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Abstract— In order to conserve battery power in very dense
sensor networks, some sensor nodes may be put into the sleep
state while other sensor nodes remain active for the sensing
and communication tasks. However, determining which of the
sensor nodes should be put into the sleep state is non-trivial.
As the goal of allowing nodes to sleep is to extend network
lifetime, we propose and analyze a Balanced-energy Scheduling
(BS) scheme in the context of cluster-based sensor networks.
The BS scheme aims to evenly distribute the energy load of
the sensing and communication tasks among all the nodes in
the cluster, thereby extending the time until the cluster can
no longer provide adequate sensing coverage. Two related sleep
scheduling schemes, the Distance-based Scheduling (DS) scheme
and the Randomized Scheduling (RS) scheme are also studied in
terms of the coefficient of variation of their energy consumption.
Analytical and simulation results are presented to evaluate the
proposed BS scheme. It is shown that the BS scheme extends the
cluster’s overall network lifetime significantly while maintaining
a similar sensing coverage compared with the DS and the RS
schemes for sensor clusters.

I . INTRODUCTION

Recenttechnologicaladvanceshave enabledthe emergence
of tiny, battery-poweredsensorswith limited on-boardsignal
processingand wireless communicationcapabilities.Sensor
networks may be deployed for a wide variety of applica-
tions [1]. A typical sensornetwork may containthousandsof
smallsensors,with thesensordensityashigh as20 nodes/m3.
If these sensorsare managedby the base station directly,
communicationoverhead,managementdelay, and manage-
ment complexity could make sucha network lessresponsive
and less energy ef�cient. Clustering has been proposedby
researchersto group a numberof sensors,usually within a
geographicneighborhood,to form a cluster. Usinga clustering
approach,sensorscan be managedlocally by a clusterhead,
a nodeelectedto managethe clusterand be responsiblefor
communicationbetweenthe clusterand the basestation.

Clustering provides a convenient framework for resource
management.It cansupportmany importantnetwork features
within a cluster, suchas channelaccessfor clustermembers
and power control, as well as between clusters, such as
routingandcodeseparationto avoid inter-clusterinterference.
Moreover, clusteringdistributesthemanagementresponsibility
from the basestation to the cluster heads.As pointed out

by Varshney [2] and Heinzelmanet al. [3], such distributed
managementprovidesa convenientframework for datafusion,
local decisionmaking and local control, and energy savings.
A �x ed or adaptive approachmay be usedfor clustermain-
tenance.In a �x ed maintenancescheme,clustermembership
doesnot changeover time. In an adaptive clusteringscheme,
however, nodesmay changetheir associationswith different
clustersover time.

Thesleepingtechniquehasbeenusedto conserve energy of
batterypoweredsensors.Rotatingactive and inactive sensors
in the cluster, some of which provide redundantdata, is
one way that sensorscan be intelligently managedto extend
network lifetime. Someresearcherseven suggestputting re-
dundantsensornodesinto the network andallowing the extra
sensorsto sleepto extend the network lifetime [4]. This is
madepossibleby the low costof individual sensors.

Whena sensornodeis put into thesleepstate,it completely
shutsitself down, leaving only oneextremelylow power timer
on to wake itself upata latertime.1 This leadsto thefollowing
Sleep Scheduling Problem: How doestheclusterheadselect
which sensornodesto put to sleep,without compromisingthe
sensingcoveragecapabilitiesof the cluster?

In [6], we generalizedand proposedtwo sleepscheduling
schemes,termed the RandomizedScheduling(RS) scheme
and the Distance-basedScheduling(DS) scheme.In the RS
scheme,sensornodesare randomly selectedto go into the
sleepstate.In the DS scheme,the probability that a sensor
nodeis selectedto sleepdependson the distanceit is located
from the clusterhead.

One possibledrawback of the RS and the DS schemesis
that theaverageenergy consumptionsof sensorswith different
distanceto the cluster head might be different. In the RS
scheme,all thesensornodesin theclusterhave thesamesleep
probability even thoughthe sensornodeson the borderof the
clustermayconsumemoreenergy thanothers.TheDSscheme
selectssensornodesto sleepbasedon their distancesfrom the
cluster head,lowering the variation of energy consumptions
by all sensornodes.However, the coef�cient of variation of

1Another approach is to use a low power wake-up circuit as in the WINS
project, but a drawback of this approach is that it may suffer from the so-called
“sleep deprivation torture attack” [5] by malicious nodes.



sensornodes' energy consumptioncould be relatively high.
This is not desirablefor sensornetworks,asoneof thedesign
goalsof thesleepschedulingschemeis to extendthenetwork
lifetime. If acertainfractionof thesensornodesin thenetwork
consumemuchmoreenergy thanothers,thebatteriesof these
sensorsdie out quickly, creatingholes(uncoveredareaswithin
the overall sensornetwork coveragearea).

