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Abstract—In this paper, we describe a novel forwarding
technigue basedon geographical location of the nodesinvolved
and random selectionof the relaying node via contention among
recevers. A collision avoidance schemebased 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 enegy. ! Many papershave recentlyappearedvhich
proposeMAC, routing, and topology maintenanceschemes
which try to save enegy basedon aggressie power-off
stratgjies. In fact, it hasbeenrecognizedthat the only way
a node can save substantiakenepy is to power off the radio,
sincetransmitting,receving and listeningto an idle channel
arefunctionswhichrequireroughlythe sameamountof power.
As a consequencef this key obsenation, MAC and routing
stratgiesneedto berevisitedsince,for example,CSMA-based
accessschemesmeedall nodesto continuouslylisten to the
channelwhile, on the otherhand,nodeswhich power off their
radio may endup not beingreachableand/oraware of activity
in the network. The main problemin this scenarias therefore
that of combining protocolswhich minimize the amountof
time the radio is on with effective stratgjies for MAC and
routing.

An example of how topology can be maintainedin the
presencef sleepingnodesis providedby SRAN in [1], where
the authorsproposethat in a densenetwork several disjoint
setsof nodesbeidentified,eachableto guaranteeonnectvity
and bandwidthto all nodes.As long as one of thesesetsis
active atary giventime, the network is connectedpn the other
hand, since when one set is active the otherscan sleep,the
percentagef time anodemustbeactive is drasticallyreduced.
STEM [2] providesa way to establishcommunicationsn the
presencef sleepingnodes Eachsleepingnodewakesup peri-
odicallyto listen.If anodewantsto establishcommunications,
it startssendingout beaconspolling a specific user Within
a boundedtime, the polled node will wake up and receie
the poll, after which the two nodesare ableto communicate.
An interestingfeatureof STEM is that a dual radio setupis
ervisioned, with separatefrequenciesused for wakeup and
actualdatatransmission.

This work hasbeenpartially supportedy the EuropeanCommissiorunder
contractIST-2001-34734'EYES?”

Iwhile in this paperwe will mostly referto sensometworks, mary of the
ideaspresentedcan also be appliedto ad hoc networks.

GAF [3] is similarto SFAN in asensesinceit ervisionsthe
useof only a fraction of nodesat arny giventime. The specific
approaclof GAF is to divide theareain squareregions,called
grids, in sucha way that ary 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 interchangeablyused for
routing purposes.The price to pay for this guaranteds that
the hoplengthis significantlysmallerthanthe radio range(by
a factor of /5 [3]). This may resultin inefficiency in terms
of latengy and enegy consumption(more hopsthan possibly
needed).

A commoncharacteristicof the above schemess that, at
the MAC layerandoftenalsoattheroutinglayer, whenanode
decidesto transmita paclet (as the originator or a relay) it
specifiethe MAC addresf the neighborto which the paclet
is being sent.Knowledgeof the network topology (thoughin
mary casenly local in extent)is requiredsincea nodeneeds
to know its neighborsand possibly some more information
relatedto the availability of routesto the intendeddestination.
This topologicalinformation can be acquiredat the price of
somesignalingtraffic, and becomesmore and more difficult
to maintainin the presenceof network dynamics(e.g.,nodes
which move or turn off without coordination).

In this documentwe describea transmissiorschemebased
on geographicalouting wherepaclets are relayedon a best-
effort basis,i.e., the actualnodewhich actsasa relay is not
known a priori by the sender but ratheris decidedafter the
transmissiorhastaken place. This idea leverageson the fact
that in the wirelesservironmentbroadcasts free (from the
senders point of view) andthatin the presenceof randomly
changingtopologiesa nodemay not be aware of which of its
currentneighborsis in the bestpositionto actasa relay In
a sense,this is like doing contentionat the recever’s end,
which is untraditional becausein classic schemesit is the
transmitterwhich contendsfor the channel.Here, since the
intended recipient is not specified, multiple nodes may be
ableto receve the paclet, and a receiver contention scheme
is thereforeneededo avoid duplication.

