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Abstract—This paper presentsa power managementschemethat max-
imizes enemgy saving in wirelessad hoc networks while still meeting the
required quality of sewice (QoS). We assumethat battery-powered de-
vicescan be remotely activated 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 sewice. Performancesof the proposedpolicy are de-
rived by simulation for a simple ad hoc network scenario. Resultsshowv
the achieved tradeoff betweenpower saving and traffic delay.

|. INTRODUCTION

In wirelesscommunicatiometworks, enegy consumption
is amajorperformancenetric: lowertheenegy consumption,
longerthe run-timeof communicatiordevices. Thus,thereis
anincreasingnterestin bothlow power RF devicesandenegy
efficient communicatiorprotocols.

Oneof the mostcommontechniquego reducepower con-
sumptionin wirelesscommunications discontinuousecep-
tion, i.e., usersmay power down and turn on their recever
againat a particulartime instantin thefuture[1], [2], [3].

In IEEE 802.11[4] usersin power saving modewake up in
correspondencwith a broadcastransmissiorfrom the base
stationthat notifieswhich terminalshave pendingdata. The
sameconceptis usedin the MAC protocol presentedn [5].
In HIPERLAN [6], the wirelessLAN standardspecifiedby
ETSI (EuropearilelecommunicationStandardsnstitute),ra-
dio nodesthat needto save power, so-calledp-saves, com-
municatetheir own sleep-avake scheduleto the so-calledp-
supporternode. The p-supporterqueuesall the pacletsdes-
tined to the p-savers and transmitsthesepaclets during the
p-saversactivetime.

In this paperwe introducea completelydistributed power
managementechniquefor ad hoc networks, which aim to
maximizeenegy saving in battery-pavereddeviceswhile sat-
isfying therequiredtraffic quality of service.

We considetthatanodecanbein L differentstatesdepend-
ing onhow mary partsof the device circuitry arepoweredoff.
We assumehat1,..., L — 1 aresleepstateswhile L corre-
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sponddgo the statein whichthenodeis active i.e., it is ableto
transmit/recaie. Eachsleepstateis characterizedy a certain
power consumptionand a delay overhead;deeperthe sleep
state Jessthe power consumptiorandlongerthetime to wake
up.

It is clearthatlongerthe time spentby the nodesin sleep
state,greaterthe enegy saving is. Thus,in our schemeuser
devicesdo not wake up unlessthey areremotelyactivatedby
othernodes. To make this feasiblewe needa methodto re-
motelyactivatea nodethrougha RF (RadioFrequenyg) signal
andsuchan operationmusthave a negligible enegy cost. A
possibleschemeof the switch that canbe usedto wake up a
device while beingin sleepstate,is presentedh Sect.ll.

We alsoconsidera powermanagemeniolicy implemented
atthe network nodeswhich determineghe stateof operation
of thevariouscomponentin thenodedevice duringidle time.
Several policieshave beenproposedn the literature[7], [8],
[9] with theaim to minimize bothperformancealegradatiorof
electronicdevicesand power consumptionhowever, no pol-
icy hasbeenproposedsuchthat takesinto accountnetwork
protocolperformanceandtraffic QoS.

The power managementechniquepresentedn this paper
is describedn detailin Sect.lll, while performancesrepre-
sentedn Sect.lV. Conclusionsaanddirectionsfor furtherre-
searcharedravnin Sect.V.

II. REMOTE ACTIVATION OF THE NETWORK NODES

RF tagstechnologyoffers good examplesof low power or
totally passve devicesthatusethereceved RF powerto sup-
ply thelogic andthetransmissiorpartof thecircuit[10], [11],
[12]. RF tagshave beenusedastransmitter/receier devices
(transponderdpr remotelocalizationandidentificationof an-
imals,carsandotherkindsof itemstypically overshort-ranges
[12], [13].

Basedon RF tagstechnologywe candevelopa switchthat
canbeusedto remotelyactivatea radio device while beingin
sleepstate. In this way, nodesarewoken up whennecessary
ratherthangettingactive periodicallyto verify whetherthere
is pendingtraffic.

The schematiaepresentationf the switch, so-calledRAS
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Fig. 1. Schemeof thecommunicatiordevice circuit.

(RemoteActivatedSwitch),is shovn in Figurel.

Wheneer a nodebecomesdle, it entersa sleepstate,i.e.,
thestandardecever/transmitters turnedoff aswell aspartof
thedevice electronics Waking-upsignalsarerecevedandde-
modulatedby the RAS, thenthe signalinformationis passed
tothelogic circuit thatdetectgshesequencelf therecevvedse-
guencematchegshedevice’'ssequencdt turnsonthestandard
recever. Notice thatthe RAS recever may be eithertotally
passie (e.g., an amplitudedemodulator)or suppliedby the
batterysourcethroughconnectioril.

