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Abstract— In this paper, we describe a novel forwarding
technique basedon geographical location of the nodes involved
and random selectionof the relaying node via contention among
receivers. A collision avoidance scheme based on this idea is
described in detail, and an approximate analysis is provided.
The proposedschemeis compared with STEM, and is shown to
perform significantly better for sufficient node density.

I . INTRODUCTION

In ad hoc and sensornetworks, it is critically important
to save energy. 1 Many papershave recentlyappearedwhich
proposeMAC, routing, and topology maintenanceschemes
which try to save energy based on aggressive power-off
strategies. In fact, it has beenrecognizedthat the only way
a nodecan save substantialenergy is to power off the radio,
sincetransmitting,receiving and listening to an idle channel
arefunctionswhichrequireroughlythesameamountof power.
As a consequenceof this key observation, MAC and routing
strategiesneedto berevisitedsince,for example,CSMA-based
accessschemesneedall nodesto continuouslylisten to the
channelwhile, on theotherhand,nodeswhich power off their
radiomayendup not beingreachableand/orawareof activity
in thenetwork. Themainproblemin this scenariois therefore
that of combining protocolswhich minimize the amountof
time the radio is on with effective strategies for MAC and
routing.

An example of how topology can be maintainedin the
presenceof sleepingnodesis providedby SPAN in [1], where
the authorsproposethat in a densenetwork several disjoint
setsof nodesbeidentified,eachableto guaranteeconnectivity
and bandwidthto all nodes.As long as one of thesesetsis
activeatany giventime, thenetwork is connected;on theother
hand,since when one set is active the otherscan sleep,the
percentageof timeanodemustbeactive is drasticallyreduced.
STEM [2] providesa way to establishcommunicationsin the
presenceof sleepingnodes.Eachsleepingnodewakesup peri-
odically to listen.If a nodewantsto establishcommunications,
it startssendingout beaconspolling a specific user. Within
a boundedtime, the polled node will wake up and receive
the poll, after which the two nodesareable to communicate.
An interestingfeatureof STEM is that a dual radio setupis
envisioned, with separatefrequenciesused for wakeup and
actualdatatransmission.

This work hasbeenpartially supportedby theEuropeanCommissionunder
contractIST-2001-34734“EYES.”

1While in this paperwe will mostly refer to sensornetworks,many of the
ideaspresentedcanalsobe appliedto ad hoc networks.

GAF [3] is similar to SPAN in a sense,sinceit envisionsthe
useof only a fractionof nodesat any given time. Thespecific
approachof GAF is to divide theareain squareregions,called
grids, in sucha way that any two nodesin neighboringgrids
arewithin rangeof eachother. With this provision, grids can
be treatedas equivalent (or virtual) nodes,in the sensethat
all nodesin the samegrid can be interchangeablyusedfor
routing purposes.The price to pay for this guaranteeis that
thehop lengthis significantlysmallerthantheradiorange(by
a factor of � � [3]). This may result in inefficiency in terms
of latency andenergy consumption(morehopsthanpossibly
needed).

A commoncharacteristicof the above schemesis that, at
theMAC layerandoftenalsoat theroutinglayer, whena node
decidesto transmita packet (as the originator or a relay) it
specifiestheMAC addressof theneighborto which thepacket
is beingsent.Knowledgeof the network topology(thoughin
many casesonly local in extent) is requiredsincea nodeneeds
to know its neighborsand possibly somemore information
relatedto theavailability of routesto the intendeddestination.
This topological information can be acquiredat the price of
somesignaling traffic, and becomesmore and more difficult
to maintainin the presenceof network dynamics(e.g.,nodes
which move or turn off without coordination).

