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Abstract—This paper presentsa power managementschemethat max-
imizes energy saving in wirelessad hoc networks while still meeting the
required quality of service (QoS). We assumethat battery-powered de-
vicescan be remotelyactivated by a waking-up signal using a simple cir-
cuit basedon RF tag technology. In this way, devicesthat are not cur-
rently active may enter a sleepstateand power up only when they have
pending traffic. Radio devicesselectdifferent time-out values,so called
sleeppattern, to enter various sleepstatesdependingon their battery sta-
tus and quality of service. Performancesof the proposedpolicy are de-
ri ved by simulation for a simple ad hoc network scenario. Resultsshow
the achieved tradeoff betweenpower saving and traffic delay.

I . INTRODUCTION

In wirelesscommunicationnetworks, energy consumption
is amajorperformancemetric: lowertheenergy consumption,
longertherun-timeof communicationdevices. Thus,thereis
anincreasinginterestin bothlow powerRFdevicesandenergy
efficient communicationprotocols.

Oneof themostcommontechniquesto reducepower con-
sumptionin wirelesscommunicationis discontinuousrecep-
tion, i.e., usersmay power down and turn on their receiver
againat a particulartime instantin thefuture[1], [2], [3].

In IEEE 802.11[4] usersin powersaving modewake up in
correspondencewith a broadcasttransmissionfrom the base
stationthat notifieswhich terminalshave pendingdata. The
sameconceptis usedin the MAC protocolpresentedin [5].
In HIPERLAN [6], the wirelessLAN standardspecifiedby
ETSI (EuropeanTelecommunicationsStandardsInstitute),ra-
dio nodesthat needto save power, so-calledp-savers, com-
municatetheir own sleep-awake scheduleto the so-calledp-
supporternode. The p-supporterqueuesall the packetsdes-
tined to the p-savers and transmitsthesepackets during the
p-saversactive time.

In this paperwe introducea completelydistributedpower
managementtechniquefor ad hoc networks, which aim to
maximizeenergy saving in battery-powereddeviceswhile sat-
isfying therequiredtraffic qualityof service.

Weconsiderthatanodecanbein
�

differentstatesdepend-
ing onhow many partsof thedevicecircuitry arepoweredoff.
We assumethat ����������� �	� � aresleepstates,while

�
corre-
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spondsto thestatein which thenodeis active, i.e., it is ableto
transmit/receive. Eachsleepstateis characterizedby a certain
power consumptionand a delay overhead;deeperthe sleep
state,lessthepowerconsumptionandlongerthetime to wake
up.

It is clearthat longer the time spentby the nodesin sleep
state,greaterthe energy saving is. Thus,in our schemeuser
devicesdo not wake up unlessthey areremotelyactivatedby
othernodes. To make this feasiblewe needa methodto re-
motelyactivateanodethroughaRF(RadioFrequency) signal
andsuchan operationmusthave a negligible energy cost. A
possibleschemeof the switch that canbe usedto wake up a
devicewhile beingin sleepstate,is presentedin Sect.II.

We alsoconsidera powermanagementpolicy implemented
at thenetwork nodes,which determinesthestateof operation
of thevariouscomponentsin thenodedeviceduringidle time.
Several policieshave beenproposedin the literature[7], [8],
[9] with theaim to minimizebothperformancedegradationof
electronicdevicesandpower consumption;however, no pol-
icy hasbeenproposedsuchthat takes into accountnetwork
protocolperformancesandtraffic QoS.

The power managementtechniquepresentedin this paper
is describedin detail in Sect.III, while performancesarepre-
sentedin Sect.IV. Conclusionsanddirectionsfor further re-
searcharedrawn in Sect.V.

