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Abstract—This paper presentsa protocolwhich impr oves
on the power saving mechanismin the IEEE 802.11Dis-
trib uted Coordination Function (DCF). In the power saving
mechanism(PSM) for DCF, all nodesare synchronized by
beacons. In eachbeaconinterval, there is a fixed time in-
terval called the ATIM window where every node hasto be
awake. During the ATIM window, a source nodeinforms a
destinationnodeabout a pending packet by transmitting an
ATIM frame. When the destination noderecevesan ATIM
frame, it replieswith an ATIM-A CK. Both the source and
destination nodesstay awake for the remaining beaconin-
terval. The source cantransmit data after the ATIM win-
dow finishes. A node that doesnot have traffic to sendor
receve can enter the dozestate after its ATIM window fin-
ishes.

During the ATIM window in PSM, no data transmission
isallowed. Thus, the available bandwidth in PSMisreduced
according to the ATIM window size. Also, energy is con-
sumedin transmitting andreceving ATIM and ATIM-A CK
frames. This paper proposesa protocol that removesthe
overheadof the ATIM window and usesthe bandwidth for
data transmission. Simulation results show that removing
the ATIM window gives better aggregatethr oughput and
enemgy saving.

This researchis supportedn part by National ScienceFoundation
grants99-76626and01-96410.

I. INTRODUCTION

ATTERY power is one of the critical resourcesn

wirelessnetworks. Due to limited battery power,
variousenegy efficient protocolshave beenproposedo
reduceenepgy consumption.Variousapproachesrepro-
posedor differentprotocollayers,ncludingwork on bat-
tery managementl], [4], [13], power control [5], [11],
[12], and enepgy-efiicient protocolsusingdirectionalan-
tennad16], [21].

Sincethe wirelessnetwork interface consumesa sig-
nificant amountof enegy, a large body of researchhas
focusedon reducingenegy consumption.A power sav-
ing modeis oftenusedto reduceenegy consumptiorby
puttingthewirelessnetwork interfaceinto a dozestate.

In this paper we proposea nev power saving MAC
protocolusingthe power saving mode. We considertwo
statesfor the wirelessnetwork interface. Specifically a
wirelessnetwork interfacecanbe in eitherthe awale or
dozestates. In the awake state,thereare threedifferent
modes transmit receive andidle, andeachconsumes
differentamountof enegy. In the dozestate thewireless
network interface consumeanuch less enegy as com-
paredto the awake state.However, thereexiststransition
delay and additional enegy consumptionwhen a node
changests statefrom dozeto awake (or vice versa).For



instance[9] and[6], [14] report250 ;s and800 usfor the
transitiontime, respectiely.

The IEEE 802.11standard19] specifiestwo medium
accesgontrolprotocols- PCF(PointCoordinationFunc-
tion) for a centralizedprotocolandDCF (DistributedCo-
ordinationFunction)for afully distributedprotocol.Both
protocolssupporta power saving mechanismhereafter
referredas PSM) which requiresnodesin the network to
besynchronizedy periodicbeacortransmissionsin this
papermwe only focuson PSMin DCFE.

Fig. 1 illustratesthe PSMin DCF. As the figure indi-
catestimeis dividedinto beacorintenalsin PSM. At the
beginning of eachbeaconintenal, thereexists a specific
time interval, calledthe ATIM window (Ad-hoc Traffic
IndicationMessageavindow), whereevery nodeis awvake.
Whenanodehasa paclet to transmit,it first transmitsan
ATIM frameto thedestinatiomodeduringthe ATIM win-
dow. Whenthedestinatiomoderecevesthe ATIM frame,
it replieswith anATIM-A CK. After the ATIM andATIM-
ACK handshag, boththe sourceandthe destinationwill
stay awake for the remainingbeaconinterval to perform
the datatransmission A nodethathasnot transmittedor
received an ATIM frameduring the ATIM window may
enterthe dozestateafterfinishingits ATIM window.
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Fig.1. Powersasing mechanisnfPSM)for DCF:NodeA announces
a buffered paclet for B usingan ATIM frame. Node B repliesby
sendinganATIM-A CK, andbothA andB stayawake duringtheentire
beacorintenal. Theactualdatatransmissiorirom A to B is completed
duringthe beaconintenval. SinceC doesnot have ary packetto send
or receve, it dozesafterthe ATIM window.