In this paper, we study the following Balanced-energy
Sleep Scheduling Problem: How shoulda clusterheadselect
nodesin the clusterto sleepso asto extendthe network life-
timeandreduceenergy consumptionof theentireclusterwhile
keepinga certainfraction of the sensorsenergy-balanced?

In order to balancethe energy consumptionof a large
fractionof thesensornodesin a cluster, weneedto manipulate
the sleeping probability of each sensornode according to
its distancefrom the cluster head.However, unlike the DS
schemewhere the only criterion was to choosethe sleeping
probabilitiesto reduceoverall energy consumption,the goal
here is to ensurethe averageenergy consumptionof a large
numberof the nodesis the same.Assumingthat the nodes
start with approximatelythe same initial energy, this will
ensurethat theseenergy-balancednodesrun out of energy
at approximatelythe sametime, therebyextending network
lifetime while maintaining adequatesensing coverage. To
accomplishthis goal, we proposeand analyzethe Balanced-
energy Scheduling(BS) scheme,which is also a distance-
basedscheme,in this paper. The bene�ts of the BS scheme
will be shown numericallyin SectionV.

I I . RELATED WORK

Therehasbeensomepublishedwork relatedto the cluster
formation and cluster head selection problem [3], [7]. In
our work, we study the sleepingnode selectionproblem by
assumingthat oneof theseclusteringtechniquesis in useand
the clustersandclusterheadsarealreadyin place.

Several schemeshave been proposedin the literature to
determinewhich nodesshould be allowed to sleep. In [4],
network nodesare allowed to go to sleepaccordingto rout-
ing information and information from the application layer.
This paperproposedthe BasicEnergy ConservingAlgorithm
(BECA) and the Adaptive Fidelity Energy-ConservingAlgo-
rithm (AFECA). In the BECA scheme,nodesswitch among
sleeping, idling, and active statesto save energy. A node
alternatesbetweenthe sleepstateand the idling state if no
data traf�c is present.An idling node goes into the active
state when it receives traf�c from its application layer or
from its neighbors.TheAFECA schemewasdesignedto work
with an on-demandrouting protocol. In the AFECA scheme,
the intervals betweenconsecutive times that a sleepingnode
wakes up and listens to the channelare a multiple of the
route discovery interval, at the end of which RouteREQuest
(RREQ)packetsare transmitted.

Spanwasproposedin [8] to maximizethe amountof time
network nodesspendin the sleepstatewhile maintainingthe
sametraf�c latency andnetwork capacity. In Span,a few nodes
are selectedas Coordinators,which do not sleep.All other

nodesgo into the sleepstateaccordingto a sleep/wake cycle
speci�ed by the Coordinators.Only the Coordinatorspartici-
pate in packet routing. Sincesigni�cant energy is consumed
by theseCoordinators,Spanincludesa procedureto rotatethe
Coordinatorrole amongthe nodesin the network. Signi�cant
energy saving wasreportedwith the help of Span.

In [9], a node-schedulingschemewas proposedto reduce
the overall systemenergy consumptionby turning off some
redundantnodesin sensornetworks. The coverage-basedoff-
duty eligibility rule and the backoff-basednode-scheduling
schemeguaranteethat the original sensingcoverageareais
maintainedeven after nodes are turned off. According to
theserules, sensornodescan turn themselves off when they
notice that their neighborscan cover all of their sensing
coveragearea. In order to avoid neighboringnodesturning
off simultaneously, a back-off basedapproachwasdesigned.

In theS-MAC scheme[10], energy consumptionis reduced
by allowing randomly-selectedidle sensorsto go into the
sleep mode. The traf�c intended for these sleeping nodes
is temporarily stored at the neighboringactive nodes.The
sleepingsensorswake up periodically to retrieve the stored
packets from their neighboringnodes.

In the Energy DependentParticipation(EDP) scheme[11],
ad hoc network nodesdecide whether to participate in ad
hoc routing basedon their residualenergy. Whenthe residual
energy is high, a network node participatesin routing with
higherprobability. This probability is lower whenthe residual
energy is low. A balancedenergy consumptionis achievedand
the extensionof network lifetime wasreportedin the paper.

Some of the schemesdiscussedabove, e.g., [7] and [8],
requiresomeknowledgeof theentirenetwork beforea sensor
nodecandecideto go to sleep.Otherschemessuchas[4], [9],
and[11] make decisionsaccordingto a speci�c systemmetric
suchas routing �delity , sensingcoverage,or residualenergy.
Schemesin [4] and [11] are not suitable for cluster-based
sensornetworks in which thegoal is to improve energy saving
while maintainingthesamesensingcoverage.Otherproposed
methods,suchasthosedescribedin [12], [13], and[14], were
not designedfor cluster-basedsensornetworks, even though
they studiedcoverageandconnectivity in the context of extra
sensornodesin sensornetworks. The schemesin [10] and
[9] did not considerthe variabletransmissionrangeof sensor
nodes.In thefollowing section,we proposea sleepscheduling
schemethatexploits thevariabletransmissionrangeof sensor
nodes to save energy while maintaining the same sensing
coveragein cluster-basedsensornetworks.