In this document,we describea transmissionschemebased
on geographicalrouting wherepacketsare relayedon a best-
effort basis,i.e., the actualnodewhich actsas a relay is not
known a priori by the sender, but rather is decidedafter the
transmissionhastaken place.This idea leverageson the fact
that in the wirelessenvironment broadcastis free (from the
sender’s point of view) and that in the presenceof randomly
changingtopologiesa nodemay not be awareof which of its
currentneighborsis in the bestposition to act as a relay. In
a sense,this is like doing contentionat the receiver’s end,
which is untraditional becausein classic schemesit is the
transmitterwhich contendsfor the channel.Here, since the
intendedrecipient is not specified,multiple nodesmay be
able to receive the packet, and a receiver contention scheme
is thereforeneededto avoid duplication.

I I . COLLISION AVOIDANCE SCHEME

We consider a schemewhich uses carrier sensebefore
transmission,which partially avoids collisions but gives no
guaranteeagainstthehiddenterminalproblem.Noticethat the
fact thatnodesarenot alwayson makestraditionalRTS/CTS-
basedcollision avoidancemechanismsineffective sincea node
may wake up after the CTS wasissued.This could be solved



by requiringa long idle channeltime to be detectedbeforea
transmissioncanstart(essentiallyenoughfor thewholepacket
exchangeto complete,which is of coursevery wasteful)or by
synchronizingall nodesas in [4], which requiresadditional
signalingandcomplexity.

Thesolutionwe adopthereis theuseof busy tones[5], [6].
It wasobserved in [2] that thereexist sensornodesequipped
with two radios.In [2] theavailability of separatechannelsfor
the datatraffic andthe wakeupsignalingis useful to facilitate
protocoloperation,in particularto avoid thatprolongedbeacon
periods interfere with data traffic. In our case,we use the
secondradioto let thereceiving nodeissuea busytone,which
is a way to effectively preventcollisionsat thereceiver. Notice
that we can tradeoff energy and latency as in [2] by usinga
pulsedbusy tonewith someduty cycle, with the requirement
that the sensingtime be increasedin orderto avoid that silent
intervals of the busy toneare interpretedas idle channel.

Theprotocolwill thenwork asfollows. Whena nodehasa
packet to send,it listensto bothfrequencies.If eitheris active,
the node backsoff. If both are inactive, the node transmits.
Thecollision avoidancefeatureof this schemeis basedon the
RTS/CTSmessageexchange.However, unlike the traditional
RTSmessagewhich is addressedto aspecificnode,in thiscase
any node within rangecan respondto it, with nodescloser
to the destinationdoing so with higher priority. Therefore,
the CTS messageis alsosubjectto contention,sincemultiple
nodesmay decideto respondto the sameRTS at the same
time. A more detailedexplanationof the protocol, including
the contentionmechanism,is given next.

A. Detailed description

We now describein detail the protocol operationfrom the
transmitterand the receiver side. The current descriptionis
for a specificsolution,and many variantsare possiblewhich
improve the performancewhile being more complicatedto
explain. In this sectionwe choosea simpleversionto highlight
the main points.

1) Transmitter: Whena sleepingnodehasa packet to send,
it transitionsto the active stateandmonitorsboth frequencies
for � seconds.If either frequency is busy, the nodebacksoff
andreschedulesanattemptat a later time. If on theotherhand
both frequenciesare sensedidle during this entire interval,
the nodetransmitsa broadcastRTS message,which contains
the locationof the intendeddestinationaswell as that of the
sender. After sendingthe RTS, the transmittingnode listens
for CTS messagesfrom potentialrelays.In eachof the CTS
slots following the end of the RTS message,the transmitting
nodeactsasfollows: i) if only oneCTS messageis received,
it startstransmissionof thedatapacket, whoseinitial partacts
as a CTS confirmationfor the node which issuedthe CTS;
ii) if it receivesno CTSs,it will senda CONTINUE message
and listen again for CTSs, timing out after �	� empty CTS
slots (which forces the node to abort the handshake and to
rescheduleit at a later time); iii) if it hearsa signal but is
unableto detecta meaningfulmessage,it will assumethat a
collision took place, and will senda COLLISION message
which will trigger the startof a collision resolutionalgorithm
(to be describedlater) andwill listen again for CTSs.