I1. COLLISION AVOIDANCE SCHEME

We considera schemewhich uses carrier sensebefore
transmissionwhich partially avoids collisions but gives no
guaranteegainstthe hiddenterminalproblem.Notice thatthe
factthat nodesare not alwayson makestraditional RTS/CTS-
basedcollision avoidancemechanisméneffective sincea node
may wake up afterthe CTS wasissued.This could be solved



by requiringa long idle channeltime to be detectedbeforea
transmissiorcanstart(essentiallyenoughfor the whole paclet
exchangeto complete which is of coursevery wasteful)or by
synchronizingall nodesas in [4], which requiresadditional
signalingand compleity.

The solutionwe adopthereis the useof busytones[5], [6].
It wasobsened in [2] that thereexist sensomodesequipped
with two radios.In [2] the availability of separatehanneldor
the datatraffic andthe wakeup signalingis usefulto facilitate
protocoloperationjn particularto avoid thatprolongedbeacon
periods interfere with data traffic. In our case,we use the
secondadioto let thereceving nodeissuea busytone,which
is away to effectively preventcollisionsat the recever. Notice
that we cantradeoff enegy andlateny asin [2] by usinga
pulsedbusy tonewith someduty cycle, with the requirement
thatthe sensingtime beincreasedn orderto avoid that silent
intervals of the busy tone areinterpretedasidle channel.

The protocolwill thenwork asfollows. Whena nodehasa
pacletto send,it listensto bothfrequencieslf eitheris active,
the node backsoff. If both are inactive, the node transmits.
The collision avoidancefeatureof this schemds basedon the
RTS/CTS messagexchange However, unlike the traditional
RTS messagavhichis addressetb aspecificnode,in thiscase
ary node within rangecan respondto it, with nodescloser
to the destinationdoing so with higher priority. Therefore,
the CTS messagés alsosubjectto contention,since multiple
nodesmay decideto respondto the sameRTS at the same
time. A more detailedexplanationof the protocol, including
the contentionmechanismis given next.

A. Detailed description

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

1) Transmitter: Whena sleepingnodehasa pacletto send,
it transitionsto the active stateand monitorsboth frequencies
for 7 secondslf eitherfrequeng is busy, the nodebacksoff
andrescheduleanattemptat a latertime. If on the otherhand
both frequenciesare sensedidle during this entire intenal,
the nodetransmitsa broadcasRTS messagewhich contains
the location of the intendeddestinationaswell asthat of the
sender After sendingthe RTS, the transmittingnode listens
for CTS message$rom potentialrelays.In eachof the CTS
slots following the end of the RTS messagethe transmitting
nodeactsasfollows: i) if only one CTS messages receved,
it startstransmissiorof the datapaclet, whoseinitial partacts
as a CTS confirmationfor the node which issuedthe CTS;
ii) if it recevesno CTSs,it will senda CONTINUE message
and listen again for CTSs, timing out after N, empty CTS
slots (which forcesthe node to abort the handshak and to
reschedulet at a later time); iii) if it hearsa signal but is
unableto detecta meaningfulmessageit will assumehat a
collision took place, and will senda COLLISION message
which will trigger the startof a collision resolutionalgorithm
(to be describedater) andwill listen again for CTSs.

After paclet transmissionanimmediateACK is expected.
If it is correctly receved, 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 transactiorfailed. It will thenreschedulghe samepaclet
for future transmissionAfter Njs.. 4 failed attemptsfor the
samepacket, the transmitterwill give it up and generatean
error messagdor the higherlayers.

Notice that with the above rulesthe protocoldoesnot lead
to transmitterdeadlock,as it will never wait indefinitely for
CTSsor ACKs. Only in the caseof completedransactiorwill
the transmitterconsiderthe paclet as successfullypassedo
the next hop. A remainingproblemwith this schemeis that
paclet duplicationmay occur In fact, if the final ACK is lost
the relay nodeis now in chage of paclet delivery whereas
the transmitterwill not be aware of this factandwill retry the
paclet transmissionThis ambiguity doesnot compromisethe
correctnes®f the schemeand can be solved by intermediate
nodeswhenan additionalcopy of the samepacletis receved
anddiscardedThis requiresthatnodeskeepmemoryof recent
transmissionslf this is not possibleor desirable,as well as
in the casein which the duplicate paclet goesthrough a
different set of nodes,paclet duplicationwill be detectedat
the destinationwhich leadsto someinefficiency which on the
otherhandis mitigatedby the fact that losing an ACK when
the paclet was successfuis a low probability event and the
overall performancdmpact may 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, whose duration may
be fixed or random,the nodegoesbackto sleep.On the other
hand,if the node detectsthe start of a transmissionjt goes
into the receving state.