In [15], the time and energy costs of both computation
and communicationactivities were consideredin the task
allocationproblemsfor wirelessnetworkedembeddedsystems
with homogeneouselements.In order to extend the network
lifetime, the authors'goal is to balancethe energy dissipation
of the elementsduring each period of the applicationwith
respect to the remaining energy of elements.An optimal
solutionanda heuristicapproachwereproposedin the paper.
Unlike in [15], we usea probabilisticapproachto balancethe
energy consumptionof thesensornodeswhile maintainingthe



sensingcoverageof the cluster.

I I I . THE SLEEP SCHEDULING SCHEMES

In our study, the following assumptionsaremadeaboutthe
sensornetwork:
• A suf�cient numberof sensornodesaredeployed over a

sensing�eld suchthatsomesensornodescango into the
sleepingmodewithout degradingthesensingcoverageof
the network.

• Static circular cluster associationsare assumedin the
sensornetwork. Each sensornode belongsto the same
clusterthroughoutits lifetime.2

• Each sensorcan use variable transmissionpower (as-
sumedto be a continuousvariablehere)accordingto its
distancefrom its clusterhead[16]. Consequently, it can
usethe minimal transmissionpower that is necessaryfor
communicationwith its cluster head.The cluster head,
however, usesthe maximumtransmissionpower, with a
rangeof R, to communicatewith all the sensornodes.3

• The distancebetweeneachsensornodeand the cluster
head is known to these two nodes.The distancecan
be estimated,e.g., by measuringthe strengthof signals
received from the clusterhead.It is not necessaryfor a
nodeto know othersensors'distancesto theclusterhead.

• Nodes are randomly distributed as a two-dimensional
Poisson point processwith density ρ. Therefore, the
probability of �nding n nodesin a region of areaA is
equalto (ρA)n ·e−ρA/n!. Furthermore,thesen nodesare
uniformly distributed in the area.

• λ is the averagepacket transmissionrate per secondof
eachsensornodesendingdatato the clusterheadduring
its non-sleepperiod,which includesall datatransmission
periodsand idle periods.4

We further assumethat the energy saving of eachsleeping
node per secondis the expectedenergy consumptionif the
node were awake, including the requiredenergy to transmit
sensingresultsto the clusterheadand the energy consumed
whenthenodeis idle. Thatis, theaverageenergy consumption
per secondof the active nodesis

Eactive(x) = λ · k1 · [max(xmin, x)]γ + k2 , (1)

wherek1 is theconstantcorrespondingto energy consumption
due to transmissionof each packet, k2 is the idle/receive
energy consumptionper second,xmin is the minimum trans-
missionrangecorrespondingto theminimumallowabletrans-
mission energy [17], and γ ≥ 2 is the path loss exponent.
The max function indicatesthat,even if the distancebetween

2The cluster head might be rotated among nodes in a small region near the
center of the cluster, so that the distance between each sensor node and the
cluster head stays approximately the same.

3Although a multi-hop cluster structure is possible, it will significantly
increase the intra-cluster communication overhead and management task for
the cluster. A discussion of the advantages and disadvantages of such a multi-
hop approach is out of the scope of this work.

4The sleeping nodes do not generate any traffic to send to the cluster head.
However, we stress that the neighborhoods of the sleeping nodes are covered
by other active neighboring sensors [6].

a sensornodeand the clusterheadis smallerthanxmin, the
sensorneedsto spendtheenergy thatcorrespondsto xmin for
its transmission.We furtherassumethat the initial energiesof
all nodesare the same.

A. The RS and the DS Schemes

In order to save energy andextend the network lifetime as
long aspossible,someextra sensorsmaybeput into thesleep
state,in which thesesensornodesconsumemuchlessenergy.
It is, however, non-trivial to selecta fraction of thesenodes
to sleep,as the selectionof different sensorsmay affect the
performanceof the entire cluster. More speci�cally, the total
energy consumptionand sensingcoveragemay be affected
dependingonwhichsensorsareactiveandwhichareasleep.In
[6], we studiedtheSleep Scheduling problem,asdescribedin
SectionI. We generalizedandproposedtwo sleepscheduling
schemes,termed the RandomizedScheduling(RS) scheme
and the Distance-basedScheduling (DS) scheme.A brief
introductionof thesetwo schemesis providedbelow. Detailed
discussionson theenergy saving andsensingcoverageof these
two schemesmay be found in [6].

In the RS scheme,the sleepingsensornodesare selected
randomlyfrom amongthe nodesin the cluster. Assumingthe
averagefraction of sensorsallowed to sleepis βs < 1, each
sensornodegoesinto the sleepstatewith probability p = βs.