After packet transmission,an immediateACK is expected.
If it is correctly received, it completesthe transactionand
the node can go back to sleep. If the transmitterdoes not
get an ACK within a given time, it times out and declares

the transactionfailed. It will thenreschedulethe samepacket
for future transmission.After ��
���
������ failedattemptsfor the
samepacket, the transmitterwill give it up and generatean
error messagefor the higher layers.

Notice that with the above rules the protocoldoesnot lead
to transmitterdeadlock,as it will never wait indefinitely for
CTSsor ACKs. Only in thecaseof completedtransactionwill
the transmitterconsiderthe packet as successfullypassedto
the next hop. A remainingproblemwith this schemeis that
packet duplicationmay occur. In fact, if the final ACK is lost
the relay node is now in charge of packet delivery whereas
the transmitterwill not beawareof this fact andwill retry the
packet transmission.This ambiguitydoesnot compromisethe
correctnessof the schemeand can be solved by intermediate
nodeswhenan additionalcopy of the samepacket is received
anddiscarded.This requiresthatnodeskeepmemoryof recent
transmissions.If this is not possibleor desirable,as well as
in the case in which the duplicate packet goes through a
different set of nodes,packet duplicationwill be detectedat
thedestination,which leadsto someinefficiency which on the
otherhandis mitigatedby the fact that losing an ACK when
the packet was successfulis a low probability event and the
overall performanceimpactmay be expectedto be limited.

2) Receiver: Each node will (more or less) periodically
wake up and put itself in the listening mode. If nothing
happensthroughoutthe listening time, whoseduration may
befixedor random,thenodegoesbackto sleep.On the other
hand, if the nodedetectsthe start of a transmission,it goes
into the receiving state.

Upondetectingthestartof amessage,a listeningnodestarts
receiving. At the sametime, it activatesthe busy toneon the
signalingfrequency for a duration ������� . If no valid RTS is
received, the nodegoesback to the listening state,where it
staysfor theoriginally scheduledduration.On theotherhand,
if a valid RTS is received, the nodereadsthe information in
it and determinesits own priority as a relay. This priority is
basedon the relative location of the nodeitself comparedto
the distancebetweenthe transmitterand the intendedfinal
destination.Specifically, assumethe following: the portion of
the coveragearea of the transmitterwhich is closer to the
intendeddestinationthanthetransmitteritself is dividedin �	�
regions ����� �������!�#"�$ suchthatall pointsin �&% arecloserto the
destinationthanall points in �	' for (�)+*,�,*.-0/1� ��� ���!�	�324/ .
(Possiblechoicesof theseregionsmay be to take all with the
sameareaor to quantizetheadvancementin �	� equallevels.)

In the first CTS slot after the RTS, all nodesin ��� will
senda CTSmessage,while all otherswill besilent.All nodes
will then listen for the messagefrom the transmitterin the
latter part of the CTS slot. If a packet start is heard(which
containsthe identificationof the nodewhich sent the CTS),
only the designatednodewill continueto receive, whereasall
otherswill go back to sleep.Notice that going back to the
listening state is not a good strategy since thesenodesare
in the coverageareaof the transmitterand thereforewill be
unableto serve as relaysfor any other nodes.In the interest
of energy saving, the best thing to do is to go back to sleep
regardlessof any previousschedule(if the listeninginterval is
significantly longer than a completetransaction,nodescould
just interrupt their listening and resumeit at the end of the
transmission).

If in the secondpart of the first CTS slot a CONTINUE
messageis heard,it meansthat thereareno nodesin ��� , and
all nodesin ��5 will contendin the secondCTS slot. If an



ABORT messageis received, the transmitterhasreachedthe
maximumallowednumberof CTSslotsandthe transactionis
aborted.