I I . REMOTE ACTIVATION OF THE NETWORK NODES

RF tagstechnologyoffersgoodexamplesof low power or
totally passive devicesthatusethereceivedRF power to sup-
ply thelogic andthetransmissionpartof thecircuit [10], [11],
[12]. RF tagshave beenusedastransmitter/receiver devices
(transponders)for remotelocalizationandidentificationof an-
imals,carsandotherkindsof itemstypically overshort-ranges
[12], [13].

Basedon RF tagstechnology, we candevelopa switchthat
canbeusedto remotelyactivatea radiodevicewhile beingin
sleepstate. In this way, nodesarewokenup whennecessary
ratherthangettingactive periodicallyto verify whetherthere
is pendingtraffic.

Theschematicrepresentationof theswitch,so-calledRAS
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Fig. 1. Schemeof thecommunicationdevice circuit.

(RemoteActivatedSwitch),is shown in Figure1.
Whenever a nodebecomesidle, it entersa sleepstate,i.e.,

thestandardreceiver/transmitteris turnedoff aswell aspartof
thedeviceelectronics.Waking-upsignalsarereceivedandde-
modulatedby the RAS, thenthe signalinformationis passed
to thelogic circuit thatdetectsthesequence.If thereceivedse-
quencematchesthedevice’ssequence,it turnsonthestandard
receiver. Notice that the RAS receiver may be either totally
passive (e.g., an amplitudedemodulator)or suppliedby the
batterysourcethroughconnection1.

I I I . THE POWER MANAGEMENT SCHEME

Powermanagementpoliciesareusedto make decisionson
the stateof operationof electronicsystemssuchasportable
computersand radio communicationdevices. In the field
of computersystems,several power managementtechniques
havebeenproposed[7], [8], [9].

Theobjectiveof ourschemeis to implementasimplepower
managementpolicy at thenetwork nodes,which guaranteesa
power saving always greaterthanzero. The adoptedpolicy
can queueservicerequestsand adaptto different needsand
characteristicsof thenodes.

Recall that a device can be in
�

different stateswhere� ,..,�	� � aresleepstatesand
�

correspondsto the statein
which thenodeis active,i.e., it is transmitting/receiving. Each
sleepstateis characterizedby a certainpower consumption,
denotedby 
�� ( 
 = 1,..,

�
), anda delayoverhead,denotedby� � ( 
 = 1,..,

��� � ). We have that 
�����
�������������
�� and� ��� � ��������� � � �"!#� .
Let us define 
�$� as the power cost of the transitionfrom

state 
 ( 
&%'��������� �(� � ) to state
� 1, and )�� asthe minimum

timethatanodehasto spendin sleepstate
 to obtainapositive
energy gain.We derive ) � from thefollowing formula,) �+*-, 
 �/.0� � 
 �21 %� � *3, 
 $� � 
��/.�� 154 � �/.0� *-, 
0�/.0� � 
 $�/.0� 1 (1)6

For thesake of simplicity thecostassociatedwith transitionsfrom state7
to state 7-8:9<;=7�>�?A@CBDBDBD@FE#G is includedin thecostof thebacktransitionsto
stateE .

where the left term is the energy gain obtainedfrom being
in state 
 ratherthan in state 
 4 � and the right term is the
additionalcost due to transitionfrom 
 to

�
with respectto

transitionfrom 
 4 � to
�

. Thuswe have,) � %IHKJML N�O �� � *3, 
�$� � 
��/.�� 154 � ��.0� *�, 
���.0� � 
�$��.0� 1
��/.�� � 
�� P � (2)

WeassumethatnodesselectdifferentsleeppatternsQSR�TCU<%V W R�TCU� W R�TXU� ����� W R�TCU�Y!#�XZ ( [\%]�3�������_^ ) dependingon theirbattery

statusandrequiredquality of service. The values
W R�TCU� ( 
\%��������� ��� � ) arethetime-outvaluesthatdeterminewhennodes

entersleepstate 
 ( 
`%a��������� �b� � ). For [c%d���������e^ and
�%gfh������� �i� � , we imposethefollowing constraintW R�TCU�=!5�&j W R�TCU� 4lk+� � (3)

where k � is a systemparametersuchthat k+� j ) � . Thus,
whenever a nodeentersa sleepstate
 with 
�%mfh������� �n� � , it
canmoveto state
 � � only aftera time periodequalto k � .