In theDS scheme,however, theprobabilitythata nodegoes
into the sleepstate,p, is relatedto the distancebetweenthe
sensorand its clusterhead,x. A sensornode that is farther
away from the cluster headwill be put into the sleepstate
with higher probability. Energy can be saved by allowing
nodesthat are far from the cluster headto sleepcompared
with allowing nodescloser to the clusterheadto sleep.The
sleepingprobability of a sensornode in the DS schemeis
(whenβs < 2

3 )

p(x) =
3Rβs

4
· 2x

R2
=

3βsx

2R
0 ≤ x ≤ R . (2)

B. Coefficient of Variation of Energy Consumption

Intuitively, when the sensornodesconsumeapproximately
thesameamountof energy persecond,they run out of energy
at aboutthe sametime andtherewill not be any holesin the
cluster due to deadsensorsduring network lifetime. In this
subsection,we analyzethe coef�cient of variation of sensor
nodes'energy consumptionwhentheRSor theDS schemeis
employed.We presentthe studieson their network lifetime in
SectionV-C.

WhentheRS schemeis employed,eachnodegoesto sleep
in eachcycle5 with probabilityp = βs. Therefore,theexpected
energy consumptionper secondof a sensornode that is a
distancex from the clusterheadis:

ERS(x) = (1− βs)Eactive(x) 0 ≤ x ≤ R . (3)

5The exact length of a cycle is left for system implementation. However,
we want to point out that a small cycle duration increases the overhead of a
sleeping scheme. On the other hand, a large cycle duration may reduce the
impact of a sleeping scheme.



Theexpectedenergy consumptionpersecondpersensornode
canbe calculatedas:

ERS

=

∫ R

0

(1− βs)Eactive(x) · f(x)dx

=
1− βs
R2

{
λk1γ

γ + 2
(xmin)γ+2 +

2λk1

γ + 2
Rγ+2 + k2R

2

}

(4)

where f(x) = 2x
R2 , 0 ≤ x ≤ R, is the Probability Density

Function(PDF) of the distance,x, betweena sensorand the
clusterhead,basedon the assumptionthat the sensornodes
aredistributeduniformly in the circular clusterregion.

Thevarianceof theenergy consumptionof thesensornodes
is σ2

RS :

σ2
RS =

∫ R

0

f(x) [ERS(x)− ERS ]
2
dx

= (1− βs)2

{
(xmin)2

R2
· [λk1(xmin)γ + k2]

2

+
2

R2
·
{

(λk1)2

2γ + 2

[
R2γ+2 − (xmin)2γ+2

]

+
2λk1k2

γ + 2

[
Rγ+2 − (xmin)γ+2

]
+

(k2)2

2

[
R2 − (xmin)2

]}

− 1

R4

[
λk1γ

γ + 2
(xmin)γ+2 +

2λk1

γ + 2
Rγ+2 + k2R

2

]2
}

.

The coef�cient of variation of energy consumptionis then
cvRS =

√
σ2
RS/ERS . Note that cvRS is not related to βs

sincethe terms(1−βs) in thenumeratorandthedenominator
cancelout.

Whenthe DS schemeis employed,every sensornodegoes
to sleepbasedon the probability p(x) as expressedin (2).
Similar to (3), the expectedenergy consumptionper second
of a sensornode that is a distancex away from the cluster
headis:

EDS(x) = [1− p(x)]Eactive(x)

=

(
1− 3βsx

2R

)
· Eactive(x) , (5)

where0 ≤ x ≤ R. Theexpectedvalueof energy consumption
is:

EDS =

∫ R

0

[1− p(x)]Eactive(x) · f(x)dx

=
1

R2

[
λk1γ

γ + 2
(xmin)γ+2 +

2λk1

γ + 2
Rγ+2 + k2R

2

]

− βs
R3

[
λk1γ

γ + 3
(xmin)γ+3 +

3λk1

γ + 3
Rγ+3 + k2R

3

]
.(6)

Similarly, for theDS scheme,thevarianceof thesensornodes'
energy consumption,σ2

DS , becomes:6

σ2
DS =

∫ R

0

f(x) [EDS(x)− EDS ]
2
dx . (7)

6Due to page limitations, we omit the closed form of this equation.
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Fig. 1. Coefficient of Variation of the Sensor Nodes’ Energy Consumption,
cv.

The coef�cient of variation is cvDS =
√
σ2
DS/EDS .

In Fig. 1, we draw the coef�cient of variationof the sensor
nodes'energy consumptionfor the RS and the DS schemes.
In the sensornetwork that we studied,we assumethat there
areN = 500 sensorsin eachcluster, k1 = 10−6 J/(packet ·
m2), k2 = 0.1 J/sec, andxmin = 10 m. The traf�c load on
eachactive sensornodeλ takes on the valuesof 25, 50, and
100 packet/sec to demonstratedifferentenergy consumption
requirements.Themaximumtransmissionrangeof thecluster
headis R = 100 m. The path lossexponentis γ = 2.