Upondetectingthe startof amessagea listeningnodestarts
receving. At the sametime, it activatesthe busy tone on the
signalingfrequeng for a durationTgrs. If no valid RTS is
receved, the node goesback to the listening state,where it
staysfor the originally scheduledluration.On the otherhand,
if a valid RTS is receved, the nodereadsthe informationin
it and determinests own priority asa relay This priority is
basedon the relative location of the nodeitself comparedto
the distancebetweenthe transmitterand the intendedfinal
destination.Specifically assumehe following: the portion of
the coverageareaof the transmitterwhich is closerto the
intendeddestinatiorthanthe transmitteiitself is dividedin IV,
regionsAy, . .., Ax, suchthatall pointsin A; arecloserto the
destinatiorthanall pointsin A; for j > i,¢=1,..., N, — 1.
(Possiblechoicesof theseregions may be to take all with the
sameareaor to quantizethe advancementn NV, equallevels.)

In the first CTS slot after the RTS, all nodesin A; will
senda CTS messagewhile all otherswill besilent. All nodes
will then listen for the messagdrom the transmitterin the
latter part of the CTS slot. If a paclet startis heard(which
containsthe identification of the node which sentthe CTS),
only the designatechodewill continueto receve, whereasall
otherswill go back to sleep.Notice that going back to the
listening stateis not a good stratg)y since thesenodesare
in the coverageareaof the transmitterand thereforewill be
unableto sene asrelaysfor ary othernodes.In the interest
of enepgy saving, the bestthing to do is to go backto sleep
regardlessof ary previous schedulg(if the listeninginterval is
significantly longer than a completetransactionnodescould
just interrupt their listening and resumeit at the end of the
transmission).

If in the secondpart of the first CTS slot a CONTINUE
messages heard,it meansthatthereareno nodesin A, and
all nodesin A, will contendin the secondCTS slot. If an



ABORT messagsés receved, the transmitterhasreachedhe
maximumallowed numberof CTS slotsandthe transactioris
aborted.

If ontheotherhanda COLLISION messagés receved,this
meanghat morethanone CTS wasgeneratedn the CTS slot.
All nodeswho did not transmitwill drop out (they recognize
that higher priority nodesare present)while thoseinvolved
in the collision will start the collision resolution algorithm.
Eachcolliding nodewill decidewith probability 0.5 whether
to continueor drop. Who decideso continuewill senda CTS
in the next slot. Three eventsare possible:i) only one node
sends,transmitter starts paclet transmissionand all others
drop;ii) morethanoneCTSs,transmittersendsa COLLISION
messagethosewho did not senddrop out, thoseinvolved in
the collision decidewhetherto continueasbefore;iii) noCTS
is heard,a CONTINUE messagsds sentby the transmitter
andall nodeswho did not selectthe currentslot decideagain
independentlywhetherto continueas before. This procedure
will terminatein few slots with high probability In orderto
force it to be limited, the transmittercan sendan ABORT
messagéf the collision is not resohedwithin Nysazconu CTS
slots. Finally, ary nodewhich receves a messageat doesnot
understandwill drop out.

Nodes which heard the RTS correctly will follow the
sequenceof stepsabove, and they are guaranteedo either
becometherelay nodeor to drop out at somepoint. The event
thattwo nodesthink they arethe designatedelay canbe com-
pletely avoidedif the startof the paclet containsthe full relay
nodes addressand is very unlikely in a simplified scheme
whereat the startof the paclet arandomnumber(includedin
the CTS astemporaryshortaddress)s transmitted.