As shawvn in [8], [22], the performanceof PSMis sig-
nificantly affectedby the sizeof the ATIM window. The
optimal ATIM window sizeis closelyrelatedto the net-
work load, the sizeof beaconnterval, etc. As mentioned
earlier during the ATIM window all nodesare awake
and only ATIM and ATIM-ACK framescan be trans-
mitted. Real datatransmissiorcanonly occur after the
ATIM window. Overheadin enegy consumptionis in-
curredfor transmittingor receving additionalATIM and
ATIM-ACK frames,andthereis overheadn time dueto
the ATIM window. For example,if the beacorintenal is
100msandthe ATIM window sizeis 20ms,20%of band-

width is wasted. In this paper we proposea new power
saving schemeavhichremovesthe ATIM window anduses
thebandwidthfor datatransmission.

The rest of the paperis organizedas follows. Sec-
tion Il reviews therelatedwork. Sectionlll presentsour
proposedorotocols. SectionlV describeour simulation
model and discusseghe simulationresults. SectionV
concludeghepaper

Il. RELATED WORK

Simulationresultsfor the power saving mechanismsf
two wirelessLAN standards|EEE 802.11and HIPER-
LAN, arepresentedh [22]. It shovsthesizesof abeacon
interval andan ATIM window in IEEE 802.11have asig-
nificantimpacton throughputandenegy consumption.

As shawvn in [22], a fixed ATIM window size in
IEEE 802.11cannotperformwell in all situations. The
optimal ATIM window sizedepend®n variousfactors.A
mechanisnto choosehe ATIM window sizedynamically
is proposedn [8]. As obseredin [8], the power saving
mechanisnin IEEE 802.11doesnot provide muchenegy
savzingsbecaus@odeshaveto stayawake for awholebea-
coninterval evenif they have few pacletsto transmit.The
protocolin [8] allows nodesto power off their network
interfaceduring the beaconintenal wheneer they finish
announcedacket transmissionsthus improving enegy
savings.

The synchronizationof beaconintervals when using
DCF can be difficult in multi-hop wireless networks.
Somesolutionsareproposedn [20].

In PAMAS [15], eachnodeuseswo separatehannels,
onefor controlandtheotherfor datapaclkettransmissions.
By usingthecontrolchannelanodedeterminesvhenand
for how long to power off thewirelessnetwork interface.

Similarto PAMAS, S-MAC [24] allows nodesto sleep
during neighbors’transmissions.Nodesenterthe doze
stateafter hearingan RTS or CTS destinedfor a neigh-
bor. S-MAC is designedor wirelesssensometworks. To
reducesontentiorlateng/, long messagearefragmented
into mary smallerfragmentsthentransmittedn bursts.

Span[3] utilizesthe|[EEE 802.11power saving mecha-
nism. Spanelectscoordinatorsyhich periodicallyrotate
theirroles. Thecoordinatorstayawake andforwardtraf-
fic for active connections. Non-coordinatordollow the
power saving mechanismof IEEE 802.11 DCF. Nodes
buffer the paclets for dozing destinationsaand announce
thesepacletsduringthe ATIM window asin DCF. SFAN



introducesa new adwertisedtraffic window following an
ATIM window. During this adwertisedtraffic window, the
announcedaclets and the paclets for the coordinators
canbetransmitted After thiswindow, only thepacletsfor
thecoordinatorcanbetransmittedandnon-coordinators
canenterthe dozestateif they do not have traffic to send
or receve.

The protocol proposedin [25] also usesthe power
saving mechanismof IEEE 802.11. However, unlike
IEEE 802.11,the protocolin [25] usesinformationfrom
thenetwork layerto reducepacletdelivery latengy. When
a node receves routing paclets, such as route request,
routereply, etc.,thenodewill stayawake for apredefined
time duration,which is muchlongerthana beaconinter
val. Nodesinvolvedin paclet forwardingwill be awake
for alongertime, sothattheend-to-endateng is reduced.