As mentionedbefore,cvRS is not relatedto βs. However,
cvRS increaseswith an increasein λ. For example, cvRS
is 0.32 when λ is 25 packets/sec while cvRS becomes
0.48 when traf�c load λ increasesto 100 packets/sec. This
increasecould be due to the larger relative energy consump-
tion for nodeson the border of the circular cluster region.
Interestingly, cvDS decreaseswith an increaseof theexpected
sleepingprobability, βs, until βs reachesbetween0.5 and
0.6, dependingon λ, and then it increaseswith βs. cvDS
is generally lower than the correspondingcvRS , as the DS
schemeallows the farther-away nodes,which needto spend
more energy to transmit to the cluster head, to sleep with
higher probability. This can be explained in the following
intuitive way: the RS schemeselectssensornodesto sleep
randomly. However, the sensornodesthat are farther away
from theclusterheadconsumemuchhigherenergy thanthose
that are closer to the center of the cluster. Therefore, the
energy consumptionsof nodes from different regions vary
signi�cantly. In the DS scheme,the farther-away nodesare
selectedto sleep with higher probability, leading to more
balancedenergy consumptionamongall sensornodes.In the
following section,we proposea schemeto further lower the
coef�cient of variation of the energy consumptionof sensor
nodes.



IV. BALANCED-ENERGY SCHEDULING (BS) SCHEME

In theBalanced-energy Scheduling(BS) scheme,a sleeping
probability p(x) is chosenin sucha way that asmany sensor
nodesas possibleconsumethe sameamountof energy, on
average.Therefore,the BS schemeis actually a specialcase
of the DS scheme.Let EBS(x) be the expected energy
consumptionof a nodeat a distancex from the clusterhead.
Our goal is to �nd a p(x) suchthatEBS(x) doesnot depend
on the valueof x:

EBS(x) = [1− p(x)]Eactive(x) = E
(b)
BS for all xb ≤ x ≤ R ,

wheretheuseof xb guaranteesthatp(x) ≥ 0, asEactive(x) is
anon-decreasingfunctionof x. Notethatthenodescloseto the
clusterheadmight not be energy-balancedwith other nodes,
astheir energy consumptionper transmissionis muchsmaller
thanothersbasedon (1). However, we shouldminimizeE(b)

BS

when a feasiblexb is given. Sinceanotherimportantgoal of
the sleep schedulingschemeis to save as much energy as
possible,we shouldlet thosesensornodesthatarecloserthan
xb to the clusterheadremainawake all the time (for a �x ed
βs). Therefore,we have

p(x) =

{
1− E

(b)
BS

Eactive(x) ≥ 0 for all xb ≤ x ≤ R
0 otherwise

. (8)

The feasiblerangeof xb will be determinedlater. It can be
proven thatE(b)

BS is a non-increasingfunctionof xb for a �x ed
βb.

In (8), the value of E(b)
BS is relatedto the fraction, βs, of

sensornodesthat areallowed to sleep:
∫ R

0

p(x) · f(x)dx =

∫ R

xb

(
1− E

(b)
BS

Eactive(x)

)
2x

R2
dx = βs .

The above equation allows us to determinethe relation
betweenE(b)

BS andβs:

E
(b)
BS =

R2(1− βs)− x2
b

2
∫ R
xb

x
Eactive(x)dx

=
R2(1− βs)− x2

b

2
∫ R
xb

x
λk1[max(xmin,x)]γ+k2

dx
. (9)

SinceE(b)
BS should not be less than 0, we can derive the

upperboundon xb as

xb ≤ R
√

1− βs . (10)

Also, sincexb shouldguaranteethat p(x) ≥ 0 and notice
from (8) that p(x) increaseswith xb, a lower bound of xb
shouldsatisfy

p(x = xb) = 1− E
(b)
BS

Eactive(xb)
≥ 0 ,

which meansxb andE(b)
BS shouldsatisfy

E
(b)
BS ≤ λk1[max(xmin, xb)]

γ + k2 . (11)
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Fig. 2. Energy Consumption of the BS Scheme for Different βs (γ = 2).

It can be proven that if xb = xmin satis�es the above
inequality, thenxb canbe set to 0.

Whena BS schemeis employedasgivenby (8), thefraction
of sensorsthat areenergy-balanced,βb, canbe calculatedas:

βb =
n ·
[
1−

∫ xb
0
f(x)dx

]

n
= 1− x2

b

R2
. (12)

Thus, the value of βb increasesas xb decreases.In order to
increasethe fraction of sensorsthat are energy balanced,we
should decreasexb. Unfortunately, the decreaseof xb in its
allowable rangeleadsto an increaseof the expectedenergy
consumptionof a sensornode,asshown in (9).