If a nodehaslittle batterycapacityleft, it will usea vec-
tor QSR�TXU with smallvaluesfor

W R�TXU� to quickly enterdeepsleep
states. In this case,the nodewill save energy, however, the
delaypenaltyto paymay besignificant. Instead,if a nodeis
concernedmainly abouttraffic quality of service,it will use
a vector Q R�TCU with higherandhighervaluesfor

W R�TCU� as 
 de-
creasessuchthatit will enterdeepsleepstateslessrapidly.

Now, let usconsiderthegenericnodeo . Wedefinep_q asthe
time spentby o in sleepstate,i.e., the time elapsedfrom the
time instantwhennodeo passedfrom state

�
to state

��� � .
We assumethat o is assigneda waking-upsignal(alsocalled
waking-upsequence),denotedby rhq .

Wheneveranodein theadhocnetwork, let’ssaynodes , has
packetsto forwardto nodeo , it regularlytransmitsthewaking-
up sequencer q until nodeo powerson. (In thefollowing the
inter-pagingtime is denotedby IP.)

Upon detectingthe signal rtq , node o , currently in state 
 ,
wakesup if andonly if p q j W R�TCU� 4lk ��� (4)

i.e., nodeo alwaysstaysin a sleepstatelong enoughto com-
pensatefor thetransitionpowercost.

If theconditionexpressedin (4) is satisfied,nodeo becomes
activeafteratimeperiodequalto

� � . As soonaso is active,it
sendsbackto node s anacknowledgmentandremainsawake
until it receivesall thependingpackets.

A diagramof theproposedschemeis shown in Figure2.

IV. RESULTS

Resultsareobtainedfor thenetwork scenarioshown in Fig-
ure3 with four sourcenodesthatgeneratetraffic, andtwo des-
tination nodesthat receive only. The traffic load,denotedby
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Fig. 2. Diagramof thepower managementscheme.
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Fig. 3. Simulationnetwork scenario.u
, is uniformly distributedamongthe sourcenodes. Source

nodesgeneratepackets accordingto a Poissondistribution
with meanvalueequalto

u"vMw
, andeachpackethasageometri-

cally distributedlength.Thetimescaleis discretizedinto time
intervalswith durationequalto themeanpacket transmission
time.

We assume
� % w

andthat thevaluesof power consumed
in the varioussleepstatesarenormalizedwith respectto the
powerconsumedby anodein receiving mode.Thus,wehave:
0x�%m� , 
�y�% O �Dz , 
0��% O � w , 
��{% O ��� , and 
�$� %|�3� f * 
�� for
}%����������X~ . Thevaluesof thedelayoverheadaresetequalto� � %b� * 
 for 
5%����������X~ . Also,wesetthedurationof theinter-

TABLE I

T IME-OUT VALUES FOR THE CONSIDERED SLEEP PATTERNS (EXPRESSED

IN TIME UNITS).
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Fig. 4. Meanpowergainpernodeasafunctionof thetraffic loadfor different
sleeppatterns.

pagingtime, IP, equalto 5 time units, the acknowledgment
durationequalto 0.02time units,andthetransmissionpower
equalto 10 timesthepowerspentin receiving mode.

Protocolperformancesarederivedby simulationin termsof
averagepowergainandof averagedelayfrom thetime instant
whenapacket is generatedto thetime instantwhenthepacket
is deliveredto thedestinationnode.Figures4 and5 presentthe
performancemetricsasfunctionsof theaveragetraffic load.

Plotsarederivedfor differentsleeppatterns,QSR�TXU with [�%������� w , suchthatpassingfrom QSR � U to QSR x U , thetimeperiodsk �
( 
�%����������X~ ) increaseandthetime spentby thenodesin each
sleepstatebecomeslonger.