GAF [23] usedocationinformation,provided by GPS,
to form “virtual grids”. All nodesin the samegrid are
equialentin termsof traffic forwarding. GAF guarantees
thatonenodein eachgrid staysawake in orderto forward
traffic.

Bluetooth[2] is designedor alow-costandlow-power
wirelessnetwork. Bluetoothdevicesareusuallyorganized
into so called piconets,which consistof one masterand
up to 7 slave devices. Bluetoothprovidesthreedifferent
low power modes(sniff, hold andpark) to reduceenegy
consumption. Enegy efficiency in Bluetoothis studied
in [7], [26].

1. PROPOSED POWER SAVING MECHANISM

We now presentheproposegowersasing mechanism,
referredto asNPSM (New PSM) hearafter SinceNPSM
is similar to the IEEE 802.11MAC protocol,we first de-
scribehow IEEE 802.11works.

A. IEEE 802.11MAC Protocol

The DCF in IEEE 802.11 uses an exchange of
RTS (Readyto Send)and CTS (Clearto Send)paclets
betweerthe sendemndrecever prior to transmissiorof a
datapaclet .

Whena node S wantsto transmita paclet to a nhode
D it chooses “backoff” counteruniformly distributedin
theintenal [0, cw], wherecw is sizeof the so-calledcon-
tentionwindow cw atnodeSis resetto avalueCW,,;, at

LFor smalldatapacletthe RTS-CTSexchangemaybe omitted.

thebeginningof time, andalsoaftereachsuccessfuirans-
missionof a datapaclet by S. Now, if the transmission
mediumis notidle, S waits until it becomesdle. Then,
while the mediumis idle, the bacloff counteris decre-
mentedby 1 aftereach'slot” time 2. Eventually whenthe
bacloff counterreached®, S transmitsan RTS paclet for
the intendeddestinationD. WhenD recevesthe RTS, if
D cancommunicatevith S atthe presentime, D replies
by sendinga CTS to nodeS. Node S, on receiptof the
CTS, sendsDATA to D. After receiring DATA success-
fully, D sendsanacknavledgment{ACK) to S. Now, it is
possiblethattwo nodesmaychooseéheir bacloff counters
suchthatthey bothtransmittheir RTS pacletssimultane-
ously, causinga collision betweenthe RTS paclets. In
this case,nodeS will notreceve a CTS. Absenceof the
CTSis takenasanindicationof congestionandnodeS
doublests contentiorwindow sizecw, picksanew back-
off counteruniformly distributedover [0, cw], andrepeats
theabove procedure.

IEEE 802.11DCF alsoincorporategphysicaland“vir -
tual” carriersensing. The detailsare omitted here,how-
ever, notethatthe proposedgrotocolborrons the physical
andyvirtual carriersensingnechanisnirom 802.11DCF

B. Time Syndironization

The proposed NPSM uses periodic beacon trans-
missionsto synchronizenodesin the network, as in
IEEE 802.11PSM.In PSM for IEEE 802.11DCF time
is synchronizedn adistributedmanner Eachnodemain-
tainsalocal timer andtransmitsa beaconwhich contains
atimestammf localtimer. Whenanoderecevesabeacon
from a neighborandits beacorframehasnot beentrans-
mitted, it canceldts beacontransmission.The nodewill
updatets localtimer, if thetimestampf therecevedbea-
conframeis morerecentthanthe valueof its own timer.
Referencg20] proposesother solutionsto achieve syn-
chronizationin multi-hop networks, which could alsobe
usedwith NPSM.