Basedonf(x), theexpectedenergy consumptionof asensor
nodecanbe calculatedas the averageover the entirecluster:

EBS =

∫ xb

0

Eactive(x)
2x

R2
dx+ E

(b)
BS

R2 − x2
b

R2
. (13)

Figure 2 presentsthe averageenergy consumptionof the
BS schemefor different averagefraction of nodesthat are
allowed to sleep,βs. In this �gure, we draw the expected
energy consumptionof a sensornode,EBS in (13), for the
rangeof allowablexb, which satis�es(10) and(11).As shown
in the�gure, theallowablerangeof xb is relatively smallgiven
a �x ed βs. We can also observe that, when βs is small, the
upperboundof the feasiblerangesof xb shouldbe selected,
which minimizesthe averageenergy consumption.However,
by noticing that βb = 1 − x2

b

R2 , whenβs becomeslarger, e.g.,
0.45 to 0.9, it might be more appropriateto selectthe lower
boundof the xb values.Even thoughthis selectionmay lead
to slightly higher energy consumption,it results in a much
larger fraction of sensornodesthat areenergy-balanced.

V. PERFORMANCE EVALUATION

In this section,we studytheperformanceof theBS scheme,
including its averageenergy consumption,coef�cient of vari-
ation of energy consumption,sensingcoverage,and network
lifetime.
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A. Average Energy Consumption

The averageenergy consumptionof the BS schemecanbe
calculatedby (13):

EBS = [λk1(xmin)γ + k2] · (x1)2

R2

+
2λk1[(x2)γ+2 − (xmin)γ+2]

(γ + 2)R2

+
k2[(x2)2 − (xmin)2]

R2
+ E

(b)
BS

R2 − x2
b

R2
, (14)

wherex1 andx2 are

x1 = min(xb, xmin) andx2 = max(xb, xmin) , (15)

andE(b)
BS is given by (9):

E
(b)
BS =

R2(1− βs)− x2
b

(xmin)2−(x1)2

λk1(xmin)γ+k2
+ 2

∫ R
x2

x
λk1xγ+k2

dx
. (16)

A closed form is available for the integral in (16) when
γ = 2, 3, and4. Due to pagelimitations,we only presentthe
closedform whenγ = 2:

2

∫ R

x2

x

λk1xγ + k2
dx =

1

λk1
ln

[
λk1R

2 + k2

λk1(x2)2 + k2

]
. (17)

Combining(17) with (16) andsubstitutingin (14), we have
a closedform solutionfor theaverageenergy consumptionfor
the BS schemewhenγ = 2.

In Fig. 3, we show the averageenergy consumptionof the
RS, the DS, and the BS schemes.The traf�c load γ is �x ed
at 100 packet/sec in this �gure. We selectxb as the lower
boundin (11) in orderto maximizethefractionof sensornodes
that are energy-balanced.As expected, the average energy
consumptionof all threeschemesdecreaseswith an increase
of βs. This �gure shows that the averageenergy consumption
of the DS and the BS schemesis always lower than that of
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Fig. 4. Coefficient of Variation Comparison of the RS, DS, and BS schemes
(γ = 2).

the RS scheme.The BS schemeout-performsthe DS scheme
in averageenergy consumptionfor most of the valuesof βs
we show.

B. Coefficient of Variation of Energy Consumption

WhentheBSschemeis employed,thevarianceof thesensor
nodes'energy consumptionbecomes

σ2
BS

=

∫ R

0

f(x) [EBS(x)−EBS ]
2
dx

= [λk1(xmin)γ + k2]2
(x1)2

R2

+ 2(λk1)2 (x2)2γ+2 − (xmin)2γ+2

(2γ + 2)R2

+ 4λk1k2
(x2)γ+2 − (xmin)γ+2

(γ + 2)R2

+ (k2)2 (x2)2 − (xmin)2

R2
+ (E

(b)
BS)2R

2 − x2
b

R2
− (EBS)2 ,

(18)

wherex1 and x2 are given by (15), E(b)
BS is given by (16),

EBS(x) is the energy consumptionof a sensornodethat is x
away from theclusterhead(e.g.,EBS(x) = E

(b)
BS for x > xb),

and EBS is given by (14). Coef�cient of variation is then
cvBS =

√
σ2
BS/EBS .

In Fig. 4, we show thecoef�cient of variationof theenergy
consumptionof sensornodeswhen the DS, the RS, and the
BS schemesareemployed, respectively. Again, xb is selected
as shown in (11), andλ = 100 packets/sec. cvBS is lower
than cvRS and cvDS , as shown in the �gure. Therefore,the
energy consumptionof the BS schemeis morebalanced.The
valuesof cvBS decreasewith an increaseof βs becausethe
lower boundof xb rangesis smaller for larger βs, suchthat
morenodesareenergy-balanced(i.e., larger βb).



C. Network Lifetime

We de�ne the network lifetime T (βd) as the time when
a fraction of sensors,βd, run out of energy. Let Ψ be the
total batteryenergy eachsensornodecarrieswhenthe sensor
network is initialized. Sincethe clustercoveragedropsbelow
90% whenβs > 0.4 for the parametersusedin our scenario
(seesectionV-D), we comparethe lifetime of the threesleep
schedulingschemesfor βs < 0.4.

In the BS scheme,all nodeswith distancex ≥ xb from
the clusterheadrun out of energy at the sametime, as they
consumethe sameenergy on average.In order to simplify
the discussion,we only considerthe casewhenxb is chosen
to be the smallestvalueof its allowablerange.Consequently,
all sensornodesthat are closer than xb to the cluster head
consumelessenergy thanE(b)

BS . Furthermore,xb satis�eseither
xb > xmin or xb = 0.