If on theotherhandaCOLLISION messageis received,this
meansthatmorethanoneCTSwasgeneratedin theCTSslot.
All nodeswho did not transmitwill drop out (they recognize
that higher priority nodesare present)while those involved
in the collision will start the collision resolutionalgorithm.
Eachcolliding nodewill decidewith probability 0.5 whether
to continueor drop.Who decidesto continuewill senda CTS
in the next slot. Threeeventsare possible:i) only one node
sends,transmitter starts packet transmissionand all others
drop;ii) morethanoneCTSs,transmittersendsaCOLLISION
message,thosewho did not senddrop out, thoseinvolved in
thecollision decidewhetherto continueasbefore;iii) no CTS
is heard,a CONTINUE messageis sent by the transmitter,
andall nodeswho did not selectthe currentslot decideagain
independentlywhetherto continueas before.This procedure
will terminatein few slots with high probability. In order to
force it to be limited, the transmittercan sendan ABORT
messageif thecollision is not resolvedwithin ��
���
�687,9:9 CTS
slots.Finally, any nodewhich receivesa messageit doesnot
understandwill drop out.

Nodes which heard the RTS correctly will follow the
sequenceof stepsabove, and they are guaranteedto either
becometherelaynodeor to dropout at somepoint.Theevent
that two nodesthink they arethedesignatedrelaycanbecom-
pletelyavoidedif thestartof thepacket containsthe full relay
node’s address,and is very unlikely in a simplified scheme
whereat thestartof thepacket a randomnumber(includedin
the CTS as temporaryshortaddress)is transmitted.

I I I . ANALYSIS

We now give anapproximateanalysis,in orderto gain some
understandingof the basicmechanismsandsourcesof energy
consumptionof ourscheme,aswell asto compareit to STEM.

Note that a node in the network, while mostly sleeping,
wakesup for two reasons,namelyif it hasa packet to transmit
and if it is time to listen accordingto the wakeup scheme.
Note that in the latter casethere are three possibilities,i.e.:
i) nothing is received andthe nodegoesbackto sleepafter a
specifiedamountof time; ii) activity is detectedbut the node
is not selectedas a relay; and iii) the node acts as a relay.
Clearly thesethreepossibilitiescorrespondto different times
andenergy consumptions.

Considera long time interval of duration; . Thetotalaverage
energy consumedduringthis timecanbeexpressedasfollows:< �=7>�.-?�&� < �A@B�DC < C.@4��EGF.E (1)

where �&� and �DC are the averagenumber of times (dur-
ing ; ) the node transmitsa packet and wakes up to listen,
respectively, while

< �H� < C is the averageamountof energy
consumedfollowing eitherevent.

A. Packet transmission

In caseof a packet transmission,thetransmittingnodesends
anRTS message,of duration ���I��� , andlistensfor CTSsuntil
it hearssomesignal.If �	� CTS slotsgo by without any CTS
heard,the sendertimesout andretries.Let � be the average
numberof nodesin the coveragearea, JK-MLN� the average
numberof such nodeslistening ( L is the duty cycle of the

listening activity of eachnode),and O the fraction of those
nodeswhich are consideredas relays.2 The probability that
there are no nodeswho can answerthe RTS is then PNQSR 
 .
Eachcycle whereno nodesrespondtheninvolves,besidesthe
RTS, �T� emptyCTSslots,i.e., the sendertransmitsoneRTS,
listens(without receiving anything) for �	�U��6���� andtransmits
(CONTINUE messages)for �	�U��6����NV . On average,thereareW P R 
 2A/YX Q � suchcycles,followedby a successfulhandshake,
which involves one RTS, Z CTSs,and

W Z[2\/YX CTS replies,
since the reply to the last (successful)CTS is the start of
the data packet itself. The averagenumberof CTS slots in
a successfulhandshake, Z , can be computedas follows. Let]S^ -_ONJ\`G�	� . A successfulhandshake startswith * empty
CTS slots with probability P Q %�aYb ( cAde*3fg�	� ), followed byh�i slotswith probability P Q aYb ] i^ `NjSk , where h�i is the number
of slotsneededto resolve a “collision” in which jmle/ nodes
areinvolved.Note that,with the binary splitting strategy used
to resolve collisions,the averagenumberof slots n i - <mo h�i�p ,
obeys the following recursive relationship[7]

n i - q / j�-0/�sr�5�tvu�w uxtzy{}| y W u { X E {� Q 5 tvu>~�y j�)M/ (2)