C. Remeingthe ATIM window

NPSMremovesthe ATIM window from IEEE 802.11
PSMin orderto reducecontrol overhead.As mentioned
earlier time is divided into beaconintervalsin NPSM.
At the start of a beaconinterval, every node entersan
awake statefor a specifieddurationcalledDATA window

2 Beforecountingdown the bacloff counteranodewaitsfor adura-
tion of DIFStime.



The DATA window canbe consideredanalogougo the
ATIM window in PSM since every nodeis awake dur-
ing the DATA window. However, the differenceis that
we do not transmitATIM or ATIM-ACK framesduring
the DATA window. Instead,nodestransmitdatapaclets
during the DATA window without ary ATIM or ATIM-
ACK transmission.The purposeof the ATIM window in
PSMis to announcgendingpacletsto destinatiomodes.
NPSM hasa differentway to achiese the samefunction.
Thebasicideais whene&er a nodetransmitsa pacletto a
destinationit includesthe numberof pendingpacletsin
the paclet. We describethe detailsnext.

D. Announcingoendingpadets

In IEEE 802.11PSM, the purposeof the ATIM win-
dow is to announcehe existenceof pendingpaclets. To
achieve the samegoal, in NPSM, eachnode maintains
countersto indicate the numberof pending paclets to
transmitor receve.

Thefollowing countersaaremaintainedy eachnodeX:

« T(i): the numberof paclets pendingat this node
(i.e.,nodeX) for nodes.

e R(i): the numberof paclets destinedfor node X
known (to X) to bependingatnode:.

o Ryiotar: sumof R(i) over all neighborsi of node
X. Ryt is thetotal numberof pacletsdestinedor
nodeX known to be pendingatall its neighbors.

« Up(i): thenumberof pacletsthatthe neighbomode
i needgo transmitor receve. Node X learnsUp(i)
by overhearingpaclet transmissiorfrom nodei, as
describedelow.

The abore countersareincludedin DATA, RTS, CTS,
andACK paclets,aslistedin Tablel, andexplainedbe-
low.

o DATA: When node i transmitsa DATA paclet to
nodej it includesT’(j) and R;,,;°. Whennodej re-
ceivesthe DATA pacletfrom nodei it updatesr(i).
(Updateto R(i) alsochangesR;,+,; atnodej.)

o RTS:An RTSfrom nodei to nodej includesT’(j) +
Rtotal-

¢ CTSandACK: A CTSandanACK from nodej to
node: includesT (i) + Riotal-

Wheneerary neighbomodek overhearanRTS,CTS,
DATA, or ACK pacletfrom node: to nodej, nodek up-
dated/p(i) to T'(j) + Ryt includedin thepaclet. Up(i)

3 Riotas In DATA pacletis necessargnly whenthe RTS-CTShand-
shaleis omittedfor smallDATA paclet.

TABLE |
THE COUNTER INCLUDED IN EACH PACKET

| Paclettype | Countersncludedin thepaclet |

DATA T'(destination) and Rypiq;
RTS T(destination) + Riotal
CTS,ACK | T'(source) + Ristal

indicatesthe minimum datatransmissiorthat the node:

will performwhile stayingawake. Up(i) is resetto zero
atthe begginning of eachbeacorinterval for all i. Node k

knows thatnodei will stayawake aslong asthe counter
Up(i) is greatetthanzero.A nodeusesUp(i) to decideif

it canenterthedozestateafterthe DATA window finishes,
asdescribechext.

Note that insteadof including the numberof pending
pacletsfor a destination,I’(destination), analternatve
is to includethe list of destinationdo whom the source
haspendingpaclets (andthe amountof datapendingto
them).We have not evaluatedthis alternatve yet. Theap-
proachevaluatedheremay introducea shortterm unfair-
nesssincenodesthat have not recevved ary paclet may
enterthe doze state. However, this is also the casein
IEEE802.11PSM—if anodehasnotrecevedanATIM or
ATIM-ACK, it will enterthedozestate.In this paperwe
do notincludethe list of destinationgor all the pending
paclets. Thisis anissuefor futurework.

E. Transitionto dozestate

When the currentDATA window expires, a nodede-
cideswhetherit shouldextend the DATA window (and
stayawake longer)or go to the dozestate. The nodede-
cidesto extendthe DATA window if ary of thefollowing
conditionsaresatisfied.