Since a fraction of βb sensornodes consumethe same
energy on the average,whenβd ≤ βb,

TBS(βd) =
Ψ

E
(b)
BS

,

whereE(b)
BS is given by (16).

Whenβd > βb, we shouldconsiderthetime whena fraction
of βd−βb sensorslocatedat distancex, xmin < x < xb, from
the clusterheadrun out of energy. Sinceall sensornodesat
distanceless than xmin from the clusterheadwill consume
the sameenergy, when

βd > βb +

∫ xb

xmin

f(x)dx = βb +
x2
b − x2

min

R2
,

the network lifetime is

TBS(βd) =
Ψ

Eactive(xmin)
=

Ψ

λk1(xmin)γ + k2
.

Whenβb < βd ≤ βb+ x2
b−x2

min

R2 , all theenergy-balancedsensor
nodesandanotherβd− βb portion of sensornodesrun out of
energy in TBS(βd). We have

TBS(βd) =
Ψ

Eactive

(
x

(BS)
d

) =
Ψ

λk1

[
x

(BS)
d

]γ
+ k2

,

wherex(BS)
d =

√
x2
b − (βd − βb)R2.

In the RS scheme,however, the sensornodesfartheraway
from the cluster headconsumemuch more energy than the
sensornodesthat are closer to the cluster headdue to (1).
Therefore,theoutersensornodeswill run out of energy much
fasterthanthe inner sensornodes.The time whenβd fraction
of nodesrun out of energy is thetime whensensornodeswith
x ≥ x(RS)

d all run out of energy, wherex(RS)
d satis�es:

βd =

∫ R

x
(RS)
d

f(x)dx =
R2 −

[
x

(RS)
d

]2

R2
,

leadingto x(RS)
d = R · √1− βd.
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Fig. 5. Comparison of network lifetime RS, DS, and BS schemes (γ = 2).

The network lifetime of the RS schemeis then

TRS(βd)

=
Ψ

ERS

(
x

(RS)
d

)

=
Ψ

(1− βs){λk1[max(R · √1− βd, xmin)]2 + k2}
.

The network lifetime of the DS schemecan be calculated
numerically in the following way: from (5), the energy con-
sumptionof all sensornodescanbe calculatedbasedon their
distancefrom the cluster head.We then �nd a βd fraction
of sensornodesthat run out of energy soonerthan the rest
of 1− βd fraction of sensornodes.The time whenthe last of
theseβd fractionof sensornodesrunsout of energy represents
the network lifetime, TDS(βd).

We show the network lifetime of the RS, the DS, and
the BS schemesin Fig. 5. In the calculations,we assume
Ψ = 103 J .7 The network lifetimes of all three schemes
improve as βs increases,due to increasingenergy saving in
the sensornetwork. The network lifetime of the BS scheme
is the samefor smallerβd becausemore thanβd fraction of
the sensornodesareenergy-balanced.Thesenodesrun out of
energy at approximatelythe sametime. The network lifetime
of the RS schemeis shorterthanthat of the DS scheme.The
bestnetwork lifetime of the threeschemesis that of the BS
scheme,except whenβd = 0.5 andβs < 0.27. As shown in
Fig. 2, whenβs is smaller, the fraction of sensornodesthat
are energy-balancedis smaller in the BS scheme.Therefore,
the time that 50% of the sensornodesrun out of energy is
shorter in the BS scheme,resulting in shorter lifetime than
the RS and DS schemeswhen βs < 0.27 and βd = 0.5. As
Fig. 5 shows, the βd = 0.1 network lifetime (de�ned as the

7These results only have relative significance, as network lifetime depends
largely on 	 , k1 , k2 , γ, and other system parameters.
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Fig. 6. Comparison of sensing coverage of RS, DS, and BS schemes (γ = 2).
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Fig. 7. Areas covered by active nodes in the RS scheme.

time when 50 nodesdie, as N = 500), of the BS scheme
out-performsthe DS andthe RS schemesby 70% and150%,
respectively, whenβs is closeto 0.4.

D. Sensing Coverage

We study the sensing coverage of the BS schemeby
meansof simulation.Figure6 comparesthe sensingcoverage
performanceof the RS, the DS, and the BS schemes.In this
�gure, weshow theratioof areasin theclusterthatarecovered
by at leastoneactive sensor. Thesensingrangeof eachsensor
is �x ed at 10 m, comparedwith the 100 m clusterrange,R.
Thereare 500 sensorsin the cluster. It can be seenthat the
sensingcoverageof the RS schemeis slightly betterthanthat
of theDSscheme,which, in turn,out-performstheBSscheme.
This is dueto the way the sensorsareselectedto sleepin the
DS andthe BS schemes.Overall, the sensingcoverageof the
threeschemesarevery similar, providing at least90%sensing
coverageto the clusterwhenβs < 0.4.