I1l. THE POWER MANAGEMENT SCHEME

Power managementpoliciesare usedto make decisionson
the stateof operationof electronicsystemssuchas portable
computersand radio communicationdevices. In the field
of computersystems several powver managementechniques
have beenproposed7], [8], [9].

Theobjective of ourschemas to implementasimplepower
managemenpolicy atthe network nodeswhich guaranteea
power saving always greaterthan zero. The adoptedpolicy
can queueservicerequestsand adaptto different needsand
characteristicef thenodes.

Recall that a device can be in L different stateswhere
1,...L — 1 aresleepstatesand L corresponddgo the statein
whichthenodeis active, i.e., it is transmitting/receiing. Each
sleepstateis characterizedy a certainpower consumption,
denotedby P, (I= 1,...L), anda delay overhead denotedby
W, (=1,..L —1). WehavethatP, < P, < ... < Pp and
Wi >Wy>...>Wr_1.

Let us define P} asthe power costof the transitionfrom
statel (I = 1,..,L — 1) to stateL!, and Z; asthe minimum
timethatanodehasto spendn sleepstatel to obtainapositive
enegy gain. We derive Z; from thefollowing formula,

Z- (P —R) =

t t
Wi- (P = Py1) + Wigr - (P — Pyy) (D)
LFor the sale of simplicity the costassociateavith transitionsfrom statel
to statel — 1 (I = 2,..., L) is includedin the costof the backtransitionsto
stateL.

wherethe left term is the enegy gain obtainedfrom being
in statel ratherthanin statel + 1 andtheright termis the
additionalcostdueto transitionfrom [ to L with respectto
transitionfrom + 1 to L. Thuswe have,
Zl = max 0,

Wi - (P! = Piy1) + Wi - (Pa = Plyy)

- (2

P11 - P

We assumeéhatnodesselectifferentsleeppatternsT(®) =
[T 7@ .. 791 (¢ =1, .., Q) dependingntheir battery

statusand requiredquality of service.ThevaIuesT,(q) (I =
1,.., L — 1) arethetime-outvaluesthatdeterminavhennodes
entersleepstatel (Il = 1,..,L —1). Forq = 1,..,Q and
l=2,.,L -1, weimposethefollowing constraint

T 2T+ Y, 3)

whereY, is a systemparametersuchthaty; > Z;. Thus,
whenever anodeentersa sleepstatel withl = 2,.., L — 1, it
canmoveto statel — 1 only afteratime periodequalto Y;.

If a nodehaslittle batterycapacityleft, it will usea vec-
tor T9) with smallvaluesfor Tl(‘Z) to quickly enterdeepsleep
states. In this case,the nodewill save enegy, however, the
delaypenaltyto pay may be significant. Instead,if a nodeis

concernednainly abouttraffic quality of service, it will use

avectorT(@ with higherandhighervaluesfor 7% as! de-
creasesuchthatit will enterdeepsleepstatedessrapidly.

Now, let usconsiderthegenericnodej. We definer; asthe
time spentby j in sleepstate,i.e., the time elapsedrom the
time instantwhennode; passedrom statel to statel. — 1.
We assumehat j is assigneda waking-upsignal(alsocalled
waking-upsequence)lenotedy ;.

Wheneeranodein theadhocnetwork, let's saynodei, has
pacletsto forwardto nodey, it regularly transmitghewaking-
up sequence;; until node; powerson. (In thefollowing the
inter-pagingtime is denotedoy IP.)

Upon detectingthe signalz;, nodeyj, currentlyin statel,
wakesupif andonly if

7 >T9 4+, (4)

i.e., nodej alwaysstaysin a sleepstatelong enoughto com-
pensatdor thetransitionpower cost.

If theconditionexpressedn (4) is satisfiednodej becomes
active afteratime periodequalto W;. As soonasj is active, it
sendsbackto nodei anacknavledgmentandremainsawake
until it recevvesall the pendingpaclets.

A diagramof the proposedschemes showvn in Figure2.

IV. RESULTS

Resultsareobtainedfor the network scenaricshovn in Fig-
ure3 with four souicenodeghatgeneratdraffic, andtwo des-
tination nodesthatreceve only. Thetraffic load, denotedcby
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Fig. 2. Diagramof the pover managemergcheme.
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A, is uniformly distributed amongthe sourcenodes. Source
nodesgeneratepaclets accordingto a Poissondistribution
with meanvalueequalto A/4, andeachpaclethasageometri-
cally distributedlength. Thetime scaleis discretizednto time
intervalswith durationequalto the meanpaclet transmission
time.