» As explainedearlier a node maintainsan estimate
of the numberof pacletsit needgo receve from its
neighbors.If the nodehasnot finishedreceving all
the paclets (i.e., R;oq; 1S greaterthan zero)it will
stayawake longer

« InNPSM,anodecaninfer theneighbors'state(doze
or avake) from overheardinformation. For exam-
ple, node k canassumethat node: will be avake
for paclet transmissiorif Up(i) maintainedby & is
greaterthanzero.Whennodek hasapacletto trans-
mit to aneighbori, andUp(i) is greatetthanzero,k
will remainawake andtry to transmitpacletsto the
destination.



In our simulationof NPSM,thebeacorinterval andthe
initial DATA window aresetto 100msand20ms,respec-
tively. The DATA window sizeis increasedn increments
of 5 ms. WhentheincreasedATA window expires,the
sameprocesshappensaswhentheinitial DATA window
expired. This processs repeatedintil the next beacorin-
terval is started. Thus,if the network is highly loaded,it
is possiblethe nodedoesnot enterthe dozestateat all.

Fig. 2 illustrateshow NPSM works. SupposenodeA
haspacletsto sendto nodeB. Node A transmitspack-
ets during the DATA window without using ary ATIM
frames. SincenodeA hasnot finishedall paclet trans-
missionsafter the original DATA window, both A andB
will stayawake for 5 mslonger SincenodeA includes
thenumberof pacletsto transmitto nodeB within its first
DATA paclet, B knows it hasnotrecevedall the paclets
from A. Whenthe increasedATA window expires,and
if all paclet transmissiondave finished, both A and B
cango to the dozestate thussaving enegy. Sincenode
C doesnot have ary pacletto transmitor receve it enters
thedozestatewhentheinitial DATA window expires.

20 ms
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Fig. 2. NPSMdoesnot have the ATIM window in orderto reduce
the overheadof transmittingextra control paclets (ATIM and ATIM-
ACK). This givesmorebandwidthfor datatransmissionascompared
to PSM.

IV. PERFORMANCE EVALUATION

We have simulatedthe proposedNPSM andthe PSM
in IEEE 802.11,aswell asthe IEEE 802.11MAC with-
out usingpower saving mode. Threemetricsare usedto
evaluatethe MAC protocols.

1) Aggregatethroughputoverall flowsin the network
Sincethe throughputmay be degradedby usinga
power saving protocol, we measurehe aggreate
throughput.

Total datadeliveredper unit of enegy consumption
(or, Kbits deliveredperjoule)

This is calculatedasthe total datadeliveredby all
theflows dividedby thetotalamountof enegy con-
sumptionover all thenodes.

2)

3) Average padetdelayover all flowsin the network
Pacletdelayis calculatedasthedifferencebetween
thetimewhenMAC layerrecevesapaclketfromthe
upperlayer andthe time whena noderecevesan
ACK from thereceverfor the paclet. We calculate
averagedelayover all flows in the network.

A. SimulationModel

We usedns-2[18] for our simulations.Eachsimulation
wasperformedfor a durationof 20 secondsThe channel
bit rateis 11 Mbps andthe transmissiomrangeis 250 m.
Differentnetwork sizesare simulated,asdescribedater.
In eachscenario,a sourcenodegeneratesand transmits
constant-bitrate traffic. The paclet size of eachflow is
fixed at 512 bytesunlessotherwisespecified. (We also
performedsomesimulationsvarying paclet size.)

For the enegy model,we assumehewirelessnetwork
interfaceconsumed..65W, 1.4 W, 1.15W, and0.045W
in thetransmit,receve, andidle modesandthedozestate,
respectrely [10], [17].

We use800 s asthedoze-to-avake transitiontime [6],
[14], which is a more conserative thanthe 250 us esti-
matein [9]. During this transitiontime, a nodewill con-
sumetwice asmuchpower astheidle mode(i.e.,2.3W).

Theinitial enegy for eachnodeis 1000joulessonodes
do not run out of enepgy during the simulations. All the
simulationresultsareaveragesover 30runs.

The beacornintenal is setto 100 msfor bothPSMand
NPSM. The ATIM window sizefor PSM andthe initial
DATA window for NPSM are setto 20 ms (recall that
the DATA window is changeddynamically). Simulations
were performedin both a wirelessLAN anda multi-hop
network asdescribedelow.