Then,we have

Z - " $ Q �� %�� ^ *sP Q %�aYb @ we�i ����� tv� b aUubi1� n i/�24P Q a�b
- PNQ a b/�2�P Q a�b 2 �T�zPUQ "�$�a b/�2�P Q " $ a�b @ wM�i �.��� tv� b a1ubiY� n i/�24P Q a�b (3)

Finally, thesendertransmitsthepacket for ��� andreceives
the ACK for ����68� . Note that thesemessagesare transmit-
ted/receivedon two differentradiosbut, if we ignoreswitching
times, thereis exactly one radio on at any given time during
thesecycles.The total time the transmittingnoderadio is on
is thengiven by;�� - W P R 
 2+/YX Q � W ���I���&@B�T� W ��6����&@B��6����NVYX,X@��������&@4ZS��6I���&@ W Z�2+/YX���6����UV�@B����@B����68� (4)

and if we assumethat the power spent in each of these
functions(transmit,receive and listen) is the same F for all,
the total energy spentevery time a nodewantsto transmita
packet is < ��-?;���F (5)

andthe contribution of the energy associatedto packet trans-
missionto the total averagepower consumption

< �=7s�>`�; is�&� < �; - ] F	;�� (6)

where
]

is the packet arrival rateat eachnode.

B. Listening/Receiving

Each node wakes up periodically with duty cycle L , and
stayson for a time ��� . The averagerateof packet arrivals in
its coverageareais

] � , andthe probability thatno activity is
detectedis � ^ -gP Q aY"H�N� . In this case,thenodejust spendsthe
amountof time ��� listening and goesback to sleep.On the
otherhand,with probability /�2m� ^ , someonein the coverage

2Note that nodeswho are placedoppositewith respectto the destination
shouldnot be usedasa generalrule.



areawill start an RTS. Beforebeingable to know whetherit
canbe consideredasa relay, the nodemustreceive this RTS.
Since the arrival time of this RTS is uniformly distributed
within the listeninginterval, the actionsinvolved arelistening
to the channelfor ����`U� on average,andreceiving for ������� .
Note thatassoonasthe nodedetectschannelactivity, it turns
on its busy tone,so that a transmitactivity for ���I��� mustbe
accountedfor aswell.

Given that an RTS is started,with probability /#2?O the
node will not be in the portion of the coverageareafacing
the destination,andwill drop out immediatelyafter receiving
the RTS. In this case,thereis no additionalactivity involved.
On theotherhand,with probability O thenodewill participate
in the contention,alongwith other nodeswhosenumberis a
Poissonr.v. with meanOvJ . Sinceall participatingnodeshave
the sameprobability of being the winner, the probability that
the nodewins the contentionis found as��i � ^ /j�@?/ P Q�R 
 W ONJ0X ij�k - /�24P Q�R 
OvJ (7)

In this case,i.e., the nodewins the contention,it is involved
at most in sending Z CTSs, receiving

W Z�2M/YX CTS replies,
receiving the datapacket andfinally sendingthe ACK. When
thenodeis receiving, i.e., for a time equalto

W Z	2�/YX���6����NV�@��� , the busy tone is on.
If on the other hand the node participatesin the con-

tention but loses it (with conditional probability
W OvJ 2/�@gP Q�R 
 X,`YONJ ), the activity involved is upper boundedby

receiving
W Z[2g/YX CTS repliesand transmittingcontinuously

(CTSsor busy tone)for
W ZT2�/YX W ��6�����@[��6����NVYX . Note in fact

that nodeslosing the contentiondo not necessarilyparticipate
until the end, and with certaintydo not transmit in the very
last CTS slot (in which somebodyelseis successful).