I11. ANALYSIS

We now give anapproximateanalysisjn orderto gain some
understandin@f the basicmechanisms&ndsourcesof enegy
consumptiorof our schemeaswell asto comparét to STEM.

Note that a node in the network, while mostly sleeping,
wakesup for two reasonsnamelyif it hasa paclet 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) nothingis received andthe nodegoesbackto sleepafter a
specifiedamountof time; ii) actvity is detectedbut the node
is not selectedas a relay; and iii) the node actsas a relay.
Clearly thesethree possibilitiescorrespondo differenttimes
and enegy consumptions.

Consideralongtime interval of durationt. Thetotal average
enegy consumeduringthistime canbe expressedsfollows:

Etot :NTET+NZEZ+TSPS (1)

where N and N, are the average number of times (dur
ing t) the node transmitsa paclet and wakes up to listen,
respectiely, while Er, E, is the averageamountof enegy
consumedollowing eitherevent.

A. Packet transmission

In caseof a paclettransmissionthe transmittingnodesends
an RTS messageof durationTrrs, andlistensfor CTSsuntil
it hearssomesignal.If N, CTS slotsgo by withoutary CTS
heard,the sendertimesout andretries.Let N be the average
numberof nodesin the coveragearea,M = dN the average
numberof such nodeslistening (d is the duty cycle of the

listening actiity of eachnode),and ¢ the fraction of those
nodeswhich are consideredas relays.? The probability that
there are no nodeswho can answerthe RTS is then eV,

Eachcycle whereno nodesrespondheninvolves,besideghe
RTS, N, emptyCTSslots,i.e., the sendertransmitsone RTS,
listens(without receving arything) for N,T¢rs andtransmits
(CONTINUE messagesfor N,Tcrsy. On average thereare
(e#M —1)~1 suchcycles, foIIowed by a successfuhandshag,

which involves one RTS, z CTSs,and (z — 1) CTS replies,
since the reply to the last (successful)CTS is the start of

the data paclet itself. The averagenumberof CTS slots in

a successfuhandshag, z, can be computedas follows. Let
Xo = EM/N,. A successfulhandsha& startswith i empty
CTS slots with probability e ** (0 < i < N,), followed by
oy slotswith probab|lltye*’\0)\’“/k' whereoy, is the number
of slotsneededo resole a “collision” in which & > 1 nodes
areinvolved. Note that, with the binary splitting strateyy used

to resole collisions,the averagenumberof slots s, = E[oy],
obeys the following recursve relationship[7]
1 k=1
Sk =194 142753 (k) (2
—1§z,c=+11( L k>1
Then,we have
e doxk
_ —iX Zk 1~ &Sk
z - Z Ze ° + 1 — e Ao
—A k
B ef)\o B Npepr/\o Zk 1 (:)‘0 Sk @)
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Finally, the sendeitransmitsthe paclet for T, andreceives
the ACK for Tyck. Note that thesemessagesre transmit-
ted/receredontwo differentradiosbut, if we ignoreswitching
times, thereis exactly oneradio on at ary given time during
thesecycles. The total time the transmittingnoderadio is on
is thengiven by

tr = (M — 1) (Trrs + Np(Ters + Torsr))
+Trrs + zTcrs + (. — 1)Tersy + ITp + Tack 4)
and if we assumethat the power spentin each of these
functions (transmit,receve and listen) is the sameP for all,

the total enegy spentevery time a nodewantsto transmita
pacletis
®)

andthe contritution of the enegy associatedo paclet trans-
missionto the total averagepower consumptionE;; /t is

NrpEp
t
where\ is the paclet arrival rate at eachnode.

Er =trP

— A\Ptr (6)

B. Listening/Receiving

Each node wakes up periodically with duty cycle d, and
stayson for a time Tr,. The averagerate of paclet arrivals in
its coverageareais AN, andthe probability that no actiity is
detecteds py = e *NTL. In this casethe nodejust spendghe
amountof time 77, listening and goesbackto sleep.On the
otherhand,with probability 1 — py, someondn the coverage

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



areawill startan RTS. Before beingableto know whetherit
canbe consideredasa relay, the nodemustreceve this RTS.
Since the arrival time of this RTS is uniformly distributed
within the listeninginterval, the actionsinvolved arelistening
to the channelfor Tr,/2 on average,andreceving for Trrs.
Note that as soonasthe nodedetectschannelactiity, it turns
on its busy tone, so that a transmitactvity for Trrs mustbe
accountedor aswell.