We assumel. = 4 andthatthe valuesof power consumed
in the varioussleepstatesare normalizedwith respecto the
power consumedy anodein receiving mode.Thus,we have:
Py=1,P;=07,P =04,P =0.1,andP} = 1.2 P, for
[ =1,..,3. Thevaluesof the delayoverheadaresetequalto
W, =5-1forl =1,..,3. Also, we setthedurationof theinter

TABLE |

TIME-OUT VALUES FOR THE CONSIDERED SLEEP PATTERNS (EXPRESSED

IN TIME UNITS).

g=1]q=2 q=3 q=4
79| 1 1 1 1
79 | 100 | 12 12 20
79 | 1000 | 30 30 50
v | z Z | Zi+5(L-1) | Zi+10(L 1)
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Fig. 4. Meanpower gainpernodeasafunctionof thetraffic loadfor different
sleeppatterns.

pagingtime, IP, equalto 5 time units, the acknavledgment
durationequalto 0.02time units, andthe transmissiorpower
equalto 10timesthe power spentin receving mode.

Protocolperformancearederivedby simulationin termsof
averagepower gainandof averagedelayfrom thetime instant
whenapacletis generatedo thetime instantwhenthe paclet
is deliveredto thedestinatiomode.Figures4 and5 presenthe
performancemetricsasfunctionsof the averagetraffic load.

Plotsarederivedfor differentsleeppatternsT'(9) with ¢ =
1, .4, suchthatpassingrom T() to T, thetime periodsY;
(I = 1,..,3) increaseandthe time spentby the nodesin each
sleepstatebecomedonger

Figures4 and5 show thatfor sleeppatternsT(!) andT(2)
the paclet delayis roughly constantwhile the averagepower
gain decreasessthe traffic load increasesincenodeschar
acterizedby a lower traffic rate enterdeepsleepstateswith
higherprobability. For sleeppatternsI'® andT(*), whichare
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Fig. 5. Meanpaclet delayasa functionof thetraffic loadfor differentsleep
patterns.

characterizedby highervaluesof Y; (I = 1, .., 3), the paclet
delaygrows significantlyfor high valuesof thetraffic loadal-
lowing for agoodpower gain.

The presentegblots canbe usedfor systemdesign:givena
certaintraffic delay we can easily determinethe power gain
thatcanbe achiezedor giventhe power gainthatnodesneed,
we have the meandelaythatthetraffic will experience.

Figure 6 presentghe averagetotal power consumedy the
nodesto transmitpagingsignalsand acknavledgments and
while beingin receving mode. The averagepower consump-
tion is derived asa function of the offeredtraffic load andfor
differentsleeppatterns We noticethatwhenwe considempat-
ternswith increasingvaluesof Y; (I = 1, .., 3), thetraffic be-
comesmore bursty andthe numberof pagingsignalsandac-
knowledgmentsdecreasethus, the averagepower consump-
tion decrease®o. A similar effect takesplaceasthe average
traffic load grows. However, power consumptiordueto pag-
ing, acknavledgmenttransmissiorandtime spentin recev-
ing mode,is always muchlessthanthe power gain obtained
throughthepresentedchemeswe canseeby comparing-ig-
ure4 to Figure6.

Finally, we considerON—-OFFtraffic sourceswith ON and
OFFtimesthat arerandomvariablestaking valuesaccording
to a Paretodistribution:

p(z) = btz bk>0z>k. (5)
An aggreyationof suchtraffic sourcegesultsin a self—similar
traffic if the distribution of the ON and OFF time periodsis
heavy-tailed,i.e.,b < 2; wetake £=0.715andb=1.06[14].
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Fig. 6. Averagepower consumptiondue to paclet reception,paging, and
acknavledgmentransmissions.
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Fig. 7. Meanpaclet delayandpower gainobtainedwhenthe paclet genera-
tion processs assumedo be Paretodistributed.

Figure7 shavs the obtainedmeanpaclet delayandpower
gainasthesleeppatternvaries.We have a behaior similarto
the previous resultspresentedn Figures5 and6: aswe pass
from T to T(*), andhencethetimeintenvalsY; (I = 1, ..., 3)
becomdonger, bothtraffic delayandpowergainincreaseWe
noticethatevenin the presencef traffic sourceswith Pareto
distributed ON and OFF time periods,the proposedscheme
allows for a significantpower gainat the expenseof alimited
additionaldelay



V. CONCLUSIONS AND FUTURE WORK

Thispapemproposednewn power sazing schemehatallows
nodesto wake up only whennecessaryAlso, a simple power
managemenpolicy is implementednodesselecta sleeppat-
ternaccordingto the desiredQoSandtheir batterystatusand
entera sleepstateonly afterthey have beenidle for atime pe-
riod equalto or greatetthanthe correspondingime-outvalue.

Resultsshavedthe power gainthatcanbe achiezedin the
caseof a simplenetwork scenaricasthe averagepaclet delay
varies. It was shavn that even at high traffic load (namely
A=0.9)apowergainashigh as24% canbe obtained.

Future work will deal with an ad hoc network scenario
where the proposedpower managemenschemeis applied.
Nodescould be awake or asleep,and for eachtransmitting
userthe problemto selectthe “best relay” amongthe neigh-
boring nodesarises.The choiceof the bestrelay nodeshould
take into accountboth the requiredtransmissionpower and
the delayintroducedwhile waiting for the relay nodegetting
active.
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