Figures4 and5 show that for sleeppatternsQSR � U and QSR � U
thepacket delayis roughlyconstantwhile theaveragepower
gain decreasesasthe traffic load increasessincenodeschar-
acterizedby a lower traffic rate enterdeepsleepstateswith
higherprobability. For sleeppatternsQSR y U and QSR x U , whichare
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Fig. 5. Meanpacket delayasa functionof thetraffic loadfor differentsleep
patterns.

characterizedby highervaluesof k � ( 
�%'���������X~ ), the packet
delaygrowssignificantlyfor high valuesof thetraffic loadal-
lowing for a goodpowergain.

Thepresentedplotscanbeusedfor systemdesign:givena
certaintraffic delay, we caneasilydeterminethe power gain
thatcanbeachievedor giventhepower gainthatnodesneed,
we havethemeandelaythatthetraffic will experience.

Figure6 presentstheaveragetotal power consumedby the
nodesto transmitpagingsignalsandacknowledgments,and
while beingin receiving mode.Theaveragepower consump-
tion is derivedasa functionof theofferedtraffic loadandfor
differentsleeppatterns.We noticethatwhenwe considerpat-
ternswith increasingvaluesof k+� ( 
�%��3�������e~ ), the traffic be-
comesmoreburstyandthenumberof pagingsignalsandac-
knowledgmentsdecrease;thus, the averagepower consump-
tion decreasestoo. A similar effect takesplaceastheaverage
traffic loadgrows. However, power consumptiondueto pag-
ing, acknowledgmenttransmissionand time spentin receiv-
ing mode,is alwaysmuchlessthanthe power gain obtained
throughthepresentedschemeaswecanseebycomparingFig-
ure4 to Figure6.

Finally, we considerON–OFFtraffic sourceswith ON and
OFF timesthatarerandomvariablestakingvaluesaccording
to aParetodistribution:� , r 1 %c���t�Cr ! � !5� ���e�`� O

; r j ��� (5)

An aggregationof suchtraffic sourcesresultsin aself–similar
traffic if the distribution of the ON andOFF time periodsis
heavy-tailed,i.e., �{�	f ; we take � =0.715and � =1.06[14].
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Figure7 shows theobtainedmeanpacket delayandpower
gainasthesleeppatternvaries.We havea behavior similar to
the previousresultspresentedin Figures5 and6: aswe pass
from QSR � U to QKR x U , andhencethetimeintervals k+� ( 
#%������������X~ )
becomelonger, bothtraffic delayandpowergainincrease.We
noticethateven in thepresenceof traffic sourceswith Pareto
distributedON andOFF time periods,the proposedscheme
allows for a significantpower gainat theexpenseof a limited
additionaldelay.



V. CONCLUSIONS AND FUTURE WORK

Thispaperproposedanew powersaving schemethatallows
nodesto wake up only whennecessary. Also, a simplepower
managementpolicy is implemented:nodesselecta sleeppat-
ternaccordingto thedesiredQoSandtheir batterystatus,and
enterasleepstateonly afterthey havebeenidle for a timepe-
riod equalto or greaterthanthecorrespondingtime-outvalue.

Resultsshowedthe power gain that canbeachieved in the
caseof a simplenetwork scenarioastheaveragepacketdelay
varies. It was shown that even at high traffic load (namely,u

=0.9)apowergainashighas24%canbeobtained.
Future work will deal with an ad hoc network scenario

where the proposedpower managementschemeis applied.
Nodescould be awake or asleep,and for eachtransmitting
userthe problemto selectthe “best relay” amongthe neigh-
boringnodesarises.Thechoiceof thebestrelaynodeshould
take into accountboth the requiredtransmissionpower and
the delayintroducedwhile waiting for the relay nodegetting
active.
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