1) WirelessLAN Scenario: Simulatednetwork sizes
are20,40,and60nodedor awirelessLAN. By awireless
LAN, we meanall nodesarewithin eachotherstransmis-
sionrange.In eachscenaridor 20 and40 nodenetworks,
half thenodesaresourcenodesandtheotherhalf aredes-
tinationnodes.Thus,thereare 10 flows in a 20 nodenet-
work.

For a 60 nodenetwork, we simulatea scenariowhere
one sourcetransmits paclets to multiple destinations.
Twenty sourcestransmitpacletsto 40 other destination
nodes- eachsourcenodetransmitstwo flows.

We varied the total network load to obsenre the ef-
fect of network load on aggreate throughputand en-
ergy consumption. Simulatednetwork loads are 10%,



20%, 30%, 40%, and 50%, measuredas a fraction of
the channelbit rate of 11 Mbps. For example,at a net-
work loadof 10%,thetotal bit rateof all traffic sourcess
0.1 x 11 = 1.1 Mbps. Eachtraffic sourcehasthe samebit
rate. Thus,with atotalloadof 10%,and10traffic sources,
eachtraffic sourcehasarateof 0.11Mbps.

2) Multi-hop NetworkScenario: For a multi-hop net-
work, 50 nodesarerandomlyplacedin a1000x 10007>
area. Ten sourceandten destinatiomodesarerandomly
chosenNotethata sourceor destinatiomodecanalsobe
anintermediatenodethatforwardstraffic for othernodes.
The averageroute length of the flows is 4 hopswith a
rangeof 2 to 6 hops. Eachtraffic sourcegenerates data
rateof 10, 20, 30,40, or 50 Kbps.

B. SimulationResults

We now presentour simulationresults. We shawv the
simulation resultsfor the wirelessLAN casefirst, fol-
lowed by the simulationresultsfor a multi-hop network.
The graphsin this papershav three curves labeledas
802.11,PSM and NPSM. The curwe labeledas 802.11
correspondsto IEEE 802.11 DCF without using the
power saving mode. The curve labeledasPSMindicates
IEEE802.11DCFwith PSM.ThecurvelabeledasNPSM
is for the schemeproposedn this paper

B.1WrelessLAN: varyingthe networkload

Fig. 3 shavs the aggregatethroughput(in Kbps) vary-
ing thenetwork loadusingdifferentschemesn awireless
LAN. Whenthe network load is low, for instanceat the
network load of 10%, all schemegerformsimilarly for
20, 40, and 60 nodenetworks in Fig. 3(a), (b), and (c),
respectiely. However, asthe network loadincreasesthe
aggraate throughputof PSM degradesseverely This is
mainly dueto the overheadf the ATIM window. In PSM,
20% of the channebandwidthis usedfor the ATIM win-
dow whereonly ATIM andATIM-A CK transmissionare
allowed. Thereforethereis lesstime for actualdatatrans-
missionusing PSM. The aggreate throughputof NPSM
is also lower than IEEE 802.11without PSM, but the
daggradationis not as significantas PSM. Since NPSM
doesnot have the ATIM window, morebandwidthcanbe
usedfor datatransmissionsHowever, like PSM, NPSM
alsohasextra beacontransmissiongor synchronization.
This is why the the aggreate throughputof NPSM is
slightly lower thanthat of 802.11in Fig. 3(a), (b), and
(c). Notethatthe simulationresultsfor the scenariowith
two flows persourcenode(Fig. 3(c)) aresimilar to those
for oneflow persource(Fig. 3(a)and(b)).

