly becoming the de facto standard for sleep
scheduling policies in the world of wireless sensor networks. LPL operates just as any
other asynchronous sleep scheduling protocol with one key difference.Yﬂ!n LPL
turns the radio on to check the channel for incoming packets, it do Ggery quickly
(and reliably) so as to go back to sleep as quickly as possible. ThY'ﬂe between each
of these checks is known as a check interval. LPL only achw significant power
savings if many check intervals are allowed to pass a 'packet is actually

detected on the channel. This makes LPL ideal forgthe ®w [dat e‘c{r@ronment
| &

pertinent in wireless sensor networks.
4 \"l'

b ool

While the protocols described above wra cmt urfe‘ on the number of

@)

sleep scheduling protocols that have befhl t e.Lhey do provide a good

. S A e > :
reference to the different domams% ich) difgeffent es of sleep scheduling
protocols are most applicable. \ e

‘f)z j N

2.5.16. Energy Harvestin'K\ @
| N
Traditionally, energy v@&n[atv t}ﬁiédgh the use of solar panels attached to
Q O
the periphery of agfviMess geVigs. he%\solar panels are made up of photovoltaic
cells that COI\Aunlight directh&}ﬁto electrical current (Brown.C,.2006). The

primary 3i%nage of solar panels, however, is that they are large and that they

ot
4

require t in order to work. In most wireless networking situations (but not all),
it is not practical to be limited by such constraints. Laptops should not have bulky
solar panels attached to them and only be operational outdoors, while nodes deployed

for a wireless sensor network to take wind measurements in the Sahara desert may

welcome such a technology.
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Most recently, advances have been made with a technology involving the use

of piezoelectric materials. Piezoelectricity is the ability to create an electric current by

suppressing certain types of crystal to mechanical stress. The primary advantages that

piezoelectric materials have over solar panels is that they are small, do require
)

access to direct sunlight, and they operate with about a 70% mec}@o electrical

transduction efficiency. Solar panels achieve only about 8% efficiency

(Brown.C,.2006).While the science behind both solar eM harvesting and

piezoelectric materials has been well understood for quite tinfe, their potential in

the wireless networking domain are just now being r . Sqctiog, U dscyeses some
% | &

‘4
4
%,
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