Given that an RTS is started,with probability 1 — £ the
nodewill not be in the portion of the coverageareafacing
the destinationandwill drop outimmediatelyafter receving
the RTS. In this case thereis no additionalactvity involved.
On the otherhand,with probability ¢ the nodewill participate
in the contention,alongwith other nodeswhosenumberis a
Poissorr.v. with mean¢ M. Sinceall participatingnodeshave
the sameprobability of beingthe winner, the probability that
the nodewins the contentionis found as

i 1 e MEM)E 1-etM
—k+1 k! M

In this case,i.e., the nodewins the contention,it is involved
at mostin sendingz CTSs,receving (z — 1) CTS replies,
receving the datapaclet andfinally sendingthe ACK. When
the nodeis receving, i.e., for atime equalto (z — 1)Tors, +
Tp, the busy toneis on.

If on the other hand the node participatesin the con-
tention but loses it (with conditional probability (¢M —
1+ e~¢M) /¢ M), the activity involved is upper boundedby
receving (z — 1) CTS repliesand transmittingcontinuously
(CTSsor busytone)for (z —1)(Ters + Tersy)- Notein fact
that nodeslosing the contentiondo not necessarilyparticipate
until the end, and with certainty do not transmitin 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

@)

T
te = poTr+ (1—po) 7L + 2Tgrs

1—etM
” (@Ters +2(x — 1)Tersr +2Tp + Tack)

M=) o - 1)(Tors + 2ors.)|

= Tp+(1—po)l€(x—1)(Ters + 2TcTsr)

_ &M
% + % (Ters +2Tp + TACK)] -(8)

For resonablescenariosthe probability that upon wakeup
the node ends up being involved in a data exchangewill
have to be small (the whole idea being to avoid heary load
of the nodes).In order to have network stability we must
have ANTpaT4ee < 1, i.€., the averagenumber of users
in transmissionstate per coverage area must be less than
unity (Tpataez IS the total time for a data transfer from
RTS to ACK). If we assumethat T, < TpaTaez, W€
have that ANT, < 1. In this case,we have py ~ 1 and
1—po=1- e MTL ~ ANTY,.

If onceagain we assumethat an active radio consumesa
power P regardlessof its beingin transmit,receve or listen
mode,thetotal averagecontrikution to the total averagepower
consumptionE,,; /t canbefoundasE, N, /t. For anunloaded
network, we would have N, /t = d/T7r,, while in generalit is

+

+ 2Tgrrs —

true that N, /t < d/Tr,, andthe boundis tight for low traffic.
In this case,we canwrite

EN, _ Ed _dPt
t T T, T
MT,
=dP+ \P |- 5 Ly eM(z —1)(Ters + 2Tersy)
+ 2MTgrs + (1 — e *M) (Tors + 2Tp + Tack)]  (9)
wherewe usedthe fact that
P(1 — PANT,
dP(1=po)  APANTy _ \ py, (10)

Ty, Ty,

C. Seeping

The total amountof enegy consumedwhile sleepingis
given by T, P,, whereT, is the total amountof time the two
radiosareoff. Noticethatsincein the above analysiswe never
accountedor sleepingtimesin betweenactive periodsof the
radios,T; mustincludethosetimesaswell. In arny event, we
canaffirm thatthe contritution of sleepingtime to the overall
averagepower consumptionis

TP,
%SPS

(11)
where P; is the power consumedwhen both radios are off.
In view of the factthatin the ervisionedscenarioghe radios
must be sleepingmost of the time, we have t — T, < t,
and thereforethe above boundis tight and can be usedasa
reasonablapproximation.