In summary, the total average active time of the radio
(counting twice the times when both radios are on) can be
found as;�C�- � ^ ����@ W /�2[� ^ X�� ���� @+�1���I���
@ /�2�P Q�R 
J W ZS��6����&@+� W Z�2+/YX���6����NV�@��1���4@B����68�	X
@ OvJ�2 W /�2�P Q�R 
 XJ W Zm2+/YX W ��6����D@+�1��6����NV1X� - ����@ W /�2[� ^ X o O W Z¡2+/YX W ��6����&@��1��6����UV1X@e�1���I����2 ���� @ /�24P Q�R 
J W ��6����&@+�Y����@B����68��X   � (8)

For resonablescenarios,the probability that upon wakeup
the node ends up being involved in a data exchangewill
have to be small (the whole idea being to avoid heavy load
of the nodes).In order to have network stability we must
have

] �����H���I� � 
¢f£/ , i.e., the averagenumber of users
in transmissionstate per coverage area must be less than
unity ( ���H���I� � 
 is the total time for a data transfer from
RTS to ACK). If we assumethat ����¤ ���H����� � 
 , we
have that

] �¥���¦¤ / . In this case,we have � ^+§ / and/�2A� ^ -¨/�2�P Q aY"H� � §e] �¥��� .
If onceagain we assumethat an active radio consumesa

power F regardlessof its being in transmit,receive or listen
mode,thetotal averagecontribution to thetotal averagepower
consumption

< �=7s�>`�; canbefoundas
< C!�DCG`Y; . For anunloaded

network, we would have �DC�`�;©-gL�`Y��� , while in generalit is

true that �DC�`Y;�dªL�`Y��� , andthe boundis tight for low traffic.
In this case,we canwrite< C,�DC; § < C!L��� - LzF	;�C���-gLvF?@ ] F«�s2 Je���� @4OvJ W Z�2ª/�X W ��6I���&@��1��6����NVYX@e�NJe�������&@ W /�24P QSR 
 X W ��6����#@��1���4@4����68��X�¬ (9)

wherewe usedthe fact thatLzF W /�2A� ^ X��� § LvF ] �¥������ - ] FDJ (10)

C. Sleeping

The total amount of energy consumedwhile sleeping is
given by ��EGF.E , where ��E is the total amountof time the two
radiosareoff. Noticethatsincein theabove analysiswe never
accountedfor sleepingtimes in betweenactive periodsof the
radios, ��E must includethosetimesaswell. In any event,we
canaffirm that the contribution of sleepingtime to the overall
averagepower consumptionis��ExF.E; dªF.E (11)

where F.E is the power consumedwhen both radios are off.
In view of the fact that in the envisionedscenariosthe radios
must be sleepingmost of the time, we have ;�2g��EB¤­; ,
and thereforethe above boundis tight and can be usedas a
reasonableapproximation.

D. Total average energy consumption

We canfind the total normalizedaverageenergy consump-
tion to be®¯^ - < �=7>�F	; - /F±° �&� < �; @ < C,�DC; @ ��EGF.E;£² (12)

wherethe expressionsfor the threetermsaregiven above.
®.^

is the total energy consumedin time ; , divided by the energy
which would be consumedby a radio which is always on
(transmitting,receiving or monitoring the channel).

E. Latency

We define here latency as the time it takes from when a
node starts the packet transmissionhandshake to when the
transmissionof the actualdatapacket starts.In our scheme,
this correspondsto ;�� minusthe time for dataandACK, i.e.,��� - W P R 
 2ª/YX Q � W �������&@4�	� W ��6����&@4��6����NVYX,X@����I���#@4ZS��6I���&@ W Zm2+/YX���6����UV (13)

F. Analysis of STEM

A similar analysiscanbecarriedout for theSTEM scheme.
We considerhereSTEM-B [2].
Energy consumption. The averageenergy consumptioncan
still be divided into threeterms.In a packet transmission,the
sendersendsbeaconsuntil the intendedrecipient wakes up
and receives one.At that point, packet exchangetakes place
via 802.11-like MAC. Nodeswake up every � secondsfor ��� .
Theaveragetime thebeaconneedsto besentis thengivenbyW �ª2³��´HX,`U�3@�µD� [2], and if we assumethat ���¶-?�8´¥@�µD�



we obtain
W �?2�����X,`U��@g/U�:�1µ&� , where �·-·����`1L . The total

averageamountof time the node is poweredon is therefore
given by;���- ����1L 2 ���� @?/U�:�1µ&�.@B��6����&@B���4@4����6�� (14)

where we assumedthat the beaconacts as RTS. The con-
tribution to the averageenergy consumptiondue to packet
transmissionis thengiven by