Fig. 4 shovs the total data delivered per joule
(Kbits/joule) for a wirelessLAN with various network
loads.NPSMperformsthebestamongall schemesSince
we measurghetotal datadeliveredperjoule,thepoorag-
gregate throughputof PSM (seeFig. 3) resultsin lower
total datadeliveredperjoule. As obseredin [8], theen-
engy saving of PSMis poorwhenthenetwork loadis high.
As mentionecearliet PSMspecifiegshatnodeshave to be
awake for thewholebeacorinterval evenif they have few
pacletsto transmit. This leadsto lessdozingtime, re-
sultingin lessenegy saving. Moreover, every nodehas
to be awake duringthe ATIM window in PSM, transmit-
ting extra ATIM andATIM-A CK frames.This introduces
extra enegy consumption. In Fig. 4(a), PSM performs
slightly betterthan802.11. However, whenthe network
load is high, PSM doesnot achiese enegy savings as
seenin Fig. 4(b) and(c) andalsodegradesthe aggrejate
throughputasseenin Fig. 3(b) and(c). In NPSM, nodes
do not usethe ATIM window, and nodescan go to the
dozestateduringabeaconntenal if they donothave ary
traffic. ThereforeNPSM performsmuchbetterthanPSM
or 802.11in Fig. 4(a), (b), and(c). Note that the sim-
ulationresultsfor the scenariowith two flows per source
node(Fig. 4(c)) aresimilarto thoseof oneflow persource
(Fig. 4(a) and (b)). In Fig. 4(c), the datadelivered per
joule for PSMis slightly worsethan|EEE 802.11dueto
its poorthroughput(seeFig. 3(c)).

Fig. 5(a), (b), and (c) showv the averagepaclet delay
over all flows in a 20, 40, and 60 nodenetwork, respec-
tively. IEEE 802.11performsthe bestamongall schemes
becausat doesnot usepower saving mode. The delay
for PSMis longerthanthat of 802.11,but shorterthan
that of NPSM. This is becausenith moderateand high
loads,nodesareawake mostof time (no dozing)in PSM.
(Recallthatin PSM,anodehasto beawake for thewhole
beaconinterval evenif it hasa few pacletsto transmit
or receive.) NPSM givesthe longestdelaydueto longer
dozing time (yielding more enepy saving, as seenin
Fig. 4). As thenetwork loadincreasestheaveragepaclet
delayalsoincreasein NPSM.Whenadestinatiomodeis
in the dozestate pacletsat a sourcenodehave to stayin
a buffer. Thisincreaseshe paclet delayin NPSM. Note
that the averagepaclet delay doesnot include the delay
for lost paclets. The simulationresultsfor the scenario
with two flows per sourcenode(Fig. 5(c)) aresimilar to
thoseof oneflow persourcescenariogFig. 5(a)and(b)).

B.2Wrelesd_AN: varyingpadket size

Fig. 6 and 7 shav the aggraate throughputvarying
paclet sizesin a wirelessLAN with the network load of
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Fig.

20%and40%, respectrely. The correspondingotal data
deliveredperjouleis shavn in Fig. 8 and9, respectiely.
Simulatedpaclet sizesare256,512,and1024bytes.

Sincethe RTS/CTSoverheadperpacletis identicalre-
gardlessof the paclet size, asthe paclet size increases
in Fig. 6 and 7, the aggreate throughputof all schemes
alsoincreasesTheaggreatethroughpuof PSMis lower
than802.11or NPSM, especiallywhenthe network load
is higher(pleasereferFig. 7). As we explainedin Fig. 3,
theoverheadf the ATIM window in PSMresultsin lower

5. Averagepacletdelay:wirelessLAN with fixed paclet sizes(verticalaxisusedog scale)

aggraate throughput,andthis doesnot changewith the
pacletsize.

For NPSMwith thepaclet sizeof 1024bytesin Fig. 6,
the aggregatethroughputof NPSMis slightly lower than
thatof 802.11or PSM.However, with ahighnetwork load
in Fig. 7, NPSM performsmuchbetterthan PSM dueto
the ATIM overheadf PSM.