In Figs. 7, 8, and 9, we show snapshotsof the cluster
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Fig. 8. Areas covered by active nodes in the DS scheme.
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Fig. 9. Areas covered by active nodes in the BS scheme.

coveragewhen the RS, the DS, or the BS schemeis used.
The total numberof sensorsis 500 andβs is 0.4. The shaded
areasrepresentthe areasthat are covered by active sensor
nodeswhen different schemesare usedto selectβs portion
of sensornodesto sleep.Note that the total areanot covered
by any active sensorsin all three schemesis about 10% of
the entirecircular clusterregion, as indicatedin Fig. 6. From
thesethree�gures, we canseethat the regionsleft uncovered
in the clusterwith the RS, the DS, and the BS schemesdo
not differ signi�cantly.

In order to evaluatethe uniform-nessof the sensingcover-
ageof the sleepschedulingschemes,we have simulatedand
recordedthe averageratio of coveragein the ring with radius
of r from thecenterof thecircularclusterregion.Weshow this
ratio of areasbeing covered in Fig. 10, which representsan
averageof 20 runs. A perfectly uniform distributed sensing
coverage would result in a horizontal line in the �gure.
However, dueto the randomnessandthe bordereffect, sucha
horizontalline cannotbe achieved in practice.From Fig. 10,
we can seethat the RS schemedoesprovide more uniform
sensingcoverageexcept in the borderarea,while the DS and
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Fig. 11. Sensing coverage distribution for the RS, the DS, and the BS
schemes after 40% of nodes run out of energy.

the BS schemesprovide 5-10% lower sensingcoveragein
the outer ring of the clusterregion. In Fig. 11, we show the
ratiosafter 40% of sensornodesrun out of energy. While the
coverageof the RS schemeis clearly loweredon the border
of the region, the BS schememaintainssimilar coverage.

Figures 12, 13, and 14 presentsnapshotsof the cluster
after 50% of the sensornodesrun out of energy, when the
RS, the DS, and the BS schemesare used,respectively. The
smallcirclesrepresentalive sensornodes,while thesmalldots
identify the deadsensornodes.In Fig. 12, the resultsfor the
RS scheme,all the deadsensorsare in the outsideregion of
the circular cluster region. This is due to the higher energy
consumptionof these sensor nodes and the pure random
selectionin the RS scheme.Thus, only the sensorsinside a
certain radius still have battery energy remaining.Similarly,
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Fig. 12. Sensors that remain alive in the RS scheme after 50% of the sensor
nodes run out of energy. Small circles represent alive sensors nodes, small
dots represent dead sensor nodes.
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Fig. 13. Sensors that remain alive in the DS scheme after 50% of the sensor
nodes run out of energy. Small circles represent alive sensor nodes, small dots
represent dead sensor nodes.
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Fig. 14. Sensors that remain alive in the BS scheme after 50% of the sensor
nodes run out of energy. Small circles represent alive sensor nodes, small dots
represent dead sensor nodes.



when the DS schemeis used, as shown in Fig. 13, the
deadsensornodesare still mostly in the cluster border. In
contrast,when the BS schemeis used,as shown in Fig. 14,
the distribution of alive and deadsensorsis purely random.
Therefore,the sensorsthat remainalive usingthe BS scheme
will be betterable to cover the entire clusterregion than the
sensorsthat remainalive using the RS or DS schemes.

VI . CONCLUSIONS

In order to extend the network lifetime of wirelesssensor
networks, extra sensornodesmay be distributed to allow a
certainfraction of the nodesto sleepfrom time to time. It is
importantto studytheproblemof how to selectwhich sensors
to put into the sleep mode in order to achieve maximum
bene�ts from thesesensornodes,i.e., extendingthe network
lifetime as much as possible while maintaining adequate
sensingcoverage.

In this paper, we studiedthe coef�cient of variationof en-
ergy consumptionof threedifferentsleepschedulingschemes:
the RandomizedScheduling(RS) scheme,the Distance-based
Scheduling(DS) scheme,andtheBalanced-energy Scheduling
(BS) scheme.Our studyshows that the proposedBS scheme
extends the network lifetime by a factor of 1.5 and 0.7
comparedwith the RS andDS schemes,respectively.

In this work, we assumedthat all sensorsbegan with
approximatelythesameamountof initial energy. In our future
work, we will explore how the sleepingprobabilitiesshould
changeif nodeshave different initial energy. In this case,
the sleepingprobabilities will need to be a function of x,
the distanceto the cluster head,as well as Ei, the energy
of sensori. In addition, we plan to investigate how cluster
formation can bene�t from thesedifferent sleep scheduling
schemes,suchas determiningfor a certainnodedistribution
andsleepschedulingtechnique,theoptimalnumberof clusters
and the optimal clusterheadlocations.We will also explore
ways to dynamicallychangeclustersand clusterheadnodes
to ensurethatall nodesareenergy balancedwhile meetingthe
sensingrequirements.
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