D. Total average energy consumption

We canfind the total normalizedaverageenegy consump-
tion to be

Etot 1 NTET EZNZ TsPs
- - t P

Pt P
wherethe expressiondor the threetermsare given above. v
is the total enegy consumedn time ¢, divided by the enegy
which would be consumedby a radio which is always on
(transmitting,recevving or monitoring the channel).

Yo = 12)

E. Latency

We define here latengy as the time it takes from when a
node startsthe paclet transmissionhandsha& to when the
transmissionof the actual data paclet starts.In our scheme,
this correspondso ¢t minusthe time for dataand ACK, i.e.,

Ts = (™ —1)"Y(Trrs + Np(Tors + Torsr))

+Trrs + 2Tcrs + (¢ — D)Torsy (13)

F. Analysis of STEM

A similar analysiscanbe carriedout for the STEM scheme.
We considerhere STEM-B [2].
Energy consumption. The averageenegy consumptioncan
still be divided into threeterms.In a paclet transmissionthe
sendersendsbeaconsuntil the intendedrecipient wakes up
and receves one. At that point, paclet exchangetakes place
via 802.11-like MAC. Nodeswake up every T secondgor T7,.
The averagetime the beacomeedso be sentis thengiven by
(T —Tg)/2 + B; [2], andif we assumehatTy, = Ts + B;



we obtain (T' — Tp,)/2 + 1.5B;, whereT = T, /d. The total
averageamountof time the nodeis poweredon is therefore
given by

T, TL

tT:ﬂ—?+15Bl+TCTS+TD+TACK

where we assumedthat the beaconacts as RTS. The con-
tribution to the averageenegy consumptiondue to paclet
transmissioris then given by APtr.

After waking up, a nodewill be addressedvith probability
1 —po, Wherepy is the probability that no activity is detected.
Note that in this case nodesare explicitly addressedand
thereforethe rate at which messagesgor a specificnodeare
generateds lower than before (where on the other handall
nodesin the coverageareawould receve the RTS). However,
sinceabeacoris for aspecificnode theinterval of time during
which a nev messagean be generateds now T ratherthan
Tr,. The messagearrival rateis then given by ANT = 2Tw.
Notice that this is the averagefraction of Ilstenmg periodsin
which a nodegetsa messageandasbeforein the ervisioned
scenariowe expectthis numberto be small.

After waking up, a node will listen for 77, and go back
to sleepwith probability p, = e~*T=/4, With probability 1 —
po ~ AT1,/d, thenodewill beinvolvedin receving amessage.
In this case,notethatin STEM thelistentime is T, = Tg +
B,, whereTp is the periodwith which beaconsare sentand
B is the length of a beacon.Sincethe beaconstarttime is
uniformly distributedwithin Tz, the averagetime to receie a
beaconis T /2+ By = (T +B1)/2. After receving abeacon,
the nodes radio is involved in sendinga CTS, receving a
datapaclet and sendingan ACK. The total actwity time for
listening/recaiing is therefore

T, + By
2

(14)

ty

poTr, + (1 —po) [

X,
d

Finally, asbefore,we approximatehe contritution of sleep
modeto the overall averagepower as P;.
The total averageenegy consumptionin STEM canthere-
fore be computedas
E
tot >\tT + s

vs Pt — T, P
Latency. If we definelateny asthetime from whena beacon
is initiated to the time an ACK for it is successfullyreceved
(andthereforedataexchangecanstart),we have asin [2] (we
assumeheree = 0, which correspond$o minimum listening
time Tr)

+Tors +Tp + TACK:|

12

By — T,
T7, + [121“ +Tcrs +Tp + TACK] (15)

dt, Pq

(16)

_ T_T _
Ts =B+ 2B: 2L+1.5Bl+Bg

(17)

IV. PERFORMANCE COMPARISON

In this section, we give some numerical results for the
schemesonsideredandprovide a comparisorbetweenthem.

First of all, notice that thereare threetypesof parameters t

in the above formulas:

« fixed parameters i.e., parametersvhich are expectedto
bedecidedoncefor all andwill beconsideredsconstant:
in particular we chooseN,, = 4, = 0.4,Tsr¢/Tp =
0.1 (we assumehere for simplicity that all signaling
paclets are of the samelength Ts;¢);

traffic = 0.01
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Fig. 1. Averagenormalizedenegy consumption,ibo, vs. duty cycle, d.