In NPSM, asthe paclet sizeincreasesthe numberof
paclets transmittedduring the DATA window may be
reducedbecausea large paclet takes more time to be
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transmitted. If the DATA window sizeis too small, the
aggraatethroughputof NPSM may degradewith alarge
paclet size — specifically if thereis severe congestion
duringthe DATA window, only afew nodescantransmit
data and the other nodeswill go to the doze state.
However, this yields longer dozing period in NPSM.
Therefore whenthe datadeliveredperjoule (Kbits/joule)
is comparedseeFig. 8 and9), NPSM performsthe best
amongall schemes Particularly with the paclet size of
1024bytes thegapbetweerNPSMand802.11or PSMis
muchgreatercompared paclet sizeof 256 or 512 bytes.
PSM performsbetterthan802.11with alarge pacletsize
andalow network loadasseenin Fig. 8. However, with a
small paclet sizein Fig. 8 or with a high network loadin
Fig. 9, PSMdoesnot save enegy ascomparedo 802.11
becauseof the overheadof the RTS/CTS exchangeas
well asthe overheadof the ATIM window (explainedin
Fig. 4). Notethe curvesfor PSMand802.11in Fig. 9(b)
areoverlapped.

B.3 Multi-hop Network: varyingthe networkload

We now presentthe simulationresultsfor a multi-hop
network. Thesimulationresultsfor themulti-hopnetwork

aresimilar to thosefor thewirelessLAN. However, since
a paclet travels four hops(on average)to reacha desti-
nationin our scenariothereis moreenegy consumption
by intermediatenodesthatforward pacletsto destination
nodes.

Fig. 10 shaws the simulationresultsfor the multi-hop
network. Similar to the simulationresultsin Fig. 3, all
schemegerform comparablywhen the network load is
low in Fig. 10(a). However, asthenetwork loadincreases,
the aggreate throughputwith PSM andNPSM is lower
than802.11.However, NPSM performsbetterthanPSM
sinceit doesnothave the ATIM window overhead.

NPSM performsbetterthan PSM and 802.11with re-
spectto the total datadeliveredper joule in Fig. 10(b).
In contrastwith the wirelessLAN (Fig. 3), PSM genef
ally performsbetterthan802.11in amulti-hopnetworkin
Fig. 10(b). Thisis becausén a multi-hop network, nodes
thatdo not have ary pacletto forwardcangoto thedoze
state resultingin enegy savings.

Fig. 10(c) shavs the averagepaclet delay over all
flowsin the network. In Fig. 10(c),802.11without power
saszing mode performsthe bestamongall schemes.As
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the network load increasesthe delay for NPSM gets
longer In Fig. 10(c),the pacletdelayfor PSMis slightly
shorterthanNPSM, but the aggregatethroughpuiof PSM
is worsethanthat of NPSM (seeFig. 10(a)); recall that
lost pacletsare not consideredor pacletdelay There
is a trade-of betweenenegy savings and paclet delay
NPSM givesalong dozingtime (moreenegy sasings, in
Fig. 10(b))with the costof alongerpacletdelay

B.4 Multi-hop Network: varying padet size

Fig. 11 shavsthesimulationresultfor amulti-hopnet-
work with variouspaclet sizes.Eachflow generatesraf-
fic at therate of 50 Kbps. In Fig. 11(a), NPSM gener
ally performsbetterthan PSM. For the total datadeliv-
eredperjoulein Fig. 11(b), PSMwith the paclet size of
256 bytesperformsworsethan802.11dueto thelow ag-
gregatethroughput(Fig. 11(a)). NPSM performsthe best
for reason®xplainedin thewirelessLAN case.
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V. CONCLUSION

We have presentec nev power saving MAC protocol,
NPSM. The aggreate throughputof IEEE 802.11PSM
deggradesas the network load increasegdue to the time
overheadof the ATIM window. Also, in PSM, extra en-
engy is consumedy transmittingATIM andATIM-ACK
framesduringthe ATIM window.

The NPSMremoresthe ATIM window overheadrom
PSMin IEEE 802.11in orderto increaseehannekapacity
for datatransmissiorandreducethe enegy consumption.
Remawing the ATIM window makesmoresensevhenthe
channelbandwidthis high, wherea paclet transmission
occursquickly. Simulation resultsconfirm that NPSM
gives betteraggreyate throughputand enegy savings as
comparedo PSM. Sincenodescanenterthedozestatein
NPSM,the averagepaclet delayof NPSMis longerthan
IEEE 802.11without using power saving mode. NPSM
sa/esenepy atthe costof increasinghe paclet delay
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