] F	;�� .
After waking up, a nodewill be addressedwith probability/¸2D� ^ , where� ^ is the probability thatno activity is detected.

Note that in this case nodes are explicitly addressed,and
thereforethe rate at which messagesfor a specificnodeare
generatedis lower than before (whereon the other handall
nodesin the coverageareawould receive the RTS). However,
sinceabeaconis for aspecificnode,theinterval of timeduring
which a new messagecanbe generatedis now � ratherthan��� . The messagearrival rate is then given by a1"H�" - a��N�¹ .
Notice that this is the averagefraction of listeningperiodsin
which a nodegetsa message,andasbeforein the envisioned
scenariowe expect this numberto be small.

After waking up, a node will listen for ��� and go back
to sleepwith probability � ^ -gP Q a �N��º ¹ . With probability /�2� ^�§g] ����`1L , thenodewill beinvolvedin receiving amessage.
In this case,notethat in STEM the listen time is ���[-?��´¶@µD� , where ��´ is the periodwith which beaconsaresentandµD� is the length of a beacon.Sincethe beaconstart time is
uniformly distributedwithin ��´ , theaveragetime to receive a
beaconis ��´�`U�»@�µ&��- W ���¸@DµD��X,`1� . After receiving abeacon,
the node’s radio is involved in sendinga CTS, receiving a
datapacket and sendingan ACK. The total activity time for
listening/receiving is therefore;�C�- � ^ ����@ W /�2A� ^ X�� ����@�µD�� @B��6����D@B���4@B����68�3 § ����@ ] ���L � µ&�H2����� @B��6����#@4���4@B����68�   (15)

Finally, asbefore,we approximatethecontribution of sleep
modeto the overall averagepower as F¯E .

The total averageenergy consumptionin STEM canthere-
fore be computedas® E¼- < �=7>�F	; d ] ;��[@ Lv;�C��� @ F.EF (16)

Latency. If we definelatency asthe time from whena beacon
is initiated to the time an ACK for it is successfullyreceived
(andthereforedataexchangecanstart),we have asin [2] (we
assumehere ½D-Mc , which correspondsto minimum listening
time ��� )���m-\µD�sr�5H@ �ª2³��´� - �ª2³���� @\/U�¾�Uµ&�.@�µT5 (17)

IV. PERFORMANCE COMPARISON

In this section, we give some numerical results for the
schemesconsidered,andprovide a comparisonbetweenthem.

First of all, notice that thereare threetypesof parameters
in the above formulas:¿ fixed parameters, i.e., parameterswhich areexpectedto

bedecidedoncefor all andwill beconsideredasconstant:
in particular, we choose�T��-¦ÀÁ�!O�-«c»� ÀÁ�,���zÂxÃ©`Y���¦-c»�Ä/ (we assumehere for simplicity that all signaling
packetsareof the samelength ���zÂxÃ );
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Fig. 1. Averagenormalizedenergy consumption,È�É , vs. duty cycle, Ê .
ProposedschemeandSTEM compared.ËªÌ¶ÍxÎ�Ï,ÐsÎ�Î , network load 0.01.

¿ external parameters, i.e.,parameterswhich arecommon
to all schemesand provide the scenarioin which those
schemesarecompared:in particular, thenodedensityand
the network traffic; here,we usethe averagenumberof
nodespercoveragearea,� , asa measureof thenetwork
density, and the averagenormalizedtraffic per coverage
area,

] �¥��� asa measureof the network load;¿ parameters of the specific schemes, i.e., parameters
which play different roles in different schemesand can
be chosendifferently accordingto the schemeselected;
for example, the listening time or the duty cycle may
not be the samein the proposedschemeand in STEM.
In reality, theseparameterswould be subjectof protocol
optimization, and a fair comparisonshould take into
accountthat they canbe independentlyselected.