Proposedschemeand STEM compared.N = 20, 100, network load 0.01.

« extemal parameters i.e., parametersvhich arecommon
to all schemesand provide the scenarioin which those
schemesrecomparedin particular the nodedensityand
the network traffic; here,we usethe averagenumberof
nodesper coveragearea,N, asa measuref the network
density and the averagenormalizedtraffic per coverage
area, \NTp asa measureof the network load;

« parameters of the specific schemes i.e., parameters
which play differentrolesin different schemesand can
be chosendifferently accordingto the schemeselected;
for example, the listening time or the duty cycle may
not be the samein the proposedschemeandin STEM.
In reality, theseparametersvould 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 T + B; = 3Ts;G.
Since it is obvious that the best choiceis to selectT;, as
small as possible,we setT;, = 3Ts;¢ here.The remaining
independentparameteris the duty cycle. In our scheme,if
we upper bound the enegy consumptionby neglecting the
negative term —MTy,/2 in (9), the listening time no longer
appearsexplicitly in the expressions,and can therefore be
ignored.In this casealso,the duty cycle is the only remaining
independenparameter

Resultsare shovn in Figures1 through 4, in which the
performanceof our proposedschemeis comparedwith that
of STEM. Figures 1 and 2 shov the normalized enegy
performance iy, Vvs. the duty cycle, d. In both schemes,
for large duty cycle, the enegy consumptionis dominated
by the listening activity, as expected.As the duty cycle is
decreasedythersourcef enegy consumptiorareimportant.
In particulay the fact that the transmittermust spendenegy
o “find a neighbor” (either via the beaconasin STEM or
by repeatedattemptsin our scheme)ecomesdominant,and
more so asthe network load is higher Note thatin all cases
our schemeoutperformsSTEM, with more significant gains
whenthe nodedensityis large.

It should be notedthat the choice of the duty cycle does
not have to be the samein the two schemesas they may
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Fig. 3. Averagenormalizedenegy consumptiongg, vs. lateng. Proposed
schemeand STEM compared.N = 20, 100, network load 0.01.

be independentlyoptimized (notice that the minimum enegy
occursfor differentvaluesof d for thetwo schemes)However,
it is clear from the figures that for dense networks the
minimum enegy consumptionachiesable by our schemeis
significantly smallerthanthatin STEM. To shedsomemore
light on this issue, we plot the trade-of betweenenepgy
consumptionand lateny in Figures3 and 4. The curves are
generateddy spanningthe rangeof valuesof the duty cycle
(curvesaretraveledright to left by increasingthe duty cycle).
For very low duty cycle and not enoughnodes,both schemes
performbadly sincethe lateng/ associatedo long sleeptimes
is unacceptableand the persistencen looking for a relay
resultsin degradedenegy performanceaswell. On the other
hand,in the interestingregion in which thereis a real trade-
off betweenenegy and lateng, it is seenhow our scheme
performs better than STEM, more so for densernetworks.
More specifically althoughfor relatively sparsenetworks the
improvementis mamginal, for networks with N = 100 nodes

traffic = 0.1

10
i
2 10t | g
>
>
[}
c
(]
©
(0]
N
g 10" | 1
I
< e——e proposed, N=20
o——o0 STEM, N=20
4~—a proposed, N=100
~~—= STEM, N=100
1073 -1 : 0 : 1 : 2 3
10 10 10 10 10
latency

Fig. 4. Averagenormalizedenegy consumptiong)yg, vs. lateng. Proposed
schemeand STEM compared.N = 20, 100, network load 0.1.

per coverageareawe can gain almostan order of magnitude
in lateng for comparablesnepgy or in enegy for comparable
lateng. The proposedschemehereforeappearasapromising
alternatve for low-power networking.

V. CONCLUSIONS

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

Itemsfor future researchinclude a more detailedanalysis,
comparisorwith otherproposedschemesandoptimizationof
the parameters.
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