As to the parameteroptimization, note the following. In
STEM, the minimum listening time is ��´+@eµ&�¥-±Ñ1���zÂxÃ .
Since it is obvious that the best choice is to select ��� as
small as possible,we set ���Ò-ÓÑ1���zÂxÃ here.The remaining
independentparameteris the duty cycle. In our scheme,if
we upper bound the energy consumptionby neglecting the
negative term 2�Je����`U� in (9), the listening time no longer
appearsexplicitly in the expressions,and can thereforebe
ignored.In this casealso,theduty cycle is theonly remaining
independentparameter.

Resultsare shown in Figures 1 through 4, in which the
performanceof our proposedschemeis comparedwith that
of STEM. Figures 1 and 2 show the normalized energy
performance,

®¯^
, vs. the duty cycle, L . In both schemes,

for large duty cycle, the energy consumptionis dominated
by the listening activity, as expected.As the duty cycle is
decreased,othersourcesof energy consumptionareimportant.
In particular, the fact that the transmittermust spendenergy
to “find a neighbor” (either via the beaconas in STEM or
by repeatedattemptsin our scheme)becomesdominant,and
more so as the network load is higher. Note that in all cases
our schemeoutperformsSTEM, with more significant gains
whenthe nodedensityis large.

It should be noted that the choice of the duty cycle does
not have to be the samein the two schemes,as they may
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Fig. 2. Averagenormalizedenergy consumption,È�É , vs. duty cycle, Ê .
ProposedschemeandSTEM compared.ËÒÌ¶ÍxÎYÏ>ÐsÎ�Î , network load 0.1.
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Fig. 3. Averagenormalizedenergy consumption,È É , vs. latency. Proposed
schemeandSTEM compared.ËªÌ¥Í!ÎYÏ>Ð>ÎGÎ , network load 0.01.

be independentlyoptimized(notice that the minimum energy
occursfor differentvaluesof L for thetwo schemes).However,
it is clear from the figures that for dense networks the
minimum energy consumptionachievable by our schemeis
significantly smallerthan that in STEM. To shedsomemore
light on this issue, we plot the trade-off betweenenergy
consumptionand latency in Figures3 and 4. The curves are
generatedby spanningthe rangeof valuesof the duty cycle
(curvesaretraveledright to left by increasingthe duty cycle).
For very low duty cycle andnot enoughnodes,both schemes
performbadlysincethe latency associatedto long sleeptimes
is unacceptable,and the persistencein looking for a relay
resultsin degradedenergy performanceaswell. On the other
hand,in the interestingregion in which thereis a real trade-
off betweenenergy and latency, it is seenhow our scheme
performs better than STEM, more so for densernetworks.
More specifically, althoughfor relatively sparsenetworks the
improvementis marginal, for networks with �Ô-¦/�cNc nodes
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Fig. 4. Averagenormalizedenergy consumption,È�É , vs. latency. Proposed
schemeandSTEM compared.ËªÌ¥Í!ÎYÏ>Ð>ÎGÎ , network load 0.1.

per coverageareawe can gain almostan orderof magnitude
in latency for comparableenergy or in energy for comparable
latency. Theproposedschemethereforeappearsasapromising
alternative for low-power networking.

V. CONCLUSIONS

In this paper, we describeda novel forwarding technique
basedon geographicallocation of the nodes involved and
randomselectionof the relaying nodevia contentionamong
receivers. A collision avoidanceschemebasedon this idea
was describedin detail, and an approximateanalysis was
provided. The proposedschemewas comparedwith STEM,
and was shown to perform significantly better for sufficient
nodedensity.

Items for future researchinclude a more detailedanalysis,
comparisonwith otherproposedschemes,andoptimizationof
the parameters.
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